
QUATERNARY GLACIATION AND TECTONlSM IN THE SOUIHEASTERN SIERRA NEVADA, 

INYO COUNTY, CALIFORNIA 

Thesis by 

Alan Reed Gillespie 

In Partial Fulfillment of the Requirements 

for the Degree of 

Doctor of Philosophy 

California Institute of Technology 

Pasadena, California 

1982 

(Submitted March 23. 1982) 



ii 

ACKNOWLEDGMENTS 

In conducting this study, I was encouraged and assisted by numerous 

individuals. C.R. Allen originally suggested the field area, and provided 

guidance throughout the course of the project. R.P. Sharp visited critical 

locations and made several suggestions which were central to the progress 

of the research. G.J. Wasserburg sponsored the development of the new 

application of 40Ar-39Ar dating which proved to be successful in precisely 

dating the interglacial lavas of Sawmill Canyon. His patient efforts at 

developing the understanding and insight required to solve this problem 

are deeply appreciated. J.C. Huneke supervised my ~raining in Lhe u~e 

of the mass spectrometer, and helped interpret the experimental results, 

F. Radicati Di Brozolo assisted in this training, and T. Wen helped in 

chemical analysis. B. Kamb graciously allowed the unlimited use of the 

DynaMetric, Inc., Microseismic Timer for the relative dating of boulder 

deposits. R. Crook, Jr., shared in the joys of measuring the speed of 

acoustic waves through thousands of boulders on moraine crests from 

Independence to Bridgeport. K.S. Coles and C.B. Douthitt also assisted in 

the gathering of such data. S. Nohda accompanied me on occasion in the 

field. A.A. Chodos assisted with electron microprobe, X-ray, and SEM 

analysis. D. van Alstine and R. Crook, Jr., contributed to paleomagnetic 

measurements. P.O. Gillespie helped with topographic measurements. 

Discussions with C. Wahrhaftig, and J.G. Moore were helpful in 

defining the scope of the project. The 1979 Friends of the Pleistocene 

field trip to the central Sierra Nevada was a valuable opportunity for 

consultation and discussion. In particular, P.W. Birkeland, R.B. Burke, 

and J. Yount were helpful. Throughout the entire study, M.M. Clark 



iii 

provided advice and encouragement. K.E. Sieh likewise has helped keep 

the research on track. 

Fellow students have listened patiently and have helped refine some of 

the concepts in this thesis: discussions with R.J. Weldon, K.E. Meisling, 

R.E. Powell, R.E. Lewis, W.S. Baldridge, and R.M. Potter were especially 

helpful. 

Access and information were provided by personnel of the Los Angeles 

Water and Power Department, and a]so by the U.S. Forest Service at the 

Lone Pine, California, District Ranger's Office. D. Groves and R. Hamlin 

of that office especially went out of their way to help. 

C.R. Allen reviewed the entire thesis. R. Crook, Jr •• made corrections 

to Ch. 3. G.J. Wasserburg and J.C. Huneke tirelessly revised the manuscripts 

from which Ch. 4 was synthesized. A.V. Swatfigure and J.G. Clark typed 

most of the thesis. J.I. Mayne drafted many of the illustrations. 

Financial support was provided by the Division of Geological and 

Planetary Sciences, Caltech, at critical points in the research. NSF grants 

EAR 78-01787 and EAR 79-19997 supported the bulk of the field and laboratory 

work. This project was made possible by the generous support of the 

National Aeronautics and Space Administration, through the Jet Propulsion 

Laboratory. A.B. Kahle, A.F.H. Goetz, and J.M. Soha graciously accommodated 

any and all changes in my work schedule at JPL as dictated by the research 

reported in this thesis. 

My wife, Karen, tolerated this project with good humor for an excessive 

number of years, and without her indulgence it could not have been 

successfully completed. 



iv 

ABSTRACT 

The southeastern Sierra Nevada consists of three geographic regions. 

From west to east, they are: an upland region across the crest, a steep 

east-facing escarpment along which Owens Valley has partly subsided, and 

foothill blocks intermediate to the Sierra Nevada and Owens Valley. Farther 

east, Owens Valley is a deep graben separating the Sierra Nevada and the 

Inyo Range. 

The main goals of this thesis were the detailed mapping of Quaternary 

glacial and other deposits in these regions, dating of critical events, and 

geomorphic analysis of the range front. The focus was on Pleistocene 

moraines near the range front. The motivation of this research was to 

improve our understanding of the chronology of Pleistocene events, to char-

acterize details of the tectonic history of the Sierra, to infer faulting, 

erosion, and deposition rates, and to provide a basis for the comparison 

of the Quaternary geology in the southeastern Sierra and in more intensively 

studied regions in the central and northern Sierra and elsewhere. 

The study area extended from the alluvial fans of Owens Valley west to 

the Sierra crest from latitude 36°45' to 37°00' N. It included the southern 

part of the Big Pine volcanic field, an eruptive center for basaltic lavas 

for most of the Pleistocene Epoch. Elevations within the study area ranged 

from about 1000 m (Owens Valley) to about 4000 m (peaks along the crest). 

Throughout the study area the principal rocks are granodiorite and 

quartz monzonite of Cretaceous age. Plutons are rather small, and individual 

drainages generally include more than one. In the southern part of the study 

area, Jurassic-Triassic metavolcanic rocks are found as roof pendants. These 

rocks, originally ranging in composition from basalt to rhyolite, are most 
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common near the Sierra crest. In the northern canyons of the study area, 

Paleozoic metasedimentary rocks including sandy marbles and biotite schist 

replace the metavolcanic pendants. The foothill blocks are identical to the 

Sierrai:i ln culllpui;lLluu. 

Below the foothills coalescing alluvial fans grade a few km east to the 

alluvium and lacustrine sediments of the Owens River and Owens Lake. These 

sediments have been shown in geophysical studies to mask a second escarpment 

as high as the one of the range front, and the total bedrock relief from the 

Sierra crest to the floor of the graben is as much as 6 km. 

During the Quaternary Period the southeastern Sierra Nevada was char­

acterized by the down-faulting of Owens Valley along two zones, one a series 

of normal faults along the range front (Independence Fault) and the other a 

series of faults along the center of the valley (Owens Valley fault zone). 

This same period has seen the cutting of deep canyons through the 2-km-high 

escarpment. During repeated glaciations these canyons were widened and 

deepened. Traces of at least seven glaciations were found during this study. 

Moraines and other deposits left during these glaciations could be distin­

guished based on the degree of weathering of granitic clasts, vegetative 

cover, and morphologic characteristics. Absolute age limits were obtained 

for two of the Pleistocene glaciations by radiometric dating of basalt flows 

interfingered with the moraines. 

Three of the recognized glaciations, probably corresponding to the 

Matthes, Recess Peak, and Hilgard neoglaciations found by J.H. Birman in the 

central Sierra Nevada, occurred during the Holocene Epoch. The youngest 

glaciers (Matthes glaciation) left unconsolidated and unvegetated till in 

stagnant rock glaciers and moraines in cirques on high peaks. Some rock 

glaciers are still ice-cored. Extending out from the cirques and into 
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the upper reaches of the canyons are moraines correlating to the Recess 

Peak glaciation. Till is generally consolidated and supports heavy 

lichen growth and bushes but few trees. The oldest Holocene glaciation 

(Hilgard) left few large moraines in the study area. Hilgard glaciers 

extended much farther down-canyon than the younger Holocene glaciers, 

sometimes within one or two km of the Tioga terminal moraines. Those 

Hilgard terminal moraines which were found have been barely breached 

by streams. Moraines tend to be heavily forested, and lakes are largely 

unsedimented. The llilgard glaciation may have simply been the last stadc of 

the Tioga glaciation from the evidence found in this study. 

At least four Pleistocene glaciations occurred in the southeastern 

Sierra Nevada. All four postdate most of the significant incision of streams 

through the escarpment. The three youngest probably correlate with the 

Tioga, Tenaya, and Tahoe stages (in order of increasing age) recognized 

throughout the Sierra. In each case, moraine morphology has been well 

preserved. Tioga moraines were found down to about 2200 m elevation. 

Nested sets of moraines were common. The terminal moraines of the youngest 

of these were sometimes intact. lakes were rare; one (Sawmill Meadow) was 

completely sedimented. Granitic boulders in the moraines were largely 

unweathered. Weathering of boulders in Tenaya moraines was similar, but 

a small fraction of granitic boulders were grusy. Boulders from Tahoe 

moraines were conspicuously weathered, and the moraines themselves were 

rounded and gullied. 

The oldest group of moraines probably significantly predates the Tahoe 

glaciation. It is nevertheless post-Sherwin. Moraines in this group were 

found in five of the eight canyons studied. While obviously eroded, these 

moraines still retained their original shape. All surficial boulders were 
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heavily weathered, but some exposed in road cuts were fresh. No moraines 

of Sherwin age were identified, although Sherwin till is widespread only a 

few km to the north. However, on plateaus and ridges 200 to 300 m above 

the modern cauyum; m:rnr Lhe Sierra crest were found ancient diamictons, 

some of which could be till. Remnants of U-shaped valleys preserved as 

high passes across the crest or as cols between canyons east of the crest 

may be testimonials to ancient glaciers of Sherwin age or older. 

Radiometric dating (40Ar - 39Ar) of basalts interfingered with moraines 

in Sawmill Canyon provided a new upper limit of 0.12 my for a moraine of 

the Tahoe gli:iciatlun, and a range of 0.13 0.46 my for one pre-Tahoe 

glaciation. These results confirm that the Tahoe glaciation occurred during 

the Wisconsin stage of the continental ice age, and conclusively demonstrate 

the existence of pre-Wisconsin glaciers in the southern Sierra. Relative 

dating based on acoustic wave speeds through weathered boulders on the 

moraines indicates the age of the pre-Wisconsin moraine may be close to 

the upper limit. 

Alluvial fans appear to have aggraded early in the Wisconsin glaciation 

(Tahoe glaciation). Subsequently, the fan heads have been incised and the 

locus of deposition has moved eastward down the fans. The Tcnaya and Tioga 

glaciers during the late Wisconsin stage left outwash plains and terraces 

along streams cut into the older fans, but aggradation durang these events 

was considerably less than earlier. 

Three ages of fans were found. The oldest fanglomerate probably is 

pre-Wisconsin and is exposed in regions protected from later deposition. 

The heavily weathered fan deposits of this group overlie basalts which 

appear to be ::.ontemporaneous with dated 1.1-1.2 my-old basalts nearby. 

In the middle elevations of the fans, roughly 10 m of fanglomerate was 
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deposited over the old fanglomerate, probably during the Tahoe glaciation. 

Deposition rates probably are about 0.1 mm/y for the late Pleistocene Epoch. 

The extent and distribution of the youngest fans (Tenaya-Tioga) are variable, 

but they are generally found downstream from the incised Tahoe fan heads. 

Faulting along the range front appears to have been dip-slip only. The 

offset rate along the range-front faults was determined at several canyons 

where the fault crossed dated moraines or lava flows. At least during the 

Wisconsin glaciation faulting on this zone appears to have been erratic, 

with rates ranging from zero to 0.5 mm./y or more. Offset moraines and 

terraces at Independence Creek indicated a faulting rate of 0.1 mm/y. 

Only a few km to the north, Tahoe moraines of both forks of Oak Creek 

were not offset at all, although scarps could be seen on adjacent hillsides. 

At Sawmill Creek an offoet luva flow gave a lower limit of 0.5 mm/y. It 

seems that during the late Pleistocene Epoch, offset on the range front 

faults has been less than on the mid-valley faults east of the study area. 

Geodetic studies have suggested modern strain rates of 2.2 mm/y for the 

Owens Valley fault zone. 

Basalts found in canyons through the escarpment and on terraces and 

ridges in the foothills to the east document stream erosion during the 

Pleistocene Epoch. Ridgetop basalts, dated at 1.2 my, stand at least 125 m 

above the modern streams through the foothills. This indicates an erosion 

rate of"" 0.1 mm/y. A comparable rate of,..., 0.15 mm./y for the last 0.46 my 

was found for Sawmill Creek within the Sierra Nevada. Thus at least 

during the late Pleistocene Epoch erosion rates in the Sierra and in the 

foothills have been similar. 

Patches of boulders and gravels atop the basalt show that some time 

after l.:l my BP the foothill block was submerged by alluvial fans. Incision 
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may hav~ begun in response to the inception or renewal of subsidence 

of the graben along the Owens Valley fault zone. 

Extensive volcanism in the Big Pine Volcanic field appears to have 

begun at least 1.2 my ago, and has continued sporadically up to perhaps 

a.OS my ago. Minor eruptions may have occurred more recently. 

The eastern escarpment of the Sierra Nevada consists of two zones of 

truncated ridges. Within the study area, the upper zone is about 950 m high; 

the lower is about 750 m high. Triangular facets of the upper zone have a 

gradient of only~ 24°, lower than slopes of~ 29° in the lower zone. This 

could be explained if subsidence of Owens Valley along the range-front faults 

occurred in two great pulses. 

Both absolute and relative dating methods were refined for Lhi8 8Lu<ly. 

Absolute dating of the K-poor basaltic lavas was done indirectly, by 

40Ar-39Ar analysis of K-rich granitic xenoliths found in the lava. These 

ancient xenoliths were partially degassed of their accumulated 40Ar during 

heating in the magma, and it proved possible to date this heating event. 

In addition to conventional relative dating methods, a new quantitative 

approach based on the speed of acoustic waves through individual clasts in a 

deposit was investigated. This method had been used only once before, on 

terrace deposits. The technique proved to be very useful, and was capable of 

discriminating moraines successfully in well-studied canyons in the central 

Sierra. Acoustic wave speeds may be controlled by the abundance of inter­

granular cracks in granitic boulders. If this is the case, then this tech­

nique relies on different processes than those exploited by conventional 

methods of relative dating. The successful application to moraines in this 

study enhances our ability to analyse glacial sequences and complements 

conventional semi-quantitative methods of relative dating. 
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CHAPTER 1 

INTRODUCTION 

The Sierra Nevada is one of the great geographic features of North 

America. Although the geology of this recently glaciated mountain range has 

been intensively studied by many researchers over the pat:!L century ancl more, 

and while the central Sierra Nevada has been a focus for investigations of 

Quaternary glaciations, many questions remain concerning the chronology of 

Pleistocene events and details of the Quaternary glaciations in the southern 

part of the range. Even the existence of glacial deposits older than the 

Wisconsin stage of the continental glaciations has not been conclusively 

demonstrated here, and the age relationships of volr::ini<' eruptions, glac-

iations, and tectonic events are not well understood. With this thesis I 

have tried to address some of these questions. The main evidence in this 

investigation was the age and distribution of the glacial moraines left in 

the deep canyons cut through the escarpment which bounds the mountains on the 

east. Because of the widespread distribution and episodic nature of the 

advance of glaciers during the Quaternary Period, these more than other 

deposits serve as time markers by which the main tectonic events -- the rise 

of the range and subsidence of Owens Valley to the east -- may be chronicled. 

Thus my central effort was to map the Quaternary geology, especially glacial 

moraines and outwash, of a region representative of the southeastern Sierra 

Nevada, and to correlate glacial sequences from different canyons, and to fix 

the chronology to the absolute time scale. The goal of this study was to 

better understand the nature of the ice age in the Sierra Nevada and the late 

Ctmuz.oic his Locy of the cange, 

Since Pleistocene tills are difficult to date directly, the study area 

was chosen to include basalt flows that interfingered with moraines. 
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Radiometric dating of the lava could be used to establish age limits to the 

glaciations. Ages of moraines in nearby canyons could then be inferred from 

correlation of moraine sequences and weathering characteristics of the tills. 

The study area was also chosen far enough north that some Pleistocene 

glaciers descended low enough to cross the normal faults along which the 

Sierra escarpment was developed. The progressive offset of moraines at the 

range front could be used to calculate approximate long-term faulting rates, 

if the ages of the moraines could be determined. Finally, the location of 

lava flows above the bottoms of stream canyons and on alluvial fans 

presented the opportunity to estimate erosion and alluviation rates. 

The Study Area 

A 30-km-long section of the eastern escarpment of the Sierra Nevada wa~ 

chosen for study (Fig. 1-1). This area lies mainly within the Mt. Pinchot 

Quadrangle, but extends into the Mt. Whitney, Independence, and Big Pine 

Quadraugles also. It satisfied the basic requirements of the proposed 

research: well-preserved sequences of moraines and outwash plains in several 

canyons crossed the range-front faults, along which scarps were evident, and 

lava flowing from vents within the Sierra or along the range-front faults 

interfingered with the moraines and outwash at three locations. Farther south, 

this combination of volcanic history and moraines crossing the range front 

is not found. To the north, the volcanic vents are some"7h;:it e::is t of the Si.err a 

Nevada, so the glacial chronology cannot be readily established. 

The chosen study area extended north from Independence Creek to Taboose 

Creek, and from the distal ends of the coalescing alluvial fans on the west 

side of Owens Valley to the Sierra crest. Within this area, eight canyons 

were selected for detailed mapping. Each of these offered some special 
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feature which justified this effort. The southernmost canyon, Onion Valley 

(Independence Creek, shown in Fig. 1-1 as the creek passing through the town 

of Independence), has a well-preserved moraine sequence which is readily 

accessible by automobile. Road cuts in moraines on the north side of the 

canyon permit inspection of weathering profiles of tills of different ages, 

an opportunity unsurpassed in the southern Slerra. Mu~t important, however, 

the scarp of the Independence Fault crosses moraines and outwash of various 

ages at the range front. 

Sardine Canyon, immediately north of Onion Valley, is unique in that the 

late Pleistocene glaciers originated from a cirque well below the head of the 

canyon, which appears to be a relic from an earlier erosion cycle. 

Oak Creek has two major tributaries. Moraines of the South Fork of Oak 

Creek are (possibly excepting the oldest) apparently unfaulted at the range 

front, despite the presence of old scarps on adjacent hillsides and despite 

the clear evidence of Holocene or latest Pleistocene faulting only a few km 

to the south. The moraines are perhaps even better preserved than at 

Independence Creek. 

At the North Fork of Oak Creek are the southernmost lavas found in the 

study area. These are distributed at different levels in the foothills and 

on cut terraces above the modern stream, as well as on the alluvial fan 

below. The youngest lavas, at the bottom of the modern canyon, underlie and 

older moraine and associated outwash. 

The late Pleistocene glaciers in Sawmill Canyon did not reach the range 

front, but lavas erupted within the Sierra underlay the largest moraine, 

called the Hogsback on the topographic map. Furthermore, lavas probably of 

the same age capped the end of an older moraine, which was covered by a thin 

layer of volcanic bombs and cinders. Preliminary inspection showed an 



outcrop of basalt under ~his older moraine also, so the possibility to 

bracket the age of the glaciation as well as to place an upper limit on 

the age of the Hogsback was present. 

Armstrong Canyon, immediately south of Goodale Canyon (Fig. 1-1), 

contained an unusually complete sequence of older moraines, possibly a 

consequence of the absence of a major stream. This was especially useful 

in assigning ages to the poorly preserved moraines of Goodale Canyon. 

Goodale Canyon was of interest for two reasons: the moraines and outwash 

at the range front overlay lava flows and possibly a cinder cone, and the 

cirque region contained a great depth of weathered diamicton, probably till, 

into which some late Pleistocene cirques were cut. This ancient diamicton 

resembles that of Sardine Canyon, above its cirque. 

The northernmost of the eight canyons, Taboose Canyon, displayed two 

interesting features. The moraines at the range front were faulted, and 

the cirques at the crest were cut into KU older Kud lKrger we~t-tlrKlul1~ 

valley, the headwaters of the South Fork of the Kings River. During the 

late Pleistocene Epoch, the low divide, Taboose Pass, was obviously the 

site of a crest-crossing ice cap which fed glaciers on both sides of 

the Sierra Nevada. 

Additional topics of interest in the study area are the gross 

geomorphic features of the escarpment. relicts of older erosion surfaces 

in the Sierra upland, and the depositional histories of the alluvial fans. 

Physiographic Setting 

The Sierra Nevada is a broad upwarp trending northwest almost 700 km 

from the Garlock Fault to the vicinity of Lassen Peak. The southern and 

central Sierra Nevada block is strongly asymmetric, a consequence of the 
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subsidence of a deep graben, Owens Valley, and other basins between the 

Sierra and the ranges to the east. The crest of the Sierra Nevada 

culminates in peaks 3500 m or more in height in the southern part of the 

range, from latitude 36°15 1 N 250 km to 38°15' N. It is within this 

region, the high Sierra, that the study area was chosen. 

Many of the principal physiographic features of the study area may be 

seen in Fig. 1-2. The alluviated Owens Valley straddles the mid-valley 

fault zone along which roughly a third of the subsidence of the graben 

has occurred. To the west, near the town of Independence, the alluvial 

fans grade upwards 700 m to the normal faults at the base of the escarpment. 

Protruding from the fans are bedrock foothills, their stepped surfaces once 

part of broad erosion surfaces. Between the forks of Oak Creek, the 

southernmost lavas of the Big Pine volcanic field cap one of the lower 

surfaces. From Sawmill Creek north to Taboose Creek, basaltic cinder cones 

mark the range-front faults, and lava flows interfinger with the fanglomerates 

to the east. North of the study area (not shown in Fig. 1-2), the locus of 

eruptions is shifted away from the range front. The escarpment, 2 km high, 

is cut by deep canyons draining the Sierra uplands. The escarpment ends two 

or three km east of the Sierra crest. To the west, the Slerra upland cousisls 

of rows of peaks, roughly aligned with the crest and separated by east-west 

canyons. The crest itself is remarkably level, ranging in elevation only 

500 m from the highest peaks (4000 m) to the lowest passes. 

During the Cenozoic Era the Sierra Nevada was raised in several 

episodes, probably achieving its present elevation only in the Quaternary 

Period. In the Pliocene Bpoch, Owens Valley began subsiding along normal 

faults roughly parallel to the trend of the crest. The modern Owens 

Valley is one of the major topographic features of the continent, and the 
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2-knrhigh escarpment of the Sierra Nevada to the west is spectacular. The 

bedrock floor of the graben lies under a comparable depth of alluvium shed 

from the mountains. The range-front faults have locally served as conduits 

transmitting basaltic and other lavas to the surface. 

The Sierra Nevada was repeatedly glaciated during the Quaternary 

Period. The glaciers profoundly changed the physiographic character of the 

range, leaving broad domelands and meadows, U-shaped canyons and valleys, 

and steep cliffs and sharp ridges. Most of the obvious glacially sculpted 

features were freshened during the last major glaciation only ten or twenty 

thousand years ago, but the highest regions of the Sierra were glaciated 

during the Holocene Epoch, and even today pocket glaciers are found in 

some cirques. The evidence of earlier glaciations is less obvious to the 

casual observer, but in most valleys multiple sets of moraines containing 

heavily weathered till are found well below the fresh moraines from the 

latest Pleistocene glaciers, and these testify to ancient and larger 

glaciers. locally, the glacial moraines are offset where they cross 

the range-front faults. Elsewhere, moraines interfinger with lavas. 

Through radiometric dating of these lavas, a chronology of volcanism, 

glaciation, and faulting may be constructed. 

Geologic Setting 

For most of its length the Sierra Nevada consists of a complex core 

of Mesozoic plutons capped by steeply dipping older metamorphosed volcanic 

and sedimentary rocks. A wide range of plutonic rocks is found in the 

study area. This range includes ultramafic dunite and pyroxenite, gabbro 

and quartz diorite, and alaskite, but most of the plutonic rocks are 

quartz monzonite or granodiorite. Within the study area, intrusion of 
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the plutons occurred during the Cretaceous Period. In contrast to the 

Si.erra Nevada west of the crest, plutons in the study area tended to be 

small, and generally three or more were found in each drainage. Moore (1963) 

identified 27 plutons in the Mt. Pinchot Quadrangle alone. This is of 

importance to the study of Quaternary geology because glacial and alluvial 

deposits may have stongly varying compositions from valley to valley, and 

the basis for regional correlations based on weathering information is 

correspondingly reduced. 

Metamorphic rocks in the southern half of the study area were volcanic 

flows and tuf f s ranging in composition from basalt to rhyolite, These were 

erupted during the Triassic or Jurassic Periods and metamorphosed later in 

the Mesozoic at the time of the emplacement ·of the plutons. Only in 

Sawmill Canyon and farther north are metasedimentary rocks found. The most 

prominent are marble and dark biotite schist. 

Metavolcanic rocks were more resistant to weathering than granitic rocks, 

and the ratio of these resistates to granitic boulders at the surface of 

Quaternary deposits increased with the age of deposition. 

During the Tertiary Period the study area was uplifted and deeply eroded, 

so that the granitic plutons were exposed. Remnants of erosion surf aces 

created during this time are scattered throughout the region. Near the end 

of the Tertiary and throughout the Quaternary Period, basic lavas were 

extruded from vents on major faults along which subsidence of Owens Valley 

occurred, These lavas are generally olivine basalts, typically alkalic or 

sub-alkalic, and contain dunite inclusions and granitic xenoliths. The 

dunite inclusions may reflect a deep source, possibly the upper mantle, but 

the granitic xenoliths may have been derived very near the surface just before 

eruption. Elsewhere in the Sierra Nevada volcanism began before the Pliocene 
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Bpoch, but in the study area the oldest doted lavas (this study) were only 

1.2 my old. Hoore (1963) thought that some basaltic dikes might be late 

Pliocene in age. 

The oldest unconsolidated deposits of the study area were infrequent 

diamictons preserved on old erosion surfaces or under ancient lavas. Most 

deposits were late Pleistocene fanglomerates or tills, or Holocene talus. 

Efforts to establish stratigraphic relationships on the eastern side of 

the Sierra Nevada are generally indirect, because of the lack of dissection 

of the alluvial fans, and this was true in the study area as well. One 

remarkable and puzzling aspect of the study area was the apparent absence 

of mid-Pleistocene tills and outwash, especially in view of their abundance 

farther north. 

Previous Work 

Local to the study area 

One of the advantages of the study area was that the bedrock geology 

had been previously mapped, at a scale of 1:62,500. Moore (1963,1981) 

mapped the Mt. Pinchot Quadrangle and the Mt. Whitney Quadrangle. Bateman 

( 1965) mapped the Big Pine Quadrangle, and Rois is ( 1965) wappe<l Lhe Iudepeu<lem:e 

Quadrangle, which includes the distal ends of the alluvial fans of the Sierra 

on its western side. However, none of these studies focused on the detailed 

problems of the Quaternary geology, especially the subtle distinctions among 

the tills and glacial outwash. No effort to subdivide the fanglomerates by 

age was made, although such ages may have spanned several glaciations. 

Earlier researchers such as Knopf (1918), Blackwelder (1931), and Mayo 

(1941) studied aspects of the glacial geology and deformation history in 
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the ~tudy area, but as part of regional studieo or surveys. Dalrymple 

(1964a) made a major contribution, carefully analyzing the glacial moraines 

of Sawmill Canyon using relative dating techniques newly refined by Sharp 

and Birman (1963) and Birman (1964). In this way, he was able to recognize 

four Pleistocene glaciations, although all seemed to be younger than the 

Sherwin glaciation so prominent farther north. Dalrymple's most notable 

contribution, however, was dating by K/Ar analysis replicates of samples of 

the basalt under the Hogsback, arriving at an upper age limit of 

60,00U ~ 100,0UO (Zo) y and 90,000 ~ 180,000 y tor the Tahoe glaciation. 

The low precision, due to the low ratio of radiogenic 40Ar to background 

40Ar present in the lava upon cooling, precluded the use of these dates as 

more than a rough guide to the age of the Hogsback and the Tahoe glaciation, 

but they demonstrated for the first time that the Tahoe glaciation was 

probably less than 0.1 my old. One of the chief goals of the present study 

was to carefully redate this lava flow to improve the precision. Dalrymple, 

Burke, and Birkeland (1982) have done just this, repeating the early 

measurements using the same techniques. They obtained a younger, more 

precise age of 53,000 ± 88,000 (2o) y which they interpreted as supporting 

the earlier arguments of Burke and Birkeland (1979) that the Hogsback was a 

Tioga moraine (latest Pleistocene) rather than an older Tahoe moraine. 

Burke and Birkeland arrived at their conclusions during a study of relative 

dating of moraines in four canyons of the southern and central Sierra, 

of which only Sawmill Canyon was in the study a~ea. 

Both Moore (1963) and Darrow (1972) studied the lavas of the Big Pine 

volcanic field that are found in the study area. These studies concentrated 

on the petrology and stratigraphic relationships of the flows and cinder 
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cones, but as Darrow concluded, there was insufficient information to 

completely establish the volcanic chronology, at least without radiometric 

dating. More recently, Moore and Dodge (1980) and Dodge and Moore (1981) 

have included the Big Pine volcanic f icld in a regional etudy of basic lavas 

in the southern Sierra, but no new information was added to the chronology. 

Regional 

Regional studies of the Sierra Nevada and detailed studies through­

out the Sierra have been well summarized in Bateman and Wahrhaftig (1966). 

Tectonic studies have been reported in Christensen (1966) and more recently 

in Huber (1981). Consequently, the list below is not comprehensive and 

only includes studies of particular significance to this thesis. 

The only other published studies of the Quaternary geology along the 

eastern escarpment of the Sierra south of Long Valley appear to be those of 

Fleisher (1967) and Rahm (1964), although Richardson (1975) and lubetkin 

(1980) have conducted studies in the Alabama Hills, in Owens Valley south 

of the study area. However, between them Bateman (1965) and Moore (1963,1981) 

have mapped the fundamental Quaternary deposits from Lone Pine to Bishop. 

West of the crest there has been considerable study of the Quaternary 

glaciations, some of which is unpublished. Matthes (1950, 1960, 1965) has 

studied many aspects of Quaternary geology and geomorphology in Sequoia 

National Park and, to the north, in the drainage of the San Joaquin River. 

Janda (1966) has made a careful i:;Ludy of Lhe hydrology of the San Joaquin 

River, including a more recent inspection of the glacial geology. 

J.H. Birman (oral comm., 1977) has conducted extensive studies for several 

field seasons along the Kings River, notably near the Kings-Kern divide. 
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c14 gue, Correaga. and Birman (J.H. Birman; oral comm. 1977) have also 

completed a map of the glacial geology along the Kern River to the south. 

Glacial geology in the central Sierra east of the crest has been well 

studied by numerous geologists. including in recent times Putnam (1949. 1950), 

Sharp (1968, 1969, 1972), Sharp and Birman (1963), Birman (1964), Curry (1966, 

1968, 1971), and Burke and Birkeland (1979). Early geomorphic studies of the 

southern Sierra were made by Lawson (1904) and Matthes (1960). Webb (1946, 

1950) described the development of the Kern basin south of Mt. Whitney, at 

the southern edge of the late Pleistocene glaciers. Matthes (1960, 1950) 

devoted considerable effort to the recognition and correlation of remnants of 

ancient erosion surfaces now on peaks and ridges or on benches high above 

modern canyons. He felt these pointed to periods of quiet separating 

episodic regional uplift; Wahrhaftig (1965) proposed that the correlation 

of these remnants was spurious, arguing that local joint spacing controlled 

the development of stepped surfaces in granitic terraine. Nevertheless, 

St. Amand and Roquemore (1979) have recently contended that the Chagoopa 

surface of Matthes may be correlated with a down-faulted erosion surface 

in the Goso Range east of the Sierra Nevada. 

Geophysical surveys have defined the general configuration of bedrock 

below the alluviated surface of Owens Valley. Gutenberg et al. (1932) 

conducted early seismic surveys just south of the study area which placed 

lower limits on the depth of the fans near the range front, but the major 

contribution was the gravity survey of Pakiser, Kane, and Jackson (1964) 

which defined the buried bedrock escarpment along the OWens Valley fault zone. 

Studies of ancient lakes east of the Sierra (e.g., Smith, 1979; Lajoie, 

1968) have improved our understanding of the the climatic and pluvial history, 

and presumably the glacial histor-y of the Sierra as well. Lajoie, working 
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with dissected lake beds and ash layers in the Mono Basin, was able to 

establish a detailed record of the pluvial period of the latest Pleistocene 

Epoch, probably correlative with the Tioga glaciation. Smith (1979) and 

Smith et 81. (1980), working with deep cores drilled from Searles Lake, 

have been able to identify pluvial periods over a much longer period. 

Although the gross history of late Cenozoic uplift and regional westward 

tilting of the Sierra Nevada envisioned by early researchers (e.g., Whitney, 

1880; Ransome, 1898; and Lindgren, 1911) is widely accepted today, there 

have been divergent views on the elevation of the Sierra at the beginning of 

the Quaternary Period and the rate of uplift since then. Most studies of 

absolute uplift have been based on reconstructed stream profiles and erosion 

surfaces west of the crest (e.g., Matthes, 1930, 1960). Some control of the 

chronology of events is provided by radiometric dating of lava flows within 

the ancient canyons (e.g., Dalrymple, 1963, 1964b; Huber, 1981). Matthes 

(1960), Dalrymple (1964b), and Christensen (1966) agreed that the last major 

uplift of the Sierra probably began late in the Miocene Epoch or in the 

Pliocene Epoch and that the Sierra achieved its present height early in 

the Pleistocene Epoch. Axelrod and Ting (1960) disagreed, concluding on 

paleobotanical grounds that the major uplift occurred during the Pleistocene 

Epoch. Huber (1981) takes a middle position, arguing from reconstruction 

of Lhe ancltmL Sau Juay_uln River that the central Sierra was probably not 

high enough to support glaciation until perhaps 1.5 my ago, but that uplift 

began during the Pliocene and continued throughout the Pleistocene Epoch. 

Some researchers feel that there tll3Y have been differential uplift, with 

one part of the Sierra rising first. Dalrymple (1964a) commented that uplift 

of the southern Sierra late in the Pleistocene Epoch, lagging uplift farther 

north, could explain the absence of mid-Pleistocene moraines :tn thP i:rnnth. 
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Christensen (1966) and Crough and Thompson (1977) argued that uplift began 

in the south, and this view is consistent with the tectonic interpretation 

of Hay (1976), who argued on theoretical grounds that the latest uplift of 

the Sierra Nevada began with the advent of the San Am.lr1::as fault system and 

accelerated about 4.5 my ago with the opening of the Gulf of California and 

the northward migration of the Mendocino triple junction. 

From the dating of lavas on erosion surfaces near the Coso Range, the 

subsidence of Owens Valley appears to have begun 5-6 my ago (Giovannetti, 

1979; Bacon et al., 1979); however, Matthes (1950) noted geomorphic 

evidence from the Sierra escarpment near Mt. Whitney that indicated the 

existence of a 1-km-deep Pliocene Owens Valley correlated with one of his 

erosion surfaces, so that subsidence may have occurred along a preexisting 

valley similar to that of the modern Kern River. This ancient valley itself 

may have resulted from an earlier episode of subsidence. 

Glacial Chronology 

Glacial- and time-stratigraphic nomenclature 

Glacial advances are referred to as recommended by Richmond et al. 

(1959), except as modified by local custom. Glacial-stratigraphic units 

are "glaciations" and the suhordinate "stades". The equivalent time­

stratigraphic units are "stages" and "substages". In accepted usage, the 

Wisconsin, Illinoian, Nebraskan, and Kansan stages are the recognized 

continental glaciations in the United States. In the Sierra Nevada, 

glacial advances were identified and named before the correlation with 

the continental record was firmly established. Blackwelder (1931) iden­

tified the Tioga and Tahoe glacial advances, which would now be regarded 
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as substages of the Wisconsin Stage, as glacial stages in their own right. 

Individual advances within the Tioga or Tahoe glaciations are regarded 

herein as stades (or substages). The Tenaya advances (Sharp and Birman, 

1963) are likewise regarded collectively as a distinct stage in the same 

sense, although in the end it may prove to be a stade of the Tioga 

glaciation. 

Chronology 

The overall chronology of Sierran glac_iritions rind thPi.r prohahl e 

correlation with the continental glaciations was established by early 

researchers, notably Matthes (1930) and Blackwelder (1931). In the ensuing 

years details of the glacial sequence have been added, but the major 

conception is unchanged. A chronology for the central and southern Sierra 

Nevada is presented in Table 1-1. Holocene or "neoglaciations" were 

restricted to high mountain ranges and have no continental equivalent. 

In the southern Sierra, the commonly used nomenclature has been that of 

Birman (1964), who established type areas of neoglacial moraines in the 

headwaters of Mono Creek (north of Pine Creek; Fig. 1-1). Birman and 

most other researchers have recognized three major advances, the last 

of which has been retreating during historical times. On the strength of 

relative weathering data, Birman argued that the oldest neoglaciation 

(Hilgard) postdated the Holocene altithermal, and that all Holocene 

glaciations occurred within the past 4000 years. Curry (1968, 1969, 1971) 

was able to obtain a 14c date placing an older limit of about 7000 y on a 

Hilgard moraine near Mammoth Lakes, and largely on the strength of this 

drite and careful 1 ichenometric s tudleu of neogl acial moraines at Mono Creek 

he proposed the neoglacial chronology shown in Table 1-1. In this conception 
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Table 1-1 

Quaternary Glaciations 

Continental 
Stage 

(Neoglacial) 

late Wisconsin 

mid Wisconsin 

early Wisconsin 

Sangamon Interglacial 

Illinoian 

Illinoian ? 

Kansan 

? 

Nebraskan 

Conventional 
Sierra Nevada 

Eguivalent 

Matthes3 

unnamed4 

Recess Peak3 

unnamed4 

Hilgard3 * 

Tioga1 

Tenaya2 

Tahoe1 

Mono Basin2 

Casa Diablo4 

Sherwin1 

. McGeel 

Deadman Pass4 

1 Names of Blackwelder (1931) 
2 Names of Sharp and Birman, (1963) 
3 Names of Birman (1964) 
4 Names of Curry (1966, 1968) 
5 Ages follow Curry (1968, 1971) 
6 Ages follow Smith (1979) 

Age 

0 - 700 y5 

1100 y5 

2000-2700 y5 

4000 y5 

9000-10,000 y5 

10,500-25,000 yb 

35,000-45,000 y6 

65,000-90,000 y6 

~ 130,000 y7 

** ~ 400,000 y5 

0.73 my (~ 0.75 my) 8 

~ 1.5 my9 or~ 2.7 myS,lO 

t 2.a11 - 3.2 myl2 

7 Age follows Sharp and Birman (1963) and Curry (1971) 
8 Dalrymple et al. (1965); Sharp (1968) 
9 Ages follow Huber (1981) 

10 Ages follow Dalrymple (1963) 
11 Ages follow Curry (1966) 
12 Ages follow Dalrymple (1964b) 

Advance, 
This Stud~ 

VII 

VII? 

VI 

VI? 

v 

IV 

III 

II 

I 

I 
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Table 1-1 (continued) 

* Birman (1964) felt that the Hilgard neoglaciation occurred about 
4000 y ago. 

** Bailey et al. (1976) have redated the basalts above and below the Casa 
Diablo till, and obtained significantly younger ages than did Curry 
(1968, 1971). Burke and Birkeland (1979) feel that the Casa Diablo 
till was deposited during the Tahoe stage. However, until the dating 
controversy at the Casa Diablo type area is resolved, the Casa Diablo 
name should probably be retained for this stage. 

t Huber (1981) argues that the Deadman Pass "till" (Curry, 1966) may not 
have a glacial origin. Clark (1967) thought there were glaciations 
between the Mono Basin and Sherwin stages, and in the present study 
evidence is presented that a till found in Sawmill Canyon is close 
to its upper age limit of 463,000 y found by 40Ar_39Ar dating of a 
suhjacent haR.<1.lt. 

Ages found by K/Ar analysis have been corrected for the new values for iso­
topic abundances and decay constants recommended by Steiger arid Jager (1977) 
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the earliest neoglaciation is not much younger than the last of the 

Pleistocene glaciations, and intermittent glaciations have been the rule 

during the last half of the Holocene Epoch, as Birman (1964) proposed. 

The chronology of the late Pleistocene glaciations has been inferred 

largely from pluvial - interpluvial periods recorded by deposition in the 

lakes of the valleys and basins east of the Sierra Nevada. The chronology 

of Table 1-1 was reported by Smith (1979) and is based on 14c dates of 

wood and organic carbon disseminated in the lake sediments from cores in 

Searles Lake (Stuiver and Smith, 1979). Searles Lake is today a playa. 

Glaciations are inferred to correlate at least in a general sense with 

pluvial periods in the lake's history. The Tioga stage and the end of the 

Tenaya stage were constrained by the 14c dates directly. The beginning of 

the Tenaya stage and all of the Tahoe stage were beyond the range of 14c 

dating, but were estimated by extrapolating sedimentation rates calibrated 

by the 14c dates. One interesting feature of Smith's chronology is that the 

Tahoe glaciation in the Sierra Nevada appears to have begun about 90,000 

years ago, 15,000 years before the early Wisconsin glaciation according to 

Goldthwaite et al. (1965) and to Frye et al. (1965). Smith interpreted the 

stratigraphy of Searles Lake to show more-or-less continuous deep-water 

deposition from 90,000 to 60,000 y BP (Tahoe stage), followed by an inter­

pluvial period lasting until about 45,000 y BP. A brief pluvial period 

(Tenaya glaciation) ended about 33,000 y BP, but the following 10,000 years 

were characterized by short wet and dry intervals. Searles Lake was filled 

from 24,000 y BB to 10,000 y BP (Tioga stage). Thus the Tenaya and Tioga 

glaciations may not have been separated by an extended interglacial period, 

and the Tenaya glaciation could be regarded as an early major stade of a 

lengthened Tioga glaciation, instead of a glaciation in its own right. 
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The binary notation (glacial - int:ei:glacial) used to i:ecoi:d glaciatious 

in the Sierra is inadequate to describe the complexities revealed by a 

complete stratigraphic record. 

Smith (1979) identified an earlier pluvial interval from roughly 

130,000 to 110,000 y BP. This probably corresponds to a cold period around 

120,000 y BP indicated by sea level fluctuations (Hopkins, 1973) and by 

marine stratigraphy (Ku and Broe~ker, 1966). Sharp and Birman (1963) and 

Curry (1971) felt that the Mono Basin glaciation occurred at this time. 

The record of still earlier glaciations is more sketchy. Curry (1968, 

1971) identified the Casa Diablo till between dated lavas which indicated an 

age of about 0.4 my, although this conclusion has been contested recently by 

Bailey et al. (1976) and by Burke and Birkeland (1979). The Sherwin till 

underlies the Bishop tuff (Sharp, 1968), dated at 0.73 my by K/Ar analysis 

of sanidine crystals (Dalrymple et al., 1965). Sharp (1968) estimated the 

till to be only a few tens of thousands of years older, based on its 

estimated degree of weathering upon burial. Easterbrook (1978) found the 

remnant magnetism of fine sediments from the till to be normally polarized. 

Mankinen and Dalrymple (1979) showed LhaL Lhe mu::;L JJrulrn.\Jle age of the 

Brunhes - Matuyama reversal was about 0.73 my, so Easterbrook's findings may 

be taken as support for Sharp's inference. 

The ancient till on McGee Mt. was thought by Huber (1981) to be no more 

than 1.5 my old, based on his estimates of the time the central Sierra was 

uplifted enough to support glaciers. Curry (1971) felt that the glaciation 

was similar in age to the one that left his Deadman till on the Sierra crest 

north of Mammoth Lakes. Dalrymple (1964b) imposed an upper age limit of 2.7 

my on the McGee till by K/Ar dating of subjacent andesite. The Deadman till 

lies between quartz latite and andesite dated at about 2.8 my and 3.2 my, 
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respectively. However, Huber (1981) argued that Curry (1966, 1968, 1971) 

was incorrect in identifying the diamicton as a till, and that it may have 

been a lahar. 

Pertinent Absolute Dates 

Few absolute dates for the glaciations represented by moraines in the 

southern Sierra Nevada have been determined. Curry (1968) was able to 

establish an early Holocene age for the Hilgard neoglaciation, based on a 

14c date of 7030 ± 260 y BP (uncertainties are 2cr) for a log from a land­

slide covering a Hilgard moraine. Adam (1966, 1967) obtained a 14c date 

of 9990 ± 1600 y for a tree stump from a post-Tioga swamp in the northern 

Sierra. Lajoie (1968) and Stuiver and Smith (1979) obtained numerous 14c 

dates from ostracods, wood, and disseminated organic matter from late Wis­

consin lake clays, but the exact relation between glaciations and high lake 

levels is somewhat speculative and these dates may not apply to fine detail 

of the glaciations. Lubetkin (1980) noted a Tioga (?) fan of Lone Pine Creek 

built over tufa from Owens Lake beaches. The tufa gave a 14c age of about 

21,000 y, consistent with the findings for Mono Lake and for Searles Lake. 

Dalrymple (1964a) dated lavas (K/Ar method) between Tahoe and pre-Tahoe 

moraines at Sawmill Canyon, obtaining ages of 60,000 ± 100,000 y and 

90,000 ± 180,000 y. Dalrymple et al. (1982) revised this date to 

53,000 ± 88,000 y based on new analyses. Janda (1966) felt that quartz latite 

cobbles from Mammoth Mt. dated by Dalrymple (1964b) at 370,000 ± 80,000 y 

(K/Ar) were from a pre-Tahoe till. Curry (1971) reported K/Ar ages of 

280,000 ± 134,000 y and 441,000 ± 80,000 y bracketing the Casa Diablo 

till, but Bailey et al. (1976) redated the same lavas, obtaining younger 

ages of 62,000 ± 13,000 y and 126,000 ± 25,000 y, respectively. 
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Other radiometric dates apply to ancient glaciations not identified 

in the study area. 

Presentation 

Research for this thesis was naturally divisible into three parts: 

field studies, relative dating, and radiometric dating. Presentation 

is arranged in the same way. Because presentation of the field research 

draws heavily on understanding the techniques and results of relative and 

absolute dating, these techniques are introduced first (Part I). The three 

chapters of Part I describe the conventional relative dating methods used 

in this study (Ch. 2), a relatively new method based on the speed of 

acoustic waves through weathered boulders from tills (Ch. 3), and the 

40Ar - 39Ar dating of granitic xenoliths from basic lavas which was used 

to determine precise and accurate ages of eruption for the lavas (Ch. 4). 

In Ch. 3, the acoustic wave speed method is demonstrated for moraines from 

two previously studied canyons of the central Sierra, but the results for 

canyons in the study area are presented with the field work in Part II. In 

Ch. 4, the rationale of the 40Ar - 39Ar dating is developed and the results 

of all analyses are presented and discussed. 

The results of the field investigations are described in Part II. 

Presentation is organized geographically, by canyon, from south to north, in 

Ch. 5. This was done because the sequence of moraines from each individual 

canyon rather than regional characteristics of weathered tills of each stage, 

was the basis for the reconstruction of the geologic history. The results 

are summarized in a regional format at the end of Ch. 5. Highlights and 

conclusions are presented in Ch. 6. 
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PART I 

TECHNIQUES OF RELATIVE AND ABSOLUTE UATING 
OF QUATERNARY DEPOSITS AND LAVAS 

C • .B. Douthitt times the propagation of acoustic waves through a weathered 
granodiorite boulder on the crest of a Tahoe moraine at Bloody Canyon. W.qve speeds are slower through weathered boulut!Lo, aud can be used as a 
basis for relative dating. 
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CHAPTER 2 

CONVENTIONAL SEMI-QUANTITATIVE METHODS FOR THE 
RELATIVE DATING OF MORAINES 

Introduction 

Relative dating methods are formalized procedures for ascertaining 

approximate age relationships among different geologic units, or for testing 

the hypothesis that outcrops of similar deposits are of the same age. They 

are usually applied to Quaternary alluvium or elastic deposits that are 

difficult to date by other means. Parameters that change with time are the 

bases for relative age determinations. Such parameters, generally some 

characteristic of weathered rocks or soils, may be gathered at three levels: 

qualitative, "semi-quantitative", or quantitative. Qualitative estimations 

are useful especially for reconnaissance geology, and in recent times 

geologists have tended to gather data which, although judgmental in nature, 

could be treated statistically. This treatment generally has consisted of 

comparisons among deposits of the relative frequencies with which some 

chosen characteristic was observed (for example, clasts which were heavily 

weathered). These "semi-quantitative" methods are widely used because of 

their simplicity and efficiency. However, because they are based on sub-

jective decisions, they have the potential for poor reproducibilty -- a 

potential which is realized ln 1:1uwe r.:i::lses (r.:f. J<in<lei, 1966; Burke and 

Birkeland, 1979). Quantitative measurements -- for example, acoustic wave 

speeds through clasts (Crook and Kamb, 1980), the thickness of weathering 

rinds on clasts (Colman and Pierce, 1981), or certain characteristics of 

soil profiles (Burke and Birkeland, 1979) -- may provide a more reliable 
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basis for discrimination, but are also much more time-consuming and still 

do not independently provide an accurate measure of the true age of 

deposition. Thus semi-quantitative techniques are the most widely used, 

but may sometimes need to be supplemented by quantitative methods. In any 

case, to determine actual ages or age differences it is necessary to 

calibrate relative dating methods using other, direct dating techniques. 

The relative dating results may then be used in a limited way to infer 

ages where direct measurement is not possible. 

The deposits of the greatest interest in the southeastern Sierra Nevada 

are the glacial moraines and associated outwash plains and terraces, in part 

because these have been faulted and can be used to calculate tectonic rates 

for the region. 

During the Quaternary Period the Sierra Nevada were repeatedly glac­

iated. These glaciers reached different distances down the deep canyons 

which cut the eastern escarpment of the mountain range. Glaciers during 

one or more of the Pleistocene glaciations crossed the range front, termin­

ating on the alluvial fans of the Owens Valley; others were restricted to 

the high cirques near the crest. Young extensive glaciers tended to oblit­

erate evidence of older but less extensive glaciers, so that today only an 

incomplete record is preserved. The incompleteness of this record is ex­

acerbated by the steep terrain in the canyons, allowing rapid erosion of 

lateral moraines or burial by talus. Thus exposure of stratigraphic 

relationships is rare, and a central issue in the Quaternary geology is the 

age relationship among various exposures of till, within a single canyon or 

in different canyons in the Sierra. There are three main considerations: 

(1) the temporal sequence of the deposits, (2) the relative ages of the 

deposits, and (3) the absolute ages and age differences of the deposits. 
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In mosL cases, the temporal sequence can be understood from the SIJaLlal 

distribution of the moraines, the younger moraines inside or upcanyon 

from the older. Comparison of tills from different moraines is generally 

based on morphologic characteristics of the moraine, on soil developement, 

and on weathering characteristics of the till. The systematic study of 

these features is the basis for relative dating. 

Direct absolute dating of the younger moraines has proven difficult 

because of the scarcity of incorporated carbonaceous material suitable for 

14c dating. In most studies, dating of older moraines has relied heavily on 

intuition, correlation with the continental glacial sequence, and radiometric 

dating of rare interbedded lavas. Even where reliable absolute dates are 

obtained, it is necessary to use relative dating methods to correlate 

moraines found elsewhere to the dated sequence. Thus relative dating is one 

of the primary tools of the Quaternary geologist working in the Sierra 

Nevada. In this chapter, the relative dating methods used in the present 

study are presented and discussed. 

Relative Dating Methods 

Development 

Soon after it was recognized that the Sierra Nevada owed much of their 

physiographic appearance to glacial corrasion (cf. Whitney, 1865), multiple 

glaciations had been identified (Russell, 1889; Turner, 1898, 1900). On the 

east side of the Sierra, Knopf (1918) distinguished bewteen Tioga and Tahoe 

moraines based on the obvious differences in the weathered tills. Among 

the first of the modern geologists, Matthes (working first in Yosemite 

Valley; Matthes, 1930) demonstrated three glaciations in the western Sierra, 
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while Blackwelder (1931) identified four different glaciations in the eastern 

Sierra and established a tentative correlation with the continental record. 

Matthes paid careful attention to geomorphic features, such as the different 

groups of heights of hanging canyons above the modern valleys, which pointed 

to multiple glaciations, and to the different degrees of weathering of 

glaciated bedrock or erratic boulders. Blackwelder (lYJl) may have been 

the dominant influence in the development and systematic application of 

relative dating methods to moraines of the Sierra Nevada. 

Blackwelder based his relative age assessments on four general types 

of evidence: the extent of soil development; topographic relationships; the 

degree of erosion of moraines or other geomorphic evidence; and semi­

quantitative data. In the present study area as in the regions to the north 

studied by Blackwelder, soil development does not appear to be a reliable 

indicator of age. In the southeastern Sierra Nevada this is largely because 

soil development is slow and because the terrain is so steep that there is 

significant removal of fine particles from the crests and flanks of moraines. 

The spatial distribution of moraines, of course, provides the temporal 

sequence, but no information on relative age differences. Some suggestion 

of relative age and age differences is provided by the degree of erosion or 

dissection of moraines, but these and other geomorphic data are difficult 

to quantify and or difficult to gather in sufficient quantities to treat 

statistically. Blackwelder regarded each line of evidence as complementary, 

i:iml i:iugrneuted the coute.x.tual and geornorphic observations with semi-

quantitative data. 

Blackwelder (1931) introduced the relative frequencies of boulders 

exposed on moraine crests and the "granite weathering ratio" as two 

useful semi-quantitative relative dating techniques. The first relied 
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on the observal.ion that young moraines tend to be more bouldery than old 

ones. Blackwelder's most innovative contribution and the one he considered 

most reliable was the second technique, which depended on the progressive 

weathering of closts in older deposits. Blackwelder grouped granitic 

boulders from moraine crests in three classes, ac~ording to their degree 

of visible weathering. Variations among moraines in the relative frequencies 

of boulders in the three groups was the measure of relative age. The three 

classes were a) almost unweathered, b) notably weathered but competent, 

and c) cavernous or rotten. Only boulders of "average granodiorite" were 

classified. Blackwelder placed about 90% of the boulders on Tioga moraines 

in the first category. This fraction was reduced to 30% for Tahoe moraines, 

with 10% in the third class. 

Birman (1964) applied the granite weathering ratio (GWR) widely in his 

studies in the central Sierra Nevada. In doing this he eliminated one 

category, calling rocks either "tresh" or "weathered... "Weathered" rocks 

had rough surfaces that shed grains. Birman (1964) found the fraction of 

weathered boulders to increase from 30% to 49% to 67% from Tioga to Tenaya 

l.u Tahue moraines. Bo~h Blackwelder (1931) and Birman (1954) viewed the 

GWR method as a correlative tool for different drainages. Sharp (1965), on 

the other hand, emphasized the effect of lithologic differences on the GWR 

and restricted its use to moraines on the same side of one valley. Clark 

(1967) agreed with Sharp, noting the influence of vegetative cover, pre­

transport weathering (cf. Richmond, 1~62), wind and microtopography on 

weathering rates. Burke and Birkeland (1979) considered spalling of boulders 

during fires (Blackwelder, 1927) to cause the GWR of forested moraines to 

indicate an anomalously young age. 

Birman (1964) and Fleisher (1967) found the GWR to be independent of 
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altitude. McCulloch (1963) and Janda (1966) disagreed, Janda pointing out 

variations with proximity to the cirque on a single lateral moraine. The 

variation of GWR with transport distance or altitude-related weathering 

rates supports Sharp's limited application of relative dating. 

Birman (1964) attempted to reduce bias by using two observers, one 

judging the extent of weathering and the other recording the decisions. 

Clark (1967) commented that most observers would probably have a rough idea 

of the count, regardless of who kept tally. Certainly the use of two 

observers decreases the efficiency, since it doubles the manpower required. 

Although the GWR has generally proven useful, Clark (1967) noted that 

it was ineffective at discriminating among Pleistocene moraines of the 

West Walker River, in the Sierra north of Bridgeport, California. In 

keeping with Blackwelder's advice, most observers have used a variety of 

semi-quantitative techniques to improve the chances of success. 

Sharp (1965) used the ratio of areas on moraine crests covered by 

stones to areas covered by grus as one easily observed indication of age. 

Grus is generally more common on older moraines, where it is shed by 

disintegrating clasts. In drainages including both granitic plutons and 

metamorphic or other rocks more resistant to weathering, Sharp (1965) 

successfully used the ratio of the easily weathered granitic stones 

to the "resistates" as a measure of age. Clark (1967) found this ratio 

to be successful at discriminating moraines of the West Walker River, 

showing the advantage of the multi-parameter approach. He considered 

this method to be especially appealing because the classification of 

rock types is straightforward and objective. 

Janda (1966) proposed using the degree of roundness of boulders 

rather thau Lhe tlegr-ee of weaLhering per se as one measure of relative age. 
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Boulder roundnpi;;i;; increases with age as grains are shed from the surface; 

thus this parameter is complementary to the GWR as a measure of weathering. 

Fleisher (1967) noted that many boulders on young moraines merely 

rest on the surface, whereas most boulders on ancient moraines are largely 

buried. He introduced a parameter which he called "boulder relief", which 

is a measure of the degree of boulders on the crests of moraines or other 

deposits. Fleisher defined "boulder relief" as the ratio of the height 

of the top of the boulder above the ground to the horizontal diameter. 

This parameter is clearly affected not only by the accumulation of grus 

at the base of boulders, but also by the degradation of the boulder 

surfaces exposed to weathering. Thus boulders tend to flatten with time, 

or the boulder relier parameter decreases with time. 

Recently, Burke and Birkeland (1979) have expanded the scope of semi­

quantitative measurements in a detailed multi-parameter study of the 

eastern Sierra Nevada. In addition to some of the parameters introduced above, 

they measured the relative frequencies of: boulders with oxidized surfaces; 

boulders with weathering rinds; boulders with solution pits; and boulders 

split along joints. They also measured maximum and average depths of pits, 

relief of aplite dikes and diorite inclusions, and solution along joints. 

Colman (1981) and Colman and Pierce (1981) have shown the utility of 

weathering rinds in basaltic and andesitic clasts as an age indicator. 

Friedman and Smith (1960) and Pierce et al. (1976) used the thickness of 

hydration rinds on obsidian fragments, sometimes found in tephra blanketing 

moraines, to the same end. These latter techniques in which measurements 

rather than judgements are compiled are examples of quantitative relative 

dating methods. The results are readily treated in a rigorous statistical 

manner (e.g •• Colman and Pierce. 1981). However. as Miller (1980) has 
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shown, statistical tests may also be applied to semi-quantitative data. 

Most of the above techniques work best with late Pleistocene deposits. 

The discrimination of age differences among Holocene moraines requires 

different techniqueo or different claoo definitions, more ocnoitivc to 

subtle changes. For example, heavily weathered boulders in neoglacial 

moraines are rare, certainly less than 1% of the total. Yet because 

transport distances are small few boulders have glacially abraded surf aces 

either. Instead most surfaces are hackly, as they were when the rocks 

were plucked from the cirque cliffs or floors. Thus the criterion of 

Sharp (1965) for fresh boulders is not met. However, by subdividing the 

"fresh" class it is possible to record differences in boulder populations 

as the hackly surfaces begin to flake and spall, and in this way age 

differences among neoglacial moraines can be detected. 

A second major tool for the relative dating of neoglacial moraines 

is lichenometry (cf. Beschel, 1961; Benedict, 1967). Curry (1968, 1969) 

has established growth curves for the central Sierra Nevada for two slow­

growing yellow-green species, Acarospora chlorophana and Rhizocarpon 

superficiale. Similar growth curves for a third yellow-green lichen, 

Rhizocarpon geographicum, have also been compiled (Miller and Andrews, 

1975). Lichens appear on boulders on moraines within a few tens or hundreds 

uf yea.n,; af Ler Lhe reLreaL uf Lhe glacier, and the lichen colonies ( thall1) 

continue to grow for a few thousand years. The largest lichen colonies 

may be used as a measure of relative age, and through growth curves may 

be interpreted to give approximate absolute dates. Curry (1968) found 

that moraines up to 6000 years old could be dated this way. 

In the present study, extensive use was made of a limited number 

of semi-quantitative relative dating methods. These are discussed below. 
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Semi-quantitative methods used in the present study 

Granodiorite Weathering Ratio (GWR) •.. 

The most useful semi-quantitative parameter in the study area was 

probably the granite (more properly, granodiorite) weathering ratio. As 

used in this study, three classes of weathered boulders were generally 

recorded: 

1) "fresh"... some glacially abraded or polished patches were found 

on exposed surfaces (this is the same definition used 

by Sharp (1965) • 

2) "lightly weathered"... no abraded surfaces were preserved, but the 

rock was competent. Classes 1 and 2 together are probably 

the equivalent of the "fresh" class of Birman (1964). 

3) "heavily weathered" ••• boulders had solution pits, case-hardened or 

cavernous surfaces, or were otherwise strongly weathered. 

Aplite dikes or diorite inclusions stood in noticeable 

relier to the degraded surface (one or more grain diameters). 

Grains· could be removed from the surface by boot or hammer; 

some boulders were bell-shaped due to degradation where 

exposed above ground. Grusy boulders were generally 

included in this category. 

On occasion, class 3 was subdivided and grusy boulders were grouped together 

Gt::; <i fuur tli cl ass, or unoxidiz;ed and oxidized grusy boul dcrs were grouped ao 

classes 4 and 5, respectively. For neoglacial moraines, class 1 was 

redefined and subdivided as discussed in the previous section. 

As in previous studies, only granodiorite or quartz monzonite boulders 

exceeding 30 cm in diameter were counted. Counts were restricted to moraine 
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crests. Counts were made either of all boulders in a predetermined area, or 

of a predetermined number of boulders in a strip of predetermined width 

along the moraine crest. When possible, at least 50 boulders were counted. 

Fleisher (1967) found that counts of 50 boulders gave similar results to 

counts of 100 boulders; the extra effort was better invested in additional 

GWR values at different sites. 

Janda (1966), Clark (1967), and Burke and Birkeland (1979) all found 

vegetation to influence weathering rates of boulders. Therefore, the type 

of vegetative cover was recorded, in three categories: sage, mountain 

mahogany, and pine. In general, it was possible to limit comparisons 

to moraines under the same vegetative cover. 

Because of the small size of plutons in the study area, lithologic 

differences among drainages were pronounced. Therefore, the GWR method 

in particular and semi-quantitative methods in general were used only 

sparingly to attempt inter-valley correlations of moraines. Necessary 

correlations were generally attempted by comparing sequences of moraines 

inferred by relative dating methods. Gross weathering characteristics 

and contextual and morphologic criteria were used to correlate the first 

order glaciations in the sequences. 

Boulder Frequency Counts ( BFC) ••• 

The abundance of boulders suitable for the GWR in a predetermined area 

was of limited use in the study area, because of the high variability for the 

parameter at different sites on a single moraine. Why the BFC in this study 

area had greater variablity than reported in other regions of the Sierra 

Nevada is open to speculation, but one possibility is that the moraines, 

largely confined to the steep canyons, were created under more chaotic 
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conditions than many of those studied farther north. These latter moraines 

were often east of the range front, away from the steep-walled canyons, 

and larger. 

Boulder Relief (BR) ••• 

As at Big Pine Creek (Fleisher, 1967), boulder burial proved to be a good 

indicator of relative age. In the present study, three classes were used: 

1) "exposed" ••• the height of the boulder above the soil was more than 

75% of the diameter. 

2) "partly buried" ••• the height ranged between 25% and 75% of the 

diameter. 

3) "deeply buried" ••• the height was less than 25% of the diameter. 

Heights and diameters were estimated for boulders that were candidates 

for the GWR count. 

Granodiorite/"Resistate" ratios (G/R and UGR or MGR) ••• 

The ratio G/R of boulders suitable for the GWR count to metavolcanic, 

aplitic, or other slow-weathering rocks was a good measure of relative age 

for early Wisconsin and pre-Wisconsin moraines in some canyons of this study. 

In Onion Valley (Independence Creek) and elsewhere, ultramafic rocks 

(pyroxenites and dunites) and gabbro boulders were found in moraines. These 

weathered rapidly, and grusy pyroxenites could be seen in road cuts of late 

Wisconsin till. The relative frequency of these ultramafic (U) or mafic (M) 

boulders to granitic and resistant boulders was therefore measured where 

possible, although the additional category did not prove very useful in 

improving age discrimination. 

Roundness ••• 

The fraction of angular boulders on the surf ace of a moraine or other 
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deposit decreases with time, and so the degree of roundness may be used as 

an indicator of relative age, provided transport distances are similar for 

all moraines to be compared. This measure was put to limited use in this 

study. !"our categories -- angular, subangular, subrounded, and rounded -­

were established. The chief advantage of this method is its simplicity. 

Even though the categories were completely subjective, it may be easier to 

judge shape swiftly than degree of weathering, and in any case the use of 

both parameters probably increases the reliability of relative dating. 

Oxidized vs. unoxidized and pitted vs. unpitted boulders ••• 

Discolored boulders are more frequent in older moraines, and the 

relative frequency can be used as another measure of weathering. Boulders 

from ancient deposits tend to have stained or discolored surfaces. Boulders 

that qualified for the GWR count were classified according to their surf ace 

color. "Oxidized" boulders had unmistakably tan or reddish surfaces; 

"unoxidized" boulders were neutral or gray. Obviously, some surficial 

staining of even fresh rocks can occur, but this was rare and not 

accounted for during data acquisition. 

Solution pits are also abundant in boulders exposed on old moraines. 

Burke and Birkeland (1979) used the depth of such pits as one measure of 

weathering. For the present study, the relative frequency of pitted 

boulders was used instead. The oxidized vs. unoxidized and pitted vs. 

unpitted counts are probably less subject to errors of classification 

than the GWR or similar parameters which require more difficult judgements. 

For this reason, these new parameters are a nseful addition to the arsenal 

of relative dating techniques, 
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Other approaches to relative dating 

In addition to the semi-quantitative relative dating techniques 

discussed above, various subjective and quantitative observations were also 

used. The major quantitative approach relied on the reduction of acoustic 

wave speeds in aged or weathered boulders, and is discussed at length in 

Ch. 3. The other methods are discussed below. 

Lichenometry ••• 

Relative ages among neoglacial moraines were determined in part with the 

aid of lichenometry. Because neoglaciations were peripheral to the emphasis 

of this study, no serious effort was made to identify lichens by species, 

or to calibrate their growth curves against those of Curry (1968) for the 

central Sierra Nevada. Furthermore, estimates of lichen colony sizes were 

based on only a few measurements after several minutes of visual inspection, 

rather than on carefully compiled statistics. Thus as used, this method 

was only semi-quantitative. 

Two measurements were made: (1) the fraction of boulders on moraine 

crests supporting any kind of lichen was determined, and (2) the largest 

minor axis of colonies or thalli of yellow-green lichens were estimated as 

described above. These lichens were assumed to be the same ones used by 

other researchers mentioned earlier in this chapter. The minor axis was 

used to avoid anomalously large diameters caused by coalescing colonies. 

Caution had to be exercised not to count lichens in unusually sheltered 

or moist locations, or in cracks where their growth was artificially 

constrained. For this reason, even careful measurements would have to 

be regarded as deceptively precise. Despite these problems, which in my 

view preclude the lichenometric data gathered in this study for absolute 
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·dating via Curry's growth curves, in a given cirque lichen sizes probably 

did reveal relative ages of moraines -- at least, the results were 

generally consistent with estimates made by other means. 

Other indicators ••• 

Other indicators of relative age included morphologic features 

reflecting erosion, such as the absence of terminal and recessional 

moraines, the depth of gullies cut into moraines, or the exposure of 

bedrock knobs through the till. The extent and thickness of forest cover 

was of use in discriminating latest Pleistocene and Holocene moraines. 

Soil colors and clay coatings of cobbles from shallow soil pits were of 

limited use; because of the steep terraine, the transport of fine material 

from most sites was probably significant. However, estimated clay content 

from soil pits in protected locations did show a strong tendency to increase 

with the age of the moraine. Soil colors were probably more useful in 

studying road cuts, but these opportunities were infrequent. The degree 

of weathering of subsurface boulders (both B and C horizons) exposed in these 

road cuts appeared to be a sensitive measure of age. 

Bedrock incision and weathering were primarily useful in this study 

for recognizing the lower limit of the Tioga glaciers. In the steep sections 

of the canyons where most of the earlier glaciers terminated, the gradient 

rather than the passage of time probably controlled the incision. Near 

the fan heads, the gradient was reduced, but aggrading fans, lava flows, 

and outwash terraces generally mantled bedrock. 

Again because of the steep terrain, lakes were not numerous except in 

cirque regions. However, the few ancient lakes found behind Tioga moraines 

had been filled by sP<liment. In ~ontrAst, most 1AkPA in terrain last 
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covered by Ililgard glaciers were not filled. ExceptionG tended to be 

lakes at confluences of two or more streams, which received an unusually 

high load of sediment. 

Testing of Relative Dating Techniques in Other Areas 

Relative dating methods used in this study were calibrated by appli­

cation in other, previously studied canyons of the eastern Sierra Nevada. 

The only drainage near the study area which had been studied at length was 

Big Pine Canyon (Bateman, 1965; Fleisher, 1967). The GWR and BFC counts 

were checked here, and were sufficient to resolve differences between 

Sherwin and Tahoe moraines, and between Tahoe and Tenaya moraines. Differ­

ences between Tenaya and Tioga moraines were not pronounced, but may have 

been obscured because of proximity to the Tioga terminal moraine. Birman 

(1964) suspected that relative dating methods yielded anomalously high 

ages when applied to terminal moraines. The BFC method, which did not prove 

useful in the study area, was easily capable of separating Tenaya and Tahoe 

moraines at Big Pine Creek. 

All semi-quantitative methods were tested along with the acoustic wave 

speed method at Bloody Canyon and at Green Creek, in the central Sierra 

Nevada. These results are reported in Ch. 3. 

Lumpers and Splitters 

Burke and Birkeland (1979) note that by disposition Quaternary 

geologists appear to be divided into those who classify marginally 

different moraines together ("lumpers") and those who place each moraine 

or group of moraines in a distinct named glaciation ("splitters"). They 
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draw this distinction becam;e 1:rnme observers (e.g., Sharp and Birman, 1963) 

recognize four glaciations (Tioga, Tenaya, Tahoe, and Mono Basin) where 

Burke and Birkeland see only two (Tioga and Tahoe). Burke and Birkeland 

correctly point out that splitting can result in different moraine sey_mmces 

in every valley -- sequences that cannot be satisfactorily correlated. The 

argument against lumpers must be that from other data (cf. Smith, 1979) the 

glacial record seems to be even more complex than presently recognized from 

the incomplete sequences of moraines studied in the Sierras. Hence regard­

less of whether we classify well or poorly, lumping certainly gives us an 

over-simplified view. Furthermore, lumping does not eliminate classification 

errors, merely increases the magnitude of their effect. Individual moraines 

must be assigned to fewer glaciations, but glaciations more widely separated 

in time. Thus the problem of poor correlation is not truly reduced by 

lumping. 

In the present study, an effort has been made to assign moraines to 

separate glaciations or to stades of a glaciation based on the statistical 

separability of the data, as discussed in Ch. 3. However, for clarity and 

consistency with the literature, the Tenaya moraines, not clearly separable 

from older Tioga moraines, were assigned to a separate glaciation, when in 

fact it seemed possible that the Tenaya could best be regarded as a very 

early stade of the Tioga glaciation. This was done since the stade was 

widely recognized, and was distinct by the methods of this study at Bloody 

Canyon and at Green Creek. 

lll.timately, the problem of assignments will fade into insignificance 

if direct dating techniques for mor;:d nPs ArP ever dPvi i:;pd. The actual 

record of glacial advances and retreats is probably only poorly described 

by a simple classification system of glaciations and stades, and in any 
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event it should be emphasized that relative dating of incomplete sequences 

of moraines is probably not the way to resolve this controversy. 

Summary 

Relative dating methods have been applied to moraines in areas scattered 

throughout the Sierra Nevada by numerous geologists over a span of many 

decades. These studies have enjoyed various degrees of success. This 

pattern was repeated in the present study, but in general the CWR was 

capable of resolving at least first-order glaciations, and the GWR of sub­

surface boulders exposed in road cuts was even more sensitive. However, 

because of the recognized problems with conventional methods of relative 

dating, a new technique was developed and applied as required. This tech­

nique, based on the speed of acoustic waves through individual clasts, is 

described in Ch. 3. In combination, semi-quantitative and other relative 

dating methods were probably adequate to recognize major Holocene and 

Pleistocene glaciations, but were probably not consistently able to 

discriminate stadcs. 
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CHAPTER 3 

RE~T!YE ~AT~~9 OF_MORAINES USING ACOUSTIC WAVE SPEEDS IN BOULDERS 

3.0 INTRODUCTION 

In the five decades since Blackwelder (1931) enumerated relative 

weathering criteria which could be used to identify tills of different 

ages, various researchers have applied these relative dating methods to 

numerous moraine sequences throughout the Sierra Nevada. During this 

time concepts used in relative dating have evolved considerably along the 

lines discussed in Chapter 2, the most notable improvement being the intro­

duction of the "semi-quantitative" approach of Sharp and Birman (1963) 

and Birman (1964). Despite these and other refinements of technique and 

repeated studies of moraines in the same Sierra valleys by different 

workers, there remains disagreement over age assignments of important 

glacial deposits (e.g., Sharp and Birman, 1963; Sharp, 1972; Curry, 1968, 

1971; Dalrymple, 1964; and Burke and Birkeland, 1979). 

There seem to be tQO problems with conventional approaches to relative 

dating: either (1) they are somewhat subjective ("semi-quantitative") and 

result in nominal data, which are not a satisfactory base for statistical 

compari~ons; or (2) they are excessively time consuming, so that extensive 

data cannot be gathered. The hazard of the first approach, typified by the 

collection of granodiorite weathering ratios, is that the results are not 

always repeatable, and that the degree of error is hard to assess. The 

hazard of the second approach, typified by the detailed chemical and other 

analyses of soils from pits about 1 m deep dug into moraine crests by 

Burke and Birkeland (1979), is that the few study sites must be presciently 
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chosen to sample completely all glacial deposits present. This can be 

critical because, as pointed out by R.P. Sharp (oral comm., 1978), even 

moraines of simple morphology may be composite, form@d hy Rnperpn!':Prl 

till deposited during two or more distinct glacial advances. If too few 

sites are studied, or if the sites are distributed poorly, this complexity 

may not be detected. 

In an effort to solve these problems, I have applied a new relative 

dating method which is objective and quantitative and which yields 

reproducible results, but which is not so time-consuming .as to precl udE> 

extensive coverage of a study area in a reasonable amount of time. This 

method was first developed by Crook and Kamb (1980). It consists of 

measuring the speed of acoustic waves through the surface layers of 

different granitic boulders in a deposit. This speed is reduced as the 

boulders weather, from about 4 km/s for fresh clasts to about 0.3 km/s 

for disintegrating ones. Relative age estimates ore booed on mean speeds 

for groups of boulders to reduce the chance of error. As long as the 

extent of weathering is a monotonic function of time, the speed of 

acoustic waves appears to be a valid basis for age comparisons. 

Glacial moraines in the Sierra Nevada typically contain numerous 

granitic boulders suitable for the measurement of acoustic wave speeds. 

Thus relative dating by this new method appears feasible. 

Crook and Kamb (1980) applied this method to terrace deposits of 

Pleistocene and Holocene age from the San Gabriel Mountains, Los Angeles 

County, California. Tht!y rt!t;trl1..:ted measurements to clasts from a single 

pluton, the Mt. Lowe granodiorite, a widespread and easily recognized 

rock. In this way they hoped to minimize variability in weathering rates 

of boulders in the sampled populations. Throughout much of the Sierra 
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Nevada. this is not possible. Many plutons are contained entirely within 

one or two drainages, and relative age comparisons among glacial deposits 

in adjacent valleys must often be based on rocks from different plutons. 

Also, rocks from different plutons may be similar in appearance. 

Especially when weathered, these may not be readily distinguished in the 

field. Thus the problem faced in the Sierra Nevada was potentially more 

complex than that of Crook and Kamb (1980). If comparisons among moraines 

of several valleys were to be made, measurements could be restricted 

only to granodiorites and quartz monzonites (for example), and not to 

rocks from a single pluton. For this reason, additional variability 

among measured clasts deposited contemporaneously should be expected in 

the Sierra Nevada moraines. 

This increased variability requires larger differences in mean speeds 

before distinction can be made between sites. It therefore reduces the 

sensitivity of the method. On the other hand, at least in theory, boulders 

of the same rock type in a single glacial deposit should all have about the 

same apparent age. Most boulders are plucked from fresh bedrock and even 

weathered boulders are abraded by the glacier at about the same time, before 

deposition. In terrace deposits, rocks are generally weathered to various 

degrees before washing into streams, and abraded less thoroughly before 

deposition. Thus boulders in river terraces might be expected to show 

greater variability in acoustic wave speeds than the same boulders in 

glacial moraines. Which of the contrary tendencies controls the standard 

deviation of the wave-speed distribution may vary from valley to valley. 

To test the use of acoustic wave speeds as a way to relatively date 

moraines, R. Crook and I applied the method to glacial tills in two valleys 

which had previously been studied by Sharp (1972), Sharp and Birman (1963), 
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and Burke and Birkeland (1979). These valleys, Bloody Canyon and Green 

Creek (Fig. 3-1), cut the eastern escarpment of the Sierra Nevada north 

of my study area in Inyo County. This work was intended not only to test 

the new relative dating method, but to help resolve the disagreement 

over age assignments of glacial deposits in these valleys. 

In the discussion which follows, five topics are addressed: 

1) the measurement of acoustic wave speeds; (2) simple models to describe 

the loss of speed as weathering progresses; (3) characteristics of the data; 

(4) treatment of the data; and (5) application of the method to the moraines 

of Bloody Canyon and Green Creek. 

3.1 MEASUREMENT OF ACOUSTIC WAVE SPEEDS 

There are three distinct aspects to collecting data for relative 

dating by acoustic wave speeds. First, the boulders to be measured must 

be representative of the population that they are intended to represent. 

Second, the wave speed must be determined for each boulder in the sample. 

Third, obvious errors must be edited from the recorded data before the 

data can be subjected to appropriate statistical tests and analyzed. 

Sampling Strategy 

In this study, sampling consisted of measuring wave speeds (VP) in 

each acceptable boulder encountered on a portion of a moraine crest until 

a predetermined number of boulders had been measured. Typically, 25 or 30 

boulders were measured at each site, which was typically an area 3 m wide 

by 10 m long. Only granodiorite or quartz monzonite boulders that could be 
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Fig. 3-1. Map showing locations of moraines at Bloody Canyon and Green 
Creek used to test the acoustic wave speed relative dating 

technique. Location of the principal study area for which the technique 
was intended is shown for reference. 
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used for granodiorite weathering ratio counts (cf. Chapter 2) were mea­

sured. The minimum diameter was 25 cm; the diameter parallel to the 

wave path exceeded 30 cm. Measurements were made on what appeared to be 

the original surface of the boulder, not on recent surfaces created by 

splitting of the boulder along joint planes. Regions of the boulder 

with gross defects such as cracks or exfoliation shells were avoided. 

Thill et al. (1969) showed that the elastic properties of the 

Salisbury granite were anisotropic, and that compressional wave speeds 

varied with direction by about 13%. Crook and Kamb (1980) calculated 

that for the Mt. Lowe granodiorite clast anisotropy contributed only 

35% of the total variance of speeds for each of three groups of clasts. 

Thus speeds determined for 2n clasts would define the population of 

speeds better than speeds for two different measurements on each of n 

clasts. In this study, granitic rocks had no strongly directional fabrics, 

and wave speeds were measured in one direction only. 

Sites were distributed along moraine crests in a pattern designed to 

test homogeneity of the wave-speed distributions for the sampled groups of 

boulders. Thus sites were not selected randomly, but were located either at 

roughly equal intervals along the crest or where overlap of the moraine by 

younger tills seemed likely. Sites were established only on moraine crests 

to minimize the variations in the weathering history and conditions of the 

boulders. The moraines studied at Bloody Canyon and at Green Creek were all 

well away from the mountains and from sources of talus, which might have a 

different weathering age than the till. Sites on end moraines were avoided 

except in special instances, because earlier researchers (Janda, 1966; 

McCulloch, 1963; Sharp, 1969, 1972) have maintained that relative weathering 

data are more variable there than on lateral moraines. 
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Measurement Technique 

Ideally, the speed of acoustic waves in individual boulders is 

calculated from the travel times of compressional (P) waves arriving at 

a fixed detector from a source placed at different points on a line on 

the surface of the boulder. The detector is a tran~ducer alLache<l Lo Lht! 

boulder by a putty compound. Waves are transmitted from the rock to the 

transducer via a metal stylus, and the wave is introduced into the rock 

by a hammer blow to a steel ball held agalm;L the rock. When the hammer 

hits the ball an electric circuit is closed which starts a high-speed 

clock, called a Microseismic Timer (DynaMetric, Inc.). Detection of the 

wave at the sensing transducer stops the clock, and the elapsed time in 

microseconds is displayed. The lowest repeatable value in a consecutive 

series of travel times with the same instrument configuration is chosen 

as the first arrival of the P wave. 

Crook and Kamb (1980) generally measured travel times for four to 

six impact locations and found the speed from the slopes of the regression 

line fit to the travel time profile. In this study, only three travel 

times were measured per boulder. This enabled the determination of more 

wave speeds. The source was placed 50 mm (d1), 150 mm (d2), and 250 mm (d3) 

from the detector. The wave speed (km/a) was taken to be 

Vp (1) 

where t 1 , tz, and t 3 are the respective travel times in µs. The use of 

travel-time differences to calculate the speeds was required because 

each measured travel time included an unknown delay time (usually of 

about 20 µs), resulting chiefly from the detection mechanism in the 
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Mi.c.roseismic. Timer that recognizes the P wave. The use of only three points 

reduced measurement time to about three minutes per boulder, but still 

provided two speed determinations. Large inconsistencies in these two 

speeds generally revealed operator error in reading the elapsed times or 

the presence of gross physical defects in the wave path. 

Reprod':!~~~)._i_ty 

Crook and Kamb (1980) found that under laboratory conditions speeds for 

individual boulders of Mt. Lowe granodiorite were reproducible with a stan­

dard deviation of less than 0.05 km/s. A standard deviation of 0.07 km/s 

was achieved for a quartz monzonite boulder from Onion Valley, south of 

Sawmill Canyon in the Sierra Nevada (Fig. 3-1). Some error is to be expected 

from the uncertainty in the impact location, which is determined by the size 

of the steel ball in contact with the rock. Scars left by this ball after 

repeated blows with the hammer are about 2 mm in radius, and were a measure 

of the uncertainty of the point at which the waves were introduced into the 

rock. Additionally, the location of the impact target was only measured 

to within 1 mm. For the impact point geometry used in this study, the 

measurement uncertainty from these sources together wais abouL 1.5%. Tht:! 

average repeatability of about ± 0.05 km/s was determined for boulders 

with wave speeds of about 2 km/s. Thus the actual uncertainty was about 

2.5%, slightly larger than the uncertainty from geometric factors. For 

this study, 0.05 km/s was taken to represent the precision of the technique 

and was assumed to apply to all speeds. 

Crook and Kamb (1980) found that the mean speed for a group of 19 

boulders was reproducible within 1%, which is compatible with the measurement 
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precision. Six impact points were used to determine each wave speed. 

They concluded that the reduced precision resulting from using fewer 

impact points would be small compared to the variation in speeds 

among boulders. By measuring fewer travel times per boulders, more 

boulders could be included in the sample at each site, and thus the 

population could be better represented. 

Characteristics of the Measured Signal and Data Editing 

When the hammer is struck against the boulder, a complicated train of 

waves is generated. Typical waves sensed by the transducer were recorded 

on an oscilloscope by Crook and Kamb (1980) and are duplicated in Fig. 3-2a. 

Two types of waves are readily distinguished: first to arrive are low­

amplitude waves which are replaced after about 0.4 ms by waves with ampli-

tudes an order of magnitude larger. Figure 3-2b is a histogram of the 

peak-to-peak time difference for wavelets in Fig. 3-2a; it shows there 

are two characteristic frequencies centered at 11 khz and at 3.3 khz. 

The lower-amplitude wav.es have the higher frequency. These are probably 

P waves. The 3.3-khz waves are probably S and surface waves (although 

the transducer is directionally sensitive, and hence should suppress 

response to transverse waves). 

The Microseismic Timer accepts as the time of first arrival the 

moment when the amplitude of the wave first becomes less than a specified 

negative level (Crook, oral comm., 1981). For a simple sinusoid, the 

times thus indicated are probably good approximations to the actual 

travel times. On the other hand, if two or more sinusoids make up the 

signal, this need not be the case. Such a situation is illustrated in 
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Fig. 3-2. Typical waves detected by the sensing transducer of the 
Microseismic Timer. 

a) Oscilloscope tracing of waves from three impact points at 
three different distances d. Abscissa shows time. (After 
Crook and Kamb, 1980). 

b) Spectrum of waves shown in (a). Ordinate shows n, the number 
of wave crest pairs found at each frequency. Spectrum shows 
clearly the bimodality of the waves sensed by the detector. 
The P waves form the mode centered near 11 khz; the large 
amplitude S or surface waves form the mode near 3.3 khz. 
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Fig. 3-3. The wave train is taken to consist of two sinusoids with 

frequencies of 11 khz and 3.3 khz respectively. If the 11-khz wave is a 

P wave and the 3.3-khz wave is an S wave, then the ratio of their speeds 

is 1/./3 if Poisson's ratio is 0.25 (cf. Bullen, 1965). In Fig. 3-3 the 

speed of the P wave is assumed to be 2.0 km/s, and the speed of the 3.3-khz 

wave is taken to be 1.15 km/s. The amplitude of the 3.3-khz wave is only 

that of the component to which the transducer is sensitive. If the wave 

is an S wave, that component is probably a small fraction of the actual 

amplitude. Because of the very small distances between the impact point 

and the transducer, there is little dispersion and the waves interfere. 

Figure 3-3 shows that the arrival time measured by the Microseismic Timer 

may be controlled by the phase of the 3.3-khz wave. If the first oscil-

lotions of both components arc positive (as shown), then the measured 

arrivals (shown by a) of the composite wave (heavy solid lines) are delayed 

by 0.09 ms or more compared to the arrival times (shown by •) of the simple 

11-khz wave. If the first oscillations of the two constituent waves are 

opposite, then the measured arrivals (shown by o) of the composite wave 

(heavy dashed line) are advanced. The waves just described would thus 

give different apparent speeds of 0.6 km/s, 2.0 km/s, and and 1.7 km/s, 

respectively. 

Inspection of the actual wave trains in Fig. 3-2a shows that the early­

arriving 11-khz waves do appear to be modulated by a wave of lower frequency. 

This is best seen in the wave train recorded at a distance 12.5 cm from the 

impact point. The frequency of the carrier wave seems to be about 3 khz, 

and it io probably the same wave which dominates the end of the record. 

The reason wave interference does not significantly affect this relative 

dating technique is that, unlike the model in Fig. 3-3, the amplitude of 
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Fig. 3-3. Interference of P and S or surface waves may affect the 
apparent arrival time measured by the Microseismic Timer. 

Synthetic wave trains are shown for three different source distances d. 
Time t is shown on the abscissa. P and S waves are represented by simple 
sinusoids (light lines). The sum of the two amplitudes is shown by the 
heavy solid line; the difference is shown by the heavy dashed line. The 
threshold amplitude of the Microseismic Timer is shown by the vertical 
bars on the wave trains near the ordinate. Apparent arrival times are 
marked by filled circles (P waves) and by open circles or circles with 
crosses (composite waves). Actual first arrivals are shown by arrows. 
Filled circles define a travel-time line giving the correct P-wave speed; 
apparent travel times for composite waves give anomalously low speeds. 
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the low-frequency wave appears to build slowly with time, so that its 

effect during the first cycle of the P wave is probably negligible. 

It also seems likely that the amplitude of the low-frequency wave varies 

with each hammer blow; thus the grossly defective travel times (e.g., 

those marked by E) can be edited in the field by picking the lowest 

repeated travel times. 

A second difficulty in picking meaningful travel time arises because 

of attenuation of the P waves with distance travelled. As Fig. 3-4 shows, 

the first wave may not exceed the chosen amplitude threshold and the clock 

may not be stopperl until a larger wave arrives. This will generally be 

the second oscillation. If the first wave stops the clock when the impact 

point is close to the transducer but not when it is far away, an 

artifactual travel-time curve will result. In Fig. 3-4, the incoming 

wave is an amplitude-modulated 10-khz P wave travelling at 2 km/s. At 

an impact distance of 5 cm, the first wave trough (a1) exceeds the 

amplitude threshold (shaded) and stops the clock at 0.085 ms. At impact 

distances of 10 cm and 15 cm, the wave is attenuated and the first troughs 

(a2 and a3, respectively) do not exceed the threshold; instead the larger 

second troughs (bz and b3) stop the clock, resulting in an artifactual 

travel time vs. distance curve (heavy line). 

The number of artifactual travel times measured in the field can be 

minimized by reducing the threshold so that the first troughs a2 and a3 

do stop the clock (dashed travel-time curve in Fig. 3-4). If this is 

not done, the affected data must be edited. If six points are determined 

for each travel-time curve this is relatively easy. An affected curve 

would consist of two parallel segments offset by about 0.1 ms. If only 

three points are determined (as in this study), diagnosis can not be so 
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Fig. 3-4. Schematic representation of 11-khz amplitude-modulated P waves 
from impact points at distances d = 5 cm, 15 cm, and 25 cm from 

the Microseismic Timer detector. The abscissa is time, t. The shaded zone 
for each wave train is an amplitude threshold. When the negative amplitude 
of the wave first exceeds this limit, the Microseismic Timer senses the 
arrival of thP w;:ive. Tn the illustratton, the waves from 1-mpact points. 
15 cm and 25 cm from the detector have been attenuated so that the first 
trough (a1, a2, a3) is not sensed. Filled circles show the arrival times 
times measured by the Microseismic Timer for each wave. The Microseismic 
Timer detects the first trough (a1) for d = 5 cm, but the second troughs 
(b2 and b3) at d = 15 cm and 25 cm. The solid line is the apparent travel­
time curve and yields an artifactual apparent speed because the true first 
arrivals are not detected. In most cases, such VP will be too small. 

Erroneous travel-time curves may be detected because their abscissa 
intercepts (T') may be less than perhaps 0.025 ms. In the examplE, shown, 
the true first arrivals would be detected if the instrument gain was 
increased (or the threshold lowered). The travel-time curve in this case 
is shown by the dashed line: it intersects the abscissa at T ~ D.06 ms 
and its slope gives a correct wave speed of about 2.2 km/s. 
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cerLaiu. The unaffected travel-time curve will generally intersect the 

abscissa at 0.03 ms to 0.07 ms. This intersection describes a delay time, 

T, which mainly reflects the time required after the "true" first arrival 

of Lhe wave for its amplitude to exceed the threshold value. 

If trough ai stops the clock when the impact distance is 5 cm, b2 

when it is 15 cm, and c3 when it is 25 cm, then the apparent delay time 

r' (Fig. 3-4) wlll be much i:smaller than the actual delay time -r. It may 

even be negative. A travel time curve giving a small or negative T 1 is 

clearly artifactual and must be edited. The travel time curve of Fig. 

3-4 is not so readily identified as artifactual, because the apparent 

delay time found from all three travel times is not as small as 1 1
• If 

not edited, artifactual speeds caused by wave attenuation would reduce 

the mean speed for the sample and would increase the standard deviation. 

It should be recalled that the wave train may lose its pure spectral 

character rapidly as the low-frequency component increases in amplitude. 

Thus actual travel-time curves could be more difficult to interpret than 

the ones discussed above. 

Despite myriad potential difficulties in using the Microseismic 

Timer to determine wave speed, two facts stand out: (1) Crook and Kamb 

(1980) observed that average wave speeds determined by inspection of 

oscilloscope records agreed with those found using the Microseismic 

Timer; and (2) they found that measured wave speeds, real or apparent, 

did form a repeatable basis for successfully discriminating terrace 

deposits of different Quaternary ages. 
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3.? S IM'PT.F. MOnRT.S OF 'WEATHERING OF BOULDERS 

AND THE DECREASE OF ACOUSTIC WAVE SPEEDS 

Simple models can be used to describe the gross features of boulder 

weathering from the viewpoint of acoustic wave transmission. There are 

two topics of interest for the use of wave speeds as an indicator of rela-

tive age: (1) the mechanism which slows waves as weathering processes; 

and (2) changes with age in the distribution of wave speeds in boulders 

of a single well-mixed till. 

Wave-Speed Retardation with Weathering 

Two obvious changes occur in granitic rock weathering at the surface 

of the earth: the rock is chemically altered, and intergranular cracks 

develop. These processes are probably related. For instance, as grains 

are altered they may expand, which promotes cracking; pervasive cracks 

promote the circulation of water through the rock, which hastens alter-

ation. Heavily weathered granitic boulders in the mountains and deserts 

of eastern California may show effects of both intense chemical weathering 

and granular disintegration. Boulders from ancient deposits are typically 

oxidized, exhibiting strong surface discoloration, and are grusy. Biot1te 

flakes in such rocks may be altered and discolored. Feldspars may appear 

chalky in hand samples. Conversely, boulders in some locations develop 

resistant rinds or case-hardened crusts in which grains of Lhe parent 

boulder are cemented together to form a resistant shell. 

Presumably one or more of the above processes controls the speed of 

acoustic waves through weathering boulders. Crook and Kamb (1980) found 

that even for stream deposits less than 1000 years old, wave speeds 
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averaged only 2.1 km/s for granitic bo11lr1Pri:: (Mt. Lowe granodiorite). 

Th.is is considerably lower than the 4-km/s speed characteristic of freshly 

quarried granite (Quincy granite; Birch, 1937). Clasts from the stream 

deposits were not visibly weathered, and chemical alteration could have 

been incipient only. If reductions of wave speed perhaps exceeding 45% 

are unaccompanied by chemical alteration, then the formation of inter-

granular cracks must be the controlling factor. 

There is some evidence for this contention. Noting that Birch 

* (1960) tound that tor granites the wave speed v was proportional to 

pressure, Nur and Simmons (1969) showed that this effect was greatly 

reduced if the granite was saturated with water. V for wet samples was 

about 50% larger than V for dry samples, at 1 atm pressure. They attri-

buted the reduction to the presence of "microcracks" much smaller than 

the wavelength of the P waves, and less than the grain diameter. The 

presence of mi.crocracki:: appParPrl to i::trong1y in~rease the ~ornpressihility 

(k-1) of the rock, thereby decreasing V even though cracks and pores 

occupied less than 1% of the volume of the rock. The abundance of micro-

cracks was correlated to the difference between wave speeds for the 

wet and dry samples. 

In a subsequent paper, Nur and Simmons (1970) reported microcracking 

to be especially pronounced in quartz-bearing rocks. Noting the high 

value of the coefficient of thermal expansion and the high compressibility 

of quartz compared to other rock-forming minerals, they argued that this 

*In this discussion V is the actual P wave speed, or the speed found 
by conventional means: V = /(k + (4/3)µ)/p , where k is the bulk 
modulus, µ is the shear modulus or rigidity, and p is the density of 

the rock. VP is the P wave speed found using the Microseismic Timer 
and Eq. ( 1). 
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might lead to high local stresses resulting in cracking as the rock, 

which crystallized at high pressures and temperatures, was cooled and 

exhumed by erosion. If this were true, further cracking might be expected 

in granitic clasts after they were plucked from bedrock. such cracking 

might be promoted by diurnal or seasonal temperature fluctuations, which 

in the Sierra Nevada may sometimes exceed 50°C. Ide (1937) demonstrated 

by measuring V before and afLtH ht!ating fresh Quincy granite at 1 atm 

pressure that microcracking could be induced by thermal changes. No re­

duction was noted at 100° C, but V was reduced from 3.72 km/s to 2.75 km/s 

at 250° C and to 0.78 km/s at 500° C. Thcoc changes were irreversible. 

Although grains appeared unaltered in thin sections made of the cooled 

rock, the rock itself was friable after heating. Thus the creation of 

microcrackc seemed to be the controlling factor in the redurtion of 

acoustic wave speeds with age. 

Cracking could be spontaneous or induced by fluctuations in temperature, 

as discussed abovP. It could ::ilso result from frost riving or from chemical 

weathering, especially of micas which expand as they are altered. If 

cracking is largely spontaneous or the result of thermal fluctuations, it 

may be proportional to the fraction R of uncracked rock remaining. If 

n = 1-R is the fractional crack porosity of the rock and R = -AR, then 

n - Rand n = 1-exp(-A t), where A is a constant and tis the time since 

exposure of the rock at the earth's surface. Nur and Simmons (1970) 

observed that the reduction of V between dry and wet granites was linearly 

proportional to the crack porosity. Thus a simple model of the reduction 

of V with age might be 

Vp(n(t)) = a - b exp(-At) (2) 

where a, b, and A are constants. Ide (1937) found for the Quincy granite 
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that V - 0.78 km/s when the rock had been cracked to the point of dioin-

tegration. If for the Mt. Lowe granodiorite a= 0.78 km/s, then b • 0.20 

and A = 1.52 may be found by linear regression from the Vp data and age 

estimates of Crook and Kamb (1980). The correlation coefficient r exceeds 

0.99, and may be increased if the estimate of a is reduced. Physically, 

a must have a minimum value of about 0.34 km/s, the speed of sound in 

air. 

Certainly n(t) need not be the function described above, but to fit 

observed values of VP and t, it must be a decreasing function of t. For 

example, if ~(t) = A (1 + t)-1, then n(t) = A ln(l + t) or 

Vp (n(t)) = c + d ln(l + t) (3) 

This function has been used to describe the thickness of weathering 

rinds on clasts from deposits of different ages by Colman (1981), who 

also discussed a variety of similar functions which had previously been 

used to the same end. For Eq. (3), the data. of Crook and Kamb (1980) 

gave r = 0.998, c • 2.20 km/s, and d = 0.17. While the Vp data appear 

to be best fit by a logarithmic function of time, the actual function 

cannot be deduced from the limited data available. Furthermore, while 

chemical weathering and cracking appear to be similar functions of time, 

cracking caused by chemical weathering may proceed at a different rate 

than cracking from induced thermal stress. Finally, chemical weathering 

may become sufficiently pronounced that the weathering products them­

selves and not just resultant cracking may affect the elasticity of the 

rock. Long term climatic changes might introduce or remove frost riving 

as a factor, or change chemical weathering rates. Some or all of these 

factors may simply change the value of the coefficients of Eq. (2), so 
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that a,b,c,d, and A are themselves functions of time, but the functional 

form of V(t) may also change. For instance, case-hardening may actually 

cause V to increase with the passage of time. This is because the pores 

awl cracks in the weathered rind (the top few cm of the clast) may fill 

with clay or cement (e.g., Conca, 1982, has found calcite filling cracks 

in crusts developed in rocks of the Aztec Sandstone in Nevada). The 

effect of cementing the cracks should be the same as Iilliug t.heru with 

water: to decrease to compressibility and thus to increase V. 

As the effects of chemical weathering ~nd crust formation become 

pronounced, V should begin to vary radially in the boulder. If no crust 

is present, V will increase with depth. The waves actually measured 

are constrained by the sensor configuration to travel mainly through 

the upper few cm of the rock. Thus the speeds actually measured will be 

close to the minimum for the clast. Crook and Kamb (1980) demonstrated 

this by comparing values of VP found as described in §3.1 to wave 

speeds found by placing the transducer on the face opposite the impact 

point. Waves passing through the clasts were about 25% faster than those 

traveling through only the outer part of the clasts. 

If a crust has developed on a weathered boulder, then the radial 

profile of V may not be monotonic: high values may be found near the 

clast surface, a minimum just beneath the crust, and a high value near 

the clast center. The measured wave will be confined to the crust, 

and may have the maximum speed for the clast. Thus, case-hardening 

may invalidate the fundamental assumption in the use of wave speeds 

as a measure of relative age: that VP decreases montonically with time. 
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The Behavior of Populations of VP with Increasing Agt:! uf ~pu1:>lL!uu 

Discu1:>::>1uu !11 the pr:evious section focused on the change with age 

of V for a single boulder. In this section the change in populations of 

measured speeds (Vp) is addressed. 

Several factors must be considered: the initial distribution or 

probability density function (PDF) of wave speeds in the population of 

boulders; the functional dependence of V on t; dispersion in the values 

of V for identical boulders; and removal of hnuldPrs from thf> mP-asurahle 

population by granular disintegration. For the purpose of this discussion 

it will be assumed that VP= V. 

If Eq. 0) is m:;ed to describe the change in VP with time, then Vp is 

controlled by three variables: t, c, and d. Of these, c and d are prop-

erties of the rock. Because of variability of the rock, the initial distri-

bution of Vp(t,c.d) will not be an impulse but will show some scatter in the 

(c, d) plane. As mentioned in the previous section, although Eq. (3) may 

adequately describe VP for an interval of time, it may be that c and d vary 

with time, or even that·Eq. (3) is supplanted by a different relationship 

after n has become small and chemical weathering has become significant. The 

dispersive term may reflect spatial changes in weathering conditions or char-

acterisitics of the rock other than c and d which may influence weathering. 

By the time granular disintegration begins, VP will be low. For this dis-

cussion disintegration will be assumed to coincide with the reduction of Vp 

to some threshold. 

A model for the temporal change in the PDF of VP is thus given by: 

PDF[Vp(O,c,d)] * [Vp(tn,c,d) - Vp(O,c,d)] * 
n 

FT{ rr Fr{D(c,cl)}} ) G(Vp) (4) 

i=l 
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where c and d are independent of t, * denotes convolution along the VP 

axis, Ff denotes the Fourier transformation, D is a dispersion function, 

and G is the probability that granular disintegration will remove the rock 

from the measurable population. Changes in Vp are assumed to occur at 

small increments of time, and tn is the time after the nth increment. 

This model states that the PDF of wave speeds is off set to lower 

values of ~P as the deposit ages. The amount of the offset may be speci­

fied by Eq. (2), Eq. (3), or some other function. The dispersion function, 

D, serves to broaden the PDF with time by adding small random increments 

to Vp for each "boulder" in the population. D, here assumed to be in­

dependent of time, basically is a description of random factors which 

might make identical boulders weather at different rates. An example of 

such a factor might be shading by adjacent boulders. 

As weathering progresses, boulders eventually will become grusy. 

As loose grains are shed, the boulder diameter is reduced until Vp can 

no longer be measured with the Microseismic Timer. G(Vp) is a description 

of the probabilty of this happening as a function of wave speed. G(Vp) 

is zero for Vp < 0.34 km/s, unity for high values of Vp (e.g.,> 1 km/s), 

and has intermediate values for the remaining range of Vp• 

The above model states that the mode Vp will decrease with age, 

and that the PDF will broaden. As boulders begin to disintegrate the 

population of measurable boulders will lose members. These will have 

the lowest values of Vp• Ultimately, the original shape of the PDF 

(e.g., a normal distribution) will be unrecognizable. 

Equation (4) may be generalized to allow for variation of coefficients 

c and d and the dispersion function n with time: 
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(5) 

In Eq. (S) the dispersion function is assumed to vary with t and with 

initial values of c(t) and d(t) only. 

Equation (5) is illustrated schematically in Fig. 3-5 for the special 

case where VP varies only with t and some single measure of weathering sus-

ceptibility w instead of with both c(O) and d(O), The uppermost plane (A) 

gives the initial PDF of Vp(O,w). Most rocks have high values of VP, but 

rocks which are highly susceptible to cracking al rE>ady havE> 1 owpr v;:il up;; 

at t = O. The group of planes below A (group B) pictures the incremental 

loss of Vp at different steps j, j+l, j+2, and n. These values of LWP = 

(Vp(ti,w) - Vp(ti-1,w)) may be found using Eq. (3) or some other appro-

priate function. For the functions shown, the change in VP will increase 

with weathering susceptibility. Planes in group C depict the dispersion 

function D(t,w), here shown as a gaussian function which is narrower 

for rocks of low weathering susceptibility. Plane D shows the function 

G(VP)' which is independent oft and w, and planes of group E show 

Vp(t,w) for t = tj, tj+l' tj+2 , and tn• Conceptually, these functions 

are found by first convolving corresponding planes of groups C and D, 

and then successively convolving the initial distribution (A) with each 

new function at time t1, tz, ••••• , tn to find the PDF of VP(tn,w). 

Convolution is performed only along the VP axis. The final step consists 

of multiplying PDF(Vp(tn,w)) by G(Vp) (plane D) to remove grusy rocks 

from the population. 
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Fig. 3-5. Schematic representation of the model of changes in a 
population of waves speeds as a deposit ages. 
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Fig. 3-5 (continued) 

Schematic representation of lht! wuut!l u f chaugt!o lu Ci pupul a lion of 
waves speeds as a deposit ages (eq. 5). For all graphs, the abscissa is 
V or ~V • Other axes are w, some measure of weathering susceptibility 
0¥ a boJ>der, anu [ (frt!l.J.Ut!IlCY Ul" probability density) Ol" a (amplitude). 
The figure shows the modification of the PDF of wave speeds in a youthful 
deposit with the passage of time. 

Pl aue A ::;how::; the inl Li al PDF. Most boulders, except those which 
are highly susceptible to weathering, have high wave speeds. Plane E 
shows the PDF for the same deposit, now aged. Most wave speeds are 
low and the PDF is broadened by dispersion. The distribution is 
strongly skewed because the most weathered boulders have disintegrated. 

Group B shows the ideal loss of VP for time increments at times 
tj, tj+l, tj+2,••• , and tn• The functions are impulses of unit 
amplitude. ~VP is negative and decreases with increasing w. ~VP for 
a given w decreases with time. Convolution of the ~VP function and 
the initial PDF would result in a new .l:'UJ." ot identical shape, but 
offset towards the origin. 

Group C shows dispersion functions D at times tj , tj+l, tj+Z, ••• , 
and tn• These describe random deviations trom the ideal reduction ot 
V p for the population of boulders. The functions shown disperse V p 
increasingly with w and with t. 

Plane D shows the function G(VQ), which describes the probability 
that a boulder will disintegrate ana be removed from the population 
when its speed has a given value. 



78 

Using this model, the behavior of even complicated populations con­

sisting of rocks from different plutons weathering under changing climatic 

conditions can be described. For purposes of the present study, it is 

sufficient to examine the simpler question of the variation in PDF(Vp(t,w) 

with time, assuming that for all rocks w = w0 • Representative distributions 

of VP are shown for different times in Fig 3-6. I have assumed that Vp 

is given by Eq. (3), Ll1at D 18 independent of t, and that G(Vp) - 0 if 

VP ( Vp' and G(Vp) = 1 if VP 2_ Vp'• The top profile (a) shows PDF(Vp) 

just after deposition. At later times ((b), (c), and (d)) the average 

value of VP is reduced but the standard deviation is only slightly larger. 

At the time of (d), some boulders are becoming grusy. At the time of 

(e), the average value of VP has been lowered further, and a fraction 

of the population has disintegrated. The last profile (f) shows the 

distribution of VP after the mode value has been lowered below the 

threshold Vp'· In this simple scheme the mean VP is reduced monoton­

ically as weathering progresses, while the standard deviation about the 

mean increases in proportion to the amount of dispersion. Disinteg-

ration of weathered boulders causes the mean VP to decrease more slowly 

and the standard deviation to decrease. ThR diRtri~1tion becomes markedly 

flattened and asymmetric. However these trends may be masked if weathering 

rinds are formed. 

If the model discussed above is valid. then relative age discrimina­

tion based on Vp distributions will be greatest for the youngest deposits. 

As deposits age, discrimination will become increasingly difficult, especi­

ally if there has been significant dispersion. Ultimately. discrimination 

may be so poor that the technique will be of little practical use. It 

may prove possible, however, to extend the range of ages which can be 
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Fig 3-6. Schematic representation of a sequence of six PDF's shows the 
reduction of VP with time. The abscissa shows wave speed, VP; 

the ordinate shows the probability density or frequency with which a 
given value of VP is encountered in the populaLluu. 

Curve a represents the PDF for a young deposit. Average values 
of VP are about 2 km/s. As the deposit ages this value drops to 1.5 km/s 
(b) and to 1.0 km/s (c), and the PDF broadens. 

For this illustration, G(Vp) = 0 for VP ( 0.35 km/s and G(Vp) = 1 
for VP > 0.35 km/s. In c, values of VP for most weathered boulders 
are approaching this limit. In e, about a third of the boulders have 
disintegrated. The PDF is strongly skewed. Ultimately, only the high-VP 
tail of the original distribution remains (curve £). 
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studied by measuring wave speeds through rocks which weather more slowly 

than granodiorites. 

3.3 SOME CHARACTERISTICS OF Vp DATA 

In the following discussion several aspects of wave speeds measured 

for individual boulders and groups of boulders are addressed. These 

include: travel time vs. distance between the impact point and the 

sensor; changes in VP wit.h the gain setting on the Microseismlc Timer; 

convergence of the mean VP and the standard deviation as additional 

boulders are measured; and the independence of determinations of VP for 

different boulders. 

Figure 3-7 presents selected data and calculated variables for a 

single large outcrop of granodiorite in Green Creek that was glacially 

polished about 11,000 years ago. Impact points were distributed along 

an 80-cm line. Travel times for waves from these impact points are 

plotted in Fig. 3-7a as a function of the distance travelled. A line 

fit to these twelve measurementR gives~ w~ve RpeP~ nf ?.4 km/R, whi1~ 

VP calculated from the three travel times (indicated by X in the figure) 

of waves from impact points at 5, 15, and 25 cm is 2.5 km/s. This latter 

value would be the one found by the method used in this study. 

Although the travel-time curve is basically linear, two features are 

worth noting. First, the travel time at d = 35 cm lies perhaps 0.03 ms 

below the general trend. An error of this size in reading the travel 

time is unlikely, and this pattern probably reflects some heterogeneity 

in the rock itself. The second feature is the distinct curvature of the 

travel-time line for impact distances of 15 cm or less. This curvature 
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Fig. 3-7 (continued) 

Characteristics of VP data gathered from granodiorite bedrock at 
site 13, Green Creek. 

a) Travel times (t) for waves from twelve different impact points 
at distances (d) of 5 cm to 80 cm from the detector define an 
approximately linear array. Travel times for the three impact 
points at distances of 5, 15, and 25 cm are marked by x. The 
slope of a line fit to the twelve points is about 2.4 km/s. 
VP calculated according to Eq. (1) is about 2.5 km/s. 

b) Speeds V calculated from the difference in travel times and impact 
distances for eleven pairs of data. The first point (d = 5 cm) 
was a member of each pair. Speeds show a tendency to increase 
with distance from the detector to about d = 30 cm. Speeds of 
waves from greater distances are probably constant. This pattern 
can be explained if the upper few cm of the boulder are more 
weathered than the core. 

c) There appears to be a bimodal distribution of VP with the gain 
of the Microseismic Timer. As predicted in Fig. 3-4, when the 
gain is low (high threshold) VP is lower than when the gain is 
high. For gain settings less than 3 (arbitrary units), V is 
about 2 km/s. For higher gain settings, VP is about 2.5 km/s. 
The gain setting used in this study, 3.5, is marked by a filled 
triangle. 

d) The abscissa intercept times t show a slight tendency to be 
smaller for the greater impact point distances. None was less 
than 0.2 ms. The observed variation is probably best attributed 
to spatial variations of elastic properties of the rock rather 
than to artifacts of the measurement technique in view of the 
linearity of the travel-time curve in graph a. 
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corresponds to an increase of the wave speed as the impact distancP is 

increased. This could be caused by a weathering zone no more than a few 

cm thick. Waves from close impact points would travel entirely within 

the zone, but waves from more distant points would travPl largely through 

the less weathered rock deeper in the boulder. This increase in speed V 

with the distance of the impact point is shown in Fig. 3-7b. For this 

illustration, V was taken to be O.Ol(di-5)/(ti-0.049) km/s where ti and 

di are the travel time and distance measured for the ith impact point, 

and where 0.049 ms and 5 cm are the travel time and distance for the 

first point. Presumably as the boulder ages. the distance over which 

there is curvature in the travel-time line will increase. In Fig. 3-7c 

are displayed values of Vp determined for the same impact points (at 

5, 15, and 25 cm) using the Microseismic Timer with different gain 

settings. High gain settings (e.g., gain= 10) correspond to a large 

amplification of the signal or a relatively low threshold level. At 

low gain settings the threshold may exceed the amplitude of the first 

waves to arrive. The gain setting adopted in this study (gain= 3.5) 

is indicated by the arrow in Fig. 3-7c. 

Vp appears to be insensitive to gain as long as the gain is 3 or 

greater. As predicted in §3.1, Vp is significantly lower for low gains. 

The stability of VP over a large range of gains is important because it 

suggests that VP is also insensitive to wave amplitude, as long as it is 

larger than the threshold level. 

In Fig. 3-7d are shown the ordinate intersections (T) of regression 

lines fit to twelve values of t and d measure at different gains. T is 

the delay between the actual and measured arrival times. The data show 

that T is reduced at high gains to about 0.023 ms from about 0.038 ms 
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at gains of 5 or less. This could be explained by a 60° shift in the phase 

of the 11-khz wave at which the travel time is measured. This is to be 

expected when the wave amplitude greatly exceeds the threshold, and its 

observation lends credence to the interpretation presented in §3.1. 

As data are measured for increasing numbers of boulders (n) from a 

deposit, the distribution of calculated values of Vp increasingly resem-

bles the population of Vp for the whole deposit. The sample distribution 

may generally be described by its mean, Vp, and its standard deviation 

about the mean, s. As the sample size increases, the values of these 

parameters converge to values characteristic of the population. The 

number of boulders which must be measured before convergence is achieved 

obviously varies with the heterogeneity of the deposit, but as shown 

in Fig. 3-8 for two sites, Vp and s changed little after about twenty 

boulders had been measured. Fig. 3-8a shows the convergence of Vp 

with increasing n. The error bars are the uncertainty ot the mean and 

are given by s//n.. At site 8, little was gained by measuring the final 

ten boulders, and at site 28 the mean changed insignificantly after 

n - 10. However, the standard deviation s for site 8 (Fig. 3-8b) increased 

from 0.3 km/s at n = 10 to 0.5 km/s at n = 25. While 25 boulders seemed 

to be an adequate sample size, generally 30 boulders were measured to 

insure against unexpected heterogeneity or random concentrations of 

similar boulders in the deposit. 

Actual travel-time curves for 15 boulders from each of three sites 

are shown in Fig. 3-9. These data are intended to illustrate the typicol 

linearity of travel-time curves and the consistency among boulders from 

the same site. Where the three travel times are not colinear in these 

diagrams, the Mtrve is generally convex, ~R seen in Fig. 3-7a. This 
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Fig. 3-8. Running mean wave speeds (VP) and standard deviations (s) of 
distributions of VP from the two sites are shown in graphs a 

and b. Abscissas are the number of boulders measured. ~rror bars in graph 
a show the standard deviation of the mean v9 , not the standard deviation 
s of the distribution of VP shown in graph b. Both VP and s appear to 
converge to stable values after about 15 boulders have been measured. 
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Fig. 3-9. Actual travel times (t) for 15 boulders from each of three 
sites at Green Creek are plotted as a function of the impact 

point distance (d) from the detector. 
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pattern is explainable by a weathered zone on the surface of the boulder. 

However, in a few instances (notably the fourth curve from the bottom, 

site 37) the travel-time curve is concave; such a pattern means the wave is 

slower at greater distances from the sensor. This may be due to variable 

elastic properties over the surface of the rock, or simply to the presence 

of gross defects such as cracks which can impede the progress of the wave. 

The general colinearity of (t,d) pairs for a given boulder supports 

the interpretation of VP as a property of the rock itself rather than the 

measurement process (i.e., an artifact). If this is the case, then speeds 

V1 and Vz calculated from the impAct point.ci R.t. 5 cm and 15 cm, and at 5 cm 

and 25 cm, respectively, should be strongly correlated. In particular, V2 

should appear to be dependent on V1 (or vice versa). This can be demon-

strated by a transition matrix (cf. Harbaugh and Merriam, 1968), which is a 

frequency distribution of (V1, V2) pairs. A contour map of such a distri-

bution is given in Fig. 3-lOa. In this presentation, correlated or dependent 

variables are revealed by alignment of data near the diagonal line (Vi= Vz), 

while uncorrelated data are dispersed in a normal distribution and are 

revealed by circular contour lines. Clearly, V2 and V1 lu Fig. 3-lOa are 

strongly correlated, and in fact for the data shown there is less than one 

chance in a thousand that these variables are independent*. 

In contrast, a similar transition matrix (Fig. 3-lOb) relating Vp 

measured on successive boulders shows roughly circular contours indicating 

an absence of correlation. From this distribution there seems to be less 

than one rh.<1.nl"e in a hnndred that determinations of Vp are dependent on 

previous measurements. 

*The probability is estimated by testing for the Markov property 
(cf. Till, 1974). 
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Fig. 3-10. Contour maps of wave-speed data from Sawmill Canyon, Inyo 
County. 

a) Vi is the speed calculated from travel times for waves from 
impact points at d = 5 cm and d = 15 cm; V2 is the speed for 
d = 5 cm and d = 25 cm. Transition matrices or variation 
diagrams show that Vi and Vz are strongly correlated. 

b) Variation diagram comparing successive measurements of VP on 
different boulders shows no correlation. Presence of a cor-­
relation would indicate that sampling was not random. Absence 
of correlation shows that measurements are independent, a 
necessary condition for the statistical tests used. 
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Independence of successive determinations of VP may seem to be an 

obvious attribute which need not be belabored. However, dependence COQ1d 

arise in a number of ways, among them unconscious operator bias in measure­

ment or in boulder selection. Absence of any evidence for this is there­

fore encouraging, and serves to contrast the wave-speed method of relative 

dating to the subjective methods (Chapter Z) for which such independence 

can not be taken for granted. For example, it is not at all clear that an 

operator's classification of weathered boulders is unaffected by previous 

classifications. Memory in an operator must lead to some inconsisLeucles 

in classification and hence to inaccuracies in relative dating. 

Summary of Data Characteristics 

In summary, data from the three impact points used in this study 

give similar estimations of VP compared to data from longer lines with 

more impact points. Data are insensitive to small changes in instrument 

gain or wave amplitude. Sample sizes of 25 or 30 boulders appear to be 

adequate to estimate population characteristics. Finally, data from a 

single line of impact points are strongly correlated, but there is no 

discernible sign of dependen~e between VP found for boulders measured 

successively. VP data thus appear to form an acceptable basis for 

relative age discrimination. 

3.4 STATISTICAL TESTS 

The purpose of gathering VP data is to enable meaningful comparisons 

among moraines to establish relative ages of deposition. This is best 

accomplished using statistical tests. There are two categories of tests 
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which are useful: 1) tests of the hypothesis (H0 ) that two different 

samples are drawn from the same population; and (2) tests of the hypo-

thesis that all of several samples are drawn from the same population. 

In the first category are Student's t-test and the Kolmogorov-Smirnov 

two-sample test (cf. Bradley, 1968), In the second category are 

analyses of variance such as Fisher's F-test (cf. Griffiths, 1967). 

Th@ two-s.ampl@ t-test is a specific case of the F-test. The use of 

these tests in this study is discussed below. 

Comparisons Between Two Samples 

Student's t-test 

If it can be shown that values of Vp constituting a sample are randomly 

drawn from a normally distributed population, then the mean and standard 

deviation are adequate to characterize the sample and Student's t-test 

may be used to compare it to other samples. The t-statistic is calculated 

from the difference of the sample means normalized by the pooled variance 

according to 

(6) 

n1 
where s 1 2 = (n1-1)-l E (V -V- )2 is the variance of sample i and n 1 ia 

j=l Pji P1 

the number of measurements for sample i (cf. Griffiths 1967). The confid-

ence with which the tested hypothesis may be rejected is widely tabulated, 

as a function of t And of the degrees of freedom n1 + n2 - 2. The test 

is sensitive chiefly to differences in the mean speeds: the greater the 

difference in the means, the greater the value of t and the higher the 

confidence with which the hypothesis that the samples were from the same 



91 

populatlon may be n~Jecte<l. Ou the other hand, lf the means from Lwu 

samples were the same, the t-test would indicate that the two samples 

were drawn from the same population even if the variances were so dif-

f erent that this was clearly not the case. This must be kept in mind 

when interpreting the results of testing. 

Because t is dependent on the sample variances, the discrimination 

using the t-test decreases with decreasing measurement precision. This 

is because s is compounded from the intrinsic variability of the popula-

tion and the measurement uncertainty. Generally, this is not a serious 

problem because most measurements are precise compared to the scatter of 

the data. In determining VP this is not always the case. As discussed 

in §3.1, measurement uncertainty (p) appears to be± 0.05 km/s (lo). 

This may be a significant fraction of the standard deviation of the 

measured values of VP, which may be as low as 0.2 km/s. Because the 

measurement uncertainty is known, it is possible to estimate the standard 

deviation of a sample of hypothetical perfectly precise wave speeds from 

their actual measured values. The expression for t may be rewritten to 

refer to these measured wave speeds: 

(7) 

where p is the precision of measurement. If s1 and s2 were 0.2 km/s, for 

sample sizes in the range of interest this could lead to an increase of 

about 3% in the value of t. 

While an increase in t would increase the confidence with which the 

hypothesis H0 could be rejected, the change would be virtualiy unnoticed 

against the background of large uncertainties of t due to chance in 
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sampling. This is easily demonstrated by a simple Monte Carlo experiment in 

which data from a specified normal population are repetitively drawn to form 

samples, using a random number generator. To each datum random noise from a 

second normal population representing measurement uncertai. nty is adclF>d. ThF> 

statistic t is calculated for pairs of samples before and after the addition 

of the measurement uncertainty. 

A contour map of the resulting matrix built up by 1000 iterations is 

shown in Fig. 3-11. It was calculated assuming the measurement precision p 

to be a quarter the size of the standard deviation s of the "measurements". 

Sample size was set at 25. Al though groups of values of t found for samples 

with and without the addition of random noise are highly correlated, never­

theless there is considerable scatter about the dashed line which describes 

the predicted relationship of the mean values. Thus this line is a poor 

predictor of the actual ratio of any individual pair of t's (with and without 

noise). Furthermore, the ratio p/s = 0.25 was chosen as the worst realistic 

case. If p/s were reduced, the dashed line would rotate about the origin 

until for p/s = 0 it would coincide with the solid diagonal line t (without 

noise) = t (with noise). Thus Fig. 3-11 demonstrates that the performance 

of t-test based on actual imprecise measurements is not noticeably worse than 

the performance based on perfectly precise measurements, as long as p/s is 

reasonably small. 

The t-test cannot be applied if the sampled population is not normally 

distributed. This is generally verified using a x2 test, but it is some­

what unsatisfactory because the results depend on the way in which the data 

are partitioned into cells. Lilliefors (1967) has adapted the one-sample 

Kolmogorov-Smirnov test for use when the population is unknown, and finds 

this test superior to the x2 test. Its use is elaborated in App. 3-A. 
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Fig. 3-11. Contour map of a transition matrix relating t-statistics calc-
ulated for 1000 synthetic data with and without added random 

noise simulating measurement error. The contoured variable, f, is the 
frequency with which a given pair of t-statistics occurred over a 0.1 x 0.1 
unit square. The standard deviation of the "measurement error" (p) is 
taken to be 25% of the standard deviation of the data without added noise. 

A regression line fit to the data is dashed in the illustration. 
Divergence of the dashed line from the solid diagonal reference line 
results from the increase of the standard dev~ation of data with noise 
added. This systematic effect is minor compared to the scatter of the 
data within the cluster. 
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The Kolmogorov-Smirnov two-sample test 

If data cannot be shown to come from normal populations, then non­

parametric tests (which make no assumptions of the distribution of the 

population) must be used. Of a large number of such tests, the Kolmogorov­

Smirnov two-sample test seems best suited for application to VP data. For 

a one-tailed test the test statistic is the maximum (or minimum) ordinate 

difference Ilt (or J)_) between the cumu1 atlve di.stri hutlon fun<'ti ons of thP 

two samples. For a two-tailed test the test statistic is the maximum 

absolute value Dmax of the difference function. The probability that a 

given Dmax or D+ would result from testing two samples of the same pop­

ulation may be found from comparison with the distribution of these 

statistics for other samples of the same sizes randomly drawn from a 

population. These distributions are tabulated for small sample sizes, 

but if either n1 or n1 exceeds 40 then 4D+2 n1n2/(n1 + n2) is 

distributed as x2 with two degrees of freedom (cf. Till, 1974). For 

confidences greater than 90%, tests based on Dmax are approximately 

two-tailed versions of tests based on D+, and confidences may be found 

by doubling those found for D+ (cf. Bradley, 1968), 

The Kolmogorov-Smirnov test basically gives a measure of the goodness­

of-fit of one sample to the other. As such it is sensitive not only to 

differenceo between the means but also to differences between the shapes 

of the distributions. Thus for two samples having the same means but 

different standard deviations, the t-test would indicate the same paren­

tage while the Kolmogorov-Smirnov test would not. In App. 3-B a more 

detailed comparison of the relative performance of the two tests is pre­

sented. One conclusion is that although the t-test is clearly inappropriate 

for non-normal samples and although the Kolmogorov-Smirnov test is less 
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capable than the t-test of resolving differences of normally distributed 

samples, there is no clear-cut point at which one test or the other should 

be abandoned. In this study, the t-test is considered inappropriate if 

one of the samples appears to be non-normal at more than 90% confidence. 

Since many samples were taken in a given series of moraines, a single 

test was chosen for a group of samples based on the distribution of con­

fidences of normality found for the individual samples. This procedure 

reduces the risk of choosing the wrong test. 

Effect of measurement uncertainty on the Kolmogorov-Smirnov test 

Measurement uncertainties which are significant compared to the stan­

dard deviation of the population of VP may reduce the test statistic D+ 

or Dmax by some amount. This may be visualized if it is recalled that 

slope of a cumulative distribution function is inversely proportional to 

the standard deviation of the probability density function, This is 

pictured in Fig. 3-12a for two normal and infinite populations of Vp 

whose means differ by 0.1 km/s but whose standard deviations (s) are the 

same. The cumulative distributions are plotted on probability paper so 

that they appear as straight lines. As random noise with a mean of 0.0 

and a standard deviation of p is added to the measurements, s is 

increased and Dmax or D+ is decreased. Because of the non-linearity of 

the probability scale (ordinate), Dmax or D+ is also dependent on the 

absolute value of difference of the means, ~. 

The reduction of D+ as s is increased or ~ is decreased is shown in 

Fig. 3-12b. If either s or ~ is large enough or small enough, D+ is 

insensitive to small changes in the population parameters so that addition of 

random noise to the populations has a negligible impact. The distribution 
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Fig. 3-12. Effects of measurement errors on the one-sample Kolmogorov­
Smirnov test. 

a) Cumulative distribution functions for two normal populations having 
means of -0.05 km/s (sample 1) and 0,05 km/s (sample 2). Both have standard 
deviations s of 0.05 km/s. Functions are plotted on probability grid 
(ordinate) so that they are straight lines. Numbers on lines are the 
standard deviations. Maximum difference D+ between functions is nearly 0.6. 
Adding sufficient random measurement errors to increase the standard devi­
ation of the data to 0.2 km/s reduces the slope of the cumulative distri­
bution functions, and also reduces the maximum difference between them to 
less than 0.2. The Kolmogorov-Smirnov test is thus less likely to distin­
guish between "noisy" data from different populations than between error­
free data from the same populations. 

b) Curves show the decrease in D+ with increasing s for different values 
of (Vp2-Vp1) (numbers on curves). Results from Monte Carlo experiments 
for samples of 90 "measurements" are shown as data points with error bars. 
D+ is most sensitive to changes in s if s<0.2 km/s, but for most real data 
s>0.2 km/s. Thus for reasonable values of measurement precision (e.g., 
0.05 km/s) and s, D+ is relatively insensitive to random measurement errors. 
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of -aD+/as with s is markedly skewed towards small values of s, and the 

mode occurs at about s/b = 0.3. However, (-aD+/as)max decreases with 

increasing s and only for s < 0.125 does it exceed about 5 s/km. 

3D+/a11 h::ii:i a i:iimilar rlistrfhntion, hnt for a given /I., riD+fri/\ max 

is found at greater values of s than (-aD+/as)max• 

For most populations of VP in granodiorite boulders studied to date, 

s ranges hetween about 0.2 k.m/s and 0.6 km/s. This limits expected maxima 

of 3D+/a~ to about 2.5 s/km, and maxima of -aD+/ob to about 2 s/km. For 

infinite populations, random measurement errors will not change VP and D+ 

is thus sensitive only to changes in s. For VP measurements, measurement 

precision p is about 0.05 km/s; thus D+ for the ideal case where p = 0 

is no more than 0.012 less than the value of D+ for actual measurements. 

Howf>ver, for finite samples measurement errors introduce an uneertainty 

in VP of ± p//Il, where n is the number of measurements. For typical 

samples tested in this study, n might range from 15 to 150. Thus for any 

sample, VP will be within ± 0.013 km/s of the true value for the sample 

more than 68% of the time. This will result in an uncertainty in Ur of 

as much as ± 0.045, more than three times the decrease due to oD+/as. 

Tn Fig. 1-12h, the distributions of 100 values of D+ found for several 

different values of s are shown for pairs of samples of 90 measurements 

each. The loss of fi-i- with increasing s parallels the curves for infinite 

populations, hut the vi:tlne!'I of D+ are slightly higher. The lcr error bars 

are 0.018 for s = 0.05 and range from 0.034 to 0.040 for other values of 

s. For n1 = n2 = 90, the uncertainty in U-i- from variation of the mean if 

s = 0.05 shnnlcl hP i:thont ± 0.011; thP nnr.erti:tinty from variability in the 

value of s itself should be about ± 0.18. For higher values of s the 

relative contributions change but the expected total variabilities for 
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values of s from 0.05 to 0.2 lie within the observed range. ThuR ::l.C'tu::i.1 

uncertainties in D+ can be predicted from the discussion above. 

If ~ is 0.4 km/s or less and s is 0.2 km/s or less before the addi­

tion of measurement error, then the variability in D+ caused by the 

addition of random error of p = 0.05 km/s will be about ± 0.019 if n1 and 

n2 are 90. For two samples of the same size drawn randomly from the 

same population, tabulations of the distribution of D+ show that 68% of 

the time D+ will be less than 0.114, and 95% of the time D+ will be less 

than 0.182 (0.203 for Dmax)• Thus the variability of D+ or Dmax which 

may be attributed to measurement error if p = 0.05 km/s is only about 20% 

or less of the variability expected for perfectly precise measurements 

(p = 0). 

Although for small samples and small values of ~ the statistics 

Dmax and D+ are not the same, their behavior in general terms is similar 

and the results of the above analy::;l:s aµply ln a genei:al way to Dmax. 

This was demonstrated by Monte Carlo additions of random noise 

(p = 0.05 km/s) to actual VP samples containing 19 to 160 measurements 

from Bloody Canyon. Values of ~ and s for the samples ranged from 0.0 

to 0.37 km/s and from 0.29 to 0.47 km/s respectively. The simulated 

measurement errors added to 11 pairs of samples (100 iterations for each) 

resulted in changes in Dm.ax averaging -0.006 and changes in D+ averaging 

0.003. Standard deviations of Din.ax and D+ averaged 0.019 and 0.015 res­

pectively but were proportional to the size of the samples according to 

0.026-0.00020 n1n2/(n1+n2), with a correlation coefficient of -0.827. 

There was no significant difference between the distributions of Dmax and 

D+, so they seemed to be similarly affected. This relationship predicts 

that the standard deviation for D+ if p = 0.05 and n1 = nz = 90 would be 
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0.017, which is within and close to the limit of 0.019 deduced for the 

same situation above. 

It may be concluded that sensitivity of the test statistic to mea­

surement precision is similar for the Student t-test and the Kolmogorov­

Smirnov test. In each case, for realistic ratios of p and s, fractional 

changes in the test statistics t, D+, and Dmax are similar and are minor 

compared to the variability caused by idosynsyncratic differences in 

random samples of data from the same population. Thus the statistics 

based on the measured VP data are probably representative of those based 

on hypothetical perfectly precise data. For the purposes of this study 

age discrimination of geologic deposits will be based on tests of mea­

surements uncompensated for random measurement errors. 

Use of Student's t-test on groups of samples 

If sufficient samples are available, it is reasonable to test the 

distributions of the sample means rather than the distributions of the 

grouped samples. The central limit theorem states that the means, even 

of non-normal distributions, will themselves be normally distributed. 

Thus Student's t-test may be used with groups in circumstances when it may 

not be used with individual samples. However, before applying Stunent'g 

t-test it is necessary to establish that the samples composing each 

group are themselves from the same population. This is done by analysis 

of variance, which is the topic of the next section. 

Analysis of Variance 

The analysis of variance commonly employed is Fisher's F-test 

(cf. Griffiths, 1967). This test makes three assumptions: (1) sampling 
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is random; (2) the sampled populations are normal; and (3) the variances 

of the populations are equal. I have used a sampling scheme in which 

sites are not random but in which boulders within sites are selected 

without bias with respect to their weathering characteristics. Testing 

showed that the Markov property, which should accompany certain kinds of 

bias, was absent. The other two assumptions must be verified by testing. 

Normality testing has been described in the previous section. Two tests 

are used to verify homogeneity of variance (cf. Till, 1974): These are 

Hartley's maximum-F test, which explores the hypothesis that the variances 

of the sampled populations are the same; and Cochran's test, which is 

designed to guard against one population variance being much larger than 

the others. If the above tests are satisfied, the F-test may be applied. 

If one or more tests cannot be satisfied, then a non-parametric analysis 

of variance must be employed. 

In this study, Fisher's Method of Randomization woo uoed when the F-

test was inappropriate. In this method, data are grouped by sample into 

columns and ordered within the column according to the sequence in which 

they were measured. Several columns constitute a matrix, and if the samples 

truly represent the same population then all the data within a row may be 

be reordered randomly without greatly changing the value of a statistic: 

-1 

(8) * F = 
(c - 1) 

where c is the number of columns, n1 is the measurements in sample i, 

= 
Xi is the mean of the measurements in sample i. X is the grand mean, and 

Xij is the jth measurement in sample i (cf. Bradley, 1968). The statistic 
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F calculated for the data as originally ordered is compared to a distribution 

of values of F* found for different random rearrangements of the data within 

rows. If F* is larger than 90% of the values found for the randomized matrix, 

then with that confidence the set of samples can be assumed to be from dif-

ferent populations. Any non-random structure within the matrix will lead to 

a large value of F* compared to values for the randomized data. 

This method is elegant and simple, provided there is access to a 

computer. In this study, 500 randomizations were used to generate the 

baseline distribution. This must be done anew for each test of different 

samples. 

3.5 APPLICATION OF THE ACOUSTIC WAVE-SPEED RELATIVE 
DATING TECHNIQUE IN TWO TEST AREAS 

To demonstrate the cffcctivcncss of acoustic wave speeds as a basis 

for relative dating, the technique was tested on glacial moraines from 

two valleys in the northern Sierra Nevada (Fig. 3-1). These valleys were 

chosen because they had been previously mapped by Quaternary geologists 

(Sharp and Birman, 1963; Sharp, 1972; Burke and Birkeland; 1979) and 

appeared to be well understood. In each valley, the moraines protruded 

well beyond the mountain front. Sample sites on these moraines were free 

from rockfalls which might result in contamination of the sample by 

boulders of different degrees of weathering. Also, microclimatological 

variations among the sites of one valley were minimized by working away 

from the steep gradients and deep canyons of the mountains themselves. 

Thus conditions seemed favorable to testing the acoustic wave-speed rela-

tive dating technique. 
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Acoustic wave speeds were measured in 1406 boulders distributed 

among 59 sites. This large number of sites was chosen to allow tests 

for homogeneity of data within groups of sites from a single moraine to 

contrast with differences found among different groups. Four or five 

sites of twenty or thirty boulders each can be measured in a day; thus 

this test took about two weeks. 

In addition to acoustic wave speeds, several conventional relative 

. weathering parameters were measured, as discussed in Chapter 2. Because 

these data were redundant with those published by earlier researchers, 

they are not reproduced in their entirety here and are cited only when 

they substantially clarify some aspect of the geology or some character­

istic of the Vp data. 

Bloody Canyon 

Bloody Canyon is the drainage of Walker Creek, whose headwaters are 

just east of Mono Pass on the crest of the Sierra Nevada. Walker Creek 

emerges from the mountain at about 2450 m and empties into Mono Lake. The 

bedrock geology was mapped by Kistler (1966); discussions and maps of the 

Quaternary geology are found in McGee (1885), Russell (1889), Kesseli (1941), 

Putnam (1949), Sharp and Birman (1963), and Burke and Birkeland (1979). 

Among the intrusive rocks in the canyon, only the quartz monzonite of 

Lee Vining Canyon is widely exposed (Fig. 3-13). A major aplitic zone 

within this pluton is found on the floor of the canyon and on its northern 

wall. This quartz monzonite was the only rock measured in this study. 

A large moraine complex containing boulders of the quartz monzonite is 

found east of the Sierra Nevada but above 2130 m elevation. The most 
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Fig. 3-13 (continued) Geology of Bloody Canyon. 

Quaternary deposits: 

Qal ••••••• alluvium (Holocene and late Pleistocene) 
Qts ••••••• t;:ilus, slopPwaRh, ;:incl uncliffprpntiat?d till (largely Holocene) 
QTi ••••••• Tioga till 
QTe ••••••• Tenaya till 
QTarr····· TahoP till 
QTa 1 •••••• older Tahoe or Mono Basin till 
QMB ••••••• Mono Basin till 
QpMB11•••• younger pre-Mono Basin till 
QpMBr••••• older pre-Mono Basin till 
Qsh ••••••• Sherwin till 

Mesozoic plutonic rocks: 

Ka •••••••• quartz monzonite of aeolian buttes (Cretaceous) 
KJa ••••••• alaskite of Wiliam's Butte (Cretaceous? or Jurassic?) 
Jl •••••••• quartz monzonite of Lee Vining Canyon (Jurassic) 
Jla ••••••• garnet-bearing aplite (Jurassic) 
Jd •••••••• diorite of Bloody Canyon 

Paleozoic metamorphic rocks: 

P Wh •••••• quartzo-feldspathic hornfels, calc-silicate hornfels, 
and carbonaceous marble (Pennsylvanian? or Permian?) 

SOm ••••••• marble and calc-silicate hornfels (Silurian? or Ordivician?) 
SOq ••••••• biotite-bearing quartzite (Silurian? or Ordivician?) 
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distinctive feature of the moraine complex is the ancient pair of lateral 

moraines protruding obliquely from under the younger moraines. The trough 

of the ancient glacier between these moraines is called Sawmill Canyon 

(not to be confused with Sawmill Canyon in Inyo County), This is the type 

location of the Mono Basin till. Sharp and Birman (1963) concluded that 

because of the weathering characteristics of the boulders, the subdued 

character of the broad, rounded moraines. and the different paths of the 

glaciers, the Mono Basin till significantly predated the early Wisconsin 

(Tahoe) till which buries it. 

Clark (1972) attributed to normal faulting the 60-m difference in 

the elevations of the crests of the Tahoe and Mono Basin moraines, and 

argued that such an offset required a long time between glaciations. 

Burke and Birkeland (1979) felt that relative weathering data did not 

justify separating the Mono Basin from the Tahoe moraines. They pointed 

out that the change in course of the glacier did not require a retreat 

of the glacier to the cirques, and that it could have occurred within a 

single glacial period. They speculated that the weathering differences 

between the Mono Basin and Tahoe moraines arose because of vegetative 

differences. (The Mono Basin moraines are covered by sage with some 

mahogany; the main crest of the Tahoe moraine is covered by pines and 

mahogany.) In particular, they identified spalling of weathered rinds 

during forest fires as a mechanism for selectively "freshening" boulders 

from the forested Tahoe moraine. Near the snout of the Tahoe moraine, 

sage covers the till; here the weathering characteristics were indis­

tinguishable from those on the Mono Basin moraine. Geologic interpret­

ations of these moraines by Sharp and Birman (1963) and by Burke and 

Birkeland (1979) are contrasted in Fig. 3-14. 
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Burke and Birkeland (1979) felt that relative weathering data gathered 

at Bloody Canyon and elsewhere in the Sierra Nevada were insuf ficent to 

discriminate reliably more than two post-Sherwin glaciations; these they 

identified as the Tahoe and Tioga advances of the Wisconsin glaciation. 

In Bloody Canyon they assigned the moraines mapped as Tenaya in age by 

Sharp and Birman to the Tioga advance. 

In preparation for gathering Vp data, I reexamined the moraines of 

Bloody Canyon. The entire crests of all moraines south of Walker Creek 

were walked. Traverses normal to the crests were made at intervals. Crests 

of the left-lateral moraines were walked as far west as the terminus of the 

Tioga moraines of Sharp and Birman (1963). The remainder of the left-lateral 

moraines were studied on aerial photographs only. The goal of this effort 

was to establish sites in an efficient manner to test the interpretations 

of the earlier researchers. 

A generalized map of the moraines is shown in Fig. 3-14, along with the 

equivalent maps of Sharp and Birman (1963) and of Burke and Birkeland (1979). 

It is basically the same as the map of Sharp and Birman, with four exceptions: 

(1) the left-lateral Tioga moraine overlaps the Tahoe moraine at one point; 

(2) the Tcnaya terminal moraine is farther west than mapped by Sharp and 

Birman; (3) the main moraine consists of two recognizable ages of till, 

called here Tahoe I and Tahoe II; and (4) remnants of two different pre-Mono 

Basin moraineo were found south of the right-lateral Mono Basin moraine. 

The overlap of the left-lateral Tioga moraines was seen on aerial photographs 

only; it was not verified in the field. Because no sites were established 

this far west on the left-lateral moraine, this discrepancy is of little 

importance to the testing of VP data. The other three differences are 

important and are discussed below. 



108 

The Tenaya terminal moraine 

The eastern end of the main (Tahoe) right-lateral moraine is clearly 

buried by younger till. The outer flanks of the moraine are deeply gullied. 

The major ravine is not through-going, its head having been buried by the 

younger till. The older moraine is sandy and has few exposed boulders, but 

those which are found generally have more highly developed case-hardened 

surfaces then boulders found on the main crest. At about 2340 m (7680 ft) 

elevation, the overlapping crests of the two moraines diverge. Sharp and 

Birman mapped the younger moraine as Tenaya in age; Burke and Birkeland felt 

it was Tioga in age. From my studies it seems to be neither. The contact 

between the two tills on the outer flank of the moraine is found along the 

entire length of the moraine, not just near its eastern end. The Tenaya 

moraine of Sharp and Birman is separated from the Tahoe moraine by a deep 

fosse over most of this distance. Thus the till capping the Tahoe moraine 

is from an earlier and previously unrecognized Tenaya glacial advance, or 

it was left by a late Tahoe glacier. 

Weathering data support this latter alternative. Figure 3-15a shows the 

distribution of granodiorite weathering ratios (GWR) and boulder relief 

ratios for the sites of Bloody Canyon. The fraction of boulders which were 

heavily weathered is displayed on the abscissa; the fraction which were 

deeply buried is displayed on the ordinate. The data form two clusterl:>. 

Data from Tahoe and pre-Tahoe moraines are readily separated from data from 

Tenaya and Tioga moraines. As expected, older tills appear to contain more 

heavily weathered and deeply buried boulders than younger tills. Siles 40, 

42, 43, and 44 lie on the disputed moraine (Fig. 3-13). Boulders from these 

sites appear to be more heavily weathered and deeply buriei than boulders 

from Ll1e Tt:maya wuralue (slLt::s JJ, J7, JO, and 41), and thus appear to be 
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Fig. 3-15. Suomary of some conventional relative weathering data for tills 
of Bloody Canyon. Site numbers are those of Fig. 3-13. Age 
designations are those of this study. 

a) In old tills (early Wisconsin and pre-Wisconsin) a high fraction of 
boulders are heavily weathered (GWR class 3; see Ch. 2). About h.:i.lf the 
boulders on crests of the old moraines are deeply buried, so that they 
protrude above the surface less than a quarter of their diameters (BR 
class 3; see Ch. 2). Cr~sts of young moraines are characterized by 
unweathered boulders which are less deeply buried. In the figure, data 
show an orderly progression away from the origin with increasing age of 
the moraine. Tioga and Tenaya moraines appear to be of similar age, based 
on these two weathering characteristics. All older tills plot in a second 
distinct cluster. Contested sites plot within this cluster and thus are 
probably Tahoe rather than Tenaya in aze. 

b) Different weathering characteristics - the fraction of boulders which 
have pitted surfaces and the fraction which have surfaces discolored hy 
oxidation - also support the grouping of Tioga and Tenaya tills. As in 
(a), young tills should plot near the origin and old tills should plot away 
from the origin. One Tahoe site (32) plotted in the Tioga-Tenaya cluster. 
This sites was anomalous on other grounds. As in (a), the contested sites 
seemed to be too weathered to be considered Tenaya in age. 1he pre-Mono 
Basin site appeared to be distinct in this diagram. 
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older. They cannot be separat:ed from the sites on the unconLt:!~ted Tahoe 

moraine (sites 32, 39, and 45) and thus seem to be of equivalent age. In 

Fig. 3-lSb the the ratios of oxidized vs. non-oxidized and pitted vs. non­

pitted boulders (as defined in Chapter 2) arc dioplaycd for sites in Bloody 

Canyon. Both oxidation and pitting of boulders are expected to become more 

common as a deposit ages. The data clearly fall into three non-overlapping 

classes. In the first class are sites from the Tenaya and Tioga moraines 

(mid- and late-Wisconsin tills). Few boulders from these sites were either 

pitted or oxidized. In the second class are sites from the Tahoe and Mono 

Basin morAinPs (P.ar1y Wisconsin and Illinoian (?) tills). About one third 

of the boulders from these sites are oxidized or pitted or both. The third 

class consists of a single site from the pre-Mono Basin moraine. About two 

thirds of the boulders were oxidized. Counts of pitting were not made, but 

by estimate in the field more than hal f of the boulders were pitted. 

Data from all four sites on the contested moraine (Tenaya or Tahoe) 

plotted in the second cluster. Boulders from one site (32) on the main 

Tahoe moraine were exceptionally unoxidized and unpitted; data from this 

site plotted in the late Wisconsin cluster, and it is possible that this 

single site had an anomalous history. However, no data from young moraines 

plotted near the second cluster, and it must be concluded that till sampled 

at the contested sites was significantly more weathered than till of 

Tenaya age. 

The data presented above suggest that the terminal moraine of the 

Tenaya sequence of Sharp and Birman (1963) is best assigned t:o the Tahoe 

glaciation. 
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Two ages of Tahoe till 

The extensive contact between tills of two different weathering 

characteristics found on the outer flank of the Tahoe moraine shows 

that this moraine is composite. However, it was probably built in its 

entirety after the Mono Basin moraines were deposited. This does not 

rule out the possibility that especially the older Tahoe till was deposited 

only shortly after the Mono Basin moraine, and indeed the ubv ious clu:1.r­

acter of the contact within the main Tahoe moraine does suggest a long 

time between deposition of the two tills of the Tahoe moraine. In this 

study, both are regarded as Tahoe in age, but this contention was one 

of the main hypotheses to be tested by the VP method of relative dating. 

Pre-Mono Basin moraines 

Remnants of two ancient moraines are found south of the right-lateral 

Hono Ilasin moraine, near its junction with the Tahoe moraine. Shallow 

swales separate these moraines from each other and from the larger Mono 

Basin moraine. The outermost moraine is largely devoid of exposed boulders 

(BR class 1), and it was not possible to establish a VP site there. The 

absence of boulders indicates great age, and certainly this moraine is 

pre-Wisconsin. The younger of the two moraines contains exposed boulders, 

but these arc heavily weathered and oxidized (Fig. 3-15b). Furthermore, 

the fraction of boulders which were aplitic was 0.69, over twice the largest 

fraction found on the Mono Basin moraine (0.29). This alone suggests the 

significant passage of time between deposition of the two tills. 

Acoustic wave-speed data 

VP data were taken to test the geologic interpretation presented in 

Fig. 3-13. Twenty-seven sites were distributed over the moraines as shown 
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in Fig. 3-13. All but four were south of Walker Creek. At two additional 

sites (42 and 44) relative weathering data but no VP data were taken. 

Measured wave speeds are summarized in Table 3-1. The vegetative 

cover is identified by the dominant community. In the pine forests the 

underbrush is generally sparse. Mahogany is interspersed with sage and 

pinon pines. Areas identified as sage-covered were free of trees. Wave 

speeds were measured for 603 boulders at the 27 citcc. Sample sizcc ranged 

from 15 to 30 boulders. Running mean speeds and standard deviations con­

verged to stable values within 15 boulders, and sample sizes were reduced 

during the course of field work so that additional sites could be included. 

Wave speeds are summarized by their means (Vp) and standard deviations (s). 

Values of Vp varied from 1.09 km/s to 2.26 km/s and values of s ranged from 

0.17 km/s to 0.54 km/s. VP decreased with the age of the moraine, buts 

showed no obvious trends. 

The VP data were tested to determine whether samples were from normal 

populations. The Kolmogorov-Smirnov statistic Dmax for each sample and 

the confidence CNL with which the hypothesis H0 (that normal populations 

were sampled) may be rejected are given in Table 3-1 for each site, At 

least one sample from each age group had a value of CNL greater than 90%, 

and a disproportionate number of samples seemed to have high values of 

CNL• This is illustrated in Fig. 3-16, which compares the actual cumula­

tive distribution of CNL to the ideal for an infinite number of samples 

from a normal population. The actual cumulative distribution is the 

step function in Fig. 3-16; the ideal cumulative distribution is the 

line ("n = """). Limits which will enclose 90% and 99% of the cumulative 

distributions of CNL for groups of 27 samples of normal populations are 

also shown, as light lines pa.calh:l Lu Lltt! lut!al ul~LrluuLluu, The 
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Table 3-1 

Summary of Acoustic Wave-Speed Data for Moraines of Bloody Canyon 

ShArp & Burki; and 
This Birman Birkeland Vegeta- VP s No. of 0max 

4 1L5 
Si tel Study 1979 tion3 km/s km/s Boulders 

34 Ti Ti Ti M 2.7h1 0.433 l'i 0.180 76 
35 Ti Ti Ti M 2.120 0.539 18 0.231 99 
36 Ti Ti Ti M 2.017 0.398 16 0.116 20 
33 Te Te Ti M 1.894 0.324 21 0.149 74 
37 Te Te Ti M,P,S 1. 636 0. 34q 1 7 0.?14 lj'i 

38 Te Te Ti M 1.817 0.275 15 0.256 98 
41 Te Te Ti M 1. 749 0.243 16 0.187 88 
32 Tan Ta Ta p 1.406 0.279 20 0.137 61 
60 Tan Ta Ta p 1.520 0.479 30 0.081 1 'i 

39 Tan Ta Ta M,S 1.772 0.473 20 0.125 54 
61 Tan Ta Ta M,S 1.673 0.525 30 0.108 52 
40 Tan Te Ti M,P,S 1.655 0.319 21 0.124 45 
43 Torr Tc Ti M,S 1.623 0.430 20 0.167 86 

62-L Tan Ta Ta s 1.549 0.444 29 0.101 38 
64-L Tan Ta Ta s 1.628 0.492 28 0.093 28 
63-L Ta1 Ta Ta s 1. 511 0.406 30 0.120 68 
65~L Ta I Ta Ta s 1.441 0.420 30 0.082 8 

45 Ta1 Ta Ta s 1.384 0.412 19 0.125 44 
28 MB MB Ta s 1.305 0.443 29 0.162 95 
29 MB MB Ta s 1.164 0.467 20 0.250 >99 
30 MB MB Ta s 1.482 0.389 21 0.150 75 
31 MB MB Ta M 1.313 0.413 20 0.132 55 
58 MB MB Ta s 1.512 0.459 29 0.142 88 
59 MB MB Ta s 1.461 0.497 30 D.181 >99 
46a pMB MB Ta s 1. 229 0.289 20 0.154 77 
46b pMB MB Ta s 1.113 0.355 19 0.178 91 
46c pMB MB Ta s 1.086 0.169 20 0.137 61 

1 Locations of sites are shown in Fig. 3-3. "L" denotes a site on a left-lateral moraine 

2 Ti denotes the Tioga advance 
Te denotes the Tenaya advance 
Ta 1 and Tar1 denote early and late stades of the Tahoe glaciation 
MB denotes the Mono Basin advance (Sharp and Birman, 1963) 
pMB denotes a pre-Mono Basin glacial advance 

3 S ••• sage; M ••• mountain mohogany; P ••• pines 

4 Kolmogorov-Smirnov statistic comparing sample to a normal population having the 
same mean wave speed VP and standard deviation s. 

5 CNl is the confidence that the sampled population could not have been normally 
distributed. 
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Dmax = 0.259 
n = 27 

0 25 50 75 100 
Rejection of H0 (% Confidence) 

Fig. 3-16. The cumulative distribution of values of CNL (the confidence 
with which H0 can be rejected) for 27 sites of VP measurements 

on moraines at Bloody Canyon. A disproportionate number of sites have high 
values of CNL• By definition, the probability density for an infinite 
number of samples from a normal population is constant and independent of 
CNL• The cumulative function is thus a straight line as shown ("n = oo") if 

the ordinate scale is linear. For finite numbers of samples, the cumulative 
distribution will deviate from this ideal. Tolerances within which will 
lie 90% or 99% of the cumulative distribution functions of all groups of 
27 samples are shown by light dashed and solid lines, respectively. The 
actual cumulative distribution function for Bloody Canyon sites is marked 
by filled circles; the difference between this function and the ideal 

line (stippled) equals or exceeds the 90% limit at eight locations. 
Dmax, 0.259, corresponds to a confidence of about 94% that the sampled 
popul.:i.tions were not normally distributed. 
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ordinate-wise difference between the actual and ideal cumulative distri­

butions equals or exceeds the 90% confidence limit at eight points. The 

maximum difference <Dmax) is 0.259 and allows us to reject H0 with about 

9.5% confldeuce. Consequently, acoustic wave speeds from Bloody Canyon do 

not appear to be normally distributed. 

Inspection of Table 3-1 shows that most of the high values of CNL 

wei:-e found foi:- the sites on the pi:e-Wl:scom:slu wontlneis. Fox: only two of 

these nine sites was CNL less than 75%, but by chance six or seven such 

sites should have been found. If sites on the pre-Wisconsin and the 

Wisconsin moraines are tested separately, Dmax of 0.527 (9 sites) and 

0.162 (18 sites) are found, respectively. These correspond to values of 

CNL of more than 99% and much less than 90%, respectively. Thus only 

the samples from the older moraines are not from normal populations. 

Two conclusions follow from the above discussion: (1) non-parametric 

tests of similarity and analysis of variance must be used on data for the 

pre-Wisconsin moraines; and (2) there is some fundamental difference between 

the older and younger populations of boulders. The most reasonable explan­

ation of the second conclusion is that weathering somehow acts to exaggerate 

or create differences in VP for different boulders. This possibility will 

be discussed later. 

Grouping of sites • • • 

Data were gathered at several sites distributed over each moraine 

to enable comparison between differences in v]J within individual tills 

and differences among tills. Vp data were then grouped according to the 

major age subdivisions of moraines. The cumulative distribution functions 

for these groups are shown in Fig. 3-17a. These are drawn on a probability 
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Fig. 3-17. Grouped VP data for moraines of Bloody Canyon. 

3.0 

3.0 

a) Cnmnl:.:ttivE> distribution func.tions for VP data from sites on right 
lateral moraines, grouped according to the age interpretations of this 
study. Tahoe I and Tahoe II groups were combined. The ordinate is non­
linear (probability grid) so that cumulative distributions of normal 
populations are straight lines. In general, VP decreases with increasing 
age. Oldest groups appear to have non-linear distributions and are non­
norm.al. 

b) Mean wave speeds V- for all sites are shown as a function of their 
assigned ages. Although there is considerable overlap between groups, 
the group distributions are in general separable by statistical tests. 
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grid so that the cumulative distributions of normal populations plot as 

straight lines. Two observations are significant: (1) in general the values 

of VP are lowest for boulders from the older tills; and (2) the cumulative 

functions for the three oldest tills are decidedly non-linear. In all three 

cases the curves are steeper for low values of Vp and, especially for the 

pre-Mono Basin data, the cumulative distribution seems to consist of two 

linear oegmento. Thio would be consistent with a bimodal population of VP 

or with an asymmetric population skewed towards low values of VP. 

Although the cumulative distributions of the pre-Mono Basin and the Mono 

Basin data overlap for low values of VP, the distributions are ~isually separ-

able because the highest values of VP for the older till are much less than 

the highest values for the Mono Basin till. This tendency is sufficient to 

reduce VP for the pre-Mono Basin till compared to VP for the Mono Basin till. 

Values of VP for each site are plotted in Fig. 3-17b, grouped according 

to the interpretation of moraine ages used in this study. The corresponding 

age assignments of Sharp and Birman (1963) and Burke and Birkeland (1979) 

are shown for reference. Although the values of VP overlap considerably 

between groups, there is nevertheless a pronounced decrease in VP with 

assigned age, which may he taken to show an increase in weathering. These 

data are amplified in Table 3-2, in which they are grouped according to the 

age assignments of: (a) this study; (b) Sharp and Birman (1963); and 

(c) Burke and Birkeland (1979). The means and standard deviations (VP and 

and s) of the grouped speeds (Vp) are reported, along with the means and 

and standard deviations (VP and s(Vp) of the mean speeds (VP) for sites 

within the groups. In each of the three groups, the group mean speeds VP 

= 
and Vp decrease with age. Clearly the two groups of Burke and Birkeland 

are readily discriminated, but the consistent trend in VP or Vp for finer 
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Table 3-2 

Summary of Acoustic Wave-Speed Data for 
Right-Lateral Moraines of Bloody Canyon 

~) Sites grouped according to this study 

No. of No. of VP. s 

Group Sites Boulders km7~ km/s 

Tioga 3 49 2.130 0.466 

Tena ya 4 69 1. 780 0.313 

Tahoe II 6 141 l.bU7 0.445 

Tahoe I 1 19 1.384 0.412 

Mono Basin 6 149 1.384 0.458 

pre-Mono Basin 3 )9 1.144 0.283 

b) Sites grouped according to Sharp and Birman (1963) 

Distribution 

r 
of JP 

\ 

No. of No. of VP. s 
Site:; Boulders km7s km/s 

Tioga 3 49 2.130 0.466 

Tena ya 6 110 1. 728 0 .340 

Tahoe 5 119 1.560 0.467 

Mono Basin 9 208 1.316 0 .429 

c) Sites grouped according to Burke and Birkeland (1979) 

No. of No. of 
Sites Boulders 

Tioga 9 159 
Tahoe 14 327 

Distribution 
of Vp 

r -v s 
kmrs km/s 

1.851 0.425 
1.406 0.460 

Distribution 
of VP 

A 
(= _\ 

VP. 
km7s 

s(Vp) 
km/s 

1.775 0.107 
1.608 0.128 

1.373 0.135 

Distribution 
of Vp 

A 
(= \ 

VP. 
km/s 

s(Vp) 
km/s 

1. 7 29 0. 110 

1.551 0.169 
1. 296 0.161 

Distribution 
of VP 

F~-·-__,A ___ _ 
I~ -"" 

VP s(Vp) 
km/s km/s 

1.864 
1.387 

0.228 
0.202 
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subdivisions of data suggests that they have grouped data which are truly 

separable. The extent to which the smaller differences among the groups 

of this study (or of Sharp and Birman) are significant must be established 

by statistical testing. 

Statistical testing of Vp data from Bloody Canyou • • , 

The first step in statistical testing was to determine whether grouped 

data were drawn from the same population. If this cannot be demonstrated, 

then there is no basis for comparison beLweeu gruup::> of data, and comparisons 

must be made on a site-to-site level. Because samples from the older tills 

were not from normally distributed populations, Fisher's method of random­

ization was used in the analysis of variance. For groups of data from 

younger tills, this was augmented by the conventional F-test. 

If grouped samples were from the same normally distributed population, 

then Student's t-test could be used to compare groups. If samples were not 

from normally distributed populations, or if grouped data were not demon­

strably from the same population, it was necessary to regroup data or to 

test the grouped data for normality before using the t-tcst. If normality 

for the grouped data could not be demonstrated, groups were compared with 

the nonparametric Kolmogorov-Smirnov test. 

Results of analyses of variance using Fisher's method of randomiza-

tion are shown in Fig. 3-18. The distributions of values of the test 

statistic F* found by randomizing the data 500 times are shown as lines; 

values of F* for the data as acquired are shown by crosses. The fraction 

of randomizations yielding values of F* which were less than F* for the 

data as acquired is read from the abscissa. 

Curves in Fig. 3-18a refer to data grouped as in Fig. 3-16. Samples 
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0 75 50 
C,% 

75 100 

Fig. 3-18. Distributions.of the F*-statistic found by Fisher's method of 
randomization for groups of samples of VP data from right-lateral 

moraines of Bloody Canyon. Values of F* calculated for data as acquired are 
marked by "+". Abscissa is the confidence C with which the null hypothesis 
H0 may be rejected. H0 states that all samples were drawn from the same 
population. 90% and 95% confidence limits are marked by vertical light 
dashed and solid lines, respectively. 

a) Pre-Mono Basin (pMB), Mono Basin (MB), and Tioga (Ti) groups appear 
to be homogeneous. H0 cannot be rejected with 90% confidence or more. 
The Tenaya (Te) group is probably heterogeneous, and there is a 96% 
chance that the Tahoe group is. 

b) Removal of site 45, the only site from the Tahoe I moraine, reduces 
C to less than 90% for the Tahoe group. The remaining six sites are from 
the Tahoe II moraine, which may be homogeneous. Removal of two sites 
(32 and 39) thought to be anomalous further reduces C to 25%. 
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from the Tioga moraine are probably drawn from the same population; the 

hypothesis that they are can be rejected with only 63% confidence. Samples 

from the pre-Mono Basin moraine were likewise homogeneous. However, samples 

from the Mono Basin moraine gave an F* greater than 88% of the randomized 

values, and F* for data from the Tenaya moraine exceeded 90% of the random­

ized values. In this study, 90% was used as a cut-off level, so by this 

criterion the Mono Basin sites would be considered homogeneous while the 

Tenaya sites would be considered heterogeneous. Samples from the Tahoe 

moraine were heterogeneous at greater than 96% confidence. 

For the analysis of variance test, site 45 from the older Tahoe 

moraine (Tahoe I) was included with the six sites from the younger right­

lateral Tahoe moraine (Tahoe II). Thil:i could be a caul:ie of heLero-

geneity. In Fig. 3-18b, the removal of site 45 from the Tahoe group is 

shown to reduce the confidence that the samples were from different 

populations, from over 96% (a)to 88% (b). Thus the Tahoe II sites are as 

homogeneous as (for example) the Mono Basin sites. 

There is some independent evidence to suggest that the Tahoe II 

sites are not truly homogeneous. In Fig. 3-lSb site 32 plotted within 

the cluster of later Wisconsin sites and was well-separated from other 

Tahoe sites, based on the fractions of oxidized and pitted boulders. 

In Table 3-1 the value of Vp for site 32 is seen to be much lower than 

other Tahoe II sites. These two observations are apparently contra­

dictory, because in the first instance the rocks appear too young, while 

in the second they appear too old. This topic will be returned to later, 

but for now it is sufficient to mark the site as anomalous. 

Site 32 was different from the other Tahoe II sites in that it was 

the closest to the mountains, and was located in a dense pine forest. A 
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second site (60) was established in the same pine forest between site 32 

and site 39, which was located in mahogany and sage, to determine if the 

low VP at site 32 was repeatable. The value of Vp was found to be inter­

mediate to VP at site 32 and at site 60, but still lower than VP at othPr 

Tahoe II sites. Thus the anomalously low values of Vp seem to be localized 

geographically, either as a consequence of vegetative cover or, more prob­

ably, some other factor. If sites 32 and 60 are deleted from the Tahoe II 

group (case c in Fig. 3-18b) the value of F* is strikingly reduced such that 

only 25% of the values calculated for the randomized data are smaller. 

Because inclusion of sites 32 and 60 in the Tahoe II group did not 

result in rejection (at 90% confidence or more) of the hypothesis that the 

samples were drawn from the same population, exclusion of these sites for 

inter-group comparisons is probably unwarranted. 

Conventional analysis of variance using the F-test was attempted on 

groups of data from Wisconsin moraines. Results from these texts are 

summarized in Table 3-3. The data from sites on the Tioga moraine ful­

filled the requirements for application of the F-test described in §3.4. 

The value of the F statistic was only 1.08, considerably less than the 

limit (F = 3.20) corresponding to 95% confidence that the samples were 

from different populations. Thus the F-test confirms the conclusion from 

Fisher's method of randomization. 

The F-test applied to data from the Tenaya moraine indicated that 

these samples also were homogeneous. However, three of the four samples 

comprising the group appeared to be drawn from non-normal populations 

(Table 3-1), so the test may not be strictly applicable. Data from the 

Tahoe II group appeared to have greater differences among variances fur 

the individual samples than expected (Hartley's test). Consequently, 
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the F-test may not be applicable for this group, either. However. the 

F-sta~istic did not lead to a different conclusion than the method of 

randomization. 

It should be concluded that at the 95% confidence level the hypo­

thesis that samples within a group were drawn from the same population 

could not be rejected for any of the groups listed in Table 3-2a, although 

the group of all sites from the right-lateral Tahoe moraine (both Tahoe I 

and Tahoe II) did appear to be heterogeneous. The Tenaya group appeared 

to be heterogeneous with more than 90% confidence. 

Were samples within a group drawn from a single normal population, the 

distribution of VP for the grouped samples would necessarily be normal also. 

Since this condition was not clearly met for all groups, the group distri­

butions were themselves tested for normality. Results from the Kolmogorov­

Smirnov test are compared to results from the x2 test in Table 3-4. 

Only the Tenaya group and pre-Mono Basin group are drawn from mixed pop­

ulations or were otherwise non-normal at more than 90% confidence. This 

rules out the use of Student's t-test in comparisons involving two groups. 

Differences between groups of VP data ••• 

Differences between grouped VP data were tested in three ways: 

(1) using the two-sample Kolmogorov - Smirnov test; (2) using Student's 

t-test; and (3) using Student's t-test on distributions of VP for 

grouped samples rather than on distributions of VP. As noted above, 

the t-test was inappropriate for comparisons involving distributions of 

VP for the Tenaya or pre-Mono Basin groups. 

Results of these tests for data grouped according to the age assign-

ments of this study are presented in Table 3-5. Because the sequence of 
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the ages of the tills was known from the moraine morphology, it was pos-

sible tn usP nnP-tRtlPd tPst~ in most rRses. For the t-test, the stat-

istic t is the same for both the one-tailed and two-tailed tests, but 

for the Kolmogorov-Smirnov test the test statistics are different; ac-

cordingly, the D+ (or IL) statistic is given in Table 3-5. As long as one 

of the tested samples contains more than 40 measurements, a parameter D' 

(D' = 4D+2 n1n2/(n1+n2) or D' = 4D_2 n1n2/Cn1+n2), where n1 and n2 are 

the sample sizes) is distributed as x2 with two degrees of freedom 

(cf. Till, 1974). This condition was met for all tests in Table 3-5, 

and D' is reported for each test. If the test statisLlt: ls n+, the 

hypothesis tested was that the population represented by the group listed 

for the row in the matrix of Table 3-5 did not have higher values of Vp 

than the population of the group listed for the column. If the D- stat-

istic is listed, the hypothesis was that the row group did not have 

lower values of VP than the column group. The confidence C with which 

the tested hypothesis could be rejected is also given. Values of C were 

found by interpolation of tabulated values for the x2 distribution. 

Student's t-test was applied to distributions of Vp data and also to 

distributions of Vp found for each site in a group. In each case the 

t-statistic was calculated for (Vp (row) - Vp (column)), where "row" and 

"column" refer to the groups listed in the rows and columns of the Table. 

For negative values of t, the hypothesis tested was that Vp (or Vp) for the 

population of the column group was not less than Vp (or Vp) for the pop-

ulaLiuu uf Lhe row group; fur puslllve values of t, the hypothesis tested 

was that Vp (or Vp) for the population of the row group was not less than 

Vp (or Vp) for the population of the column group. If both groups had 

the same relative age, the two-tailed test was used instead. This is a 
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test for difference only, and is based on ltl. 

Test results confirmed that most of the groups recognized in this 

study were separable by VP data. All three tests (Kolmogorov - Smirnov, 

the t-test on VP' and the t-test on VP) indicated that, with more than 

99% confidence, VP for boulders from Tioga till were greater than those 

for boulders from Tenaya till. The t-test on VP was probably inapprop­

riate, because the distribution of VP for the Tenaya group was strongly 

non-normal. However, as shown in App. 3-B the consequence of violation 

of this condition seems to be that C is underestimated. Thus, the c-cest 

on VP can be taken to support the results of the Kolmogorov-Smirnov 

test. The t-test on VP led to the same conclusion, but when one group 

contains only three or four sites the validity of this test is questionable. 

The Tenaya group was readily separated from the group of all sites 

on the right-lateral Tahoe moraine, using the t-tests. However, the same 

cautions listed above apply to the interpretation of the test results. 

Inclusion of the Tahoe I sites (45) in the Tahoe group was responsible 

for most of the separability; if the Tenaya group was tested against only 

the Tahoe II sites the separability was reduced. The most unfavorable 

comparison for discrimination of the Tenaya and Tahoe II tills was the 

one in which the "anomalous" sites 32 and 60 were excluded from the Tahoe 

II group. Even for this test, the values of VP for boulders from sites 

on the Tenaya moraine were the greater, at the 90% confidence level or 

better. Clearly the Tenaya data constitute a group which, al though not 

itself homogeneous, is distinct from the Tioga and Tahoe data. 

The Tahoe II group appeared to have greater values of VP than the 

single right-lateral Tahoe I site at confidences ranging from 84% to 

more than 99%, depending on the test used and the choice of sites for 
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the Tahoe II group. The conservative test for difference is the one 

for which the anomalous sites (32 and 60, which have low values of Vp) 

are included in the Tahoe II group. The Kolmogorov-Smirnov test was 

unable to separate these data (84% confidence), but the t-test on VP 

gave a confidence of 98% that VP for Tahoe II was truly greater than 

Vp for Tahoe I. Because the data are unquestionably normally distributed 

(Table 3-1; Table 3-4) the t-test results may be relied upon. Thus the 

right-lateral Tahoe moraine is confirmed to be composite. 

Vp data are sufficient to discriminate the Tahoe from the Mono Basin 

till with 98% confidence or more (one-tailed test). If the Tahoe data are 

divided into the Tahoe I and Tahoe II groups, VP for the Mono Basin group 

is seen to be lower than Vp for the Tahoe II group with more than 99% 

c.onfidenc.e. However, there is no !:dgni fie.ant rlifferenc.e betw£>i:>n thi:> Mono 

Basin data and the Tahoe I data (for the right-lateral moraine). This is 

consistent with the findings of Burke and Birkeland (1979), who used other 

relative dating methods. They did not recognize the composite nature of the 

Tahoe moraine, but attributed the difference in weathering to differences in 

the vegetation covering the different sites and to the effects of fire. 

It was to test the contention of Burke and Birkeland that vegetation 

and fire could so strikingly affect the extent of weathering that VP mea­

surements were made on the left-lateral Tahoe moraine, Here both Tahoe I 

and Tahoe II till supported only sage. The results of the one-tailed 

Kolmogorov-Smirnov and Student's t-tests are similar to the results for 

the left-lateral groups, despite the absence of vegetation differences. 

However, the confidence with which the left-lateral groups could be 

separated was reduced for both tests compared to the confidence for the 

right-lateral groups. 
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As a further test, the right- and left-lateral Tahoe I groups and the 

right- and left-lateral Tahoe II groups were compared. Such comparisons 

may be difficult to interpret because of changes in provenance for tills on 

different sides of a valley. However, in this case there appear to have 

been no gross changes in VP across the valley for deposits of the same 

age. Student's t-test was able to distinguish between neither the Tahoe I 

Vp data nor the Tahoe II data at more than 60% confidence (two-tailed 

tests), unless the anomalous sites were removed from the right-lateral 

Tahoe II group. Even if this was done, the confidence of separability 

was increased only to 77%. Thus vegetative differences do not appear to 

account for the differences in VP for Tahoe I and Tahoe II tills, and 

it may be concluded that Tahoe I and Tahoe II tills are of different age. 

Finally, the Mono Basin data were compared to data from the remnants 

of pre-Mono Basin moraines. The VP values for the Mono Basin sites were 

significantly greater than those for the pre-Mono Basin sites, at the 98% 

confidence level or more. Thus the moraines appear to be of different ages. 

In summary, all the groups which could be recognized using conventional 

mapping or relative dating methods could be confidently separated using 

acoustic wave speeds as a measure of weathering, with the single exception 

of the Tahoe I and Mono Basin moraines. This may suggest that the Tahoe I 

advance should be more properly included with the pre-Wisconsin Mono Basin 

advance, or at least that it was much closer in age to the Mono Basin than 

to the Tahoe II advance. 

Discussion 

Discussion focuses on several different topics. These include: 

(1) the calculation of model ages from VP data; (2) the correlation of VP 

and visual estimates of boulder weathering; (3) the increase of VP in 
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rocks with case-hardened surfaces; (4) a possible source for the observed 

heterogeneity of data from the same moraine; and (5) points of disagreement 

with the interpretation of Burke and Birkeland (1979). 

Model ages of moraines in Bloody Canyon ••• 

If VP is related to time in some simple way, and if the ages of two or 

more moraines are known independently, model ages for other moraines may be 

calculated. In Bloody Canyon, the age assignments of the Tioga moraine and 

the Tahoe II moraine are probably the least controversial. If we assume: 

(1) that the ages of the glaciations are those given in Ch. l; (2) that 

the Tioga moraine was deposited at the glacial maximum about 18,000 y ago; 

(3) that the Tahoe II moraine was deposited 65,000 y ago; and (4) that 

VP = a + b log1o(l+t) where t is the age of the moraine in years; then 

coefficienL1:1 of a and b way be t:all.:ulaL!::!d aud agl::!s fu1 the othl::!L illOLaines 

may be estimated from their values of VP. Figure 3-19 shows that if the 

above conditions are met and if the estimates of VP for the Tioga and 

Tahoe II moraines are the correct ones for the populations, then the cal-

culated age of the Tenaya moraine is about 43,000 y, which is within the 

accepted range of 35,000 y to 45,000 y. The model age of the Mono Basin 

moraine is 100,000 y to 125,000 y, which is consistent with its identifi­

cation with a pre-Wisconsin glacial advance. The pre-Mono Basin moraine (II) 

has an apparent age of about 200,000 y. The data displayed in Fig. 3-19 

do not permit discrimination between an early Wisconsin or a pre-Wisconsin 

age for the "Tahoe I" till. Data from the left-lateral moraine suggest a 

Wisconsin age; data from the right-lateral moraine suggest an earlier age. 

For simpl iC'.i.ty, uncertaintiPs in both VP and ages for the Tioga and 

Tahoe moraines have been ignored in constructing Fig. 3-19. The error 
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BLOODY CANYON 
uncertainties are 1 standard 
deviation of the means 

TAHOE II (RIGHT LATERAL} 
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Fig. 3-19. VP for groups of data from moraines of Bloody Canyon plotted 
as a function of the logarithm of their ages. Ages of the Tioga 

and right lateral Tahoe II groups were assumed to be 18,000 y and 65,000 y, 
respe~tively. Ages for other groups were found assuming VP was proportional 
to the logarithm of the age. The function specified by the above assumptions 
is represented by the solid diagonal line. Ages found from VP are model ages 
only. Model ages for all groups assigned to different glacial advances are 
separable except for the Tahoe I and Mono Basin groups. 
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bars for the apparent ages of the other moraines reflect only the uncer­

tainties in the estimates of Vp for those groups of data. Because errors 

introduced by uncertainties in Vp for the reference tills are significant, 

and because the ages assigned to these tills were somewhat arbitrary, the 

model ages can easily be over-interpreted. It is necessary to regard 

them only as relative ages until independent determinations of ages of 

reference moraines are available and until the functional dependence of Vp 

on age can be firmly established. 

As a cautionary example, even if the functional relationship of Vp and 

age is correct, by assumlug extreme (2u) value~ for Vp aud extreme age~ fur 

the Tioga and Tahoe II tills, the apparent age of the Mono Basin moraine may 

be made as low as 80,000 y or as high as 400,000 y. However, under no 

circumstance does the age of the pre-Mono Basin till appear to be less than 

100,000 y. Furthermore, as discussed in the first part of this chapter, as 

a deposit ages and rocks begin to disintegrate, the mean speed may decrease 

more slowly than anticipated because the most heavily weathered rocks can no 

longer be measured. Case-hardening may further slow the decrease of VP. 

Thus the apparent age for the pre-Mono Basin till is probably a minimum age, 

for both case-hardening of surfaces and reduction in the numbers of boulders 

exposed at the surface were observed. Regardless of the model age given the 

Mono Basin till, therefore, there is strong evidence for the presence of a 

pre-Wisconsin glacial advance at Bloody Canyon. 

The correlation of VP and visual estimates of boulder weathering ••• 

Visual estimates of the degree of surface weathering of a boulder 

and Vp measurements are both sensitive to the length of time the boulder 

haA b~~n weathering. However. they are at least to some extent controlled 
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by different processes. For example, in rocks exposed at the surface 

less than a few thousand years visual inspection reveals only subtle in­

dications of weathering. During this same time invisible microfractures 

may develop which act to slow acoustic waves. 

Figure 3-20 is a variation diagram relating visual estimates of weath­

ering to values of Vp measured for the same 141 boulders from Wisconsin 

moraines in Bloody Canyon. The mean and the minimum values of VP for each 

group decrease with increasing degree of weathering. However, except for 

grusy rocks, all categories of weathered rocks have similar maximum values 

of VP, and the spread of measured data in each class (except grusy rocks, 

which had only two members) was considerable. Thus while visual estimates 

and Vp measurements are correlated, visual estimates are poor predictors uf 

VP for individual boulders. One consequence of this is that unconscious 

bias of Vp data by selective measurement of rocks from a favored category 

may not have any effects on the Vp distribution which are obvious in the 

field. Perhaps this serves to minimize such undesired sampling errors. 

VP in rocks with case-hardened surfaces ••• 

Data compiled in Fig. 3-20 were from Wisconsin moraines in which 

there were relatively few boulders with case-hardened surfaces. Most of 

these were found in the Tahoe moraine. In earlier discussions case­

hardening was identified as a mechanism by which the decrease of Vp with 

time might be slowed, stopped, or even reversed. 

In Table 3-6 the increase in the fraction of rocks with case­

hardening in older moraines is documented. Rocks were characterized as 

having no case-hardened crust, a fragmentary or incipient crust, or a 

well-developed crust. The fraction of rocks with at least some evidence 
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Fig. 3-20. The variation of V- with visual estimates of the degree 
of weathering for f 43 boulders from Wisconsin moraines of 

Bloody Canyon. Weathering classes are those used for granodiorite 
weathering ratio (GWR) estimates (Ch. 2). Filled circles show indi­
vidual measurements; open circles show the means for each class. 
Despite the high scatter of the data, class means and minimum VP values 
both decrease with increasing degree of weathering estimated visually. 
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Table 3-6 

Variation of VP with Age and Development of Case­
Hardening of Boulder Surf aces at Bloody Canyon 

No. of Condition of Fraction of 
Boulders Boulder Surface Sample 

extensive crust 0.03 
72 partial crust o.so 

no crust 0.47 

extensive crust 0.31 
90 partial crust 0.50 

no crust 0.19 

VP. ~ 

km7s km/s 

2.61 
1.69 0.48 
1.43 0.49 

1. 73 o.so 
1.43 0.39 
1.10 0.21 
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of case-hardening rose from 0.53 in the right-lateral Tahoe II moraine to 

0.81 in the Mono Basin moraine. VP data gathered for these rocks are also 

summarized in the table. 

Measurements were consistently made on those portions of the surf ace of 

the boulder least affected by case-hardening; nevertheless, two trends in 

in the data are evident. First, Vp did indeed increase in proportion to the 

extent of case-hardening, Differences in Vp between categorle~ for both the 

Tahoe II and Mono Basin boulders were significant at the 95% confidence level 

or greater (Student's t-test). Second, for boulders in a given category, 

Vp decreased with age. The differences between values for the Tahoe II and 

Mono Basin data were also significant at the 95% confidence level or greater, 

This second tendency is encouraging because it suggests that the acoustic 

wave-speed method of relative dating may be applicable even i.f ~rusts are 

present, at least in some instances. This may considerably extend the 

range for which the technique is useful. 

Heterogeneity in VP data from individual moraines • • • 

Data from sites on the same moraine did not always appear to be 

drawn from the same population. This was especially true for the right­

lateral Tahoe and Tenaya moraines. Part of the heterogeneity of the Tahoe 

data may be explained by the composite nature of the moraine, but no such 

explanation may be invoked for the Tenaya data, and even the Tahoe II data 

were somewhat heterogeneous. 

Heterogeneity in tills of the same age could reflect local var­

iations in weathering conditions or uneven mixing of rocks of different 

weathering susceptibilities. As discussed above the remaining hetero­

geneity of the Tahoe data did not seem to be attributable to differences 
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in vegetative cover, and the vegetation on the Tenaya moraine was very 

uniform. However, there was an obvious difference in the character of 

the granitic rocks from the main canyon and rocks from either the south 

wall or southern tributaries to Walker Creek. An aplitic zone of the 

Lee Vining pluton cropped out only in the floor and northern wall of 

Bloody Canyon. The fine-grained aplitic clasts are the dominate boulders 

on the surfaces of the oldest moraines, and seem to weather much more 

slowly than the coarser-grained quartz monzonite. Variations in the 

abundance of aplitic boulders among tills upon deposition could thus 

result in variations in boulder weathering characteristics, even among 

tills of the same age. 

A small glacier from a cirque on the northeastern face of Mt Lewis 

joined the Bloody Canyon glacier from the south. Today, Tioga moraines 

from this glacier overlie the right-lateral Tahoe II and Tenaya moraines 

(Fig. 3-13). Clearly, during the Tahoe and Tenaya glaciations this trib­

utary must have contributed till to the large lateral moraines. This 

till was depleted in the slow-weathering aplitic boulders compared to 

till derived from Bloody Canyon. Thus the addition of till by the trib­

utary glacier may have served to reduce wave speeds for boulders from 

the right-lateral moraines. If this till were poorly mixed with till 

from the main canyon, both the observed heterogeneity and the reduced 

VP for sites 32 and 60 on the Tahoe II moraine could be explained. 

Mixing of tills from different sources could also explain the non­

linear cumulative distribution functions of VP as plotted on a probability 

grid in Fig. 3-17a. Especially for the pre-Mono Basin data, the cumulative 

distribution function appears to consist of two segments which are linear 

when plotted on probability paper. This situation can arise in different 
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ways, but the most obvious is mixing of two normal populations of dif­

ferent means and standard deviations. Of the distributions plotted in 

Fig. 3-17a, only the one for the Tioga group of data did not have this 

kinked appearance to some degree. This was the youngest group, and it 

may be that differences in weathering susceptability require more than 

25,000 y (the maximum age for the Tioga glaciation) to become manifest 

as differences in Vp• 

The possibility that boulders from the same pluton and found on the 

same lateral moraines may weather at measurably different rates is a 

critical consideration in planning relative dating experiments. 

Points of disagreement with Burke and Birkeland (1979) 

The two important differences between the maps of this study and of 

Sharp and Birman (1963) and the map of Burke and Birkeland (Fig. 3-14) 

are: (1) Burke and Birkeland grouped the Tenaya and Tioga moraines 

together; and (2) they grouped the Tahoe and Mono Basin moraines together. 

The conventional relative weathering data reported for this study (Fig. 

3-15) tend to support thPir conclusion. However, the VP data show: 

(1) that the Tenaya moraine is differently weathered than either the 

younger Tioga or the older Tahoe moraine; and (2) that if only two age 

categories are to be used, then the "Tenaya" moraine belongs with the 

Tahoe moraine rather than with the Tioga moraines. 

The Vp data also lead to the conclusion that the Mono Basin till is 

distinct from the Tahoe II till. although the data do not prove that the 

Mono Basin till is pre-Wisconsin in age. Burke and Birkeland failed to 

distinguish between Tahoe I and Tahoe II moraines, and this led directly 

to their mistaken grouping of Mono Basin till with all Tahoe till. 
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Vp data show that the older Tahoe I till is indeed very similar to the 

Mono Basin till, but that a significant difference exists between the 

Tahoe II and Tahoe I tills. 

Burke and Birkeland noticed pronounced differences in weathering 

characterisitics of tills from their single Tahoe moraine also, but attri­

buted them to differences in weathering rates under local control. They 

envisioned two mechanisms: (1) influences of vegetative cover; and (2) 

effects of fire. Burke and Birkeland thus argued that the Tahoe II 

moraine (in the terminology of this study) appeared less weathered than 

the Tahoe I moraine solely because it was covered by pinP forP~t~ r~thPr 

than sage. Sage also covers the Mono Basin moraine. They argued that 

weathering conditions on the surface of the moraines might be affected by 

the depth and type of vegetation. and that periodic fires in the pine 

forests could lead to spalling of the weathered rinds of boulders, thus 

leaving fresher cores which would make the deposit appear to be younger. 

Vp sites were selected to test this idea. Site 31 was established at 

the only location on the Mono Basin moraines where mahogany rather than 

sage was dominant, The distribution of VP data was not different from 

distributions found at adjacent sites under sage. Tahoe II and Tahoe I 

sites were separable even if pine-covered sites were excluded, or even 

if only sage-covered sites (left-lateral moraines) were compared. Finally, 

from the study of Ide (1937) it is to be expected that severe heating of 

boulders would irrecoverably and strongly reduce VP. This would result 

in apparent excess age as a consequence of forest fires, 111 ~outrast to 

the anomalous youth inferred from visual estimates of weathering. 

In fact, just such a pattern was seen at site 32 on the Tahoe II 

moraiue, although I have suggested a plausible nltcrnotivc for the 
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observed reduction in VP. Even if this pattern was due to fires at 

site 32, the same pattern was not observed at the four left-lateral 

sites (under sage and mahogany, with scattered pines). Thus vegetation 

did not seem to exert a dominant influence on Vp data. The one site at 

which observations fit predictions could be explained by other means 

and in any case was insufficient to justify grouping the Tahoe II and 

Tahoe I moraines together. 

Other lines of evidence argue against vegetative control of weath­

ering at Bloody Canyon: (1) the contact between Tahoe I and Tahoe II tills 

can be followed across vegetation boundaries; (2) only one arcuate fragment 

such as might be spalled from boulders during a fire was actually found, 

despite repeated searches; and (3) Colman and Pierce (1981) found no 

significant differences attributable to vegetative cover in rind thicknesses 

on basaltic and andesitic boulders from moraines at various locations. Thus 

it appears unlikely that vegetation is a significant factor in the weathering 

of boulders on moraines at Bloody Canyon and possibly elsewhere in the 

eastern Sierra Nevada. Finally, it seems that Burke and Birkeland were too 

conservative in the division of glacial deposits into only two groups, of 

early and late Wisconsin age. The seven recognizable moraines as old or 

older than the maximum Tioga moraine can be confidently separated into 

six age groups, and at least two and probably three are pre-Wisconsin in 

age. On the other hand, one of the important conclusions of Burke and 

Birkeland - - that the Bloody Canyon glacier may have changed course during 

the advance which left the Mono Basin tills rather than after it - - could 

not be confidently refuted. 
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Green Creek 

Green Creek drains the eastern side of the Sierra Nevada about 25 km 

north of Bloody Canyon. It empties into the Bridgeport basin, about 100 m 

higher in elevation than Mono Lake. Green Creek is mapped on the Matterhorn 

Peak and the Bodie topographic quadrangles. The general geology of the 

Matterhorn Peak Quadrangle was mapped by Chesterman (1975). The Bodie 

Quadrangle was mapped by Chesterman and Gray (1975). 

The canyon of Green Creek is cut largely into the quartz monzonite of 

Mono Dome. This quartz monzonite was the only rock measured in this study. 

It contains some aplitic and fine-grained facies and also has a tendency 

to case-harden in the weathering environment of the Bridgeport basin. A 

large set of moraines extends over 10 km from the mountain front along 

Green Creek, with the lowest end moraines encountered at 2075 m elevation. 

Glaciations of a wide range of ages spanning most of the Pleistocene are 

represented here. As at Bloody Canyon, the presence of moraines outside 

the confines of the steep-walled canyon is an advantage for relative 

dating, because the poss'ibility of contamination of till by rockfall is 

removed. The prevalence of case-hardened boulder surfaces presents 

an undesirable complexity, however. 

Sharp (1972) studied and mapped the Quaternary glacial deposits in 

the Bridgeport basin. Burke and Birkeland (1979) reexamined the moraines 

of Green Creek and presented a different interpretation from that of Sharp. 

These interpretations are shown in Fig. 1-21. They di ff er chiefly in that 

Burke and Birkeland recognize only two Wisconsin glaciations (Tioga and 

Tahoe), whereas Sharp reported three (Tioga, Tenaya, and Tahoe). Burke 

and Birkeland did not study the pre-Wisconsin moraines at Green Creek; 
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Sharp identified Mono Basin and Sherwin tills from that period. 

For this study the right-lateral moraines were again reexamined, 

Most of the crests were walked and remapped, with reliance on aerial 

photographs to help delineate subtle geomorphic details. As at Bloody 

Canyon, this new map was used to verify and modify the map of Sharp (1972). 

The resulting interpretation (also shown in Fig. 3-21) was used to guide 

the collection of VP data. The chief differences between the maps of 

this study and of Sharp (1972) are: (1) the presence of a second and 

older Tenaya end moraine (this study); and (2) the identification (in 

this study) of a remnant right-lateral moraine inside the large moraine 

as Tioga rather than Tenaya. 

The older "Tenaya" end moraine was recognized by Sharp, who desig­

nated it as Tahoe in age. On the strength of aerial photographs it was 

remapped somewhat larger than shown by Sharp. The assignment of the 

moraine to the Tenaya advance was based on inspection of road cuts near 

Dynamo Pond (Fig. 3-22) and on its similar appearance to the younger 

Tenaya end moraine. 

The main right-lateral (Tahoe) moraine is unusual in that for about 

3 km the Tahoe till which probably comprises the bulk of the moraine is 

overridden by youthful Tioga till. The contact is generally no more 

than a few m south (outside) of the physiographic crest. It is possible 

that within this overlap zone the age of the till on the crest alternates 

among Tahoe, Tenaya, and Tioga ages, or even that the boulders exposed 

on the crest represent a mixture of ages. 

ThP interprPtation of thP left-lateral moraines of this study is 

taken directly from Sharp (1972), although contacts were verified by 

inspection of aerial photographs. 
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The central difference between the maps of Burke and Birkeland and 

of Sharp was ttat Burke and Birkeland grouped the "Tenaya" tills together 

with the "Tahoe" tills as an undiffert!ntlalt!tl unit, Flgurt! 3-23 i:;huws 

that this grouping of Tenaya and Tahoe moraines was not unreasonable. 

In Fig. 3-23a the fraction of lightly weathered boulders (GWR class 2) is 

plotted against the fraction of deeply buried boulders (BR class 3) for 

25 sites on the surfaces of different moraines. The locations of these 

and other sites are shown in Fig. 3-22. The data from sites on pre-Tioga 

moraines form a continuum. For the oldest sites. no boulders are only 

lightly weathered, and over half are deeply buried such that they protrude 

from the surface of the moraine less than a quarter of their diameters. 

For the youngest sites in the continuum, as many as one quarter of the 

boulders are only lightly weathered, while a similar number are deeply 

buried. Data from sites on the Tenaya moraines define one end of the 

continuum. In Fig. 3-23a the continuum is divided into overlapping 

clusters of Tahoe data and Tenaya data. In contrast, the cluster en­

clui:;lng Tioga data is distinct from the continuum. 

Data from several sites were anomalous in that they did not fit in 

the scheme described above. These sites are identified by number in the 

figure. Site 17 was from the older Tenaya moraine of this study. About 

twice as many deeply buried boulders were found as at sites on the younger 

Tenaya moraine. These data suggest that the moraine was Tahoe in age, as 

Sharp concluded. Equivalent weathering data for the adjacent site 55 on 

the same moraine were not gathered. 

Site 9 was on the Tahoe moraine. Although numerous boulders from 

this site had case-hardened surfaces and showed effects of wind polish, 

more lightly weathered boulders were found than at other Tahoe sites. 
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Fig. 3-23. Relative weathering data for sites on moraines of Green Creek. 
Slte~ which plot outside of clusters are identified by number. 
Age classifications are those of this study. 

a) The fraction of boulders which are only lightly weathered (GWR class 2) 
decreases with age, and the fraction of boulders which are deeply 
buried (BR class 1) increases with age. Data plot in two distinct 
clusters: Tioga and pre-Tioga. Subdivision of the pre-Tioga cluster 
results in overlapping clusters. 

b) 'Ihe fractions of all boulders exposed in road cuts which are both 
oxidized and grusy, and which are unoxidized but grusy, both increase 
with age. As in (a), Tioga data form a cluster distinct from over­
lapping clusters of Tenaya and Tahoe data. Although the Tenaya data 
do not form a separate cluster, the data do show that weathering is 
consistently less than for Tahoe moraines. 
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(This site was also found to be unusual in other respects, most notably in 

the Vp distribution.) There is no obvious explanation. 

Site 52 was from a Tioga moraine which was on the side of a larger 

Tenaya moraine. No fosse separated the two, and it is possible that 

downslope movement of boulders from the Tenaya moraine acted to "contam­

inate" the younger till. The weathering data shown in Fig. 3-23a are 

consistent with the hypothesis that mixing occurred. 

Sites 5 and 6 had the highest fraction of lightly weathered boulders 

of any sites. In this respect they resemble Tioga sites more closely than 

older sites, and this is taken as support for the interpretation of the 

moraine on which they were located as Tioga. This moraine was thought 

by Sharp to be Tenaya, and indeed the fraction of deeply buried boulders 

is consistent with Sharp's interpretation. However, data from sites 2 

and 4 on the crest above (Fig. 3-22) plotted within the Tioga cluster in 

Fig. 3-23a, and if these sites are on a Tioga moraine then the moraine 

of sites 5 and 6, which is nested inside, must be Tioga also. 

Road cuts near Dynamo Pond afford an excellent opportunity to collect 

weathering data for subsurface boulders. Some of these data, gathered at 

sites 22, 23, 24, 26, and 27, are summarized in Fig. 3-23b. This figure 

is a variation diagram relating the fraction of boulders which were both 

oxidized and grusy to the fraction of boulders which were not oxidized 

but were grusy. Both fractions should increase with age, but the fraction 

of unoxidized grusy boulders must eventually decrease as the entire popu­

lation becomes oxidized and grusy. Thus boulder populations of increasing 

age might define a crudely parabolic trajectory in this diagram, with 

young deposits clustered near the origin, deposits of intermediate age 

distributed near the center of the figure, and ancient deposits clustered 
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near the lower right-hand corner. 

Data from the roadcuts through the Wisconsin moraines could lie along 

the first part of such a trajectory. Data were gathered from different 

depths in the roadcuts: (1) within 1.5 m of the surface; (2) from 1.5 m 

to 4 m depth; and (3) below 4 m. Data showed little variation with depth 

compared to variation among moraines, so they were grouped together for 

display in Fig. J-2Jb. As was the case for the data from the moraine 

crests, clusters enclosing Tenaya and Tahoe data overlapped while Tioga 

data were distinct. 

The confidence with which Tenaya and Tahoe tills may be distinguished 

must be established by statistical testing. This was not attempted in 

this study for conventional weathering data. Thus the conclusions that 

Tioga tills were distinctly less weathered than others, anrl tha~ TPnaya 

and Tahoe tills had different but overlapping characteristics, are sub­

jective only. 

Acoustic wave-speed data 

VP data were measured for 803 boulders at 32 sites distributed over the 

the right lateral moraines along Green Creek. Sites are shown in Fig. 3-22. 

Data are summarized in Table 3-7. Mean wave speeds ranged from 1.45 km/s 

to 2.37 km/s, and standard deviations ranged from 0.31 km/s to 0.94 km/s, 

In general, Vp decreased with increasing age of the deposit. However, 

the lowest values of Vp were considerably greater than those for Bloody 

Canyon, and the standard deviations were also greater. 

VP data for each site were tested for normality, using the Kolmogorov­

Smirnov test. Values of Dmax are reported in Table 3-7. Four samples 

out of 32 were non-normal at the 98% confidence level or greater. This 
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Table 3-7 

Summary of Acoustic Wave-Speed Data for Moraines of Green Creek 

Burke and 
This Sharp, Birkeland, No. of v s 0max 

2 
CNL 

3 
Site Study 1972 1979 Bo11l rlPr" kmV" km/" :;.: 

14a* Ti Ti Ti 20 2.265 0.456 0.116 32 
14b* Ti Ti Ti 20 2.367 0 .432 0.100 15 

8 Ti Ti Ti 30 2.140 0.516 0.113 61 
52 Ti Ti Ti 30 1.934 0.338 0.146 92 
10 Ti Ti Ti 20 2.144 0.495 0.152 76 
11 Ti Ti Ti 20 2.164 0.304 0.162 84 
15 T.i 1'i Ti 20 2.067 0.4SO 0.163 85 
5 Ti Te Ta 20 2.020 0.356 0.095 11 
6 Ti Te Ta 20 2.085 0.312 0.132 SS 
2 Ti Ta? Ta 20 2.107 0 .343 0.090 9 
4 Ti Ta? Tn 20 2.122 0.387 0.145 70 

47 Te Te Ta 30 2.177 0.635 0.125 75 
12 Te Te Ta 20 1.988 0.414 0.171 88 
48 Te Te Ta 44 1.968 0.559 0.085 40 
49 Te Te Ta 30 1. 782 0.409 0.141 89 
51 Th Te Ta 30 1.760 0.379 0.121 69 
16 Te Te Ta 19 1.971 0.548 0.136 57 
17 Te Ta Ta 30 2.214 0.719 0.189 >99 
55 Te Td Ta 28 1.642 0.461 0.150 92 
20 Ta Ta Ta 30 1.889 0.657 0.121 69 

3 Ta Ta Ta 20 1.882 0.585 0.107 21 
18 Ta Ta Ta 29 1.871 0.678 0.133 81 

9 Ta Ta Ta 20 2.217 0.519 0.148 73 
53 Ta Ta Ta 30 1.452 0.501 0.177 )99 
46 Ta Ta Ta 30 1. 767 0.941 0.128 80 

1 Ta Ta Ta 29 1.846 0.631 0.068 2 
54""' la Ta Ta JO 1.958 0.615 0.164 98 
25 Ta Ta Ta 20 1.837 0.676 0.126 45 
so Ta Ta Ta 30 1.720 0.562 0.121 69 
19 MB MB 30 1.690 0.668 0.190 >99 
la Sh Sh 19 1. 780 0.549 0.133 54 
7b Sh Sh 15 1.741 0.513 0.108 9 

* Sites are near an end moraine 
** 25 boulders are shared with site 1 

Ti ••• Tioga 
Te ••. Tena ya 
Ta ••• Tahoe 
M!l ••• Mono Basin 
Sh ••• Sherwin 

2 Kolmogorov-Smirnov statistic comparing the sample to a normal population 
having the same VP and s. 

3 CNL is the confidence 
distributed. 

that the sampled population could not have been normally 
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is a much greater fraction than expected, and if the cumulative diatri-

bution of values of CNL for the 32 samples is plotted (Fig. 3-24) it is 

seen that the populations from which the samples were drawn could not 

have been normally distributed, with 99% confidence. Thus non-parametric 

tests must be used to compare sites. 

Age assignments for tills at each site are listed in Table 3-7. 

Values of VP range from 1.45 km/s to 2.37 km/s and are generally highest 

for sites on the youngest moraines. However, this tendency is not as 

pronounced as at Hloocty Canyon. The standard deviations range from 0.30 

km/s to 0.94 km/s, and seem to increase with age. In contrast, standard 

deviations for VP data from Bloody Canyon generally appeared to be unaf­

fected by the age of the till. 

Data grouped according to the age assignments of this study are sum­

marized in Table 3-8a. Mean wave speeds for grouped sites are shown in 

Fig. 3-25il. Al thongh grrmp mP::m speeds show a decrease with increasing 

age of the till, mean speeds for sites within the groups are scattered 

widely. Furthermore, wave speeds for boulders from Sherwin moraines are 

actually greater than wave speeds for boulders from the Mono Basin 

moraine. Thus it appears that the data are not so well-behaved as those 

from Bloody Canyon. 

In an effort to reduce the standard deviation of the mean speeds, s(Vp), 

new groups were established for Wisconsin moraines using only sites from the 

vicinity of Dynamo Pond, and the Tioga sites were split between two groups. 

The rationale for this was to minimize possible environmental changes by 

using sites from only a small section of the 10-km-long moraine complex. 

As seen from Fig. 3-25b and Table 3-8b, this effort waa at least partially 

successful. Nevertheless, VP for sites on Tahoe and Tenaya moraines were 
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Fig. 3-24. The cumulative distribution of values of CNL for 32 sites of VP 
measuri:>ments on moraines .Rt Green Crei:>k. CNL is the confidence 

with which hypothesis H0 (samples are from normal populations) may be 
rejected. A disproportionate number of sites have high values of CNL• The 
cumulative distribution function for :-in infinitP number of samples from a 
normal population is the straight line marked "n = 00 ". For finite numbers 
of samples, the cumulative distribution will deviate from this ideal, 
Tolerances within which will liP 90% or 99% nf thP ~umulativP distributions 
of all groups of 32 samples are shown by light dashed and solid lines, 
respectively. The actual cumulative distribution for Green Creek sites 
is marked by filled circles; the maximum difference (0.284) between this 
step function and the ideal line exceeds the 99% limit. Thus the sampled 
populations were not normally distributed. 
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Table 3-8 

Summary of Grouped Acoustic Wave-Speed Data for Moraines of Green Creek 

a) All sites, grouped according to this study 

Distribution Distribution 
of Vp of Vp___ 

= 
No. of Nu. of v 8 v s(V p) 

Group Sites Boulders kmls km/s kmls km/s 

Tioga 11 240 2.121 0.418 2.129 0.115 
Tena ya 8 231 1.936 0.559 1.938 0.201 
Tahoe 10 268 1.829 0.665 1.844 0.192 
Muno Basin 1 30 1.690 0.668 
Sherwin 2 34 1.762 0.529 

b) Sites on Wisconsin moraines near Dynamo Pond, grouped according to 
this study 

No. of No. of 
Group Sites Boulders 

Tioga nl 2 40 
Tioga I2 5 120 
Tenaya3 6 173 
Tahoe4 6 160 

c) Sites near the range front 

No. of No. of 
GrouE Sites Boulders 

Tioga ?5 4 80 

1 Sites 14a, b 
2 Sites 8, 10, 11, 15, and 52 
3 Sites 47, 12, 48, 49, 51, and 16 
4 Sites 9. 53. 46, 54, 25. and 50 
5 Sites 2, 4, 5, and 6 

Distribution Distribution 
of VP-- of VP 

=== v s v s(Vp) 
kmls km/s kmls km/s 

2.316 0.441 
2.081 0.438 2.090 0.095 
1.939 0.517 1.941 0.153 
1.800 0.687 1.825 0.255 

Distribution Distribution 
of of 

-v s v s(VP) 
kmYs km/s kmYs km/s 

2.083 0.347 2.084 0.045 
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Fig. 3-25. Mean values of VP for sites and groups of sites on moraines of 
Green Creek show a tendency to decrease with increasing relative 

age. Ordinate scale is not quantitative. Mean speeds for sites are widely 
scattered and groups overlap, but the distributions of means are never­
theless statistically distinct. 

a) All sites are grouped according to the geologic map of Fig. 3-22. 

b) Scatter is reduced somewhat by examining only sites near Dynamo Pond 
and by subdividing the "Tioga" group of (a). 
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still not tightly clustered about the group means. It should be noted that 

the two extreme values of Vp for the Tahoe group were from adjacent sites 

sites 9 and 53. There appeared to be no depositional complexities in the 

vicinity of these two sites, and it must be concluded that at least much of 

the variability of Vp data from sites near Dynamo Pond was intrinsic. 

Table 3-9 gives the results of analysis of variance for the groups of 

Table 3-8. Analysis of variance was done using the conventional F-test and 

Fisher's method of randomization. Of the groups in Table 3-9a, only "Tioga" 

and "Sherwin" may be analyzed with the F-test, because only for these two 

groups can the hypotheses that the samples are normally distributed and 

"homoscedastic" (variances are similar) be rejected with less than 95% 

confidence. The F statistic (1.79) for the Tioga group was considerably 

smaller than the critical value at 95% confidence (F10 239 = 2.25) and thus 
' 

the samples comprising the group do not appear to be from different popu-

lations at that confidence level. The F statistic for the Sherwin group 

(0.04) was two orders of magnitude smaller than the critical value 

(F1 32 = 4.15) and thus the two samples in that group are almost certainly 
' 

from the same population. 

Fisher's method of randomization confirms the results of the F-test 

for the Tioga and Sherwin groups. However, for the Tioga group the null 

hypothesis (that sam)Jles were [rum the i::;ame pupulaLluu) cuulu be rejected 

with more than 90% confidence. 

For the Tenaya group, F* was larger than all values of the statistic 

calculated for the randomized data, and it was obvious that there was 

significant heterogeneity among sites. On the other hand, heterogeneity 

could not be demonstrated for the Tahoe group, despite the considerable 

scatter of mean speeds seen in Fig. 3-25a. This scatter was probably a 
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consequence of the larger standard deviations for the distributions of Vp• 

Table 3-9b shows the results of analysis of variance of groups of sites 

from the vicinity of Dynamo Pond only. The Tioga group was divided into two 

new groups, Tioga I and Tioga II. Tioga II consists of two sites on a 

recessional moraine upstream from Dynamo Pond. The Tioga I group did not 

include the sites (2, 4, 5, and 6) from moraines thought by Sharp (1972) to 

be Tenaya • The Tenaya group excluded the two sites (17 and 55) from the 

older moraine thought by Sharp (1972) to be Tahoe. The Tahoe group excluded 

sites l and 3 from the largest moraine, and also sites 18 and 20 from older 

moraines. Site 1 was excluded because many of the same boulders were 

included in the overlapping site 54. 

"Tioga II" and "Tioga I" were found to be homogeneous by both tests. 

Because the group of sites 2, 4, 5, and 6 excluded from "Tioga I" had a 

very similar distribution of VP (Table 3-8), it is likely that the hetero­

geneity of the group of all Tioga sites discussed above reflects a dif­

ference in age between tills at sites in the Tioga II and Tioga I groups. 

"Tenaya" sites were signficantly heterogeneous, even though they 

were all on the same moraine. The reason for this does not seem to be 

mixing of tills of different ages, because mapping of the moraine failed 

to demonstrate a composite structure. The F-test supported the analysis 

of variance by randomization, but this conclusion may be invalid because 

the samples were not homoscedastic. 

The F-test was not applicable to the "Tahoe" group. Randomization 

led to the conclusion that the samples were not demonstrably from dif­

ferent populations. at the same level of confidence found for the extended 

group. Thus the excluded sites were not sources of heterogeneity. 

The group of sites from the contested Tioga moraine satisfied the 
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requirements for the F-test (Table 3-9c). The F statistic (0.57) was much 

smaller than the 95% critical value (F3,76 = 2.73), and the group appeared 

to be homogeneous. 

Because not all groups were homogeneous, it was necessary to test 

the grouped distributions of Vp for normality to determine if Student's t­

test could be used to compare groups. The results of x2 and Kolmogorov­

Smirnov tests are shown in Table 3-10. Only distributions of VP for the 

Sherwin and the Tioga groups ("Tioga", "Tioga II", and "Tioga?") appeared 

to be normally distributed, confirming that in general nonparametric tests 

had to be used. 

Comparisons of grouped data are presented in Table 3-11. Because the 

relative ages of moraines were known from their locations, one-tailed tests 

were used. The Kolmogorov-Smirnov test distinguished among the "Tioga", 

"Tenaya", and "Tahoe" groups (category a: no sites excluded) with confi­

dences exceeding 99%. Student's t-test on distributions of Vp was inapplic­

able because the distributions were non-normal. The results, shown for 

comparison, support the conclusions from the Kolmogorov-Smirnov test. The 

t-test applied to distributions of VP may have been inappropriate because 

the Tenaya group was heterogeneous and therefore the distribution of Vp need 

not have been normal. Tests on distributions of VP resolved the Tioga and 

Tenaya groups but failed to distinguish between the Tenaya and Tahoe groups. 

The Kolmogorov-Smirnov test was able to distinguish between the 

Tahoe data and the Mono Basin data (with 92% confidence), but failed to 

confirm that boulders from the Mono Basin moraine were less weathered 

than those from the Sherwin moraine; indeed the opposite hypothesis would 

have been confirmed with more than 99% confidence. 

Test results summarized in Table 3-llb show that Vp data from the 
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Table 3-10 

Normality of Distributium; uf VP for Groups of Samples, Green Creek 

a) All sites, grouped according to this study 

x2 test 

No. of Degrees of 
Group Boulders 2 Freedom __x__ 

Tioga 240 33.1 43 
Tena ya 231 89.l 42 

Tahoe 268 107.6 49 
Mono Basin 30 10.2 3 
Sh£>1"1Nin 14 2.6 3 

CNL•% 

14 
>99.9 
>99.9 

98 
54 

Kolmogorov­
Smi rnov test 

0max 

0.052 
0 .07 4 
0.053 
0 .190 
0.095 

>99 
40 

b) Sites on Wisconsin Moraines near Dynamo Pond, grouped according to 
this study 

Kolmogorov-
x2 test Smirnov test 

No. of Degrees of 
Group Boulders x2 Freedom CNL•% 0max CNL•% 

Tioga nl 40 5.1 5 64 0.085 30 
Tioga 12 120 20.0 20 54 U.076 
Tenaya3 173 51. 7 31 99 0 .071 
Tahoe4 160 70.4 28 >99.9 0.064 

c) Sites near the range front, grouped according to this study 

2 test 

Group 
No. of 

Boulders x2 
Degrees of 

Freedom 

Tioga? 5 80 12.8 

1 Sites 14a and 14b 
2 Sites 8, 10, 11, 15, and 52 
3 Sites 47, 12, 48, 49, 51, and 16 
4 Sites 9, 53, 46, 54, 25, and 50 
5 Sites 2, 4, 5, and 6 

12 60 

Kolmogorov­
Smirnov test 

0max 

0.072 60 
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Tioga recessional moraine ("Tioga II") were greater than those from the 

Tioga moraines closer to Dynamo Pond with more than 99% confidence. The 

older Tioga I moraines were separable from the adjacent Tenaya moraine 

with a similar confidence. 

Student's t-test on distributions of VP was strictly inapplicable to 

pairs of groups including the "Tenaya" or the "Tahoe" data, because these 

data were not normally distributed. As mentioned above, the test is likely 

to be too conservative (it will fail to discriminate truly different groups) 

under these conditions. However, the t-test gave essentially the same 

results as the Kolmogorov-Smirnov test: the Tenaya group was distinct from 

both the Tioga I and Tahoe groups with high confidence (98% or more). Tests 

on the distributions of Vp gave the same results as for the groups of Table 

3-lla: "Tioga I" Vp were greater than "Tenaya" Vp with high confidence, but 

the "Tenaya" Vp could not be shown to be greater than the "Tahoe" Vp• 

The four samples from sites 2, 4, 5, and 6 were grouped and compared 

to data from Tioga I sites and Tenaya sites from near Dynamo Pond to 

determine the apparent age of the moraine. The test results are summar­

ized in Table 3-llc. They show that the unknown group is inseparable 

from the Tioga I group, but that values of VP are significantly greater 

than values of VP for the Tenaya group. These conclusions are the same 

regardless of which test was used. 

Discussion 

Acoustic wave speeds in boulders from Green Creek appeared in general 

to decrease as the length of time the boulder had been exposed to weath­

ering increased, as was observed at Bloody Canyon and in terraces of the 

San Gabriel Mountains (Crook and Kamb, 1980). However, the range of 
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measured speeds was lower at Green Creek. Two other important differences 

were observed: (1) data from adjacent sites on the same moraine appeared 

to be drawn from different populations; and (2) Vp did not decrease from 

the Mono Basin moraine to the Sherwin moraine. These topics and a compar­

ison of the three interpretations of the age relationships of the glacial 

moraines of Green Creek (Fig. 3-21) are addressed below. A discussion 

of the repeatability of measurements is also included. 

Heterogeneity of VP data within groups ••• 

Boulders from the same moraines seemed to be more variable in their 

values of VP than observed elsewhere. This was reflected in large standard 

deviations at sites and in large variations in Vp among sites on the same 

moraine. For the Tahoe moraines, most sites had standard deviations less 

than 0.7 km/s. On the average, 25 or more boulders were measured at each 

site. Thus the standard deviation of Vp should have been less than 

0.14 km/s. Instead, it was found to be 0.19 km/s or more. The excess 

scatter is best explained as heterogeneity within the moraine, as indicated 

by the analyses of variance tests. Both the standard deviations of Vp and 

the heterogeneity increase with age, although too few pre-Wisconsin sites 

were studied to verify these trends in the oldest moraines. No evidence 

is found to suggest that this scatter can be explained by composite 

moraines containing tills of different ages, and it seems likely that it 

arises as a consequence of weathering itself. An obvious source is the 

increasing abundance of boulders with case-hardened surfaces in older tills. 

Visual inspection showed that the abundance of boulders with case­

hardened crusts varied along the crests of individual moraines. Table 

3-12 shows that at a single site on a Tahoe moraine, the variation in VP 
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Table 3-12 

Variation of Vp with the Development of Case-Hardened 
Surface8 for 30 Buul<leL~ [com SlLe 55, Green Creek 

Classification Fraction 
of Surf ace of Sample ~P' k.m/s s, km/s 

Extensive Crust 0.20 1.91 0.21 

Partial Crust 0.23 1.62 0.55 

No Crust 0.57 1.24 0.28 

Vp is the mean P-wave speed measured by the Microseismic Timer. 
s is the standard deviation of the sample of wave speeds. 
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as a function of the extent of such crusts exceeded the range of VP for 

the groups of different ages. Boulders with extensive crusts transmitted 

P waves at an average of 1.9 km/s, only slightly slower than fresh boulders 

(with no crusts) from much younger Tioga tills. Boulders without visible 

crusts transmitted P waves at only 1.2 km/s, slower than the mean speed 

for any site of any age. 

An effort was consistently made to measure Vp on the part of the 

exposed boulder surface least affected by case-hardening. Aplitic boul­

ders were avoided. However, at some sites on Tahoe moraines and at all 

sites on pre-Wisconsin moraines, all boulders had at least some visible 

crust and on many it was not possible to measure wave speeds on unaffected 

surfaces. Thus the heterogeneity of Vp data within groups, the reduced 

range of Vp compared to Bloody Canyon, and the absence of any decrease in 

VP in Sherwin sites sites compared to the Mono Basin sites may all be 

attributable to the presence of case-hardened surfaces on measured 

boulders. If this is true, it implies that observed differences in Vp 

among Wisconsin moraines were minima. 

Relative ages of moraines from Green Creek ••• 

Regardless of the way in which VP data were grouped, most of the 

stratigraphic units recognized by Sharp (1972) could be confidently 

discriminated using the Kolmogorov-Smirnov test. Additionally, the Tioga 

till of Sharp appeared to be divisible into two distinct ages based on VP 

data. The confidence with which the Tioga group was ·divided into the 

Tioga I and Tioga II groups was similar to the confidence with which the 

Tenaya group could be separated from the Tioga I and Tahoe groups. 

Figure 3-26 shows the variations of values of Vp with the estimated 
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Fig. 3-26. VP for groups of data from moraines of Green Creek plotted as 
a function of the logarithm of their e~imated ages. All ages 

were assigned from literature values (Chapter 1). VP is approximatel~a 
simple logarithmic function of age for ages less than about 0.1 my. VP 
decreases with age from about 2.3 km/s to about 1.7 km/s or 1.8 km/s 
with increasing age, within that limit. For older tills, VP seems to 
increase with increasing age. This may be due to the formation of case­
hardened crusts on boulders. 
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ages of groups of moraines. The uncertainty windows are 2cr in the VP and 

roughly the same in age. The actual values of VP are plotted at the best 

guesses of the ages of the moraines, but these are arbitrary. Thus the age 

of Tioga II was taken to be 11,500 y, and the age of Tioga I was taken to be 

25,000 y. These ages, quoted from Ch. 1, correspond respectively to the end 

and beginning of the Tioga glacial advance, rather than the glacial maximum 

(thought to be about 18,000 y BP). However, the age of the undifferentiated 

"Tioga" group was taken to be 18,000 y. The age of the Tenaya moraines was 

assumed to be 40,000 y, the mid-point of the range of possible ages, and 

because most of the sites in the Tahoe group were on the innermost remaining 

moraine of the Tahoe sequence, the age of the deposits was taken to be 

about 70,000 y, near the end of the Tahoe glaciation. 

Although the age vs. VP function is not well constrained by the 

data from Green Creek, the data are consistent with a simple logarithmic 

function for deposits leoo than about 0.1 my old. Older deposits are 

dominated by crusted boulders giving high values of VP. The majority 

of rocks originally present at these sites has been removed from the 

population, probably by disintegration. Thus the values of VP do not 

decrease with age, but appear to be responsive primarily to the abundance 

of crusted boulders and the condition of their surfaces. 

Differences between the geologic interpretations 
of this study and those of Sharp (1972) • 

Vp measurements in general confirmed the interpretation of Sharp (1972) 

of the relative ages and grouping of moraines at Green Creek. There were 

two significant differences between the interpretation of Sharp and that 

used in this study: (l) 8harp thought the moraines of sites 2, 4, 5, and 6 

were of Tenaya age (instead of Tioga age); and (2) Sharp grouped the moraine 
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of sites 17 and 15 with the Tahoe moraines (instead of the Tenaya moraine). 

Vp data support the Tioga age assignment used in this study for the 

moraines of sites 2, 4, 5, and 6. However, even though two sites for VP 

measurement were established on the outer Tenaya moraine (this study), the 

Vp data failed clearly to associate the moraine within either the younger 

Tenaya moraine or the older Tahoe moraines. Vp for site 17 was 2.21 km/s, 

greater than Vp for any Tenaya site but not statistically different than 

Vp for Tahoe site 9. These high speeds in both cases were probably due to 

the high fraction of boulders with case-hardened surfaces. Vp for site 55 

was 1.64 km/s, lower than Vp for any of the Tenaya sites and also lower than 

Vp for all Tahoe sites except site 53. However, Vp at site 55 was not 

significantly lower than Vp at Tenaya site 51 (86% confidence using the 

t-test), and more data are required to resolve this question. 

Differences between the geologic interpretations 
of this study and those of Burke and Birkeland (1979) 

Burke and Birkeland did not recognize the Tenaya tills of Sharp 

(1972) as distinct from the Tahoe till, based on their weathering char-

acteristics. They were also unable to distinguish between the Tioga I 

and II groups, although their sites 25 and 45 were very close to VP sites 

15 (Tioga I) and 14 (Tioga II), respectively. 

The visual weathering data for surf ace boulders gathered at Tioga I 

and Tioga II sites support the results of Burke and Birkeland. No 

significant differences were found. However, it should be noted that 

site 14 was very near the end of the moraine, where relative weathering 

may be anomalous or highly variable (Janda, 1966; McCulloch, 1963; Sharp, 

1969, 1972). The ready distinction between these sites by the Vp method 

is thus encouraging. because it suggests that VP data. at least for 
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young moraines, may not be subject to the same sourcPs of variabjlity 

which affect conventional methods near end moraines. This conclusion is 

only tentative; too few data have been taken to demonstrate conclusively 

that the VP data from end moraines are not anomalous also. 

Visual estimates of the weathered condition of granitic boulders in 

road cuts did not agree well with those reported by Burke and Birkeland 

(1979). The data of this study (Fig. 3-23b) showed Tenaya moraines to have 

a lower fraction of grusy boulders than Tahoe moraines, while Burke and 

Birkeland found the fractions to be the same. The results of this study are 

more consistent with the results from the VP method of relative dating, 

which readily separated Tenaya and Tahoe tills. Thus a basic conclusion of 

Burke and !Sirkeland - - that the Tenaya moraines were indistinguishable from 

the Tahoe moraines - - was contradicted by the VP data. However, inspection 

of Fig. 3-25 shows that this conclusion might not have been drawn had VP 

data been measured at fewer sites. Th1s suggests that the approach of 

Burke and Birkeland might have been successful in distinguishing between 

Tenaya and Tahoe moraines had data been gathered at more sites. 

Repeatability • • • 

VP data were gathered at overlapping sites 1 and 54 on the biggest 

Tahoe moraine by different operators in different years. Twenty-five 

measurements were duplicates, made using the same impact points on the 

same boulders. Thus comparison of the results from the two sites gives a 

good measure of the repeatability of the VP method under field conditions. 

Values of VP for the two sites differed by only 0.11 km/s. From the 

standard deviations of about 0.62 km/s and the numbers of measurements 

(29 and 30), the standard deviation of the mean was found to be 0.11 km/s 
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also. Thus the variation in VP between sites 1 and 54 was well within 

expectation. Student's two-tailed t-test failed to detect any difference 

between the sites: t = 0.7 with 57 degrees of freedom, corresponding to 

a rejection ot hypothesis H0 (no difference) with only 48% confidence. 

Thus the repeatability claimed by Crook and Kamb (1980) was confirmed. 

Summary of results from Green Creek 

VP data from sites on moraines at Green Creek confirmed the basic 

relative age assignments of Sharp (1972). Values of VP for groups of sites 

seemed to decrease linearly with the logarithm of the age of the till for 

perhaps 0.1 my. Older tills were dominated by boulders with case-hardened 

surfaces, and the wave speeds may thus even have increased or fluctuated with 

increasing age instead of decreasing monotonically. 

VP data may have enabled the discrimination of a discrete young advance 

within the Tioga glaciation (Tioga II), although the necessary location 

of the VP sites near an end moraine raised unanswered questions about the 

reliability of any relative dative method in this instance. VP data appeared 

to contradict the recent claim of Burke and Birkeland (1979) that the Tenaya 

till could not be discriminated as a separate unit but should be grouped 

with the older Tahoe tills. Finally, duplicated measurements of the 

same boulders by different operators in different years confirmed the 

basic repeatability of the VP method of relative dating. 
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3.6 CONCLUSIONS 

The measurement of acoustic wave speeds through granitic boulders 

appears to provide a satisfactory basis for relative dating of glacial 

moraines. VP data are more effective than conventional relative 

weathering estimates at characterizing relative ages. 

The chief benefits of the VP method of relative dating are the repeat­

ability of the measurements and the numerical nature of the results, which 

can b~ readlly compared by standard statistical tests. The technique is 

intermediate in difficulty between the conventional semi-quantitative meth­

ods and most quantitative methods (e.g., measuring weathering-rind thick­

nesses or soil profiles). About 25 boulders at five sites may be measured 

in a day. This should in general correspond to one moraine per day. 

Application of the VP method of relative dating to well-studied moraine 

sequences at Bloody Canyon and at Green Creek showed that over at least the 

last 0.1 my VP decreases with increasing age of the moraines. Because the 

dependency appears to be logarithmic, age resolution is reduced for older 

deposits. Vp dating resulted in the recognition of additional age groups in 

both test areas: in Bloody Canyon a pre-Mono Basin moraine was identified 

and the Tahoe moraine was shown to consist of different tills of at least 

two distinct ages; and in Green Creek the Tioga moraine sequence was divis­

ible into at least two distinct groups. On the other hand, development of 

crusts on the surfaces of boulders from pre-Wisconsin moraines at Green 

Creek precluded the use of the VP method on tills of Sherwin age. 

It was thus demonstrated that the VP relative dating method is a 

powerful addition to the array of semi-quantitative and other conventional 

relative dating techniques. 
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Appendix 3-A: Testing for Normality of Sample Distributions when the 
Population is Unknown. 

Before parametric tests such as Student's t-test or analysis of vari-

ance may be used in comparing samples of a population, it is lll:!t:t!ssa.ry to 

prove that the population is normally distributed (cf. Till, 1974). 

This is generally done using the x2 test, but Bradley (1968) points 

out several advantages of the one-sample Kolmogorov-Swirnuv Lt:!sL. Chief 

among these is the freedom from the requirement to group data into cells. 

In the x2 test, especially for small numbers of measurements, the 

outcome of the test may vary with the choice of cells. The Kolmogorov-

Smirnov test is strictly applicable only if the population is completely 

specified independent of the sample, but, Lilliefors (1967) has modified 

the test slightly so that it may be used even if the mt!au am.I va.riance 

of the population are unknown. In this test, the maximum ordinate-wise 

difference Dmax between cumulative frequency distributions of (1) the 

ideal normal distribution having the mean and variance of the measured 

sample and (2) the sample itself is calculated. Values of Dmax will 

tend to be large if the sample is not from a normal population. The 

confidence that the population is normal may be found from Dmax usiug 

Monte Carlo methods. If Dmax is larger than (for example) 90% of the 

values found in the Monte Carlo experiment, then the hypothesis that the 

population was normally distributed (hypothesis H0 ) may be rejected with 

90% confidence: there is only one chance in ten that the population is 

actually normally distributed. Lilliefors (1967) calculated critical 

values of Dmax for samples of size N = 4 ,5 ,6, 7, • • • , 30 aml u - 100. 

However, he has tabulated the results only for selected values of 80% or 
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greater, In order to test H0 for groups of samples, it was desirable 

to know critical Dmax for the entire range of confidences. Thus 

Lilliefors' Monte Carlo experiment was independently recreated and values 

were tabulated for the entire spectrum of confidence levels. 

The experiment procedure was straightforward: 

(1) A sample of N "measurements" was created using a random number 

* generator The population from which the measurements were 

drawn was normally distributed. 

(2) The mean and standard deviation for the sample were calculated and 

and the cumulative frequency distribution of a normal population 

having these characteristics was calculated. 

(3) The ordinate values of the sample and population cumulative fre-

quency distributions were compared at each value of the independent 

variable. The largest absolute difference, Dmax, was retained. 

(4) The above procedure was repeated for a total of 500 iterations. 

All values of Dmax were ordered and displayed as a cumulative 

frequency distribution. 

(5) This entire experiment was repeated for different values of N. 

The cumulaLlve dlislrlbullou functions for all values of N listed in 

Table 3-A-l are shown as contour maps at different ordinate scales in 

Fig. 3-A-la and 3-A-lb. These maps show critical values of Dmax as a 

function of the sample size (ordinate) and the percent of the iterations 

which produced smaller values. If the Dmax value for an actual sample 

consisting of N measurements is known, the confidence with which H0 may 

be rejected can be found from the absciooo of these figures. 

* The random number generator from the IBM Scientific Subroutine Pack­
age, for the IBM 360 series computers, was used. 
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Figure 3-A-lb differs from Fig. 3-A-la only in the range of the 

ordinate scale. In Fig. 3-A-la, N ranges from 4 to 100. Contour lines 

have been used to connect locations of equal Dmax• although the distri­

bution is actually discrete because N must be an integer. This was done 

to facilitate use of the diagrams. Finally, the contours were smoothed 

by hand. They thus represent an approximate "least squares fit" to the 

data. Critical values of Dmax are tabulated for selected confidence 

levels in Table 3-A-I. These values agree with those of Lilliefors 

(1967). 

Table 3-A-l 

Sample Sizes N for which Distributions of Dmax were Calculated 

11 12 

21 22 

31 

13 

23 
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Appt!m.lix J-B; Compari5on of Lht! Twu-Sawple Kulruuguruv-Smlruuv Tt!!:i L 

and Student's t-Test. 

It is often necessary to test two samples to determine if they were 

taken from the same population. Generally this is done using Student's 

t-test, which presumes that the samples are from normally distributed 

populations. If this cannot be demonstrated, a non-parametric test, which 

is applicable regardless of the form of the population, must be used. The 

Kolmogorov-Smirnov test is one of several such tests (cf. Bradley, 1968), 

and it is attractive because of its simpHcity and because it may be used 

with measurements made on a ratio scale (instead of just nominal or ordinal 

datal). The purpose of this appendix is to compare the performance of the 

two tests on the some pairs of samples randomly drown from o normally 

distributed population. From this comparison a guideline must be drawn 

to assist in the choice of the best test in a given situation. 

Comparisons of Student's t-test and the Kolmogorov-Smirnov test were 

made on pairs of samples of N "measurements" randomly drawn n times from a 

normally distributed population. The hypothesis (H 0 ) that the samples were 

drawn from the same population was tested and the confidence with which H0 

could be rejected according to Student's t-test (Ct) and the Kolmogorov-

Smirnov test (CKs)was calculated. Values CKs and CKs-Ct were compiled as 

a function of the maximum confidence (CN1) with which the hypothesis of 

normality for population from which the samples were drawn could be 

rejected (App. 3-A). 

In some cases it may be known a priori that the population of one 

sample cannot be greater in the measured parameter than that of the other. 

Such a situation may arise in the relative dating of moraines. A moraine 

1 see Griffiths (1967), p. 245-249 for a discussion of the different scales. 
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nested inside another cannot be the older, but may be of nearly the same 

age or younger. In this case the hypothesis H1 that the population of 

the first sample is not greater than that of the other is tested. Both 

H0 and H1 were tested in this study. 

Student's t-test involves the comparison of a calculated statistic t 

to the frequency distribution of t for an infinite number of samples drawn 

from a normal population. The t distribution varies with N and tends 

towards the normal distribution for N > 30. For the two-sample test, t 

is a function of the differ.-euce ln the sample meau1> (x1,xz) scaled by 

the pooled sample variance and the number of measurements (N1,N2) and 

the degrees of freedom: 

t 

where s1 and sz are the standard deviations of the samples: 

s 2 = 
i 

(N-1)-l 

(i) 

(ii) 

and where Xji are the individual measurements (Cf. Griffiths, 1967). From 

the frequency distribution or probability density function (PDF) of t, the 

confidence Ct (in percent) with which H0 may be rejected for a given value 

of t may be found from 

+t 
Ct = 100 J PDF(n) dn 

-t 

+oo 

(iii) 

where J PDF(n)dn = 1. Because of the symmetry of the integration limits 

about zero, this is called the two-tailed test. The confidence with which 

Hi may be rejected is 

t 
100 J PDF(n) dn (iv) 

-oo 
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Number of Pairs (n) of Samples Tested 

Range of One-Tailed Two-Tailed 

0 " CNL < 25 12 5 58 

25 " CNL < 50 462 232 

50 " CNL < 65 365 196 

65 " Cm. < 80 362 176 

80 " CNL < 90 283 152 

90 " CNL < 95 220 105 

95 " CNL < 99 129 60 

~l <lOO 54 21 

0 .;; CNL <100 2000 lOOC 

Fig. 3-B-l. The difference between the confidence with which H0 (pop-
ulations are the same) is rejected by the Kolmogorov-Smirnov 

test (CKs) and Student's t-test (Ct) increases for pairs of samples that 
appear to be drawn from non-normal populations for both one-tailed and 
two-tailed tests. However, the difference is greater for one-tailed tests. 
CNL is the confidence with which the hypothesis that the sample is drawn 
from a normal population may be rejected. The mean difference between CKs 
and Ct is plotted against the larger value of CNL for the pair. Ordinate 
error bars are ± one standard deviation of the mean. The number of pairs 
(n) tested for each range of CNL is tabulated at the right. 
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This is called the one-tailed test. Values of t for different levels of 

Ct are tabulated in various references (cf. Fisher, 1946). Functions 

describing the t distribution have also been reported (Abramowitz and 

Stegun, 1968, p. 948). 

The two sample Kolmogorov-Smirnov test involves the calculation of 

the difference function 

( v) 

where CDF 1 and CDF2 are the cumulative density functions or cumulative 

distributions of parameter x for samples 1 and 2 respectively. The 

statistic Dmax is the largest absolute value of D(x), and is used to test 

H0 • To test H1 the maximum value D+ of D(x) is used instead. Dmax or D+ 

are compared to distributions of those statistics found by Monte Carlo 

experiments for samples randomly drawn from the same normal population. 

The confidence CKs or CKS with which H0 or H1 may be rejected is found as 
2 1 

tor Student's t-test (equations (iii) and (iv)), except the PDF refers to 

Dmax or D+ instead of t. 

There is no reason to presume that these different tests will generate 

the same confidence value in any given instance. The Kolmogorov-Smirnov 

test is sensitive to the shape of the distribution of the measured para-

meter xij, and generally neither Dmax nor D+ is zero even if the means x1 

and xz are the same. On the other hand, t is sensitive only to (x1 - xz), 

and t may be zero even if the sample distributions are grossly different. 

Because the t-test is insensitive to the shape of the distributions 

(presuming chat they are normal), it will underestimate the contidence 

with which H
0 

or H1 should be rejected if one of both populations are 

in fact not normally distributed. Because the Kolmogorov-Smirnov test 

is sensitive to shape as well as to (x1 - xz), CKS can be expected to 
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be larger than Ct in this case. However, if the samples are truly from 

normal populations, Ct > <ks because additional information (the distri-

bution of the population) is used for the t-test. 

In experimental situations there are bound to arise instances where 

normality can be neither confidently confirmed nor rejected. The purpose 

of this appendix is to define the relative performance of the two tests 

in such instances so that the proper test may be applied and so that the 

test results may be better interpreted. This was done by a Monte Carlo 

experiment in which two samples each containing N = 10, 20, or 100 

"measurements" were drawn randomly from the same normal population, using 

a random number generator * These pairs of samples were tested to deter-

mine with what confidence (CNL) the hypothesis that the population of each 

sample was norm.ally distributed could be rejecte>d (see App. 3-A). P:«irs 

were then grouped by the greater CNL• For each pair, t, Dmax' and D+ were 

calculated. Next, the confidence with which H0 or H1 could be rejected was 

was estimated from t and Dmax or t and D+. and the difference CKs - Ct was 

tabulated according to .cNL• The means of these tabulated differences, 

CK.s - Ct, are plotted vs. CNL in Fig. 3-B-l. 

Figure 3-B-1 shows CKs - Cr for one- and two-tailed tests of samples 

with N = 100. The number of iterations used to find the mean is shown in 

the included table. The error bars are ± 1 o and are the standard deviation 

of the mean, not of the distribution of CKs - Ct• They were calculated 

according to s//n where s is the standard deviation of the n values 

of CKS - Ct. 

* The random number generator from the IBM Scientific Subroutine Pack­
age, for the IBM 360 series computers, was used. 
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Figure 3-B-l shows that for both one- and two-tailed tests, 

CKS - Ct increases with CNL· For CNL < 80%, Student's t-test rejects H1 

more often than does the Kolmogorov-Smirnov test. For CNL > 80% the 

situation is reversed. For the two-tailed tests, the reversal occurs at 

CNL = 50% rather than 80%. For CNL > 99%, CKs - Ct is greater than 20%. 

Figure 3-B-2 shows similar patterns for two-tailed tests when N = 10 

and N = 20. As when N = 100, CKs - Ct increased rapidly with CNL• especi­

ally for CNL > 90%. 

These results are important because they emphasize an undesirable 

aspect of statistical testing: the results may depend on the particular 

test as much as on the data. This problem is exacerbated when confidence 

level thresholds are established to define values of CKs or Ct for which 

H0 (or H1) J.I1ay be reje1..:Le<l. 111 ::;ume lu::;La111..:e::;, eveu i:;rnctll value::; uf ( CKS 

- Ct) may lead to different conclusions. Furthermore, there seems to be 

no large range of CNL for which (CKS - Ct) is zero or at least constant. 

Thus comparison of test results requires that CNL be known, and even if it 

is, the relation between CKs and Ct is only specified in a statistical 

sense. Partly because of the discrete values which Dmax or D+ may assume, 

the distribution of CKs Ct has a large standard deviation (generally 

~ 15%). Thus for any individual pair of samples there is only a 25% pro­

bability that CKs - Ct will be within 5% of CKs - Ct· Individual values 

of CKs and Ct are not easily related. 

Figure 3-B-3 shows that the variation of CKs - Ct with CNL is paral­

leled by the variation of CKS itself with CNL• while Ct is essentially 

independent of CNL• This was asserted at the beginning of this Appendix 

and attributed to the s'ensitivity of the Kolmogorov-Smirnov test to the 
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___fN1 ' % N = 10 N = 20 

0 .;; CNL < 25 56 60 

25 .; CNL < 50 139 166 
~ 0 

10 ~ - 50 .;; CNL < 65 160 139 
u 

I 
(/) 

65 .; CNL < 80 250 230 

::.:: 
u 80 .;; Cm, < 90 191 208 

0 
90 ' CNL < 95 78 110 

9 5 ( CNL < 99 84 66 

99 .. cl\~ 42 21 

-10 
0 ( C!\'L <100 1000 1000 

0 40 60 80 100 
CNL ,o/o 

Fig. 3-B-2. The difference between the confidence with which H0 (pop-
ulations are the same) is rejected by the two-tailed 

versions of the Kolmogorov-Smirnov test (CKs) and Student's t-test (Ct) 
increases for pairs of samples that appear to be drawn from noa-normal 

popwations. CNL is the confidence with which the hypothesis that the 
sample was drawn from a normal popwation may be rejected. The mean 
difference bewteen CKS and Ct for pairs of samples containing (a) ten 
and (b) twenty "measurements" (from a random nwnber generator) is plotted 
against the 1 arger value of CNL for the pair. Ordinate error bars are 
± one standard deviation of the mean. The number of pairs (n) tested 

for each range of CNL is tabwated at the right. 
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185 

BO 100 

Number _of Pairs (n) of SalllJlles Tested 
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___0.1 .• % n 

0 .. CNL < 2S 67 

2 5 .. CNL < so 230 
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~ S4 
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Fig. 3-B-3. The confidence Ct with which H0 (populations are the same) 
is rejected by Student's t-test is insensitive to CNL> the 

confidence with which the hypothesis that the sample was drawn from a 
normal population may be rejected. The confidence CKS with which H0 is 
rejected by the Kolmogorov-Smirnov test increases with CNL• At high 
values of CNL> Ct is probably too low because Student's t-test is 
insensitive to differences in the shape of the sample distribution. The 
values plotted are the means of n tests (n·is tablulated at the right). 
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shape of the distributions, which can become a dominant factor if one or 

both of the samples appear to be from a non-normal population. The cor­

relation coefficient r relating CKs and CKs - Ct is 0.988. For Ct and 

CKS - ~' r= 0.286. Because both CKs and CKs - Ct are also correlated 

with CNL• it is not immediately clear whether CKS - Ct is actually 

dependent on CNL or just on changes in the distribution of CKS· For 

example, the increase in CK.c; - Ct with CNL might be due to the correlative 

increase in the fraction fA of iterations for which CKs > A, where A is 

some arbitrary value. In this case CKS and Ct would be poorly correlated 

and whenever CKs > A, CKs - Ct would have a high probability of being 

large regardless of CNL• The absence of a strong correlation between 

f A and CKs - Ct would show that high values of CKs - Ct were causally 

related to high values of CNL• Such a relation might exist because 

large values of CNL are found for distributions of complex shape to which 

the Kolmogorov-Smirnov (but not Student's t-test) is sensitive. 

That a correlation does exist between FA and CNL is shown in 

Fig. 3-B-4a for the case where A = 90%. Figure 3-B-4b shows the correl­

ation between fgo and CKs - Ct· Finally, Fig. 3-B-4c shows the hypothe­

sized correlation between CKs - Ct and CKs is not pronounced. Consequently, 

it appears that the increase in CKS - CL does have a causal relationship 

to the complexity of one or both of the sample distributions. 

The practical result of this study must be a guideline identifying 

the circumstances under which each text is appropriate, Such a guideline 

is difficult to formulate, because there is no large range of CNL for 

which CKs - ~ is zero or at least constant. In the absence of such a 

range of 5tability, the re5ult5 of the two tests are not readily compared. 
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There appears to be a break in slope in the CKS - Ct vs. CNL curve between 

CNL = 95% and CNL = 99%. For samples with CNL greater than this, (CKS - Ct) 

may be as large as 20%. This is due to the complexity of one or both distri­

butions, and shows that the Student t-test is inappropriate. There is no 

other obvious value of CNL to choose as a threshold, based on the data 

presented in this appendix. Lower confidences (95% or 90%) are commonly 

used for rejecting an hypothesis. Because the t-test is predicated on 

the normality of the population it seems best to err on the conservative 

side, and for this study CNL = 90% will be used as the threshold value. 

For CNL < 90%, Student's t-test (in some cases together with the 

Kolmogorov-Smirnov test) will be used. For CNL > 90%, only the Kolmogorov­

Smirnov test will be used. 

It should be possible to improve the Kolmogorov-Smirnov test by relating 

CKs to Dmax or D+ using distributions of the test statistic calculated 

for random sample pairs having the same value of CNL as the actual pair. 

In contrast, existing tables were compiled for all pairs regardless of 

CNL• This new approach was not attempted for this study. 
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CHAPTER 4 

DATING THE ERUPTION OF BASIC IAVAS BY 40Ar - 39Ar ANALYSIS OF 
GRANITIC XENOLITHS 

The opportunity exists along parts of the escarpment on the east side of 

the Sierra Nevada to date glacial advances and to determine rates of tectonic 

displacement by analysis of lava flows interbedded with moraines or broken by 

faulting. Within the study area, these lava flows generally are alkalic 

olivine basalts, and they are extensively contaminated by fragments of the 

Mesozoic granitic rocks through which they were erupted. Except for very 

small~ 10-µm blebs of glass or K-feldspar crystals within the groundmass, 

these xenocrysts and xenoliths are the most potassic components of the lava. 

As such they present a problem and offer an opportunity for dating the lavas 

by K/Ar methods. 

The problem is that during immersion in the hot magma, the xenoliths 

are incompletely degassed of their 40Ar created by radioactive decay of 

40K in the time since their original crystallization, about 90 my ago 

(Dalrymple, 1964a). Thus the sample of lava which contains a xenocryst 

will also contain 40Ar in excess of the amount created since eruption, and 

this may lead to a high apparent age of eruption. 

The opportunity is that by using the stepwise heating variant of the 

40Ar - 39Ar dating method, it may prove possible at temperatures lowf>r th;m 

those experienced by the xenolith in the magma to extract Ar free of the 

excess inherited 40Ar. If this is the case, then the K-rich, coarse-grained 

xenoliths are excellent systems for dating. 

In the discussion which follows, the rationale and experimental 

demonstration of this approach are discussed in detail. Extensive 

results for lava flows along the North Fork of Oak Creek and in Sawmill 
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Canyon, both in the study area, are presented. 

4.0 INTRODUCTION 

There are formidable obstacles to the precise and accurate dating 

of young basic lavas by conventional K/Ar methods. One of thPsP is thP 

presence of Ar dissolved in the magma. When trapped in young basalt, 

such Ar may mask the very small amounts of radiogenic 40Ar c·40Ar*") 

created since eruption. Furthermore, the isotopic composition (36Ar/40Ar) 

of the trapped Ar ("Art") is a priori unknown and cannot be measured by 

conventional K/Ar analysis. Indeed, analyses of lavas of zero age 

(Krummenacher, 1970; Kaneoka, 1980) have shown a significant variability 

in the composition of Art which is attributed to mass fractionation. 

There is also no reason to exclude the possibility that the Art may 

contain an admixture of pure 40Ar*, perhaps derived from assimilation 

of wall rocks by the magma or from the original magma source. 

Differences in the assumed compositions of the Art affect the K/Ar 

age, and the effect increases rapidly as the ratio of radiogenic to 

trapped Ar decreases. An overestimate of 1% in an assumed composition 

of the Art causes a 9% or a 98% increase in the K/Ar age if the amount 

of 40Ar* is 10% or 1% respectively of the total 40Ar. An underestimate 

of the trapped 36Ar/40Ar could even result in a negative age. 

For acidic lavas it is sometimes possible to increase the acc11ra.ry 

of the K/Ar age by dating two or more separates of different minerals from 

the same sample. As long as the different minerals have sufficiently 

different concentrations of K (and the same trapped 36Ar/40Ar), both the 

( 36Ar/ 40Ar)t and the K/Ar age may be accurately determined. 
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However, this approach is generally not applicable to young basic 

lavas, chiefly because these rarely have potassic phenocrysts. 

A second obstacle to K/Ar dating is the presence in many lavas of 

microscopic fragments uf anclent country cock rich in K which contain 

large amounts of 40Ar*. Basalts of the Big Pine volcanic field are 

extensively contaminated by granitic xenoliths from the Mesozoic plutons 

through which the lavas erupted. 

Hart (1964) showed that some potassic minerals heated sufficiently 

by the intrusion of a stock lost enough Ar that conventional K/Ar 

dating of the degassed crystals could in some cases give the age of the 

intrusion. Dalrymple (1964a) observed that if Ar loss in granitic xeno­

liths in lavas were complete, conventional K/Ar dating of the xenoliths 

could be used to measure the age of degassing of the xenoliths and hence 

the age of eruption of the lava. However, if such foreign material is 

not completely degassed during heating in the magma, the apJJ<Hent 

eruption age of the lava will be too great. 

Although the temperature of xenocrysts incorporated into basaltic 

magma at the time of eruption rises to ~ ll00°C within seconds and can 

remain this high for longer than a day while the lava flow solidifies, 

evidently not all the 40Ar* is diffused from the xenocryst. Dalrymple 

(1964a) has demonstrated Ar retention of~ 2.5% in a 10-cm diameter gran­

itic clast found 3 m below the top of a 25-m-thick basalt flow. Because 

the characteristic dimension of diffusion seems to be determined not by 

xenolith diameter but rather by individual grain size or width of 

exsolution lamellae in microcline, it must be concluded that even 

individual microscopic xenocrysts dispersed throughout the wagwa will 

be similarly retentive. 
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The increase in the K/Ar age of the whole basalt caused by such 

xenocrysts varies inversely with the ratio of the basalt's eruption 

age to the original crystallization age of the xenoliths. Inherited 

40Ar* sufficient to increase the apparent age of a 10 my-old lava by 

only 0.1% will cause a 10% increase in 0.1 my-old lava. Such a bias 

might result if only 0.1% of a basic lava consisted of 100 my-old K­

feldspar xenocrysts which were 90% degassed during eruption (i.e., if 

1 g of such basalt contained a single xenocryst only 0.7 mm on a side). 

It is generally not: possiblt? to t!liw.lrn::ile or eveu Lu <lt!Lt::cL c:.:uutauilu-

ation at this low level during preparation of samples for K/Ar analysis. 

Thus conventional K/Ar dates of young basic lavas may be imprecise 

because of small amounts of 40Ar* compared to 40Art and inaccurate 

because of the unknown isotopic composition of Art or the presence of 

inherited 40Ar* in incompletely degassed xenocrysts. 

The stepwise heating 40Ar-39Ar method (Merrihue and Turner, lg66; 

Turner, 1970, 197la) ameliorates many problems encountered in K/Ar dating. 

If trapped and radiogenic 40Ar are contained in phases or sites with 

different retentivities, the resultant separation of the two types of Ar 

during stepwise thermal extraction may in principle permit the determin­

ation of the 36Ar/40Ar value of the trapped component, which generally 

dominates Ar released from the sample at low temperatures. Furthermore, 

Ar remaining in xenocrysts after degassing at 1100°C for many hours in 

the magma is unlikely to be degassed at lower temperatures in the 

laboratory. Therefore, it should be possible during 40Ar-39Ar analysis 

to separate the inherited 40Ar* from at least some of the 40Ar* created 

since cooling of the lava. At the very least this ability would serve 

to identify contaminated samples. 
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Berger (1975) has shown that 40Ar-39Ar age spectra of 1400 my-old 

biotites, hornblendes, and K-feldspars reflected thermal overprinting 

caused by the intrusion of the same stock studied by Hart (1964). A 

spectrum from biotites sampled 6 m from the stock was totally reset to 

~ 63 my, the approximate age of the intrusion. Spectra from K-feldspars 

taken within 25 m of the stock exhibited plateaus containing four steps 

of similar low apparent ages and representing the ~ 25% of the total 

39Ar which was extracted at temperatures below ~ 900°C. During heating 

by the stock, ~ 95% of the 40Ar in the feldspar was lost. The amount 

of 40Ar* created after cooling was ~ 6.5% of the 40Ar* present just 

before the intrusion. This situation is more favorable for the 

creation of plateaus than that envisioned in the present study, in 

which the ratio is less than 1.5% and possibly as small as 0.1%. 

Radicati, Huneke, Papanastassiou, and Wasserburg (1981) have 

applied the 40Ar-39Ar method to coarse potassic crystals to determine 

precise ages of very young lavas. They observed well-defined plateau 

ages of 0.350±0.015 (2o) my for phenocrysts of biotite and leucite from 

tuffs of the Roman volcanic province. The 40Ar-39Ar ages and the Rb-Sr 

ages determined on the same sample suite were found to be in good agree­

ment. Trapped and radiogenic 40Ar were well separated by their thermal 

release characteristics, and the large size of the phenocrysts avoided 

complications arising from 39Ar recoil redistribution during neutron 

irradiation. Because most basic lavas do not have sufficiently potassic 

phenocrysts for 40Ar-39Ar dating of mineral separates, th~ results of 

Radicati et al. are not widely applicable. In this study the 40Ar-39Ar 

meth0d has been applied to granitic xenoliths which are similar to 

potassic phenocrysts in that they contain large grains and are rich in 
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K compared to the host basalt. Thus the effects of 39Ar recoil and of 

Art are reduced compared to those expected for the 40Ar- 39Ar dating of 

the lava itself. 

During heating in the magma some Ar diffuses from the ancient 

xenocrysts. The extent of degassing depends on characteristics of the 

xenocrysts, the temperature of the magma, and the time it takes to cool. 

The extent of degassing determines the shape of the 40Ar-39Ar age spectrum, 

as shown schematically in Fig. 4-1. If there has been no degassing, the 

age spectrum will be undisturbed and the ages calculated from each frac-

tion of Ar released will be constant and equal to the age of original 

crystallization or closure of the crystal lattice to Ar diffusion. This 

is the case for curve .. a. If degassing has been minor, ages for the 

first fractions of Ar (released at low temperatures) will be younger 

("b"); these may approach the age of eruption, but only for the first 

infinitesimal fraction will that age actually be found. As in "a," Ar 

released at high temperatures will yield the age of crystallization. 

If there has been major degassing, the amount of 39Ar associated with 

the original crystallization age will be reduced. If even the 40Ar* 

from the most retentive sites has been partially depleted at the time 

of eruption, the maximum apparent age will be less than the original 

age of the xenocryst ("c" and "d") and no plateau at the age of <'rystal­

lization will be found. However, the size of the low-temperature plateau 

will increase with the extent of degassing until, for complete degassing, 

the entire age spectrum reflects the age of eruption ("e"). 

As shown by Dalrymple (1964a), complete degassing of xenocrysts in 

basaltic magma not always achieved. We might therefore expect a xeno­

cryst age spectrum characterized by a region of mixed ages separating 
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AGE OF ORIGINAL CRYSTALLIZATION 
1.0 -

a) NO DEGASSIN~ ,,.,- _... ----
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c::::( 
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Ej 0.6 
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c::::( 0.4 

,,,-" 
/' 

/ .,;""' 

/ 
/ 

;lhl LIGHT DEGASSING /~) MODERATE DEGASSING - _ 

I 
I 

AGE OF 
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CUMULATIVE FRACTION 39Ar RELEASED 

Fig. 4-1. Schematic 40Ar-39Ar age spectra show increasing depression of 
apparent age with extent of degassing of ancient xenocrysts 

in lava during eruption at age 0.2. Original age of crystallization is 
1.0. For no degassing in the magma ("a"), entire age spectrum comprises 
plateau of age 1.0. Curves "b," "c," and "d" show progressive decrease 
in size of plateau at age 1.0 and development of plateau at age = 0.2 as 
level of degassing is increased. If degassing is complete ("e"), only 
an eruption age plateau is observed. The minor depression in age at low 
39Ar released reflects losses by diffusion at temperatures less than 
about 50°C over long periods of time. 

1.0 
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plaLeaui:s currei:spuudlug Lu the tlwei:s uf cryi:stallizatlon and eruption. 

Depending on the degassing of the xenocryst, one or both age plateaus 

might not be found. If an eruption age plateau is not found, the minimum 

apparent age will be an upper limit to the age of eruption. 

Wasserburg et al. (1956) noted discrepancies in K/Ar ages of cogene­

tic K-feldspar and muscovite from plutonic rocks which they have attri­

buted to diffusive loss of Ar. Diffusive loss of Ar from silicate 

minerals at temperatures less than 50°C is exceedingly inefficient, and 

only Ar from the least retentive sites will be lost from xenocrysts 

after degassing in magma which has been erupted and cooled to such low 

temperatures. Consequently, young ages from this cause will be restricted 

to the first fraction of Ar released during stepwise analysis (e.g., Huneke, 

1976) and will not erase the eruption age plateau. Minor diffusive loss 

is indicated in the age spectra of Fig. 4-1. 

In the following section (§4.1) is found an assessment of those 

factors which determine whether or not an eruption age can indeed be 

determined through the study of incorporated xenoliths. It must be 

demonstrated that there are reasonable conditions under which a reservoir 

of 40Ar in the xenolith may be sufficiently degassed during eruption 

to yield at a later date an age plateau corresponding to the time of 

degassing, and that during the analysis of the Ar released during the 

laboratory heating steps, the 40Ar contributed from other incompletely 

degassed reservoirs is not so large as to mask this plateau. 

The factors affecting the development of a plateau at the age 

of degassing or eruption are: (1) the extent of degassing of the 

xenolith in the host magma; (2) the original crystallization age of the 

xenolith relative to the time of degassing by the host magma; (3) the 
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distribution in grain size of the minerals in the xenolith; and (4) the 

activation energies for Ar diffusion from the minerals in the xenolith. 

Models using simple volume diffusion from different populations of 

spheres are uiseu fur au ai:;i:;esi:;meul of these factors. 

These models demonstrate the feasibility of using "granitic" 

xenoliths to date Quaternary basalt eruptions and to provide both 

guidancp in thP dPRign of dating experiments and a framework for inter-

preting experimental results. On the basis of these models a measure 

of merit is developed for the assessment of age plateaus in 40Ar-3~Ar 

apparent age spectra or other problems of this type. 

4 .1 AN ASSESSMENT OF 40 Ar-39 Ar DAT lNt; OF lNCUM.l:' lli'l'ELY Vl:!:GA~SED Xl:!:NULITHS 

The Development of Eruption-Age Plateaus 

To as1:>e1:>1::i Lht:! feaislulllLy of uulainiug i;easonable eruption ages from 

partially degassed xenoliths, the Ar loss in a xenolith during heating in a 

magma and subsequent heating in the laboratory for 40Ar-39Ar analysis is 

described by simple volume diffusion from spheres, assuming different grain-

size distributions and activation-energy distributions. The diffusion char-

acteristics of the material of each sphere are assumed to be uniform and 

isotropic. Diffusion out of the grains is be described by Fick's law, which 

for radial diffusion in isotropic spheres is 

Clt 

a ( ac(r, t) ) 
D(T(t)) r-2 - r2 ---

Clr Clr 
(1) 

ClC(r,t) 

where C(r,t) is the concentration of Ar, r is radial distance from the center 

of the sphere, t is time, and D is the diffusion coefficient. The concen-

tration of Ar at the sphere boundaries (r=O) is taken to be zero, and the 
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concentration of 40Ar and K is uniform for all grains at t=O, the time the 

xenolith is engulfed by the magma. The diffusion coefficient is related 

to temperature T(t) by the Arrhenius equation 

D(T(t)) = D
0 

exp(-Q/RT(t)) (2) 

where R is the gas constant, Q is the activation energy for diffusion, and D
0 

is a characteristic constant. The temperature of the xenolith and thus the 

diffusivity varies with time t after the xenolith fell into the magma at 

t= O, and this variation in D is accounted for by introducing the dimension-

less variable 

t 

T - (D
0
/a-2)J exp(-Q/RT(n))dn 

0 
(3) 

where a is the grain radius. Shortly after eruption, the lava freezes and 

the xenolith cools sufficiently to stop diffusion. The cumulative fraction 

F of Ar lost from a given grain is a function of the integrated diffusion 

history given by: 

F(i:) 
00 

l -'(6/TI2) L n-2 exp(-n2n2 i:) 
n=l 

(cf. Carslaw and Jaeger, 1959; or Crank, 1956) For reference, Eq. (4) is 

shown graphically in Fig. 4-2. 

As seen from Eqs. (2) and (3), the three parameters that govern Ar loss 

from the model are the grain radius a, the activation energy Q, and D0 • A 

given rock sample may be considered to have different distributions of grains 

according to these parameters. The diffusion of Ar from grains is affected 

2 identically by changes in D
0 

or by changes in a • For the purposes of this 

analysis, D0 will arbitrarily be assigned a value of unity for all spheres. 

Thus only the two parameters a and Q are used to characterize the grains. 
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Fig. 4-2. Fractional loss F of Ar from a spherical crystal according to 
the exact solution of the diffusion equation. 
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We may express the cumulative fraction of 40Ar lost by time t from a 

population (p) of grains by 

j j (4/3)na3c1 P(a,Q) F(T(a,Q,T,t)) da dQ 
0 0 

= (5) 

1 1 (4/3)na3c1 P(a,Q) da dQ 
0 0 

where P(a,Q)dadQ is the probability that a sphere has a radius between a and 

(a+ da) and an activation energy between Q and (Q + dQ). Each grain is 

taken to have the same concentration c1 of radiogenic 40Ar. It has been 

assumed that the Ar and K are uniformly distributed throughout each sphere, 

that the concentration of K in each grain is the same, and that Fp = 0 at 

t = O. The ratio of c1 to the concentration of 4°K is related to the age 

of original crystallization tc by 

ln (1 + 

where Ae and AB are the decay constants for 4°K, and Crz40 is the con­

centration of 40K at the time of analysis. 

(6) 

Figure ~-3 illustrates the temperature history of thP grRins. Diffusive 

loss of Ar begins at t = 0 as the grains are heated. This corresponds to im-

mersion of the xenolith in the magma. Shortly after eruption at tc the lava 

freezes and the xenolith cools sufficiently to stop diffusion. In the model 

this occurs at t = te• For simplicity, the heating episode is assumed to be 

so short that 40Ar created during it can be ignored. Thus a fraction F(1e), 

where T
9 

= T(a,D(T),te), of the 40Ar present in a grain of radius a at t=O 

is lost by te and a fraction Fp(te) is lost from a population of grains. * 

For notational simplicity, Fp will be referred to as Fp(te), a function of 

time rather than •e· This is because there may be no single value of Te 
for grains in a population. Fp(te) is implicitly a function of a, Q, 
P(a,Q), and T(t) (see Eq. 5). 
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Fig. 4-3. Schematic history of temperature and 40Ar accumulation in A 

model heated briefly from t = 0 to t • te by incorporation 
int~0a magma. Prior to original crystallizatz8n, the model is hot and 
no Ar accumulates. From t • -t to t • 0, Ar accumulates without 
loss. Jwk>st is lost from the mode! during heating in the magma. After 
cooling 40Ar once again accumulates and is a~ged to the residue which 
was not degassed from t • 0 to t • te. All Ar is extracted during 
analysis. For simplicity, te and ty-tx are c~3sidered to be grossly 
less than tc or tx-te, respectively, and the Ar accumulated during 
these short intervals is ignored. 
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we assume that there is no further loss of Ar from te to tx, when analysis is 

begun. After te, radiogenic 40Ar again begins accumulating from the decay of 

40K, and this is added to the residue of radiogenic 40Ar which was not de­

gassed during heating in the magma. We denote the concentration of new 40Ar 

by C2. After the sample is brought to the laboratory at time tx, it is ir­

radiated to produce 39Ar. Thus at tx there is: (1) "new" 40Ar created since 

ti=; (2) "residual" 40Ar created before t == O; and (3) 39Ar. The number of 

atoms of each kind of Ar in the sphere is denoted by N40(new), N40(res), 

and N39 , respectively. The total number of atoms of 40Ar is denoted by 

N - N + N In the discussion which follows , the 40Ar 40 - 40(ncw) 40(res)• 

created by t = 0 is labeled "initial" 40Ar. 

The second step in 40Ar-39Ar analysis is the extraction and measure-

ment of Ar from the sample. To do this the sample is reheated in the 

laboratory (L) beginning at tx, and diffusive loss is renewed. The 

temperature is increased until the sample melts at ty• 40Ar created 

during the brief analysis is ignored. At any time t1 during the extraction 
t1 

t 1 = a-2 J D(T(n))dn. For a single sphere, the fraction of the new 
tx . 

40Ar (and also 39Ar) extracted from tx to t 1 is given by F(t 1 ). The 

rate of extraction of "new" 40Ar is 

N40(new) 

d F(t L) 
( 4 I 3 )ir a 3 c2 

(7) 

At the same time, the residual 40Ar left in each sphere upon cooling 

at te is also extracted. The amount extracted in the laboratory from tx 

to t 1 is given by (4/3)ira3c1 (F(te+t 1) - F(te)). This residual 40Ar 

is extracted at a different rate than the new 40Ar: 

N40(res) (8) 
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The total 40Ar released from the sphere between tx and t 1 is simply 

and the total rate of extraction at tL is 

(10) 

The 39Ar is created in proportion J to the concentration of 39K (Sz39 ), 

and hence to the concentration of 40K as well. It is degassed at the rate 

= (11) 

if 39Ar and 40Ar both have the same diffusivity. Thus, at any instant 

during analysis, the relative rate of degassing of 40Ar compared to 

39Ar from the entire model is found from Eqs. (S), (10), and (11): 

I I a 3 P(a,Q) (c1 F[te(a,D(T),te)+r 1 (a,D(T(t)),t)] + c2 F[tL(a,D(T(t)),t)J) da dQ (1 2 ) 

j j a 3 P(a,Q) J CK)9 F[T 1(a,D(T(t)),t)] da dQ 
0 0 

where N110 and NJ9 are now understood to refer to the entire assemblage 

of spheres and not to just a single sphere. 

From the ratio found from Eq. (12), an apparent age A for each 

differential amount of Ar released can be calculated by 

A(t) -~-40_) 
N39 

(13) 
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Thus, the apparent age may vary throughout the analysis. A plot of A(t) 

versus the cumulative fraction F39 = Fp ( t 1 ) of 39 Ar extracted from the 

population of spheres is the conventional age spectrum. The principal 

difference between the theoretical spectrum and the age spectrum obtained 

experimentally is the discrete nature of the latter. In an experiment, a 

finite amount of Ar must be extracted before a measurement is possible. 

This is done by raising the temperature of the sample in a series of large 

steps and extracting Ar for a long time at each step. Thus, for the 

experimental case the variable T is given by 

n 
Tn =a 

2 I DCT1 )(ti-ti-l) 
i=l 

and Eq. (12) may be modified to 

The apparent age at step n is given by 

>-e Ci<4o 

(14) 

(16) 

Eqs. (13) and (16) arc exact dcocriptiono of age opcctra rcoulting from 

continuous measurement or stepwise heating and measurement of Ar during 

40Ar-39Ar analysis. The solution of Eq. (13) used in the generation of 

several figures in this discussion is described in App. 4-A, part I. 

We next turn to some simple illustrations of theoretical ~N40/~N39 

spectra and age spectra. In Fig. 4-4 three ~N40/~N39 spectra are 

shown for Ar released from a single sphere from which half the initial 

40Ar was lost during heating in the magma (F(Te) = 0.5). It was assumed 
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1.0----...... -----..-----....-----,------.. 

0.1 

J 

0.01 
SINGLC SPHERE 

F(Te) = 0.50 

.......... INFINITESIMAL STEPS 

L:.t=360s; L:.T= 10°c 

- .c:. t =3600s; 6 T= 100°c 

0.2 0.4 0.6 0.8 
CUMULATIVE FRACTION 39Ar RELEASED 

1.0 

Fig. 4-4. zBectra for a single sphere degassed of half the initial 
Ar before analysis show the effect of stepwise heating 

and measurement. For case 1, N4o and N39 were calculated for various 
times during "analysis" and th39r ratio dN40/dN39 was plotted against 
F(1 1), the fractional loss of Ar. This spectrum would result if Ar 
was continuously measured as it diffused from the sphere. In experimental 
situations, Ar is accumulated for some 8t before measurement. At the end 
of each period 6t the temperature is incremented by 6T. This results in 
stepped age spectra (case 2 and case 3). For these cases, 8N40 and 6N39 
were calculated at the discrete intervals of 6t and 8T as indicated. 
Case 2 is similar to the ideal differential spectrum (case 1). Case 3 
most closely resembles experimental data. 



206 

that analysis immediately followed cooling of the lava so that no new 

40Ar was present. It was further assumed that JC:K.39 = c1 , so that 

AN40/AN39 = 1 corresponds to the age of original crystallization (tc)• 

These spectra show the i.nf1uence of i::tepwise heating and measurement. 

In the first case the spectrum was found from Eq. (12) and represents con-

tinuous measurement of dN40/dN39. The stepped spectra were found from 

Rq. (l~) using different values of At and AT. In the second case. Ar was 

extracted in a large number of small steps. The spectrum is similar to the 

first. In the third case Ar was extracted in only seven steps. 

The continuous spectrum (first case) is independent of D and T(t). Its 

shape is determined solely by F(<e)• F(<e) controls the overall shape of 

the stepped spectra, also. However, the size of the steps (fraction of 39Ar 

2 released) and the exact values of AN40 /AN39 are determined by At, D
0
/a , and 

Q/(RT(t)). Thus in principal the distribution of steps in age spectra may be 

controlled by selection of appropriate values of At and T(t). 

The third spectrum most closely resembles actual experimental results, 

but the continuous spectrum gives more insight into the behavior of the 

system itself, independent of arbitrary characteristics of the analysis. 

It is clear from Fig. 4-4 that before 10% of the 39Ar has been released 

from the sphere, the rate of residual 40Ar loss has exceeded 10% of the rate 

for identical grains which were never immersed in the lava. The relative 

rate depends on F(•e)• Turner (1968) has shown that even if F(•e) = 0.95, 

dN4o(res)/dN39 is still nearly 0.01 when 10% of the 39Ar has been degassed. 

!<'(Te) must exceed 0.99 before a sizable fraction (e.g., 25%) of t:he 39Ar is 

released unaccompanied by significant amounts of residual 40Ar. This must 

occur if a plateau in the age spectrum identifying the age of eruption is to 

be developed. The aclual value of <lN4o(res)/dN3y which may lie tolerated in a 
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plateau is some fraction of dN4o(new)/dN39, for instance 5%. Thus if 

c1/Cz = 100 it might be necessary for dN40/dN39 to be less than (say) 0.0005 

when 25% of the 39Ar has been released for a plateau to be considered 

present. To achieve this. F(te) must exceed 0.9991, or Te m1rnt exc.eerl 

0.6571. In the discussion below, this critical value of Te will be re­

ferred to as Tcrit• Turner concluded that single spheres or populations 

of identical spheres were unlikely to yield plateaus corresponding to the 

age of thermal events after original crystallization. 

Equation 3 shows that 'crit may be achieved by immersion of any sphere 

in a magma for a long enough time. This time is less if the sphere has a low 

activation energy, or a small radius, or if the lava temperature (T1ava) is 

high. T1ava and te are extrinsic to the sphere, and in a given lava, spheres 

that will achieve Tcrit have parameters specified by ln(D
0
/a2) - Q/(RTlava) 

= ln Tcrit + ln te• This relation is shown graphically in Fig. 4-5. 

Figure 4-Sa shows that a single value of T defines a plane in a 

cartesian space whose axes are Q/(RTlava), ln (D
0
/a2), and ln t. These 

planes intersect the (Q/(RTlava), ln (D
0
/a2)) plane in lines having slopes 

of unity. In an isothermal lava, a sphere plotting at point P will evolve 

with time along a line parallel to the ln t axis, intersecting the Tcrit 

plane at P'. If te exceeds the time required to achieve tcrit• the sphere 

will have been degassed sutticiently to develop a plateau corresponding to 

the age of eruption. At any given t, spheres which plot on the same line 

in the (Q/(RTlava), ln (D0 /a2)) plane will be equally degassed. Thus the 

effect on F(te) of increasing Q/(RT1ava) by a is the same as decreasing 

0
0 

by a factor of ea or increasing the radius by a factor of ea/Z. After 

time te, only spheres plotting on or below the line of 'crit will yield 

plateaus giving the age of eruption. 
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Fig. 4-5. The extent of degassing of a sphere at constant temperature 
is a function of the activation energy Q, the grain radius 
a, the value of D0 , and the time t since heating commenced. 

a) A depiction of the relation ln T = ln t + ln (D0 /a2) - Q/RTlava 
shows the line of inlersection of a plane of constant T and the plane 
(Q/(RTlava), ln(D

0
/a ). The plane shown is taken to be the plane of 

Tcrit (see text). The coordinates for a grain initially plotting 
at point P will progress along a trajectory parallel to the ln t 
axis with the passage of time. At some time, the grain wilo plot at 
point P' in the plane of Tcrit• At this time. sufficient Ar has 
been lost that a plateau in the age spectrum corresponding to the 
age of eruption may be established upon later analysis. If the sphere 
is heated longer, Tcrit will be exceeded. The lower hemisphere is 
forbidden because the activation energy Q is a non-negative number. 
Lines in the lower hemisphere are dashed. Stippling shows the portion 
of the plane of Tcrit which is in the first quadrant of the upper 
hemisphere. 

b) Various lines of constant Tare shown in the(Q/RTlava, ln (D0 /a2)) 
plane for which ln t = O. Values of T are shown for each line; 
values of F(T) are shown in parentheses. Line A is the line of 
T~rit• If C1/C2 = 100, a single sphere plotting on this line will 
have been degassed sufficiently that a plateau in the age spectrum 
identifying the age of eruption may be found (see text). Spheres 
plotting above line A will not yield such plateaus. For example, 
spheres plotting on line B are only degassed of 90% of their 40Ar 
in the lava, and the apparent age over the whole spectrum will 
exceed the age of eruption by more than the threshold level, 
assumed to be 5% in this discussion. 

Populations of equal volumes of two kinds of spheres differing 
in either (D0 /a2 ) or in Q may yield plateaus giving the age of 
eruption, even though the total degassing Fp is such that a single 
sphere of F = Fp would plot above line A (laboratory degassing is 
assumed to be at constant temperature T1 = T1ava in this discussion). 
For instance, such a population consisting of spheres with Te = 
0.114 and Te= 59.3 (dashed lines) would have Fp = 0.9; never­
theless, a plateau giving the age of eruption would be developed. 
The spheres might be c~aracterized by grain radii different by a 
factor of 23 (~ln(D0/a ) = 6.3) or by differences in Q/RTlava of 
6.3. These differences are reduced as Fp is increased. The heavy 
dashed lines (Te = 0.184 and Te= 41.9) show the requirements 
for a bimodal population of Fp = 0.95: ~ln(D0 /a2 ) or ~Q/RTlava 
is reduced from 6.3 to 5.4. 
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Figure 4-Sb shows the plane (Q/(RTlava), ln (D
0
/a2)) with several 

different lines of constant r. The plane was arbitrarily chosen such that 

ln t = O. Line A is the line for which t = tcrit• Thus for a grain plot-

ting on or b@1n"7 thi.s 1inP, i:in i:igP ~pPl'trom with a p1i:itean giving the age 

of eruption may be expected if C1/Cz is 100 or less. 

Turner (1968) noted that while single spheres were unlikely to be 

degassed sufficiently to yield plateaus giving the age of reheating events. 

populations of spheres having different characteristics might produce such 

a plateau, even though the net level of degassing was the same as that of 

the single sphere. This can occur when a substantial fraction of the total 

volume of the population consists of the least-retentive spheres which are 

degassed in excess of their critical levels. For example, in Fig. 4-Sb 

a population of identical spheres degassed only 90% plot on line B, well 

above the line of tcrit (line A). No eruption-age plateau could be ex­

pected for such a population. If laboratory degassing occurred isothermally 

at T1ava• a population composed of equal volumes of two kinds of spheres for 

which Fp = 0.90 would meet the requirements for developing an eruption-age 

plateau if the spheres plotted on the two lines te = 0.114 (F(te) = 0.80) 

and 'e = 59.3 (F(te) = 1.00). If values of (D0 /a2) are the same for the 

two kinds of spheres, the critical difference in te may be achieved if ~Q 

were 6.3 RT1ava• If ~Q were zero, the same difference in Te would result 

if the radii of the spheres differ by a factor of 22.9. 

The critical difference in 'e (separation of the two lines) is in­

versely dependent on Fp. For example, if Fp = 0.95, the critical separation 

is achieved if 6Q = 5.4 RT1ava or if grain radii differ by a factor of 15.l. 

The values of Te for the two modes of spheres are 0.184 (F(te) = 0.90) 

and 41.9 (F(<e) ~ 1.00). If either mode of spheres plots below its 
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critical line, the criterion for the establishment of the plateau will 

be exceeded. 

For the above discussion, it was assumed that the temperature TL during 

laboratory extraction was the same as T1ava, but in general TL is much 

lower, except during the final steps of the analysis. This affects the age 

spectrum if the two kinds of spheres have different activation energies. In 

this case, the ratio of the values of F(T1) for the two kinds of spheres 

in the laboratory is dependent on exp(t.Q/(RT1 )) , and the value of t.Q 

necessary to establish a plateau can in theory be controlled by varying T1• 

If the more retentive and the less retentive spheres are denoted R and 

N, respectively, then when TL is less than T1ava' (Te/TR)L is greater 

than (TN/TR)lava• Therefore, there is greater separation of Ar from the 

two kinds of spheres during analysis than when TL = Tlava• When T1 < Tlava> 

residual 40Ar from the retentive spheres becomes significant only after a 

greater fraction of 39Ar has been extracted .from the easily-degassed spheres. 

Because of this, TN,lava need not be so large in order to meet the require­

ments for the development of a plateau giving the age of eruption. 

For a population consisting of equal volumes of two kinds of spheres of 

the same radius but different activation energies and if FpCte) = 0.90, then 

t.Q/RT1ava = 6.26 T1/T1ava• The value of TR,lava is increased insignif­

icantly, and the value of TN,lava is reduced from 59.3 to 2.59 as T1 is 

reduced from Tlava to 0.5 Tlava• Thus a plateau extending over 25% of the 

39Ar and having a maximum error in age of 5% if c1/c 2 = 100 can be achieved 

if the grains have a difference in activation energies of 12.4 TL cal/mole. 

as long as the Ar extraction is isothermal. A practical value of T1 might be 

l000°K; therefore AQ = 12.4 kcal/mole may be a realistic limit. (For the 

2 2 -1 same plateau to be achieved if t.Q = 0 would require (D0 /a )R(D0 /a )N = 22.9 
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Evaluation of dN40/dN39 to find limiting ratios of a and differences 

of Q when laboratory extraction is isothermal is discussed further in 

App. 4-A, part II. 

Generally, during analysis T1 is not constant but is increased in a 

stepwise fashion. In this case, after the nth step 

n 
I (ti-ti-1) exp(-QR/(RTi)) 

[TR/TNJL i=l t t (17) 
n 0 x 

I (ti-ti-1) exp(-QN/(RTi)) 
i=l 

so that (TR/TN)L may depend on actual values of QR, QN, and the heating 

schedule rather than simply on bQ/T1• This is also true for the case where 

T1 is changed continuously, for example when T1 = at. If extraction steps 

are of equal duration and if (U
0
/a2)N = (D

0
/a2)R, the effect of increasing 

T1 during analysis by l00°K increments to l000°K compared to extracting Ar 

in one longer step at l000°K is to decrease (TR/TN)L by about 12%. The 

For the discussion below, spectra of dN40/dN39 have been approximated, 

assuming that the extraction occurred in finite steps of 360 s duration. 

The increment of T1 was 10°K. This heating schedule was the second case of 

Fig. 4-4. In the illustrations which follow, the stepped spectra have been 

smoothed for simplicity. Degassing in the lava was assumed to have occurred 

at Tlava = 1400°K. For simplicity, all spheres were assumed to have D0 = l; 

thus discussion is in terms of grain radius a rather than a/ID0 • For popu-

lations of spheres with different activation energies, Q for one mode was 

set to 30 kcal/mole. Reducing this value would decrease the bQ required to 

achieve a plateau if Fp were unchanged. 
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Spectra of dN40/dN39 from examples of each of three categories of 

models are shown in Fig. 4-6: (1) identical spheres (curves "a" and "b"); 

(2) spheres of two different radii a1 and a2 but the same activation energy 

("c"); and (3) spheres of the same radius but two different activation 

energies Q1 and Q2 ("d," "e," and "f"). The examples provide simple illus­

trations of the effects of grain-size and activation-energy distributions 

on age or dN40/dN39 spectra. These results are generalized below. 

As for Fig. 4-4, we have assumed that JCK39 = Cl and that analysis 

took place immediately after cooling of the lava, so that no new 40Ar was 

created. All the 40Ar released during the "analysis" was residual, and 

the dN40/dN39 curves are thus measures of the apparent age in excess of 

the zero age of eruption of the lava. 

These curves are related to differential age spectra through Eq. (13). 

Since JCK39 = C1, A= tc is found from dN40/dN39 = 1.0. Lesser values of 

dN40/dN39 reflect Ar loss during heating in the magma. For tc = 100 my, 

A is proportional to dN40/dN39 within 3%. 

Regardless of the model, if there was no loss of Ar during heating in 

the magma (Fp(te) = U), the spectrum would have a constant value of unity 

and would define a plateau at tc, the age of crystallization. This general 

case is shown in Fig. 4-6. Details of the six other examples and their 

spectra are given below. 

Curve "a" is the dN40/dN39 spectrum calculated for identical spheres 

after 50% of the initial 40Ar was degassed in the magma and is the same 

spectrum shown in Fig. 4-4. Values of dN40/dN39 rise swiftly during the 

release of the first ~ 20% of the 39Ar, and they exceed 0.01 after only 

~ 2% of the 39Ar has been released. The maximum value of 0.74 is achieved 

for the last fraction of 3qAr extracted. No finite fraction of Ar is 
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after cooling of the magma, and the 40Ar degassed from the models was all 
inherited. Examples of spectra from three types of models are shown: 

(1) identical spheres (curves "a" and "b"); 
(2) equal volumes of spheres of radii az and a1=25a2 but the 

same activation energy ("c"); 
(3) equal volumes of spheres of the same size, but different 

activation energies Qi and Q2 ("d", "e", and "f"). 
4 The different values of a1 /a2 , Q1 and Q2 , and the fraction of 0Ar 

degassed in the magma (Fp(te)) are indicated in the figure. Qz was taken 
to be 30 kcal/mole, a realistic value in the mid-range ot values reported 
for K-feldspars. 

Excess 40Ar may be negligible over substantial fractions of th€ 39Ar 
l.t!le!:i!:it!d fruw o!:iwple8 w1Lh uuly wudt!r!:iLe differences in Q if Fp(Le) is l:iS 

large as 0.95. Similar results are obtained if the sample contains spheres 
of highly different radii. Even heavily degassed samples of identical 
spheres release large amounts of excess 40Ar except for the first small 
fraction of 39Ar. 
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completely devoid of excess 40Ar, and all fractions are depleted in 40Ar 

compared to the case where Fp(te) = O. 

Even if the degassing in the magma was much greater than 50%, no finite 

fraction of 39Ar is extracted unaccompanied by excess 40Ar. Curve "b" was 

calculated for identical spheres for which Fp(Te) = 0.95. The shape of "b" 

is similar to "a," and although the maximum value of dN40/dN39 was reduced 

nearly an order of magnitude, the fraction of 39Ar released before 

dN40/dN39 = 0.01 was only~ 0.12. Thus it appears that virtually all 

(>>95%) of the initial 40Ar must be degassed from single spheres or groups 

of identical spheres before a sizable fraction of 39Ar free of residual 

40Ar can be extracted. 

We next examine instances in which populations of different spheres 

are analyzed. For simplicity, it was assumed that for a given model, 

grains varied in either a or Q but not both. 

By modifying grain sizes or activation energies it is possible to 

reduce the amount of residual 40Ar in the first fractions of Ar and to 

correspondingly raise the amount in the final fractions of Ar released 

from the xenolith, without changing Fµ(te)• This is because the inherited 

40Ar is concentrated in the retentive reservoirs which are degassed last. 

Xenoliths containing crystals of different sizes, crystals of different 

minerals, or crystals having exsolution lamellae would not he described by 

spheres of a single radius and activation energy. For example, Turner 

(1969) modeled Ar release from Bruderheim meteorite using spheres of log­

normally distributed radii, with good agreement to the observed pattern. 

However, the minimum excess 40Ar will be found when a xenolith contains 

some grains that are totally degassed at much lower temperatures or shorter 

times than other grains. The discussion here is accordingly restricted 
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to xenoliths of at most bimodal distributions of grain sizes or 

activation energies. 

Curve "c" was calculated for a population of spheres having the same 

activation energy but two greatly different radii a1 = 25a2. Few real 

systems will have grain populations with this difference in size. The 

total volume of spheres of each kind was taken to be equal. The population 

was taken to be degassed of 95% of its 40Ar upon heating in the lava 

(Fp(te) = 0.95). This corresponded to degassing in the magma of 90% of the 

initial 40Ar from spheres of radius a1 and degassing of nearly 100% from 

~pheres of radius a2. The spectrum is grossly different from "a" and "b." 

Values of dN40/dN39 rose more slowly at low values of F39 = Fp(t1) and over 

half the 39Ar was extracted before dN40 /dN39 = 0.01. For F39 > 0.5, values 

of dN40/dN39 rose steeply before finally leveling leveling off. The maximum 

value of dN40/dN39 was 0.16 and occurred when F39 = 1.0. From the sigmoidal 

shape of the spectrum, it is clear that degassing from the large grains 

began only after the small ones were nearly exhausted, and in fact the 

amount of residual 40Ar released along with the first half of the 39Ar 

(F39 < 0.5) was as much as two orders of magnitude less than that from model 

"b" for equivalent values of F39• 

The values of dN40/dN39 are very sensitive to the exact value of F(Te) 

for t:he smaller spheres. For example "c," t:his value was actually 0.99996 

rather than 1.00 exactly. If the smaller spheres were truly completely 

degassed, then the amount of residual 40Ar released when F39 < 0.5 would be 

orders of magnitude smaller. For spheres of al = 25az, this cannot be 

achieved if Fp(te) = 0.95, but it can be achieved by further increasing 

the disparity in the sizes of the spheres. The spectrum for F39 > 0.5 

would vary little if a1/a2 were increased. If a1/a2 were decreased, 
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the spectrum would rapidly approach curve "!J." 

Whereas large values of a1/a2 are necessary to minimize residual 40Ar 

in part of the spectrum, even small differences in activation energies can 

achieve the same effect. If T is increased as is usual during laboratory 

analysis, the diffusivities for spheres of different Q will become increas­

ingly disparate, whereas the diffusivities for spheres of different radii 

(but the same Q) will maintain their relative values. 

Thus models consisting of spheres with different activation energies 

have dN40/dN39 spectra which depend on the heating sequence during analysis. 

If a model consists of two spheres having the same radius but different 

activation energies Q1 and Qz, the ratio of their diffusivities is pro­

portional to exp(-(~1-~2)/Kl(t)). lt extraction is at constant temperature, 

the two spheres will degas in the same manner as two spheres with Q1 = Qz 

but with different radii a1 and az. The ratio of the apparent radii, a1/az, 

will be a functlou uf Lt:rn1perature. For the usual case where T is increased 

during analysis, the spectrum of the first system (a1 = az, Q1 * Qz) lies 

between the spectra of different systems of the second type (a1 * a2, 

Q1 = Qz) whose values of a1/a2 are specified by the minimum and maximum 

temperatures during extraction. 

Curve "d" was calculated for a model containing spheres of the same 

size but slightly different Q (Q1 = 37.5 kcal/mole and Q2 = 30 kcal/mole). 

Degassing of 40Ar in the magma was 95% complete. As for curve "c," this was 

achieved by nearly complete degassing of the less retentive group of spheres. 

Curve "d" was intermediate to "b" and "c" in appearance. Values of 

dN40/dN39 rose less steeply than for "b," and did not exceed 0.01 until more 

than 4U% of the 391.r had been extracted. The sigmoidal shape seen in "c" 

was not pronounced, but the gradient increased for F39 > 0.6, and at 
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F39 - 1.0, dN40/dN39 had Lht: isalllt: value (0.16) as for curve ··c. ·· 

At T = 500°K, this model degassed as model "c" with a1/a2 = 44, and 

at T = 1400°K as model "c" with a1/a2 = 3.9. Within that temperature range 

the spectrum was intermediate between the Rp~~trR of those two endmembers. 

However, because degassing is inefficient at low temperatures, for much of 

the analysis (F39 > 0.05) the spectrum was similar to that for model "c" 

with a1/a2 < 6. 

If Q1 was increased to 75 kcal/mole while degassing in the magma was 

maintained at 95%, the change in t.ht: :SIJt:CLx:um was profound (curve ··e .. ). 

Inherited Ar released when F39 < 0.5 was more than four orders of magnitude 

lower than if Fp(te) = O. Nevertheless, the maximum value of the spectrum 

(0.16) was unchanged. 

Curves "d" and "e" show that, given a xenolith of appropriate proper­

ties, for at least a sizable fraction of the Ar released, excess 40Ar might 

be sufficiently small to permit the measurement of the age of eruption. 

Curve "f" was calculated for the previous model except that Fp(te)=0.5 

(as for curve "a"). This spectrum differ~ fx:om all others in that the 

release of initial 40Ar is minimal for the first half of the spectrum and 

is virtually undiminished by heating in the magma for the second half. For 

F19 ( 0.4. dN40/dN39 ( 0.001. and for F39 ) 0.6, dN40/dN39 = 1.0. Thus, 

for xenoliths described by this model, it might be possible to find two 

plateaus in the same spectrum, one at the age of eruption and one at the 

age of original crystallization. 

For most geologic situations analysis will occur long after eruption, 

so that new 40Ar will hi:ivt: a chance to accumulate in the system. Thus the 

spectra of Fig. 4-6 would rarely be observed. Actual spectra would have 

a constant bias proportional to the amount of new 40Ar. In Fig. 4-7 are 



w 
(_'.) 
<[ 

z 
w 
0:::: 
<[ 
Q_ 
Q_ 
<[ 

100 

10 

219 

~ XENOLITH CRYSTALLIZATION AGE f 

IDENTICAL SPHERES 

FP
40(te) = 0.5 

\".. Q 1 = 75 kcal /mole 

0 2 "30\\ca\/mo\e 

F:o (tel= 0.50 

IDENTICA:... SPHERES 
40 

Fp(lel=0.95 

I 

• 

0 
1 

"' 75 \\co\ /mole 

0 2 = 30 kcal /mole 

r ; 0
(te) = o. 9:; 

a 

b 
~c..---1 

0 1 = 3 7.5 kcal/mole 

02 = 30 kcal /mole 
40( )-Fp 1 e - 0. 95 

0 0.2 0.4 0.6 0.8 1.0 

CUMULATIVE FRACTION 
39

Ar RELEASED 

Fig. 4-7. Apparent age as a function of 39Ar released from samples crystal-
lized 100 my ago and partially degassed of 4UAr 1 my ago. Letters 

on curves refer to the same models as in Fig. 4-6. The age spectra here 
differ from the dN40/dN39 spectra of Fig. 4-6 primarily because of the 
uniform accumulation of new 40Ar from the time of degassing in the magma 
to the present. Extensive low temperature plateaus at the age of eruption 
can be achieved by even moderate degassing of samples with a wide dist­
ribution of grain sizes on a small difference in activation energies. 
Essentially all 40Ar must be degassed from uniform spheres in the magma 
to achieve low temperature plateaus of any size, 
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age spectra for five of the models of Fig. 4-6, for the special case 

where crystallization occurred 100 my ago and eruption was 1 my ago, so 

that C2/C1 = 0.0099. The same letters are used to identify spectra 

from the same models in both Fig. 4-6 and Fig. 4-7. 

Curve "a" of Fig. 4-7 is the apparent age spectrum for identical 

spheres degassed of 50% of their initial 40Ar 1 my ago. The spectrum rises 

rapidly from a minimum age of 1 my to a maximum of 75 my. No plateau is 

developed, so that neither the age of eruption nor the age of original 

crystallization could be determined from a xenolith described by this model. 

Curve "b" was calculated for the same model degassed in the magma to 

Fp(te) = 0.95. Even though the maximum apparent age was only 9.4 my, no 

plateau was developed. For instance, after only 5% of the 39Ar had been 

released, excess 40Ar had increased the apparent age from 1 my (at F39 = O) 

to 1.4 my. Even when F39 0.01, the apparent age of 1.1 my was already 

10% greater than the age of eruption. As noted by Turner (1968), even 

highly degassed spheres or groups of identical spheres seem incapable of 

yielding low-temperature plateaus giving the age of eruption, unless 

C2/C1 >> 0.01. On the other hand, the excess apparent age is always zero 

for the first infinitesimal fraction of 39Ar released, so that an upper 

limit to the age of eruption should in theory be measurable regardless 

of Fp(te), as long as Fp(te) * O. 

It was seen from Fig. 4-6 that models consisting of spheres of more 

than one radius or activation energy were a prerequisite for the develop­

ment of well-defined low-temperature pl.<ite;:ms giving the -'lgf' of @ruption. 

Curve "d" in Fig. 4-7 is the age spectrum for the model with spheres of the 

same size but different activation energies (Q1 = 37.5 kcal/mole and 

02 = 30 kcal/mole), and Fp(te) = 0.95. The maximum apparent age was 17 my. 
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The apparent age exceeded the age of eruption by 5% after only 7% of the 

39Ar had been extracted. Such a spectrum is probably inadequate to 

determine the age of eruption but would certainly provide a closer limit 

than e1ther curve -a- or -b". 

Spheres in the model for curve "e" were bimodally distributed in Q 

with Q1 = 75 kcal/mole (Q2 = 30 kcal/mole), and all had radius a1• As for 

curve "d", F39 = 0.95. The effect of increasing IQ1-Q2I by a factor of 

six over model "d" was to increase seven-fold the 39Ar released before 

the apparent age reached 1.05 my. For such a xenolith the age of eruption 

could certainly be determined. 

Curve "f", calculated for the same model used for "e" but only degassed 

50%, shows that two plateaus might be observed if C2/C1 = 0.01. The low­

temperature plateau extends over the first 35% of 39Ar relaeased before the 

apparent age rose to 1.05 my. It can be used to define the age of eruption. 

The high-temperature plateau, which defines the age of original crystal­

lization. extends over the last 45% of the 39Ar extracted. To achieve a 

comparable spectrum for a model with Q1 = Q2 but a1 * a2 would require 

a1/a2 > 100. 

Discussion 

The shape of an age spectrum and the amount of useful information 

conveyed by it depend strongly on the model parameters from which it was 

calculated. For spheres with the same activation energy, it is not rea­

sonable to expect an age plateau of any size unless C2/C1 >> 0.01 or unless 

degassing was essentially complete. On the other hand, models consisting 

of spheres of very different sizes or somewhat different activation energies 
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can produce age spectra containing two plateaus identifying both eruption 

and crystallization age even if Cz/C1 is only 0.01. Thus a Cretaceous 

xenolith might yield an age for a Pleistocene eruption. 

Multiple grain-radius models require very large differences in radii 

before plateaus at the age of eruption may be well developed. Such models 

may therefore be unrealistic for most xenoliths of igneous rocks. However, 

small differences in activat.1011 euer-gies are capable of producing plateaus 

at the age of eruption. Activation energies of 18 and 24 kcal/mole have 

been reported by Evernden et al. (1960) for microcline, and activation 

energies of 52 kcal/mole (Baadsgaard et al., 1961) and 56 kcal/mole 

(Fechtig et al., 1960) have been reported for sanidine and anorthite, 

respectively. Consequently, activation energies different by perhaps 30 

kcal/mole could be expected for real samples containing two feldspars. 

From the performance of the volume diffusion models we conclude that 

age plateaus corresponding to the time of eruption may be found in age 

spectra of partially degassed xenoliths, provided that less than perhaps 

10% of the 40Ar has been retained. That this requirement can be fulfilled 

is shown by calculating T using the thermal history T(t) of the xenolith 

in the magma and the Arrhenius equation. Ar retention in the xenolith may 

then be estimated from Eqs. (4) and (5). At the center of a spherical 

xenolith in an infinite low-vlscui;lt.y magma, the thermal history is given 

by Carslaw and Jaeger (1959) as 

00 

Tlava + 2Tlava I (-l)nexp(-Kn2~2t/a2) 
n=l 

(18) 

where T0 is the magma temperature, a is the xenolith radius, and K is the 

thermal diffusivity of the xenolith. If K = 0.01 and T0 = 1100°C, Tc rises 

to 1050°C after only 40 s for a 1-cm xenolith. This might easily be 
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achieved during eruption itself. 

Observations at the Kilauea Iki lava lake by Richter and Moore (1966) 

showed that although the surface of a pool of basalt magma rapidly formed a 

crust and cooled to~ l00°C, only 12 m below the surface the lava was still 

molten more than two years after the eruption. Apparently, even for xeno-

liths near the rapidly cooling upper surface of a lava flow, ambient temp-

~ratures exceeding ~ 1050°C can be expected for times exceeding one day. 

The amount of degassing from a xenolith in such an environment can be 

estimated if 2 D0 /a and Q characteristic of the material comprising the 

xenoli th are known. For orthoclase, Foland (1974) calculated D
0
a-2 = 245 s -1 

and Q = 43.8 kcal/mole, so that 1 > 1.3 if T = 1050°C for 105 s. For a 

xenolith consisting of identical spheres having the diffusion character-

istics of orthoclase, Eq. (4) demonstrates that F > 99.9%, or that degassing 

in the magma would be nearly complete. However, F is very sensitive to Q, 

and if Q > 49.0 kcal/mole, F < 0,9, Only if the xenolith released Ar from 

grains characterized by multiple diffusion dimensions or activation energies 

would an age plateau be o.bserved if F was this low. 

It may be concluded that degassing in magma is probably sufficient for 

at least some granitic xenoliths to permit measurement of eruption-age 

plateaus. Indeed, Hart (1964) has demonstrated that conventional K/Ar ages 

of minerals from a contact zone around an intrusive stock were substantially 

reduced and in some cases approached the age of the stock. More recently, 

Berger (1975) has shown that 40Ar-39Ar age spectra of 1400-my-old biotites, 

hornblendes, and K-feldspars reflected thermal overprinting caused by the 

intrusion of the same stock. A spectrum from biotites sampled 6 m from 

the stock was totally reset to~ 63 my, the approximate age of the intrusion. 

Spectra from K-feldspar taken within 25 m of the stock exhibited plateaus 
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containing four steps of similar low apparent ages and extendtng ovi:>r "' ?S% 

of the 39Ar. During heating by the stock, "' 95% of the 40Ar in the feldspar 

was lost. For these samples, C2/C1 = 0.065. Figure 4-6 shows that under 

these circumstances, even for a xenolith consisting of identical spheres. 

"' 10% of the 39Ar would be extracted before the apparent age became 15% 

greater than the age of the intrusion. Therefore, the results of Berger 

(1975) are not an adequate test of the models discussed herein. 

Bogard and Hirsch (1980) infer from the 39Ar release patterns of 

shocked chondrite meteorites the presence of two Ar reservoirs, one re­

leasing Ar during 40Ar-39Ar analysis at temperatures >1100°C with activation 

energy ~ 70 kcal/mole and one releasing Ar over 500-900°C with activation 

JO k~al/rnule. These 4500-my-old samples were degassed 500 my ago 

<eilc1 = 0.03) of 90-99% of their 40Ar. By the models presented in Fig. 4-6, 

it would be expected that if Q1 37.5 kcal/mole (Q2 30 kcal/mole), 

a1 = az, and Fp(te) ~ 0.95, one reservoir would have been degassed of more 

than 99% of its initial 40Ar and the 40Ar-39Ar age spectra should exhibit 

a substantial age plateau covering 30% of the 39Ar with an error of less 

than 1S%. This plateau should identify the time of episodic degassing. 

The age plateau for shocked chondrite samples with relatively undisturbed 

spectra indeed extended over ~ 25% of the 39Ar released. 

If multiple-site diffusion models are in fact appropriate for granitic 

xenoliths, then the chances are improved for finding age plateaus in xeno­

liths which are more than two orders of magnitude older than their host 

basalts. Of the three models shown in Fig. 4-6, only multiple-site models 

with Q1 75 kcal/mole and Q2 = 30 kcal/mole, or with a1/az = 25, would 

predict plateaus covering more than 10% of the 39Ar with errors <10% if 

C2/C1 = 0.001 and if Fp(te) = 0.95. Were plateaus comprising ~ 25% of the 



225 

39Ar realizable, then 40Ar-39Ar analysis of xenoliths from Mesozoic plutons 

might well be successfully extended to date eruptions as young as 0.1 my. 

A Measure of Merit for Age Plateaus 

Because of the complexity of modeling thermally disturbed systems and 

because of the number of parameters involved, it is desirable to have some 

simple measure of a sample's ability to yield an identifiable age plateau. 

Herein such a measure is proposed and used to explore the range of param­

eters for which low-temperature plateaus can be expected in age spectra of 

xenoliths. Ideally such a measure of mei;it; Mt; ::;hvul<l bt: applicable co 

both model and real systems. The critical factors are (1) the fraction of 

39Ar over which a plateau is defined, (2) the precision of the eruption age 

inferred from the plateau, and (3) the maximum difference between real and 

apparent age which is to be tolerated in the plateau. 

ME is defined to be the fraction of 39Ar released in analysis before 

the apparent age exceeds the eruption age by some threshold fraction£. This 

occurs at time t1 = tplat> and Ar extracted for t1 < tplat defines an age 

pl ate au. Thus 

(19) 

where FP was defined in Eqs. (4) and (5). 

For continuous analysis, values of 'plat = <1(a,Q,T(t),tplat) may be 

determined from 

= 
exp(Ate(l+t:))-exp(Ate) 

exp(Atc)-exp(Ate) 
(20) 

where dN40/dN39 was defined as a function of Fp in Eq. (12) and where 
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tc is the age of original crystallization, te is the age of degassing or 

eruption, and A is the decay constant for 40K. The derivation of Eq. (20) 

is given in App. 4-B. Equation (20) simply describes the condition when 

the rate of degassing of inherited Ar is such that the apparent age is 

increased to (1-h=:)te• If extraction is performed in a small number of 

large steps, Mi:; will exceed the value calculated above because the 

apparent age for each step will be a mean age calculated for Ar extracted 

over a considerable fraction of the 39Ar released (F39). 

Equation (20) allows the calculation of ~ when tc and te are 

already known. Thus it is generally appropriate only for the discussion 

of model systems. In real 40Ar-39Ar analyses, M8 must be estimated 

by comparing the increase in apparent age from step to step. 

Figure 4-8 shows Me: for eruption-age plateaus as a function of four 

parameters: (a) the fraction of 40Ar degassed from the xenolith at the time 

of eruption; (b) the ratio of concentration of new 40Ar accumulated since 

the time of degassing (C2) to the concentration which had accumulated by the 

time of degassing (c1 ); (c) the different values of activation energy Q1 for 

diffusion from distinct Ar reservoirs in the xenolith (with Qz 30 kcal/ 

mole); and (d) the ratio a1/a2 of grain sizes for diffusion from different 

reservoirs in the xenolith. In each graph a reference model consisting 

of identical spheres which lost 95% of their 40Ar during degassing is indi­

cated by an arrow. Baseline model spheres contain new 40Ar in the ratio 

0.01 to the 40Ar present just prior to degassing (C2/c1 = 0.01). For 

simplicity, £ has been set to 0.05. Models consisted of equal volumes 

of spheres of different sizes or activation energies. Curves in Fig. 4-8 

were calculated for c = 0.5 and c = 0.33. Otherwise, the model is the 

same as described for Fig. 4-6. The results in Fig. 4-8 generalize the 
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Fig. 4-8. M£ as a function of (a) the fraction of Ar degassed by the 
lava, (b) the relative amounts of 40Ar accumulated in the 
model before and after eruption of the lava, and (e,d) the 

characteristics of sites in the model occupied by the Ar. Mg is the 
fraction of 39Ar defining the eruption age plateau in the 40Ar_39Ar age 
spectrum. e is the maximum deviation of 40Ar/39Ar from the eruption ag@ 
value. The model consists of spheres bimodally distributed according to 
radius a or activation energy Q. The baseline model, designated by arrows 
in th@ figures, C'OnsistR of nniform Rpheres (;:i.l = az, Q1 = Q2) CO(ltaining 
two orders of magnitude more 40Ar just before degassing than new 40Ar just 
before analysis. For all examples, Q2 = 30 kcal/mole. 

Fig. 4-8a demonstrates that ~ increases as Fp(te) is increased 
or as a1/az or IQ1-Q2I is increased. Values of a1/a2 = 25 or Q1= 15 kcal/mole 
were selected to show that plateaus of M > 0.25 could be achieved for 
Cretaceous xenoliths degassed 95% in a Pleistocene lava. Mt: decreases 
strongly for these models if the age difference exceeds this (Fig. 4-8b) and 
as grain radius or activation energies for the two spheres of the model 
become more similar (Fig. 4-8c and Fig. 4-8d). For Q1 < 18 kcal/mole or 
Q1 > 54 kcal/mole, or for a1/a2 > 25, little further increase in M£ is 
achieved. The value of M£ reaches a limit c or 1-c, which is the 
fraction of 39Ar from the non-retentive spheres. 
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examples discussed above. 

Figure 4-8a shows that Mo.as (E = O.OS) increases with Fp(te), the 

fraction of 40Ar degassed in the magma. For the baseline model, 

Mo.as - 0.01 and no plateau at the age of eruption would be identified. 

Not unless Mo.OS attained a level of~ 0.2S could a plateau be reliably 

identified in experimental data. For the model consisting of identical 

spheres this would not be achieved until Fp(te) > 0.99. Other curves in 

Fig. 4-8a show that less degassing in the magma is necessary to achieve a 

given Mo.OS if the xenolith contains spheres ot ditterent radii or activation 

energies. If a1 /a2 = 5, Fp(te) ~ 0.99 is still required for Mo.as = 0.25, 

but if a1/a2 = 25, only Fp(te) = 0.87 is necessary. If a1 = a2 but 

Q1 = 45 kcal/mole a curve similar to that for a1/a= 25 is obtained. 

Dalrymple (1964a) has shown that degassing of granitic xenoliths in 

basalt in one instance exceeded 95%. Degassing at this level would be 

~ufflclenL to permit the development of plateaus in the 40Ar-39Ar age 

spectra of xenoliths at the age of degassing or eruption, as long as the 

xenoliths were characterized by Ar in lattice sites of two or more suffi-

ciently different diffusion radii or activation energies. 

Figure 4-8b shows the sensitivity of Mo.as to the ratio of the original 

age of crystallization of the xenolith and the age of eruption of the host 

lava. This ratio is here represented by C2/C1. Mo.05 increases with Cz/C1 

because the sample must be more extensively degassed in the laboratory to 

release residual and new 40Ar in a fixed ratio when c2 is increased with 

respect to C1• Even when Cz/C1 = 0.1, a model containing only identical 

spheres cannot produce a spectrum with Mo.OS > 0.05. Mo.OS is again greater 

for the other three models from Fig. 4-8a. If a1/a2 = S, Mo.OS > 0.2S is 
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Mo.OS > 0.25 can be achieved even if C2/C1 < 0.01. For both of these 

models, Mo.05 approaches a limiting value reflecting the chosen value of c. 

For c = O.S, Mo.OS cannot be significantly larger than O.S unless the 

retentive spheres also are virtually depleted of 40Ar. 

Figure 4-8c shows the dependence of Mo.OS on Q1 (Q2 is fixed) for 

c = O.S and c = 0.33. If Q1 > 54 kcal/mole or if Q1 < lS kcal/mole, 

Mo.os O.S can be achieved even if Fp(te) is only 0.95. This v;ilue of 

Mo.OS is attained when the non-retentive spheres are completely depleted 

of residual 40Ar. Degassing of new 40Ar from the non-retentive spheres 

then occurs at temperatures low enough that residual 40Ar from the other 

spheres is retained. Only at high extraction temperatures, when the non­

retentive spheres are depleted, does degassing of the retentive spheres 

begin. For values of Q1 closer to Q2, degassing of the two populations 

of spheres occurs at more comparable temperatures and less new 40Ar is 

released unaccompanied by residual 40Ar. If Q1 > 21 kl:al/mole and Q1 < 43.5 

kcal/mole, then Mo.OS < 0.25. Because the diffusion history for two-Q 

models depends on both Q1 and Q2 and complexities of the thermal history, 

M~(IQ1-Q2I> ~ ~(-IQ1-Qzj), even for c = 0.5. 

The graphed range of Q1 of 9 kcal/mole to 60 kcal/mole includes most 

published activation energies for K-feldspars. Thus real xenoliths con­

taining two types of feldspar could yield age spectra with Mo.as > 0.2S. 

Figure 4-8d shows the increase of Mo.OS with a1/a2• Limiting values of 

Mo.OS are 1-c for a1 > a2, just as for the two-Q model. For c = 0.33, 

Mo.OS > 0.2S is attained if a1/a2 > 10. Such a disparity in the character­

istic diffusion dimension might be seen in a feldspar if a were determined 

by the size of exsolution lamellae. Differences in values ot ~ required 

to develop plateaus in age spectra are much smaller than differences 
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in values of a required to develop plateaus of equivalent M~. 

As noted, most samples will have a distribution in grain size and, 

if consisting of more than one phase, a distribution in activation energy. 

It 18 evitl~r1L fruw Fig. 4-Bc and Fig. 4-Bd that unless either the age of 

crystallization and the time of eruption were comparable or degassing in 

the magma essentially complete, distributions of a and Q would be neces­

sary if a meaningful eruption age were to be determined. Values of Mo.OS 

greater than 0.25 can be obtained if major reservoirs of 40Ar in the sample 

differ by a factor of ten or more in grain size (Fig. 4-8d) or differ by 

at least ~ 22 kcal/mole in activation energy. Extreme disparity in size 

or a difference in Q of 22 kcal/mole results in essentially complete 

degassing of one reservoir and a value for ~ comparable to the fraction 

of 40Ar held in that reservoir, even though degassing of the total system 

may be relatively low. It can be concluded that if a large M for any 

eruption-age plateau is observed it is likely to imply a distribution 

in Q or D
0
/a2 , given the difficulty of achieving large M with a sample 

composed of similar grains. As expected, it becomes rapidly more difficult 

to achieve large t\: as the fraction of 40Ar degassed in the magma becomes 

smaller and as the eruption age and crystallization age become more dis­

parate, It is also clear from the figures that sufficiently large M can be 

achiev~d hy a combination of factors. so that variations in one parameter 

need not be so extreme. 

The ability to extract useful dates from polymineralic whole rock 

systems is implied by our models, provided that individual reservoirs of 

Ar are sufficiently distinct in a or Q. This removes the requirement to 

carefully separate minerals before analysis. However, the most reliable 

age of eruption or degassing would still be determined from analysis of 
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minerals containing only reservoirs depleted of Ar during heating in the 

magma. 

A measure of merit for actual 40Ar-39Ar analyses 

~ as defined above is appropriate for analytic models. An expres-

sion incorporating experimental constraints on the definition of the age 

plateau is required for experimental data. For real 40Ar-39Ar analyses, 

there are generally few steps comprising the plateau at the age of eruption. 

Since a large number of steps increases the confidence with which a plateau 

can be identified, it is desirable to include this factor in the measure 

of merit. lf the analysis is divided into too many steps, the measurement 

precision will be reduced along with the amount of Ar in each step. Thus 

the age specified by the plateau will be more uncertain. This factor also 

should be included in the measure of merit. We thus define a second measure 

of merit to be used in describing experimental results: 

nFµ(tplat) 

(lOOcr/A) 
(21) 

where n is the number of ·steps in the plateau and o is the standard 

deviation of the age A defined by the plateau. 

Usually the variance is used to weight plateau ages in the calculation 

of a mean age from replicate analyses. It may be desirable to additionally 

weight the ages by nFP(tplat) to reflect the degree of confidence that they 

are meaningful. In this case the mean age and standard deviation for N 

replicates would be given by: 

A = 

Ml (A o )-1 
•t; i i i 

(22) 



232 

and 

N 
NI ~ (A o )-l 
i=l i i i 

(j = (23) 
N 
I ~ o A -l 

i=l i i i 

This method is identical to weighting by the variance alone if nFP(tplat) 

is the same for each individual step in analysis. 

Conclusions 

It appears possible under some conditions to determine the age of 

eruption of a lava from plateaus in the 40Ar-39Ar age spectra of xenoliths 

which were only partially degassed during incorporation in the magma and 

eruption. In such cases two conditions are met: (1) there existed 40Ar 

reservoirs which could be sufficiently degassed by the magma so as to 

yield an eruption age plateau, and (2) no reservoir released residual 

40Ar during 40Ar-39Ar analysis in quantities large enough to prevent 

the development of an eruption age plateau with an adequate measure of 

merit (Me:)· The factors which determine whether or not this is 

possible are interdependent, but the basic necessary conditions seem to 

be degassing in the lava of more than - 90% of the Ar and the presence 

of multiple sites for Ar characterized by different values of D
0
/a2 or 

Q. For the bimodal models considered here, values of grain size must 

differ by more than an order of magnitude or values of Q must differ by 

more than 15 kcal/mole. If these conditions are satisfied, it should 

prove possible to identify the age of eruption of Pleistocene lavas even 

if the age of original crystallization of the xenolith was two orders 

of magnitude greater. These conditions must be exceeded if incorporated 
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xenoliths are substantially older or the lavas to be dated are sub-

stantially younger. 

4.2 ERUPTION AGE OF AN EARLY PLEISTOCENE BASALT FROM 40Ar-39Ar 
ANALYSIS OF PARTIALLY DEGASSED XENOLITHS 

Introduction 

It is the intent in this discussion to demonstrate the existence 

of low-temperature plateaus in age spectra of several partially degassed 

xenocrysts or xenoliths and to demonstrate their correspondence to the K/Ar 

age of eruption of the lava which incorporated and degassed the samples. 

Such plateaus were predicted from the considerations presented in the prev-

ious section (§4.1). To demonstrate these plateaus, xenoliths from an early 

Pleistocene basalt which outcrops on present-day ridges at the southern edge 

of the Big Pine volcanic field were analyzed. This basalt had been prev-

iously studied (Darrow, 1972) and found to have unusually high levels of K 

(1.31. by weight). Thus it was well suited for the K/Ar dating necessary to 

verify that the expected low-temperature plateaus from the xenolith age 

spectra did in fact give the age of eruption. The magnetic polarity of the 

basalt was found to be reversed; therefore, its age exceeded 0.73 my 

(Mankinen and Dalrymple, 1979). A sample of this age was chosen to reduce 

the sensitivity of the conventional K/Ar age of the basalt to contamination 

by inherited 40Ar* contributed by xenocrysts and to unusual compositions of 

Art• In addition, it was anticipated that the age plateau would involve a 

higher fraction of the 39Ar if an early Pleistocene lava were studied. 

resulting in a more confident comparison of the basalt age and the xenolith 

plateau age. Xenoliths from this basalt were found by preliminary K/Ar 
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analysis to be ~ 95% degassed. 

Plateaus were in fact identified in the age spectra of xenoliths. 

These plateaus, obtained from Ar extracted at low temperatures (<900°C), 

agreed with K/Ar ages of the host basalts. They may thus be used to 

identify the age of eruption. Furthermore, as much as 75% of the 39Ar 

may be involved in these plateaus. This unexpectedly large amount permits 

the confident identification of plateaus, and also makes the application 

of this technique to much younger basic lavas seem promising. 

SamQle Selection 

Samples were chosen from three sites along the North Fork of Oak Creek 

(Fig. 4-9), west of Independence, California, where basalt is found on 

present ridge tops as much as 100 m above Oak Creek. This basalt flow 

is faulted and is locally capped by eroded remnants of coarse fan deposits. 

Darrow (1972) considered this flow to be among the oldest in the Big Pine 

volcanic field. At site A, the contact between weathered quartz monzonite 

of the late Cretaceous McGann pluton (Moore, 1963) and an overlying non­

vesicular basalt is exposed in a road cut. Elsewhere such contacts are 

obscured by talus and scree. The unusual absence of granitic xenoliths 

in this basalt suggests that it may have a source separate from the con­

taminated basalts south of Oak Creek Creek at sites B and C, although both 

basalt flows cap ridges and are probably of similar age. Samples of basalt 

(NFOC-23a) 10 m above the base of the flow and of quartz monzonite bedrock 

(NFOC-109) 2 m below the contact were taken at site A. These samples were 

chosen to elucidate the thermal release pattern of argon from poorly de­

gassed granitic rock and to explore the possibility of measuring eruption 
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Fig. 4-9. Sample locations and generalized geology of the North Fork of 
Oak Creek (continued). 

Qal and Qt are Quaternary fan and stream gravels and Quaternary 
glacial deposits, respectively. Pleistocene basalts are designated Qtbo. 
Two Cretaceous quartz monzonites (heavy stipple) are shown; the McGann 
pluton (Kmg) is widespread, while the Independence pluton (Ki) crops out 
only in the south. The Cretaceous Tinnemaha granodiorite (KTa) is found 
only west of the faults along which the basalt is thought to have extruded. 
Kan, Km, and Kmd (open circles) are anorthosites, diorites, and gabbros 
of early Cretaceous age. Early Mesozoic volcanic rocks (JR rf, J~rt, and 
JRa) were metamorphosed at the time of the Cretaceous intrusions. 
Topographic data are from the U. S. Geol. Survey, Mount Pinchot Quadrangle, 
Inyo County, California (1953). 
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ages using over-ridden material which had been only lightly degassed at 

much lower temperatures than xenoliths incorporated before eruption 

(~ 500°C vs~ 1050°C). One piece of basalt and one sample of quartz 

monzonite were analyzed. 

Site B was near the base of the thick (~ 50 m) sequence of basalt 

flows which form the ridge south of Oak Creek. The flows are expressed 

as distinct blocky cliffs separated by skirts of debris, but no indica­

tion of interbedded fluvial gravels has been found. Therefore, the 

entire sequence probably was erupted during a single episode or during 

closely spaced episodes of volcanism. The sample from site D, NFOC-1, 

consisted of a large block of basalt containing two different 1-cm gran­

itic xenoliths (NFOC-la, NFOC-lb). Three pieces of the basalt and dup-

lieates of each xenolith were analyzed. 

Site C was at the eroded top of the upper flow. Samples were taken 

l cm and 10 cm from the surface of a 1-m-diameter quartz monzonite xeno-

1 i th (NFOr.-101) and three replicates from the 10-cm depth (but no samples 

of basalt) were analyzed •. 

Petrology 

The basaltic lava from site A has been called a basanite by Darrow 

(1972), who reported a potassium content of 1.3% and a calcium content of 

7.4% (by weight). The rock contains phenocrysts of olivine and clino­

pyroxene in a network of smaller laths of plagioclase. Potassium probably 

resides to some extent in the 100-µm plagioclase grains but is found mainly 

in small biotite and nepheline crystals reported by Darrow and in ~ 10-µm 

glass blebs in the groundmass. Olivine phenocrysts show no iddingsite rims. 



238 

The ridgetop basalts south of Oak Creek are similar except that in 

NFOC-1 phenocrysts are larger and more numerous. A few olivine crystals 

show incipient iddingsite alteration; otherwise the basalt appears quite 

fresh. Moore (1963) reported an Si02 content of ~ 50%. 

Most of the granitic xenoliths found in the Oak Creek lavas were 

probably derived from the McGann quartz monzonite, the pluton exposed 

at the surface in the vicinity of the vents (Fig. 4-9) and over-run by 

flows at site A. The K-feldspar is microcline and the dominant mafic 

mineral is biotite, with subordinate hornblende. 

At site A the bedrock was weathered before being buried by basalt, and 

a thin zone of grus was present. This zone was baked by the basalts and is 

now cemented by iron oxides. Sample NFOC-109 was taken from below this zone, 

and individual feldspar grains are remarkably fresh appearing, although 

zones of alteration products can be seen crossing cleavage planes. Plagio­

clase crystals are sericitized, and mafic minerals are altered, with some 

replacement by iron oxides. 

Xenoliths appeared to be distinctly less altered, probably because they 

were not weathered prior to incorporation in the magma. However, some could 

be disaggregated by hand, and the xenolith of NFOC-103 (site C) showed ex­

tensive replacement of biotite and hornblendes by iron oxides, which also 

pervaded the xenolith along series of fractures. The 1-cm xenoliths in 

NFOC-1 exhibited incipient phase transformation of K-feldspars from micro­

cline to sanidine, especially at the xenolith-basalt interface. Quartz 

crystals, as reported by Moore (1963) and Darrow (19/2), were corroded 

and showed reaction rims of clinopyroxene needles. 

No isolated xenocrysts were seen in thin sections of NFOC-1 basalt, 

although the irregular xenolith interface suggests that some crystals may 
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have been detached from xenolith surfaces. Aggregates of microcline xeno­

liths were observed in similar contaminated basalts from Sawmill Canyon, a 

neighboring volcanic center to the north. These xenocrysts are a serious 

source of error in K-Ar ages of contaminated basalts; their scarcity lu 

NFOC-1 allows us to more confidently interpret K-Ar ages of the basalt 

as eruption dates for comparison to xenolith plateau ages. 

Analytic Techniques 

Sample preparation 

Basalt samples weighing~ 0.5 gram were picked from the interior of 

blocks after coarse crushing. Samples from NFOC-1 were wrapped in metal 

foil packets to prevent their shedding particles during irradiation or 

loading in the Ar extraction line. It was not necessary to wrap basalt 

sample 8-12 (NFOC-23a) in foil. Samples were visually checked for xeno­

crysts, but none was found. 

The granitic bedrock and xenolith samples were gently crushed in a 

stainless steel mortar and sieved. The 104-220 um fraction was then magnet­

ically cleaned of its mafic minerals. Both these steps were taken to reduce 

the amount of altered material analyzed. Samples were next wrapped in foil 

packets for irradiation. Grains of sample 8-3 (from NFOC-103) were addition­

ally etched in 20% HF for 30 s at 25°C to further reduce fine alteration 

products. Isolated quartz grains were removed from 8-3 by hand-picking, so 

that the sample consisted of etched microcline and plagioclase crystals. 

After the first analyses were made it became obvious that Ar forming 

the eruption-age plateaus was released at temperatures between - 500°C 

and - 900°C, so Sn foil packets were substituted for Al packets in subsequent 
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experiments. This was done to lower from 660°C to 230°C the temperature 

at which air incorporated in the foil was degassed. Samples of Sn or Al 

foil appeared to degas entirely upon melting. 

Samples were irradiated with a fast neutron fluence of ~ 1017 n cm-2 

in the central thimble of the TRIGA reactor facility of the United States 

Geological Survey at Denver, Colorado (Dalrymple et al., 1981). Sample 

6-12 (NFOC-1) was irradiated at half this level. Neutron fluence inhomo­

geneities were monitored by measuring the 58co y activity induced in Ni 

wires placed between samples. 

The Bern 4M standard muscovite (Jager et al., 1963) was used as the 

neutron irradiation monitor, along with samples of CaF2 to measure inter­

ference isotopes produced by calcium. The age of the muscovite is 

17.86±0.62 my, the result of 40Ar-39Ar analyses reported by Dalrymple and 

Lanphere (1971) corrected for the newly recommended 40K isotopic abundance 

estimate and decay constant A = Ae + AB = 5.543xlo-lO y-l (Steiger and 

Jager, 1977). 

Argon analysis 

After neutron irradiation, Ar was extracted from samples in six to 

fifteen one-hour steps at successively higher temperatures from 300°C to 

1700°C. Heating was by RF induction in a tungsten crucible vapor-deposited 

in a helium atmosphere to reduce the Ar blank. Blank levels of 36Ar ranged 

from lo-10 cm3 STP at temperatures below 800°C to 10-8 cm3 STP at 1700°C, 

and temperature intervals between extraction steps were selected to maintain 

blank levels at (5% of the sample. The crucible was degassed at 1800°C for 

several hours between samples to reduce memory, and sequences of three 

to eight blank extractions were run before and after sample measurements. 
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Irradiation monitors were extracted totally in a :sluglt: 1:1Lep. 

After extraction, sample gases were exposed sequentially to two Ti 

getters at 800°C and to a final SAES Al-Zr getter prior to admission into 

the online mass spectrometer. Ar transfer was by absorption onto charcoal 

at the temperature of liquid N2; Ar was released from the charcoal by 

raising the temperature to that of dry ice. 

The purified Ar was analyzed using the HENEAK II gas mass spectrometer, 

with programmed magnetic field scanning. The mass spectrometer sensitivity 

for Ar was - l.4x10-7 to - 2.5x10-6 cm3 STP/V using a Cary 401 vibrating­

reed amplifier with a loll ohm input resistor to measure the ion current 

collected by the Faraday cup. Sensitivity was reproducible to ±5%. For 

samples 1-7, 1-8, 1-11, and 1-12, a source magnet was used to increase 

sensitivity. The mass discrimination with a Faraday collector was 

(0.35±0.15)% amu-1 favoring heavy isotopes, and was not affected by the 

source magnet. Because only - 10-7 cmJ STP/g radiogenic 40Ar* was present 

in the young rocks to be analyzed, the amounts of gas released in each step 

were small, and for most steps an electron multiplier was required to measure 

36Ar ion currents. The current from the multiplier was measured using a 

second Cary 401 amplifier. Use of the multiplier increased sensitivity by a 

factor of - 7500. Multiplier mass discrimination was (0.60±0.15)% amu-1, 

favoring light isotopes. Typical analyses consisted of 10-15 individual 

measurements per isotope taken over about 20 min. Ion currents at each 

measurement were ratioed to the linearly interpolated 40Ar ion current 

to improve precision. Data were edited to remove individual measurements 

that were clearly anomalous. The intensity and ratio variations with time 

were fi-.: by logarithmic functions or polynomials of third order or less as 

appropriate (App. 4-C) to permit extrapolation to the time gas was admitted 
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to the spectrometer. Typical precisions in the extrapolated ratios were 

~ ±0.5%. Uncertainties in the discrimination correction were overshadowed 

by errors introduced by measurement and by blank and interference isotope 

corrections. Measured ion currents of masses 36. 37. and 38 were corrected 

for the presence of ions of Cl and HCl in the spectrometer, as determined 

by measurement of mass spectrometer back.ground prior to analyses and of 

mass 35 ion currents during analyses. Measured ion currents of mass 39 

were corrected for spectrometer background at mass 39. 

The abundances of 37Ar and 39Ar in the sample were corrected for 

radioactive decay by extrapolation to the time of irradiation, and also 

for relative neutron fluence differences between the sample and the 

muscoviLe moniLor. NeuLron fluence differences moniLored by Ni wires 

were generally (5% and uncertainties in relative fluence were ±0.7%. 

Abundances of 36Ar and 39Ar were corrected for 40ea(n,na)36Ar and 

42 ca(n,a) 39Ar according to ( 36Ar/ 37Ar)Ca - (J.l±O.J)xl0-4 and 

(39Ar/37Ar)Ca = (6.5±0.7)xl0-4, as determined from the CaF2 monitor. 

was corrected for decay after irradiation using A = 0.01975d-l. 38Ar was 

corrected for 42 ca(n,na) 38Ar according to ( 38Ar/ 37Ar)ca = (l.4±0.3)xl0-4 

(Brereton, 1970) and 40Ar was corrected for 43ea(n,a)40Araccording to 

( 40Ar/ 37Ar)ca = 4.6xl0-J (Dalrymple and Lanphere, 1971). Of the inter­

ference isotopes, 36Arca had the greatest influence on the apparent age, but 

36Arca;36Ar < 0.01 for most Ar extractions and even for the calcic basalts 

no value exceeded 0.07. 

Brereton (1970) found that if equal amounts of chlorine and calcium 

(from NaCl and CaF2) were neutron irradiated 38Arc1 and 37Arca were pro­

duced in the ratio of 237. Consequently, correction had to be made for 

36Arc1 and 38Arc1 created by S decay of 35cl(n,y) 36 c1 and 37 cl(n,y) 38 c1. 



243 

This was done assuming that all remaining 36Ar and 38Ar were derived 

from a reservoir of atmospheric composition and from chlorine, and that 

(36Arc1; 38Arcl)t== ~ 300, the product of the isotopic abundances of 

35c1/37c1 and the ratio of their thermal neutron cross sections. This cor-

rection factor was adjusted for the time between irradiation and analysis 

using A = 2.258xl0-6 y-l for 36 c1 and A = 1.124 h-l for 38c1. 

was found to be less than 6xlo-3 for extractions from basalt and less than 

lxlo-3 for the granitic xenoliths from which hornblendes and biotites had 

been removed. 

Finally, pro form.a corrections were made for potassium-derived inter--

ference isotopes, 36ArK and 40ArK. Correction for 36ArK was made according 

to 36ArKJ 39ArK = 10-6 ~t (Turner, 197lb) where ~t is the time in years 

between irradiation and measurement. Correction for 40K(n,p)40Ar was 1ua<le 

according to ( 40Ar/ 39Ar)K = (5.9±0.4)xl0-3 , determined by Dalrymple and 

Lanphere (1971) for the same TRIGA reactor which was used to irradiate 

samples for this otudy. For all measurements the correction for 36ArK was 

negligible, while interference 40ArK was less than naturally occurring 

radiogenic 40Ar* by a factor greater than 300. Tetley et al. (1980) have 

pointed out that production of 40K(n,p) 40Ar i5 controlled by Lhe thermal 

neutron fluence, which may vary with position in the reactor and with the 

age of the fuel. Consequently, this pro forma correction may be a source 

of error. 

The last correction applied to the data was the subtraction of blank 

40Ar and 36Ar. Conservative errors of ±50% were assigned to blank levels. 

Mea5ured blanks were re1nu<luclble to 1-20%. Blank subtraction w111 not 

affect the step age as long as tbe trapped Ar released from the sample 

and the blank Ar have the same 36Ar/40Ar. 
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Trapped Ar was subtracted from measured fractions using air Ar 

composition ( 40Ar/36Ar = 295.5) to produce 40Ar*/3 9Ar, from which an age 

was calculated according to 

t (24) 

where t was in years and J = c40Ar*; 39Ar);1 (exp(Atm)-1) was determined 

from the mu1>covite uiunitor. Total ages were calculated by taking the 

average of step ages weighted by the associated fractional amounts of 39Ar. 

Similarly, plateau ages were calculated by averaging the weighted ages for 

each step in the plateau. Ages calculated by <:il:il:iUllllug Lht! composition of 

trapped argon is the same as air Ar are called model ages. To the extent 

that the composition of the Art is unlike air, the model ages will be inac­

curate. To avoid this problem it would be necessary to know the actual com­

position of the Art, which may be found by fitting a line to the colinear ar­

ray of compositions plotted in the three-isotope diagram as discussed below. 

Uncertainties in ages of events must include the 3.4% systematic 

uncertainty in the age of the muscovite monitor. However, inclusion of 

this uncertainty for model total ages, or apparent ages of individual 

fractions of Ar from the same sample may mask trends and real differences 

and is therefore inappropriate. 

Data presentation and systematics 

Isotopic measurements of Ar released by heating during 40Ar-39Ar 

analysis are presented below in two ways: conventional age spectra, in 

which the apparent age at each step is plotted against the cumulative 

fractional amount of 39Ar released; and three-isotope variation diagrams, 

in which the relative amounts and isotopic compositions of trapped and 
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K-derived Ar are made evident. Three-isotope diagrams are especially use­

ful because they show trends in the composition of Ar released at succes­

sively higher temperatures. Fig. 4-10 schematically illustrates the use of 

such a diagram. Art compositions ( 36Ar/ 40Ar) plot on the ordinate and K­

derived Ar compositions (39Ar/40Ar*) plot on the abscissa. Ages are re­

lated to K-derived compositions by Eq. (24), In general, Ar released from 

a sample contains both trapped and K-derived Ar, and plots along a mixing 

line connecting the two compositions. The apparent age for a sample of Ar 

is determined from the abscissa intercept (P') of a line passing through the 

measured composition (P) and the Art composition (T). If several fractions 

of Ar released from a sample were mixtures of the same trapped and K-derived 

components, their compositions would plot along the mixing line connecting 

the endmembers. This colinear array of measured points defines an isochron 

whose axis intercepts specify the composition of the endmembers, which 

generally are not measured directly. The abscissa intercept of the isochron 

determines an apparent age ("isochron age") of the sample. 

Measurement errors and departure of the real systems from ideal 

behavior (e.g., as discussed below) both contributed to uncertainties in the 

isochrons. If measurement was the main source of error, the least-squares 

method of Williamson (1968) was used to estimate the isochron. In this 

method, individual compositions were weighted according to their measurement 

precisions. Were measurement errors subordinate, Williamson's method gave 

unrealistically precise apparent ages because the scatter of compositions 

about the isochron was not considered. As recommended by York (1969) for 

such cases we multiplied the uncertainty of the isochron by IS/(n-2), where 

S is the sum of the squares of the residua of data about the isochron and 

and where n is the number of compositions measured. S is distributed ao 
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APPARENT AGE a (39Ar/40Arf1 

POSSIBLE TRAJECTORY FOR PARTIALLY 
DEGASSED OLD ROCK 

ISOCHRON FOR YOUNG ROCK 

\ 
\. p' 

Fig. 4-10. A three-isotope correlation diagram of 36Ar;40Ar vs. 39Ar;40Ar 
is used to present analyses in which trapped Ar and inherited 

40Ar are major fractions of measured Ar. A linear array in this diagram 
indicates mixing of a single well-defined trapped Ar component with K-
deri ved Ar of constant composition and hence constant age. Schematic 
trajectories of the isotopic compositions of Ar released during stepwise 
heating of degassed xenoliths are drawn to illustrate mixing among different 
reservoirs of Ar. In xenoliths such reservoirs may include K-derived Ar 
accumulated since original crystallization (B'), K-derived Ar accumulated 
since cooling of the host lava (A'), and trapped Ar (T and Tz). Compositions 
of K-derived Ar plot on the abscissa; compositions of trapped Ar plot on the 
ordinate. If only a single composition of trapped Ar is present, trajectories 
will range within the triangle TA'B'. See text for discussion. 
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x2 with n-2 degrees of freedom. If S was so large that there was less 

than 1% chance that the scatter of the compositions about the isochron 

resulted from measurement uncertainty alone, the reduced major axis 

(Kermack and Haldane, 1950) was taken to be the isochron. Because the 

scatter of compositions is due to non-experimental sources, the uncertainty 

of the age of the isochron must be multiplied by Student's t factor, with 

n-2 degrees of freedom (Brooks et al., 1972). 

Isochrons shown in Fig. 4-10 connect Art of composition T to K-derived 

Ar from undisturbed samples of two ages (A' and B'). In the context of this 

discussion, B' might represent the composition of Ar accumulated since 

original crystallization of the xenocryst, while A' might be the composition 

of Ar accumulated since the time of eruption. Isochron TA', then, might be 

anticipated for the lava and isochron TB' for the undegassed parent material 

of the xenocryst. The trajectory of isotopic compositions from the par­

tially degassed xenocryst will range within the triangle TA'B'. One possi­

bility is the curving line progressing initially along TA', but deflecting 

towards B near composition A and progressing finally along TB'. Arrows 

indicate the trend of compositions as degassing progresses during analysis. 

Such a trajectory would have an age spectrum similar to "c" of Fig. 4-1, 

which shows plateaus at the ages of eruption and of original crystallization 

separated by a transition zone of mixed apparent ages. 

If more than a single composition of Art is present (T and Tz) in a 

sample, trends in measured compositions will be more complicated than 

described above. In the presence of a single K-derived component A', 

compositions will range within TA'T2, or in the presence of two K-derived 

components compositions will range within the quadrilateral TA'B'Tz. 

There ls no guarantee that a true 1sochron will be present. Only it the 
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different K-derived or trapped components are derived from sites of suf­

ficiently different Ar retentivity can compositions be expected to lie 

along binary mixing lines over even part of the trajectory. The differ­

ences in retentivity cannot be known in advance of the analysis, and in 

fact the efficacy of stepwise heating in isolating binary compositions 

can only be inferred from the observed trajectory. Only if separation 

has been achieved can trajectories be interpreted to give ages of events. 

The measure of merit ~ proposed in § 4.1 can be used to facilitate 

comparison of plateaus from different age spectra. Ml, was defined as 

nF39o-1 , where n was the number of steps comprising a plateau, F39 was the 

fraction of 39Ar involved in the plateau, and cr was the standard deviation 

in percent of the plateau or isochron age. e was the maximum systematic 

deviation from the "true" age to be tolerated in the plateau. Values of M( 

may be used instead of the reciprocal variance to weight ages of replicate 

analyses for the estimation of mean ages. This is especially useful if values 

of cr for the different replicates are similar but F39 or n are different. 

Results 

Results are summarized in Tables 4-1 and 4-2. Ages are summarized as 

total ages, plateau ages, and isochron ages. As discussed earlier. total 

ages are the model ages calculated for all the Ar extracted from a sample 

assuming Art is of atmospheric composition. Plateau ages are model ages 

calculated by averaging individual ages for steps comprising the plateau. 

The apparent ages for individual steps are weighted by the fraction of 39Ar 

released during the step. Isochron ages are calculated from the 39Ar/ 40Ar 

intercept of lines regressed to Ar compositions in the three-isotope 
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. diagram. They do not assume a composition of Art and may therefore be 

more accurate than plateau ages. Complete tabulations of data are found 

in Appendix 4-D. 

Basalt and subjacent country rock (site A) 

We analyzed in a stepwise heating experiment the Ar from a sample of 

quartz monzonite found 2 m below a - 15-m-thick basalt flow. This was done 

(a) to illustrate the simplicity of trends in isotopic composition of Ar 

from partially degassed ancient rocks, (b) to illustrate the extreme range 

of apparent ages calculated from Ar released at different steps, and (c) to 

help establish guidelines for the selection of xenoliths which have been 

degassed in the magma sufficiently to permit determination of the eruption 

age. We also analyzed the overlying basalt, which was free of granitic 

fragments and presumably of inherited 40Ar*. This analysis was used to 

determine the basalt's eruption age and thus the time of degassing of the 

underlying quartz monzonite. Results of both analyses are displayed in 

Fig, 4-11 and 4-12. 

In Fig. 4-11 trends Jn the isotopic composition of Ar from the thermally 

undisturbed basalt are contrasted to those from the subjacent bedrock. Ar 

from the basalt was extracted in four steps at temperatures from 300°C to 

1175°C. The compositions were colinear, indicating a binary mixture of a 

well-defined Art with K-derived Ar of constant 39Ar/ 40Ar*. Ll.ttle Art was 

released from the basalt (3.3x10~10 cm3 STP 36Ar per gram), and even at 

300°C the 40Ar was about one-third radiogenic. As the temperature was 

increased to 900°C, the radiogenic fraction of 40Ar increased. This trend 

was reversed for the 1175°C extraction, The small amount of Art present 

in the basalt minimized the uncertainty in the age of the basalt due to 
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NORTH FORK OAK CREEK SiTE A 

lmy 

0 B' 0.1 0.3 0.4 

Fig. 4-11. The Ar composition trajectory in the 36Ar;40Ar vs. 39Ar;40Ar 
diagram for basalt 8-12 shows binary mixing between a single 

K-derived Ar and a single trapped Ar. The trajectory for the underlying 
degassed bedrock 8-10 shows ternary mixing among two K-derived Ar compos­
itions (A' and B') and a trapped Ar. A reference line drawn from trapped 
Ar of atmospheric composition (AIR) to a K-derived Ar composition cor­
responding to 1.18 my is included for comparison in this and following 
figures. 1.18 my is in the middle of the range of ages found for samples 
from sites B and C. In this and subsequent three-isotope diagrams ex­
traction temperatures (°C) are shown for selected steps. Plotted uncer­
tainties are lo in all figures. 
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ill-defined Art composition. The tr-apped component may have been slightly 

enriched in 40Ar compared to air Ar since an isochron fit to these data 

intersected the ordinate at 36Ar/40Ar = 0.00324±0.00014. The abscissa 

intercept of 0.382±0.022 of cor-responded to an age of 1.13±0.07 my. The 

model age calculated from the total Ar released was 1.19±0.03 my. 

The composition of Ar released from the partially degassed country 

rock followed a more complicated trajectory. Ar was extracted in eight 

steps from 300°C to 1700°C, and the composition of each step plotted below 

the isochron of the basalt. The composition of the first step was near 

"AIR." Subsequent steps plotted near the origin. Llncs passing through 

"AIR" and the compositions of the eight extractions intercepted the 

abscissa increasingly close to the origin as the extraction temperature 

was raised. This pattern corresponded to a monotonic rise in apparent 

age with temperature. In the context of Fig. 4-10, the entire trajectory 

appeared to lie between A and B, with A close to T ("AIR" in Fig. 4-11) 

and B clooc to B'. A' and B' are shown in Fig. 4-11 for reference. 

The progressive dom~nance by inherited 40Ar* of Ar extracted at 

increasingly higher temperatures is clearly reflected in the age spectrum 

of the partially degassed quartz monzonite in Fig. 4-12. The apparent 

ages monotonically rise with the cumulative fraction of 39Ar released, 

from an age of ~ 4 my in the lowest-temperature extraction to ages of 

~ 75 my in the highest-temperature extraction. More than 90% of the 

39Ar is associated with apparent ages of >SO my. In the absence of a 

plateau the maximum apparent age of ~ 75 my is only a lower limit to 

the age of the late Cretaceous Mc.Gann pluton from which the sample 

was taken. 
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I I ; : I I I I 

NORTH FORK OAK CREEK SITE A 
SUBJACENT QUARTZ MONZONITE 

~AGC OF OVERLYl~G BASALT 
I I I I I 0 

0 
I I 

0.5 

FRACTIONAL RELEASE OF 39Ar 

I --

-

-

-

-

-

-

-

I 

Fig. 4-12. Model age spectrum of quartz monzonite bedrock 8-10 (calcu-
lated assuming AIR trapped Ar composition) shows plateaus 

at neither the age of original crystallization nor the age of eruption. 
Nevertheless, model ages of low temperature steps provide a limit to 
the the time of degassing. Uncertainties are lo. 
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Degassed xenoliths and host basalt (site B) 

In contrast to the preceding experiment, granitic xenoliths from 

within a basalt flow were analyzed to determine if eruption age plateaus 

were developed in age spectra of strongly degassed material. For such 

plateaus to be present, inherited 40Ar* must be either totally absent or 

present only in argon released in a restricted temperature range. Samples 

for this purpose were taken from the baRe of the baRalt f1ow south of Oak 

Creek (site B, Fig. 4-9). Two samples from each of two xenoliths found 

only a few cm apart were analyzed. Three whole-rock basalt samples from 

the same block (NFOC-1) were analyzed to establish the eruption age. 

36Ar/40Ar - 39Ar/40Ar correlation diagrams for the basalt analyses and 

for the xenolith analyses are shown in Fig. 4-13 and Fig. 4-14, respectively. 

One age spectrum from each of the xenoliths is compared in Fig. 4-15 to an 

age spectrum from a basalt sample. The top diagram of Fig. 4-13 compares 

the total Ar compositions of the basalt samples from sites B and A. The 

compositions are distributed along a 1.18-my reference line drawn through 

AIR.t The scatter was due to different concentrations of Art, which varied 

from 3.3xlo-10 to 2.9xlo-9 cm3 STP 36Ar per gram of basalt (Table 4-1). 

Even among the three samples from site B (6-12, 1-2, 1-3) the concentration 

of 36Ar varied by a factor of 3.9. Sample (2-15) was powdered before 

analysis and atmospheric Ar presumably adhered to the new surf aces thus 

created, accounting for the large amount of nonradiogenic Ar (l.4xl0-8 

cm3 STP 36Ar per gram). 

Model ages were calculated for each of the total compositions. Model 

ages for two of the basalt samples from site B (1-3 and 6-12) agreed at 

t 1.18 my was chosen because it is the midrange value of isochron ages 
of the xenoliths in this study (Table 4-2). 
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Fig. 4-13. Ar composition trajectories for basalt samples from NFOC-1 
at site B show ternary mixing among two trapped compositions 

and a single K-derived composition. The top plot shows the composition 
of all the Ar released from each basalt sample. Failure of the compos­
itions to cluster about a single point shows heterogeneity in the ratio 
of trapped Ar to K-derived Ar. Differences in the composition trajec­
tories are best attributed to variable amounts of trapped Ar of different 
compositions. 



AIR 

AIR 

0.002 

SAl\f.PLE 1-12 

0.001 

5my 
r I 

0.1 

257 

NORTH FORK OAK CREEK 
SITE B GRANITIC XENOL ITHS 

' ' 

1-7 

', 0.3 
' ' ' 

0.4 

' ' ', 
'' ' ' ~'~~~'...._~..,........'~~ 

', 0.3 0.4 
' ' ' ' -,, 

' ' ' ., 
' ' ', _,..__ ___ ,....._ _ __., __ 

', 0.3 0.4 

, '>',,, , Im/ I 
0.2 0.3 0.4 

39Ar/40Ar 

Fig. 4-14. Ar composition trajectories for granitic xenoliths from 
site B show ternary mixing. Two of the compositions are a 
trapped Ar near "AIR" and a K-derived Ar created since degas­

~ing in the magma. The third is probably ancient K-derived Ar. Compos­
itions of Ar extracted at T < 1000°C are colinear and define an isochron 
giving the age of degassing of the xencliths. Compositions of Ar ex­
tracted at higher temperatures appear to show the influence of excess 
40Ar* which was not degassed during heating in the host lava. 
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Fig. 4-15. Age spectra for basalt and two different granitic xenoliths 
from site B show remarkable agreement for first half of 39Ar 

released. Plateaus for basalt 1-3 and xenolith 1-7 agree in age over 
more than 90% of the 39Ar released. Inset shows age spectrum of xeno­
lith 1-12 at a reduced scale which includes high-age steps. The spec­
trum of 1-12 shows a rapid increase in age as inherited 40Ar* is released 
at high temperatures. Selected extraction temperatures shown are for 
sample 1-12. 
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1.18x0.04 my and l.25x0.08 my, but the model age of the third sample (l-2) 

was older at 1.41±0.20 my. Because these samples were of the same true 

age, this discrepancy must be explained by a variable composition of Art, 

by local concentrations of excess 40Ar, or by loss of 39Ar. Because of the 

small fraction of radiogenic 40Ar* in basalts 6-12 and 1-2, minor errors in 

the assigned composition of the trapped component had large effects on the 

model age. The model age of basalt 8-12 (1.19±0.03 my) was similar to the 

model age of basalt 1-3, although each was from a different flow. The fact 

that 40Ar from these two samples was rather radiogenic increased the con­

fidence that the model ages were accurate measures of the times of eruption. 

The three lower diagrams of Fig. 4-13 are the stepwise thermal release 

composition trajectories for the basalt samples from site B. In general, 

these trajectories began near "AIR" and proceeded down the 1.18-my reference 

line, returning towards "AIR" at fusion temperatures. This pattern was also 

observed tor the basalt at site A (8-12). In basalts trom site B, Ar re­

leased at 1400°C had compositions which all lay on the 1.18-my line close to 

"AIR." This constrained the Art composition to a similar value. In each 

sample, fusion occurred during the previous step at 1150°C. 

Although model total ages and general patterns of isotopic variation 

were similar for the basalt samples from site B, each of the trajectories 

differed in detail. Sample 6-12 was unusual because the most radiogenic 

Ar was released during the first step (275°C), which accounted for 37% of 

the 39Ar. Ar released in six of the seven steps had colinear compositions 

close to the reference line. The other step (1150°C) was distinctly above 

this array but contained only - 3% of the 39Ar. The six colinear steps 

defined an isochron which intersected the abscissa at an age of 1.11±0.04 my 

and the ordinate at ( 36Ar/ 40Ar)t = 0.00336±0.00001. Addition of the 
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remaining step lowered the isochron age to 1.10±0.06 my, but increased 

S/(n-2) from 1.34 to 3.06. This corresponded to an increase from~ 75% 

to >97% confidence that the scatter in compositions was non-random. 

Consequently, I have accepted the six-point isochron. 

The trajectory was similar to that expected for a sample containing 

only two well-defined constituents. There is no evidence for Art of non­

atmoapheric composition. The single deviant step may reflect recoil 

redistribution of 39Ar, but does not preclude interpretation of the rest of 

of the trajectory as an isochron. 

Ar compositions for s~mp1P 1-1 (bottom) likewise followed a well­

behaved trajectory. Ar was released in twelve steps, and seven of these 

defined a 1.20±0.02 my isochron intercepting the 36Ar/40Ar axis near AIR 

at 0.00342±0.00003. Ar for the first four steps ((250°C) contained very 

little 39Ar but ranged from 36Ar/40Ar = 0.00320 to 0.00304, indicating 

the presence of a second Art component of Ar released without accompanying 

39Ar. During the final two steps Ar was extracted from the molten sample. 

Compositions from these steps, which together contributed half the Art, 

plotted near .. AIR"" in Fig. 4-13 (the 1650°<.,; post-fusion step is not shown). 

In the context of Fig. 4-10, compositions ranged within the triangle 

TA'Tz. The component Tz was present only in small quantities in unreten­

tive sites degassed at low temperatures. Only ·- 1% of the 36Ar WC:l::; re-

leased in these steps. Compositions of Ar from higher-temperature steps 

suggested simple mixing between T and A'. Because of the separability 

of T and Tz, the highly radiogenic content of several of the steps, and 

the colinearity of compositions at temperatures ~250°C, the isochron age 

was accepted as the eruption age of the basalt. 

In contrast to basalt samples 1-3 and 6-12, compositions of Ar 
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released from basalt 1-2 did not appear to define an isochron. Instead, 

the trajectory of compositions at steps below 800°C was somewhat erratic, 

with compositions falling well below the isochrons of samples 6-12 and 1-3. 

However, all compositions fell within the same triangle (TA'T2) defined by 

sample 1-3. The six steps containing Art apparently enriched in 40Ar (T2) 

together accounted for ~ 40% of the 39Ar. Only at high temperatures 

()1100°C) did Ar compositions plot on the isochrons of samples 6-12 ~nrl 1-1. 

An isochron fitted to all nine compositions gave an apparent age of 

1.39±0.15 my, significantly different from isochron ages for the other 

two basalts. This isochron was characterized by a very large value of 

S/(n-2) of 32.92 which reflected the high scatter of compositions. The 

measure of merit M1 o.l = 1.7 for the nine points was much lower than the 

values of 3.2 and 9.6 for samples 6-12 and 1-3, respectively. 

Three-isotope diagrams for each of the four xenolith samples are 

shown in Fig. 4-14. Samples 1-7 and 1-8 (top) are from the same xenolith, 

and samples 1-11 and 1-12 (bottom) are from an adjacent xenolith. The 

general patterns of isotopic variation are similar to those for the ba-

salt samples, and compositions again appear to range within the triangle 

TA'Tz (Fig. 4-10). The trajectories for the xenoliths proceeded at low 

temperatures from an approximately atmospheric trapped component (T) to 

th~ K-derived component (A'), and returned to the ordinate along A'Tz 

at high temperatures. Thus at high extraction temperatures, Ar released 

from the xenoliths was enriched by excess 40Ar. In contrast, Ar released 

from the basalts contained Art enriched in 40Ar only at low temperatures. 

Thus the trajectories were fundamentally different. Although observed 

compositions for xenoliths departed from trajectories expected for simple 

binary systems (TA'), it was not possible from the three-isotope diagrams 
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alone to infer whether the departure at high extraction temperatur~s was 

due to the presence of a second Art component (T2) or to the admixture of 

inherited 40Ar* from retentive sites. In this latter case, mixing would 

have occurred within TA'B' rather than TA'Tz, but compositions would be 

restricted to the lines TA and AB, with B plotting close to T. 

The four trajectories for site B xenoliths were not identical. 

Measured compositions for 1-7 were colinear, and at 1700°C Art was re­

leased which was not statistically distinct from air Ar. Ar released 

from 1-8 at 450°C may have been enriched in 40Ar or depleted in 39Ar, 

and Ar released at temperatures of >1250°C was clearly enriched in 

40Ar. The trajectory for 1-11 was somewhat erratic but began and 

ended virtually at "AIR" and showed no sign of inherited 40Ar*. The 

initial composition of Ar from 1-12 was excessively radiogenic, while 

the next seven fractions defined an isochron passing through "AIR." As 

was the case for 1-8, the final several steps were distinctly enriched 

in 40Ar, defining a mixing line intPrsec.tlng the ordinate at "' 0.0030. 

Because the poorly degassed sample of country rock from the same 

pluton as the xenoliths unmistakably showed the presence of inherited 

40Ar*, we attribute the departure from hin8ry mixing of the site B 

xenolith trajectories primarily to the release of inherited 40Ar*, 

Model total ages for the xenoliths were ~6.5 my, corresponding to 

degassing of >94% by the basaltic lava. Although model total ages for 

xenoliths exceeded ages for basalts by as much as a factor of five, by 

excluding those high temperature steps which seemed to contain inherited 

40Ar* it was possible to fit isochrons whose abscissa intercepts gave ages 

clustered around 1.18 my (Table 4-2). These ages are in excellent agree­

ment both among themselves and with the isochron age of 1.20±0.02 my 
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for basalt 1-3. M1o.l for the four isochrons ranged from O.S to 7.8, 

reflecting the different number of steps and different amounts of 39Ar 

released without interfering inherited 40Ar*, but especially echoing the 

strikingly different uncertainties of the isochrons. These are proportional 

to values of S/(n-2) and reflect disturbances in the colinearity of the iso-

chrons. The mean of the xenolith isochron ordinate intercepts (weighted by 

the reciprocal of the variances) indicated (36Ar/40Ar\ = 0.00111±0.00001, 

perhaps enriched slightly in 40Ar compared to air Ar. 

Fig. 4-15 demonstrates the remarkable agreement among model age 

plateaus from thP. two different xenoliths and from the basalt that enclosed 

them. Model ages from xenolith sample 1-7 and from basalt 1-12 agreed with­

in la over more than 90% of the spectrum. t Model ages from xenolith 1-12 were 

within 2cr of model ages of the basalt over the first 60% of the spectrum. 

Model ages are calculated assuming trapped argon of atmospheric compo-

sition. Were they calculated using the isochrons' ordinate intercepts for 

the compositions of Art, agreement among the samples in Fig. 4-14 would be 

even better. Ages calculated from Ar released from xenolith 1-12 at temper-

atures >1000°C rose rapidly to ~ 30 my, regardless of which trapped composi-

tions were assumed. The complete spectrum is shown in the inset, at reduced 

scale. This spectrum resembles "d" in Fig. 4-1, while age spectra from 

xenolith 1-7 and basalt 1-3 resemble "a." 

The age spectrum for xenolith 1-7 shows that if degassing in the 

magma was nearly complete the eruption age may be measured from analysis 

of xenoliths as well as from analysis of the basalt itself, The age 

t Ar released during fusion of 1-7 was not measured and abscissa values 
were calculated assuming that step contained no 3~Ar. By comparison 

with other xenolith samples, it would appear that only ~ 5% of the 39Ar 
was released during the fusion step. 
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spectrum for xenolith 1-12 shows that even if degassing in the magma was 

only ~ 94% complete, new 40Ar* created after eruption may be completely 

separated from inherited 40Ar* by stepwise heating, and that the eruption 

age may still be confidently determined. 

Degassed xenoliths (site C) 

A final set of 40Ar-39Ar analyses was performed on three samples 

from a xenolith found at site C near the top of the series of basalt flows 

sampled at site B. The purpose of this experiment was to demonstrate that 

the appearance of plateaus in the age spectra of extensively degassed 

xenoliths was not exceptional. 

For this experiment, three fragments were taken from xenolith NFOC-103. 

From one of these samples (8-3), ~ 1-m.m feldspar grains were hand-picked and 

etched in HF to reduce the amount of altered material analyzed. 

Ar isotopic variation trajectories for the three analyses are plotted 

in Fig. 4-16. Overall, the patterns were distinct from those for all 

other samples, but closely resembled the predicted trajectory for 

degassed xenoliths shown in Fig. 4-10. Compositions of Ar released at 

temperatures below~ 1100°C described patterns like those in Fig, 4-14, 

proceeding from an atmospheric Art towards a K-derived component and 

returning towards an ordinate intercept somewhat lower than 0.0034. 

However, Ar released at the highest temperatures was increasingly radio­

genic. In the context of Fig. 4-10, the trajectories seemed to have 

followed a path from T to A, then returned towards B (located close to 

T) before ranging from B towards B' and back. Despite the similarity to 

the model trajectory, compositions of Ar released at high temperatures 

did not define isochrons. Instead, as for partially degassed country 
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Fig. 4-16. Ar composition trajectories for xenoliths from site C show 
the presence of only new 40Ar* at low temperatures but 

show the clear admixture of inherited 40Ar* at temperatures above about 
850°c. This admixture is responsible for the trend of the trajectories 
towards the origin for extractions at T > 1000°C. Sample 8-3 was etched 
in HF and quartz was removed. 
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rock (8-10), lines projected from "AIR" through measured compositions 

intersected the abscissa increasingly closer to the origin as extra~tion 

progressed. The model age spectrum of such a pattern resembled curve 

"d" of Fig. 4-1, wherein a plateau at the age of degassing was estab­

lished by the first fractions of Ar. Subsequent fractions included some 

inherited 40Ar* and corresponded to a region of mixed age. 

No trajectory for xenoliths from site C had more than four colinear 

points. In part, this was because less 39Ar (<46%) was released before 

inherited 40Ar became significant, compared to )58% 39Ar released from 

xenoliths from site B. However, isochrons fit to these points gave 

apparent ages of~ 1.17 my. These ages were the same as those from site B. 

Model plateau ages for the two untreated fragments (Table 4-2), 

calculated for Ar released at temperatures ~ 850°C, averaged 1.17±0.04 my. 

This agreed well with ages from the xenoliths and basalt of site B. Al­

though the model plateau age of the treated sample (8-3) was older at 

1.29±0.06 my, an isochron fit to the first four compositions gave a lower 

age of 1.17±0.16 my, which agreed better with other estimates of the age of 

the eruption. Otherwise, the isotopic variation pattern showed no striking 

differences from the patterns of the untreated samples. 

Model ages and isochron ages for analyzed samples 

Ages calculated for all samples analyzed are given in Table 4-2. 

Model total ages showed considerable scatter due to inherited 40Ar* and 

possibly to non-atmospheric Art. Maximum ages for all xenolith samples 

(both sites) were less than about 25 my, lower than the ~ 75 my maximum 

from the poorly degassed rock (8-10) underlying basalt at site A. Model 

total ages for all xenolith samples were less than about 6.5 my, despite 
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the difference in appearance between trajectories from sites B and c. 

Differences in the trajectories appeared to reflect only the relative 

distributions of 36Ar and 40Ar* in sites of different retentivities, 

rather than differences in the total amounts of 36Ar (Table 4-1). 

Variations in 36Ar among xenoliths from the same site were as great as 

differences between the sites. 

Model ages were calcnlated for pL"ltP.RnR ('.ont;:dning !'lteps unaffected by 

inherited 40Ar*. The mean model plateau age for all seven xenoliths was 

1.22±0.10 my. The uncertainty in the mean was almost twice the uncertainty 

of any individual age. For replicate measurements of the same physical 

system, the scatter in the mean ages should be less than the scatter of the 

individual measurements. Since the xenoliths were degassed in the magma at 

the same time, this suggests that they may have had different Art compo­

sitions. The mean isochron age was 1.17±0.04 my, which was more than twice 

as certain as the mean model plateau age. Only two individual isochron ages 

had uncertainties smaller than the uncertainty of the mean. Different 

compositions of Art would explain the reduced scatter in isochron ages, 

for which a fixed composition is not assumed. 

Ordinate intercepts of the seven xenolith isochrons indicate that Art 

had a mean composition of 36Ar/40Ar = 0.00335±0.00018. This value is not 

statistically different from atmospheric Ar (0.00338), but at the 95% 

confidence level four xenolith isochrons did have non-atmospheric ordinate 

intercepts. If Art had a non-atmospheric composition, then model ages are 

inaccurate and isochron ages must be used to determine the actual age of 

events. 

The best estimate of the age of degassing of the xenoliths is 

probably the mean of the individual isochron ages weighted by their 
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variances. The mean ages are 1.17±0.01 my and 1.17±0.05 my for the x~no­

liths from sites B and C respectively and are indistinguishable both from 

each other and from the weighted mean age of 1.18±0.02 my found for basalt 

samples 1-3 and 6-12. Thus these ages may be pooled. Including Student's 

t factor (cf. Brooks et al., 1972) and the systematic uncertainty for the 

Bern 4M monitor, the weighted mean age of degassing for all nine samples 

from sites B and C is 1.18±0.05 my. 

Summary of results, with commentary 

Basalts 

Tl~ i~uLuplc varlaLlun LrajecLories of each of the three basalt 

samples from site B (Fig. 4-13) were consistent with mixing between atmos­

pheric Art and a single K-derived component with admixture of different 

amounto of a 40Ar-rich Art component from unretentive sites (Fig. 4-10). 

This enriched Art component was released at low temperatures only. Where 

two individual isochron ages had uncertainties smaller than the uncer­

tainty the excess 40Ar derived from ancient xenocrysts, its presence 

would be expected at high temperatures only. The large amount of this 

component in sample 1-2 together with the high model total age argues 

that this component is indeed Art (T2 in Fig. 4-10) rather than K-derived 

Ar depleted of 39Ar by recoil redistribution. At low temperatures, 

compositions ranged between T and T2, while at moderate temperatures they 

ranged within TA'T2• At high temperatures the T2 reservoir appears to 

have been depleted and compositions ranged along TA'. Sample 6-12 appeared 

to be devoid of T2, while sample 1-3 had minor amounts of T2 and sample 1-2 

contained major amounts of T2• 

The source of the excess 40Ar in the enriched Art might well have been 
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ancient xenocrysts, even if no xenocrysts were found in the samples 

themselves. Once the host lava had cooled sufficiently, 40Ar* released 

from a xenocryst may have diffused only a short distance through the 

viscous melt or hot glassy matrix. A halo of excess 40Ar might thus 

enclose each xenocryst, and a sample of basalt could include part of 

this halo without including the xenocryst itself. Indeed, were the 

diffusivity of 40Ar in the cooling basaltic lava the same as that of 

moldavite (D/a2 ~ 10-6s-l at T = 900°C, Fechtig et al., 1961) then 

such a halo sufficient to increase the apparent age by a few hundred 

thousand years might extend 1 cm from a microscopic 100 my old xenocryst 

after degassing for one day at 900°C. Some of this excess 40Ar might 

remain in small late-crystallizing grains after cooling of the basalt, 

to be degassed at relatively low temperatures during analysis. Thus, 

inherited 40Ar* need not be the only source for non-radiogenic trapped 

components. Krummenacher (1970) and Kaneoka (1980) have identified non-

atmospheric Art in several volcanic rocks which do not appear to have been 

contaminated by ancient xenocrysts. Nevertheless, localized halos of excess 

40Ar are an attractive explanation for variable or multiple trapped com­

ponents in the same rock. It is apparent that K/Ar dating, even in the 

absence of xenocrysts, may be unreliable for basic lavas erupted through 

ancient rocks. 39Ar-40Ar tlaLirig may be likewise inconsistent, but affected 

measurements can be more readily identified. Because of the demonstrated 

presence of non-atmospheric Art, it is necessary to infer the age of 

eruption from isochron ages rather than model ages. 

Fusion of basalt sample 1-3, with minor amounts of T2, occurred during 

the 1150°C step, and was accompanied by bursts of both 37Area and trapped 

36 Ar, the latter an order of magnitude above blank. Release of 37Arca 
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at high temperatures has been attributed to its occurrence in refractory 

minerals such as pyroxene (Jessberger et al., 1974). Similarly retentive 

sites for 36Ar are thus indicated in sample 1-3, with the Art probably 

trappt:!d at the Lime of crystallizalluu uf Ll1t:! refraclury g,ralns. Then~ 

is a common tendency of the Ar isotopic variation trajectories for many 

different minerals and rocks to return to atmospheric composition at high 

temperatures (cf. Jessberger et al., 1974; Brereton, 1972). The existence 

of Art within crystal lattices and its implications for K/Ar or 39Ar- 40Ar 

dating are discussed below. 

Recoil of 39Ar during neutron irradiation does not appear to have 

upset the correlation of 40Ar* and 39Ar. Huneke and Smith (1976) ob­

served significant recoil of 39Ar from µm-sized grains, and because 

most K in basalts probably resides in crystals and shreds of glass (50 µm 

in diameter, at least some effects were anticipated. Recoil depletes 

39Ar from sites near rims of potassic grains, and some recoiled 39Ar 

will be implanted in neighboring grains in sites of various retentivities. 

Although the possible distortions of the composition trajectories are 

numerous, one commonly observed effect of recoil is a deficiency of 39Ar 

in Ar extracted at low temperatures and an excess at high temperatures. 

Ar released from basalt 8-12 at both low and high temperatures was less 

radiogenic than Ar released at intermediate temperatures. Thus the 

effect of recoil redistribution of 39Ar might be only a reduction in 

the colinearity of compositions rather than a systematic change in the 

slope of the trajectory. Too few steps were taken in the analysis of 

basalt 8-12 to rule out recoil distribution, but the observed colinearity 

of compositions suggests that any effects were minor. The apparently 

high model age of the 1175°C step implies a deficiency of 39Ar in Ar 
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extracted at high temperatures and is therefore not readily ex~lalned 

by recoil. A more satisfactory explanation is the radiogenic composition 

40 * of Art indicated by the isochron or the presence of inherited Ar from 

undetected xcnocrysts (Fig. 4-11, Table 4-2). Ar released from basalt 

8-12 did not indicate more than one trapped component. For the purposes 

of this paper the eruption age of the basalt of site A is taken to be 

the isochron age, 1.13±0.08 my (including systematic uncertainties). 

Granitic xenoliths and bedrock .•• 

Argon isotopic variation trajectories for the two 1-cm granitic 

xenoliths (Fig. 4-16) showed a strong resemblance to the trajectories for 

Ar from the basalt samples, except that the steps having the highcot 

apparent ages were taken at the highest temperatures. The excess 40Ar 

released in these steps may be explained either by the presence in 

rPtentive lattice sites of Art enriched in 40Ar or by the presence of 

inherited 40Ar*. In view of the ancient original crystallization of the 

xenoliths and the clear evidence for inherited 40Ar* in the trajectories 

of the site C xenolith arid the poorly degassed bedrock, all from the same 

pluton, the latter explanation is favored. Nevertheless, the obvious 

tendency of the trajectories to return to a composition near that of air 

Ar together with the large amounts of 36Ar (~ 3xio-9 em3sTP g-1, two orders 

of magnitude above blank) released during fusion demonstrates the presence 

of Art in retentive sites in the xenoliths as well as in the basalts. 

If the xenoliths indeed contained multiple Att components of different 

compositions, then their isochrons would have to be interpreted cautiously. 

More work is needed to resolve this problem, but it does not obviate the 

dramatic agreement between xenolith degassing ages and basalt eruption ages. 
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In each of the four xenolith samples from site B more than half of the 

39Ar was released in steps whose colinear compositions defined isochrons of 

the same age (Table 4-2), even though degassing in the magma was as little 

as ~ 94% ~ompl@tP Rnd even though two of the samples (1-8 and 1-12) showed 

large contributions of inherited 40Ar* in steps about 1000°C, sufficient to 

raise apparent ages to >20 my. The isochrons of sample 1-7 and 1-12 

(Fig. 4-14) provided the best estimates from xenoliths of the actual age of 

eruption. Sample 1-7 showed no evidence of excess 40Ar at temperatures 

below fusion, but with a value of S/(n-2) = 2.33 may have had scatter in 

excess of measurement errors. Sample 1-12 had less scatter but a smaller 

plateau. At 1.15±0.02 my and 1.19±0.02, these ages were distinct but 

neither was greatly different from the isochron age of 1.20±0.02 my for 

basalt sample 1-3. 

Isotopic variation trajectories for the xenolith of site C showed the 

effects of inherited 40Ar more clearly than those for xenoliths of site B, 

despite a similar retention of Ar after heating in the lava. Inherited 

40Ar* is responsible for the trend of high-temperature steps towards the 

origin of the three-isotope diagrams. This bias towards old model ages 

began at ~ 750°C, lower than for xenoliths from site B. 

The isotope variation pattern from the etched sample 8-3 (Fig. 4-16) 

did uot tlif fer strikingly from those of the untreated xenolith fragments 

8-1 and 8-2, suggesting that the intergranular alteration products removed 

during etching did not play an important role in xenolith dating. However, 

the model age of the plateau in the age spectrum of the treated sample was 

much greater than the model ages of plateaus for the untreated xenoliths 

(Table 4-2). This could have been caused by removal during etching of some 

atmospheric Ar adsorbed onto main surfaces or incorporated into fine-grained 
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. alteration products, leaving a slightly 40Ar-enriched trapped component in 

lattice sites. 

Compositions of Ar from the poorly degassed bedrock (8-10) ranged within 

the triangle approximately bounded by isochrons of the age of eruption and 

the age of original crystallization. The trajectory was straightforward, and 

can be interpreted to show mixing first between Art and K-derived Ar corres­

ponding to the age of eruption (A' in Fig. 4-10), followed by admixture of 

inherited 40Ar* (B' in Fig. 4-10) in higher-temperature releases. Because 

degassing by the lava was incomplete, inherited 40Ar* was present in all 

fractions of Ar analyzed. Despite this, apparent ages for the first 

fractions of Ar released ((10% of the 39Ar) were a factor of 24 less than 

the age of original crystallization of ~ 90 my (Fig. 4-12). It is remarkable 

that the age of the overlying basalt (indicated by the arrow on the ordinate 

of Fig. 4-12) was even approached when total degassing did not exceed ~ 33%. 

Poorly degassed xenoliths, overridden cobbles, or contact rock may provide 

useful upper limits to the time of eruption, but degassing at the relatively 

low temperatures (- 500°C) expected in bedrock within a meter or so of an 

overlying lava flow appears to be insufficient to permit measurement of an 

eruption age plateau. Failure to find an eruption age plateau in 8-10 does 

not preclude the possibility of finding one in samples from other contact 

zones, but does suggest that attention should be directed towards separates 

of high K minerals with low activation energies such as biotite, which has 

been found to be more completely degassed than feldspars near intrusions 

(Hart, 1964; Berger, 1975). 

From the excellent agreement of apparent ages over the major part of 

the age spectra shown in Fig. 4-15 it indeed appears to be possible to 

determine eruption age plateaus from granitic xenol1ths, even if degassing 
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was incomplete and even if individual high-temperature steps yield ages 

more than an order of magnitude greater than the age of eruption. Agreement 

of isochron ages among different xenoliths and basalt samples from sites B 

and c showed that credible eruption ages could consistently be determined 

by analysis of xenoliths. The fraction of 39Ar involved in plateaus at the 

age of eruption was sufficiently large that it seems reasonable to apply 

40Ar-39Ar dating to xenoliths from younger flows in the expectation of 

finding smaller but nevertheless distinct age plateaus. 

Discussion 

Two topics are addressed in this section to clarify the application 

of the 40Ar-39Ar method to partially degassed xenoliths. These topics 

are (1) the existence and effect of multiple reservoirs of Art, and (2) 

the extent of diffusive loss of Ar after cooling of the host lava. 

Trapped argon 

Success in interpreting Ar release patterns in terms of isochrons or 

step ages depends on the assumption that measured Ar is a simple mixture of 

two components: trapped and K-derived end-members. It appears that apprec­

iable quantities of non-radiogenic Ar were released at all temperatures 

during analyses of both basalts and granitic xenoliths. This may be inter­

preted to mean that Ar was trapped within mineral lattices during crystal­

lization (Frechen and Lippolt, 1965; Musset and Dalrymple, 1968; Lanphere 

and Dalrymple, 1971) as well as adsorbed onto grain surfaces. While adhered 

Ar was presumably atmospheric in composition, lattice Ar need not have been. 

Our analyses of basalts strongly indicated the presence of a trapped 

component of non-atmospheric composition. 
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were different compositions of Art indeed present, the compositions 

of Ar released from incompletely degassed xenoliths would be confined only 

to a quadrilateral in the three-isotope diagram as discussed above. A 

linear trajectory might still be developed but its interpretation in terms 

of an age would generally be inappropriate. In basalts, little inherited 

40Ar* is present and Ar isotopic variations during stepwise release might 

begin at one Art endmember, proceed towards a single K-derived endmember, 

and return to a different Art endmember, This was probably the case for 

sample 1-2. Interpretation of the variation pattern to give an eruption 

age would require the Art endmembers to be thermally separable, so that 

the variation trajectory would consist of two linear segments. This did 

not occur for 1-2, and it was not possible to infer an eruption age. 

For xenoliths with significant amounts of iuherite<l 40Ar* aml with 

multiple Art reservoirs, it is highly unlikely that such an isotopic 

variation pattern could be clearly interpreted over its whole course. 

Identification of an eruption age pli:l.teau would <lepeml uiiou tht::rwal 

release characteristics of inherited 40Ar* as well as separation of the 

trapped components. 

Multiple reservoirs of Art (of whatever composition) were indicated 

by the 36Ar release patterns. These are clearly displayed in Fig. 4-17, 

which contrasts the release patterns of 36Ar to those of 37Ar, 39Ar, and 

40Ar* for xenolith sample 1-12. Amounts of each Ar isotope released during 

each extraction step have been normalized by the total amount of that iso­

tope in the sample and by the temperature difference between steps. This 

was done to reduce the effect of irregularities in the heating schedule 

on the release patterns. In this representation, a curve describing gas 
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Fig. 4-17, Ar release patterns for xenolith sample 1-12. The fraction of 
Ar (~F) released at each extraction temperature (abscissa) was 

normalized by the change in temperature (~T) between extraction steps and 
is shown on the ordinate. The plots show clearly that Ar was released 
from at least three distinct reservoirs. The prominent rise in 6F/ 6T for 
40Ar* and 36Ar compared to 39Ar and 37Ar in reservoir "C" is attributable 
to inherited radiogenic and trapped Ar from retentive sites. Dotted curve 
shows 6F/6T for inherited 40Ar* retained during degassing in the lava (RET). 
The apparent activation energies Q shown in the box below the curves were 
calculated from Ar released from each reservoir alone. Q for 40Ar* was 
~8lc~lated for the new 40Ar* accumulated since degassing anz th~ inherited 

Ar retained during degassing ~RET4. The apparent Q for OArRET is 
about twice that calculated for 0Ar • 
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released from uniform grains rises with extraction temperature until the 

reservoir is nearly exhausted, whereupon it reverses slope. Each reser­

voir in a system is characterized by its own peak, although separation 

need not be sufficient to permit unambiguous identification of each peak. 

The temperature range in which Ar is released from a reservoir is con­

trolled by an activation energy Q. Temperature T and Q are related through 

the diffusivity D by the Arrhenius relation (Eq. 2), If Q is large or D0 is 

small, the reservoir is retentive and Ar is released at high temperatures. 

ln sample 1-12 (Fig. 4-17) there appear to be three separate reservoirs, 

characterized by different activation energies, which release Ar over differ­

ent temperature ranges. The amounts of 37Ar and 39Ar in each reservoir are 

about the same, while 40Ar* and 36Ar are dominated by gas released trom the 

most retentive reservoir. Because 36Ar exceeded blank levels by an order of 

magnitude or more in most extraction steps, the 36Ar release pattern clearly 

reflects a characteristic of the xenoliLh. In Lhls study the increase in 

40Ar* has been attributed to radiogenic Ar remaining in the xenolith upon 

cooling of the host lava, and it is reasonable that non-radiogenic 36Ar 

trapped during original crystallization was similarly partially retained. 

37Ar and 36 Ar are created during neutron irradiation and are not 

subject to degassing by the magma. Apparent activation energies calcu-

lated for these two isotopes are largest for the high-temperature recer­

voir, but in no case do the activation energies exceed those cited for 

feldspars (e.g., Gerling and Morozova, 1962). In contrast, the activation 

energy calculated for the high-temperature reservoir "C" of inherited 

40Ar* is ~ 160 kcal/mole if new 40Ar* created in the 1.2 my since eruption 

is subtracted from the measured amounts so that only Ar retained during 

heating in the magma is considered. This activation energy is a factor 
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of ~ 1.8 greater than the activation energy of 39Ar from the same reservoir. 

36Ar likewise shows a large activation energy of 126 kcal/mole for the high-

temperature reservoir "C." To explain these high activation energies, I 

have generated Arrhenius plots for diffusion from identical spheres subjected 

to different amounts of degassing but treated (as above) as if none had 

occurred (Fig. 4-18). It is evident that the effect of only 5% degassing is 

to practically double the apparent activation energy calculated from a line 

least-squares fit to the Arrhenius plot. This apparent activation energy is 

insensitive to changes in the amount of degassing if the reservoir is more 

than 20% depleted. Thus the high apparent activation energies for 36Ar and 

40Ar calculated for sample 1-12 indicate that both 36Ar and 40Ar released at 

high temperatures (reservoir "G") were retained during degassing in the 

magma. Consistent with this, more 36Ar was released at high extraction 

temperatures from xenolith 1-12, which was 6% retentive, than from xenolith 

1-11, which ohowcd no inherited 40Ar* at all. The existence of iaochrons 

with air Art intercepts defined by Ar released from NFOC-1 at temperatures 

below~ 1000°C (Fig. 4-14) and from NFOC-103 below~ 850°C (Fig. 4-16) 

demonstrate that if strongly non-atmospheric trapped components were present 

in the xenoliths, they occupied only retentive sites, together with inherited 

40A * r , and their influence on inferred age of eruption was negligible. 

released from xenoliths at low temperatures could arise from either or both 

of two sources: Ar diffused into the xenolith from the basaltic magma (cf. 

Harrison and McDougall, 1980), or air Ar adhered to surfaces or incorporated 

during weathering or alteration. Ar trapped in the xenolith at the time of 

original crystallization was presumably dissolved in the magma of the pluton. 

However, the presence of inherited 40Ar* in Ar released at high temperatures 

masked the composition of Art from retentive sites. Thus we must in general 
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Fig. 4-18. Arrhenius diagrams for an ideal sphere degassed of different 
fractions F of its 40Ar immediately before analysis. Ordi­

narily, F = 0 and Q may be found from the slope of the straight line re­
lating log(D/a2) to T-1. For the examples shown, 40Ar extracted during 
analysis was calculated assuming D = 50 exp(-4xlo-4/(RT)), extraction 
steps lasting l hr, and a temperature increment of 0.1 T °K between steps. 
Tn all cRses, the diffusivities were calculated at different temperatures 
as though F were zero. Thus the ordinate is in terms of apparent 
diffusivity, Dapp• 

Degassing hefore analysis resulted in a reduction of Dapp at low 
temperatures and convex curves instead of straight lines. The apparent 
value of Q was increased from its actual value of 40 kcal/mole to a maximum 
of ~80 kcal/mole, calculated for the linear portion of the curve for 
F = 0.999 as indicated. 

The high values of Q calculated for 40Ar and 36Ar extracted from xeno­
liths at high temperatures (Fig. 4-17) may thus be explained by only partial 
loss of Ar from the retentive sites during degassing in the lava. For 
partially degassed spheres, the apparent Q decreases with increasing T. 
In eontrast, for undegassed samples containing multiple reservoirs of Ar, 
the apparent Q generally increases with T. 
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consider the possibility that Art released at different temperatures has 

different compositions. In 40Ar-39Ar analysis of xenoliths, generally only 

the composition of the Art released at low temperatures will have an effect 

on the apparent eruption age. In all cases most original Art should have 

diffused out of the grains from those sites which also lost inherited 40Ar*. 

That portion of the Ar composition trajectory corresponding to the eruption­

age plateau in the age spectrum should generally lie on a mixing line 

connecting new 40Ar* to new Art created or introduced in the xenolith since 

cooling of the lava. The chief opportunities for complexity in the Ar 

release patterns occur when the release of inherited 40Ar* already precludes 

interpretation of step ages as dates. 

Diffusive loss after cooling of the lava 

There may be diffusive loss of 40Ar* from K-feldspars over extended 

periods of time (Wasserburg et al., 1~56). The effect on age spectra of 

such loss was shown schematically in Fig. 4.1. Because we have calculated 

the diffusivity of 39Ar in the xenolith sample 1-12, it is possible to 

estimate the extent of loss of Ar after the xenolith cooled. D4ooc for 

39Ar from the least retentive reservoir (Q = 30.9 kcal/mole) was about 

3.6xlo-17 cm2/s. After 1 my at 40°C, the expected loss could be ~ 1%. 

This loss is consistent with the experimental results of Khutsaidze (1962), 

who found negligible loss from microcline at <100°C. This minor amount 

would not distort the composition trajectory, except for the first low­

temperature extraction. In addition, agreement of total Ar ages of host 

basalt and isochron ages from low-temperature extractions from xenoliths 

suggests that there has been little diffusive loss of Ar. 
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Conclusions 

We have measured the age of eruption of a Pleistocene basalt by 

40Ar-39Ar stepwise RnR1ysis of the host basalt and of granitic xenoliths 

originally crystallized )75 my ago. The existence of low-temperature 

plateaus in age spectra of the xenoliths and the good agreement of these 

plateau ages with model and isochron ages of the host basalt establishes 

40Ar-39Ar analysis of xenoliths as a viable method of dating the eruption 

of the host lava. The identification of granitic xenoliths as appropriate 

material for 40A~39Ar rlRting is significant because it permits measurement 

of eruption ages for young lavas which would otherwise be difficult to date. 

From the excellent agreement between isochron ages derived for these 

different systems, I conclude that the weighted mean apparent age of 

1.18±0.05 (2cr) my is the eruption date of the basalt capping the ridge south 

of the North Fork of Oak Creek. Ages for xenoliths from the base and at the 

eroded top of the basalt flows south of the North Fork of Oak Creek were in­

distinguishable. Apparently the ~ 50-m-thick sequence of flows was erupted 

within a short period of less than~ 0.1 my. It was necessary to use iso­

chron ages because of the presence of Art enriched in 40Ar compared to air Ar. 

Multiple reservoirs of Art were shown to exist in both the basalt and 

xenoliths. In the basalt, at least two trapped components of different 

composition appeared to be present. The resulting disagreement of model 

total ages of adjacent samples emphasized the unreliability of conventional 

K/Ar analysis for dating complicated systems. The presence of multiple 

trapped components of different ~ompnsitions ne~essitates d~ting young 

samples by 40Ar-39Ar instead of K/Ar analysis. 

Only a small fraction of the Ar in the xenoliths was retained after 
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heating in the lava. If the xenoliths degassed as uniform spheres, even 

this amount would have been sufficient to preclude the development of 

plateaus in the xenolith age spectra. As discussed in §4.1, the large 

plateaus actually observed are characteristic of diffusion models with 

two or more sites of different dimensions or activation energies. The 

behavior of such models suggests that the xenolith dating technique can 

be successfully applied to yet younger lavas. 

4.3 40Ar-39Ar ANALYSES OF XENOLITHS FROM IATE PlEISTOCENE BASALT FLOWS 

Introduction 

In §4.2 it was shown that the age of eruption of an early Pleistocene 

basalt determined by 40Ar-39Ar dating of the lava itself could also be found 

from plateaus in the 40Ar-39Ar age spectra of partially degassed xenoliths. 

In this section it will be shown that similar plateaus are observed in the 

age spectra of xenoliths from basalt flows an order of magnitude younger, 

even though the xenoliths in both lavas were from plutons which crystallized 

during the late Cretaceous Epoch. 40Ar- 39Ar analysis of the younger samples 

are much more difficult because they contain about an order of magnitude 

less new 40Ar* than xenoliths from the older lava. Therefore, a similar 

fractional increase in tlil:! youngl:!r appa.rl:!uL agl:! will !JI:! fuuu<l fur au order 

of magnitude less inherited 40Ar*. Such a small amount of inherited 40Ar* 

might be released even at very low extraction temperatures, and it is not 

at all obvious a priori that enough 39Ar and new 40Ar* can be extracted 

free of inherited 40Ar* to define a plateau at an age of eruption. 

If plateaus can be found ir. age spectra of xenoliths from very young 

lavas, then the possibility exists of accurately dating many late 
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Pleistocene lavas which could not be dated directly. Obviously, in such 

cases the convincing agreement between K/Ar or 40Ar-39Ar ages of the host 

lava and 40Ar _39Ar ages of the xenoliths cannot be expected, and for the 

lavas and xenoliths discussed in this section, identification of meaningful 

plateaus in age spectra must depend upon characteristics of the spectra or 

of the 36Ar/40Ar vs. 39Ar/40Ar trajectories of the xenoliths themselves. 

One motivation in developing the methodology for dating thermal events 

by 40Ar-39Ar analysis of ancient material which contained inherited 40Ar* was 

the dating of interglacial basalt flows in the Sierra Nevada. This is neces­

sary if the chronology of glacial advances is to be understood. Because many 

of these flows are so young (< 0.1 my old) very little 40Ar* has accumulated, 

and the accuracy of ages found by K/Ar or 40Ar-39Ar is strongly dependent on 

the accuracy of the estimated value of ( 36Ar/ 40Ar)t' Thus conventional K/Ar 

methods applied to the K-poor lava itself are potentially inaccurate, and 

analyses of coarse-grained K-rich granitic inclusions in the magma may be a 

better method of dating the eruptions, even though the xenoliths were only 

partially degassed of Ar during heating by the magma. 

In the southeastern Sierra Nevada there are several interglacial basalt 

flows where method of xenolith analysis might prove useful. In the Toowa 

Range, at the headwaters of the South Fork of the Kern River, a volcanic 

center has been active repeatedly during the late Pleistocene. Webb (1950) 

recognized five ages of basalt flows. Near Little Whitney Meadows, two of 

these are separated by a bed of gravels and rounded boulders larger than 

1 m in diameter which may be glacial outwash. Three canyons through the 

Sierra escarpment in the Mt. Pinchot quadrangle have intercalated basalt 

flows and moraines, These are the North Fork of Oak Creekj Sawmill Canyon, 

and Goodale Canyon. 
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One basalt flow in Sawmill Ci:iuyuu hi:i::s been analyzed using conventional 

K/Ar methods and appears to be < 0.1 my old (Dalrymple, 1964a, 1964b). In 

the Mammoth embayment, the Casa Diablo till of Curry (1968) lies between 

andesite flows which have been independently dated by Curry and by Bailey 

et al., (1976). These analyses of the same flows gave K/Ar dates which 

disagreed by more than a factor of two, resulting in the identification of 

the Casa Diablo glaciation as pre-Wisconsin (Curry, 1971) or early Wisconsin 

(Bailey et al., 1976; Burke and Birkeland, 1979). The younger andesite over­

rode and presumably degassed potassic grains in the till. Perhaps these 

could be dated by the 40Ar/39Ar method to resolve the controversy. 

Finally, Putnam (1950) has mapped a basalt flow east of June Lake that 

was erupted between the Tioga (late Wisconsin) and Tahoe (early Wisconsin) 

glaciations. It should thus be 0.025-0.065 my old. Dating such a young 

basalt would be difficult by any K/Ar method, and the analyses of potassic 

xenollLhs would seem to afford the greatest chance for success. 

Of the three interbedded lava and moraine sequences within the study 

area, the 40Ar-39Ar dating effort focussed on the one in Sawmill Canyon 

(Fig. 4-19), which appeared to be the most important. This is because two 

moraines and at least two lava flows are intercalated. This relationship 

affords the best opportunity to obtain absolute limits on the age of two 

Sierran glacial stages and to strengthen correlations with the better under­

stood chronology of continental glaciation. Additionally, the moraines of 

Sawmill Canyon have previously been studied by different researchers (Knopf, 

1918; Moore, 1963; Dalrymple, 1964b; Burke and Birkeland, 1979), and are 

probably better understood than those of the adjacent canyons of Oak Creek 

and Goodale Creek. 

Figure 4-19 shows a simplified map of the Quaternary geology in 
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Fig. 4-19. Map shows sample locations in Sawmill Canyon. Glacial 
geology and most basalt outcrops are from Dalrymple (1964). 

The small outcrop of basalt at sites SC-20 and SC-110 was not mapped 
in earlier studies. Samples from KA970 and KA970A were analyzed by 
Dalrymple (1964), Generalized topography with 400-ft contours is 
from the U. S. Geological Survey, Mt. Pinchot Quadrangle (1953). 
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Sawmill Canyon. The oldest moraine (I) appears to have been deposited 

over basalt which today outcrops only in a small area next to the Sawmill 

Pass trail. Younger basalt issued from the north slopes of Sawmill Canyon 

and overrode the end of this old moraine. Pyroclastic deposits are found on 

both the lava flow and on the moraine itself. Some time later an advancing 

glacier deposited till (moraine II) atop erosional remnants of this flow. 

No volcanic bombs or cinders are found on moraine II. 

The basalts are contaminated by granodiorite xenoliths probably derived 

from the late Cretaceous Spook pluton (Moore, 1963) through which the 

basalts erupted. The age of crystallization of the xenoliths ia about three 

orders of magnitude greater than the age of eruption of at least the basalt 

dated by Dalrymple (1964b). If it is possible to detect a plateau in the 

age spectra of such xenoliths, the ~ges of Pruption will bracket glacial 

advance I and provide an upper (older) limit for glacial advance II. 

In addition to the lavas of Sawmill Canyon, lavas from the North Fork 

of Oak Creek. Taboose Creek. and two sites outside the study ~rP~ wPrP 

analyzed. lavas from these last two sites were included because there 

were published independent estimates of the ages of eruption. 

Sample Sites In Sawmill Canyon 

We sampled the basalt at several locations in Sawmill Canyon (Fig. 

4-19). SC-1 is near the range-front fault. SC-23 is~ 10 m north of the 

contact between moraine II and the eastern of the two basalt remnants on 

the north side of Sawmill Canyon. Sites SC-116, SC-115, and SC-118 underlie 

moraine II. From the geologic relationships it is not necessary that SC-1 

or even SC-23 be older than moraine II. The basalt K/Ar dated by Dalrymple 
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(1964b) at < 0.1 my was found under moraine II. His samples, KA970 and 

KA970A in Fig. 4-19, were taken from the same outcrop on which is located 

site SC-115. 

Sites SC-22 and SC-113 were established in the pyroclastic deposits 

above moraine I. Site SC-112 was in the basalt flow covering the end of 

the moraine. Sites SC-20 and SC-110 were from the 20-m-long ledge of basalt 

found under moraine I. Despite its small size, this basalt outcrop is easy 

to find because the Sawmill Pass trail passes through it. 

At each location samples were chosen which contained xenoliths. By 

working with a number of xenoliths from different positions in the outcrops. 

the chances were improved of finding one degassed sufficiently to yield 

an eruption age. 

Other sites ••• 

Other sample sites were established elsewhere in adjacent canyons, 

in the Coso Range to the south, and near Mono Lake to the north. Details 

of these slLe locations are presented with the results of the analyses. 

Petrology of the Samples from Sawmill Creek 

The lava at site SC-1 (Sawmill Creek) is a non-vessicular olivine 

basalt which contains abundant clinopyroxene and plagioclase phenocrysts ln 

a matrix of smaller (~ 100 µm) plagioclase laths and pyroxene crystals. K 

probably resides primarily in small crystals and glass blebs in the ground-

mass. Electron rnicroprobe analysis showed one glass bleb to have the compo-

' sition of leucite. Rare xenocrysts of microcline or granodiorite xenoliths 

are encountered. These were apparently derived from the late Cretaceous 

Spook pluton (Moore, 1963) through which the lava erupted. Most xenolithR 
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are small, but some as large as 10 cm have been found. The edges of the 

xenoliths are corroded by reaction with the basaltic lava. Xenoliths 

appear fresh in thin section, but some may be easily crumbled with a hammer. 

Samples of basalt of ~ 0.5 g (samples 2-2 and 2-3) were taken more 

than 20 cm from the nearest observed xenoliths at SC-1. Two of the freshest 

xenoliths were sampled (sample 6-8; and samples 6-17, 9-1, and 9-2). These 

xenoliths were less than 5 mm in diameter and were not easily disaggregated. 

At SC-23 the olivine basalt was similar to that at SC-1 but more 

vessicular. It may be a higher part of the same flow, or a different flow. 

Numerous granodiorite xenoliths up to 15 cm in diameter were found at this 

site. Five samples (6-16, 6-25, 9-4, 9-5, and 9-6) from the largest xeno­

lith were analyzed. One of these, 6-16, was part of a 2-cm orthoclase 

phenocryst. The others were whole pieces of the xenolith with several 

mineral phases. The surface of the xenolith was pitted where feldspars 

in contact with the basaltic lava had been melted. 

Granodiorite xenoliths from the basalt under moraine II were col­

lected at SC-115 and SC-118. These xenoliths were similar to the one from 

SC-23. Dalrymple (196~b) determined that K from the host basalt near 

SC-115 constituted ~ 1.4% of the rock by weight. 

Granitic xenoliths were common in the volcanic bombs and fragments atop 

moraine I. Care was taken to sample only from obvious volcanic bombs to 

reduce the chance of accidentally dating reworked lava from the throat of 

the vent. Many xenoliths were rounded and easily broken from the lava. 

These might have been grus from the vent area included in the lava just 

before eruption. Such material would likely be only lightly degassed by 

the rapidly cooling lava in the bombs, and was therefore not likely 

to yield an age of eruption. Care was taken to avoid sampling these 
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inclusion~. s~mplPrl xPno1iths were angular and were well bonded to the 

lava. These xenoliths were probably included during passage of the magma 

up through feeders to the vent, although obviously such determinations could 

not always be made reliably in the field. Basalt samples were selected from 

relatively non-vessicular portions of the interior of bombs. 

Granitic xenoliths from the basalt below moraine I were extremely rare. 

They were very fresh, and could not be crumbled by hand. The basalt was 

non-vessicular. 

Samples from other sites ••• 

Both basalt and xenolith samples from Oak Creek were similar to those 

described for sites A and C in §4.2. The lava from the Taboose Creek fan 

was an olivine basalt similar to those found widely in the Big Pine 

volcanic field, including Sawmill Canyon and Oak Creek. The granitic 

xenoliths from Black Point were from basalt which was never submerged by 

the Pleistocene Lake Russell. Lajoie (1968) pointed out that these sub­

aerial lavas were typically altered, and some effort was made to obtain 

fresh-looking samples. The xenoliths were somewhat crumbly, but none 

better was found. In contrast, the xenoliths from the basalt at Fossil 

Falls in the Coso Range south of the study area were extremely fresh. 

These xenoliths consisted of aggregates of microcline crystals. 

Analytic Techniques 

Analytic techniques were the same as described in §4.2, with only 

minor exceptions. These are listed below. 

Different xenolith samples were treated in different ways. Samples 

6-16 (orthoclase), 6-25, 9-4, and 9-5 from SC-23 were irradiated in foil 
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and then unwrapped before analysis to reduce the amount of non-radiogenic 

Ar. They were simply pieces of the xenoliths. Sample 9-6 (also from SC-

23) was gently crushed and etched in 20% HF at 25°C for 100 s. This was 

done to remove fine-grained intergranular alteration products. F~l<lspRrs 

larger than~ 0.5 mm were then hand-picked and wrapped in Sn foil. Xenolith 

samples from sites SC-115, SC-118, SC-1, sites SC-116 and all xenolith 

samples from sites on marine I were crushed and sieved. Felsic grains from 

the size fraction from 104 µm to 160 µm were then separated magnetically and 

wrapped in foil. The intent was to simplify the mineralogy by excluding 

biotite, hornblende, and (from SC-1) fragments of basalt. 

Xenolith samples from other locations were treated in the same ways. 

Xenoliths from Oak Greek and Black Point (Mono Lake) were crushed, sieved, 

and purified. The microcline aggregates from the Caso Range were not 

treated in any way except for wrapping in foil. 

Basalt samples weighing ~ 0.5 g were picked from the interior of 

hand samples after coarse crushing. Samples were visually checked for 

xenocrysts, and none were found on exposed surfaces. The samples were 

wrapped in Al foil packets for neutron irradiatlou. 

Analyses of Ar were especially sensitive to blank composition because 

of the small amounts of 40Ar* found in the young samples. To minimize the 

Ar blank, extraction wao accompliohcd in a W crucible vapor-deposited in a 

He atmosphere. Blank levels of 36 Ar ranged from ~ lo-10 cm -3 STP at 

temperatures below ~ 800° C for several hours between to reduce memory. 

NPvPrthPlPss, after several samples had been run in a crucible the compos­

ition of blank Ar had become somewhat enriched in 40Ar, typically to values 

of 36Ar/40Ar ~ 0.0032. Sequences of three to eight blank extractions were 

run before and after sample measurements. 
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As in §4.2 Ar data are presented primarily as compositional variation 

trajectories in plots of 36Ar/40Ar vs. 39Ar/40Ar. The Ar compositions of 

the first few extractions tend to plot in a colinear array which may define 

an isochron. The intercept of the isochron with the 39Ar/40Ar axis corresponds 

to the ratio of K-derived 39Ar to new 40Ar* created since degassing of the 

xenolith in the lava. The K-derived 39Ar/4UAr* is proportional to 

(exp(At) -1)-l, where t is the age, but for Quaternary events 39Ar/40Ar* is 

proportional to t-1 with < 0.05% error. Samples in this study were neutron 

irradiated in several different batches, so there are different factors 

necessary to relate (39Ar/ 40Ar)-l to age. Consequently, the abscissa of the 

three-isotope diagrams has been standardized to the equivalent units of 

reciprocal age, in my-1• However, only if 36Ar/40Ar = 0 does the measured 

39Ar/40Ar actually specify an age. 

In §4.2 it was shown that in some samples Art was often slightly 

enriched in 40Ar compared to atmospheric Ar. This limits the usefulness 

of conventional presentations of Ar data such as age spectra, which are 

usually constructed assuming an atmospheric composition of Art• In that 

r-.ase, colinear arrays of compositions i.n the three-isotope diagram will not 

yield flat plateaus in age spectra unless Art has atmospheric compositions 

(cf. Lanphere and Dalrymple, 1976). I have used age spectra in this study 

to exhibit the fraction of 39Ar released before inherited 40Ar* was detected, 

which is vital information not evident in three-isotope diagrams. However, 

in the construction of these spectra, Art has been subtracted according to 

the 36Ar/40Ar intercept of isochrons in the three-isotope diagram in order 

to calculate meaningful step ages. 

The isochrons were determined by linear regression of the low-temper­

ature Ar compositions which appear to be colinear in the three-isotope 
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diagram. The method of Williamson (1968), which accommodates compositions 

of different precisions, was used as discussed in §4.2. 

If S is much larger than unity, weighting of compositions by their 

measurement variances is inappropriate, and regression to the reduced major 

axis (Kermack and Haldane, 1950) may be necessary instead. The reduced 

major axis was used if S was sufficiently large that there was only a 1 ° I oo 

chance that measurement errors were the only sonrre nf i:::ri:ittPr abnnt t-hP 

regression line. If the isotopic ratios are precise and if they are co­

linear in the three-isotope diagram, then S is small and the regression line 

may be an isochron. Lanphere and Dalrymple (1978) pointed out that in some 

situations colinear arrays may be spurious. If S is large enough, the 

regression line probably has little significance in terms of an actual age. 

In this study the principal opportunity for such a quandary arose when 

compositions affected by inherited 40Ar* were inadvertently used to define 

the line. In this case, the regression line would provide only a lower 

limit to the age of eruption. 

A "measure of merit" ~ used to describe the credibility of an age 

plateau or isochron was introduced in §4.2. Mif is a useful measure for 

the comparison of different isochrons. The plateau was defined as con­

sisting of steps having apparent ages within a fraction E of the true age. 

In experimental situations the true age is unknown, and in this discussion 

we take the plateau to end at the first step for which thP i:ipparPnt ;:igp i~ 

(a) more than 10% greater than the mean of earlier steps and (b) less than 

the apparent ages of subsequent steps. In the following discussion Mf is 

is denoted simply as Ml. Values of Ml may be used to weight individual ages 

to calculate a mean age (§4.2). 
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Results 

Measured Ar abundances and isotopic ratios for each step in the 

40Ar/39Ar analyses are summarized in Appendix 4-E. In Table 4-3 are found 

total amounts of 40Ar and 36Ar released from each sample, and the corre­

sponding compositions 36Ar/40Ar and 39Ar/40Ar, From these compositions, 

model ages for the sample are calculated by subtracting trapped 40Ar using 

( 40Ar/ 36Ar)t = 295.5. Abundances of Kand Ca inferred from 39Ar and 37Arca 

are also reported. Information pertaining to isochrons and inferred ages 

of degassing or eruption is given in Table 4-4. 

Samples from site SC-1 

Isotopic composition diagrams for basalt samples 2-2 and 2-J from site 

SC-1 are shown in Fig. 4-20. Ar from 2-3 was extracted in nine steps at 

temperatures from~ 275° C to ~ 1375° C. Fusion of the basalt occurred 

during the ninth step. Low-temperature steps were dominated by Art. 40Ar 

extracted at higher temperatures up to ~ 850°C was as much as 85% radiogenic, 

but the amount of Ar released was so small that blank Ar made sample Ar 

compositions uncertain. As the extraction temperature was raised to the 

fusion point the basalt released large amounts of Art• This pattern was 

described in §4.2 for basalts from the nearby North Fork of Oak Creek, and 

the burst of Ar at the highest extraction temperatures was attributed to 

loss of Art trapped in sites of high activation energies within lattices of 

low-K minerals such as pyroxenes which comprised most of the basalt. 

Perhaps the most significant feature of the trajectory of Ar isotopic 

compositions from 2-3 is the apparent trend for the first four steps of 

compositions along a line connecting Art plotting near AIR and K-derived 

Ar indicating an age of ~ 0.5 my. This trend may reflect recoil loss or 



S
am

p
le

 
S

it
e
 

S
C

-1
 

S
C

-1
 

S
C

-l
a
 

S
C

-l
b

 
S

C
-l

b
 

S
C

-l
b

 
S

C
-2

3 
S

C
-2

3
 

S
C

-2
3

 
S

C
-2

1
 

S
C

-2
3 

S
C

-L
S

 
S

C
-L

6
 

S
C

-L
B

 
S

C
-2

1
 

S
C

-L
2

 
S

C
-L

3
 

S
C

-L
3

 
S

C
-2

0
 

S
C

-L
O

 
S

C
-L

O
 

b
a
s a

 
b
a
s
a
~
t
 

x
e
n

o
ii

th
 

x
e
n

o
:i

th
 

x
e
n
o
~
i
t
h
 

x
e
n

o
:i

 t
h

 
o

rt
h

o
c
la

s
e
 

x
e
n

o
:i

th
 

x
e
n

o
:i

th
 

x
e
n

o
: 
it

h
 

m
ic

ro
c
li

n
e
 

x
e
n

u
:i

th
 

x
e
n

o
li

 t
h

 
x

e
n

o
li

th
 

b
a
s
a
:t

 
x

e
n

o
li

 t
h

 
x

e
n

o
li

th
 

x
e
n

o
li

th
 

b
a
sa

 
t 

x
en

o
 
it

h
 

x
e
n

o
 
tt

h
 

2
-2

 
2

-3
 

6
-8

 
6-

17
 

9
-4

 
9

-5
 

6
-1

0
 

6
-2

5
 

9
-1

 
9

-2
 

9
-6

 
7

-8
2

 
7

-8
3

 
7

-6
3

1
 

6
-2

) 
7

-8
0

 
7

-6
: 

7
-6

0
 

6
-1

5
 

7
-5

4
 

7
-5

5
 

9
-2

0
 

9
-9

 
9

-3
2

 
7

-8
6

] 
7

-2
7

 
7

-1
0

7
 

T
ab

-2
0

1
 
b
a
s
a
~
 t 

B
P

t-
1

1
 

F
V

-1
01

 
N

F
O

C
-2

9 
N

FO
C

-5
1 

N
F

O
C

-2
5 

x
e
n

o
li

th
 

m
ic

ro
c
li

n
e
 

x
en

o
 
1

th
 

b
a
sa

 
t 

b
a
sa

 t
 

T
a
b

le
 

4
-3

 

S
um

m
ar

y 
o

f 
4

0
A

r 
-

3
9

A
r 

R
e
su

lt
s 

8
e
rn

 
~
M
 

lt
O

A
r 

3
6

A
; 

M
u

sc
o

v
lt

c
 

cm
3S

T
P

 
g

-l
 

cm
3S

T
P

 
g

-1
 

3
6

A
r/

1
t0

A
r 

3
9

A
r/

4
0

A
rt

 
3

9
A

r/
4

lA
r*

 
K

 
x

1
o

a 
x1

0L
O

 
:<

10
6 

x
l0

4
 

x
l0

' 
w

t.
t 

2
0

.6
 

1
5

.7
 

2
0

8
. 

9
0

.2
 

2
2

9
. 

2
1

1
. 

2
0

0
. 

1
2

9
. 

58
 .
9

 
1

4
8

. 
1

0
5

0
. 

5
0

.3
 

2
2

6
. 

>
8

6
.0

 
4

4
.3

 
8

9
.7

 
5

5
4

. 
2

8
8

. 
1

3
.8

 
1

5
4

. 
8

4
.0

 
8

.3
0

 
1

6
5

. 
1

9
0

. 
)1

7
0

. 
8

.0
0

 
2

1
6

. 

6
.6

: 
5

.0
6

 
57

 .
4

 
-2

6 
.2

 
69

 .o
 

6
3

.8
 

26
 .o

 
29

 .3
 

1
4

.4
 

3
1

.9
 

2
1

.0
 

6
. 2

7 
6

8
.0

 
)1

6
.5

 
14

 .
4

 
26

 .o
 

3
3

.6
 

1
7

.4
 

4
.9

0
 

4
2

.3
 

2
1

. 
5 

2
. ]

q
 

3
4

.6
 

58
 .
6

 
)2

9
.2

 
2

. 4
9 

7
5

.3
 

3
2

0
2

±
5

4
 

3
2

H
±

6
0

 
27

 )
5.

!:
51

 
2

9
0

5
t6

8
 

3
0

o
4

t8
2

 
30

08
±

 2
9 

1
3

0
2

±
2

5
 

2
3

2
5

t4
1

 
2

4
)2

±
2

5
 

2
L

i0
•7

4
 

2
0

4
!5

 
1

0
0

5
±

6
7

 
30

01
:!

:4
8 

2
3

1
8

! 
24

 
32

13
±

68
 

28
73

±
 5

5 
5

9
l!

9
 

71
4±

58
 

3
3

)5
±

7
9

 
2

7
3

4
±

5
1

 
2

4
7

8
±

2
3

 
32

97
±

 1
0

6
 

2
2

U
±

2
5

 
3

1
U

±
l9

 
1

1
1

6
±

4
2

 
31

 L
O

±
l4

 
3

1
9

2
±

8
 

81
1 

±7
 

82
9±

 1
9 

12
11

2 
3

3
1

±
5

 
15

6±
 7

 
1

6
7

tl
 

2
6

4
±

4
 

1
8

4
!1

 
2

2
5

il
 

1
8

lt
4

 
3

lt
0

 
1

9
1

±
2

 
71

±
1 

10
4±

1 
2

2
2

±
3

 
1

5
7

t l
 

52
±

0 
6

6
!5

 
71

2:
!: 

11
 

9
L

t 
l 

1
5

0
±

0
 

8
3

8
±

2
 

1
1

8
±

2
 

2
5

9
t 

l 
16

6±
3 

10
1;

±
0 

42
±

0 

24
3 

24
3 

1
2

2
 

1
2

2
 

1
1

9
 

11
9 

1
2

2
 

1
2

2
 

1
1

9
 

1
1

9
 

1
1

9
 

1
0

4
 

1
0

4
 

10
4 

1
2

2
 

1
0

4
 

1
0

4
 

!0
4

 
1

2
2

 
10

4 
1

0
4

 
1

1
9

 
1

1
9

 
1

1
9

 
10

'•
 

2
2

8
 

10
3 

1
. ~

 

1
. l

 
4 

.)
 

4
. 

7 
'}

.)
 

5 
.:.

 
7 
.l

 
1
.
~
 

4.
'.>

 
4.

!t
 

5
.2

 
3

.4
 

3.
·J

 
>

2.
t 

1
.4

 
2

.i
i 

5
.4

 
3

.3
 

l.
i)

 

2
.)

 
2

.&
 

o.
:. 

3.
&

 
9

.l
 

)5
.4

 
2

.0
 

1
.9

 

C
a 

w
t.

7
. 

1
2

.2
 

1
1

.4
 

2
.9

 
2

.1
 

7
.2

 
2

.4
 

0
.7

 
2

.8
 

2
.0

 
8

.4
 

3
.4

 
1

.5
 

3
.0

 
)1

.5
 

1
0

.2
 

1
.1

 
1

. 
5 

],
 l 

1
0

.2
 

2
.2

 
2

.6
 

4
.2

 
1

.6
 

0
.6

 
>

L
B

 
6

.8
 

5
.3

 

*
N

o
rm

a
li

z
e
d

 
to

 
n

e
u

tr
o

n
 

fl
u

e
n

c
e
 

(o
r 

n
u

sc
o

v
it

e
 

ir
ra

d
ia

ti
o

n
 
m

o
n

it
o

r.
 

U
n

c
P

rt
a
in

ti
e
s
 

a
re

 
<

O
.'

)%
. 

!N
o

rm
a
li

z
e
d

 
to

 
n

e
u

tr
o

n
 

fl
u

e
n

c
e
 

to
r 

n
u

sc
o

v
lt

e
 

ir
ra

d
ia

ti
o

n
 
m

o
n

it
o

r.
 

ls
te

p
 

lo
s
t 

in
 
a
n

a
ly

s
is

. 

T
o

ta
l 

a
g

e
,m

y
 

0
.2

8
±

0
.0

7
 

0
. 

25
± 

0
. 0

8 
3

. 3
±

0
. l

 
0

.9
:!

:0
.l

 
1

.4
±

0
.4

 
1

.4
±

0
.2

 
5

.1
±

0
.3

 
1

.7
±

0
.2

 
2

.6
±

0
.3

 
4

.3
±

0
.3

 
64

 .
B

!0
.7

 
6

.8
±

0
.2

 
3

.0
t0

.4
 

5
.7

±
0

.4
 

0
.5

±
0

.2
 

1
.8

±
0

. 3
 

2
9

. 5
±

0
.5

 
2

2
.9

±
3

.7
 

0
.0

3
±

0
.7

 
L

i.
0

±
0

.2
 

3
.3

t0
.1

 
0

.0
7

±
0

.0
8

 
6

.2
±

0
.3

 
0

.6
3

±
0

.0
6

 
5

.6
±

0
.2

 
3

. 
2

::
0

. 
2 

2
.4

!0
. 

l 

T
h

e 
f
ir

s
t 

tv
o

 
co

lu
m

n
s 

sh
o

w
 

am
o

u
n

t 
o

f 
A

r 
e
x

tr
a
c
te

d
 

fr
o

m
 

('<
tc

h 
sa

m
p

le
 

n
o

rm
a
li

z
e
d

 
b

y
 

th
e
 

sa
m

p
le

 
m

<J
ss

 
(A

p
p

. 
4

-E
, 

T
a
b

!,
, 

4
-E

-I
).

 
N

ex
t 

c
o

lu
m

n
s 

sh
o

w
 

is
o

ro
p

ic
 

<
'o

m
p

o
si

t'
o

n
. 

l:
:r

r<
)T

 
h<

1r
s 

a
re

 
2

o
. 

A
p

p
a
re

n
t 

A
ge

 
(s

ix
th

 
c
o

lu
m

n
) 

is
 

to
u

n
d

 
fr

o
m

 
c
o

m
p

o
si

ti
o

n
s 

n
o

rn
;i

ll
z
e
<

l 
by

 
J9

A
r/

4
0

A
r*

 
o

f 
th

e
 

m
u

sc
o

v
it

e
 

ir
ra

d
ia

ti
o

n
 

m
o

n
it

o
r.

 
C

o
n

c
e
n

tr
a
ti

o
n

s
 

o
f 

K
a
n

d
 

C
a 

w
er

f-
' 

c
a
lc

u
la

te
d

 
:r

u
m

 
3

9
A

r 
a
n

d
 

J
7

A
r 

c
o

m
p

a
re

d
 

to
 

a
b

u
n

d
a
n

c
e
 

o
f 

so
m

e 
i:

;o
to

p
e
s 

in
 

L
he

 
B

er
n

 
4M

 
A

nd
 

f
lu

o
r
it

e
 

ir
ra

<
lL

1
1

io
n

 
m

o
n

it
o

rs
 

o
f 

kn
ow

n 
K

 a
n<

l 
C

a.
 

N
 "° ~ 



295 

Table 4-4 

Summary of 40Ar - 39Ar Results (Continued) 

Fraction of Art 
39Ar in Number lsochron 3bAr/'*OAr s Regression 

Sample Site plateau of steps age, my xl06 n-2 method M' 

2-2 SC-1 basalt 1.00 5 0.076±0.051 3255±54 1.85 w 0.15 
2-3 SC-1 basalt 1.00 9 0.126±0.066 3245:t61 2.40 w 0.34 
6-8 SC-la xenolith 0.47 8 0 .119±0 .008 3324:t41 12.99 R 1.10 
6-17 SC-lb xenolith o. 54 4 0.122±0.022 3335± 36 4.72 w 0.23 
9-<\ SC-lb xenolith 0.52 3 0.084±0.028 3353± 52 35.61 R 0.13 
9-5 SC-lb xenolith 0.56 4 0.115±0.024 3356±17 26. 70 \.;' c .21 
6-16 SC-23 orthocL::ioc 0.19 5 0.161±0.021, 32511±71 6.Bl1 R 0.12 
6-25 SC-23 xenolith 0. 55 8 0.117:!:0.011 3332:!: 26 6.75 R 0.92 
9-1 SC-23 xenolith 0.53 5 0.125±0.023 3370:::74 12.32 R c. 28 
9-2 SC-23 xenolith 0.53 4 0.104±0.037 3340±90 12.50 R 0 .12 
9-6 SC-23 micrcclinc o.oo 0 
7-82 SC-115 xenolith 0.32 4 0.124±0.085 2839!96 3.64 w 0.06 
7-83 SC-116 xenolith 0.66 9 l.135::t0.015 3322±11 2.01 w 8.81 
7-63 SC-118 xenolith >O .26 5 0.34:!:0.13 3391± 97 5.92 R 0 .07 
6-23 SC-22 basalt 1.00 5 0.20±0.21 3280:t43 0.10 \.;' C.09 
7-80 sc-112 xenolith 0.52 5 0.131±0.010 3359±9 0.54 w 0. 67 
7-61 SC-ll3 xenolith 0.13 3 0.179±0.051 337 2±ll 0.63 w 0.03 
7-60 SC-113 xenolith 0.08 0 
6-15 SC-20 basalt 
7-54 SC-110 xenolith 0.26 3 0.405±0.109 3359±22 4.20 w () .06 
7-55 SC-110 xenolith 0.33 6 0.468±0.052 3361:::13 1. 72 \.;' (). 36 
9-20 Tab-201 basalt 
9-9 llPt- 11 xenolitb o.oo c 
9-32 FF-101 microcline 0.18 8 0.123±0.020 3344±40 16.38 R C.14 
7-861 NfOC-29 xenolith )0.08 2 (0.195±0.074) (3182±93) * ( (). 01) 
7-27 ~FOC-51 basalt 
7-107 NfOC-2'.i b21,;21ll 

*The "isochron age" and Art were determined from the line passing through the two compositions. 

lstep lost in analysis. 

Explanation 

Lines were fit to Ar compositions thought to be free of inherited 
40Ar*. These regression lines were interpreted as isochrons. The iso­
§~ron4age was calculated from the intersection of the isochron and the 

Ar/ Ar axis. The composition of Art is specified by the intersection 
of the isochron and the 36Ar; 40Ar axis. S/(n-2) is a measure of the 
scatter of compositions about the isochron determined by the method 
of Williamson (1968). In general, values of S/(n-2) > 1 indicate more 
scatter than expected from the measurement uncertainties alone. If 
S/(n-2) is so large that there is less than a 1°/oo chance that the 
scatter is allowed by the known measurement uncertainties, the isochron 
was taken to be the reduced major axis (Kermack and Haldane, 1950). The 
method of regression is indicated by a W (Williamson) or an R (reduced 
major axis) in the penultimate column. The final column shows values of 
M' - nF/o%(§j~2) where n is the number of steps to be fit, F is the 
fraction of Ar released in those steps, and 0% is the standard 
deviation in percent of the isochron age. 
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SC-I (2- 3) 

BASALT 

.002. 

AIR 

BASALT 

' 2.0 3.0 4.0 5.0 
RECIPROCAL AGE, my-1 

Fig. 4-20. Poorly defined isochrons from 40Ar-39Ar analysis of basalt 
samples 2-3 and 2-2 from site SC-1 yield ages consistent with 

earlier K/Ar ages for basalt samples KA970 and KA970A (Dalrymple, 1964), 
taken from a different outcrop probably of the same flow. Total compo­
sitions (stars) yield total ages of - 0.27 my, considerabl~ older than 
isochron ages. One explanation is that Art is enriched in °Ar compared 
to air AIR. Error bars in this and subsequent three-isotope diagrams 
are lo. Diagonal error bars reflect uncertainties in blank subtraction. 
Extraction temperatures (°C) are shown by selected steps. Superscript 
f identifies step in which fusion occurred. 



297 

redistribution of 39Ar from small K-rich grains during neutron irradiation. 

The variation pattern may also reflect the presence of multiple reservoirs 

of Art, at least one of which is enriched in 4o Ar compared to atmo'spheric 

Ar (cf. §4.2). Such an explanation cannot be ruled out for this sample. 

A line fit to Ar compositions from sample 2-3 intercepts the 36Ar/40Ar 

axis at 0.00325i0.00006, suggesting an Art enriched in 40Ar compared to air 

Ar. If this is true, then the model total or K/Ar age of 0.25±0.08 my, 

calculated assuming Art = 0.00338, is too large and the age corresponding to 

the abscissa intercept of the fitted line (0.13±0.07 my) is the only measure 

of the age of eruption. Because of the complexity of the isotopic variation 

trajectory, the regression line is of uncertain significance. 

The modRl tot~1 ~gP of basalt sample /-2, also from site SC-1, is 

0.28±0.07, similar to the total age of 2-3. The trajectory of compositions 

is somewhat simpler than for 2-3, although this may be due in part to the 

relatively high temperature of~ 500°C for the first extr~~tion. ThP 

regression line again implies a radiogenic Art• The age indicated by this 

line is only 0.08±0.05 my, which is not significantly younger than the 

D.13±0,07 my age for 2-3. Isochron ages from both samples are consistent 

with Dalrymple's (1964b) K/Ar ages of 0.06±0,10 my and 0.09±0.18 my (2cr) 

(for samples taken near SC-115). Total model ages are older than Dalrymple's 

K/Ar ages at >95% confidence. Abundances of K and Ca inferred for these 

samples were ~ 1.3% and~ 11.8% by weight, respectively. 

Xenolith sample 6-8, from site sc-la, was analyzed in fourteen steps 

at temperatures from~ 275°C to~ 1700°C (Fig. 4-21). Ar compositions for 

the first eight steps were colinear in the three-isotope diagram, indicating 

19 40 * mix.lug bt!Lweeu a single Art and a well-defined Ar/ Ar corresponding to 

an age of 0.119±0.008 my. The radiogenic fraction of the 40Ar increased 
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Fig. 4-21. Ar compositions for granodiorite xenolith samples from site 
SC-1. Top diagram shows Ar compositions for xenolith SC-la 

(sample 6-8). The 0.119-my line is probably an isochron and was fit to 
the first eight com8ositions. At higher temperatures Ar appeared to 
include inherited 4 Ar*. Bottom row shows compositions from three rep­
licates of a second xenolith, SC-lb. The dashed line is the isochron 
from sample 6-8, included for reference. In general the first three or 
four steps produce Ar of compusitions consistent with mixing between 
Art and a young K-derived Ar. This is most pronounced for sample 6-17. 
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with temperature to a maximum of ~ 33% at a 775°C. At higher extraction 

temperatures the Art became increasingly dominant, although this trend was 

offset by the presence of increasing amounts of what was probably inherited 

40A * r • especially above l200°C. This resnl te<l in a spurious col inear array 

of six compositions, extracted at temperatures from ~ 775°C to 1200°C. A 

line fit to these points would intersect the 36Ar/40Ar axis at ~ 0.003. Were 

it not for the large burst of inherited 40Ar* released during the last two 

steps, this pattern could not be confidently distinguished from ternary 

mixing among two compositions of Art and one composition of K-derived Ar. 

So much inherited 40Ar* was released at 1700°C that the total composition 

of Ar from 6-8 was well below the mixing lines established at lower tempera-

tures and corresponded to a model age of 3.3±0.2 my. If the xenolith first 

crystallized in late Cretaceous time, the degassing in the lava was more 

than 95% complete. 

The line fit to compositions of Ar extracted at or below ~ 875°C gave a 

very precise age. This precision resulted from the large number of steps 

defining the line, from the high colinearity of compositions in the three­

isotope plot, and from the high 40Ar* content of Ar released at 775°C and 

875°C. The regression line was probably an isochron. 

Only ~ 20% of the Ar measured in the two steps at 775°C and 875°C was 

attributable to the blank, so the Ar compositions were well known. Further-

more, the effect of blank subtraction was to shift the plotted compositions 

along a line very nearly parallel to the isochron. This minimized the 

influence of blank Ar on the apparent age of eruption for sample 6-8. 

To demonstrate the insensitivity of the isochron for sample 6-8 to 

uncertainties in the blank Ar, we randomly chose different blank Ar amounts 

for each step according to the uncertainties listed in App. 4-A. Lines 
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were flt and ages tabulated for 100 iterations. The distribution of 

ages calculated in this way was 0.119±0.002 my. As the uncertainties 

in age from measurement precision were ±0.008 my, the uncertainties 

due to blank suhtri:if'tion wE>re negliglblf!. 

The high value of S/(n-2) indicates scatter of compositions about 

the isochron in excess of that predicted from measurement errors alone. 

The correlation coefficient relating the variation of 36Ar/40Ar and 

39Ar/40Ar for the points fit by the isochron is -0.997, suggesting that 

the high value of S may result from underestimation of measurement errors 

or random effects but that the data were sufficiently linear that fitting 

a reduced mean axis is justified. The colinearity of the compositions 

increases the confidence that the isochron age is physically significant. 

Because of the high radiogenic content of Ar from the 775°C and 875°C 

steps, the influence of uncertainties in the composition of Art on the 

apparent ages was reduced. Apparent agco for theoe steps (assuming Art 

of atmospheric composition) averaged 0.122±0.005 my, within 2cr of the 

isochron age. Remarkably, almost half of the total 39Ar was released 

before inherited 40Ar* was detected. This characteristic of the xenolith 

allowed the measurement of the large number of steps (eight) which defined 

the isochron. From the amounts of 39ArK and 37Arca in sample 6-8, it was 

inferred that xenolith SC-lb contained 4.0% K and 2.9% Ca by weight. 

This is reasonable for a granodiorite. The composition of Ar 36Ar/40Ar 
t' 

= 0.003324±0.000041, was enriched in 40Ar compared to air. 

40Ar-39Ar analyses of three replicates of the second xenolith, SC-lb, 

produced three-isotope diagrams similar to that of sample 6-8 (Fig. 4-21). 

However, for no step free of inherited Ar in any of the three analyses 

did 40Ar* exceed 13% of the 40Ar released in that step. Since total ages 



301 

were less than 1.5 my, degassing in the lava was more complete than for 

sample 6-8. Despite this, inherited 40Ar* was detected at temperatures 

as low as 725°C in two of the samples (9-4 and 9-5). This was 300°C 

lower than for sample 6-8. In each of the samples >50% of the total 

39Ar was still released before inherited 40Ar* was detected. 

Regression lines for each of the xenolith samples from SC-lb indicated 

slightly radiogenic Art compositions. Although precisions were lower than 

for sample 6-8, isochron ages for samples 6-17 and 9-5 (Table 4-4) were 

within lo of 0.119 my, the mean age of eruption found from sample 6-8. 

Only three extraction steps for sample 9-4 appeared to be free of inherited 

40Ar*, and these were of low analytic precision. As a consequence, 

S/(n-2) = 35.61 was the highest for any sample. The plateau or isochron 

had a very low M1 of 0.13, a factor of 8.5 lower than M1 for sample 6-8. 

The mean age calculated by weighting all four individual isochron ages 

by their respective values of nF39 (§4.1) was 0.118±0.006 my. (The un­

certainty of this mean age does not include the systematic 3.4% uncertainty 

of the monitor age, which raises the uncertainty to ±0.007 my.) 

Thus the age of degassing of the xenoliths from the basalt at sitP sr.-1 

appeared to be 0.12 my. This age is based chiefly on one sample (6-8) but 

is supported by three other analyses of xenoliths and is consistent with 

analyses of the basalt itself. This age is also consistent with the 

geological context. 

Samples from site SC-23 

Five samples of a single granodiorite xenolith from SC-23 were analyzed. 

Three of these (9-1, 9-2, and 6-25) were simply ~ 0.25 g pieces of the xeno­

lith. Sample 6-16 was a piece of an orthoclase phenocryst, and sample 9-6 
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contained etched feldspar grains picked from the crushed xenolith. 

Only 9-6 was wrapped in foil. 

Ar from sample 9-1 was released in eight steps (Fig. 4-22). Compositions 

followed the usual pattern, with the trajectory in the three-isotope diagram 

proceeding from near AIR towards a young K-derived component, then reversing 

direction and returning towards a point on the ordinate lower than AIR. 

~ision occurred during the 1400°C step. and Ar from this step was strongly 

enriched in inherited 40Ar*. Over half the 39Ar was released unaccompanied 

by inherited 40Ar*, in five steps up to 900°C. The compositions plotted in 

a concave array in the three-isotope diagram. The reduced major axis fit to 

these points yielded an apparent age of 0.125±0.023 my and Art within lo of 

AIR composition. However, the composition at 600°C plotted well below this 

line. Such a pattern could result if the sample contained multiple reser­

voirs of Art• In this case a regression line has uncertain meaning. 

Compositions of Ar released from sample 9-2 did not follow the same 

concave trajectory seen for 9-1. A line fit to the first four compositions 

gave an age of 0.104±0.037 my. This was closer to the younger of the ap­

parent ages found for 9-1, but the uncertainties in the ages were so large 

that the age for 9-2 differed from the older age for 9-1 at less than the 

95% confidence level. 

Ar released from sample 6-25 in eight steps at temperatures below 

1050°C defined a linear array of compositions. A line fit to these points 

passed through AIR and gave an age of 0.117±0.011 my. Over half of the 

39Ar was released in these steps, but only 15% was released during the 

three most radiogenic steps. Sample Ar released during those three steps 

was only two to five times above blank levels. The regression line for 

sample 6-25 was the best of all from site sc-23. This is reflected by 
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Fig. 4-22. Ar compositions for xenolith samples from site SC-23 clearly 
show the tendency to lie along3~ li~O between a well-defined 

Art on the ordinate and a young K-derived Ar/ Ar (proportional to 
reciprocal age) on the abscissa. All samples released inherited 40Ar* 
at temperatures above 1050°C. Sample 9-6 alone was etched in HF. This 
may be responsible for its failure to define an isochron. 
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M' = 0.92, second only to M1 = 1.10 for sample 6-8 from site SC-1 and a 

factor of three higher than M1 for sample 9-1. Although S/(n-2) = 6.25, 

implying excess scatter in compositions, inspection of Fig. 4-22 shows the 

high degree of colinearity (correlation coefficient r = -0.994) which 

supports the interpretation of the reduced major axis as an isochron 

giving the age of eruption. 

Compositions of Ar released from sample 6-16, part of a single ortho­

clase phenocryst from xenolith SC-23, followed a trajectory similar to 

those of other xenolith samples. Art clearly contained excess 40Ar, with 

36Ar/40Ar = 0.003254±0.000071. Only 3.lxlo-10 cm3 STP 36Ar (per gram 

sample) was degassed in the first two steps (300°C and 500°C), compared 

to 1.4x10-9 cm3 STP 36Ar for adjacent sample 6-25. This might reflect 

lower amount of atmospheric Ar adhered to the reduced surface area of the 

single crystal compared to the aggregate of small grains in sample 6-25. 

Four or five increments of Ar from sample 6-16 were measured before 

inherited 40Ar* was detected. However, only 19% of the 39Ar was released 

in these steps below 1100°C, compared to 58% for sample 6-25. The reduced 

major axis fit to the five points apparently free of inherited 40Ar* gave 

an age of 0.161±0.024 my. This was the oldest apparent age for any of the 

xenoliths from SC-1 or SC-23. 

The apparent high age for sample 6-16 could result from the presence 

of 40Ar* in the 950°C and 1075°C steps. Fitting the reduced major axis to 

only the first four compositions (eliminating the 1075°C step) reduced the 

age to only 0.151±0.031 my, not significantly lower and still anomalously 

high. In fact, no line younger than 0.135 my could be fit to any two points. 

The weighted mean age of isochrons from site SC-23 was 0.119±0.008 my 

(±0.009 my, if the monitor uncertainty is included). This age is not 
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different from the mean age for site SC-1. 

Total ages for all of the unetched xenoliths from SC-1 and SC-23 

ranged from 0.9 my to 5.1 my. Degassing in the lava was more than 92% 

complete, based on an assumed lower limit of 65 my for the age (late 

Cretaceous) of the parent pluton. In contrast to the other samples, 

sample 9-6 consisted of feldspars etched in HF, and although it was from 

the same xenolith SC-23, its total age was 65 my. It is unlikely that 

such a disparity in the levels of degassing of similar grains would be 

found in the same xenolith. Consequently, it appears that etching removed 

or damaged parts of the crystal lattices which were degassed in the lava. 

The three-isotope diagram (Fig. 4-22) shows that the age of eruption 

could not be identified from the pattern of Ar compositions for sample 9-6. 

However, Ar released at 1300°C gave a model age of 116 my, which may be 

considered a lower limit to the age of the late Cretaceous Spook pluton 

through which the basalt erupted. 

Samples from sites SC-llb, 11~, and 118 

Site SC-116 was near the base of the basalt flow sampled by Dalrymple 

(1964b) for K/Ar dating of the basalt underlying the glacial moraine 

(Fig. 4-19). Site SC-115 was near the top of the same flow. Site SC-118 

was a second smaller outcrop of basalt beneath the same moraine. These 

outcrops are close to the present level of Sawmill Creek, and from this 

geomorphic relationship the basalt appears to bt: relatively young. 

Xenolith sample 7-83 from site SC-116 showed a familiar isotopic 

composition trajectory (Fig. 4-23), with low-temperature compositions 

plotting near AIR and progressing towards a single K-derived composition 

for eight steps at temperatures up to 775°C. At higher temperatures, 
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Fig. 4-23. Ar compositions for three granodiorite xenoliths from basalt 
cropping out beneath moraine II showed different trajectories 

or patterns of variation with extraction temperature. For sample 7-83 
compositions of Ar released in nine steps at temperatures below 975°C 
defined an isochron giving an age of ~ 1.1 my. Ar compositions for nei­
ther of the other xenoliths defined such simple linear patterns. Steps 
at temperatures of 900°C or less could be interpreted as an isochron 
giving an age of ~ 0.35 my for sample 7-63. The complicated trajectory 
for sample 7-82 co~§d be interpreted as showing the effects of recoil 
redistribution of Ar or mixing of multiple compositions of Art, one of 
them enriched in 40Ar compared to air Ar. In the first case, regression 
lines would be of uncertain significance. The 0.124-my line shown was 
fit to the compositions for the four steps made at temperatures from 
425°C to 725°C, assuming a mixture of compositions for Art• 
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the trajectory reversed direction and returned to the ordinate at 

36Ar/40Ar < 0.003 for T > 1000°C. The eight low-temperature steps appear 

to define an isochron giving an age of 1.14±0.02 my. This age is an order 

of magnitude greater than the K/Ar ages of Dalrymple (1964b). It would be 

geologically improbable to find a 1-my-old lava flow within a few tens of 

meters of the rapidly down-cutting Sawmill Creek. (Only 20 km to the north, 

Coyote Creek has cut down~ 300 m in the past 1 my; Bateman, 1965). Yet 

the isochron for sample 7-83 appears to be well defined. 

Moore (1963) noted basaltic dikes on the north side of Sawmill Point 

and mapped a similar outcrop on the south side, in the drainage of Sawmill 

Creek. He guessed the dikes north of Sawmill Point could be older than the 

basalt flows of Oak Creek (1.2 my). Thus ancient lava may well be found in 

Sawmill Canyon. If volcanism in Sawmill Canyon was not restricted to a 

single episode, then perhaps the xenolith of sample 7-83 was from a large 

block of ancient basalt incorporated in a younger flow. No conclusions 

should be drawn without new K/Ar or 40Ar-39Ar analyses confirming the 

presence of ancient basalt in Sawmill Canyon. 

Site SC-115 was the same outcrop sampled by Dalrymple (1964b) for K/Ar 

dating of the basalt underlying the glacial moraine (Fig. 4-19). Site 

SC-118 was a second smaller outcrop of basalt under the same moraine. One 

xenolith from each site was analyzed. Xenolith sample 7-63 from SC-118 had 

a total age of only 5.7 my but no reliable isochron could be fit to compo­

sitions in the three-isotope diagram (Fig. 4-23). It appears that inherited 

40Ar* was released at extraction temperatures as low as 700°C. 

While more than one quarter of the 39Ar was released in the first 

six steps which appeared to be unaffected by inherited 40Ar*, composi­

tions clustered around two values. Thus the trends in composition used 
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to identify isochrons were not, present. 

Sample 7-82 from site SC-115 had an isotopic variation trajectory 

(Fig. 4-23) which was too complex to permit confident identification of 

an isochron. Ar released at 350°C or less plotted close to AIR, but 

after progressing towards an old K-derived 39Ar/40Ar (~ 1 my) the tra­

jectory flattened out. Model ages of subsequent steps decreased to ~ 0.2 

my. At steps above 850°C the trajectory changed direction again and 

progressed towards an ancient K-derived argon plotting near the origin. 

If Ar extracted below - 500°C was a mixture of new 40Ar* created since 

degassing in the lava, an Art of atmospheric composition, and a second Art 

enriched in 40Ar, then compositions of extractions from 500°C to 725°C might 

define an isochron. A line fit to these compositions indicated an age of 

0.12±0.09 my. This imprecise age is at least consistent with ages from the 

adjacent site SC-23. However, the 500°C point may well include atmospheric 

Art also~ in which case the regression line provides only an upper limit 

to the age. 

Sample 7-63 from site SC-118 had a composition trajectory which did 

not appear to define an isochron. One of the critical steps (600°C) was 

lost during analysis. However, the next three steps all had similar 

apparent ages (~ 0.35 my), which may be interpreted as indicating an 

absence of inherited 40Ar* until the 1000°C step. A line fit to the 

five steps at 900°C or lower gave an age of 0.34±0.13 my. Because 

of the ambiguity in the trajectory and the missing step, this age should 

probably be viewed only as an upper limit to the age of eruption. 

Samples from sites atop moraine I 

Four samples were analyzed from two basalt outcrops atop moraine I, 

an old deposit of till north of the main moraine (II) of Sawmill Canyon 
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(Fig. 4-19). Site SC-112 was at the west end of the basalt flow covering 

the lower portion of the moraine. Sample 7-80 from this site was part of 

a 5-cm granodiorite xenolith from a 1-m volcanic bomb resting on the 

flow atop the moraine. Site SC-113 was at the center of a small patch 

of pyroclastic basalt bombs, cinders, and fragments on the crest of the 

same moraine to the west, and samples 7-60 and 7-61 were granodiorite 

xenoliths from a 25-cm bomb from this site. Sample 6-23 was basalt from 

a different 25-cm bomb from site SC-22, a few meters away. 

Sample 6-23 was analyzed in six steps, at temperatures from 300°C to 

1700°C. Ar released at 500°C was the most radiogenic, but the total amount 

of Ar released in this step was so small that only a low-precision apparent 

step age of 0.05±0.05 my resulted. No plateaus were found in the erratic 

age spectrum. The total age was 0.50±0.16 my. However, an Art composi­

tion enriched in 40Ar only 5% compared to air AR would reduce that age to 

zero. Because non-atmospheric compositions of Art have been observed in 

lavas (Krummenacher, 1970; Kaneoka, 1980; see also §4.2) this age should 

probably be viewed with scepticism. 

Xenolith samples 7-60 and 7-61 were apparently only poorly degassed: 

they yielded total ages of 22.9 and 29.5 my. Because of the large amount 

of inherited 40Ar*, no low-temperature isochron was developed for either 

sample (Fig. 4-24). Compositions of steps extracted at temperatures of 

500°C or less yielded apparent ages as low as 0.18±0.04 my which could be 

regarded as upper limits to the age of eruption, but these are extremely 

sensitive to the composition of Art• The hlghe8L apparent age (66 my) was 

found for the fusion step, and confirmed that the source of the xenoliths 

was at least Cretaceous in age. No plateau was developed for Ar released 

at high temperatures, and the age is therefore only a lower limit to 
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the age of original crystallization. 

Xenolith sample 7-80 from SC-112 was much more completely degassed 

than the xenoliths from SC-113, despite the fact that it was from a similar 

bomb. Its total age was only 1.8 my. Figure 4-24 shows that compositions 

of Ar extracted in five steps at temperatures up to 775°C formed a linear 

array in the 36Ar/40Ar vs. 39Ar/40Ar diagram, defining a distinct isochron 

of 0.131±0.010 my age. Ar releaocd from sample 7-80 at temperatures above 

900°C was clearly enriched in 40Ar*, yielding an apparent age at 

fusion of 14 my. 

The five-step plateau represented 52% of the 39Ar released. The 

precise isochron indicated an Art composition of 0.003359±0.000009, only 

slightly enriched in 40Ar compared to air Ar. Ml = 0.67 was comparable 

to values of M1 for samples 6-8 and 6-25, which produced the best isochrons 

from sites SC-1 and SC-23. The isochron age appears to be a valid measure 

of the age of eruption of the host bomb. 

Thus the pyroclastic deposits atop moraine I may have been erupted 

-0.13 my ago, possibly contemporaneously with the lava flows underlying 

moraine II and also with those at the canyon bottom farther east (site SC-1). 

These analyses show that moraine I was certainly pre-Wisconsin, an important 

conclusion that has not been satisfactorily demonstrated before. 

Sites SC-20 and SC-110 

Underlying moraine I is an outcrop of basalt distinct from the 

basalt of site SC-112. One sample of basalt (6-15) and two samples from 

a granodiorite xenolith (7-54 and 7-55) were analyzed. The basalt and 

xenolith were from different locations a few meters apart (SC-20 and 

SC-110, respectively). 
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Fig. 4-24. Ar compositions for xenoliths from volcanic bombs atop 
moraine I show effects of different levels of degassing. 
Only about 62% of the Ar from the xenolith from site SC-113 

was lost during heating in the the basalt, assuming an age of 65 my for 
the pluton which donated the xenolith. Although compositions of Ar 
extracted at very low temperatures <S50°C could well lie along a young 
isochron, these data do not define one and can only be interpreted to 
give an upper limit to the age of degassing. In contrast, the xenolith 
from site SC-112 was more thoroughly degassed in the magma (97.4%) and 
compositions of Ar extracted in six steps at temperatures ~ 900°C 
clearly defined an isochron which gave an age of 0.135 my. Ar released 
at higher temperatures included large amounts of inherited 40Ar. 
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Basalt sample 6-15 was analyzed in two steps at 1075°C and 1400°C. 

Most of the Ar and 88% of the 39Ar was released in the first step, but 

this Ar contained no 40Ar*. During the post-fusion step enough 40Ar* 

was released to give a step age of 0.19±0.23 my, raising the total age 

to 0.03±0.07 my. 40Ar from the second step was only 5% radiogenic, and 

thus the apparent age was highly sensitive to the composition of Art• 

Xenolith samples 7-54 and 7-55 gave a much more precise and older 

estimate of the age of eruption than basalt 6-15 did. Fig. 4-25 shows that 

Ar compositions for each sample appeared to define isochrons at extraction 

temperatures below 900°C. For sample 7-54 only three steps were made below 

900°C, and for the line fit to these points M1 = 0.06. However, for sample 

7-55 six steps representing 33% of the 39Ar were included in the isochron 

and M/ 0.36. This isochron indicated ( 36Ar/ 40Ar)t = 0.003361±0.000013 

and an age of 0.468±0.052 my. The mean age of both isochrons, weighted by 

their values of M/, .was 0.463±0.041 my. 

Thus the lava found under moraine I establishes an upper age limit 

of -0.46 my for the pre-Wisconsin glaciation that left the moraine. This 

demonstrates the existence of an ancient but post-ShPrwin (<0.7 my RP) 

glaciation in the southern Sierra Nevada. 

Samples from Sites Adjacent to Sawmill Canyon 

Basalt 9-20 from Taboose Creek (Tab-201) 

A single sample of basalt from the fan of Taboose Creek was analyzed. 

Taboose Creek is the northernmost in the study area. The basalt flow, 

sampled at 37°0.Z'N, 118°18.3'W, is part of the Big Pine volcanic field. 

The lava flow is probably interglacial in age (see §5.9), and was therefore 

probably erupted >0.025 my ago. The lava was deposited on a late 
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Fig. 4-25. Compositions of Ar released at temperatures (725°C from two 
samples of granodiorite xenoliths from site SC-110 defined 

isochrons which gave ages of - 0.46 my. These isochrons identified an 
eruption distinctly older than those 0.115-0.135 my ago which were res­
ponsible for the pyroclastics atop moraine I and the basalt flows near 
the bottom of the present-day Sawmill Canyon. As usual, compositions 
of Ar released at high temperatures reflected the presence of inher:Lted 
40Ar*. 

The Ar composition variation trajectory for sample 7-54 does not 
by itself define an isochron. Only three steps were made before in­
hericed 40Ar* was released. However, the compositions of Ar from those 
three steps lay along a line similar to the isochron fit to five compo­
sitions from 7-55. 
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Pleistocene fan, and has been 1oea11y covered by boulders which appear to 

have weathered at most for only a few tens of thousands of years. Analysis 

was undertaken to test the possibility of obtaining a date for this event. 

Ar from sample 9-20 was analyzed in one step at 1300°C. 40Ar was 

slightly radiogenic and indicated an age of 0.005±0.079 my. Because 

36Ar/40Ar = 0.00332, this age was very sensitive to the actual Art com­

position. The apparent age was therefore probably not accurate. 

Basalt samples from the North Fork of Oak Creek 

Two samples of basalt from the north side of the canyon of the North 

Fork of Oak Creek (Fig. 4-26) were analyzed in single-step experiments. 

Sample 7-27 (site NFOC-51) was found on the ridge top near site A (§4.2). 

The total age for 7-27 was 3.2±0.2 my, considerably older than the age of 

~ 1.1 my for the basalt at site A. Geologically, this flow appears to be 

younger than the 1.1 my basalt at site A (§5.4). Hence this apparent age 

must be regarded with suspicion until corroborating information is obtained. 

The second sample (7-107) was taken from site NFOC-25, a basalt flow 

on a terrace cut 72 m above the present-day stream. This sample yielded an 

age of 2.4±0.1 my, although geologically this sample must also be younger 

than the 1.1-1.2 my-old basalt flows on the present-day ridges on both sides 

of the stream canyon. Until better analyses are obtained, this apparent age 

must therefore be considered untrustworthy. 

Granodiorite xenolith 7-86 from the North Fork of Oak Creek 

Sample 7-86 was Lakeu f cuw a basalt flow only 15 m above the present 

day North Fork of Oak Creek at NFOC-29 (Fig. 4-26). The basalt underlies 

a glacial moraine thought by Moore (1963) to be of Tahoe (early Wisconsin) 

age, probably <O.l my old. Fig. 4-27 shows that Ar compositions appeared 
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(early Wisconsin) moraine at the North Fork of Oak Creek. The first 
step was lost. Ar from the steps at 425°C and 500°C may be free of inher­
ited 40Ar. If so, they may indicate an age for the basalt of ~ 0.2 my. 
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to follow the familiar trajectory, starting near AIR and progressing towards 

a young K-derived component on the 39Ar/40Ar axis at low temperatures. 

Compositions at high temperatures plotted closer to the origin because of 

admixture of inherited 40Ar*. The initial (300°C) step was lost, so that 

Art could not be well defined. During the fourth step, the RF generator 

used to heat the sample in an induction furnace became unstable and over­

heated the sample to - 1050°C. Consequently, Ar compositions for only two 

steps unaffected by inherited 40Ar* are known. A line passed through these 

steps indicates an age of 0.195±0.074 my. Only 8% of the 39Ar actually 

measured was extracted in these steps. This apparent age does not contra­

dict the geological information, but unless it is only a grossly upper limit 

to the actual age of eruption of the basalt flow, it does suggest that 

further effort would not improve our understanding of the glacial chronology. 

Granitic Xenoliths from Other Dated Basalts in the Sierra Nevada 

To further explore the application of 40Ar-39Ar analysis to partially 

degassed granitic xenoliths and the development of isotopic composition 

trajectories in 36Ar/40Ar vs. 39Ar/40Ar diagrams, xenoliths from Black Point 

and Fossil Falls were studied. At both locations basalts were extruded 

through Mesozoic granitic plutons (Lajoie, 1968; Duffield and Smith, 1978). 

Black Point (Fig. 4-28) was a sub-lacustrine volcano in glacial Mono Lake 

at the end of the Pleistocene Epoch (Christensen and Gilbert, 1964; Lajoie, 

1968). Tufa on the flanks of the volcano has yielded a corrected 14c age of 

~ 13,000 y (Lajoie, 1968), which places the volcano prior to the end of the 

last glacial advance of the Pleistocene Epoch. Sample 9-9 was a xenolith 

from a block of basalt found at the top of the volcano, above the highest 
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Fig. 4--28. Location of samples 9-9 and 9-32. Sample 9-9 was from site 

BPt-11, on the top of Black Point at Mono Lake, California 
(the map is after Lajoie, 1968). Sample 9-32 was from site FF-101 at 
the lip of Fossil Falls, a dry falls in the overflow channel draining 
Owens Lake during pluvial or glacial periods. Site is near town of 
Little Lake, California (the map is after Duffield and Smith, 1978). 
Sawmill Creek, Taboose Creek, and the North Fork of Oak Creek are shown 
for reference. 
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level of the lake. The total 40Ar-39Ar age of the xenolith was 6.2±0.3 my, 

only slightly greater than total ages for xenoliths from Sawmill Canyon which 

produced meaningful isochrons. However, most of the 39Ar was released at 

above 1100°C, and compositions of Ar released at lower temperatures clustered 

near AIR (Fig. 4-29). It was not possible to define an isochron. A 0.013-my 

line passing through AIR is shown in Fig. 4-29 for reference. 

Fossil Falls is located 2 km northwest of the town of Little Lake, 

California, between the Coso Range and the Sierra Nevada (Fig. 4-28). The 

Quaternary history of the Caso Range has been reported by Duffield and Smith 

(1978) and Duffield and Bacon (1980). Fossil Falls is in a dry overflow 

channel from Owens Lake. The channel and the falls cut into the basalt of 

Re<l Hill, which issuetl fr:om a vent near the cinder cone of that name, and 

the underlying basalt of Upper Little Lake Ranch. The overflow channel was 

thought to have carried water during glacial or pluvial periods in the Pleis­

tocene Epoch. The basalt of Red Hill must therefore be Pleistocene in age. 

It was thought by Duffield and Smith (1978) to be less than 0.3 my old, 

based on erosion rates of the basalt in the channel. Sample 9-32 was from 

a 1-cm aggregate of fresh-appearing microcline xenocrysts found at the lip 

of the dry falls in the basalt of Red Hill (Fig. 4-28). The basalt of Red 

Hill overlies the basalt of Upper Little Lake Ranch. Duffield and Bacon 

(1980) reported a K/Ar age of 0.14±0.18 (2cr) my for this basalt, and 

Ia.nphere et al. (1975) obtained a K/Ar age of 0.77±0.16 my on sanidine from 

a rhyolite dome younger than the basalt. 

Sample 9-32 was an ideal xenolith for 40Ar-39Ar analysis because it was 

mono-mineralic and unaltered. It appeared to be highly degassed and yielded 

a total 40Ar-39Ar age of only~ 0.6 my (Table 4-3). Figure 4-29 shows its 

Ar composition variation trajectory in the three-isotope diagram. The 
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Fig. 4-29. Variation with extraction temperature of isotopic composition 
of Ar released from xenoliths in basalts of known young age. 

Ar from 9-9 (BPt-11) failed to define an isochron. Black Point was an 
active volcano during the last high stand of Mono Lake at the end of 
the Pleistocene Epoch. A 14c date of 0.013 my has been determined for 
ostracods from silts underlying ash from Black Point (Lajoie, 1968), and 
for reference a 0.013-my line passing through AIR is shown in the figure. 

Ar from sample 9-32 (FF-101) formed a concave, saddle-shaped 
trajectory below 1150°C. This may represent disturbance of the trajectory 
(e.g., by recoil) or mixture of different compositions of Art• A line 
fit to compositions of Ar extracted in the eight steps at or below 
1150°C gave an age of~ 0.123 my, greatly in excess of the ~ 0.03 my 
estimated by Duffield and Smith (1978). Additional steps at temperatures 
from lOOOuc to 1150gC would be required to understand the trajectory. 
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trajectory below 1150°C was concave, perhaps reflecting multiple Art com­

positions. A line fit to the first eight points (taken at temperatures up 

to 1150°C) gave an age of 0.123±0.025 my, greatly in excess of the estimate 

of Duffield and Smith (1978). Perhaps the regression line is not an iso­

chron and does not give a meaningful age. This could be because no step at 

T > 900°C was free of 40Ar*, or because multiple compositions of Art were 

present. The first explanation cannot be ruled out because no steps were 

taken between 1000°C and 1150°C,and details of the composition variation 

are therefore unknown in this part of the trajectory. 

The concave trajectory for steps up to 1150°C is compatible with the 

mixing of two or more compositions of Art• Assuming the 1150°C step to be 

free of inherited 40Ar*, to achieve an isochron age less than 0.03 my, a 

( 36Ar/ 40Ar)t less than 0.0029 would be required. For such an Art there is 

no evidence. It is also possible that the age of the basalt of Red Hill is 

somewhat greater than estimated by Duffield and Smith (1978). Conclusive 

interpretation of the data for sample 9-32 must await further analyses of 

additional xenoliths from the same basalt. For the present, it is best to 

regard the 0.123±0.025-my isochron age as an upper limit to the age of the 

basalt of Red Hill. 

Discussion 

Stepwise 40Ar-39Ar analyses of seven partially-degassed xenoliths 

from three different sites in the basalt flows of Sawmill Canyon reveal 

consistent patterns of isotopic composition variation. Lines fit in 

36Ar/40Ar vs. 39Ar/40Ar diagrams to compositions of Ar extracted in low-

temperature steps (below~ 950°C) consistently indicate Art compositions 
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enriched in 40Ar compared to air Ar and ages which cluster around ~0.015 my 

(Table 4-4). I interpret at least two of these regression lines as iso­

chrons (6-8 and 6-25). Most of the other lines are similar in slope and 

intercept to the two isochrnns and are probably isochrons also. 

Figure 4-30 shows the distribution of the isochron ages. Data are 

grouped by site. The bottom ages are for basalt samples 2-2 and 2-3; 

the rest are for xenoliths. The top three ages are mean ages weighted 

according to values of M/ shown with each isochron age. The shaded region 

shows the mean age (0.118±0.006 my) for all samples. Error bars are 

95% confidence limits. 

The unweighted mean age for all analyses was 0.115±0.046 my. Two 

samples (6-16 and 9-4) had ages more than 3o from the mean. However, ot the 

remaining nine, only basalt 2-2 was more than lo from 1.15 my. That samples 

6-16 and 9-4 were so deviant probably indicates that their ages were not 

accurate. If anything, the other ages appeared to be more tightly grouped 

than expected by chance alone. The ages with the lowest M1 were also the 

most different from the mean age. The two ages with M1 > 0.5 were very 

close to 0.115 my. It appears that the best analyses also give the most 

repeatable ages. If the isochrons were fit to meaningless composition 

variation trajectories, this would not be the case. 

The scatter of data points about the isochrons is indicated by the 

parameter S/(n-2) (Table 4-4). Sis distributed according to x2 with n-2 

degrees of freedom (Williamson, 1968). Six of the nine isochrons or regres­

sion lines for xenoliths had scatter in excess of measurement uncertainties 

at >99.9% confidence. This could have been caused by underestimation of 

measurement uncertainties but was more likely caused by the presence of 

inherited 40Ar* or multiple compositions of Art (§4.2), recoil of 39Ar, 
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are values of M1 • Stipple pattern shows the 95% confidence window for 
the mean age of all analyses. 
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or other effects. Causes of inaccuracy in isochron ages found frow llne~ 

fitted to 40Ar-39Ar data for xenoliths are discussed below. 

The most obvious source of error in the isochron ages was the un­

detected presence of 40Ar* in steps thought to define a plateau. This may 

be seen in Fig. 4-31, which contrasts age spectra for xenolith samples 6-8 

and 6-16. The eight steps in the plateau for sample 6-8 comprised at least 

47% of the 39Ar. The correlation coefficient for mean values of 36Ar/40Ar 

vs. 39Ar/40Ar for these steps was -0.99, indicating a high degree of 

linearity. The presence of inherited 40Ar* should be marked by a monotonic 

rise in the apparent age as increasing amounts of 39Ar are extracted. The 

rise in apparent age was not detected until over half the 39Ar was released. 

Therefore the isochron age is unaffected by inherited 40Ar*. Sample 6-16 

showed the same increase in apparent age at similar extraction temperatures. 

However, far less 39Ar was released without inherited 40Ar* and it is not 

clear which step was the first affected. Thus it is possible that the 

regression line for sample 6-16 was fit to affected compositions. This 

would be consistent with the high age for the sample. 

Diffusive loss from microcline of new 40Ar* created after eruption 

is probably an unimportant source of error. Khutsaidze (1962) measured 

<2% loss at temperatures <400°C. Reported loss of Ar from microcline 

(Wasserburg et al., 1956) could have taken place at elevated temperatures 

before exposure at the earth's surface. Microcline crystals from xenoliths 

have not been heated above 50°C since cooling of the host lava. 

Diffusion of Ar from crystal lattices damaged during neutron irradia­

tion would be most severe in fine-grained samples. Its presence might 

not be marked by a disruption of the isotopic composition trajectory if 

escape of propurLluual amuunLs of 39Ar occurred also. 



10.0 

w 
~ 1.0 

r-
z 
w 
0::: 
;;! 
U-

CL 
<1 

0.1 

325 

SC- 2 3 ( 6 - I 6 ) 

TRAPPED 
36

Ar / 
40

Ar = 0.003249 / 

1300 ' 
I 

I 

I 225 ~ 

~ 
I 

j 
II~ 

I 

i 
I 

1075 

87'.::J~ 
r--r===~==~I 

SC-la (6-8) 

TRAPPED 
36

Ar / 40Ar = 0.003324 

0.01 ~---------------'---------------l 
0.5 1,0 

CUMUL_ATIVE FR ACT IOI~ 39Ar RELEASED 
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326 

Recoil redistribution of 39Ar is a more serious problem (Huneke and 

Smith, 1976; Turner and Cadogan, 1974). Recoil of 39Ar from small, easily 

degassed grains could masquerade as excess 40Ar in the trapped component. 

One result might be an excessively low isochron age. Huneke and Villa 

(1981) have reported loss of up to 60% from five samples of very fine­

gra1ned inclusions in Allende. There is no evidence ot recoil effects 

in the composition trajectories for xenolith samples. Isochron ages are 

within 2o of K/Ar determinations for the host basalts (Dalrymple, 1964b). 

However, total ages of basalt samples 2-2 and 2-3 are decidedly older than 

the K/Ar ages (0.265±0.08 my vs 0.07±0.09 my). There is no evidence in the 

trajectories that this is caused by inherited 40Ar*,·and I have attributed 

the higher age of samples 2-2 and 2-3 to variahle compositions of Art en­

riched in 40Ar. However, it could also be explained by - 75% loss of 39Ar. 

While this large loss appears possible in light of the findings of Huneke 

and Villa (1981), it seems unlikely that the isochron ages would coincide 

with the isochron ages of the xenoliths and with the K/Ar ages of the 

basalts were this the case. loss of 39Ar should also be reflected in low 

values of K, but such were not found (Table 4-3). 

Tetley et al. (1980) have shown most 40K(n,p)40Ar is due to thermal 

rather than fast neutrons. They point out that the ratio of thermal 

neutrons to fast neutrons varies spatially and temporally for a given 

reactor. The thermal neutron flux of the Herald reactor (Turner, 197lb) 

varies by a factor (2.5 with time; the flux of the HIFAR reactor varies 

by a factor of <0.5 with position of the monitor in the reactor. Thus 

the pro forma correction we applied for 40ArK may be in error by much 

more than the indicated uncertainty. 

The effect of uncorrected 40ArK is to increase the apparent age by 
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an amount proportional to 39Ar. The trajectory of compositions in the 

three-isotope diagram is steepened, corresponding to an apparent increase 

in the isochron age, but the linearity of compositions is undisturbed. 

We found that the maximum 40ArK/40Ar* was about 2% for basalt samples 2-2 

and 2-3. The maximum value was 1% for xenolith 6-8. For the young ages 

of interest in this study, the error in age resulting from 40ArK is linear 

with this factor. Because the <40Ar/ 39Ar)K correction factor was probably 

correct within a factor of 3, maximum bias to the apparent age of an 

individual step was (6% (basalt) or (3% (6-8). This source of inaccuracy 

was subordinate to measurement uncertainties. 

Non-atmospheric compositions of Art appear to be indicated by many 

regression-line intercepts. Most convincing is sample 6-16, part of a 

single orthoclase phenocryst. In thin section this sample was seen to 

consist of interlocking grains of orthoclase and albite, with rounded and 

embayed boundaries. Characteristic grain diameters were lOOµm. Because 

of the large grain size, recoil effects should have been minimal, and 

because of the small grain surface-to-volume ratio, adhered Art of 

atmospheric origin should also have been minimal. Thus the radiogen1c 

Art may well be real. If it is, then mixture of a radiogenic and an 

atmospheric Art, rather than recoil or other effects, may explain the 

concave low-temperature composition trajectories observed for sample 9-1 

(Fig. 4-22) and perhaps for sample 7-82 (Fig. 4-23). Such a mixture of 

trapped components would have the effect of increasing the apparent 

isochron age. Protection against effects of mixed components seems to 

lie in analyzing large samples using many extraction steps so that real 

trends in composition can be identified. 
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Comparison of K/Ar and 40Ar-39Ar analyses of basalts 

Compositions of the total Ar from each basalt sample in this study are 

plotted in Fig. 4-32, along with compositions of basalts from Sawmill Canyon 

measured by Dalrymple et al. (1982) using conventional K/Ar analysis. These 

latter samples were taken from the site labeled "KA970" and "KA970A" in 

Fig. 4-19. In Fig. 4-32 the 39Ar/40Ar compositions for each sample have 

been scaled to compensate for different neutron fluences. The abscissa is 

in units of reciprocal age. Conventional K/Ar data were represented in 

this diagram by scaling the measured K/40Ar ratio in a similar fashion. 

All samples had 36Ar/40Ar > 0.0031, and hence all total ages were 

very sensitive to the actual value of Art• Because age spectra for sample 

2-3 and other basalts from the same volcanic field (§4.2) indicate an Art 

enriched in 40Ar compared to air Ar, caution must be exercised in inter-

preting total ages. 

Of particular interest is the observation that the samples analyzed 

by Dalrymple using the K/Ar method all seem to have less radiogenic Ar 

than basalt samples 2-2 and 2-3, which were sampled from what is probably 

the same flow in ~awrnill Canyon. The total ages of 2-2 and 2-3 averaged 

0.27 my, considerably older than their isochron ages of ~ 0.1 my. 

The disparity between the total 40Ar-39Ar ages and isochron ages would 

be eliminated if ( 36Ar/ 40Ar)t = 0.00332, but if that were true for the 

entire flow the samples of Dalrymple would all have negative apparent ages. 

This dilemma could be resolved if ( 36Ar/ 40Ar) were variable within a t 

flow, or the samples were from different (but roughly coeval flows), or 

if the neutron irradiation resulted in loss of 39Ar through recoil. 

Recoil loss cannot be ruled out, but it seems unlikely that suf-

ficient 39Ar could have been lost to increase the apparent age more than 
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two-fold. This is because the total 39Ar remaining with the samples 

indicated an abundance of K (- 1.3% by weight) very close to the value 

of 1.37% obtained by Dalrymple et al. (1982) by flame photometry of 

unirradiated samples. K of 3% or more would be greater than expected 

for a basalt. Consequently it appears that ( 36Ar/40Ar)t is variable, 

at least among flows and perhaps within flows. 

If ( 36Ar/ 40Ar)t is variable, then it is not possible to obtain 

accurate ages by K/Ar analysis of whole rock basalt samples, and 40Ar-39Ar 

isochrons must be established to deduce the ages of eruption. For basalts 

as young as 0.1 my, the results presented in this discussion show that 

40Ar-39Ar analysis of xenoliths leads to more precise ages than analysis 

of the lava itself. 

Conclusions 

Ten partially degassed xenoliths and two host basalt samples from 

Sawmill Canyon have been analyzed using stepwise 40Ar-39Ar dating tech­

niques. Lines fit in 36Ar/40Ar vs. 39Ar/40Ar diagrams to compositions 

thought to be free of inherited 40Ar* gave ages in agreement among them-

selves and with previous K/Ar dates of basalt from Sawmill Canyon 

(Dalrymple, 1964b). In some instances more than half the 39Ar was released 

in steps used to define the regression line. At least some of these lines 

were isochrons identifying the age of eruption of the host basalt. The 

best estimate of the age of eruption was 0.118±0.07 my. Uncertainties of 

isochron ages were variable but were as little as 11% of the combined 

uncertainties of the K/Ar dates of the basalts. The high precision of 

isochron ages from partially degassed granitic xenoliths is comparable to 

precisions of K/Ar ages from sanidines of equivalent age. This is alone 
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justification for dating basic lava flows by this method when possible. 

Isochrons indicated Art may be enriched in 40Ar compared to air Ar. 

40Ar-39Ar analysis is more accurate than conventional K/Ar analysis because 

such effects can be recognized and corrected. However, neutron irradiation 

causes other effects which complicate analysis and interpretation. Chief 

among these may be loss of 39Ar due to recoil during irradiation. Because 

of the simple linear character of some of the isotope composition tra­

jectories for Ar extracted below - 950°C, there appears to be no evidence 

for recoil or other complications in at least some of the analyses. If 

this is true, the best isochron ages may well represent the actual age of 

eruption of the host basalt. That the eruption is three orders of magnitude 

younger than the age of original crystallization of the xenoliths emphasizes 

the exceptional ability of stepwise heating to separately release Ar from 

different reservoirs or sites. 

Ages of Eruptions for Sawmill Canyon 

Analyses of granitic xenoliths from lavas at different sites within 

Sawmill Canyon clearly show that there were at least two different episodes 

of volcanic activity in Sawmill Canyon. Fig. 4-33 shows age spectra for 

the three most critical analyses. The lava flow at the bottom of the 

present-day canyon (SC-1) was erupted 0.118±0.007 my ago. It underlies 

moraine II (Fig. 4-19). Volcanic bombs atop moraine I (SC-112) appear 

to be clearly coeval, although the isochron defined by the first five 

steps in the analysis of sample 7-80 gave an age of 0.131±0.010 my, 

which was a little older. Xenoliths from site SC-110, the basalt flow 

underlying moraine I, gave an eruption age of 0.46±0.04 my, distinctly 
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Fig. 4-33. Age spectra for granodiorite xenoliths from the bottom of 
Sawmill Canyon (SC-la), a basalt bomb atop woralne I, and a 

basalt flow from beneath moraine I show two distinct episodes of vol­
canism at 0.115 to 0.135 my ago and ~ 0.45 my ago. Moraine I was depos­
ited between those events. Moraine II was deposited after the final 
episode > 0.115 my ago • The volcanic bombs and basalt flows were 
clearly coeval. Error bars are lo. Apparent ages were calculated 
assuming for Art the composition specified by the ordinate intercept 
of the line fit to compositions thought to be free of inherited 40Ar*. 
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older than the other flows. Fig. 4-33 shows this difference clearly. 

The precise age of 0.118±0.007 my provides an upper limit to the age 

of glacial advance II of Dalrymple (1964b) in Sawmill Canyon. Dalrymple 

eonsidered this advanee to he of early Wiseons{n age. The age of en1ptinn 

is consistent with that interpretation. The other analyses provide age 

limits that bracket the glacial stage during which moraine I was deposited. 

These results show this stage to be 0.13 - 0.46 my old, pre-Wisconsin but 

post-Sherwin. 

One xenolith (sample 7-83) from the recent flow (site SC-116) gave an 

anomalously high eruption age of ~ 1.1 my. This is geologically improbable 

and must represent either reworking of older lava from the vent area or a 

blunder in sample book-keeping. 

4.4 SUMMARY 

Technique 

From theoretical considerations it appears that xenoliths containing 

Ar in sites of sufficiently different diffusion dimensions or activation 

energies should yield plateaus at the age of eruption in 40Ar-39Ar age 

spectra. Diffusion dimensions must differ by a factor of ten or more, 

but activation energies need not differ by more than -12 kcal/mole (in 

the range of activation energies published for K-feldspar) to achieve 

this as long as degassing at the time of eruption exceeded 90%. Appar­

ently one or both of these conditions are met in real xenoliths, because 

plateaus in age spectra extending over 60% of the 39Ar are found in at 

least some xenoliths. These plateaus are formed by Ar released at low 

temperatures. They identify an age which is the same as the age of 



334 

eruption found by analysis of the host lava, and at least for early 

Pleistocene lavas it seems clear that these plateaus can be used to 

define the age of eruption. Similar plateaus are found in age spectra 

of xenoliths from late Pleistocene lavas, but analysis of the lavas 

themselves does not yield precise ages, so concordance cannot be 

determined. These plateaus probably define the age of eruption of the 

young lavas. The ages are much more precise than K/Ar ages of basic 

lavas, and are about as precise as K/Ar ages of sanidines. Furthermore, 

the ages are at least potentially more accurate than K/Ar ages because, 

. 40 39 in principle, the composition of Art can be identified in Ar- Ar 

analysis. Most important, this study shows that coarse-grained potassic 

inclusions can be used in the dating of K-deficient lavas and fine-

grained lavas which may have lost Ar since cooling. These lavas are 

difficult to date by conventional methods. Thus this approach to K/Ar 

dating extends its applicability in a significant way. 

Geology 

Lavas capping ridges 125 m above the modern North Fork of Oak Creek 

were shown to be about 1.1 - 1.2 my old. Lavas on the floor of the modern 

canyon, cut through the ridge-top basalts, were much younger, possibly 

"'O • 2 my old. 

Two volcanic episodes were dated at Sawmill Canyon. The older lava, 

0.46 my old, underlay a glacial moraine (moraine I). Pyroclastic 

deposits from the younger eruptions, 0.12 - 0.13 my BP, were found atop 

the same moraine. Lava flows from the younger eruptions were found at the 

canyon bottom, underneath a second moraine (moraine II). Thus two 

glaciations were separated by the younger of the eruptions. 
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Moraine II must be younger than 0.12 my, and moraine I must be from 

0.13 - 0.46 my old. Although these age limits are not close together, 

they establish two significant conclusions: (1) moraine I is pre­

Wisconsin, and (2) moraine I is post-Sherwin. 
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APPENDIX. 4-A. Part I: Evaluation of dN40/dN39 

Values of dN40/dN3g were approximated by values of 6N40/6N39, which 

were calculated using finite element methods for each sphere in the pop­

ulation by evaluation the series of Eq. (4) for F(Te+1(a,Q,T1,ti)) and 

F(T(a,Q,Ti,ti)), where ti was the time during analysis (tL; see Eq. 14) at 

which the equation was evaluated. Values of FP were found at at each (Ti, ti) 

according to Eq. (5), and values of 6N40/6N39 were found using Eq. (15). 

In solving Eq. (4), the series was allowed to converge until the sub­

sequent iteration contributed < 0.05% to the sum. In no instance did calcu­

lated values differ by more than 0.5% from values calculated by Reichenberg 

(1953). For F < 0.01, the number of required iterations exceeded 250 and 

the approximation F = /36T 1/n was used instead (Ti was defined in 

Eq. 14). Solutions are shown graphically in Fig. 4-2. Equation (4) was 

evaluated for Ti = 300 + lOi °K and ti = 360i s. Index i was incremented 

until F(1(a,Q,T1,ti)) ~ 1.0 for the most retentive grain in the model. The 

increments of t and T were chosen to give small enough values of F1 - Fi-1 

so that curves of (6N40/6N39) vs. Fp(t1) were not grossly stepped (cf. Fig. 

4-4). The curves of Fig. 4-6, Fig. 4-7, and Fig. 4-8 were drawn through 

these points and smoothed by hand. A superior method would be Lo evaluaLe 

the derivative of the series in Eq. (4) directly, although the resulting 

changes from the curves as drawn would be indistinguishable. 
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Part II: Calculation of limits of 6ln(D
0
/a2) and 6Q/RTlava which 

will yield plateaus in dN40/dN39 spectra giving the age of 
degassing of bimodal populations of spheres. 

If Ar extraction in the laboratory is isothermal, three simul-

taneous equations may be solved to specify differences in activation 

energies or ratios of grain radii which will permit the development 

of an age spectrum or a dN40/dN39 spectrum featuring a plateau cor-

responding to the age of degassing of a poulation of spheres incor-

porated in a lava some time after their original crystallization. 

(For simplicity, the dN40/dN39 spectrum is considered herein. Extension 

to the age spectrum is straightforward.) The spheres are taken to be 

2 bimodally distributed in (D
0
/a ) or Q, but as shown in §4.1 they may 

be distributed along two parallel lines in the (Q/RTlava' ln(D
0
/a2)) 

plane (e.g., Fig. 4-Sb) with equal validity. These lines are defined 

by the equation 

Q/RTlava (i) 

and finding the critical values of Te is the goal of solving the 

simultaneous equations. · 

These equations are: 

e: 

3. 3. ) 
C1(nR(4/3)1TaRF(1e,R+rL,R) + nN(4/3)1TaNF(1e,~11,N) 

c2 (nR(4/3)1Ta~ F(TL,R) + nN(4/3)1Ta& F(1 1,N)) 
(ii) 

nR ( 4 I 3 )1T a~ F( T 1 R) + nN(4/3)na~ F(TL,N) , 

nR ( 4 I 3 )n a~ + nN(4/3)na& 
(iii) 

nR( 4/3 )1r ai F( Te ,R) + nN(4/3)1Ta~ F(Te,N) 
Fp 

nR( 4/3 )1T + nN(4/3 
(iv) 
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where E is the maximum error allowed for the values of N40/N39 found 

in the plateau; the subscripts N and R refer to the non-retentive and 

releutive spheres, respectively; n is the number of spheres in the 

population; ~ is the fraction of 39Ar released from the population 

before E is exceeded; and the remainder of the symbols are used as in 

§4 .1 .. 

Several simplifications are possible. It is obvious from degassing 

patterns of single spheres that F(Te N) must be very nearly unity if 
' 

a plateau is to be achieved. Thus, Eq. (iv) may be rewritten as 

(v) 

where Fp refers to the fractional degassing for the population. 

Solution of all three equations is simplified if the approximations 

of Reichenberg (1953) for F(T) are used instead of the series of Eq. (4). 

These approximations are listed here for convenience: 

F(t) 

F('r) 

F(T) 

6 IT/Tr 

6 ./1/rr - 3T 

1 - (6/1T2) exp(-n2-r) 

F(t) ' 0.1 

0.1 < F(t) ( 0.9 

0.9 < F(t) 

(vi) 

(vii) 

(viii) 

The choice of the correct approximations must be made from inspection 

of Eq. (iii) and Eq. (v). 

For a witle range uf values of Ms, 0.1 < F(-re,N) ~ 0.9 and 

F(Te,R) ' 0.1. Furthermore, if T(t) = 0 then te,R = xy te,N' 

where x - (D
0 /a2)R(D

0
/a2)N1 and y = exp(-(QR-QN)/RT1). Eq. (iii) 

may be rewritten as 

(viii) 
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Equation (viii) is a quadratic equation for ITL N· The root in , 

the region of interest is 

b 

hL N , 

Therefore, unless FP(te) is itself quite large (e.g., > 0.99), 

F(Te R) >> F(Te N). If F(Te R) < 0.9, Eq. (ii) may be rewritten , , ' 
and solved iteratively for xy by substitution of pairs of (xy, TL N) 

' 
found from Eq. (ix): 

nRa~xy (<re R + xy 
-1/2 - /; Cz TL N) , , 

E S!:$ 

cl (nRa~/XY + nwi~) _l_ - h n a3 
/rL N N N , 

(ix) 

(x) 

The single value of xy specifies the relative values of (D
0
/a2) and 

Q for the spherical crystals in the population. Because of the dependence 

of y on TL, the value of xy that satisfies Eq. (x) is different for 

different laboratory extraction temperatures (T1)• 

Commonly, extraction of Ar is not isothermal, but TL is increased in a 

systematic fashion. The above analysis applies only to isothermal extraction. 
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APPENDIX 4-B. Derivation of Equation (20) 

Let tc be the age of original crystallization of a sphere and let 

te be the age of degassing in the host lava during eruption. It must 

be noted that this usage of tc is new: previously, tc has been used 

as the age of the model at the time it was immersed in the magma. For 

simplicity, the derivation is in terms of time rather than age. Time 

t is herein defined such that t = 0 is the time of crystallization and 

t increases towards the future. Thus the time of an event is related 

to its age A by t = tc-A• The sphere was immersed in magma at some 

time tm, and the eruption and cooling occurred at time tc-te• The 

amounts of 40K and 40Ar in the sphere vary with time. The amount 

of 40K present upon crystallization at time t = 0 is 

40K(O) = 40K(t )exp(At ) (i) c c 

where A = Ae+As is the decay constant for 4°K. The amount of 40Ar 

some time t after crystallization is 

40Ar(t) 40K(t)R(exp(At)-l) (ii) 

the time of eruption is thus 

(iii) 

and the new 40Ar created since eruption is 
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During degassing in the magma, a fraction F(Te) of the initial 40Ar 

is lost. F and T were defined by Eqs. (3) and (4), and here Te is 

found using integration limits of tm and tc-te• The remaining or 

residual 40ArRES = 4°K(O)R (1-exp(-A(tc-te))(l-F(Te)) is said to be 

inherited. 

In 40Ar-39Ar analysis, a fraction J of the 39K is converted to 

39K(n,p)39Ar, and 39K is found in constant proportion X to the 40K 

present in the crust today (t = tc)• Thus 

(v) 

so that equations (iii) and (iv) may be rewritten as 

(vi) 

and 

(vii) 

where C :: R/JX. 

In 40Ar-39Ar analysis, the apparent age A may vary during extraction 
d40Ar 

and is a function of d39Ar • In analysis of thermally undisturbed 

models,this ratio is unity. However, in the analysis of partially degas-

sed models, 40Ar is drawn from two sources: 40ArNEW and 40ArRES• Thus 

the age equation may be written: 
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substituting for 40Ar according to Eqs. (vi) and (vii), the expression 

of Eq. (viii) may be simplified: 

By choosing a maximum bias s for apparent ages considered to belong to 

a plateau, it is now possible to write an indirect equation for Tplat, 

which defines through Eq. (4) the extent of degassing during analysis 

before the bias exceeds£. The maximum allowed age is A= (1+£)te• 

Substituting for A in ~q. (ix), it may be seen that 

d40Ar dF(1e+Tplat) 
= 

d39Ar dF(Tplat) 

exp(-A(l+£)te)-exp(Ate) 

exp(Atc)-exp(Ate) 
(x) 

which is Eq. (20). The generalization of this derivation for a single 

sphere to a population of spheres is straightforward. 
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APPENDIX 4-C. Extrapolation of measured ion currents to the time of 
admission of Ar into the mass spectrometer 

After the mass spectrometer is opened to admit Ar at time T = 0, 

there is an unavoidable delay before measurement can begin at T = Tl· 

However, as soon as the Ar is admitted, exchange begins with gas resi-

dent in the accelerating and focussing plates of the source and in the 

walls of the flight tube. The amount of Ar, P(T), available for mea-

surement and the amount of resident Ar, Q(T), thus both vary with time. 

Consequently, the amount of Ar in the measured sample must be estimated 

by extrapolation of ion currents measured n times from T = Tl 

to T = Tn· Usual practice is to perform a linear regression of 

P(T) on T or of log P(T) on T to permit the estimation. However, 

there are instances when neither method results in a good fit of the 

function to the measured data. In such cases we have fitted polynomials 

of order N < 4 to the data. 

If P(T) and Q(T) both describe a single isotope, then 

-aP(T) + SaP(T)Q(T) + y (i) 

where the mass spectrometer is a closed system (P(T) + Q(T) = T) and 

where a and S are constants respectively describing the efficiency 

of ion implantation and of eocape of reol<leuL alums as a result of ion 

implantation. The final term y arises because observations show that 

even if P(O) = 0, P(O) > O. This may be caused by diffusion from the 

resident reservoir or by exchange of resident atoms with other im-

planting ions (e.g., N!) from the mass spectrometer chamber. For this 

discussion it is assumed that these processes are of constant rate y. 
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The solution to Eq. (i) is not straightforward, but some 
Tn 

simplifying assumptions can be made. If J Q(n)dn << Q(O) then Q(T) 
To 

is approximately constant during the period of measurement, so that 

(ii) 

where A = -a(l-BQ(O)). Thus 

(iii) 

where a = y/A. and b = P(O) - a. If for Tl < T < Tn, A.P(t) » y, 

then P(T) ~ P(O)e-A.t and regression of log P(T) on T is appropriate. 

If A.P(T) << y, P(T) ~ yT and linear regression is adequate. If AP(O) is 

of the same order of magnitude as y then neither approach may be accept-

able. Equation (iii) may be expanded to give 

( 

(A.t)2 (A.t)3 
P(T) ~ a+ b l - AT+ - -- + 

2! 3! 

(-A. t )n ) 
• • • + 

n! 
(iv) 

if b or A is sufficiently small and if 0 < T < Tn, most of P(T) is 

contributed by the first few terms, and provided that the number of 

terms of the truncated expansion is less than n-1, polynomial regres-

sion may be used to estimate P(O). 

The actual order N of the polynomial must be chosen carefully. 

If N is too small, the curvature of the polynomial may be inadequate 

to model P(T) well over 0 ( T < Tne The fit may be improved by 

increasing N or decreasing n. However, if n is decreased there will 

be an increased uncertainty in the extrapolated amount of Ar because 

the estimated standard deviation s is proportional to an integral a of 



352 

Student's t distribution such that 

1/2 

(v) 

where Ti are the times of measurement, T is the mean of all Ti, 

"' a is the confidence with which we want to estimate P(O), and P(T) is 

an estimate of P(T) from the fitted polynomial. For 95% confidence 

and n = 3, t(l,0.95) ) 12 while for n = 10 t(s,0.95) = 2.1. For 

n > 30, t(n-2,0.95) ~ 1.96. 
A 

If N is increased too much in au effort to improve the fit, P(O) 

would fluctuate strongly with n because of the influence of random 

measurement errors. In the presence of such instability s is too 

A. 

small an estimate of the uncertainty of P(O). If N is adequate 

/\ 

to fit the data, values of P(O) will neither drift nor fluctuate 

strongly as n is changed. In practice it appears that a polynomial 

of N < 4 can be successfully fit to n = 10 data points, but this varies 

with the quality of measurement. For instance, if A ) 0.0025 s-1 and 

ion currents were sampled every 120 s over 1200 s (n = 10), then a 

stable fit by a polynomial of adequate curvature, as discussed above, 

does not appear to be achievable. 

To minimize uncertainties, instead of ion currents themselves gener-

ally ratios of one ion current to a linearly interpolated reference 

ion current are estimated. In this case 
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a+ b exp(->.T) 
r(T) (vi) 

is the function describing the variation with time of the ratios r(t1). 

Because of the complicated form of r(t), when linear or logarithmic re­

.I\ 

gression are inappropriate, it is difficult to find r(O) without the 

use of polynomial regression. 
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APPENDIX 4-D. Tabulated data from 40Ar-39Ar analyses for §4.2 

Data from 40Ar - 39Ar analyses for samples discussed in §4.2 are 

presented in two tables. In Table 4-D-I information necessary for the 

reduction of the stepwise 40Ar-39Ar analyses is given. Data from the 

analyses are given in Table 4-D-II. 

The metal foils used to wrap some samples contributed Ar to the 

measured gas. This contribution was assumed to affect only the step 

during which the foil melted. Measured 40Ar from Al foil was 2x10-7 

cm3STP g-1; measured 40Ar from Sn foil was 2.7x10-7 cm3STP g-1. 

Table 4-D-I 

Delay Between Neutron Irradiation and 40Ar-39Ar Analysis, 
and Neutron Fluence of Sample Relative to Bern 4M Muscovite Monitor 

40Ar-39Ar Delay, Relative 
Anali:sis Days Fluence 

8-12 66 0.954 
8-10 61 1.006 
6-12 243 0.915 
1-2 125 1.016 
1-3 127 1.016 
1-7 295 0.987 
1-8 297 1.000 
1-11 225 1.020 
1-12 227 1.002 
8-1 159 0.998 
8-2 160 1.006 
8-3 161 0.979 
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Table 4-D-II 

Stepwise Summary of 40Ar-39Ar Analyses of Basalts, Subja­
cent Bedrock, and Granitic X@noliths from thP North Fork 

of Oak Creek, Inyo County, California 

Data are presented for twelve 40Ar-39Ar analyses. Each matrix gives 

data for one sample. Rows give data for individual 60 min. steps at the 

temperature indicated in the first column. Temperatures above 700°C were 

estimated by pyrometry before analysis of the samples. Temperatures below 

700° C were estimated from the melting of Al and Sn foils and by inter-

polation. The second column shows the total 40Ar released in each step, 

including blank 40Ar (third column). Background mass 40 from the spectro-

meter has been subtracted. Uncertainties in the amount of mass 40 are ± 10% 

and the blank is known to± 25%. The next four columns show measured ion 

current ratios for the indicated masses. Ratios have been corrected for 

spectrometer background and mass discrimination and for the blank of the 

extraction line (except for air Ar), but not for interference isotopes, 

radioactive decay of 39Ar and 37Ar, nor neutron fluence (Table 4-D-I). 

Ratios of 39Ar and 36Ar io 40Ar (after all corrections, including removal 

of the blank air Ar) are shown in columns nine and ten. Column 11 gives 

the cumulative fraction of 39Ar released up to an including the indicated 

step, and the final column shows the age indicated by the Ar compositions 

in columns nine and ten, assuming ( 36Ar/ 40Ar)t = 0.003384. All 

uncertainties are 2o and do not include systematic uncertainties. 
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TABLE 4-D-Ila. 

NFOC-23a basalt 8-12 (site A) 

T°C L+OAr '+OAr(blank) 39/40 38/40 37/40 36/40 39Ar/ 4 0Ar 36Ar/4 0Ar 39Ar model 
cm3STPxl08 cm3STPxl08 xl03 xl05 xios xios xl03 x.105 ~ age,my 

300 2.43 0.02 146±1 228±3 418±3 192±3 155±1 191:!:3 o. 36 1. 21:!:0. 03 

500 1.98 0.02 176±0 754±4 2742±8 174±4 187±0 169±7 0.35 1.15±0.05 

900 7.61 0.03 252±0 764±8 13523±60 113±9 274±0 89±11 0.20 1.16±0.05 

1175£ 1.56 0.35 59±0 411±2 31347±62 312±5 79±0 259:!:12 0.09 1. 28±0. 20 

TABLE 4-D-I!b. 

NFOC-109 guartz monzonite bedrock 8-10 (site A) 

T°C 40Ar 40Ar(blank) 39/40 38/40 37/40 36/40 39Ar/'+0Ar 36Ar/4 0Ar 39Ar model 
cm3STPxl08 cm3STPxl08 xl03 xios xios xios x.103 xios ~ age,my 

300 42.8 0.08 6±0 70±3 32±1 320±3 6±0 320±3 0.03 3.70±0.63 

450 4.04 0.08 39±0 78±4 94±2 126±7 39±1 122±7 0.02 7 .01±0.24 

600 4.39 0.08 46±0 76±1 76±1 77±1 46±0 73±1 0.02 7 .33±0.05 

950 400.0 0.13 8±0 11±0 12±0 6±0 8±0 6±0 0.33 54. 9±0. 2 

1200 640.0 0.83 6±0 21±4 2±0 36±1 6±0 36±1 0.39 66 .0±0 .4 

1400 377 .o 2.24 5±0' 8±0 42±1 7±0 5±0 5±0 0.21 78.2±0.1 

1500£ 

1700 35.0 25.8 1±0 56±1 3±0 288±4 3±0 146±33 o.oo 75.8±7.0 

"f" denotes step in which fusion occurred. 
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TABLE 4-D-Ilc. 

NFOC-1 basalt 6-12 (site B) 

T°C '+OAr '+OAr(blank) 39/40 38/40 37/40 36/40 39Ar/ 4 0Ar 36Ar/40Ar 39Ar model 
cm3STPxl08 cm3STPxlQB xl03 xios xios xios xl03 xios ~ age,my 

500 2.28 0.05 39±0 130±24 3±32 265±4 43±0 264±5 0.20 1.12±0 .07 

700 1.48 0.05 26±0 107±37 17±49 291±6 29±0 288±6 0.09 1.11±0.14 

900 0.91 0.05 39±0 91±62 48±82 2682±7 45±1 263±8 0.08 1.08±0.12 

1000 0.73 0.05 40±1 96±74 77±97 270±7 46±1 262±8 0.07 1.06±0 .12 

1100 0.61 0.10 23±1 86±94 32±127 315±12 30±1 309±15 0.03 0.65±0.32 

1400f 

TABLE 4-D-Ild. 

T"C 'tOAr 'tOAr{blank) 39/40 38/40 37/40 36/40 3 9 Ar/"+0Ar 36Ar/"+0 Ar 39Ar model 
cm3STPxl08 cm3STPxlQB x103 xios x1os xios xl03 xios ~ age,my 

270 17.6 0.02 20±0 90±3 28±1 315±9 20±0 315±9 0.28 1.52±0.59 

270 1.28 0.02 32±0 111±3 79±2 280±3 33±0 279±3 0.03 2 .36±0 .11 

450 1.78 0.02 52±0 174±2 41±2 283±2 52±0 281±3 0.08 1.42±0 .06 

500 1.55 0.02 66±0 186±2 562±5 272±4 66±0 269±4 0.08 l.35±0.08 

600 1.26 0.02 65±0 169±3 567±6 275±3 67±0 271±3 0.07 1. 31±0 .06 

650 0.89 0.02 86±0 204±5 1052±9 246±3 89±0 240±3 0.06 1.45±0.04 

800 0.82 0.02 139±1' 341±7 2578±14 215±2 141±1 202±4 0.09 1.25±0.04 

1150 5.09 0.04 60±0 307±3 1949±8 294±2 60±0 286±4 0.12 1.14±0 .09 

14oof 

"f" denotes step in which fusion occurred. 
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TABLE 4-D-Ile. 

NFOC-1 basalt 1-3 (site B) 

T°C i+OAr i+OAr(blank) 39/40 38/40 37/40 36/40 39Ar/l.t0Ar 36Ar/40Ar 39Ar model 
cm3STPxl08 cm3STPxl08 x103 xios xios xios xl03 x105 ~ age,my 

-170 0.05 0.02 9±0 82±16 60±30 320:t12 13:tl 308:tl9 o.oo 2.9:tl.8 

-180 0.04 0.02 1±0 57±18 8±43 328±11 2±1 316±28 o.oo 12.2±15.5 

-190 0.05 0.02 0±0 68±16 10±35 331±11 0±1 326±21 o.oo 45.9±80.3 

.,,.200 0.32 0.02 0±0 60±3 4±5 304±6 0±0 302±6 o.oo 139. 9± 23. 3 

250 1. 37 0.02 147+0 235+3 l?O±? ?05+7 147+0 707±? o. rn 1 _ ?o±o .n? 

270 2.57 0.02 159±0 269±2 103±2 195±1 159±0 194±2 0.37 1.18±0.01 

67 s 1. 211 0.03 1'16±1 l192:t:S 1625±9 213±3 1118±7 203±6 0.17 1.18±0.06 

900 0.99 0.04 157±1 328±4 3283±25 207±4 248±1 108±10 0.14 1. 20±0 .05 

900 0.20 o.os 55±0 183::7 884±12 292±7 74±1 269±10 0.01 1.21±0.18 

1150 1.83 0.15 46±0 256±4 2575±34 308±4 49±0 294±6 0.08 1.17±0.15 

14oof 5.68 0.52 10±0 122±1 1282±3 338±2 11±0 332±3 0.05 o. 70±0.32 

-1650 3.61 2.61 1±0 68±1 98±5 337±2 3±0 331±27 o.oo 3.6±14.0 

"f" denotes step in which fusion occurred. 
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TABLE 4-D-Ilf. 

NFOC-la guartz monzonite xenolith 1-7 (site B) 

T°C 40Ar '+OAr(blank) 39/40 38/40 37/40 36/40 39Ar/'+0Ar 36Ar/40Ar 39Ar model 
cm 3STPx108 cm3STPx108 x.103 xios xios xios x103 xios V9Ar age,my 

450 4.47 0.03 17±0 85±7 0±4 317±3 17±0 316±3 0.03 1.62±0. 20 

500 1.01 0.03 72±1 149±42 5±20 270±10 75±1 268±10 0.03 1.20±0.17 

700 4.47 0.03 138±1 220±8 1±3 208±3 141±1 207±14 0.23 1.20±0.03 

875 3.64 0.03 228±1 332±12 2±6 128±1 234±1 126±3 0.31 1.17±0.02 

1000 2. 70 0.03 209±1 305±13 1±8 145±1 214±1 143±3 0.21 1.18±0.02 

1050 2.26 0.03 135±1 241±18 2±9 218±5 139±1 217±5 0.11 1.13±0 .OS 

1100 1. 76 0.04 105±0 194±33 0±5 242±3 109±0 241±3 0.07 1.16±0.04 

1400£ 

1700 22.9 7.96 3±1 60±4 0±2 317±7 5±1 323±22 0.03 4.1±5. 7 

TABLE 4-D-IIg. 

NFOC 1-a guartz monzonite xenolith 1-8 (site B) 

T°C 40Ar '+0Ar(blank) 39/40 38/40 37/40 36/40 39Ar/'+0Ar 36Ar/'+0Ar 39Ar model 
cm3STPxl08 cm3STPxl08 x103 xios xios xios x103 xios V9Ar age,my 

4.50 .5.62 0.03 lZ:tO 7.5:t.5 l:t3 309:tl7 lZ:!:O 309:tl7 0.03 3. 26:!:1 • 8 7 

700 4.96 0.03 86±1 149±8 2±4 255±3 87±1 254±3 0.19 1.25±0.05 

1000 5.16 0.03 157±1 251±6 4±2 185±2 158±1 184±3 0.36 1.26±0.02 

1150 3.57 0.04 73±0 159±5 O:tl 256±2 74±0 255±3 0.12 1.45±0.05 

1250 9.05 0.30 5±,0 57±1 6:t2 297±2 5±0 297±2 0.20 11.5±0. 7 

140of 99.5 0.60 2±0 55±2 2±3 297±2 2±0 296±2 0.09 27.0±1.6 

1775 4.33 8.59 1±1 56±4 0±1 308±4 1±1 308±10 0.02 1.4±10. 5 

"f" denotes step in which fusion occurred. 
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TABLE 4-D-Ilh. 

NFOC-lb guartz monzonite xenolith 1-11 (site B) 

T°C 40Ar 40Ar(blank) 39/40 38/40 37/40 36/40 39Ar/40Ar 36Ar/40Ar 39Ar model 
cm 3STPx108 cm3STPxl08 xl03 xios xios xios x103 xios V'9Ar age,my 

225 0.12 0.02 2±0 65±16 0±6 336±8 2±0 336±9 0.00 1.39±4 .81 

300 1.11 0.02 7±1 77±3 2±1 317±5 7±0 317±5 0.01 4.17±0.92 

400 

450 0.72 0.02 42±0 119±4 14±2 294±5 42±0 292±6 0.02 1.40±0 .17 

500 0.60 0.03 91±1 181±6 181±6 273±6 93±1 266±7 0.04 1.00±0 .09 

500 0.13 0.03 93±1 176±17 22±6 260±12 117±2 238±15 0.01 1.11±0.17 

67 5 1.94 0.04 153±2 234±5 21±1 186±3 153±2 182.!3 0.22 l. 32±0 .03 

1050 3.26 0.06 187±2 285±4 15±1 167±2 187±2 164±2 0.46 1.20±0 .02 

i4oof 34 .s 0.92 8±0 73±2 5±0 328±6 8±0 328±6 0.21 1.67±1.02 

1600 8.89 3.32 3±0 66±4 1±0 339±11 5±0 341±18 0.02 

"f" denotes step in which fusion occurred. 
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TABLE 4-D-Ili. 

NFOC-lb guartz monzonite xenolith 1-12 (site B) 

T°C 40Ar 40Ar(blank) 39/40 38/40 37/40 36/40 39Ar/40Ar 36Ar/40Ar 39Ar model 
cm3STPxl08 cm3STPxl08 x.103 xios xios xios x.103 xios V"9"Ar age,my 

250 1.60 0.02 11±0 79±3 3±0 309±6 11±0 309±6 0.01 3. 56±0. 77 

300 0.73 0.02 27±1 97±6 16±1 311±7 28±1 310±7 0.02 1. 33±0. 32 

500 0.74 0.03 65±1 139±1 36±2 275±3 67±1 271±4 0.04 1. 28±0 .07 

500 0.19 0.02 79±1 144±11 34±3 269±30 89±1 261±34 0.01 1.12±0.49 

600 1.36 0.03 108±0 186±2 30±1 239±4 110±0 236±4 0.11 1.20±0.05 

675 o. 74 0.03 151±0 235±4 31±1 196±2 158±0 189±3 0.08 1. 22±0 .02 

800 0.33 0.03 180±1 272±10 33±2 171±5 200±1 153±6 0.05 1.19±0.04 

900 0.96 0.04 179±1 271±3 33±1 171±2 188±1 163±2 0.13 1.21±0.02 

1000 1.42 0.04 136±1 229±4 15±0 206±6 139±1 202±6 0.15 1.26±0.06 

1025 0.86 0.04 85±1 180±4 9±1 250±2 88±1 247±2 0.06 1.33±0.04 

1050 o. 72 0.08 56±0 146±5 8±1 263±3 63±0 255±4 0.03 1. 70±0 .07 

1075 0.93 0.13 31±0 106±3 9±1 282±4 36±0 274±5 0.02 2. 31± 0 .17 

1100 12.1 0.24 7±0 66±1 3±0 294±4 7±0 293±4 0.06 8 .4±0. 7 

i4oof 96.5 0.75 3±0 59±0 2±0 297±2 3±0 297±2 0.20 19.4±0.7 

1700 26.1 7.06 2±0 60±1 2±0 301±3 2±0 291±6 0.03 30.0±5.3 

"f" denotes step in which fusion occurred. 
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TABLE 4-D-IIj. 

T°C 40Ar 40Ar(blank) 39/40 38/40 37 I 40 36/40 39Ar/40Ar 36Ar/40Ar 39Ar model 
cm3STPxl08 cm3STPxl08 x103 xios xios xios xl03 xios ~ age,my 

450 18.S 0.18 0±0 68±0 0±0 338±1 1±0 338±1 o.oo 

550 1.09 0.18 31±0 114±3 71±2 312±3 36±0 307±4 0.07 1.11±0.12 

850 1.93 0.18 85±0 164±2 176±2 260±4 94±1 251±4 0.30 1.19±0 .06 

950 6.96 0.18 21±0 83±1 28±1 289±1 21±0 287±1 0.27 3.08±0.06 

1200 5.85 0.18 16±0 73±1 28±1 268±1 16±0 266±1 0.17 5 .65±0 .08 

1375£ 14.9 6.80 7±0 65±0 33±0 289±1 13±0 248±9 0.19 9. 05±0. 85 

TABLE 4-D- Ilk. 

NFOC-103 guartz monzonite xenolith 8-2 (site C) 

T°C 40Ar l+OAr(blank) 39/40 38/40 37 I 40 36/40 39Ar/40Ar 36Ar/40Ar 39Ar model 
cm3STPxl08 cm3STPxl08 x103 xios xios x105 x103 x105 I3"9Ar age,my 

350 13.1 0.04 0±0 64±1 0±0 338±1 3±0 338±1 o.oo 
450 3.43 0.04 42±0 109±15 13±1 338±5 6±0 338±5 0.03 0.11±1.02 

550 0.65 0.04 128±1 233±6 331±6 207±5 154±1 194±5 0.12 1. 20±0 .OS 

750 0.63 0.04 29±0 287±6 424:t9 175±2 201±1 160±3 0.15 1.13±0 .02 

950 1.04 0.04 10±0 160±2 117±1 243±3 85±0 238±3 0.11 1. 51±0.04 

1100 22.0 0.04 9±0 76±0 32±0 279±1 18±0 279±1 0.49 4. 31±0.05 

1375 0.81 0.18 4±0 64±1 50±1 256±1 10±0 254±1 0.10 10.7±0.10 

1100£ 28.4 1.31 0±0 64±1 1±0 339±1 0±0 339±1 0.01 

"f" denotes step in which fusion occurred. 
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TABLE 4-D-IU.. 

NFOC-103 guartz monzonite xenolith 8-3 (site C) 

T°C '+OAr 40Ar(blank) 39/40 38/40 37/40 36/40 39Ar/'+0Ar 36Ar/'+0Ar 39Ar model 
cm3STPxl08 cm3STPxl08 xl03 xios xios xios xl03 xios "f3"9Ar age,my 

450 19. 21 0.03 11±0 65±1 7±0 336±1 12±0 336±1 0.05 

550 1.32 0.03 42±0 112±2 147±2 291±3 44±0 289±3 0.12 1.43±0.09 

750 0.57 0.03 128±1 215±7 454±7 219±5 139±1 208±5 0.16 1.19±0.05 

950 1.93 0.03 29±0 100±1 69±2 303±2 30±1 302±2 0.12 1. 55±0 .08 

1050 6.02 0.04 10+0 77+1 ~9+0 309±1 11±0 109±1 0.14 'LnO±O. 11 

1200 13.l 0.04 9±0 69±1 43±0 280±1 10±0 280±1 0.27 7 .8±0.15 

1375 13.7 0.89 11±0 58±0 711±0 270±1 5±0 264±1 0.13 19 .9±0 .3 

1700£ 20.5 1.58 0±0 64±1 .3±0 338±1 0±0 338±1 o.oo 

"f" denotes step in which fusion occurred. 
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APPENDIX 4-E. Tabulated data from 40Ar-39Ar analyses for §4.3 

Data from 40Ar - 39Ar analyses for samples discussed in §4.3 

are presented in two tables. In Table 4-E-I information necessary for 

the reduction of stepwise 40Ar-39Ar analyses are given. The results 

of the stepwise analyses are given in Table 4-E-II. 

The metal foils used to wrap some samples contribute~ Ar to 

the measured gas. This contribution was assumed to affect only the 

step during which the foil melted. Measured 40Ar from Al foil was 

2xlo-7 cm3sTP g-1; measured 40Ar from Sn foil was 2.7xio-7 cm3sTP g-1. 

Extraction bottle blanks were consistently rich in 40Ar compared to 

air Ar. 



Sample Site 

2-2 
2-3 
6-8 
6-17 
9-4 
9-5 
6-16 
6-25 
9-1 
9-2 
9-6 
7-82 
7-83 
7-631 
6-23 
7-80 
7-61 
7-60 
6-15 
7-54 
7-55 
9-20 
9-9 
9-32 
7-861 
7-27 
7-107 

SC-1 
SC-1 
SC-la 
SC-lb 
SC-lb 
SC-lb 
SC-23 
SC-23 
SC-23 
SC-23 
SC-23 
SC-115 
SC-116 
SC-118 
SC-22 
SC-112 
SC-113 
SC-113 
SC-20 
SC-110 

basalt 
basalt 
xenolith 
xenolith 
xenolith 
xenolith 
orthoclase 
xenolith 
xenolith 
xenolith 
microcline 
xenolith 
xenolith 
xenolith 
basalt 
xenolith 
xenolith 
xenolith 
basalt 
xenolith 

SC-110 xenoli th 
Tab-201 basalt 
BPt-11 xenolith 
FF-101 microcline 
NFOC-29 xenoli th 
NFOC-51 basalt 
NFOC-25 basalt 
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Table 4-E-I 

Summary Data for Samples 

Relative 
Foil Delay, neutron 

mass,mg mass,mg days fluence* 

533 
411 
422 
228 
105 
111 
361 
343 
222 
27 5 
340 
442 
1)44 
330 
682 
411 
524 
655 

1417 
187 
160 

1410 
433 
332 
530 
469 

1017 

120 Al 
58 Al 
35 Al 
43 Al 
70 Sn 
57 Sn 

0 
0 
0 
0 

87 Sn 
86 Sn 
~n Sn 

85 Sn 
0 

104 Sn 
82 Sn 

105 Sn 
0 

43 Sn 
65 Sn 

0 
88 Sn 
96 Sn 
94 Sn 
0 
0 

120 
222 

40 
34 

291 
296 

18 
30 

305 
294 
161 
224 
226 
101 
240 
231 
232 

98 
244 
216 
221 
161 

81 
79 

236 
97 
99 

1.003 
0.994 
1.059 
0.934 
0.997 
1.022 
1.028 
0.999 
1.025 
0.999 
0.949 
l.llO 
1.139 
1.154 
0.967 
1.037 
1.141 
1.141 
0.981 
1.079 
1.097 
0.973 
0.995 
0.983 
1.159 
1.009 
1.120 

Blank Sensitivity 
36Ar/40Ar v cm-3STP 

xl06 xl0-4 

3044±136 
3214± 136 
3384± 100 
3384±100 
3347±93 
3284±60 
3304± 120 
3304±120 
3354±60 
3204±7 2 
3384±100 
3384±100 
3351+ L.5 
3314±56 
2784±120 
3354±67 
3325±60 
3384±100 
3184±40 
3204:!7 2 
32.S2± 132 
3384± 100 
3384± 100 
3384± 100 
3354±80 
3384!100 
3384± 100 

431 
417t 
847t 
813t 
249 
249 
877t 
800t 
249 
249 
306 
249 
249 
191 
041 
249 
249 
306 
041 
249 
249 

191 
379 
375 
249 
306 
306 

*Normalized to neutron fluence for muscovite irradiation monitor. 
Uncertainties are <0.5%. 

tWith source magnet. 
lstep lost 1n analysis. 

The first column gives the sample number assigned to each irradiated 
sample. Several samples may come from the same site (second column). The 
next columns identify the type of sample ("xenoliths" are granodiorite), 
the mass of the sample, and the mass and type of foil used to wrap it for 
neutron irradiation. The sixth and seventh columns give the time from ir­
radiation to analysis and the neutron fluence during irradiation (relative 
to the Bern 4M monitor). The final two columns give the composition of 
blank Ar at low extraction temperatures (< 900° C) and the sensitivity of 
the mass spectrometer to 40Ar. 
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Table 4-E-II 
Stepwise Summary of 40Ar-39Ar Analysis of Late Pleistocene 

Basalts and Xenoliths. 

Each matrix gives data for one sample. Rows give data for individual 

60 min. steps at the temperature indicated in the first column. Temperatures 

above 700° C were estimated from pyrometry before analysis. Temperatures 

below 700° C were estimated from the melting of Al or Sn foils and by inter­

polation. The second column shows the total 40Ar released in each step, 

including blank 40Ar (third column). Next four columns show measured ion 

current ratios for the indicated masses. Ratios have been corrected for 

spectrometer background and mass discrimination and for the blank of the 

extraction line, (except for air Ar) but not for interference isotopes, 

radioactive decay, or neutron fluence (Table 4-E-I). Ratios of 39Ar and 

36Ar to 40Ar (after all corrections, including removal of the blank air 

Ar) are shown in columns nine and two. Column 11 gives the cumulative frac-

tion of 39Ar released up to and including the indicated step, and the final 

column shows the age indicated by the Ar compositions in columns nine and 

ten, assuming c 36Ar/ 40A~)t = 0.003384. 40Ar from foil wrappings has been 

subtracted. Uncertainties are ± 5%. Blank levels of 40Ar are generally 

repeatable to ± 50% (2o). In a few cases uncertainties were ± 25%. 
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PART II 

QUATERNARY GEOLOGY 

The southeastern Sierra Nevada from orbit. The Owens Valley from Indepen­
dence (top) south to Lone Pine and the Alabama Hills contrasts markedly with 
the rugged glaciated Sierra. The irregular eastern margin of the mountains 
is a 2-km-high escarpment developed along a series of normal faults. A 
second escarpment of comparable relief lies buried under thP ;:illuvi_um in the 
central Owens Valley. The major drainage near the top is the South Fork of 
the Kings River. The large canyon parallel to the escarpment at the bottom 
of the image is the canyon of the Kern River. The adjacent round feature is 
the Kaweah range, a Tertiary volcanic complex. The study area is east of 
the Sierra crest, near the top of the image. Both forks of Oak Creek and 
Onion Valley may be seen. North is towards the top of the NASA Landsat MSS 
j_mage. The scale is ~ 1:275,000. 
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CHAPTER 5 

QUATERNARY GEOLOGY: FIELD RELATIOirn 

Geologic mapping covered the region from the Sierra Nevada crest 

east to the distal ends of the alluvial fans, and from Independence 

Creek north to Taboose Creek. The area studied included about 400 km2, 

but investigation focused mainly on the canyons, fan heads, and the 

zone of the range-front fault. Only Quaternary and late Tertiary 

geology was mapped, to minimize duplication of J.G. Moore's earlier 

mapping of the Mount Pinchot Quadrangle (Moore, 1963). Field work was 

concentrated in two four-month periods during the summers of 1978 and 

1979. The discussion below is organized geographically, by canyon, 

and from south to north. Discussion is focused on Onion Valley, because 

of the well preserved and accessible sequence of Pleistocene moraines, 

and on Sawmill Canyon, because of the interbedded lavas and tills and of 

their importance in understanding the chronology of Quaternary processes 

and events in the southeastern Sierra Nevada. A generalized geologic 

wap at a scale of 1;62,500 is found in Plate I. Maps of the bedrock 

geology at the same scale are found in Moore (1963), Bateman (1965), and 

Moore (1981). Ross (1965) has mapped the geology of the Independence 

Quadrangle, which includes the distal ends of the fans of the western 

side of the Owens Valley. More detailed maps of Quaternary deposits at 

scales of about 1:25,000 are presented with the discussions of individual 

valleys. A map and profiles of the Sierra crest and details of the eastern 

escarpment of the Sierra Nevada are found in Plate II. 
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5.1 ONION VALLEY 

Introduction 

The glaciers of Onion Valley were the southernmost late Pleistocene 

glaciers of the eastern Sierra Nevada to cross the range-front fault 

system. The lowest of these terminated at the top of the broad coalescing 

alluvial fans that flank the 2-km-high escarpment. The moraines left by 

these glaciers serve as time markers with which to measure offset and 

erosion rates. Onion Valley is particularly attractive for this purpose, 

because the sequence of moraines and glacial outwash is unusually complete 

and because the valley has good access. Quaternary deposits are well 

exposed in numerous road cuts. 

In this study Onion Valley is regarded as that reach ot the canyon 

of Independence Creek occupied by trunk glaciers during the late Pleis­

tocene Epoch. The trunk glaciers we~e formed of three tributary glaciers 

confluent at the present-day meadow at the end of the Onion Valley Road, 

at an elevation of 2800 m (9180 ft). In upper Onion Valley, Independence 

Creek flows through a broad trough only slightly incised by running 

water since the retreat of the lost glacier. Largely intact bouldcry 

moraines flank the freshly cut cliffs. This trough is typical of recently 

glaciated canyons in crystalline rocks. Figure 5-1 illustrates the 

characteristic U-shaped cross section, the oversteepened cliffs along 

the canyon sides, and the lack of incision by the post-glacial river. 

About 1700 m east of the confluence, Independence Creek turns north­

east and its gradient steepens. The incision of the stream through the 

ground till and outwash increases to ~ 10 m, and the lateral moraines 
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Fig. 5-1. Onion Valley from the southeast. This photograph shows the 
upper valley, last occupied by the glaciers of the Tioga stage 

at the end of the Pleistocene Epoch perhaps 11,000 y ago. The steep 
cliffs and U-shaped trough are especially well developed. Independence 
Creek has incised the floor of the valley to a depth of only ~ 4 m since 
the retreat of the glaciers. Boulders in the right foreground are on the 
flank of a Tioga moraine. The unnamed peak in the center background is 
on the crest of the Sierra Nevada. 
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are less bouldery than their counterparts in the upper valley. They 

are also deeply cut by ravines. The stream drops 850 m through the 

escarpment in 2.9 km. At 1950 m (6400 ft) elevation Independence 

Creek emerges from between the lowest of the lateral moraines onto the 

alluvial fan. For another 3 km the river flows against low foothills 

which bound the upper portion of the fan on the north. Below 1585 m 

(5200 ft) elevation, these foothills are themselves submerged beneath the 

coalescing fans of Independence Creek and of the South Fork of Oak Creek. 

Independence Creek heads at a broad and low U-shaped notch in the 

crest of the Sierra (Kearsarge Pass). This notch has the cross-section of 

a glaciated valley, and in the early Pleistocene Epoch or late Pliocene 

Epoch a large crest-crossing glacier may have flowed into the headwaters 

of Independence Creek from the west. By the late Pleistocene Epoch, the 

floor of this hypothetical valley had been plucked from the east and 

from the west until only the narrow arete of Kearsarge Pass remained. 

Certainly the most recent glaciers did not overtop this ridge. 

A brief summary of the bedrock geology is presented below. In the 

discussion which then follows, the Quaternary geology of the drainage 

basin of Independence Creek is divided into five topics: (1) geology 

of the alluvial fan of Independence Creek; (2) geology of the foothills; 

(3) late Pleistocene moraines of Onion Valley and the geology of the 

three tributary canyons above Onion Valley; (4) age of the fan; and (5) 

evidence for episodic faulting along the range-front faults. 

Summary of Bedrock Geology Along Independence Creek 

For convenient reference, some aspects of the bedrock geology along 
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Independence Creek originally reported by Moore (1963) are summarized 

below. 

Most of the main fork of Independence Creek and all of its prin­

cipal southern tributary are cut into a single pluton of alaskitic 

quartz monzonite--the Bullfrog pluton. This rock contains only 1.8% 

biotite (by volume), on the average. Grain size is about 5 nnn. The rock 

is coarsely jointed and, as Moore points out, not too susceptible to 

glacial plucking. It therefore forms large domes and peaks. In the 

southern tributary, Bullfrog quartz monzonite is relatively enriched in 

biotite (to as much as 6.2%) and impoverished in quartz. The increase 

in the amount of biotite probably renders the rock more easily weathered. 

Separating the Bullfrog quartz monzonitc from other granitic rocks 

to the east is an older mafic pluton, about 1 km wide. The northern 

tributary is largely cut into this pluton. Rock types within the pluton 

n~ar Onion VallPy arP ehfefly quartz diorite and hornblende diorite. 

Upper Onion Valley is cut into the maf ic pluton and into the Dragon 

granodiorite. This latter rock is quartz-poor and rich in mafic minerals. 

It is susceptible to glacial erosion and forms basins and low passes. 

It is probably unsuitable for relative age dating. 

Lower Onion Valley is cut into Tinemaha granodiorite, which is 

slightly porphyritic. This pluton is cut by the numerous dikes of the 

Independence swarm. Separating the Dragon and Tinemaha plutons on the 

north wall of Onion Valley is about 500 m of metarhyolite and quartz 

monzonite of the Sardine pluton. 

The foothills east of the Independence fault consist of meta­

andesite and quartz monzonite of the Independence pluton. The quartz 
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monzonite is enriched in K-feldspar compared to the Bullfrog quartz 

mvnzonite. 

The Alluvial Fan of Independence Creek 

Description 

The alluvial fan of Independence Creek covers an area of 20 km2 

from its head at the mouth of the canyon at the Sierra Nevada range 

front to the distal end in the alluvium of the Owens River. Its surface 

(Fig. 5-2) forms a smooth concave arc, with slopes from 2.5° at its 

eastern end to 6.3° at its western head. The fan does not appear to be 

segmented, and no scarps are found east of the foothills. The major 

part of the fan is covered by granitic sand, fragments, and boulders up 

to several meters in diameter. The modal boulder size appears to decrease 

with distance down the fan, but to the eye the boulders appear remarkably 

similar in their degree of weathering. Few heavily weathered or disin­

tegrating boulders are encountered, but glacially abraded surfaces have 

already been removed by weathering. 

Along traverses perpendicular to Independence Creek east of the 

foothills, visual inspection revealed no obvious differences in the 

extent of weathering of boulders on the fan surface, and in general the 

fan appeared to be homogeneous. However, within the foothill block 

levees containing fresher boulders as large as 5 meters in diameter were 

found near Independence Creek. These appear to have been deposited by 

debris flows that may have followed the melting of the last glaciers of 

the Pleistocene, when there was an abundance of water to move such rocks. 
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5-2. The alluvial fan of Independence Creek. Topographic data are _..-..., __ 
from the U. S. Geol. Survey, Mt. Pinchot Quadrangle (1953) 

and Independence Quadrangle (1951). The scale is 1:62,500, and contour 
intervals are 80 ft or 24.4 m. 

i:i) Longit11d.in;::i1 profilP of the alluvial fan of Independence Creek 
(vertical exaggeration is 3.3x). The surface of the fan forms a 
smooth concave arc, with slopes ranging from 2.5° to 6.3°. 

b) Location of the longitudinal profile and locations of sites where 
relative weathering data were collected on the fan and outwash. The 
location of a water well, T.H. 1, drilled 280 m into the fan is 
marked by "X" (Los Angeles Dept. of Water and Power, 1978). 

A11 
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To detect boundaries in the age of f anglomerate along the prof il~ of 

Fig. 5-2, the frequencies of fresh and weathered boulders (Ch. 2) were 

estimated at several sites (Fig. 5-2b). These semi-quantitative measure­

ments are summarized in Table 5-1. Granodiorite weathering ratios (GWR) 

and boulder burial or boulder relief ratios (BR) are plotted in Fig. 5-3. 

The GWR values define two distinct clusters. From this it may be inferred 

that the fan contains at least two regions, each with a distinctive 

abundance of weathered boulders. 

The lowest of the two regions is found east of the foothills. Here, 

as seen on Fig. 5-3a, 60% of the boulders were "heavily weathered", 

although no cavernous boulders were found. Less than 5% appeared to 

have remnants of abraded surfaces. The remainder had lost their abraded 

surfaces but showed no evidence of deep weathering; e.g., surfaces were 

not grusy, and joints, aplite dikes, and diorite inclusions did not 

stand in relief to the surface of the boulder. 

The second zone contains the fan head. Heavily weathered boulders 

were more abundant than lower on the fan and comprised 85% of the total. 

Only 1% could be considered fresh. Student's t-test could be used to 

test the significance of the differences between the two clusters of GWR 

values, because the data were from normally distributed populations 

(Fig. 5-4). These two clusters consisted of a total of 15 GWR values 

(13 degrees of freedom). The value oft was found to be 3.77, so the 

populations from which the samples were drawn were different with more 

than 99% confidence (with 13 degrees of freedom, t must exceed 3.05 for 

this to be true). Thus it appears that the upper part of the fan is 

significantly more weathered and hence probably older than the lower part. 
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Table 5-1 

Relative Weathering Data for Boulders in the Independence Creek Alluvial Fan 

Granodiorite Granodiorite 
Boulder No. of Weathering Boulder Boulder Maximum Average 

Abundance 'II Boulders Ratio Relief Type Diameter Diameter l t 
Site m-2 Counted** (GWR)*t (BR) t* K:;Rt cm cm 

f-1 0.66 66 52/44/5 83/16/2 7/84/9 117 28 
f-2 0.54 54 61/32/7 80/17/4 8/78/14 61 33 
f-3 0.02 84 15 
f-5 <0.14 69 20 
f-6 0.46 34 68/29/3 63/20/17 11/80/9 107 36 
f-7 0.50 45 78/20/2 30/40/30 8/88/4 130 28 
f-8 <0.21 76 15 
f-9 0.04 4 147 8 
f-10 0.30 30 50/47/3 67/23/10 3/94/3 165 
f-11 2.24 47 34/66/0 26/43/32 11/84/5 188 
f-12 <0.07 427 
f-13 0.16 57 61/32/7 122 
f-14 0.06 54 69/26/6 234 
f-15 0.54 63 60/33/6 42/45/13 12/78/10 366 
f-16 0.14 57 63/32/5 381 
f-17 0.49 50 80/16/4 58/34/8 12/84/4 305 
f-18 o.us SQ RS/l '1/0 R'1/ R/7 ?/92/f, 211 
f-19 0.47 52 96/ 4/0 82/14/4 2/94/4 191 
f-20 -0.60 46 78/10/2 33/58/8 2/96/2 183 
f-21 0.55 55 85/15/0 85/13/2 17 /78/6 74 
f-22 0;2.0 51, 206 
f-23 0 
f-24 0 
f-25 -0.70 55 64/27/9 9/18/73 14/82/4 244 
f-26 0.53 62 66/31/3 79/17/4 17/79/4 

* Boulders are considered to have intermediate axes longer than 30 cm. 

** Number counted for the granodiorite weathering ratio 

*t Granodiorite Weathering Ratio: granodiorite or quartz monzonite boulders are 
classified as-heavily we~thered, weathered, or fresh (see Ch. 2). The tabulated 
numbers are the relative abundance (in %) in each category (in sequence). 

tt 

Granodiorite Boulder Relief: boulders counted for the GWR are classified as largely 
buried, partly buried-:- or exposed. "Largely buried" boulders are no more than one­
quarter exposed. "Exposed" boulders are no more than one-quarter buried (see Ch. 2). 
The tabulated numbers are the relative abundance (in%) in each category (in sequence). 

Boulder type: Matte, Gran1t1c, or ··Kes1state .. (see Gh. 2). Maf1c boulders are ultra­
mafic rocks or rocks having more than 10% mafic minerals. Granitic rocks are grano­
diorites or quartz monzonites. "Resistates" include fine-grained granitic rocks (e.g., 
aplites) and metavolcanic rocks. Only metavolcanic and plutonic rocks are counted. 

Estimated value 
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Fig. 5-3. Distribution of relative weathering data for boulders on the 
alluvial fan of Independence Creek. 

a) Granodiorite weathering ratios (GWR) for boulders from 17 sites (ten 
sites on the lower fan, six sites on the upper fan, and one site on 
the outwash head) define two distinct clusters. Normal populations 
defined by the samples are shown with an open circle or triangle 
for the mean and lo error bar~. The two populations are separable 
with >99% confidence. The outwash sample is 1.5 a from the mean of 
the sites of the lower fan, but 2.7 o from the mean of the sites of 
the upper fan. 

b) The degree of burial of boulders ("boulder relief") in the fan 
surface is depicted. Clusters of sites grouped by GWR values are 
not distinct in this presentation and cannot be separated with 
90% confidence or more. 
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Fig. 5-4. One-sample Kolmogorov-Smirnov test for normality of the 
distribution of the proportion of boulders which are heavily 

weathered ("W"), for two groups of sites on the alluvial fan of 
Independence Creek. CNL is the confidence with which the hypothesis 
that observed distributions result from sampling normal populations 
may be rejected. CNL is found from Dmax (Fig. 3-A-lb), the maximum 
difference between ordinate values of the cumulative distributions 
of the normal populations estimated from the samples (smooth curves) 
and the samples themselves (stepped curves). The test shows that the 
proportions of weathered boulders at sites on the upper fan and the 
lower fan are both normally distributed. 
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No other measured parameter shows two distinct clusters. The degree 

of burial of boulders in the fan surface, shown in Fig. S-3b, cannot be 

used to separate the same groups of sites with more than 90% confidence 

(t = 1.73; 11 degrees of freedom). The correlation between the relative 

frequencies of heavily weathered and deeply buried boulders is poor 

(r = 0.3). Figure 5-Sa shows that the relative abundance of deeply 

buried boulders is also uncorrelated with the distance down the fan, and 

it seems that this parameter reflects local abundance of fl uvial sands 

and gravels more than age or some systematic spatial trend. 

Like the depth of boulder burial, the maximum diameter of boulders 

shows no obvious correlations with distance down the fan (Fig. 5-Sb), 

except perhaps for a tendency towards smaller boulders at the distal end 

of the fan, where the gradient is only 2.5°. The largest boulders seem 

to be found in the middle elevations of the fan, but this could be a 

sampling artifact. Large boulders are encountered closer to the bridge 

on levees along Independence Creek and elsewhere, but their distribution 

is irregular. Perhaps this may be attributed to the infrequent 

occurrence of stream floods large enough to transport meters 2 m or 

more in diameter. 

The distribution of rock types over the fan was very uniform. Only 

8% of the boulders were ma fie, while 86% Wt:!re Y. uar tz monzoni te or gr ano­

diori te. The remaining 6% were "resistates", chiefly granitic dike rocks 

or metavolcanic boulders. Sharp (1969, 1972) has argued that the ratio 

of granitic boulders to "resistates" decreases with age as the granitic 

rocks disintegrate. Apparently most of the fan is sufficiently young 

that this process has not yet begun. The boulder abundance showed no 



~ 
100 

0 

Cf) 
0:: 80 w 
0 
_J 
:::> 
0 60 CD 

0 
~ 
0:: 40 :::> 
en 

~ 
a. 20 w 
w 
0 

0 

0:: 
~ 300 
w 
::E 
<X 
cs 200 
::? 
:::> 

~ 100 
<X 
::? 

0 

394 

EAST -----• 
• • • : 

• • • 

• 
I • I 
I • 
I • 
I 
I 

LJPPFR FAN •'• LOWER FAN 
BRIDGE NEAR SEVEN PtNEsl 

2 4 6 8 
DISTANCE DOWN THE FAN, km 

• • • 

• 
• • EAST 

• 

• • 

---+ 

• • • •• • • • • UPPER FAN .,' • • • 
BRIDGE NEAR SEVEN PINESIL....LOWER FAN 

10 

2 4 6 8 10 
DISTANCE DOWN THE FAN, km 

Fig. 5-5. The fraction of boulders which are deeply buried in the fan· 
surface (top) and the estimated maximum diameter (bottom) are 

plotted against the distance down the fan (measured eastward from the 
bridge on the new Onion Valley road west of Seven Pines). No trend in 
the degree of burial is seen. 

Although the variation in maximum diameter shows more order than the 
variation in the degree of boulder burial, there are no obvious trends 
except at the distal (eastern) end of the fan, where the boulder size 
decreases. The largest boulders are found at the contact (as defined by 
the GWR values) between the lower and upper fan. 
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obvious trends~ either. It seems likely that heterogeneous deposition 

of sand and gravel in channels now abandoned has obscured any trends, 

if such existed. 

Site f-25 was on the boulder terrace between the glacial moraines at 

the head of the fan. As seen on Fig 5-3a, the GWR is not significantly 

different from GWR values for the lower fan. Thus the lower fan and the 

outwash appear to be roughly coeval. 

A third surf ace is found in the lee of the bedrock hill just east 

of the confluence of Pinon and Lime Creeks. This small region is 

characterized by few boulders and a somewhat redder soil. This is the 

oldest deposit on the active fan. The contrast with the younger fanglom­

erate encroaching from the north and south is unmistakable. 

The old surface occupies a topographic low region, about 9 m below 

the adjacent fan. If this surface dates from the Sangamon interglacial 

period (~ 0.1 my BP), then an average aggradation rate of only 0.09 mm/y 

is indicated. This is certainly a low value, because the surrounding 

fan has not been active for some time; it is the older of the surfaces 

discussed above. If the adjacent fan were of early Wisconsin age, then 

the rate might be as much as a factor of four greater. The Milner Creek 

fan on the west side of the White Mountains north of Bishop, California, 

appears to have grown at about 0.075-0.150 mm/yr since 0.7 my BP (Beaty, 

1970). 

The depth of the oldest surface below the fan's current surface in 

the lee of the bedrock hill may not be representative of the average 

depth elsewhere. Independence Creek has incised about 10 m into the fan, 

but no evidence of a paleosol was found even in good exposures on road 
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cuts in the embankment. 

Large granitic boulders several meter~ in diameter are perched atop 

the bedrock hill that shields the ancient fan ::rnrface east of the con­

fluence of Pinon and Lime Creeks. These are several meters above the 

current fan surf ace, and in the absence of any evidence of degradation 

of the fan, arc taken to he relics of ancient debris flows such as those 

which left the levees with similar boulders near the current Independence 

Creek. 

Incision of Independence Creek is greatest where its fan lies within 

the foothill block. At the western end of the fan this is not obvious, 

because the new surface is rather wide (Grays Meadow) and its margins are 

somewhat irregular. However, a remnant of the older fan surface has been 

left as an "island" between channels of Independence Creek just east of 

Seven Pines. The top of this remnant, 6.5 m above the meadow, shows the 

amount of incision of the fan head since deposition of the older fan. 

Below Grays Meadow the stream channel narrows. Incision is about 

10 m until the stream crosses the eastern boundary of the foothill block. 

Farther down the fan, incision lessens until the the stream flows within 

2 m of the fan's surface near the contact between the two fanglomerates 

of different age. Thus, Independence Creek appears to be most deeply 

incised into the older fan. 

No fault scarps were found anywhere on the Independence Creek fan. 

Thus in the late Quaternary Period, faulting does not seem to have 

occurred within the foothill block, but has instead been restricted to 

the range front (Independence Fault) or to the mid-valley fault (the 

Owens Valley fault zone which ruptured in the 1872 earthquake). 
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Discussion 

In addition to the meadows and fluvial deposits of the current Inde­

pendence Creek, there are at least three different ages of f anglomerates 

on the Independence Creek fan. As seen on Plate I, the youngest of these 

is found in the lower, eastern part of the fan. Thus the boulders and 

gravels must have been shuttled through the older fan along an incised 

Independence Creek rather than moved over its surf ace by sheet floods 

(cf. Davis, 1938). This pattern was observed in other canyons, also. 

Such a situation could generally arise in one of several ways: (1) be­

cause of faulting, the headward portion of a fan may be uplifted and 

incised, with a new fan being constructed below the scarp; (2) because 

of a change in climate, the efficiency of the stream may be increased 

such that the upper and steeper part of the fan is degraded, with aggra­

dation beginning at a lower elevation (cf. Mabbutt, 1977); (3) because 

of headward erosion of the stream, its channel is deepened everywhere, 

leading to fan-head incision even in the absence of continued faulting 

or climatic change; or (4) because of regional tilting, the gradient of 

the stream may hP incre~sPd, reRulting in fan-head incision and rede-

position of the eroded f anglomerate farther from the mountain front 

(cf. Hooke, 1972). 

With so many possibilities, it is not now possible to identify a 

single cause for the observed incision of the head of the Independence 

Creek fan and the deposition of young f anglomerate near the base of the 

fan. However, the absence of even old eroded fault scarps or linear 

zones of enhanced incision across the fan itself shows the first alter­

native to have been inoperative. 
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In the Sierra Nevada, the second alternative is clearly imporLant: 

evidence of the advance and retreat of glaciers resulting from climatic 

change is well displayed in many canyons of the Sierra escarpment, among 

them Onion Valley. During and at the end of a glacial auvance, enurmuus 

amounts of debris are made available by the glacier. This debris gen­

erally forms a steep outwash plain which grades into the fan below. 

Boulders from the outwash are reworked by periodic flooding, so that the 

entire head of the fan may be steepened. With the retreat of the 

glaciers, debris is no longer added to the fan in such large quantities, 

and the fan head may be incised. 

While climatic change is certainly an important process in the 

incision of the alluvial fans and in the distribution of fanglomerate 

in the study area, neither headward eroi:;iou uur regional Lilting can be 

ruled out. In particular, headward erosion must certainly accompany the 

relative uplift of the Sierra along the Independence Fault, which has 

been active during the Holocene. Eastward tilting of the Owens Valley 

between the range-front and mid-valley faults has been measured geodeti­

cally (Savage et al., 1975). The tilting results in a drop of the base 

level of ~ 2.2 mm/y for the streams of the eastern Sierra Nevada. 

In recent times, deposition by Independence Creek appears to have 

been largely limited to alluvium at Grays Meadow. The fresh-appearing 

uulwash abuve grades into the meadow and is deposited on a surface cut 

into the old fan. Thus morphologic and relative weathering data lead to 

the same conclusion. 

From the GWR measurements it would be difficult to assign any of the 

bouldery surf aces of the fan to the Tioga glaciation. Thus the fan 
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appears to be mid-Wisconsin in age at the latest. In this study the 

older fan head is thought to be early- to mid-Wisconsin. The younger 

deposits on the distal end of the fan are probably mid-Wisconsin, and 

the outwash is early Tioga at the latest. However, the observations on 

which these age assignments are based have been made on moraines and may 

not be directly applicable to fans. 

Lubetkin (1980) has made one of the few studies of fans in the 

Owens Valley which includes relative weathering and age information. He 

argued that the abandoned fan of Lone Pine Creek, west of Lone Pine, 

California, postdates the time of the high-water stand of Owens Lake, 

because beach deposits and wave-cut cliffs found nearby are not found on 

the fan, and because channels on the fan appear to be graded to a base 

level as much as 21 m below the high-water line. Lubetkin found that 

tufa from the beach gravels yielded a 14c date of 21,000 ± 130 y. This 

must be an upper limit for the age of the fan, which thus appears to have 

been deposited during the Tioga stage or later. 

On the basis of relative weathering data and geomorphic evidence, 

Lubetkin (1980) argued that the abandoned fan of Lone Pine Creek is 

distinctly older than the modern fan, and also distinctly younger than 

the larger fans west of the Alabama Hills. He therefore felt that the 

abandoned fan was deposited during the Tioga glaciation. 

Lubetkin (1980) measured the maximum weathering relief (from gran­

ular disintegration) of granitic boulders on the surface of the abandoned 

Tioga fan to be as great as 6 cm. Boulders were observed to have larger 

diameters below the soil line, and as many as 5% of the buried boulders 

exposed in trenches and natural embankments were grusy. All of these 
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observations would point to a mid-Wisconsin age if the boulders were 

from tills rather than fans. For example, Burke and Birkeland (1979) 

found a maximum pit depth of only 2.8 cm in boulders from Tioga moraines 

in Sawmill Canyon (Inyo County) and Bloody Canyon (Mono County). More 

extensive weathering of youthful boulders has been observed in the High 

Sierra (M. M. Clark, oral comm., 1979), but generally only in highly 

exposed locations on domes, passes, or in high cirques. Thus if the 14c 

date is accurate, boulders in fans may weather faster than those in 

tills. 

It is possible that the abandoned fan at InnP- PinP- Creek is little 

younger than the limit of 21,000 y; in this case, it would predate many 

Tioga moraines that were constructed some time after the glacial maximum, 

- 18,000 y ago. If this were true, the fan could be nearly twirP as 

old as some Tioga moraines, and the apparently excessive weathering 

would be less difficult to reconcile with observations elsewhere. 

Relative weathering parameters for coeval fans and moraines may 

have different values for at least three reasons. (1) Fanglomerate is 

likely to be reworked several times during its transit down the fan and 

mixed with debris eroded during interglacial periods, whereas till is 

generally deposited only once, during episodic glacial advances. (2) 

Boulders in till are usually abraded by the glacier so that upon depo-

sit ion their surf aces are unweathered, al though exeepti ons C'_an oel".nr 

(cf. Birman, 1964). In fans, boulders from glaciers are mixed with 

talus transported by stream floods, so that there is no single character­

istic degree of weathering upon deposition, but on the average boulders 

may be somewhat weathered compared to moraines of the same age. 
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(3) The climate on the fans is drier and warmer than in mountain valleys, 

but water retention in fans is probably different than in moraines, so 

that weathering may proceed at a different rate than on moraines. 

A rough calculation of the amount of corrasion 
during the Wisconsin glaciation • 

If the Independence Creek fan consisted of lamina of constant thick-

ness, it would be possible to estimate erosion rates in Onion Valley 

since the time the oldest fanglomerate was deposited (~ 0.1 my BP ?). 

In this model, the latest layer would be 9 m thick and would contain 

,....., 0.18 km3 of debris. 'l'he glaciers of Onion Valley covPrPd 11.2 km2. 

Allowing for the parabolic cross-section of the glaciers, about 14 km2 

of bedrock were in contact with ice. Thus the uppermost layer on the 

model fan could be generated by corrasion of only 13 m on all glacier-

bedrock surfaces during the Wisconsin glaciation. Actual corrasion 

would be greater because some till still resides in Onion Valley above 

the fan and was not included in the volume calculation. 

The Fo6thills Near Independence Creek 

The foothills east of the Sierra escarpment are a block of quartz 

mon7.onite and meta-andesite bounded on the west by the Independence 

Fault, a normal fault on which the Sierra escarpment appears to have 

been developed, and on the east by the aggrading alluvial fans. Moore 

(1963) shows only one fault within the foothills near Independence Creek, 

but undoubtedly there are more. I recognized two previously unmapped 

faults south of Independence Creek, and these will be discussed below. 

Springs within the foothills may arise along faults. However, 
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bedrock faults are difficult to map in the absence of lithologic contrasts, 

·because good exposures are limited by the mantle of weathering products. 

Morphologic expression is inconclusive, probably because the faults have 

not been active since early Wisconsin time. 

The eastern boundary of the foothills may also be a fault, so that 

the foothills could be a fault-bounded block intermediate between the Sierra 

Nevada and similar blocks at the floor of Owens Valley. However, there 

is no direct evidence of this, and gravity surveys by Kane and Pakiser 

(1961) and Pakiser et al. (1964) show that there is no large buried bed-

rock escarpment comparable to the one of the mid-valley fault. 

A well 2.8 km east of the foothills (Fig. 5-2b) has been drilled 

280 m into the valley fill (Los Angeles Dept. Water and Power, 1978) 

without encountering bedrock. This depth of fill does not necessarily 

imply faulting; the bedrock surface of the foothill block need only dip 

east 9° to exceed a depth of 280 m under the well. 

The foothill block north of Independence Creek (Fig. 5-6) is capped 

by a flat upland surf ace at about 2165 m (7100 ft) elevation, and an 

incised ramp sloping gently to the east. There is a smaller bench north 

of the creek at about 1830 m (6000 ft) elevation, 100 m above the fan. 

Valleys cut through this bench and into the eastern edge of the upland 

plateau are ~ 50 m deep and generally have smooth, rounded contours. 

The ancient surfaces are cut into bedrock and mantled by locally derived 

rock fragments and soil. No exotic boulders were found, and there were 

no deposits of any kind. 

South of Independence Creek the ancient highest surface is easily 

recognized. The high points consist of intensely weathered quartz 
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Fig. 5-6. Oblique aerial photograph of the Sierra escarpment near Inde-
pendence Creek. View is towards the west. At least three 

generations of triangular facets can be seen on the east face of Kearsarge 
Peak. These testify to the grossly episodic character of the subsidence 
of Owens Valley. U. S. Geol. Survey Photograph GS-OAI 5-24 (11-25-55). 
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monzonite bedrock. The surface also features a flat deposit of locally 

derived rock fragments and soil which is now being slowly buried by 

steep debris cones from the Sierra escarpment. Both the flats and debris 

cones are incised by recent gullies. 

There appear to be three distinct generations of triangular facets 

on the Sierra escarpment. These are best seen on the east face of 

Kearsarge Peak (Fig. 5-6), but are also visible on Independence Peak. 

Locations of apices are shown in Plate II. The elevations are about: 

2315 m (7600 ft), 3170 m (10,400 ft), and 3780 m (12,400 ft). The 

lowest appears to record vertical off set of 170 m on the Independence 

Fault. The second records 850 m of displacement, and the highest 

records about 600 m. Only the upper two zones of facets were consis­

tently recognized throughout the study area. 

The highest apex is Kearsarge Peak itself. Its upper face is heavily 

eroded and the remnant of the facet has a slope of 22°, which is 

less than the 30° gradients of the younger facets. The lower facets 

are only slightly modified by erosion. Faulting along the Independence 

Fault appears to have been grossly episodic. 

The foothills south of Independence Creek do not extend as far east 

as do the foothills to the north. They terminate just east of the lower 

of two large scarps of normal faults (Fig. 5-1). The freshest and 

eastern scarp is about 25 m high, and although its morphology was not 

studied in detail, it is clear that it is just the most recent part of a 

scarp with an older and more eroded part about 70 m high. The western 

scarp is about 80 m high. 

The two faults appear to have offset the an~ient alluvial fan, 
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Fig. 5-7. Photograph looking south from the vicinity of Independence Creek, 
east of the Independence Fault Pinon Canyon is in the back­

ground. Two scarps of normal faults parallel to the Independence Fault can 
be seen in the foothills (arrows). The lower scarp is 95 m high; the upper 
is 80 m high. Both faults offset the ancient alluvial fan of Independence 
Creek, and heavily weathered remnants of fanglomerate can be found west of 
the scarps in the foothills as much as 170 m above the modern fan. 
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although scarps are not seen across the current fan surface. Diamic­

tons with heavily weathered cavernous boulders are found south of Seven 

Pines on steps above each fault, 75 m and 170 m above the fan (Plate I). 

The presence of boulders of hornblende diorite showed unmistakably 

that the source of these deposits included the mafic pluton in Onion 

Valley or Lime Canyon. 

Additionally~ 25 m above the fan but below the lower scarp, was a 

third patch of diamicton, on a low ridge. The occurrence of the deposit 

on a ridge surrounded by the recent fan is incompatible with simple 

faulting. Possibly the ridge is an erosional remnant, left by later.al 

cutting of Independence Creek or Lime Creek, but since no other erosional 

remnants are found elsewhere in the fan or its margins, it is more likely 

a heavily eroded scarp. Similar scarps eroded to a lesser degree are 

found only 7 km to the south. 

Rates of tectonic off set within the foothill block 

At Coyote Creek, west of Bishop, California, and SO km north-

west of this study area,, Bateman ( 1965) found that Sherwin till (> 0. 7 my 

BP) and underlying bedrock had been incised ~ 245 m. Assuming that this 

incision reflects tectonic displacement, the average rate of that dis­

placemtmt wat::i lese; than 0. 35 mw/ y 8ince depuisi Liou uf Lht:: Sh~rwiu till. 

If this rate applies at Independence Creek, then the age of the three 

diamictons remnants would be more than 0.07, 0.21, and 0.49 my, respec­

tively. Thus the lowest remnant could be as young as the Tahoe stage of 

the Wisconsin glaciation, and hence coeval with the fan below. 

The occurrence of the lowest deposits on a ridge surrounded by the 

late Pleistocene fan implies a period of deposition following faulting 
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or incision, so that most of the ancient scarp was buried under an 

aggrading fan. It is unlikely that the remnant and the aggrading fan 

are close in age. It follows that: (1) the displacement rate at Coyote 

Creek may be faster than that at Independence Creek; (2) displacement 

also occurred elsewhere than along these faults; or (3) the Sherwin till 

at Coyote Creek is significantly older than its lower age limit. Insuf­

ficient information is available to choose among the alternatives, but 

the second at least does appear to have happened: the scarp of the 

Independence Fault itself off sets late Pleistocene moraines and glacial 

outwash of Independence Creek (see below). 

The intermediate fan remnant near Lime Creek occupies a small bench 

which from its height above Independence Creek appears to be correlative 

with the lower surf ace on the foothills north of the creek. The highest 

surf aces north and south of the creek (2165 m or 7100 ft elevation) 

likewise appear to be correlative. The highest fan remnant is below 

this level and has no obvious match in the foothills to the north. Into 

the highest surface (which has no remnants of ancient fanglomerate) 

Independence Creek and Lime Creek have cut 190 m. Pinon Creek has cut 

300 m through the same feature. Arguing as before, the incision probably 

took more than 0.54 my or 0.86 my, respectively. This discrepancy may be 

explained by faster aggradation of the Independence Creek fan than the 

Pinon Creek tan. The former extends 150 m higher in elevation, and has 

an unknown depth. Between the remnants of the highest surface, Pinon 

Creek flows in a narrow gorge close to bedrock. If the actual incisions 

of the two rivers through bedrock are the same depth, then the gravel~ 

of the upper Independence fan might be about 100 m thick. This is 
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considerably less than the thickness of > 250 m estimated by Gutenberg 

et al. (1932) from seismic refraction profiles at Shepard Creek. Shepard 

Creek is only 6 km south of Pinon Creek, and is one valley south of 

the exposed hills of the foothill block. Thus it appears that even the 

deepest alluvium within the foothills is much shallower than alluvium 

south of the foothills. 

Off set of Independence Creek 

During the past century there has been continuing debate over the 

existence and sense of lateral offset across the Owens Valley. Most of 

the controversy has centered on the mid-valley Owens Valley fault zone, 

the site of the earthquake of 1872. Recently, Moore and Hopson (1961) 

and Ross (1962) have placed limits on the total Cenozoic lateral offset 

of a few km, based on correlated dikes and granitic plutons (respec­

tively) on either side of the Owens Valley. Iubetkin (1980) has 

attributed - 6.4 m of right-lateral offset along the Lone Pine Fault 

(within the Owens Valley fault zone) to the 1872 earthquake. On the 

other hand, Pakiser (1960) and Pakiser et al. (1964) argue for left­

lateral offset to explain the distribution of Pleistocene volcanic 

eruptive centers. 

Because of clear evidence of late Quaternary faulting along the 

Independence Fault, only 10 km west of the Owens Valley fault zone at 

Independence, geomorphic evidence of possible lateral offset across the 

range front merits attention. Mayo (1941) observed the flexure in the 
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course of Independence Creek as it crosses the range front and foothill 

region, and considered the possibility that this might have recorded 

right-lateral displacement along the frontal fault zone. 

The amount of off set supposedly indicated by Independence Creek is 

more than 1.56 km. However, no more than 0.32 km of offset could have 

occurred along the Independence Fault itself since incision of the stream 

into the foothill block (Fig. 5-8). This limit is the distance from the 

modern Independence Creek south to the northernmost of the foothills 

near Lime Creek. Thus more than 1.24 km horizontal displacement must 

have occurred along the two sub-parallel faults east of Independence 

Fault. If this were true, they would be dominantly strike-slip rather 

than normal faults, but there is no evidence for this: the ravines which 

cross these faults south of Lime Canyon show no sign of horizontal dis­

placement. Furthermore, neither Lime Creek nor Pinon Creek is offset 

across the range front. Thus it seems probable that the bend in Independ­

ence Creek is unrelated to horizontal displacement along the range-front 

faults. It follows that at least in the area of this study, any major 

lateral off set on the east side of the Sierra Nevada is restricted to 

the Owens Valley Fault or occurred before incision of the foothill block. 

History of the foothill block 

The old surf aces of the foothill block are cut into bedrock. Appar­

ently at least some were once buried by the alluvial fan. From the rate 

of incision estimated elsewhere for the Sierra as a whole, the highest of 

these old surfaces appears to be older than ~ 0.5 my. The actual age is 

probably significantly greater than this limit. This is because much of 

the tectonic displacement has occurred on the Independence Fault, west 
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Fig. 5-8. Schematic representation of hypothetical right-lateral offset 
of Independence Creek along the frontal fault system (not to 

scale). Independence Fault can not have had mure than 320 m uf tsuch 
off set since it incised the foothill block, so most offset would have to 
have been on faults further east. There is no direct evidence for strike­
slip faults in the foothill block. 

The figure shows the hypothetical ancient off set Independence Creek 
(dashed line) gradually assuming its present course by erosion down the 
regional gradient of the foothills. 
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of the foothill block. The surface is thus probably early Pleistocene 

or even older. It must have originated as a pediment at a time when the 

deep graben to the east had yet to form, so that it was not yet deeply 

incised. Fans covered at least its lower reaches. Normal faulting 

during the Pleistocene disrupted the ancient pediment and dropped the 

entire block relative to the Sierra Nevada. The presence of relict 

debris cones and fans suggests that stable periods occurred within this 

period, and that displacement was episodic on a finer time scale than 

recorded by the giant facets of the escarpment. The quiesence of faults 

within the foothills in the late Pleistocene contrasts with their earlier 

activity and supports this contention. Richardson (1975) attributed a 

similar history to the Alabama Hills, south of Independence. 

Pakiser et al. (1964) have suggested that the Poverty Hills, a 

foothill block in the middle of Owens Valley between Big Pine and Inde­

pendence, originated as a giant landslide. A similar genesis for the 

foothill block from Symmes Creek to Thibaut Creek is unlikely, because 

the Independence quartz monzonite which comprises most of the foothills 

is found west of the Independence Fault only in small outcrops on Lookout 

Point, well to the north of the foothills. 

Late Pleistocene Glacial Deposits in Onion Valley 

Onion Valley was repeatedly glaciated during the Pleistocene Epoch. 

The catchment area was the largest in the area of this study. Above 2680 m 

(8800 ft) elevation, glaciers covered 9.6 km2 • The typical elevation of 

cirque walls was 3600 m. In addition, at least during some early glaci­

ations, ice originating west of the bedrock crest may have flowed east 
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across Kearsarge Pass, adding to the glaciers cutting Onion Valley. 

Late Pleistocene glaciers left moraines as low as 1950 m (6400 ft) eleva­

tion, east of the Independence Fault. 

Moore (1963) identified the glacial deposits of upper Onion Valley 

as belonging to the Tioga advance. He considered the moraines of the 

lower valley and foothills to be of the Tahoe advance. This view is 

basically correct. However, Quaternary deposits in lower Onion Valley 

reveal a complicated history of multiple glaciations, each distinguished 

by different degrees of weathering of boulders in moraines. A generalized 

map of these moraines is given in Fig. 5-9. 

In the discussion which follows, moraines of different advances of 

the glaciers will be identified by Roman numerals, with I identifying the 

oldest moraines. These will be correlated to conventional Sierra Nevada 

glacial stages in a later section. When possible, moraines throughout 

the study area will be correlated with the advances of Onion Valley, and 

thus indirectly tied to the conventional Sierra chronology. 

Distinction among moraines of different advances was made morpholo­

gically and by semi-quantitative relative weathering measurements. Relative 

weathering data are summarized in Tables 5-2 and 5-3. Site locations in 

Onion Valley and in the tributary canyons are shown in Fig. 5-10. 

Lower Onion Valley 

There are tills of seven or eight distinct ages in Onion Valley and 

its tributary canyons. Three or four of these are found in the lower 

reaches of Onion Valley. Recognition of these units is facilitated by 

excellent exposure along the two roads up Independence Creek, but the 

deposits may be distinguished by surface exposures alone. 
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Tena ya pre-Tahoe 

Tahoe early pre-Tahoe 

Fig. 5-9. Glacial moraines of Independence Creek. Roman numerals 
identify the relative ages of the glacial deposits: I is 

the oldest till and V is the youngest shown on this map. Probable 
equivalent glacial stages from the conventional Sierra Nevada 
sequence are shown below. Contacts have been generalized somewhat 
and are dotted where buried by talus or outwash or removed by erosion. 



414 

Table 5-2 

Semi-Quantitative Weathering Data for Moraines of Onion Valley 

Right-Lateral Moraines 

Sit el 

8-3 
8-2 
3-6 
3-5 
3-1 
2-7 
2-6a 
2-6b 
6-14 
2-5 
2-22 
223 
2-4 
1-1 
2-3 

No. of 
~2 Boulders) 

VII 100 
VI 100 
VRC 104 
VRC 94 
IVRC 71 
III 41 
III 35 
III 48 
III 100 
II? 74 
II 43 
II 37 
II 49 
I 59 
I 34 

Left-Lateral Moraines 

No. of 
s1Lel ~2 noulders3 

9-1 
9-2 
9-3 
9-4 
2-16 
1-4 
8-1 
2-17 
2-18 
1-3 
2-2 
1-6 
2-1 
1-2 
2-19 

VeT 
Ver 
Ver 
VGT? 
IV 
IV 
Ill 
III 
Ill 
III 
III 
II 
II 
I 
I 

36 
100 
110 

76 
134 
178 
90 
80 
66 
85 

109 
87 

121 
84 
20 

GWR 4 

0/100/0 
7/93/0 

50/50/0 
78/22/0 
56/ 4113 
44/49/7 
69/31/0 
65/35/0 
99/ 1/0 
73/27/0 
51/47/2 
78/22/0 
33/65/2 
59/39/2 
88/12/0 

11/83/6 

U/Y':J/5 

BR 5 

8/20/72 

69/19/12 
51/31/17 
46/35/19 

64/29/7 
32/57/11 
50/32/18 
56/37 /7 

50/36/14 

5 

84/16/0 26/36/38 
10/79/11 24/45/32 
0/94/6 

57/39/4 
19/73/9 
45/44/11 28/32/35 
34/55/11 
29/64/7 49/36/15 
43/55/2 
45/54/2 11/76/13 
11/78/11 
80/20/0 50/29/21 

U/G/M 6 

33/67/0 
12/78/0 
20/80/0 

11/85/4 
6/85/9 

19/73/8 
8/91/1 

17 /68/14 
15/63/22 

BFC 7 
m-2 

0.29 
0.72 
0.93 

0.58 
0.44 
0.22 
0.61 
0.51 
0.28 

BFC 7 
U/G/M 6 m-2 

60/40/0 
45/55/0 

1/99/0 
8/85/7 
8/85/7 

12/85/3 
21/77 /2 
17/65/18 
11/72/17 
20/69/11 
41/47/12 

0/74/26 
0/59/41 

1.53 

0.96 
1.78 

0.64 
0.75 
0.84 
0.82 
0.87 
o. 72 
1.40 
0.28 

Measurement site locations are shown in Fig. 5-10. "RC" denotes 
Robinson Creek; "GT" denotes Golden Trout Creek. 

2. Glacial advances in Onion Valley were numbered from I to VII 
in order of decreasing age, Correlation with thP ~onvPntional 
Sierra Nevada sequence is given in Table 5-10. 

3. Number of boulders counted for GWR. 
4, Granodiorite weathering ratios. The relative frequencies of boulders 

(in %) are listed in order of decreasing weathering class (Ch. 2). 
5. Boulder burial or "boulder relief" (Fleisher,1967). Relative 

frequencies (in %) are for classes of decreasing burial (Ch. 2). 
6. Ultramafic I Granitic I "resistate" ratio (in%). See Ch. 2. 
7. Boulder frequency on the moraine surfaee (Ch. 2). 
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9-5 

9-6 

9-7 

9-8 

2-24 

2-20 

2-21 

9-9 

2-19 

9-10 
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Table 5-3 

Semi-Quantitative Weathering Data from Road Cuts 
in Moraines of Onion Valley 

No. of B-Horizon 
Glacial Boulders Munsell 
Advance2 in Sample GWR 3 Color 

IV1 67 16/36/48 10 YR 5/4 

III1 50 28/32/40 10 YR 5/4 

IIIL 74 41/28/31 5 y 7/2 

IIIL 79 42/29/29 10 YR 7/2 

IIIL 67 42/58/0 

IIIL 97 56/39/5 * 10 6/2 YR 

IIL 93 68/29/3 * 10 YR 7/2 

!IL 86 47/42/12 10 YR 6/4 

1L 20 7.5 YR 7/4 

IR 84 74/19/7 5 y 6/1 

1. Measurement site locations are shown in Fig. 5-10. "L .. and "R" 
refer to left-lateral and right-lateral moraines, respectively. 

2. Glacial advances in Onion Valley were numbered from I to VII 
in order of decreasing age. Correlation with the conventional 
Sierra Nevada sequence is given in Table 5-10. 

3. Granodiorite weathering ratios. The relative frequencies of 
boulders (in %) are listed in order of decreasing weathering 
class: e.g., heavily weathered (class 3) I lightly weathered 
(class 2) I unweathered (class 1). See Ch. 2 for further 
discussion. Boulders counted were from the C-horizon, except 
for those ratios marked by asterisks (B-horizon). 
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Right-lateral moraines • • • 

Glacial deposits south of Independence Creek in the vicinity of the 

range front consist of a massive right-lateral moraine, a number of 

smaller lateral and recessional moraines, and an outwash plain near the 

river. These are of progressively younger ages. The core and the 

eastern end of the massive moraine were the oldest till found south of 

Independence Creek; the thin layers of till which cover the massive 

moraine near the range front and the recessional moraines east of the 

range front are distinctly younger. A third series of moraines found 

west of the range front, within lower Onion Valley itself, are younger 

still. The glacial outwash appears to truncate geomorphic features 

of this third series of moraines and probably dates from the retreat 

of the glaciers which constructed them. The three glacial advances 

probably represent distinct stages, denoted I, II, and III in order of 

decreasing age in this study. These stages probably bracketed the early 

Wisconsin glaciation. 

Till of the major right-lateral moraine is exposed in a large road 

cut 50 m south of the bridge over Independence Creek above Seven Pines. 

Large numbers of disintegrating quartz monzonite boulders from the Bullfrog 

pluton were found alongside surprisingly fresh ones. The A horizon is 

only a few cm thick, but the B horizon is as much as 3 m deep and is 

somewhat oxidized. The maximum Munsell color in the road cut is 5Y6/l; 

colors of 10YR5/4 were found in 30-cm-deep pits on the crest. The 

C horizon forms most of the road cut. Its color is neutral (Munsell N7 

to 10YR8/2). 

The moraine crest contains heavily weathered boulders largely buried 
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in a grusy matrix. Only 28 boulders over 30 cm in diameter were found in 

100 m2. Most were from the Bullfrog pluton, but about 14% were "resistates" 

(chiefly fine-grained granitic rocks) and about 17% were mafic rocks, 

especially diorites and gabbros. The roundness of the boulders is note­

worthy and appears to be caused by removal of loosened crystals from the 

surface of the boulders. The degree of roundness contrasts with the more 

angular boulders from younger moraines upstream. If granitic boulders 

are classified as "round", "sub-round", "subangular", or "angular", then 

the frequency distribution found for Ill boulders in the lowest right­

lateral moraine is 47/31/22/1. 

Just above the road cut this lowest moraine appears to have two 

crests. The outer and lower crest seems to be buried by a younger 

moraine. The two crests are separated by a shallow gully. However, no 

weathering differences can be seen in the boulders exposed in the road 

cut; thus it may be that the till was all deposited at about the same 

time. 

Just north of the higher (inner) moraine crest a veneer of less­

weathered boulders covers the moraine. The contact may be seen easily 

from the Onion Valley road north of Seven Pines. The veneer of boulders 

is the remnant of a thin layer of till left by a glacier distinctly 

younger t.han that which depuslted the massive older moraine. The contact 

rises upstream, and 200 m west of the road cut the old moraine crest 

itself is buried by the younger till. The younger till contains more 

boulders on its surface (61 per 100 m2) than the older moraine, and 

they are more angular (26/34/34/5, for 87 boulders). Granodiorite 

weathering ratios (Table 5-2) showed that fewer boulders in the younger 
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till are heavily weathered, and the grusy quartz monzonite boulders 

which typified the surface of the lowest moraine are not evident. Thus 

the morphologic moraine appears to be composite, consisting of till 

deposited at distinctly different times. The older till is denoted by 

"I" and the younger by "II" in this study. 

The younger moraine is continuous at least as far west as the range 

front. At about the point where the canyon bends, yet younger moraines 

of subdued expression bury it. Exposed in shallow cuts of the old road 

through these moraines are seen buried disintegrating boulders. Few 

grusy boulders are seen on the surface, and the distinction between 

the two tills based on weathering characteristics is not great. 

In part this may be because the subdued moraines are end moraines. 

Most workers have felt that age estimates based on weathering of till 

in end moraines were unreliable compared to those for lateral moraines 

(Janda, 1966; McCulloch, 1963; Sharp, 1969,1972). Birman (1964) argues 

that weathering data for end moraines are likely to be excessively large. 

Thus the end moraines in lower Onion Valley may have been left by a 

glacier younger than advance II. They may be the terminal moraines of 

the glaciers of advance III. 

A final set of three well preserved moraine crests in lower Onion 

Valley is found from 2650 m to 2680 m elevation. The highest moraine is 

less bouldery than the lower two. Weathering of boulders indicates a 

difference in age between the highest and the lower two moraines. The 

degree of burial of boulders along the moraine crest is greatest for the 

highest moraine. This is consistent with the relative age deduced from 

the nesting of the moraines, but care must be exercised in interpreting 
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these results because the lower moraine crests are little more than 

inflections in the slope of the massive uppermost one. As such they 

are subject to burial by slopewash and also to loss of fine particles 

down slope. However, the youthful appearance of boulders on the lower 

moraines cannot have been caused by the addition of weathered boulders 

from the highest moraine; thus the lower moraines are probably signifi­

cantly younger than the highest one. They may also be significantly 

younger than the end moraines found at 2315 m elevation, based on their 

GWR values (Table 5-2). 

While it is logical to assign the highest moraine to advance II 

and the lower ones to an advance III, this is not defensible on the 

basis of semi-quantitative weathering data alone, for the reasons of 

limited exposure and possibilities of contamination. 

The outwash plain above Seven Pines can be traced to a point at or 

just west of the terminal moraines of advance III. The shallow swales 

separating the three end moraines appear to be truncated by the outwash. 

Thus the outwash seems on geomorphic grounds to have been last deposited 

during and after the maximum advance of the glaciers of advance III. 

In summary, from inspection of weathering and morphologic char­

acteristics of the right-lateral moraines of lower Onion Valley, there 

appear to be at least three recognizable glacial advances. Advance I 

left broad, rounded moraines as low as 1900 m elevation. Boulders are 

heavily weathered. The crest of this oldest moraine was buried by till 

of advance II above 2070 m (6800 ft) elevation. This till is found in 

the inner flank of the oldest moraine as a thin veneer of sub-angular 

boulders down to an elevation of 1950 m (6400 ft). Above 2315 m (7600 



421 

ft) elevation the main crest of the moraine of advance II was buried by 

a series of end moraines which arguably might be assigned either to 

advance II or to advance III, based on semi-quantitative weathering 

observations alone. The snout of the glacier that left the lowest of 

these end moraines might have extended to 2150 m (7040 ft) elevation. 

Glaciers of advance III certainly descended at least to an elevation of 

2240 m (7360 ft). Moraines of advance III left unburied short lengths 

of older moraine crests, probably of advance II. 

Left-lateral moraines . . . 
The same three stades represented south of Independence Creek may 

also be recognized in the left-lateral moraines. However, interpretation 

is complicated by the presence of an ancient till which may predate any 

found south of the creek, and by the unusual distribution of moraines 

from advances I and II. This ancient till, here designated as an early 

deposit of advance I, is found immediately west of the Independence 

Fault. 

Upon careful inspection, the lowest (easternmost) moraine, which at 

first glance appears to correlate with the massive right-lateral moraine 

of advance I, is seen to correlate better with the moraines of advance 

II. The right-lateral moraine of advance I is inconspicuous, stream 

erosion having obliterated the original morphology of the southern flank 

of the moraines so that moraines l and 11 share a common embankment. 

Furthermore, the crest of moraine I is largely buried by a wedge of 

debris, probably a kame terrace, which also drowns its northern flank. 

Nevertheless, distinction of the tills appears to be possible by 

careful observation of weathering characteristics of boulders exposed 
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on moraine crests and in road cuts. This evidence is summarized in the 

discussion below. 

The lowest left-lateral moraine of Independence Creek extends down 

valley to an elevation of 1950 m (6400 ft). Like right-lateral moraine I, 

it is cut by the Onion Valley road. This exposure reveals a single till 

resting on weathered bedrock and debris shed therefrom. 

Obvious differences in weathering suggest that the road cuts expose 

till of different ages on either side of Independence Creek. The color 

of the Band C horizons were Munsell 10YR6/4 and N7.5 respectively. 

Although the B horizon had a redder color than seen in the right-lateral 

moraine, weathering characteristics in the C horizon appeared to be less 

well developed. Fewer boulders were grusy, and the weathering ratio 

was 42/42/17, compared to 63/27/10. Reflecting the lesser weathering, 

more boulders in the road cut protruded from the matrix of the left­

lateral till than from the right-lateral till. 

To some extent these differences might be caused by differences in 

the weathering rates of rocks found in the source regions for the tills. 

Most right-lateral till probably originated along Robinson Creek or the 

northern cliffs of University Peak, a region consisting almost entirely 

of Bullfrog quartz monzonite. Left-lateral tills probably originated 

on the southern slopes of Mt. Gould and in the drainage of Golden Trout 

Creek, where the dominant rocks in addition to Bullfrog quartz monzonite 

are granodiorites from the Dragon pluton, hornblende gabbros, and other 

mafic plutonic rocks. Thus the right- and left-lateral moraines have 

different compositions, and even boulders from the same pluton may have 

come from sites far apart. However, it seems unlikely that GWR values 
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for boulders of the same pluton would be as different as observed unless 

the moraines were of different ages. 

Additional information suggests that the lowest left-lateral moraine 

was left by a glacier of advance II rather than advance I. From the 

crest of the right-lateral moraine (Fig. 5-11) the inner face of the 

lower left-lateral moraine is seen to be bouldery. About 435 m upstream 

from the roadcut the bouldery till abruptly ends. On the stream-cut 

inner face of the moraine there is no morphologic expression of this 

boundary; west of the boundary the till is simply less bouldery. The 

crest of the bouldery moraine seems to end at the contact. It is 

replaced by a second moraine crest which is slightly higher and somewhat 

further from the stream. The two crests are separated by a shallow gully 

which leads northeast, away from Independence Creek. Apparently the 

bouldery moraine was once nested inside an older moraine which did not 

PXtPnd as far downstream. Most nf both moraineA have been removed by 

erosion by Independence Creek and by the intermittent stream which has 

cut the deep ravine in the east face of Kearsarge Peak. 

The older moraine has impounded a deep wedge of alluvium or outwash 

behind it. Two channels leading from the truncated southern edge of the 

deposit show that drainage was from the southwest. These channels must 

have been cut by streams flowing off the glacier or alongside its moraines. 

Their presence shows that very little of the terrace was derived by mass 

wasting of the local hillsides. The deposit was probably a kame terrace 

alongside the glacier or its moraine. The moraine character of the 

southern edge of this terrace can be seen in the presence of the large 

rounded boulders. 
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Fig. 5-11. View of the left-lateral moraines of Independence Creek, from 
the south. The older moraine of advance I is seen on the left; 

the moraine of advance II forms the eastern end of the ridge. The original 
morphology of the southern flank of the moraines has been largely obliterated 
by stream erosion. The till of advance II can be distinguished from the 
older till of advance I by its greater abundance of boulders exposed on its 
flank and crest. On the left, the moraine ends against the late Quaternary 
scarp of the Independence Fault. West of the scarp is a till which may pre­
date advance I. 
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A remnant of a depositional terrace may be seen just under the 

Onion Valley road at 2040 m (6700 ft) elevation. A deeply entrenched 

intermittent stream now separates this from the main terrace, and in the 

northern wall of the stream cut may be found rounded boulders of Dragon 

granodiorite that must have been derived from upstream. These exotic 

boulders are not found at the surface of the deposit, which is covered 

by locally derived colluvium. The genesis of this deposit is arguable, 

but it probably involved glacial rather than colluvial processes. The 

deposit may be a remnant Qf the kame terrace or of an earlier moraine. 

This remnant could not have formed behind the crest of the bouldery 

moraine (advance II), which is too low to have impounded it. It must 

have been deposited against the side of an earlier glacier or a more 

extensive moraine removed by erosion sometime before the bouldery moraine 

was created. It was thus deposited during or before advance I. 

Moore (1963) has mapped the glacial deposits as truncated against 

the Independence Fault. Inspection of a road cut where the old road 

crosses the scarp of the fault shows that this is not correct, and that 

till is also found west of the fault. The road cut exposes a diamicton 

that can be divided into three strata. The disordered fabric and dis­

oriented rounded clasts of the lowest stratum (largely buried by debris 

fallen from the road cut) point to a glacial origin. 

Large subangular boulders in the middle stratum are oriented with 

their long axes parallel to the regional slope and their short axes 

dipping into the road cut. This suggests some different process, 

possibly colluvial reworking of the upper part of the moraine. The top 

zone consists of smaller chips of rock which probably are colluvium 
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from the slopes above the moraine. 

The buried till exposed in the road cut is more oxidized than any 

other of Onion Valley. Only the B hori~oc is exposed. Its color in the 

Munsell system is 7.5YR7/4, compared to 10YR6/4 for the B horizon of the 

left-lateral moraine in the road cut at 1950 m elevation. The B horizon of 

the moraine of advance I exposed in the road cut south of the creek had a 

color of 5Y7/2. 

Boulders exposed in the road cut on the Independence Fault are 

typically heavily weathered, and boulders on the surface of the moraine 

which are exposed here and there through the colluvium have a GWR of 

80/20/0, with a BR of 50/29/21. Both measures may underestimate the 

actual degree of weathering characteristic of the moraine~ because 

colluvium may have hidden some grusy boulders which would otherwise 

have risen a few cm above the surface. The older of the two moraines 

east of the fault gave GWR values of 11/79/11 and 44/54/2. The first was 

from a site probably contaminated by material from the kame terrace, but 

second site was near the eastern limit of the moraine where its crest is 

a few meters above the terrace. Even this more trusted count indicated 

less weathering than in the till just west of the fault. The ancient till 

exposed in the road cut is therefore at least as old as advance I. 

There is distinctly more clay in the B horizon of the old moraine 

than was found in the B horizon of the moraine of advance II. This is 

taken to indicate a significant difference in age between the two moraines. 

Thus there appear to be left-lateral moraines of three ages found 

along the Independence Fault and eastward. The youngest is the bouldery 

moraine, which is certainly of advance II. The age assignment of the 
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other two is not so obvious. Most probably the moraine impounding the 

kame terrace is of advance I, and the moraine exposed in the old road 

cut is even older. However, it is also possible that the moraine of the 

old road cut correlates with the right-lateral moraine I, and that the 

other moraine is of intermediate age. The limited exposure of the older 

moraine and the erosion of the crest of the younger moraine preclude a 

more definitive application of relative age dating techniques. 

The contact between moraines of advances I and II is especially 

well exposed in an embankment of the abandoned road, 250 m southwest of 

its crossing of the Independence Fault. The older of the moraines has 

been buried by alluvium from the intermittent stream flowing off the 

east face of Kearsarge Peak. The maximum thickness of this alluvium 

is about 50 m. It was able to accumulate to this depth because the 

stream was impounded by the moraines emplaced across its channel. The 

crest of the inner moraines protrudes a few meters from the wedge of 

alluvium above the abandoned road, but the outer moraine has been 

completely buried and is exposed only in the road cut. 

Striated quartz monzonite boulders and clasts of hornblende 

diorite from the headwaters of Independence Creek confirm the glacial 

character of the buried diamicton. The GWR measurements for boulders 

from the road cut (Table 5-3) indicate that the outer moraine is older 

than the inner one, but younger than the ancient moraine exposed at the 

Independence Fault. The inner moraine is here assigned to advance II, 

correlative with the bouldery till near Seven Pines, on the basis of 

the similar values of the GWR. 

About 150 m southwest of the intermittent stream, the old road passes 
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from the side of the moraine onto the old outwash head. The change in 

character of the diam.icton can be seen in the roadcuts just northeast of 

Independence Creek. Near this point was the plunging snout of the 

glacier of advance III. The left-lateral moraines are well exposed in 

cuts of the new Onion Valley road. Boulders found there were decidedly 

less weathered than those in tills exposed in road cuts down canyon: 

GWR values were 28/32/40, 34/31/45, and 29/29/42. Nevertheless, heavily 

decomposed Bullfrog quartz monzonite boulders were found in all road 

cuts in this till. 

Glacial trim lines are seen only on the south walls of lower Onion 

Valley. The location of left-lateral moraines shows that glaciers 

apparently stood away from the cliffs at the base of the east face of 

Kearsarge Peak. 

Glacial outwash 

From Seven Pines west for 1250 m the entire width of the valley of 

Independence Creek is choked by glacial outwash. Within this outwash 

plain the creek flows in an incised channel. At first glance the boulders 

of this outwash plain appear quite fresh and unweathered. Closer inspec­

tion reveals very few with any trace of original glacially abraded surface, 

and most surfaces are somewhat pitted. The state of weathering is roughly 

akin to that found on the fan east of the foothills. The large number of 

large boulders gives an unwarranted appearance of youth to the outwash. 

At the bridge for the Onion Valley road just west of Seven Pines the 

creek is incised only 2-3 m into the outwash plain. Farther west the 

incision deepens and two additional terrace levels can be discerned. The 

outwash head mentioned in the previous section grades into the main 
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outwash plain. At 2170 m (7120 ft) elevation, Independence Creek is 

incised ~ 30 m into this outwash, and this incision increases to as much 

as 50 m upstream. The GWR for boulders in the outwash was 42/58/0, not 

unlike the values for the lower fan or the outwash above Seven Pines 

(Table 5-1). The next younger terrace is roughly 7 m above the creek, 

at 2160 m (7080 ft) elevation. The present flood plain of the stream is 

everywhere only~ 1.5 m above the creek. 

West of the lower limit of till III the oldest outwash head was no 

longer recognized. Instead the creek is incised as much as 20 m into 

the diamicton comprising the floor of the valley, which grades smoothly 

into the lateral moraines. Furthermore, near the snout of the advance 

III glaciers the f osses separating the moraine crests appear to terminate 

against the outwash and thus may predate it. Therefore the uppermost 

outwash plain seems to have been created by drift discharged from the 

glaciers of advance III during an extended period after the maximum 

down-valley advance but before rapid retreat. 

Runoff from the east face of Kearsarge Peak has cut through the 

impounded alluvium and now deposits material directly onto the old 

outwash surface. It is possible that incorporation of weathered alluvium 

from the ancient terrace has increased the apparent age of the outwash. 

Upper Onion Valley 

Above 2545 m (8350 ft) elevation Independence Creek runs due east. 

It is incised only 4 m into the broad floor of upper Onion Valley, much 

less than in the steeper reach below. Massive talus cones mantle the 

thin moraines on the south side of the upper valley. Some cones even 

reach mid-valley, deflecting the creek to the north. Moraine crests are 
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poorly developed and preserved below 2850 m (9360 ft) elevation, where 

moraines of the Robinson Creek glacier entered Onion Valley from the 

south. On the north side moraines are less buried by rockfall, and road 

cuts assist in the discrimination of relative ages. Remarkably, although 

subtle moraine crests can be traced to within a few tens of meters from 

Independence Creek, no massive terminals characteristic of youthful 

moraines elsewhere in the Sierra Nevada (e.g., Blackwelder, 1931, 

Sharp, 1972; Sharp and Birman, 1963) are observed anywhere in Onion 

Valley. 

Upper Onion Valley contains glacial deposits of three ages (III -

V), ranging from mid-Wisconsin to Holocene. Moraine crests are 

generally covered by talus, except locally on the north side of the 

valley. The contact betwen tills of advances III and IV is well 

exposed in road cuts, however. Moraines of advance V are heavily 

vegetated in Onion Valley itself, although they are well exposed in 

all three main tributary canyons. 

Just south of the prominent rib of Kearsarge Peak at the lower end 

of upper Onion Valley, till exposed in road cuts contains grusy boulders 

typical of moraines of advance III. At 2560 m (8400 ft) elevation close 

to the creek the till is distinctly less weathered. Grusy boulders of 

quartz monzonite are conspicuously absent, and heavily weathered clasts 

are half as numerous as in roadcuts through lower moraines (Table 5-3). 

Granodiorite weathering ratios from the limited exposed crests are less 

conclusive (Table 5-2). Perhaps this is because of contamination by 

weathered taius of till on moraine surfaces. The contrast in the tills 

exposed in the roadcuts is sufficient to define a younger advance (IV) 
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above 2560 m (8400 ft) elevation. The contrast is best seen in the 

road cut in the left-lateral moraine at 2640 m (8660 ft) elevation, 

well above the creek. 

Just west of the highest hairpin turn of the new Onion Valley road 

the crest of the left-lateral moraine of advance III is seen to the 

south. Between this moraine and the road lies a low manzanita-covered 

ridge which contains rounded cobbles of hornblende diorite not found 

locally. This low feature is probably an older moraine. 

Above 2740 m (9000 ft) elevation a largely unbreached end moraine is 

encountered. This is probably the terminal moraine of the early Holocene 

glaciation (advance V). West of this moraine Independence Creek flows 

within 1-2 m of the surface of a marshy area, perhaps a filled lake. 

Unconsolidated sand and gravel deposits alternate with peats in strata 

exposed in road cuts. The gravels may mark surges of outwash into the 

meadow during or just following Holocene advances, or they may simply be 

gravel bars of the post-glacial Independence Creek. Detailed study of 

this easily accessible location could lead to useful 14c dates for 

Holocene events. 

Because of the meager incision through the end moraine enclosing the 

meadows, it is regarded in this study as the terminal moraine of a recent 

glacial advance V. The assignment is unsupported by relative weathering 

data, and the moraine might simply be a recessional moraine of advance IV. 

As in lower Onion Valley, the most recent Pleistocene glaciers 

appear to have left moraines a short distance from the canyon walls on 

the northern side of Independence Creek. Thus trim lines are better 

developed on the south side of the valley. However, at the meadow two 
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distinct lines of cliffs leading into the canyon of the northern tributary 

were recognized. The upper (~ 165 m above the valley floor) is con­

siderably less pronounced and more eroded than the lower (only ~ 75 m 

above the valley floor). Even the lower line of cliffs is higher than 

the crests of the moraines of advance IV; thus, it may have been cut or 

at least refreshed during an earlier stage (perhaps advance III). 

The presence of two trim lines is mentioned because it is unusual 

for glaciers to have such different depths this far from their snouts 

(Clark, 1967). Perhaps the simplest explanation in this instance is 

that when the older and higher line of cliffs was cut the bedrock step 

on Golden Trout Creek, now a few hundred meters to the north, stood 

closer to the confluence, as the comparable step on Robinson Creek 

does today. In this way the upper surface of the glacier would have 

been higher, without an increase in its depth. 

Above the trim line on the south wall of upper Onion Valley are 

several truncated spurs, now ~ 270 m above the modern stream. Although 

these are developed mainly in the maf ic pluton, their apices are only 

approximately near its contact with the Bullfrog quartz monzonite. Thus 

the truncation is probably not simply a consequence of differential 

erosion rates. It probably records the sudden incision of an ancient 

and shallow~r Onion Valley through the agency of tectonic displacement 

or climatic change. 

Moraines of the southern tributary 

Till in the canyons and cirques above Onion Valley are Holocene 

or perhaps latest Pleistocene in age. Three different periods of 

deposition can be detected (advances V, VI, and VII). These probably 
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correlate with the Hilgard, Recess Peak, and Matthes glaciations 

recognized elsewhere in the Sierra Nevada. The Matthes moraines are 

found only in the highest cirques. 

The southern tributary to Independence Creek reaches the meadows at 

the head of upper Onion Valley in a cascade over a 150-m-high bedrock 

step. During the last glaciation this was an icefall. Moraines, 

probably of equivalent age to the terminal moraine below the confluence 

(advance IV or V) are found up to an elevation of 3200 m (10,500 ft), 

below Robinson Lake. Most of the moraines are found near the lip of the 

old ice fall. Apparently the snout of the glacier was there for a consid­

erable time, or else the moraines would not have formed. Proximity to 

the snout may also be indicated by the low crests of the moraines near 

the creek from Robinson Lake. These are 30 m below the crests of 

the moraines of the advance IV glaciers. The GWR for these moraines, 

composed entirely of the easily weathered Bullfrog quartz monzonite, 

were 78/22/0 and 50/50/0. These values are little different from those 

for till of advance IV (Table 5-2). 

Robinson Lake itself is located behind an end moraine, probably of 

advance V. Pocket glaciers have occupied the cirque just south of the 

lake more recently. Unlike the forested moraines below the lake, they 

are unvegetated and have less soil. These are assigned to advance VI. 

The most important moraine of advance VI are found up-canyon above 3410 m 

(11,200 ft) elevation. The terminal moraine is unbreached, has extensive 

lichens on sheltered boulders, and minor sedges. Boulders are firmly 

seated in the moraine and provide stable footing. Dwarf white pines are 

found on the slopes just beyond the moraine itself. 
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At the head of the canyon, two rock glaciers descend from the south 

face of University Peak. The upper of these may be still actlve. The 

surfaces are essentially unstable boulder fields. Especially on the 

upper moraine, even lichens are missing. These are assigned to advance 

VII, the most recent of Onion Valley. 

Two additional features along the southern tributary are of 

interest. First, on the southeast face of University Peak there has 

accumulated a thick deposit of sand, silt, and clay. This material is 

found as high or higher than the glacial trim line; it may be loess 

deposited alongside the glaciers or silt reworked by nivation. Second, 

deep erosion by Robinson Creek and its glaciers has beheaded the canyons 

of two streams draining east into Pinon Canyon from the ridge south of 

Robinson Lake. These stream-cut canyons have left characteristic V-shaped 

notches in the ridge. No alluvium is seen in the bottom of the exposed 

canyons. These are of interest because the contrast with the U-shaped 

profile of Sardine Canyon Canyon and other truncated valleys to the 

north which will be discussed later. 

Moraines of the main fork 

The main fork of Independence Creek enters Onion Valley from the 

west. Two main ice streams composed the glacier that cascaded into 

Onion Valley by this route. The larger arose in the cirques of the 

north face of the 4155-m-high University Peak (13,632 ft), entirely 

within the Bullfrog pluton. The other originated against the arete 

south of Mt. Gould near Kearsarge Pass. 

Moraines of perhaps three ages are found in the headwaters of Inde­

pendence Creek. By far the greatest area is covered by till of advance V. 
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Moraines of this advance, like those below Robinson Lake, are bouldery 

but stable. Few of the boulders of Bullfrog quartz monzonite have pre­

served patches of glacially abraded surfaces, and based on weathering 

alone, may look as old or older than boulders from moraines of advance III 

in upper Onion Valley. Advance V could thus be of similar age to advance 

IV, and could even be merely a recessional event. However, there seems 

to be consistently less burial of boulders in moraines of advance V, 

which argues against a similar age. Birman (1964) considers such apparent 

"weathering reversals .. to be characteristic of Hilgard neoglacial moraines. 

Later discussion will focus on this topic. Soil development has been 

extensive enough to support forests. 

Lakes in areas once covered by moraines of advance V are largely 

free of alluvial margins, except close to the inlets. An exception is 

Little Pothole Lake, which is the lowest lake and is largely meadow and 

marsh today. The highest lakes which were once covered by advance VI 

glaciers are completely devoid of alluvium and have shores composed of 

blocky fresh talus or till. Thus there seems to be a progression to the 

degree of sedimentation which must correlate with the age of the lake. 

The lowest lakes have received sediment from retreating glaciers the 

longest. The most heavily sedimented lakes appear to have received dis­

charge from two glaciers. 

Above ~ 3350 m (11,000 ft) elevation moraines are largely devoid of 

trees. Stability of boulders on the moraines is high in general, but 

loose ones are encountered. Sedges grow in sheltered locations. Many 

different lichens are well established, with minor axes of colonies of 

the yellow-green variety as large as 15 cm. These moraines are classified 
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as advance VI. 

Glaciers of the youngest advance (VII) are found in the headwaters 

of the main fork only under the steep northeast face of University Peak 

and possibly at one location along the crest itself. Boulders comprising 

the moraines are sharp and angular and show no signs of glacial abrasion. 

Small boulders are commonly unstable and footing may be treacherous. 

Lichens are small and there are few coalescing colonies. The largest 

minor axes of the yellow-green lichens are 1.5 - 2 cm. No soil is 

developed, but small particles from silt up to small rock fragments are 

abundant. 

The Mt. Pinchot quadrangle shows a small pocket glacier in the 

northeast cirque of University Peak above the moraines of advance VII. 

Inspection in the late summer failed to reveal a bergschrund, and there 

is no fresh moraine at its base. If it is a glacier, it is now inactive. 

On the northeast ridge of University Peak a fresh line of cliffs can 

be seen as much as 150 m below the ridge top but far above the small 

moraines in the basin below. This line probably was last actively eroded 

during advance IV. There is no evidence that glaciers of the present 

drainage system ever attained a greater depth. At the same time, the 

crest of the ridge preserves a U-shaped chute high above the level of 

these glaciers. This trough contrasts strikingly with the complex of 

recent avalanche chutes on the ridge and appears to be a relic land 

form. Interestingly, the feature is about the same height above recent 

basins as is Kearsarge Pass. 

During ancient glaciations a large ice cap between Mt. Gould and 

Kearsarge Pinnacles, west of the Sierra crest, may have fed ice eastward 
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through the U-shapcd pass and down Onion Valley. Other passes through 

which such crest-crossing glaciers flowed (e.g., Tioga Pass and Taboose 

Pass) are today broad troughs generally sculpted on the east by cirques 

of later and smaller glaciers. All that remains of such a hypothetical 

trough at Kearsarge Pass is a narrow arete standing 125 m above the 

young glacial basins to the east and west. In this interpretation, the 

arete is the relic of the ancient floor of a glaciated canyon which has 

been incised and glacially eroded until only a thin septum remains. 

That this process occurs is amply evident at Taboose Pass (§ 5.9), where 

the septum is still hundreds of meters thick. Alternatively, the 

U-shaped profile of the arete could have been created simply by plucking 

from both sides, even in the absence of a pre-existing valley crossing 

the crest. This latter hypothesis is rejected for the following reasons: 

(1) other aretes on the same ridge are just as thin and delicate but 

show no evidence of a U-shaped profile; and (2) judging from the size of 

the neoglacial moraines, the glaciers near Kearsarge Pass eroded less 

than other cirque glaciers of the main fork of Independence Creek, yet 

the pass is the lowest point of the crest. 

If Kearsarge Pass was once part of the floor of a glaciated valley, 

then the glaciers which carved it must have predated those which have 

left moraines in the modern Onion Valley. It must have required many 

successive glaciers great amounts of time to so nearly obliterate the 

ancient valley. 

Thus the southern Sierra Nevada may have supported large ancient 

glaciers which have left little trace of their presence except for 

infrequent morphologic relicts unobliterated by the extensive glaciers 

of the late Pleistocene Epoch. 
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The old surface of University Peak ••• 

The top of the ridge above the U notch at an elevation of 3660-

3780 m (12,200 - 12,400 ft) is covered by as much as 5 m of diamicton. 

This mantle extends about 700 m along the ridge (Fig. 5-12). The surface 

dips gently towards Robinson Lake and is no more than 140 m wide. Along 

the northwest side of the ridge the diamicton is exposed in contact with 

the underlying .Bullfrog quartz monzonite. The contact also dips to 

the northeast. In contrast to the gradational contact zone expected for 

nivated surfaces or felsenmere (cf. Matthes, 1900, 1933), this contact is 

extremely sharp, with silt, sand, and boulders directly overlying a 

smooth rock surface or a rock surface littered with a thin zone of blocks 

(Fig. 5-13). Because of the nature of its contact with the bedrock ridge, 

the diamicton appears to be depositional rather than the product of in 

situ weathering. 

The bedrock surf ace exposed on three promontories shows signs of 

polish and fluting, with an orientation of N64 °r.: ( r'ig. 5-14). The origin 

of the surface is unclear. The flutes are characteristically wider 

(1-3 mm) than glacial striations but their intersections with the boulder 

surf ace are not parabolic, as seen on wind-blasted quartz monzonite 

boulders elsewhere in the Sierra Nevada (e.g., at Green Creek, near 

Bridgeport, Mono Co., Calif.). It is certainly possible that this is a 

water-worn or glaciated surf ace modified by wind erosion. Boulders on 

the surf ace of the diamicton also seem to be polished by the wind. 

The arete rising towards University Peak is quite smooth (Fig. 5-15). 

On either side the cliff is blocky and angular, showing the effects of 

plucking and rockfall. If the smooth arete itself resulted recently from 
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Fig. 5-12. Aerial photograph of the headwaters of Independence Creek from 
the north, showing the location of ancient diamictons high 

above the modern canyon. The diamicton of the eastern ridge of University 
Peak is truncated by 240-m-high cliffs of the cirque under the northwest 
face of the peak. The diamicton, - 5 m thick, appears to be depositional 
and must predate the cutting of the cirque. Other similar deposits are 
found above Pinon Canyon, near Kearsarge Pass, and above the Wisconsin 
cirque in Sardine Canyon. Each is at roughly the same elevation and may 
bP a remnant of a regional surface of moderate relief. The diamicton in 
Sardine Canyon and the beheaded end of the canyon have been outlined for 
for clarity. 
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Fig. 5-13. The diamicton atop the eastern ridge of University Peak, 
looking east. The boulders in the foreground are ~ 1 m long. 

The sharp contact with the lightly weathered bedrock and the high 
concentration of silt-sized particles indicates that the diamicton was 
deposited, not created in situ. 
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• 5-14. Detail on the bedrock surface of the eastern ridge of University 
Peak. The rock is the quartz monzonite of the Bullfrog pluton. 

Striations and gouges parallel to the hammer head (N64°W) may be seen in the 
case-hardened surface. The ridge is capped by a diamicton. 
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Fig. 5-15. The arete above the diamicton on the eastern ridge of 
University Peak. The view is to the west. The flat face 

of the arete with the deeply eroded joints contrasts strikingly with the 
more freshly plucked cliffs on either side. Generally, aretes on Sierra 
Nevada peaks are narrow, with prominent spires or gendarmes. This arete, 
about 10 m wide, may be the last vestige of an ancient glacially sculpted 
valley wall. 
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· frost riving and exfoliation, enormous blocks would be seen to either 

side, especially to the southeast where a long debris slope leads to the 

glacial trim line. The absence of such blocks indicates the surf ace has 

been inactive for a long time. Furthermore, joints in the face of the 

arete are deeply weathered, flaring widely in a fashion not observed in 

recently glaciated competent granodiorite or quartz monzonite in Yosemite 

Valley or Tuolumne Meadows. Pehaps this arete is a relict part of an 

ancient valley wall whose alluviated floor is likewise partially preserved 

on the ridge below. Downcutting of about 300 m must have occurred since 

deposition of the diamicton, implying at least an early Pleistocene age. 

Characteristics of the diamicton itself do not necessarily lend 

strong support to the hypothesis of ancient origin. Below an armored 

surf ace a few cm thick on the middle promontory the soil color was reddish. 

Some buried clasts were grusy. However the matrix of the diamicton was 

virtually devoid of clay, and rock fragments did not have clay coatings. 

From this standpoint, the soil seemed no better developed than Tioga 

tills in Onion Valley. S.ince it is highly unlikely that the 300-m-deep 

cirque on the northeast face of University Peak has been cut since the 

late Pleistocene Epoch, it follows that chemical weathering at high 

altitudes in well-drained soils may be extremely slow. 

The relative scarcity of the boulders at least near the surface of 

the diamicton may be explained by either weathering or the original 

character of the deposit. Because of the extremely fresh-appearing 

bedrock surface only a few meters below, it seems unlikely that boulders 

in the deposit would completely disintegrate. The original deposit may 

have been enriched in fine material, just as the late Pleistocene or 
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Holocene deposits on the slopes on the southeast flank of the same ridge 

are dominated by "loess". 

Other ancient surf aces • • • 

A second ancient depositional surf ace is preserved at 3720 m 

(12,200 ft) elevation on the peak between Bench and Heart Lakes. Diamic­

ton on this surface may be as much as SO m deep. It is being rapidly 

eroded on the north, and a large cone of debris has been built up southwest 

of Heart Lake. Presumably this has happened during previous interglacial 

periods also, with the weathered material being reworked by later glaciers. 

Such reworking of ancient debris could seriously effect apparent relative 

ages of moraines, in this case by the addition of grusy boulders to fresh 

till. 

Approximately in line with the Sierra crest the diamicton thins. 

West of this point the weathered bedrock surf ace rises 100 m to the peak. 

Clearly the great depth of diamicton has not been created in situ. At 

the same time, no exotic boulders which indicated a distant origin were 

found. Like the presumably ancient diamicton of University Peak, the 

diamicton was poor in clay but oxidized sufficiently to have a Munsell 

color of 10YR7/4. 

A third surface was found at 3960 m (13,000 ft) elevation on Mt. 

Gould, north of Kearsarge Pass. Here too the bedrock was buried by 

debris, but the thickness was much less and did not exceed a few meters. 

Furthermore, there seemed to be a one-to-one correspondence between the 

variable bedrock lithology and the composition of the deposit, so that 

the surficial material was undoubtedly derived in situ, albeit from a 

surface not strongly modified in recent times. This surface is probably 
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a felsenmere, or nivated surface. 

Moraines of the northern__!!'ibuta~_ 

Moraines of two ages are preserved in the canyons between Mt. Gould 

and Kearsarge Peak. These were left by glaciers of advances V and VI. 

Below the bedrock step at 2990 m (9800 ft) elevation are preserved several 

forested low end moraines. Weathering ratios are not necessarily related 

to ratios for moraines of other canyons, because boulders were mainly 

granodiorite of the Dragon pluton or mafic plutonic rocks. Boulders of 

the Bullfrog quartz monzonite were present locally; these appear to have 

been derived by rock fall onto the moraine and thus might be expected to 

give anomalously high apparent ages. 

At 3290 m (10,800 ft) elevation, the two forks of the northern tribu­

tary meet in a silted-up lake, now a meadow. The western fork leads to 

Golden Trout Lake, which has itself had little sedimentation. 

this elevation glacial deposits appear to belong to advance V. 

Up to 

The 

head of tl~ canyon, above a step at 3660 m (12,000 ft) elevation, arguably 

contains an old rock gl~cier of advance VI or VII. Here talus from 

Mt. Gould has coalesced in the bottom of a cirque to form a bouldery 

mass of convex profile. Missing, however, is clear evidence of mobility. 

Of particular interest are the trim lines of the earlier glaciers 

(at least of advance IV). The most obvious line of cliffs is at an 

elevation of about 3580 m (11,750 ft), at the low point of the eastern 

ridge of Mt. Gould just above Golden Trout Lake. This is only a few 

tens of meters short of overtopping the ridge. To the east, the ridge 

rises to 3660 m (12,000 ft) elevation. Here the cliff line is lower, at 

about 3580 m (11,500 ft), and the northern face is deeply eroded by closely 
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spaced avalanched chutes. Generally, such chutes terminate at the trim 

line because the rock below is shielded from erosion by the glacial ice 

(Matthes, 1936). However, the deep chutes stop at - 3580 m (11,750 ft) 

elevation below the end of the ridge, and this is considerably higher than 

the trim line. The face of the ridge between the cliffs and the chutes is 

gullied also, but not deeply. This could result from differential erosion 

of facies within the mafic pluton, or it could be an earlier trim line. 

The second fork of the northern tributary drains the east face of 

Dragon Peak. Above 3205 m (11,500 ft) elevation obvious rock glaciers 

about 300 m long are found. From the similarity of these to the rock 

glaciers of the southern and middle tributaries they have been assigned 

to advance VI. 

Relative ages of moraines from acoustic wave speeds 

Relative age determination of moraines by conventional semi­

quantitative methods (Ch. 2) was somewhat unsatisfactory in Onion Valley. 

To some extent, this may have been because of problems with repeatability 

and consistency (different "operators" or even the same operator at differ­

ent times might classify the same boulder differently). However, all semi­

quantitative approaches rely on large numbers of observations well dis­

tributed over the moraines to be compared. In Onion Valley exposures were 

locally excellent but frequently limited. Many critical sites were subject 

to rockfall. These factors certainly reduced the effectiveness of relative 

dating. Because of the complexity of the glacial sequence at Onion Valley 

and because of its importance as an easily accessed reference sequence for 

correlation to other studies, relative dating was aLLewpLetl u::slng as a 

measure of age the speed of acoustic waves propagating through weathered 
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boulders found on moraine crests (Ch. 3). The chief virtue of this method 

is that quantitative data are gathered objectively. Repeatability is 

good, and the resulting data form a satisfactory basis for statistical 

testing and comparison. I felt these advantages would outweigh the 

difficulties presented by limited exposures and talus. 

Twenty-eight sites for the measurement of P-wave speeds were distributed 

along glacial moraine crests, chiefly in Onion Valley. Site locations are 

shown in Fig. 5-16. Sites were established on most of the usable portions 

of each moraine crest. Two additional sites were established on talus of 

the Bullfrog quartz monzonite and the Tinemaha granodiorite. Data are 

summarized in Table 5-4. From 16 to SO boulders were measured at each 

site, except for one site on talus (6-19). Mean P-wave speeds ranged 

from a high of 2.5 km/s for moraines in the cirques to a low of 0.8 km/s 

for the oldest moraines near the range-front. P-wave speeds for individual 

boulders ranged from 4.5 km/s (fresh) to 0.5 km/s (grusy). Except for 

one site (8-4) on a cirque moraine, the standard deviations ranged from 

0.2 to ~ 0.6 km/s. 

The final two columns in Table 5-4 show values of the statistic 

Dmax and the corresponding confidence (CN1) that the distribution of 

measured speeds was from a non-normal population, according to the one­

sample Kolmogorov-Smirnov test (Ch. 3). Values of CNL ranged from 1% 

to > 99%, but seven were 90% or more. This is twice as many as nominally 

anticipated, but because only a small number of sites (28) were studied 

some deviation from ideal behavior is expected. 

Figure 5-17 shows the cumulative frequency distribution of all 28 

values of CNL compared to expectation (solid diagonal line). The parallel 

dashed lines are the 90% and 95% confidence interval~ wlLhlu which 
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Table 5-4 

Summary of Acoustic Wave-Speed Data for Onion Valley 

Std. Deviation 
Mean Speed, of Speeds No. of CNL 

Site Advancel km/s km/s Boulders Dmax2 % 

1-1 I-R 0.807 0.277 36 0.172 99 

1-2 I-L 1.477 0.528 16 0.127 32 

1-3 III-L 1.658 0.584 36 0.083 18 

1-4 IV-L 1.712 0.540 28 0.139 90 

2-1 II-L 1.619 0.449 21 0.119 39 

2-2 II-L 1. 514 0.411 20 0.090 9 

2-3 I-R 0.895 0.176 20 0.130 52 

2-4 II-R 1.430 0.243 20 0.127 46 

2-5 II?-R 1.332 0.290 20 0.110 25 

2-6 III-R 1.248 0.301 20 0.077 1 

2-7 III-R 1.625 0.229 20 0.121. 1,2 

2-16 IV-L 1.896 0.368 16 0.155 66 

2-17 III-L 1.514 0.427 16 0.157 68 

3-1 IV-R 1.556 0.357 30 0.112 57 

3-2 I-R 0.883 0.386 29 0.187 99 

3-3 II-R 1.480 0.497 30 0.077 8 

3-4 t-R 1. 769 0.480 30 0.178 )99 

3-5 V-R 1.512 0.453 30 0.128 90 

3-6 V-R 1.574 0.461 30 0.236 >99 

6-14 III-R 1.591 0.364 50 0.059 87 

6-15 t-R 2.000 0.294 12 0.159 48 

F.-Hi TTT-R 1.641 0.394 28 0.138 81 

6-17 IV-R 1.728 0.421 30 0.109 54 

7-1 III-L 1. 757 0.398 30 0.072 6 

8-1 IV-L 1.950 0.361 31 0.139 88 

8-2 V-R 1.956 0.290 30 0.092 25 

8-3 VI-R 2.118 0.350 30 0.108 52 

8-4 VII-R 2.502 0.960 30 0.198 >99 

1 Roman numerals I - VII identify the glaciation. "t" - talus; "R" - right-lateral 

moraine; "L" - left-lateral moraine. 

2 Draax is the statistic generated by the Kolmogorov-Smirnov test for normality 

of the distribution of speeds (Ch. 3). 

3 CNL is the confidence with which the hypothesis that the sampled population 

was normal may be rejected (App. 3-A). 

3 



""
w·

····
··."

tw
•;·

• 
BE

DR
OC

K 
{K

sa
, K

b,
 K

d, 
Kt

o,
 K

i, K
m

, J
io

, J
ir

f,
Ji

rt
) 

, ..
....

.. "
 

M
or

ai
ne

 c
re

st
 

I 
1 k

m 
I 

"'
--

F
a

u
lt

 
..

--
-,

C
o

n
ta

ct
 

F
ig

. 
5

-1
6

. 

• 
Vp

 m
ea

su
re

m
en

t 
sit

e 

S
it

e
s 

in
 O

ni
on

 V
al

le
y

 w
he

re
 V

P 
d

at
a 

w
er

e 
ac

q
u

ir
ed

, 
an

d 
a 

g
e
o

lo
g

ic
 m

ap
 

o
f 

th
e
 

d
ra

in
ag

e 
o

f 
In

d
ep

en
d

en
ce

 
C

re
ek

. 
S

ee
 

n
e
x

t 
pa

ge
 
fo

r 
e
x

p
la

n
a
ti

o
n

. 

~
 
~
 '° 



450 

Fig. 5-16. Onion Valley: VP measurement sites and geology (continued) 

Topographic data are from the U. S. Geol. Survey, Mt. Pinchot Quadrangle 
(1953) and the Mt. Whitney Quadrangle (1956). The scale has been 
increased from 1:62,500 to~ 1:32,300; contour intervals were 80 ft 
(24.4 m). Outside of the vicinity of Independence Creek, only 400-ft 
contours werP rPprodueed. Neither the new Onion Valley road nor the 
old road shown on the 1953 map is shown on this reproduction. The new 
road may be seen in Fig. 5-10 

The bedrock geology is after Moore (1963). Cretaceous plutonic rocks are: 
Ki ••••• alaskitic quartz monzonite (Independence pluton) 
Kb ••••• alaskitic quartz monzonite (Bullfrog pluton) 
Ksa •••• quartz monozonite (Sardine pluton) 
Kmg •••• quartz monzonite (McGann pluton) 
Kta •••• granodiorite (Tinemaha pluton) 
Kd ••••• granodiorite (Dragon pluton) 
Kdk •••• Independence dike swarm: diorite and granodiorite porphyry 
Kgd •••• granitic dikes 
Km ••••• mafic pluton: gabbro, hornblende diorite 

Jurassic - Triassic metamorphosed volcanic rocks are: 
J "'fi. a ••• meta-andesite tuffs, breccias, and flows 
J;: rf •• metarhyolite flows 
J 1i rt.. metarhyolite tuffs 

The Quaternary deposits shown were mapped in this study. These units are: 
Qc ••••• talus 
Qal •••• alluvium 
Qow •••• glacial outwash 
Qf ••••• alluvial fan 
Qt ••••• kame terrace (probably pre Wisconsin) 
QM ••••• moraines of advance VII (Matthes glaciation, late Holocene) 
QRP •••• moraines of advance VI (Recess Peak glaciation, Holocene) 
QH ••••• moraines of advance V (Hilgard glaciation, early Holocene) 
QTi •••• moraines of advance IV (Tioga or late Wisconsin glaciation, 

late Pleistocene) 
QTe •••• moraines of advance III (Tenaya or mid Wisconsin glaciation, 

late Pleistocene) 
QTa •••• moraines of advance II (Tahoe or early Wisconsin glaciation, 

late Pleistocene) 
QpTa ••• moraines, kame terraces of advance I (pre-Wisconsin, 

Pleistocene) 
Qd ••••• diamicton, mid or early Pleistocene. The diamicton on 

University Peak may be glacial, but those near 
Seven Pines are remnants of alluvial fans. 
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ONION VALLEY / 

99 % confidence I imit / 
--900/o • • ,/ 
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Fig. 5-17. Tests for normality of distributions of acoustic wave speeds 
measured at 28 sites in Onion Valley. The one-sample 

Kolmogorov-Smirnov test was applied to data from each site (Ch. 3). Each 
test produced a confidence with which H0 , t.he hypothesio that the data were 
from normally distributed populations, could be rejected. The figure shows 
the cumulative distribution of these 28 values, compared to the ideal 
distribution (heavy diagonal line) of an infinite number of samples from 
normal populations. For finite numbers of sites, the distributions will 
deviate about this ideal; the limits within which 90% and 99% of all dist­
ributions for 28 sites will fall are indicated by light dashed and solid 
lines, respectively. The actual distribution lies well within these limits. 
It may be concluded that the population of acoustic wave speeds in boulders 
of Onion Valley is normally distributed. 
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the actual data are expected to plot in 90% or 95% (respectively) of all 

cases. The samples for Onion Valley appeared to be from a normally 

distributed population; therefore conventional statistical tests for 

differences (Student's t-test) and analysis of variance could be used. 

In Table 5-5 acoustic wave speeds were grouped by morphologic and 

semi-quantitative weathering criteria. Acoustic wave speeds were measured 

only for boulders from the Bullfrog (quartz monzonite) and Tinemaha 

(granodiorite) plutons. These rocks were of different grain size and 

composition. The only other granitic rock, the dark Dragon granodiorite, 

was excessively mafic according to Crook and Kamb (1980). 

The Bullfrog quartz monzonite was leucocratic and medium-grained to 

coarse-grained. Coarse-grained rocks contained biotites as large as 5 mm, 

and weathering of these micas appeared to be one factor in the rapid 

decomposition of these rocks (e.g., Clark, 1967) Disintegrated quartz 

monzonite boulders typified the right-lateral moraine of advance I that 

gave the slowest wave speeds. 

Tinemaha granodiorite was fine-grained compared to the Bullfrog 

quartz monzonite and did not seem so susceptible to disintegration. 

Wave speeds in quartz monzonite talus at 2865 m (9400 ft) elevation were 

1.77 ± 0.48 km/s (site 3-4). In contrast, speeds in Tinemaha granodiorite 

talus at 2670 m (8600 ft) elevation were z.oo I 0.29 k.m/s (site 6-15). 

The higher talus covered a moraine of advance IV; the lower covered a mor­

aine of advance III. Thus the granodiorite boulders transmitted acoustic 

waves marginally faster even though they may have been older. 

The difference in wave speeds probably reflects an intrinsic property 

of the rocks. Thus the ratio of quartz monzonite to granodiorite boulders 
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Table 5-5. Schematic representation of the geographic distribution of sites about Independence 
Creek and its two tributaries. Arrows indicate stream direction. North is to the right. Act­
ual locations are found in Fig. 5-16. In this table, sites on youngest moraines are at top; age 
of moraines increases down the table. Relative ages and their probable conventional equiva­
lents are found to the right. Grouping of sites for statistical testing is indicated by boxes. 
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in the sample may affect the distribution of measured speeds. However, 

were this a severe problem the wave-speed distributions would be bimodal 

and hence non-normal; this they were not. Consequently, use of acoustic 

wave speeds for samples of mixed populations seems justified unless the 

mixing ratios are strongly different among moraine crests. 

There was no indication that this was so for moraines on the same 

side of the valley. However, speeds on left-lateral sites were consis­

tently higher than speeds in right-lateral moraines of equivalent age 

(Table 5-4). Left-lateral moraines had fewer of the easily weathered 

quartz monzonite boulders than did right-lateral moraines, because of 

differences in provenance. This gross difference in mixing ratios was 

probably responsible for the disparity in speeds between moraines of the 

same advance but different sides of the stream. 

Because of the complexities of the left-lateral moraine sequence 

east of the Independence Fault and because of the widespread burial of 

right-lateral moraine crests by talus in upper Onion Valley, an entire 

suite of good sites on only one side of the creek could not be found. 

The fall of weathered talus onto a moraine will make young moraines 

appear too old, and ancient moraines appear too young. 

Wave-speed data were grouped according to the age of the moraine on 

which they were measured. The distribution of sites and their organiza­

tion into groups is shown schematically in Table 5-5. Two kinds of 

statistical tests were performed on wave speed (VP) data organized as 

shown: 1) tests of homogeneously for sites within a group (analysis of 

variance); and (2) test for differences between groups. Because the 

population of all VP appeared to be normally distributed, the latter 
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tests required only that the means (VP), standard deviations (s), and 

the numbers of measurements for each group be known. These are displayed 

in Table 5-6. 

Analysis of variance was done three ways: Fisher's method of random­

ization; Student's t-test (if a group contained only two sites); and 

Fisher's F-test (Ch. 3). Results are displayed in Table 5-7. The F-test 

is attractive because it is conventional and computationally simple. 

However, it was probably inapplicable in several instances (marked in 

the table by an asterisk) because variances were too dissimilar among 

sites within groups. All groups tested appeared to be homogeneous (less 

than 95% chance of error). The t-test gave similar results where it 

could be applied. 

Fisher's method of randomization was the most useful test, because 

it produces directly a confidence with which the group may be regarded 

as homogeneous. It may also be used in circumstances where the F-test 

is applicable. These tests also showed that all groups of Table 5-5 were 

homogeneous (less than 90% confidence of rejection). Thus the organiza­

tion of data into groups was not arbitrary and tests for differences 

between groups may yield valid geological conclusions. Confidence values 

from Fisher's method of randomization (CF*) and from Student's t-test (Ct) 

are shown in Table 5-6, along with VP and s, for groups of data. 

Table 5-8 summarizes the results from Student's t-test comparing 

sites and groups shown in Table 5-6. Two different confidences, c1 and 

Cz, are shown for each test. These correspond to the one-tailed and 

two-tailed tests, respectively. The one-tailed test is used when the 

relative age is known from morphologic or other considerations, but the 
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(Table 5-6, conLinued) 

The schematic distribution of sites and groups reflects their geo­
graphic locations (Fig. 5-16). Site numbers are found in Table 5-5.-Vp 
and s are in m/s. The number of measurements for each site or group is 
in parentheses below VP and s. 

Results of the analyses of variance for groups of sites (Table 5-7) 
are shown also. The values listed give the confidence with which H0 
(samples are drawn from the same population) may be rejected: CF is the 
confidence found by Fisher's method of randomization; and Ct is the 
confidence found by Student's t-test (two-tailed), for groups of two 
sites. 
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Table 5-8 

Results of t-Tests on Groups of V p Data from Sites on Moraines in Onion Valley 

g) Right-Lateral Moraines 

* ** t*t 
Degrees of 

t c %tt Sites Age Freedom t* _fa_i! .--::::i....L.. 

8-4 vs. 8-3 VII vs. VI 2.06 58 98 96 
8-3 vs. 8-2 VI vs. v l.98 58 98 95 
8-2 vs. (3-5,3-6,3-1) v vs. IV(RC) 1, .96 118 >99 >99 
8-2 vs. 6-17 v vs. IV 2.46 58 99 98 
(3-5,3-6,3-1) vs. 6-17 IV(RC) vs. IV -2.06 118 0 96 
6-17 vs. 2-7 IV vs. III 1.00 48 84 68 
2-7 vs. (6-14,6-16) III vs. III 0.49 96 69 38 
(6-14,6-16) vs. (3-3 ,2-4) III vs. II 1.88 126 97 94 
(3-3,2-4) vs. (1-1,2-3,3-2) II vs. I 9.95 133 )99 )99 
(1-1,2-3) vs. 3-2 I vs. I -0.65 83 0 48 
2-6 vs. 2-5 II vs. III -0.92 38 0 64 
2-6 vs. (2-7,6-14,6-15) III VS. III -4.43 116 >99 >99 
2-5 vs. (3-3' 2-4) III VS. II -1.28 68 0 80 
2-5 vs. (1-1,2-3,3-2) III VS. I 6.55 103 )99 )99 

b) Left-Lateral Moraines 

*t 
Degrees 

tt 
_t_ 

(1-4,2-16,8-1) vs. 7-1 IV vs. III 0.82 113 79 58 
(1-4,2-16,8-1) vs. 

(2-17,1-3) IV vs. III 2.55 135 99 99 
(l-4,2-16,8-1) vs. 

(7-1,1-3,2-17) IV vs. III 2.28 165 99 98 
7-1 vs. (2-17,1-3) III vs. III 1.28 80 90 80 
(2-17,1-3) vs. (2-1,2-2) III vs. II 0.45 91 67 34 
(7-1,1-3,2-17) vs. 

(2-1,2-2) III vs. II 1.08 121 86 72 
(2-1,2-2) vs. 1-2 II vs. I 0.68 55 75 50 

c) Cross-Canyon Comparisons 

** t*t 
Degrees 

~l,%t c 1;;tt Age -2.1....'.'. 

8-2 vs. (1-4,2-16,8-1) V(RL) vs. IV( LL) 1.38 113 92 83 
6-17 vs. (l-4,2-16,8-1) V(RL) vs. IV( LL) -1.11 113 0 73 
(7-7,6-14,6-16) vs. 

(7-1,1-3,2-17) III(RL) vs. IV( LL) -1.19 178 0 77 
(3-3,2-4) vs. (2-1,2-2) II(RL) vs. II( LL) -l.23 89 0 78 
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Table 5-8 (footnotes) 

* Site locations are shown in Fig. 5-16. Organization of sites into 
age groups is shown in Table 5-5. 

** Roman numerals identify the relative age by glacial stage. Cor­
relation to the conventional Sierra Nevada sequence is presented 
in Table 5-10. RL and LL denote right- and left-lateral moraines, 
respectively. Advance IV includes sites in Robinson Creek ("RC"). 

*t In calculating the t-statistic, VP for the group of sites listed 
second was subtracted from VP for the group listed first. 

t* The degrees of freedom are n + m - 2, where n and m are the number 

of measurements in each group. 

t C1 is the confidence with which the hypothesis H1 (that VP for the 
first group is not greater than VP for the second group) may be 
rejected (one-tailed tesl). 

tt Cz is the confidence with which the hypothesis H0 (that the mean 
speeds are the same) may be rejected (two-tailed test). 
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significance of the age difference is uncertain. The two-tailed test is 

used when the relative ages are thought to be the same. 

Appropriate values of C1 or C2 are displayed in Table 5-9, on tie 

lines connected to the groups or sites tested. These results confirm that, 

in general, wave speeds are distinctly different for moraines of different 

advances. In contrast, VP for right- and left-lateral moraines are not 

different at even the 90% confidence level, although values for left­

lateral moraines are consistently higher. Thus in general Vp data seem 

to confirm that advances I-VII represent glacial advances distinctly 

separated in time. Special considerations for individual tests are 

discussed below. 

Speeds for sites on right-lateral moraines east of the Sierra escarp­

ment clearly show the difference in weathering between tills of advances 

I and II. Moraines of advance II are younger with more than 99% confidence. 

On the other hand, the two speed distributions for the sites on different 

moraine crests of advance II are not statistically different. The locations 

of sites 1-1 and 2-3 (advance I) were overlapping. These were chosen to 

demonstrate repeatability--diff erent operators made the measurements 

during different field seasons. They could not be distinguished at even 

the 75% confidence level. Analysis of variance of all three sites on 

right·-lateral moraines of advance I showed that samples were all from 

the same population. This reinforced the conclusion from conventional 

study that the outermost ridge (site 3-2) was the same age as the larger 

moraine. 

The right-lateral moraines east of the range front are favorable 

for relative dating because they are far from source areas of boulders 
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Table 5-9 Comparisons of VP between sites and groups of sites in Onion Valley. Values 
shown on tie bars are Cl, the confidence found fr~m the one-tailed Student's t-test that 
VP for the site closer to the top of the table is smaller than VP for the lower group. 
Where appropriate, values of Cz (from the two-tailed version of the test) are shown in 
square brackets. A more extensive summary of the testing is found in Table 5-8. Ages of 
sites and groups are shown in boxes. Site locations are schematic only. Site identifica­
tions are found in Table 5-5. 
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and rockfall. Thus homogeneity in till of the same age is maximized. 

Beginning with sites 6-14 and 6-16 (advance III), the moraines 

are found under cliffs, so the opportunity for recent rockfall is present. 

At these sites, the cliffs and any talus are composed of Tinemaha grano­

diorite. Measurements were restricted at these two sites to quartz mon­

zonite boulders, to eliminate the possibility of contamination. This 

should also have minimized the difference between mean speeds at these 

sites and at sites on the older moraines downstream (for which grano­

diorite boulders were not excluded). However, mean speeds were still 

greater than for advance II moraines at the )95% confidence level. This 

appears to justify the assignment of these moraines to the younger advance 

III. Furthermore, within advance III the higher moraine (6-14) was not 

different from the morphologically younger recessional (6-16), although 

the mean speed was 0.05 km/s lower. It was concluded from conventional 

relative dating methods that the higher moraine might be of advance II. 

From this new evidence, this conclusion seems to have been in error. 

Acoustic wave-speed data strongly support the recognition of three distinct 

glacial advances in lower Onion Valley. 

Site~ 2-5 and 2-6 were located in a region of minimal rockfall on 

right-lateral moraines. Site 2-6 was on an advance III moraine; site 2-5 

may have been on an older one. Talus was Tinemaha granodiorite only. 

No effort was made to measure quartz monzonite boulders only, but th~ 

effect of recent rockfall probably would be to increase the mean speed. 

It is possible that glacial boulders from site 2-5 rolled down onto the 

moraine of site 2-6. Sites 2-5 and 2-6 were not different statistically. 

The mean speed for site 2-6 was lower than Vp for sites 6-14 and 6-16. 
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This difference is significant at the )99% confidence level. The low 

mean speed at site 2-5 on the upper moraine was anticipated because the 

moraine was thought to have been an ancient remnant. 

Site 2-5 appeared to have lower speeds than the two advance II 

sites (2-4 and 3-3), but the mean speeds were different at only the 80% 

confidence level. The absence of grusy boulders contrasts markedly with 

the moraines of advance I. Thus it might be argued that the upper moraine 

(site 2-5) was of similar age as the moraines of advance II, or that it 

was intermediate in age between advances I and II, but it could not have 

been as old as advance I. The lower moraine (site 2-6) is constrained by 

its location to be younger than the advance III moraines of sites 6-14 

and 6-16. Its anomalous age could be explained if it was buried by mass 

wasting of till from the upper moraine. This argument is difficult to 

believe since there was little geomorphic evidence to support it. Thus 

the discrepancy must be attributed to (1) an intrinsic defect in the 

acoustic wave-speed method; (2) gross heterogeneity of boulders in the 

till, or (3) some unrecognized blunder in the actual measurement of the 

wave speeds. It is interesting that the nearby site 2-7 (also on a 

moraine of advance III) gave a mean speed of 1.63 km/s, indistinguishable 

from the speeds at sites 6-14 and 6-16 also on advance III moraines. 

Because this site was measured the same day as the others, the third poss­

ibility seems unlikely. The demonstrated consistency of acoustic wave­

speed data at Bloody Canyon and Green Creek appears to rule out the first 

possibility. Thus the second possibility must be considered. 

In the discussion below it will be shown that Bullfrog quartz mon­

zonite boulders from the southern tributary transmit acoustic waves slower 
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than similar boulders from the main fork. Thus the unusually low speeds 

at sites 2-5 and 2-6 could be due to mixing of boulders from different 

source regions. If this is true, acoustic wave speeds and perhaps 

other weathering data on right-lateral moraines in Onion Valley would be 

unreliable indicators of age. Sites below the range front would be less 

affected because of the greater opportunity for mixing. 

The contact between till of advances III and IV was not recognized 

in Vp data from right-lateral moraines. Site 6-17 was 300 m west of 

site 2-7, on a lateral moraine of advance IV. The mean speed was greater 

than at site 2-7, but only at the 84% confidence level. It is not possible 

to tell from these data whether this is because the last glaciers of 

"advance III" and the first glaciers of "advance IV" were not separated 

much in time, or because of mixing and other problems encountered in 

right-lateral moraines. 

To characterize the effect of till from the southern tributary on 

apparent ages in Onion Valley, three sites were established on moraines 

within its drainage (3-1, 3-5, and 3-6). Although 3-1 was on a moraine 

of advance IV and the others were on moraines of age V, analysis of vari­

ance showed that the samples were from the same population. Site 3-1 

was on a promontory free of rockfall, and sites 3-5 and 3-6 were shielded 

from rock fall by the higher moraine of site 3-1 and deep fosses. Thus 

it must be concluded that these moraines were of the same apparent age. 

The mean speed at these three sites was less than at 6-17, and the groups 

were different at the 96% confidence level. 

From the above information it appears that Bullfrog quartz monzonite 

from the southern tributary weathered faster than that from the main fork. 
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Partly to verify the above conclusion, sites were established on 

moraines of ages V, VI, and VII in the drainage of the main fork. These 

samples represented different populations at the 95% confidence level or 

or greater, and there was a clear decrease in mean speed with increasing 

age of the moraine. Site 8-2 (advance V) was at the lowest possible 

elevation (3235 m or 10,620 ft) to facilitate comparison with the sites 

from the southern tributary. Nevertheless, it was higher by ~ 300 m. 

The main fork site was clearly "faster", at )99% confidence. It was also 

"faster" than sites on both right- and left-lateral moraines of advance IV 

in Onion Valley. This appears to preclude the possibility th::i.t thP 

anomalous values of VP for the Robinson Creek sites resulted from a 

"weathering reversal" such as Birman (1964) claimed for Hilgard and Tioga 

tills in Rock Creek and Mono Creek. north of this study area. The 

simplest explanation is that quartz monzonite from the southern tributary 

weathers exceptionally quickly. 

Unlike right-lateral moraines, the left-lateral moraines of upper 

Onion Valley contain boulders of Bullfrog quartz monzonite only from the 

main fork. About 80 m of crest of one left-lateral moraine of advance IV 

was suitable for acoustic wave-speed measurements. Three sites (1-4, 2-16, 

and 8-1) were established here. Talus was from the Dragon grano-

diorite and was recognized and excluded from the samples. Analysis of 

variance shows that the three samples were taken from a single population. 

The three sites treated as a group were "slower" than the single 

site of advance V (8-2), but the difference was decidedly less pronounced 

than the difference between 8-2 and the sites of the southern tributary. 

Because left-lateral sites were in general "faster" than right-lateral 
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sites, this distinct difference probably should be attributed to a 

significant difference in age. The increased contrast seen between sites 

8-2 and 6-17 appears to reinforce the hypothesis of variable weathering 

rates within the Bullfrog pluton. 

Moraines of advance IV and advance III were readily distinguished in 

roadcuts by the fraction of quartz monzon1te boulders which are disinte­

grated. At site 7-1 a segment of crest of a left-lateral moraine of advance 

III was preserved both from rockfall and road builders. The mean speed at 

site 7-1 was lower than two of the three advance IV sites. It was lower 

than that of the combined three sites, but only at the 79% confidence level. 

This does not appear to justify the separation of advances III and IV. 

Two other sites were established on left-lateral moraines of advance 

III (2-17 and 1-3). Site 2-17 was directly comparable in composition to 

site 7-1, because it was only 300 m east of the westernmost outcrops of 

Tinemaha granodiorite. Site 1-3 was another 500 m farther east, so the 

fraction of Tinemaha boulders may have been greater. However, sites 2-17 

and 1-3 were not significantly different, and the hypothesis that these 

three sites on left-lateral moraines of advance III sampled the same popu­

lation could be rejected at only the 69% confidence level. Despite this, 

site 7-1 was "faster" than the two older sites at the 99% confidence level. 

Advance III was separable from advance IV, also at the 99% confidence level. 

Addition of Tinemaha granodiorite boulders to the quartz monzonite 

boulders at the lower sites of advanee III wo11ld probably increase their 

mean speeds. Perhaps this explains the observed increase in VP from 

site 2-17 to site 1-3. 

The mean speed of P waves at the three sites on left-lateral moraines 

of advance III from lower Onion Valley was not significantly greater than 
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the speed for the two sites on the moraine of advance II (sites 2-1 and 2-2). 

This contrasts with the marked difference found for right-lateral moraines. 

Sites on left-lateral moraines east of the Independence Fault were not 

on original moraine crests, which were removed by erosion. This does not 

explain the discrepancy in any obvious way, however. Again, this may be 

related to the abundance of Tinemaha boulders. 

It is likewise unclear why the contrast between the sites on the left­

lateral moraine of advance II was not greatly different from the contrast 

with site 1-2 on the moraine of advance I. Site 1-2 may have been partly 

buried by alluvium, but as alluvium tends to be already weathered at the 

time of deposition this should have enhanced the contrast, not reduced it. 

Summary of relative dating using acoustic wave speeds 

Three distinct ages of moraines (I, II, and III) were recognized on 

the south side of Independence Creek in lower Onion Valley and the foot­

hills below (Fig. 5-16). In upper Onion Valley burial of moraine crests 

by talus and a mixture of rapidly weathering boulders from the southern 

tributary of Independence Creek appeared to preclude confident interpre­

tation of the data. Still farther upstream, three distinct ages of 

moraines (V, VI, and VII) were found along the main fork of Independence 

Creek west of Onion Valley. Advance V appeared younger than advance IV 

moraines on the north side of Onion Valley. left-lateral moraines in 

lower Onion Valley and the foothills should decrease in mean speed with 

distance down valley, but distinct jumps between IV, III, II, and I were 

not observed. Instead there seemed to be a gradual progression more in 

keeping with continuous slow retreat than with the episodic advances 

indicated by semi-quantitative weathering data, especially from road 
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cuts. It must be concluded that glacial advances III and IV were closer 

in weathering age than advances I and II, and possibly II and III. 

Moraines of advances III and IV show nearly as much scatter within the 

groups as between the groups. Some of the scatter in data from the 

left-lateral moraines may have been due to admixture of granitic boulders 

from a more resistant pluton near the range front. 

Correlation of glacial advances in Onion Valley to the 
conventional sequence for the Sierra Nevada 

Table 5-10 lists the glacial advances in Onion Valley and their prob-

able counterparts in the rest of the Sierra Nevada. Moraines of advance 

VII are found just below permanent snowfields or glaciers high in cirques. 

Moraines are unstable, there is no soil or vegetation, and boulders show 

no sign of weathering since deposition. The infrequent small lichens 

indicate a very young age, probably only a few hundred years (Curry, 1968, 

1969). These characteristics are typical of the Matthes neoglacial advance 

(Birman, 1964). 

Moraines of advance VI are also found in or just below cirques. 

Stability of boulders is greater than on Matthes moraines. There is more 

soil, and occasional grasses and even dwarf white pines are found. Boulders 

may show flakes on surf aces. Lichens are abundant and indicate an age of a 

few thousand years (Curry, 1968, 1969). This is appropriate for the Recess 

Peak neoglacial advance of Birman (1964). 

Moraines of advance V are stable and forested. Many boulders are 

somewhat weathered but burial in the moraine crest is slight. Sediment-

ation in lakes is generally minor. Terminal and recessional moraines are 
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Table 5-10 

Correlation of Glacial Advances in Onion Valley to the Conventional Named 

Glaciations for the Sierra Nevada and their Continental Equivalents. 

Glacial 
Advances in 
Onion Valley 

Sierra Nevada 
Equivalents 

VII ............ Matthes 
VI ............ Recess Peak 
v ............ Hilgard (?) 

N ............ Tioga 
III ............ Tena ya 
II ............ Tahoe 

I ............ pre-Tahoe 
(Mono Basin?) 

older I (?) ....... pre-Tahoe 
(post-Sherwin) 

,.., 400 y 
"' 2500 y 
""' 9500 y 

0.010-0.025 
0.035-0.045 
0.065-0.090 

,.., 0 .13 my 

< 0.7 my 

my 
my 
my 

? 

Continental 
Glaciations 

Neoglacial 

Wisconsin 

Illinoian ? 

Illinoian ? 

t The ages quoted are from the literature. For references, see Ch. 1. 
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breached only slightly. Streams are incised very little. Advance V llli:ly 

correspond to the Hilgard neoglacial advance of Birman (1964), but no 

strong evidence was found to indicate that this was not simply a recessional 

stage of the Tioga glaciation. Birman argued that the Hilgard advance was 

distinct from the Tioga because he found large moraines which were more 

weathered than the Tioga moraines, although they were clearly younger. 

This he attributed to accelerated weathering on canyon walls and bottoms 

(but not on Tioga moraines) during the warm interglacial period, which 

provided abundant weathered debris for moraines. The Hilgard of Onion 

Valley met neither of these criteria: the terminal moraine was small, 

and weathering was not necessarily severe more than on older moraines. 

Curry (1971) argues from 14c dating that the Hilgard glaciation may 

actually have preceded rather than followed the "altithermal" period. 

Moraines of advance IV are widely breached. Boulders are generally 

substantially buried. Many show evidence of weathering, although no 

cavernous, deeply pitted, or disintegrated boulders are found. Independ­

ence Creek is incised 4 m into the valley floor. Advance IV correlates 

with the Tioga stage at the end of the Wisconsin glaciation. 

Moraines of advance III differ from younger moraines mainly in the 

presence of disintegrated quartz monzonite and mafic plutonic boulders. 

Although these are rare on the surface, they are a significant minor 

component of the boulders exposed in road cuts. Advance III is either a 

distinct early Tioga or a Tenaya advance. Because moraines of advance 

III are recognizably different from Tioga moraines and are mappable as a 

different unit, they are considered to be Tenaya in this study. 

Till of advance II contains a high proportion of disintegrated or 
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highly weathered boulders. Road cuts show no strong oxidation in the 

thin B horizon. Subsurface boulders are heavily coated with clay. 

Advance II probably correlates with the Tahoe glaciation, although the 

deeply cavernous boulders found on Tahoe moraines farther north are absent. 

Advance I was distinctly older than advance II. Most boulders at the 

surface are disintegrating and have low relief. Deep pitting is common. The 

B horizon is several meters deep and lightly oxidized. Its age should be 

regarded as pre-Tahoe rather than early Tahoe because of the strong contrast 

in weathering characteristics compared to advance II (Tables 5-2, 5-3). 

If Crook and Kamb (1980) were correct in claiming a logarithmic 

relationship of acoustic wave speed to age, then mean speeds through groups 

of boulders at different sites plotted against the logarithm of the age 

of the site can be extrapolated to give a rough indication of the age of 

advance I. As Fig. 5-18 shows, for the right-lateral moraine this age 

clearly exceeds 100,000 y. Thus the assignment to a pre-Tahoe glacial 

advance appears to have been justified. The nominal age, > 1 my, is 

inconsistent with the obvious morainal form of the deposit and appears to 

be excessive. Sherwin till (e.g., at Green Creek; Sharp, 1972) is generally 

sufficiently eroded that the original morphology is largely obscured. 

The old till on the Independence Fault scarp north of Independence 

Creek was included with advance I in this study. However, it appeared to 

be even older, based on the intense oxidation in the B horizon and on the 

GWR data. Elsewhere in the Sierra such red soils on tills indicate great 

age. At lower Rock Creek, Sharp (1968) found a red till underlying 

Sherwin till. At Big Pine Creek, a red till underlies a thin veneer of 

till assigned by Fleisher (1967) and Bateman (1965) to the Tahoe advance. 
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Fig. 5-18. Mean wave speeds (Vp) for sites on right-lateral moraines 
grouped according to apparent age decrease with the logarithm 

of the age. Agee for groups II - VII were assigned as discussed in Ch. 1. 

A line passing through these boxes indicates that the age of advance I 
exceeded 1 my, which is probably excessive. From the data, it appears 
unlikely that the age could be less than 100,000 y, which is consistent 

with the assignment of advance I to a pre-Tahoe glacial stage. 
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Thus the old right-lateral moraine in Onion Valley does appear to be 

pre-Tahoe and is probably quite old. However, the specific glaciation 

to which it belongs is unknown. 

Age of deposition on the alluvial fan of Independence Creek 

From weathering characteristics, three different ages for parts of 

the active alluvial fan of Independence Creek were recognized. These were 

discussed earlier. The oldest surface, in the lee of a bedrock ridge, was 

depleted of granitic boulders, probably by disintegration. It must corre­

late with advance I or a still older advance of glaciers down Onion Valley. 

Valley. It is probably pre-Wisconsin in age. 

The lower fan east of the foothills was equivalent in weathering to 

the outwash plain west of Seven Pines. The outwash was deposited during 

glacial advance III, or possibly during the early part of advance IV. The 

fan surf ace was thus probably of mid-Wisconsin (Tenaya to early Tioga) age. 

The remainder (and largest fraction) of the fan was older and was probably 

early Wisconsin (Tahoe) in age. Although this interpretation is satisfying 

in that the longest Wis~onsin stage (Tahoe) is associated with the great­

est area of fanglomerate, it is surprising that very little of the fan was 

of Tioga age. This is, however, consistent with the distribution of fan 

deposits reported by Lubetkin (1980) at Lone Pine Creek, south of the study 

area. Probably any Tioga debris has been mixed with older fanglomerate 

along the stream channels of the mid-Wisconsin fan surface. 

Deposition on the fan surface in the last 0.1 my has exceeded 10 m, 

the maximum observed incision into the early Wisconsin f anglomerate. 

However, deposition may not have been much greater than this limit because 

the pre-Wisconsin f anglomerate in the lee of the bedrock ridge is exposed 
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only ~ 9 m below the early Wisconsin surface. 

Evidence for Episodic Faulting: 
Multiple Sets of Truncated Ridges 

Knopf (1918) remarked that the eastern escarpment of the Sierra 

Nevada consisted of two levels, each defined by sets of truncated spurs. 

He took this observation to show that the escarpment was formed in two 

periods, separated by a long hiatus during which the initial escarpment 

(now the upper level) weathered to a lower gradient. Matthes (1950) felt 

that he could discern traces of an ancient 900-m-deep valley parallel to 

the escarpment but east of the modern crest of the Sierra Nevada near 

Mt. Whitney. The evidence for this was the presence of ancient east-

dipping erosion surfaces preserved on east-west ridges. These fragments 

may have once been the eastern side of the valley. Matthes thought this 

valley predated the beginning of faulting on the modern range front. 

It is also possible that cross-sectional profiles of ancient valleys 

which drained eastward into the young Owens Valley might have been parti-

ally preserved during the rejuvenation and rapid erosion accompanying 

episodic glaciation, increases in the rate of normal faulting along the 

range-front or mid-valley faults, or other causes. Shortly after rejuven-

ation, the base of the canyon wall may be over-steepened if ero1:>luu in 

side canyons is unable to match erosion in the main canyon. This is 

common during regional tilting or during glaciation. Eventually, the 

hanging canyons will be cut down through the cliffs of the main canyon, 

leaving only segments intact. Ultimately only triangular facets or 

even rock ribs which once were part of the ancient valley walls or floor 

may be preserved. However, if these are not excessively eroded they may 
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still provide clues to the erosional environment of the ancient valleys. 

Truncated spurs along Independence Creek 

On the south side of upper Onion Valley is at least one set of three 

truncated spurs, with apices ~ 135 m above the late Pleistocene trim line 

(Fig. 5-19a). The tops of these facets coincide approximately with the 

contact between the mafic pluton and the Bullfrog quartz monzonite, but 

this relationship appears to be only coincidental. The apices are found 

at 2975 m (9760 ft) elevation (below the contact) at the mouth of the 

southern tributary, and at 3000 m (9840 ft) and 2900 m (9520 ft) elevation 

farther east. If the elevations of these apices reflect an ancient 

stream gradient, it was roughly 65 m/km or 4° compared to 120 m/km or 9° 

for the modern Independence Creek in upper Onion Valley. 

The cross-section presented in Fig. 5-19b clearly shows the over­

steepening at the base of the southern wall of Onion Valley. This zone 

extends well above the level of the top of the Wisconsin glaciers. If indeed 

ancient glaciers were responsible for the over-steepening, then they were 

much deeper than the late Pleistocene glaciers, or the valley has been 

excavated considerably since their time. 

Clark (1967) argues that for a given valley it is unusual for glaciers 

of different advances to have grossly different depths, at least far from 

their snouts. However, this presumes that the gradient of the valley is 

unchanged between advances. For valleys of the eastern escarpment, this 

presumption may not be valid. 

According to the model Clark (1967) used to describe glacial flow, 

the depth of ice is proportional, among other factors, to sin a , where a 

is the slope of the valley floor. If the gradient of the ancestral 
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Fig. 5-19. Apices of three truncated ridges on the south wall of Onion 
Valley may record an episode of increased erosion caused by 

down-faulting of Owens Valley or by ancient glaciers. Figure a is from 
an aerial photograph of Onion Valley. North is towards the right; the 
scale is~ 1:24,000. The three apices of the faceted end of the spurs 
are marked by dots. The line is the location of the topographic cross­
section of figure b. It appears curved because of foreshortening in the 
photograph (U. S. Dept. Agriculture, IN)4 06027 2372, 9-10-74). 

Figure b shows the cross-section of Onion Valley just east of Robinson 
Creek. Vertical exaggeration is a factor of 2.3 The cross-section shows 
over-steepening at the base of the south wall of the valley. The depth of 
the late Pleistocene glaciers is shown by the stippling. If the truncated 
ridges above the level of the late Pleistocene glaciers was caused by 
aneient glaeiers, their surfaces were~ 135 m higher (dashed line). Those 
glaciers may have been deeper than more recent ones, but the difference 
could also reflect erosion of the canyon bottom. 
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Independence Creek was in fact only 4°, then the ancient glaciers would 

have been roughly a factor of two deeper than the late Pleistocene glaciers. 

Thus if the over-steepening in Onion Valley resulted from glaciation, then 

either the valley has been deepened by - 100 m or the valley gradient has 

been increased by a factor of two since its end. 

Either option requires the considerable passage of time. For example, 

Blackwelder (1931) reported that there has characteristically been about 

15 m of stream incision since the retreat of the Tahoe glaciers; Bateman 

(1965) reported 300 m of incision at Coyote Creek since the Sherwin 

glaciation. Thus the ancient glaciers in Onion Valley would probably have 

retreated a few hundred thousand years ago. 

Truncated spurs are also found on Kearsarge Peak, north of 

Independence Creek. Here they are best represented by the facet on the 

ridge north of the Onion Valley pack station, at the end of the road. 

The apex of this facet is at 3170 m (10,400 ft) elevation, higher than 

the apices on the south wall. If these facets are truly related to the 

tectonic or climatic history of the Sierra Nevada and not merely to litho­

logic influence on erosion, they point to a more complex and interesting 

ancient history than can be understood at this time. 

Morphology of the Sierra escarpment near Independence Creek 

Near Independence Creek the Sierra escarpment rises about 1800 m from 

the alluvial fans to the first row of peaks. The crest itself is another 

3000 m higher. The escarpment does not consist of a single unbroken slope, 

but as Knopf (1918) observed, it is composed of at least two segments. 

At Kearsarge Peak the upper ~ 650 n of the escarpment appears to be a 

deeply dissected slope of low gradient which has been preserved as ridges 
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separating ravines. The gradient on Kearsarge Peak ii;; ,..... 20°; on the east 

face of Independence Peak it is,..... 25°. Apices of the steeper triangular 

facets of the lower escarpment are found at - 3170 m (10,400 ft) elevation 

on Kearsarge Peak and ,..... 2740 m (9000 ft) elevation on Independence Peak. 

The segmented character of the escarpment is clearly revealed in Fig. 5-20. 

Especially on Kearsarge Peak, a second lower facet can be seen below 

,..... 2865 m (9400 ft) elevation. The gradients of these facets are 36° 

(upper) and,..... 32° (lower), as measured from the topographic map. A third 

set of truncated ridges is found below ~ 2300 m (7550 ft) elevation on both 

Kearsarge Peak and Independence Peak. These morphologic features probably 

record changes in the faulting rate along the range front. In later 

discussion they will be compared to correlative features elsewhere on 

the escarpment. 

Offset of the Independence Fault across moraines of Independence Creek 

A prominent low scarp extends about 5 km along the Independence Fault, 

from a point between Independence Creek and Lime Canyon (Fig. 5-21) north 

to Sardine Creek. The maximum height of the scarp, corrected for the 

local slope of the terrain, was found to be ...... 15 m. There has been no 

discernible horizontal offset. Offset is progressively less in younger 

deposits, and the low scarp has either been obliterated or was never 

formed above the banks of the modern Independence Creek. 

Measured offsets are listed in Table 5-11 and measurement locations 

are shown in Fig. 5-22. Because the scarp crosses deposits whose ages 

are roughly known, an average rate of dip-slip offset for the late Pleis­

tocene Epoch may be calculated. This rate probably lies between 0.06 mm/y 

and 0.13 mm/y, with a best estimate of 0.09 mm/y. If the rate is correct, 
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Fig. 5-20. Oblique aerial photograph looking south at the eastern escarpment 
of the Sierra Nevada. The eastern ridge of Kearsarge Peak is in 

the immediate foreground; Onion Valley is the next canyon to the south (note 
the old Onion Valley road). The segmented character of the escarpment is 
best seen near Symme's Creek in this view. Symme's Creek (arrow) crosses the 
range front just south of the low foothills (lower left). U. S. Geol. Survey 
photograph GS-OAL 1-49 (11-5-56). 
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Fig. 5-21. Late Pleistocene scarp of the Independence Fault, looking south 
from the Onion Valley road above Seven Pines. The scarp cuts 

Plei~tocene mor~ines of three ages, glacial outwash, and post-glacial river 
terraces. The arrow shows the scarp on the crest of the right-lateral moraine 
of advance II. From the progressively greater vertical off set of increasingly 
older deposits of known age, it is possible to estimate an average offset rate 
for the Independence Fault during the late Pleistocene Epoch. The best value 
for this rate is ~ 0.09 rnm/y. 
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Table 5-11 

Measured Dip-Slip Offsets on the Independence Fault. 

Age of Deposit** 

Offset 
Site* Deposit Geological Age 

Absolute Age 
x 103 years 

Offset t 
m 

Utfset Kate 
mm/y 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

* 
** 

t 

Terrace Modern 0 0 

Terrace Late Tioga 10.5 - 18 1.4 0.08 - 0.13 

Moraine Pre-Tahoe ? 1.6 

Landslide Holocene < 10.5 "-'2.0 > 0.19 

Outwash Early Tioga - Tenaya 20 - 35 2.3 0.07 - 0.12 

Ou two.sh Early Tioga - Tenaya 20 - 35 2.3 0.07 - 0.12 

Moraine Late to mid-Tahoe 65 - 75 3.8 0.05 - 0.06 

Moraine Tahoe 65 - 90 5.7 0.06 -

Moraine Pre-Tahoe ? ~15.2 

Bedrock - - - -10 

Locations of sites are found in Fig. 5-22 

Age assignments are those of this study. Estimates of absolute age 
follow the chronology developed elsewhere and summarized in Ch. 1. 

Vertical offsets were measured with hand-level and measuring tape, 
corrected for regional slope measured above and below the scarp. 

0.09 

The offset at site 3 is for a fresh scarp at the base of the degraded 
scarp of site 8. The offset at site 4 was measured at a distance, 
from the angle subtended by the scarp; it is probably accurate to 
± 0.5 m. The moraine crest below the scarp at site 9 was not 
identified and may have been buried by later glacial depo8lL8• Hence 

the offset is a lower limit. The offset at site 10 was estimated 
on aerial photographs from the displacement of the road built across 
the scarp. 



F
ig

. 
5

-2
2

. 
L

o
ca

ti
o

n
s 

o
f 

s
it

e
s
 

o
n

 
th

e 
In

d
ep

en
d

en
ce

 
F

a
u

lt
 w

he
re

 
v

e
rt

ic
a
l 

o
ff

 s
e
ts

 w
er

e 
m

ea
su

re
d

, 

n
ea

r 
In

d
ep

en
d

en
ce

 C
re

ek
. 

T
he

 
fa

u
lt

 
sc

a
rp

 h
as

 
b

ee
n

 
in

k
ed

. 
T

he
 

do
w

n-
th

ro
w

n 
si

d
e
 

is
 m

ar
ke

d 
by

 
b

a
ll

s
. 

S
it

e
s,

 
in

d
ic

a
te

d
 b

y 
ar

ro
w

s,
 

a
re

 
nu

m
be

re
d.

 
T

he
 

o
ff

se
t 

a
t 

ea
ch

 
s
it

e
 
is

 

g
iv

en
 i

n
 T

ab
le

 
5

-1
1

. 
S

ca
rp

 
is

 
ab

o
u

t 
5 

km
 

lo
n

g
. 

N
o

rt
h

 
is

 
to

 
th

e 
ri

g
h

t;
 

th
e 

sc
a
le

 
o

f 
th

e 
fi

g
u

re
 

is
 
~
 

1
:2

0
,0

0
0

. 
U

. 
S

. 
G

eo
l.

 
S

u
rv

ey
 
a
e
ri

a
l 

p
h

o
to

g
ra

p
h

 G
S-

V
D

Y
M

 
2

-1
9

0
 

(8
-3

1
-7

5
).

 

~
 

()
;)

 

.+:
--



485 

the old left-lateral moraine offset 15 m or more is probably older than 

0.1 my and could be older than 0.25 my. This is consistent with its 

pre-Tahoe age assignment based on boulder weathering characteristics. 

The offset of the old left-lateral moraine (15.2 m) is only a lower 

limit because it was never identified east of the fault. The limit itself 

is uncertain because of the correction for the slope of the faulted moraine 

crest (~ 17°), which was partly buried by colluvium from the range front. 

The 15-m-high scarp may be compo$ite. At its base appears to be a 

low 1.6-m-high youthful scarp, with a slope of 34°. This scarp is best 

seen north of the old moraine, but it may have been modified locally when 

the road was built. This low scarp must be Holocene or latest Pleistocene 

in age, from its steep slope (cf. Wallace, 1977). 

The outwash of early Tioga or Tenaya age on either side of Independ­

ence Creek has been offset 2.3 m. This observation is important because 

it shows that even this close to the southern end of the scarp there does 

not seem to have been a strong gradient in the amount of offset, although 

only a few hundred meters farther south the scarp can no longer be seen. 

Within the outwash plain is cut a terrace, probably of 1 ate Tioga or 

early Holocene age. Here the scarp is 1.4 m high. This is virtually the 

same height as the youthful scarp to the north. 

The final surface above the creek is the 1 ate Holocene flood plain, 

which is probably still active. This narrow zone is choked with boulders 

and brush, and no scarp was detected. Even if a low scarp once existed, 

it probably would have been obliterated during periods of high stream flow 

such as were probably common at the end of the Matthes glaciation. 

South of the glacial outwash plain, the low recessional moraine of 

late Tahoe age was offset 3.8 m. This value may be confidently compared 
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to those measured in the outwash, because the moraine is only a few tens 

of meters south of those sites. 

The crest of the major right-lateral moraine is more distant from the 

other measurement sites, and closer to the southern end of the scarp. Its 

5.7-m offset may thus give a low rate for the fault as a whole. If it does 

not, then it implies the considerable passage of time between deposition 

of the main moraine and deposition of the younger recessional moraine. 

Both were thought to be of Tahoe age, and both had boulders which were 

weathered similarly. Thus the offset rate may have been greater before 

50,000 y BP than it was at the end of the Pleistocene. 

Offset rates (Table 5-11) were calculated using the best estimates for 

the ages of the offset deposits. The most useful measurements for this pur­

pose are probably the 3.8-m offset of the recessional moraine and the 2.3-m 

offset of the outwash plain. Even if the ages I have assigned these deposits 

are too old by one sub-stage of the Wisconsin glaciation, the off set rate 

does not exceed 0.2 mm/y. The most probable value is about 0.09 mm/y. 

In contrast, the vertical strain reported by Savage et al. (1975) 

for the Owens Valley was 2.2 mm/y, more than an order of magnitude greater. 

This high rate applies to the mid-valley fault zone, and if it is repre­

sentative of the long-term average rate, then it appears that most of the 

displacement across the Owens Valley is currently on the mid-valley fault 

zone, not the range-front fault. 

It is unlikely that these relative rates have been constant over the 

Pleistocene Epoch, because near Independence the bedrock east of the Owens 

Valley fault zone is only ~ 1100 m below the surface of the valley fill 

(Pakiser et al. 1964). Thus total vertical offset across the mid-valley faults 

is comparable to but no greater than offset across the Independence Fault. 
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5.2 SARDINE CANYON 

Introduction 

In contrast to the deeply incised and rugged canyons to the north 

and south, Sardine Canyon is shallow and has subdued topography. Neither 

the modern Sardine Creek nor even the late Pleistocene glaciers have 

strongly eroded the upper reaches of Sardine Canyon. Sardine Canyon 

heads at 3660 m (12,000 ft) elevation north of Kearsarge Peak, 1.75 km 

east of the crest of the Sierra Nevada. At this distance from the crest, 

other canyons have been cut to about 3350 m (11,000 ft) elevation, 310 m 

lower. Perhaps this difference in erosion may be attributed to the 

rapid drop in precipitation from west to east across the Sierra (cf. 

Curry, 1968), compounded by the small area of the drainage. Sardine 

Canyon is underfit by the intermittent modern Sardine Creek, which is 

often dry by late July. Streams in adjacent canyons flow all year. 

The principal interest in Sardine Canyon is in its ancient history. 

That this may be complex is suggested by the segmented longitudinal profile 

of the canyon: below~ 3300 m elevation the stream gradient is~ 23°, while 

in the upper canyon it is only~ 8°. In other canyons in the study area, 

stream profiles were simple and concave, except as modified by glacial cor­

rasion. However, the upper part of Sardine Canyon probably has not been 

glaciated during the Pleistocene Epoch, and it may be a topographic relic 

from the ancient Sierra Nevada. 

A small, fresh-looking cirque is found at about 3290 m (10,800 ft) 

elevation in Sardine Canyon. Below the cirque the U-shaped profile, 

fresh cliffs on the canyon walls, and till exposed in road cuts testify 
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to recent glaciation. 

There are thus two important questions concerning Sardine Canyon: 

(l) of what agP arP the morainPs of glaciers arising in th~ low cirque?; 

and (2) is there any evidence that the canyon above the cirque was ever 

glaciated? 

Summary of Bedrock Geology (Moore, 1963) 

Sardine Canyon is developed in roughly equal amounts of granitic and 

metavolcanic rocks, chiefly meta-andesites and metarhyolites. Above 

3655 m (11,500 ft) elevation, bedrock is the quartz-poor granodiorite of the 

Dragon pluton. Below the late Pleistocene cirque, which is not found at 

the valley head but rather at ~ 3290 m (10,800 ft) elevation, alaskitic 

quartz monzonite of the Sardine pluton crops out for ~ 500 m. Near the 

mouth of the canyon there is a comparable outcrop of Tinemaha granodiorite. 

Thus similar rock types are found as compared to Onion Valley, but in 

different proportions. These differences are reflected in the boulders 

of the moraines. 

Glaciation of Lower Sardine Canyon 

Sardine Canyon does not have the large and fresh moraines so prominent 

in Onion Valley. In part, this may be attributed to the small size of 

the glaciers and to the steep gradient of the canyon. Below the small 

cirque at 3290 m (10,800 ft) elevation, the canyon was glaciated, at least 

during the late Pleistocene Epoch. Till and outwash can be identified 

in road cuts. The distribution of Quaternary deposits and the geography 

of Sardine Canyon are shown in Fig. 5-23. 



I 

I 
/ 

I 
( 

l 

489 

\ .-.,....-
KEARSARGE 

JltEAK I 

\ 
\ 

MCRA!NES ANO Tl-L tlHAOEO) 

ARE IO[NTl•1EO ONLV IY 

HUMERALS I-llt 

~ 

li: T • OGA 

lU TE>iAYA 

TI' TAMCl~ 

I 1'11.E·TAHOE 

lllORAl~E CRESTS 

..li.o 'A•LTS 

COLLUVIUl>I 

T£11t'tACE :JEPOSIT S 

\ 

\ / c... __ '\ 

\ WISCONSIN Ctll.Qvy 

\ '• 
·, ('"-~-,, C'~~ 

\ - -,:', L'-, 

\ '~~-:-...-: 

km 

\ 

I 
i 

I 
I 

-
EAST l"ACE 

KEAl'tSAl'tGE 

fl'EAK 

'''FAN I 

SARDINE 

CANYON 

i 
\ 
\ 
\ 
\ 
\ 

Fig. 5-23. The Quaternary geology and the geography of Sardine Canyon. 
Sites where relative weathering data were acquired are indi­

cated. The map base was a ~ 1:80,000-scale aerial photograph enlarged 
to a scale of ~ 1:16,000. Vertical relief exceeding 1500 m introduced 
large amounts of foreshortening; hence, the scale is approximate. 
U.S. Geol. Survey photograph GS-VDYM 2-190 (8-31-75). 
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Road cuts on both sides of Sardine Creek at the range front at 2195 m 

(7200 ft) elevation expose three outcrops of till. Two of these, south 

of the creek, are of different ages. The third, north of the creek, is 

coeval with the younger of the others. The age difference may be inferred 

from the difference of the GWR of boulders in the roadcut (Table 5-12): the 

outer till (farther from the creek) contains a factor of six more heavily 

weathered boulders than the inner till (closer to the creek). Yet dis­

integrated boulders are found in the inner till, and competent ones in 

the outer. From its degree of weathering~ the younger inner till appears 

to be equivalent to advance III of Onion Valley (Tenaya stage), and the 

outer till is equivalent to advance II (Tahoe stage). 

The three road cuts appear to be sections through moraines. However, 

the features do not have the characteristic morphology of typical valley 

moraines. The most obvious difference is that they rise only a few meters 

above their outwash plains to the east. Sardine Creek has cut deeply 

through both the moraines and the outwash. Channels on the outwash plain 

south of the creek are parallel to Sardine Creek and do not radiate from 

the breach in the inner moraine. These channels probably transported 

runoff from the southern flank of the advance III glacier. 

Outwash caps the right-lateral inner moraine. This can be seen from 

the sharp change in the fabric of the diamicton exposed in the road cut. 

Below the contact the boulders are disoriented and fine material is 

abundant. Above, boulders and cobbles have a distinct orientation with 

their major axes aligned and parallel to Sardine Creek. The proportion 

of sand and clay is reduced and the color of the matrix is darker (as was 

observed at a similar roadcut in Onion Valley). Outwash must have 

overtopped the low moraine during the retreat of the glacier and before 
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Table 5-12 

Relative Weathering Data for Moraines in Sardine Canyon 

No. of BFCtr GWR 
Site * Advance ** Boulderst GWRt* G/R*t m-2 road cut 

1 IVR 37 5/30/65 

2 IIIR 43 12/40/49 

3 IIIR 53 11/43/45 

4 IIIR 35 23/77 /0 47/53 1.08 

5 !IR 71 68/24/8 

6 !IR 23 57/43/0 29/71 2.13 

7 IIIL 66 211/611/12 56 / 1111 1.10 

* Site locations are on moraine crests and road cuts shown in Fig. 5-23 

"R" and "L" denote right- and left-lateral moraines, respectively. 

** The notation for the glacial advance is that of Onion Valley: advances 

I - VII are ordered by decreasing age (see Fig. 5-10 for the correlation 

to the conventional Sierra Nevada sequence). 

t The number of boulders used for the GWR (see Ch. 2). 

Granodiorite weathering ratio (Ch. 2). Frequencies in% are ordered by 

decreasing degree of weathering. 

*t Granodiorite/"Resistate" boulder ratio (in%). 
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the terminus was breached. Perhaps because of the high gradient (23° 

compared to 11° for Onion Valley) the moraines were low and distributed, 

as occurs below hanging glaciers elsewhere, such that floods and debris 

flows from the retreating glacier were able to override them. 

The left-lateral moraine does not seem to have been buried by outwash, 

and is the more prominent of the two. Outwash is nevertheless found to 

its north, where it could not have been deposited by Sardine Creek after 

the retreat of the advance III glacier. Thus the deposition of the 

outwash plain appears to have been contemporaneous with the construction 

of the mor~ine~. 

The outwash grades to an inner terrace in the fan of the South Fork 

of Oak Creek. This permits the correlation of moraines from Sardine 

Canyon to the South Fork, and will be discussed in §5.3. 

The older right-lateral moraine (advance II) forms part of a ridge 

which bounds the outwash plain (advance III). The higher surface to 

the south is covered by colluvium, and the ridge also is thinly covered. 

This high surface is itself cut into a yet higher surface, best preserved 

south of the prominent landslide on the east face of Kearsarge Peak. 

Thus at least four surfaces are present. Further discussion of these 

surfaces will be found in the §5.3. 

Moraines of two ages were found within lower Sardine Canyon. These 

were best exposed in road cuts south of the creek. Left-lateral moraines 

of the lower of the two series were not found and appear to have been 

eroded from the steep canyon walls. Till from the lower series was best 

exposed in road cuts above~ 2470 m (8100 ft) elevation (Table 5-12). 

The degree of weathering of boulders in these road cuts was the same as 

found for the right-lateral moraine of advance III at the range front; 
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thus, the lower till was assigned to advance III also. 

Moraines of the upper series were found on both sides of the canyon 

below the cirque, at elevations from 2590 m (8500 ft) to 3050 m (9800 ft). 

Till from these moraines also was exposed in a series of roadcuts. No 

disintegrating clasts were seen in these exposures. Relative weathering 

data gathered there indicate a 30% increase in the proportion of fresh 

boulders over the moraines of advance III. Thus these moraines are 

probably the equivalent of advance IV of Onion Valley (Tioga stage). 

No neoglacial moraines were recognized in the cirque. 

Upper Sardine Canyon 

Above the Wisconsin-age cirque, the canyon widens into a broad basin 

composed of two parts: a minor northern pocket containing Sardine Lake, 

a small clear tarn, and a southern branch whose head has been truncated 

by the northern tributary of Independence Creek (Fig. 5-23). The truncated 

profile reveals a maximum of ~ 20 m of diamicton covering steeply dipping 

bedrock (Fig. 5-24). The bedrock-diamicton contact is strikingly similar 

to that on University Peak (§5.1). Attitudes of the bedrock surface, 

(Fig. 5-23) suggest that the eroded head of the canyon lay not far to the 

west. The contact between the diamicton and the deeply weathered sides 

of the canyon can be seen on aerial photographs from the albedo contrast 

and on the ground from the increase in the numbers of blocks on the slopes. 

West of the Wisconsin-age cirque, primary evidence for glaciation is 

not obvious. Above Sardine Lake, there is the subdued trace of an old cirque 

or nivation hollow. Fresh-appearing lobate ridges of debris indicate that 

the old cirque may have supported pocket glaciers in the late Pleistocene 
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Fig. 5-24. The diamicton at the col between Sardine Canyon and the 
northern tributary to Independence Creek. As much as 20 m 

of diamicton overlies granodiorite bedrock. The sharp contact dips 34° 
to the east. The heavily weathered diamicton may be till from an ancient 
glacier. Photograph was taken looking north. 
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Epoch or even more recently. Minor solifluction lobes near the lake may 

be active now. However, above the large cirque at 3290 m (10,800 ft) 

elevation there is no trace of trim lines, nor any evidence of moraines 

in the main canyon. The youthful features near Sardine lake were not 

created by glaciers large enough to affect the overall character of the 

canyon. 

It seems possible that the canyon above 3290 m (10,800 ft) elevation 

was never glaciated, and that its deep diamicton resulted only from 

slope wash into a fluvial valley. Yet three observations suggest the 

influence of ancient glaciers. 

The first observation is the broad trough itself (Fig. 5-25). In 

Fig. 5-26 several topographic profiles across this trough are contrasted 

to profiles across Onion Valley and lower Sardine Canyon, both of which 

were glaciated, and to a profile across Lime Canyon, which was not. The 

walls of upper Sardine Canyon clearly lack the steep cliffs which charac­

terize the classical glaciated valley (e.g., Onion Valley). Instead, 

the walls have a constant slope which only lessens near the contact with 

the diamicton. Two possible interpretations are shown in the inset of 

Fig. 5-26. In the first (1), a fluvial canyon is simply filled by 

slope wash. In the second (2), a glaciated valley is filled with ground 

till or outwash that may be buried by slope wash. Extrapolation of the 

valley walls under the diamicton suggests that the fill should be about 

60 m deep if "l" is correct. Instead, it was found to be only about 20 m 

deep where it was exposed at the col between Sardine Canyon and the 

drainage of Independence Creek. This is consistent with a flat-bottomed 

or U-shaped canyon, but not with a V-shaped canyon. Thus a glacial 

history is indirectly implied. 
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Fig. 5-25. The broad trough of Sardine Canyon. a) Photograph, taken 

from the pass between the drainages of Sardine and Independence 

Creeks looking norcheast. The ancient diamicton is in the foreground; 

the Inyo Hts. across Owens Valley are the skyline. b) Photograph of 

upper Sardine Canyon, looking south from the ridge above Sardine Lake. 

The truncated head of the canyon is seen below University Peak (right), 

5 km distant. 
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Fig. 5-26. Topographic cross sections of Sardine Canyon compared to cross 
sectloul:i f rum the 1::>uuthern tributary to Independence Creek 

(glaciated) and to Lime Canyon (never glaciated). Depth of the late Pleisto­
cene glaciers is indicated by shading. Inset shows two explanations for the 
breadth of upper Sardine canyon: in (1), the shallow V-shaped trough of an 
ancient stream was never glaciated, but assumed a U-shaped profile after be­
heading, through the agency of slope wash. In (2), the over-steepened cliffs 
of an ancient glaciated valley are reduced by erosion and masked by slope 
wash, which buries the ground till. The depth of the canyon fill may be too 
shallow to permit the first explanation; hence, the second is preferred. 
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The broad character of the valley is especially significant because 

the bedrock surface at the truncated head of the low-gradient (8°) valley 

dips steeply (29° - 34°) downstream, indicating that the ancient valley 

had a staircase longitudinal profile, or that the headwall of the valley 

was quite close to the modern col. A fluvial valley this broad and 

shallow would require a divide much farther to the west. A steep headwall 

is characteristic of glaciated valleys. Furthermore, sudden changes of 

gradient themselves are uncommon in equilibrated fluvial systems but 

are typical of glacial valleys. 

The second observation is the presence of faceted boulders above the 

Wisconsin cirque. Facets on boulders are created when the boulder is 

dragged over bedrock by a glacier, abrading one side (cf. Flint, 1971, 

p. 165-168). These boulders were exposed in Sardine Canyon where the 

gradient was steep enough that fine components of the diamicton were 

washed away. 

Boulders with crescentic gouges or fractures may also indicate a 

glacial history. Generally, these features are thought to develop in 

bedrock abraded by glaciers (Matthes, 1930). However, during this study 

boulders with crescentic gouges or fractures were found on moraines or 

in glacial outwash also. Such fractures are seen in several boulders in 

upper Sardine Canyuu. Bet.:ause arcuate fractures are also seen in rocks 

which were never transplanted glacially, such evidence is suggestive of 

glacial history but not diagnostic. 

Glacial striations w~re found neither on bedrock nor on boulders in 

upper Sardine Canyon. Their absence close to the cirque is not surprising, 

however. As seen in ne)glacial moraines, few boulders are striated 
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unless they have been transported a kilometer or more. Scratches and 

striae are easily obliterated from granitic rocks by weathering. 

The third observation is the relatively fresh character of the 

bedrock exposed under the diamicton at the truncated head of the canyon. 

The gradient of the valley here is less than 7°, and in a fluvial envir­

onment little erosion would have occurred. Deposition should have been 

gradual. Consequently, the sharp contact of low relief between diamic­

ton and bedrock (Fig. 5-24) similar to the contact between bedrock and 

diamicton on University Peak, should not be found. Instead the contact 

should be gradational, with large blocks of weathered bedrock which 

could not be moved by the low-gradient stream. 

Characteristics of the diamicton 

The diamicton at the truncated top of Sardine Canyon is similar to 

that of University Peak, but is much more deeply weathered. On either 

side of the canyon it is in contact with bedrock and its margins are 

covered by slope wash. Its lower contact is with steeply dipping grano­

diorite bedrock and thin·exfoliation slabs. The exposed bedrock under­

lying the diamicton has been weathered sufficiently that no original 

abraded surface remains, if there ever was one. Near the col at the 

head of Sardine Canyon, the bedrock is covered by no more than ~ 20 m of 

diamicton. 

The diamicton appears to consist of at least two parts, the orig­

inal valley fill and a surfical coating of lag gravels and grus. This 

upper layer is especially pronounced near the sides of the canyon. The 

origin of this may be slope wash from the canyon walls, enhanced by the 

removal of sand and clay farther down slope. The upper layer of the 
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diamicton has been reworked such that the major axes of the pebbles 

now point down slope. 

Near the axis of the canyon, fewer pebbles and grus are found. A 

few cm down, the diamicton is dominantly yellow-brown (10YR6/4 or 

10YR7/4) sand and clay. The clay content is sufficient to form 

aggregates in the soil and to roll into cohesive plastic cylinders when 

wet. All pebbles and lithic fragments are heavily coated by clay. 

The diamicton also has rare boulders on its surface. Some of these 

are heavily weathered and cavernous (Fig. 5-27). The exceptions are 

concentrated near the sides and may be rockfall. Some of the cavernous 

boulders are aplitic or are fine-grained granodiorites. Most are flush 

with the surface. 

Thus regardless of the genesis of the diamicton, it appears to be 

of great age. A comparable level of soil development is not seen at 

lower elevations in till younger than Sherwin age ()0.7 my). Soil was 

much more developed than on the similar diamicton of University Peak, 

which must be at least several hundred thousand years old. 

The origin of upper Sardine Canyon as a nivated valley 

Matthes (1900, 1933) has noted numerous instances in the Big Horn 

Mountains~ Wyoming~ and in the Sierra Nevada where periglacial terrain 

was modified solely by nivation, the action of permanent snowfields. 

Nivated surfaces are gentle and rounded, in strong contrast to the steep­

sided glaciated valleys and amphitheaters. Upper Sardine Canyon appears 

to fit Matthes conception of a nivated valley rather well: there is no 

trace of a stream channel, and the floor of the valley is filled with 

clay and mud. These Matthes (1900) felt were deposited via water 
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Fig. 5-27. A cavernous boulder of fine-grained granodiorite, found in a 

diamicton near the col at the head of Sardine Canyon. Boul­

ders this heavily weathered argue that the diamicton is of great age, 

certainly predating the Wisconsin glaciation. 
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percolating through the snowfields. The fine sediments could be derived 

from in situ processes on the flanks of the mountains on either side of 

the canyon, and transported by wind, water or avalanche to the snowfields 

below. Thus an anomalously high degree of soil development is to be 

expected. Transport of such boulders as are seen in the diamicton could 

also result from avalanching. 

Certainly, upper Sardine Canyon must have been nivated during the 

late Pleistocene glaciations. However, Matthes (1900) argues that niva­

tion has but little effect on gross topography; hence the canyon itself, 

its concave-convex longitudinal profile, and perhaps its U-shaped cross 

section derive from other causes. As discussed above, ancient glaciation 

is consistent with these observations. 

Summary 

Sardine Canyon probably owes its broad geomorphic form to glacial 

erosion, even though the late Pleistocene glaciers formed in a small 

cirque cut into a step midway up the canyon instead of the canyon head. 

The broad and gently sloping canyon above the cirque may show the exist­

ence of an ancient glacier in the southern Sierra Nevada. 

An ancient heavily weathered diamicton fills the upper reaches of 

Sardine Canyon. It is in sharp contact with the underlying bedrock. Some 

boulders at the surface of the diamicton are cavernously weathered, and 

others are faceted or show crescentic gouges or fractures which are sug­

gestive of a glacial history. From its color and clay content, this 

diamicton appears to be grossly older than the one on University Peak, at a 

comparable elevation. It is weathered comparably to tills of the Sherwin 
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glaciation found at much lower elevations, and it must have an age of at 

least several hundred thousand years. 

During the Pleistocene and Holocene glaciations, the hollow now filled 

by Sardine Lake appears to have supported small glacierettes. These left 

fresh-appearing arcuate lobes of debris and low moraines. The rest of 

upper Sardine Canyon may have been heavily nivated during these glaciations. 
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5.3 SOUTH FORK OF OAK CREEK 

The South Fork of Oak Creek arises in cirques east of the Sierra 

crest near Black Mountain and flows east through "Little Onion Valley", 

between Mt. Mary Austin and Kearsarge Peak. After crossing the Inde­

pendence Fault at the range front, it passes between foothills for 6 km 

before flowing down its alluvial fan to the confluence with the North 

Fork. The Quaternary geology along the South Fork is of interest pri­

marily because of its complex of four nested moraines, which lie across 

the Independence Fault at the mouth of Little Onion Valley, and because 

of the correlative sequence of outwash plains and river terraces terraces 

in the fan below. 

Discussion is organized as for Onion Valley, with sections on the 

bedrock geology, the fan, the foothills, the Pleistocene moraines, and 

the Quaternary geology of the upper canyon. 

Summary of Bedrock Geology (Moore, 1963) 

The glaciers of Little Onion Valley cut into granodiorite, alaskite 

quartz monzonite, and metavolcanic bedrock. The cirque of the main 

glacier is in the dark granodiorite of the Dragon pluton. A tributary 

cirque on the western flank of Mt. Mary Austin appears to have been cut 

along a thin exposure of the Diamond pluton (alask1t1c quartz monzonite). 

Here the Dragon granodiorite, which is generally easily eroded, forms a 

bold ridge. Mt. Mary Austin itself is part of a large metavolcanic roof 

pendant. From the Parker Lakes to about 2560 m (8400 ft) elevation, the 

South Fork of Oak Creek passes through a succession of meta-andesites 
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and metarhyolites. One of these, a metarhyolite tuff, is colored purple 

by the presence of piedmontite. This distinctive and resistant rock 

crops out primarily in the North Fork of Oak Creek, but a smaller outcrop 

is found on the south face of Mt. Mary Austin. The purple boulders are 

found in moraines and alluvial fans of both forks. 

Below 2560 m (8400 ft) elevation, the walls and floor of Little 

Onion Valley consist of the slightly prophyritic granodiorite of the 

Tinemaha pluton, intruded by granodiorite porphry dikes of the Independence 

swarm. The foothill block east of the Independence Fault is composed of 

the Independence pluton (alaskitic quartz monzonite) and the quartz-poor 

quartz monzonite of the McGann pluton. Minor stringers of brown meta­

rhyolite tuf f s are found on top of the foothills north of the South Fork. 

The Alluvial Fan of the South Fork of Oak Creek 

East of the Independence Fault the South Fork debouches through its 

lowest lateral moraines, through a deeply incised outwash plain, and onto 

an alluvial fan. This fan consists of three sections (Plate I; Fig. 5-28): 

(1) an ancient abandoned fan east of the foothills; (2) terraces incised 

in the ancient fan within the foothills; and (3) a recent fan to which 

the creek is constrained by a bedrock gap just northeast of the Bright 

ranch at 1585 m (5200 ft) elevation. 

The abandoned fan 

Two ages of fan deposits were recognized on the abandoned fan of the 

South Fork. These are unmistakably different in age, based upon their 

weathering characteristics, and correspond to the ancient and early or 
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mid-Wisconsin (advance II) fan surfaces of Independence Creek. 

The older fan deposits were found ~n two locations: along the 

southern margin of the South Fork fan, and in the lee of an isolated 

bedrock knob at ~ 1525 m (5000 ft) elevation. The scarcity of boulders 

on the surface (less than 1 m-2) and the low Granodiorite/Resistate 

boulder ratio (~ 0.05) are indicative of great age. The fan is certainly 

pre-Wisconsin. The resistant boulders are largely metavolcanic, and 

purple piedmontite-bearing metadacite clasts clearly identify the pro­

venance of this ancient fanglomerate as the flanks of Mt. Mary Austin. 

Those few granitic boulders exposed are grusy or cavernous and are 

nearly flush with the surface. They have clearly been selectively removed 

by weathering, increasing the proportion of "resistates" among the sur­

vivors. The color of the matrix of the fanglomerate is distinctly reddish 

brown, with a Munsell color of 5YR5/6. 

The adjacent sediments from the reentrant at Boron Springs are 

roughly equivalent in age to the ancient fanglomerate. Granitic boulders 

exposed on the surf ace at the narrow mouth of the reentrant are grusy 

and flush with the ground, but subsurface boulders exposed along the 

banks of the small ephemeral stream leading from the reentrant are typi­

cally competent. The degree of weathering is similar to that of the 

right-lateral advance I (pre-Tahoe) moraine at Onion Valley. 

Within - 250 m of the south edge of the South Fork fan, lightly 

weathered granitic boulders only partially buried in the fan surf ace are 

encountered. Beyond a short transition zone the entire fan surface con­

sists of these younger boulders and light colored grus. About 30% of 

boulders are granitic, and many of these are covered with a dark desert 
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varnish. As seen in the banks of the arroyo leading to Tub Springs, 

the frequency of disintegrated boulders increases with depth in the fan, 

at least to 10 m. The B horizon has a color of 5YR6/6. No paleosols 

were seen in the embarkment. From comparison to the fan of Independence 

Creek, this surface appears to be of early Wisconsin age (advance II). 

The increase of boulders with depth in the fan appears to reverse 

the usual trend. Because the early Wisconsin fan clearly buries the 

older one, one possible explanation is that there is a strong increase in 

the age of deposition with depth. 

The pre-Wisconsin f anglomerate exposed in the lee of the isolated 

knob is found in a hollow about 10 m below the level of the early Wisconsin 

fan. Thus 10 m may be the approximate depth of the f anglomerate deposited 

during the Tahoe glacial advances. This is comparable to the depth of ,. 

the equivalent fan of Independence Creek. 

Incision along the arroyo from Tub Springs increases from ~ 2 m at 

the ford east of Boron Springs to ~ 10 m at the prominent dogleg, at 

about the 1610 m (5280 ft) contour (Plate I). Farther west, the incision 

lessens to - 2 m again. The dogleg is on line with springs and a zone 

of disturbed ravines in the Boron Springs reentrant and with a zone of 

reddish gouge in the foothills north of the South Fork. These features 

may lie along a fault, although there are no consistent offsets in the 

reentrant and no scarp on the fan. However, the zone of deep incision 

straddles this possible fault, and smaller ravines to the north show no 

deepening where they cross the "fault". Thus faulting does not seem to 

have been responsible for the incision of the ravine, which may have 

resulted from some non-tectonic cause. 
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West of the Bright ranch, at 1770 m (5800 ft) elevation, an anti­

thetic normal fault (west side down) breaks the early Wisconsin fan 

~urface. The maximum height of the back facing scarp is ~ 4 m, of 

which ~ 2 m is perhaps attributable to erosion. The fault scarp can 

be traced only a short distance into the foothills to the north and 

south. The scarp appears to be sufficiently old that it has been 

obliterated by slope wash in the foothills and is preserved only on the 

early Wisconsin fan, where it is enhanced by erosion. The scarp appears 

to cut none of the young or (mid-Wisconsin) terraces along the South 

Fork (Fig. 5-28). This is also an indication that the scarp is quite 

old. 

Terraces in the old tan 

Four stream levels are preserved west of the antithetic fault. 

These are: the modern stream and its banks; a terrace supporting willow 

and oak, 2 m above the stream; a sage-covered terrace, S m above the steam; 

and the old fan surface, 15 m above the stream. A fifth level, inter­

mediate between the upper two, is found east of the scarp. A sketch 

profile across the South Fork west of the fault is shown in Fig. 5-29. 

The 2-m terrace probably dates from the latest Pleisto~Pn~ or early 

Holocene Epochs. The 5 m terrace is continuous with the outwash (advance 

III) from Sardine Canyon. It is littered with fresh-appearing boulders, 

some of which may be overflow from younger floods. There seems to be a 

considerable difference in the age of the terrace and the fan surf ace 

nonetheless. The 5-m terrace probably was formed during the Tenaya (III) 

or early Tioga (IV) glacial stages. Thus the scarp on the antithetic 
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fault, which does not break the terrace, must have formed more than 

18,000 years ago. 

The f1fth terrace, east of the antithetic fault, is intermediate 1n 

character between the Tenaya terrace and the fan surf ace. It has fresh 

granitic boulders and a somewhat lighter matrix (10YR8/2) than the fan 

surface (10YR7/4). This terrace is steeper than either the fan or the 

Tenaya terrace, and grades to the advance III (Tenaya) surface at the 

meadows near the Bright ranch. This might record an ancient channel of 

the South Fork dating from the time when it ovcrtoppcd the bedrock sill 

and became trapped in its northern course. Just after this event the 

stream cut through the bedrock, its efficiency enhanced by the steep 

gradient of the new course. A channel or terrace abandoned at this 

time, before the knick point worked all the way headward, would have an 

especially steep gradient. The old fan and younger terraces created 

after equilibrium was reestablished would have similar and lower gradients. 

The change in the course of the South Fork must have occurred before the 

Tenaya (III) stage and during or after the Tahoe (II) stage during which 

the highest surface was created. Its age is thus from~ 45,000 years to 

~ 90,000 years. 

Bedrock is found shallowly buried by the old fan on both sides of 

the antithetic scarp south of the creek. West of the scarp. bedrock lies 

under ~ 4 m of f anglomerate; to the east it is buried only ~ 2 m. This 

is consistent with the sense of offset indicated by the scarp, but because 

there is no compelling reason to assume that the original stream-cut bed­

rock surface was flat, no value for the total displacement can be deduced. 

Nevertheless, bedrock spurs north of the creek are cut to a level similar 
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to the aforementioned outcrops. Thus relief may have been only a few 

meters and it is possible that total displacement on the fault since 

creation of the bedrock surface has been no more than about 10 meters. 

The presence of the pre-Wisconsin fanglomerate lower on the same fan 

suggests that the bedrock surface was cut more than ~ 0.1 my ago. Thus 

total displacement on this fault has not been large during the late 

Pleistocene Epoch, and activity seems to be sporadic with recurrence 

intervals of tens of thousands of years or more. 

The bedrock has apparently been incised about 11 m since the 

advance II fan was abandoned when the South Fork assumed its modern course. 

The modern fan 

Sediment being deposited on the active fan is shuttled through the 

advance II fan and later terraces, just as at Onion Valley, and larg~ly 

deposited east of the foothill block. When the old fan overlapped a 

bedrock sill near the site of the Bright ranch, the South Fork 

gained access to an unsedimented region in the lee of the foothiils. 

This hole may have been ~s deep as 100 m below the fans to the north and 

south, and it has not yet been completely filled. The course of the 

South Fork will remain fixed until the surf ace of the new fan exceeds 

the height of the old. The pronounced development of distinct terraces 

along the south Fork is probably a consequence its chance capture rather 

than trends in climate or tectonic rates. 

The surf ace of the modern fan appears to be quite young. There are 

few heavily weathered boulders, and some retain glacial polish. Into 

this surface the stream is cut ~ 3 m. A low terrace is found ~ 1.5 m 

below the fan surf ace also. The fan surf ace may correspond to the 2-m 
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terrace upstream and because of the number of fresh boulders it seems to 

have been formed during the Tioga stage. 

The head of the fan at the range front 

West of the antithetic fault the 5-m terrace widens to 150 m or 

more. It may be traced up the South Fork as far as 400 m through the 

incised outwash plain. As discussed above, (§5.2) the advance III 

outwash plain of Sardine Canyon grades to this terrace. The surface of 

the outwash from the South Fork stands ~ 30 m above that from Sardine 

Canyon and must have been emplaced during an earlier advance of the 

glaciers. The surface of the older (advance II) right-lateral moraine 

of Sardine Canyon is comparably (but not so deeply) incised. Both were 

probably part of a single coalescing outwash plain which thinned southeast 

from the glaciers of little Onion Valley. This surface graded to the 

upper surf ace of the old fan west of the antithetic fault. 

An ancient surf ace is preserved between Tub Springs and the prom­

inent landslide south of Sardine Creek. It has been incised as much 

as ~ 45 m by rills from ·the east face of Kearsarge Peak. Below Tub 

Spring these rills grade to the advance II fan. The ancient surf ace is 

truncated on the east by an escarpment about 60 m high. It may correlate 

with the outermost of the South Fork moraines. or with the earlier ancient 

deposits on the southern margin of the fan near Boron Springs, or with 

neither. 

On aerial photographs this escarpment is part of a faint diffuse 

linear shaded zone ~ 200 m northeast of Tub Springs. However, the 

advance II surface does not appear to have been offset, and the shaded 

zone across it may reflect a change in the density of vegetation (sage). 
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The photo-lineament projects through the springs near the eonfluenee of 

Sardine Creek and the South Fork. The coincidence of springs along the 

escarpment raises the possibility that this feature is an ancient fault 

scarp, more or less on strike with the faults in the foothills south of 

Independence Creek. It cannot be followed into the foothills themselves, 

nor does it break the outwash head below Little Onion Valley. Any offset 

along this zone therefore predated the Wisconsin glaciation. On the 

other hand, faulting is not necessary to explain the escarpment, which 

may simply be an ancient terrace riser. The springs could arise where 

bedrock is nearly exposed by downeutting. 

Summary of the South Fork fan 

There appear to be at least four and possibly five surfaces on the fan 

of the South Fork of Oak Creek. The youngest (latest Pleistocene) is 

found along the South Fork northeast of the Bright ranch and in a narrow 

terrace upstream. A mid-Wisconsin age fan (advance III) probably under­

lies the youngest fan. Fanglomerate of this age is exposed on the surface 

only in a wide terrace 5 m above stream level west of the ranch. The 

major part of the fan was deposited when the South Fork flowed due east 

through the foothills. This surface grades upward to the large outwash 

head below Little Onion Valley. It is probably of early Wisconsin age 

(advance II). Largely buried beneath - 10 m of this fanglomerate is a 

distinctly older surface. It is probably pre-Wisconsin in age. Near Tub 

Springs is found another old surface. It~ r~latlon to other surfaces 

and its age are unknown. 
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The Foothills 

The South Fork of Oak Creek has cut a canyon as deep as 425 m through 

the foothills east of the Independence Fault. The foothill block north 

of the South Fork is capped by two plateaus, at ~ 2285 m (7500 ft) eleva-

tion and at ~ 2070 m (6800 ft) elevation. These probably correspond to 

the surfaces north of Independence Creek at ~ 2145 m (7040 ft) and 1830 m 

(6000 ft) elevation. If this is true these surfaces dip less than 5° 

south. The eastern side of the foothills is an eroded and gullied surf ace 

which dips ~ 9.5° E. It is truncated on the east by a deeply eroded 

line of cliffs ~ 150 m high. To the north the foothill block is cut 

by Charlie Canyon, which drains only the east face of Mt. Mary Austin. 

This canyon is as deep as the canyon of the South Fork. 

Moore (1963) has mapped the foothill block as consisting of quartz 

monzonite and small stringers of metamorphosed rhyolitic tuff. Both 

upper surfaces of the foothill block are bedrock covered by locally 

derlved weaLherlug products. However, on the highest surface there is 

one small hilltop compos.ed of a diamicton (Plate I) containing exotic 

rounded and grooved metamorphic and granitic boulders. 

The diamicton is about 20 m thick. Some of the metamorphic boulders 

must have been derived from the upper reaches of either fork of Oak Creek 

or from above the 3050 m (10,000 ft) level on the east face of Mt. Mary 

Austin. The degree of rounding shows that they were fluvially (or glac-

ially) transported. Fig. 5-30 shows one such boulder. Parallel grooves 

in its surface points towards a glacial history but in the absence of 

distinctive scratches another mechanism cannot be ruled out. The presence 

of the grooves on both the exposed and buried surfaces of this and other 
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Fi15. 5-30. Rounded metadacite boulder from the ancient fanglomerate 
found atop the foothills east of the Independence Fault, and 

125 m above the late Pleistocene moraine crests. Distinct grooves parallel 
to the hammer handle suggest a glacial history. Darkened part of the 
boulder (left) was buried. Grooves appear both on the buried and exposed 
surfaces. 
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boulders shows that they were created before deposition. Grooved boulders 

were common among boulders of the - 2.5-my-old McGee till (central Sierra 

Nevada), although distinctive scratches were rare (Blackwelder, 1931). 

The diamicton probably originated as an ancient fan. At the same 

distance from the range front its base is about 125 m above the top of 

the outer left-lateral moraine. This indicates that it is considerably 

older. If the downcutting rate at Coyote Creek (( 0.33 mm/y) is appli­

cable here, the age difference must exceed 0.37 my. Later it will be 

shown that the old moraine is probably of pre-Wisconsin age. Thus the 

diamicton probably is older than 0.5 my. 

The Independence Fault and the Sierra escarpment 

Evidence of recent offset along the Independence fault was not 

observed north of Sardine Creek. The Independence Fault has not offset 

the largest moraine of the South Fork glaciers. The outer left-lateral 

moraine (advance I) does not seem to be broken either, but it emerges 

from a skirt of colluvium just about on the probable trace of the fault. 

A wedge of diamicton impounded between this or an earlier moraine and 

the foothills to the north was clearly faulted an estimated 10 m. If 

the faulting rate on this part of the Independence Fault is similar to 

the rate at Independence Creek, then this diamicton must be comparable 

in age to the oldest moraines of Independence Creek and would therefore 

be pre-Wisconsin in age. 

The long-term offset along the Independence Fault is recorded in 

the immense eastern escarpment of the Sierra Nevada. The faceted nature 

of this escarpment is as well illustrated on Mt. Mary Austin as anywhere 

in the Mt. Pinchot quadrangle. This may be seen in the oblique aerial 
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photograph of Fig. 5-6. The apices of the lower facets are at 2925 m 

(9600 ft) elevation and 2805 m (9200 ft). The facets rise 660 m with an 

average slope of 31.4°. Above, the ridges of Charlie Canyon define a 

facet with an apex at 3815 m (12,520 ft) elevation and an average slope 

of 25°. From here a narrow ridge leads up 300 m to the Sierra crest, 2.9 

km to the west. The facets do not appear to be controlled by the contact 

between the Tinemaha granodiorite and the metavolcanic rocks. 

The Moraines of Little onion Valley 

Four nested pairs of moraines are found along the South Fork at the 

range front (Fig. 5-31). These may correlate to the moraines of advances 

I-IV along Independence Creek, and this numbering scheme will be used 

provisionally in the discussion below. The outermost (I) extends down 

to 2070 m (6800 ft) elevation. The till rests on bedrock, which is ex­

posed by extensive erosion near the lower limits of both lateral moraines. 

The moraines of advance II are the most massive of the four pairs. The 

crests are as much as 73'm above the South Fork, and together both lateral 

moraines contain ~ 0.007 km3 of till. The moraine overtops a thick out­

wash head. The moraine provisionally assigned to advance III are widely 

breached by the South Fork, but the youngest moraines (IV) are not. 

The crest of the left-lateral moraine I north of the South Fork is 

as much as 25 m below the crest of moraine II. This amount exceeds 

the height of an ancient scarp on the Independence Fault through the 

filled hollow. The left-lateral moraine II is in turn buried to a 

depth of ~ 10 m by a moraine of advance TII. The differen~e in the 

elevation of the crests could well be caused by down-faulting of the 
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outer moraine before the younger ones were deposited (Clark, 1972), hut: 

if this is the case, displacement must have occurred in a zone west of 

the Independence Fault. It is noteworthy that the crest of moraines of 

advances III and IV are at the same elevation. If faulting occurred at 

the same rate over the last ~ 0.25 my, then advances I, II, and III may 

be significantly different in age, but advances III and IV appear to be 

close in age. 

The outermost right-lateral moraine (I) was not mapped as such by 

Moore (1963). It appears to be a moraine for the following reasons: 

(1) It is composed of a diamicton containing massive rounded boulders 

more than 2 m in diameter; (2) Many boulders are metavolcanic and appear 

to have originated more than 1 km to the west. The local bedrock from 

which the diamicton might be derived is only granodiorite and porphyritic 

granodiorite dike rock; (3) The "moraine" heads on a ridge and there is 

no obvious source for the diamicton; (4) Some boulders exhibit arcuaLe 

fractures found in similar boulders in tills; (5) It resembles a moraine 

morphologically; (6) A moraine of the same age as the outermost left­

lateral moraine should have been present south of the creek after the 

retreat of the glacier. While this could have been eroded or over­

ridden by subsequent moraines, the presence of an old right-lateral 

moraine today is not un2xpected. 

Arguments against this intepretation are: (1) Metamorphic rocks 

could have been derived locally from pods within the granodiorite similar 

to those mapped by Moore (1963) 0.6 km to the west; (2) The debris could 

have originated on a larger spur now reduced in size by cutting of later 

glaciers; (3) No piedmontite-bearing metarhyolitic boulders were found, 
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nor any boulders with undisputable glacial striae. Piedmontite-bearing 

boulders are found in the younger right-lateral moraines, even though the 

only source appears to be on the north side of the canyon. Nevertheless, 

the feature was mapped as a moraine in this study. 

An early left-lateral moraine apparently isolated a hollow against 

the foothills to the north, just as did the early moraines on Independence 

Creek. This may have been the outermost moraine preserved today, or an 

earlier one. The hollow filled with diamicton, containing massive black 

metabasalt boulders about 50 cm in diameter which came from Little Onion 

Valley. The deposition of the sediment could not have been after the 

retreat of the glacier which created the present outermost left-lateral 

moraine. 

Semi-quantitative relative weathering data were of some use in 

assigning ages to moraines in Little Onion Valley. These data are given 

in Table 5-13. Metamorphic "resistates" on the crest of the oldest 

left-lateral moraine (I) outnumbered granitic boulders by a factor of 

nine. About 74% of the granitic boulders exposed at the surface at two 

sites were heavily weathered. and some were cavernous. Half the boulders 

were largely buried. The surficial soil had a Munsell color of 10YR4/2 

to 10YR4/3, increasing in chroma to 10YR6/5 ~ 30 cm below the surface. 

Although granitic boulders were rare, the numerous metavolcanic clasts 

observed maintained the BFC at levels exceeding 0.5 m-2, The high 

proportion of weathered granitic clasts and the large number of boulders 

nearly flush with the moraine surface are indicators of great age. The 

abundance of resistates is consistent with this, but could also result 

from the abundance of metavolcanic rocks in drainage of the South Fork. 
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Table 5-13 

Semi-Quantitative Relative Weathering Data for Pleistocene 
Moraines of Little Onion Valley 

Right-Lateral Moraines 

No. of BFC7 
Si tel Advanc.e2 Boulders3 GWR4 G/RS BR6 m-2 ColorB 

2-31 I 24 54/38/8 18/82 1.41 5Y7/2* 
2-32 II 72 32/64/4 68/32 2.13 10YR8/2* 
2-12 II 43 81/19/0 83/17 62/17/21 0.34 10YR7/3t 
2-33(0W) II 34 29/53/18 34/66 0.94 
2-34 III 82 15/44/41 67/33 1.50 N7-5Y8/l* 
2-13 III 62 44/ 45/11 82/18 24/55/2 0.78 10YR6/4t 

Left-Lateral Moraines 

No. of BFC7 
Si tel Advance2 Boulders3 GWR4 G/RS BR6 m-2 Color8 

2-35 I 7 29/71/0 10/90 1.48 
2-8 I 28 86/14/0 10/90 50/21/29 0.56 10YR6/5t 
2-36 II 65. 9/48/43 48/52 1.79 
2-37 II 28 32/57/11 15/85 1.17 
2-9 II 26 77/23/0 25/75 22/25/53 1.10 10YR6/4t 
2-38 III 39 8/59/33 52/48 1.53 
2-39 III 80 5/49/46 62/38 1.58 
2-10 III 36 28/56/17 45/55 18/30/53 0.54 10YR5/2t 
2-14 III 38 50/45/5 79/21 29/21/50 0.63 10YR6/3t 
2-40 IV 101 3/30/67 72/28 2.85 
2-11 IV 87 22/51/28 70/30 27/56/17 1.48 10YR4/2t 
2-15 IV 43 35/42/23 7/93 0.80 
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Table 5-13 (continued) 

1 

2 

3 

4 

Sites are shown in Fig. 5-31. "OW" denotes outwash; other sites were 
on moraine crests. Sites 2-36 (II) and 2-11 (IV) were both subject 
to rockfall from the adjacent moraine (III). Site 2-10 (III) may 
have been partially buried by boulders from the advance IV glacier. 

Advances I-IV are Pleistocene glaciations of Independence Creek in 
order of decreasing age. For correlation to the conventional 
Sierra Nevada sequence, see Table 5-10. 

Number of boulders used for the GWR. In some instances only a few 
boulders were counted due to limited exposure or simply because 
virtually all granitic rocks had disintegrated. 

Granodiorite Weathering Ratio: the percent of granodiorite or quartz 
monzonite boulders 1n each of three classes based on degree of weeth­
ering (heavily weathered; lightly weathered, or fresh, respectively). 
See Ch. 2. 

5 Granodiorite/Resistate boulder ratio (in%). See Ch. 2. 

6 

7 

8 

Boulder burial or relief: the percent of granodiorite or quartz mon­
zonite boulders exposed at the surface, in each of three classes based 
on the depth of burial (less than 25% exposed; 25% to 75% exposed; 
more than 75% exposed, respectively). See Ch. 2. 

Bonlder Frequency Count: the number of boulders with diameters 
exceeding 30 cm, regardless of composition, per m2. See Ch. 2. 

Munsell color notation. "*" indicates color measured in roadcuts, 
~ 2 m below the surfl;lce. "t" indicates color measured in pits at a 
depth of ~ 0.3 m. 
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On the right-lateral moraine I the enhancement of resistate abun­

dance was less pronounced. Fewer of the granitic boulders exposed at 

the surface were heavily weathered (54%), but most boulders in road cuts 

were grusy and oxidized red. The color of the till matrix in road cuts 

was 5Y7/2. The difference between lateral moraines in the resistate 

abundance may have been due to differences in the bedrock geology 

between sides of the canyon of the South Fork. 

These measurements contrasted strongly with those for the 

moraine of advance II: The boulder frequency on the younger left-lateral 

crest was twice as great. the surficial soil color (10YR7/2) was lighter. 

and metamorphic boulders outnumbered granitic boulders by only a factor 

of 3. In part, some of this apparent relative youthfulness could have 

been caused by undercutting of the inner flank of the moraine by the 

South Fork, removing the original crest and leaving fresh subsurface 

till exposed on the new top of the moraine. The inner slope was 34°, in 

contrast to only 26° for the left-laterAl moraine T. 

Comparable contrasts were observed between the two oldest (I and II) 

right-lateral moraines also, except the GWR. values were not necessarily 

different (Table 5-13). However, the difference in the abundance of 

resistates was pronounced, with more granitic boulders preserved on the 

younger (II) moraine. In road cuts, granitic boulders were typically 

grusy, but not oxidized, and matrix color was 10YR7/3-10YR8/2. Thus the 

moraine appeared to be younger than the moraine of advance I. 

The second glacier of advance II terminated at about 2130 m (7000 

ft) elevation against the outwash head which grades into the highest fan 

surface (also of advance II). Apparently outwash was deposited before 
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the moraine was completed: the right-lateral moraine buries an old 

channel cut into the outwash head. This channel was cut by water pouring 

off the earlier glacier. 

Because of its size, weathering characteristics, and position in the 

stratigraphic sequence, the correlation of the moraine with the moraines 

of advance II (Tahoe stage) along Independence Creek is probably valid. 

The outermost moraine, which appears to be distinctly older than advance 

II, is regarded as advance I (pre-Tahoe stage), although its age equiva­

lence with advance I of Independence Creek was not established. 

The moraine tentatively assigned to advance III terminates at about 

2240 m (7360 ft) elevation. At first glance it seems to be obviously 

younger than the massive moraine of advance II. However, the semi­

quantitative weathering data (Table 5-13) show considerable overlap with 

the earlier moraine, and also considerable heterogeneity within each 

moraine. The most convincing evidence of the difference in ages is the 

incidence of fresh granodiorite boulders in both lateral moraines of 

advance III, and the markedly higher incidence of "resistates" in the 

left-lateral moraine II. Although few grusy granodiorite boulders 

were found on the surface of moraine III, they were found in roadcuts 

south of the creek. Thus the moraine does appear to be correlative 

with moraines of advance III in Onion Valley. 

The South Fork has had time to cut only a narrow slot through the 

southern part of the terminus of the moraine tentatively correlated 

with advance IV of Onion Valley. In contrast, the older moraines have 

been extensively breached. West of the terminus, the South Fork is 

incised less than 2 m into the floor of Little Onion Valley. The valley 
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strongly resembles the upper Onion Valley of Independence Creek in gen­

eral appearance, and is certainly no older than advance IV (Tioga stage). 

From the lack of stream incision alone, it could even be correlated with 

advance V. 

The left-lateral moraines of advance IV rise westward to about the 

level .the crest of the moraine of advance III. They are not massive, 

and have left only a thin veneer on this older moraine. Because the 

general appearance of the constituent boulders is similar, it is diffi­

cult to tell whether the advance III moraine was actually overtopped. 

There exists the strong possibility that the apparent moraine crest 

contains tills of both ages. Sites for the collection of relative 

weathering data were selected to minimize the possibility of mixing of 

till of different ages. 

Despite possible contamination, sites on the younger moraines (III 

and IV) tended to show greater fractions of fresh and unburied granodiorite 

holders than found on the older moraines (I and II). Perhaps the most 

dramatic difference was the reduction in the abundance of resistates 

(granodiorite/resistate ratio, Table 5-13), from 52-90% to 21-55% of the 

boulders exposed on left-lateral moraines (with one exception on the 

youngest moraine). Even casual inspection in the field showed a high 

variability in the G/R among sites on the youngest moraines. Perhaps 

this variability was caused by incomplete mixing of till from different 

cirques. It reduced the reliability of the G/R ratio as a relative age 

criterion, at least for this valley. Nevertheless, the younger (III and 

IV) and older (I and II) moraines were readily distinguished by weathering 

criteria in the field. However, distinction between the younger moraines 
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provisionally assigned to advances III and rv was not possible. The fact 

that the terminus of the youngest moraine has barely been breached shows 

that this is at the oldest of late Tioga advance (IV). Because in Onion 

Valley (and elsewhere in the Sierra; cf. Birman, 1964) Hilgard moraines 

(advance V) are not found close to Tioga (advance rv) terminal moraines, 

these .youngest moraines were assigned to advance IV in this study. From 

the weathering data, the provisional advance III appears to be an earlier 

Tioga advance, and thus should be assigned to advance rv rather than 

advance III. 

Thus on the basis of field inspection only, three ages of moraines 

were recognized in Little Onion Valley. The two most recent advances 

are probably correlative with advances II and IV of Onion Valley. The 

correlation of the oldest moraine is uncertain, but it predates advance 

II and is assigned to advance I in this study. Because of the high vari­

ability in the semi-quantitative parameters among sites on the same 

moraine, acoustive wave speeds were measured to provide an additional 

basis for age discrimination. 

Acoustic wave speeds in boulders of South Fork moraines 

Acoustic wave speeds were measured at eight sites shown in Fig. 5-31. 

Summary data are given in Table 5-14. One of the sites (2-11) was in a 

location where mixing of till of different advances was a possibility. 

A duplicate site was established to test this possibility. Wave speeds 

for about 15 boulders were measured at each site. Mean wave speeds for 

these sites ranged from a low value of 1.3 km/s to a maximum value of 

2.0 km/s; the standard deviations ranged from 0.26 to 0.41 km/s. Wave 

speeds at each site appeared to be normally distributed. Thus Student's 
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Table 5-14 

Acoustic Wave-Speed Data for Moraines 

Along the South Fork of Oak Creek 

No. of 
t c %tt Site* Advance** Boulders VP, km/s s,km/s 0max ' 

2-12 II (R) 15 1.61 o. 26 0.160 70 
2-13 III (R) 15 1.98 0.27 0.139 52 
2-8 I (L) 15 1.29 0.37 0.121 37 
2-9 II (L) 15 1.78 0.32 0.127 42 
2-10 III ( L) 15 1.80 0.26 0.108 28 
2-14 III ( L) 18 1.88 0.41 0.105 31 
2-111 IV (L) 15 1.86 0.28 0.142 55 
2-15 IV ( L) 15 2.00 0.37 0.142 24 

* Measurement localities are indicated in Fig. 5-31 

** Advances are those of Onion Valley and are numbered I-VII in order 
of decreasing age. Correlation with the conventional Sierra Nevada 
sequence is found in Fig. 5-10. "R" and "L" denote right- and left­
lateral moraines, respectively. 

t Dmax is the statistic for the one-sample Kolmogorov-Smirnov test, 
comparing the actual distribution of wave speeds (VP) to a normal 
population with the same mean (VP) and standard deviation (s). 
See Ch. 3 for details. 

tt C is the confidence with which Dmax allows us to reject the hypothesis 
that the population was normally distributed. 

1 Site 2-11 may have been contaminated by boulders rolling off the adja­
cent and higher moraine of advance III (sites 2-10, 2-14). 
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t-test rather than the non-parametric Kolmogorov-Smirnov test was used 

to compare sites. Results are shown in Table 5-15. 

Advances I and II were clearly separable, with > 99% confidence. 

Comparison of sites 2-12 and 2-13 shows that right-lateral moraines of 

advances II and III were likewise different. However, the technique failed 

to discriminate between adjacent left-lateral moraines of advances II, 

III, and IV, although moraines of advances II and IV were separable with 

96% confidence. By comparing both sites from the left-lateral moraine of 

of advance III (2-10 and 2-14) to the contamination-free site on the 

moraine of advance IV (2-15), enhanced separability, still with only 

91% confidence, was achieved. The relatively low Vp for site 2-11 is 

consistent with the presence of older boulders "(III)" among those 

measured. Even excluding this site, the differences between the Vp data 

for the two moraines were not so great as to make a separate stage manda­

tory for the moraine "III". Instead, this moraine could be simply an 

early Tioga stade. Thus in this study moraine "III" will be classified 

with advance IV. 

It is remarkable that in this instance Vp data were unable to 

distinguish between advance "III" (early advance IV) and advance II 

moraines, since conventional methods were sufficient to do so. 

It is possible that exposure of fresh buried boulders by the under­

cutting of the advance II moraine by the South Fork resulted in the 

continued exposure of new fresh boulders on the "crest" and an anoma­

lously high Vp, and hence reduced the contrast with the advance "III" 

data. However, the weathered appearance of the measured boulders belies 

this, and it seems more likely that some boulders were case-hardened, as 
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Tahl~ 5-15. 

Comparisons of Vp Using Student's t-Test 

Right-Lateral Moraines 

Sites* Advances** 
Degrees ¥f 
Freedom t tt C1,% *t C2 ,% t* 

2-12 VS 2-13 III vs IV (R) 28 -3.93 )99 >99 

Left-Lateral Moraines 

Sites* Advances** 
Degcees ¥£ 

ttt c %*t c %t* Freedom l' 0 2, 0 

2-8 vs 2-9 I VS II (L) 28 -3.88 >99 )99 

2-9 VS (2-10,2-14) II vs III (L) 46 -0.69 75 51 

2-9 vs (2-15) II VS IV (L) 28 -1.78 96 93 

(2-10,2-14) vs 
(2-15) III vs IV (L) 46 -1.32 91 81 

2-9 vs (2-10,2-14, II vs (III, 
2-11,2-15) IV) (L) 76 -1.07 86 72 

* Measurement localities are indicated in Fig. 5-31. 

** Advances are those of Onion Valley and are numbered I-VII in order 
of decreasing age. Correlat.ion with the conventional Sierra Nevada 
sequence is found in Fig. 5-10. "R" and "L" denote right- and left­
lateral moraines, respectively. 

t Degrees of freedom= n + m - 2, where n and m are the numbers of Vp 
measurements in the two groups being compared. 

tt t is the test statistic calculated from the difference between the 
means (Vp for the group listed second is subtracted from Vp for the 
group listed first). See Ch. 3 for details. 

*t C1 is the one-tailed confidence that VP for the second group is 
higher than VP for the first group. 

t* C.z is the two-tailed confidence that the groups are not the same. 
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observed at Green Creek. Because moraines II and III were so obviously 

separable based on conventional relative dating methods, and on Vp data 

south of the creek no additional data were taken to test this possibility. 

Thus acoustic wave-speed distributions support the classification of 

the moraines into at least three groups. These are correlated with 

advances I (?), II, and TV in Onion Valley. 

Glaciation in Upper Little Onion Valley 

Quaternary deposits along the South Fork of Oak Creek were mapped 

all the way to the Sierra crest (Fig. 5-32). These were chiefly talus 

and neoglacial till. Three ages of till were recognized, correlative 

with tills of advances V, VI, and VII in Onion Valley. Of these, the 

oldest (V) was present largely as thin ground till and erratic boulders 

on bedrock. The terminus of the glacier of this advance was not iden­

tified; it was probably on the step between East Parker Lake and Little 

Onion Valley. Granitic boulders from this till were often deeply weath­

ered, with diorite inclusions standing as much as 6 cm above the degraded 

surfaces. Boulders in moraines were stable, and locally dense forests 

were supported. 

Above East Parker Lake, most of the terrain was last glaciated 

during advance V (Recess Peak). Boulders in these moraines were some­

what unstable; occasional shrubs and grasses were supported; and boulders 

in favorable locations were heavily covered by lichens. Minor axes of 

colonies of yellow-green lichens were up to ~ 20 cm in length. 

Under the cirque walls, fresh moraines and rock glaciers of the most 

recent glaciation (advance VII) were found. These moraines are steep-sided, 
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unstable, and support neither grasses nor lichens. In addition, a lake at 

the base of the south wall of the cirque had the distinctive milky color 

ot rock flour, indicating the presence of active glaciers. 

The principal basis for comparison of neoglacial tills and moraines 

with those at the range front did not exist, because the headwater regions 

of the South Fork were developed primarily in metavolcanic rocks. The 

Tinemaha granodiorite terminated against the metamorphic pendant 1.5 km 

west of the Independence Fault. Quartz monzonites of the Sardine and 

Diamond plutons were exposed at two restricted locations in the headwaters 

of the South Fork, but the only abundant granitic rocks were quartz-poor 

granodiorites of the Dragon pluton. Because of widespread assimilation 

of mafic minerals and xenoliths from dioritic and volcanic wallrock 

(Moore, 1963) these rocks were probably unsuitable for relative dating. 

Semi-quantitative measurements (Table 5-16) are therefore probably 

of use only for relative dating of deposits within the headwater region 

and cannot be reliably compared to those for lower moraines. These 

measurements were used to support the assignment of the deposits to 

the different advances. 

Boulders from the youngest moraines (advance VII) under the present­

day glaciers and from talus overtopping older neoglacial till were domi­

nately unweathered, with the hackly surfaces characteristic of fresh 

glacially plucked rock. This close to the source, no boulders were 

polished. The yellow-green lichens used in lichenometric dating were not 

found, although as many as 10% of ~he boulders had incipient colonies of 

the fast-growing brown lichens. 

Boulders from the older moraines (advance VI) of the cirque 
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Table 5-16 

Granodiorite Weathering Ratios for Neoglacial Moraines and Talus 
of the South Fork of Oak Creek 

Lichen 
Weathering Thalli Fraction 

No. of Relief 5 Diameter6 of Boulders 
Site1 Advance2 Boulders3 GWR4 cm cm with Lichen7 

a 
b 
c 
d 
e 
f 
g 
h 
1 
j 
k 
k 

* 
t 

1 

2 

3 

4 

5 

G 

7 

VII Of OflOO* 0 0 0.05 
VII 20f80fO*t 0 0 0.1 
VII( talus) 100 Of Of 100 0 0 o.o 
VII( talus) 49 Of 10f90 0 0 0.1 
VI 65 3lf 3lf 38 5 0.75 
VI 79 33f 44f23 
VI 177 33f 44/23t 4 
VI 140 37f46/17t 2 20 0.6 
VI 83 lOf 25/65 6 0.9 
v 118 47/44/Bt 
v 51 5lf 49f0 1.5 20 0.8 
v 119 46/45f9 

Rough estimate only. 

Heavily weathered boulders were grusy or strongly pitted. 

Sites are shown in J:t'1g. 5-32. 

Glacial advances V, VI, and VII probably correspond to the Hilgard, 
Recess Peak, and Matthes neoglac1al advances, respectively. 

Number of boulders counted for the GWR. 

Granodiorite Weathering Ratio: the percent of granodiorite or quartz 
monzonite boulders in each of three classes based on degree of weath­
ering (heavily weathered; lightly weathered, or fresh, respectively). 
See Ch. 2. 

Weathering relief; maximum depth of pit5 or maximum height of diorite 
inclusions above the boulder surf ace. 

The diameter of the lichen thalli or colonies refers only to the yellow­
green lichen. See Ch. 2. Because colonies may grow together from dif­
ferent nuclei!, if this is suspected the largest minimum diameter is 
reported. Diameters are approximate. 

Lichens of all species were counted. 
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region were roughly equally distributed among weathering classes. The 

most heavily weathered boulders had grusy surfaces, with diorite inclu­

siuns ::ttanding as much as 4 cm in relief. In general, lichens were 

well established and were found on more than half the boulders. Yellow­

green lichens were present; at the two locations were their sizes were 

measured they were ~ 5 cm and ~ 20 cm. These correspond roughly to ages 

of 1000 y and 4000 y, if the growth-rate charts of Curry (1968) are 

applicable here, 

Few boulders frum the neoglacial till below the cirque region 

(advance V) were unweathered. The contrast with the younger till 

(VI) was pronounced, Lichen cover and weathering relief were similar, 

however. 

An old bench supporting perhaps 50 m of diamicton is seen above 

3660 m (12,000 ft) elevation just east of the Sierra Crest and southwest 

of the upper Parker Lake. This surface was not vl~ited, However, it is 

cut by the late Wisconsin cirque, which it thus predates. Other evidence 

for relict geomorphic features in Little Onion Valley is scarce. The 

south wall contains only numerous avalanche chutes terminating on the 1:1teep 

cliffs of the trim line. On the· north wall, the ridges leading S30°E 

and S70°E from the summit of Mt. Mary Austin are truncated at 3660 m 

(12,000 ft) and 3535 m (11,600 ft) elevation, respectively. The truncated 

spurs form triangular facets whose apices are 370 m above the present-day 

South Fork. If they are remnants of an ancient line of cliffs, their 

equivaleuL1::1 un the suuLh side uf Litt.le Onion Valley would be at least 

as high as the present-day ridge. 
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Summary 

The moraines of the South Fork of Oak Creek are among the best pre­

served in the Southern Sierra. Four pairs of moraines of late Pleistocene 

age were found at the range front. These could only be assigned to three 

different stages, correlating to I(?), II, and IV of Independence Creek. 

Advance III, so prominent in Onion Valley, appeared to be missing. It 

may be that the two moraines assigned to advance IV would be separable 

if more Vp data were taken, and that the older actually belong~ to 

advance III, or it may simply be that moraines of advance II were thin 

veneers of till which were readily eroded from the inner flanks of the 

massive Tahoe (II) moraine by undercutting by the South Fork. 

As at Independence Creek, three different ages of fan deposits were 

recognized. The oldest deposits (I?) were found at the margins of the 

advance II fan. The latest Pleistocene and Holocene fan was deposited 

north of the advance II fan following overtopping by the fan of a ridge 

of the foothills and subsequent capture of the South Fork, probably near 

the end of advance II. Rapid down-cutting of the creek following this 

event was probably for the well-preserved terraces found in the upper 

fan. The cirque and upper reaches of the canyon of the South Fork con­

tained neoglacial deposits of three ages, corresponding to advances V-VII 

of Onion Valley, or the Hilgard, Recess Peak, and Matthes glacial stages. 

Minor glaciers are still found under the steep and shady cliffs in the 

southern part of the cirque today. 

Ancient diamictons were found on a bench above the Wisconsin-age 

cirque and on a ridge in the foothills, east of the range-front fault. 

Grooved boulders in the diamictite of the foothills may indicate a glacial 
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history, but these boulders may have been redeposited and there is no 

evidence that the diamicton was actually a till. If the grooves were 

of glacial origin, then this is evidence of early Pleistocene glaciation 

in the southern Sierra Nevada, even if the diamicton were a fanglomerate. 

If incision rates of the foothills are comparable to that of Coyote 

Creek (Bateman, 1965), then the diamicton may be roughly equivalent in 

age to the Sherwin glaciation. 
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5.4 NORTH FORK OF OAK CREEK 

Introduction 

The North fork of Oak Creek arises at 3595 m (11,800 ft) elevation 

under Diamond Peak on the Sierra Crest. After joining with a tributary 

which drains the northern slopes of Black Mt., it flows east 5 km to the 

Independence Fault on the range front and 5 km through the foothills to 

the confluence with the South Fork at 1325 m (4350 fL) ~levaLlon. 

The southernmost lavas of the Big Pine volcanic field are found on 

the foothill ridges between the North Fork and Charlie Canyon and in the 

alluvial fan and canyon of the North Fork itself. These consist of flows 

of olivine basalts, which generally overlie pyroclastic beds of basalt 

bombs and blocks in a matrix of lapilli, ash and granitic cobbles and 

grus. Petrographic descriptions are found in Moore (1963), Darrow (1972), 

and Moore and Dodge (1980). Moore (1963) identified a vent at 2560 m 

(8400 ft) elevation in the unnamed northern tributary to the North Fork. 

Darrow (1972) felt ·that more than one eruptive center was active 

because the lava flows rested on extensive beds of pyroclastic debris. 

Both Darrow and Moore agreed with Knopf (1918) that the lava flows of Oak 

Creek are among the earliest of Lhe volcanic field, citing the extensive 

erosion and alluviation of the outcrops. Moore argued that the flows 

conformed to the present topography but were buried by Tahoe moraines, 

and he concluded that they were early Pleistocene in age. Darrow 

attempted to establish eruptive sequences but could not, because of the 

lack of contiguity of outcrops and lack of petrographic similarities. 

Moore arid Dodge (1980) have since recogulzetl at least two different 
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basalts from Oak Creek based on KzO and SiOz content and on mineralogy. 

Potassic olivine basalts were found on ridges and on the fan, while 

alkalic olivine basalts were found in the canyon itself. In one sample 

of the latter group (at 36°50.3'N, 118°16.S'W) plagioclase was the domi­

nant phenocryst, but in all other flows olivine was dominant. Both 

Moore and Dodge (1980) and Darrow (1972) comm~nt~d thAt throughout the 

Sierra Nevada and the Big Pine volcanic field in particular, composi­

tional trends with time were difficult to identify and were subordinate 

to apparently random differences. 

At least three different ages of lava are indicated by the morpho­

logic setting: (1) old lavas on present ridges; (2) lavas on high 

terraces; (3) young lavas near the present stream channel. Morainal 

deposits and perhaps outwash lie atop the youngest lavas. The Quaternary 

geology of the North Fork is of interest primarily because of the insights 

into erosion and tectonic rates and glacial chronology afforded by these 

relationships. 40Ar-39Ar dating of several basalt samples was us,~d to 

provide chronologic control for these studies (Ch. 4). 

Discussion of the geology is divided into a summary of the bedrock 

geology, discussions of the Quaternary geology of the alluvial fan and 

the foothills, and discussions of the late-Pleistocene moraines near the 

range front and of the geology of the headwaters of the North Fork. 

Summary of Bedrock Geology (Moore, 1963) 

The upper reaches of the North Fork of Oak Creek erode the same 

rock units as the South Fork, with the addition of sheared and gneissic 

granodiorite of the White Fork pluton. Near the lower end of the 
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Pleistocene glaciers, the drainage contains the dark granodiorite of the 

McDoogle pluton and a wide variety of maf ic plutonic rocks. The northern 

tributary to the North Fork is cut primarily into Tinemaha granodiorite. 

Below about 2620 m (8600 ft) elevation basalts have erupted through the 

McGann (quartz monzonite) or the McDoogle pluton. Inclusions of the 

McGann quartz monzonite and also dunite xenoliths are common in these 

basalts. 

The foothill block consists mainly of McGann quartz monzonite, 

intruded locally by granitic dikes. Several normal faults besides the 

Independence Fault break the foothills. Most of these also break the 

basalt flows. 

The Alluvial Fan of the North Fork of Oak Creek 

The alluvial fan of the North Fork of Oak Creek covers an area of 

about 16 km2. It may be divided into two parts, the larger of whlch 

contains roughly 70% of the fan and is currently inactive. Most of this 

older fan lies north of the modern stream. Its latest deposits appear to 

be of early Wisconsin age. The younger fan is found along the modern 

channel of the North Fork, chiefly southeast of Oak Creek Camp (see 

Plate I). 

The older fan contrasts with the younger in the redder color of 

its soil and in the greater proportion of weathered boulders exposed on 

its surface. However, the fan was apparently constructed over an extended 

period, and its weathering characteristics are variable. Fanglomerate 

from the period is exposed well in cuts along the new road just northwest 

of Oak Creek Camp. The soil is deeply weathered and rich in clay. 
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Disintegrated granitic boulders are common. On the same fan surface is 

found debris containing relatively unweathered granodiorite boulders, 

chiefly near the fan head at 1585 m (5200 ft) elevation and also north 

of the isolated low bedrock hills near Oak Creek Camp. These relatively 

fresh deposits probably mark the final course of the North Fork down the 

main axis of the fan before the stream shifted south and ultimately 

overtopped the bedrock ridge below Oak Creek Camp. When this occurred, 

the stream flowed into a depression previously shielded from alluviation; 

in consequence of the new steep gradient, the bedrock ridge and the fan 

behind it were quickly incised about 15 m so that the North Fork became 

trapped in its modern course. 

Basalt from at least two early volcanic eruptions flowed over the 

older fan and is exposed at the fan surface or on the walls of the arroyo 

leading east from McGann Springs. The older basalt yielded a 40Ar_39Ar 

age of 1.13 ± 0.07 my (Ch. 4). At least on Lhe fan the older: basalt 

commonly has distinctive light-colored polygonal segregations that seem 

to contain fewer opaque minerals than the rest of lava. Granitic 

.11.enoliths are r.are. In 'contrast, the younger basalt is devoid of the 

segregations and has abundant granitic inclusions. However, the most 

significant difference appears to be in the alluvial cover. Some outcrops 

of the older basalt are buried by an ancient fanglomerate from which 

most of the granitic boulders have been removed by granular disintegration. 

Boulders exposed in the arroyo below the level of the older basalt were 

thoroughly grusy. On the other hand, granitic cobbles exposed beneath 

the younger flows were still competent. 

The eruption of the 1.13-my-old basalt predated the cutting of the 
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modern canyon of the North Fork through the foothills. The lava is now 

found on the highest ridge tops. An erosion remnant of this lava caps 

the end of the northern ridge of the canyon, at 1700 m (5600 ft) eleva­

tion. In the roadcut at the top of the ridge the underlying surface of 

disintegrated quartz monzonite bedrock is well exposed, dipping steeply 

eastwar.d. The contact can be traced down the northeastern side of this 

ridge for about 100 m to the aquifer recharge canal at the head of the 

fan. It does not appear to have been faulted. 

As much as 10 m of the ancient f anglomerate covers an equivalent 

thickness of the 1.13-my-old lava near the northern edge of the alluvial 

fan. The depth of burial decreases to zero along the banks of the arroyo 

from McGann Springs. Hypothetical coeval flows along the axis of the 

fan might be buried more deeply; where the fan is incised - 25 m by the 

modern North Fork, no ancient lava is exposed. 

The ancient fanglomerate that buries the old basalt forms a smooth 

reddish surf ace of rock chips and sand, with few boulders. Those resis­

tant boulders that stand above the surf ace are chiefly metavolcanic 

rock from the headwaters of the North Fork. Granitic boulders were 

weathered flush with the surface of the fan. 

Exposed beneath the level of the basalt in the arroyo are thoroughly 

decomposed and rounded boulders of McGann quartz monzonite. The ancient 

surface on which the flow ended was apparently depositional and probably 

much like the fan today. That no exotic boulders were found shows that 

the basalt did not exit from the foothills through the main channel of 

the ancient North Fork. If it had, underlying deposits would have included 

the metavolcanic boulders from the headwaters of the river. The lava either 
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flowed down a broad pediment away from the North Fork, or flowed down the 

North Fork's shallow channel, overtopping its banks at the eastern end 

of the foothills and flowing onto locally derived alluvium below. 

To the south and east of the older basalt, the ancient fan surface 

is buried by younger debris. This appears to have originated from a point 

near the 1700 m (5600 ft) contour on the modern channel of the North Fork. 

The younger- basalt flows are at:1isociated with this younger fanglomerate, 

and they appear to have radiated from the same point. Thus these flows 

seem to have postdated the cutting of at least most of the canyon of the 

North Fork through the foothills. Finally, these younger flow& are at 

most thinly covered by debris, and much of the flows crop out well above 

the fan surface. Thus the eruption of the younger lava was close in time 

to the abandonment of the older fan. 

The modern North Fork has cut a channel at least 20 m deep through 

the older fan west of Oak Creek Camp. This is now partly filled by mid-

to late-Wisconsin glacial outwash. Near the confluence of the North Fork 

and Charlie Creek, a young basalt flow is capped by this outwash. The 

base of the flow is only a few meters above the modern stream level, and 

it seems clear that this flow predates the later stages of the Wisconsin 

glaciation and postdates the abandonment of the fan. 

Thus at least three episodes of volcanism are recorded on the fan 

of the North Fork, ranging in age from 1.13 my BP to perhaps less than 

0.1 my BP. Dating of the two younger flows would be of interest in 

establishing growth rates for fans of the eastern Sierra Nevada; it is 

unfortunate that to do so was not feasible during this study. 

The younger fan, probably consisting of reworked glacial outwash of 
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the Wisconsin glaciation. has not yet filled the depression southeast of 

Oak Creek Camp. This fan probably has a volume of about 0.026 km3. 

If deposition occurred in the last 0.1 my, an average aggradation rate of 

only ,.., 0.2 mm/y is implied for the larger old fan. Thus the 1.13-my-old 

lava might be buried by an average of 22 m of fanglomerate, assuming con­

stant deposition rates. Incomplete burial of the younger flows argues 

for an age of less than perhaps 0.25 my. 

S~ll!!"ary 

The North Fork fan consists of a smaller modern fan and a larger 

ancient fan abandoned no later than the early Wisconsin glaciation. Three 

different lava flows, two on the abandoned fan and one beneath mid- to 

late-Wisconsin glacial outwash in terraces of the modern fan, provide an 

unusual opportunity for dating the growth of the fan. The oldest flow was 

dated at 1.13 my; the others have not yet been dated. 

From the estimated volume of the younger fan, created since the 

early stage of the Wisconsin glaciation, the growth rate of the older fan 

appears to be about 0.2 .mm/y. This rate is comparable to those estimated 

for the Independence Creek fan ( ,.., 0.1 mm./y) and in the White Mountains, 

California (0.22 mm/y; Beaty, 1970). 

The Foothills 

For 2.5 km west of Oak Creek Camp the North Fork flows against the 

foothills to the south. The ridges of the foothills here are part of 

the ancient gently east-dipping eroded surface found below 1700 m (5600 ft) 

elevation on the ridge between Charlie Canyon and the South Fork. Two 
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higher surf aces found there were not recognized near the North Fork. 

Instead, both ridges now dip eastward about 10°. Fig. 5-33 compares the 

longitudinal profiles of the three ridges between the South Fork and 

Thibaut Creek. A generalized topographic map showing these ridges and 

the North Fork is also shown. The ridges on either side of the North 

Fork have remarkably similar profiles east of the range-front fault. 

The northern of the two is the one that is capped by the small outcrop 

of 1.13-my-old basalt. More extensive basalt outcrops dated at 1.18 ± 0.05 

my (Ch. 4) cap the southern ridge, and both ridges appear to be relics 

of the same ancient erosion surface. The lavas capping the southern 

ridge (Fig. 5-34) are as thick as 50 m; however, dates of samples from 

high,in the flow are not significantly lower than those from the base. 

The entire series of flows therefore seems to have been erupted over a 

short period of at the most a few tens of thousands of years. The ridges 

on both sides of the North Fork now stand more than 175 m above the 

creek, and both are at least a comparable amount lower than the foothills 

to the south. Thus the ancient lavas appear to have flowed across the 

ancient foothills at a time when the North Fork had already cut deeply 

into them. The geometry of the foothill surface ~ 1 my ago may be seen 

in the generalized topographic map of Fig. 5-33b. The modern canyons of 

the South Fork and of Charlie Creek have been smoothed over in this map 

to emphasize the general topography of the foothills. The location of 

the modern Charlie Creek appears to be on the southern margin of an 

embayment whose bedrock floor was at least 200 m below the foothills 

to the south. 
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East air 

BASALT 

RIDGE BETWEEN N. FORK S. 
CHARLIE CREEK 

RIDGE 6ETWC:CN CHARLIE: CREEK S. 

SOUTH FORK 

VERTICAL EXAGGERATION· 5.25X 

b 

5km 

CONTOUR INTERVALS: 
400 f1. (122m) 

Fig. 5-33. Topography of the foothills near the North Fork of Oak Creek. 
Basaltic lavas were erupted 1.2 my ago from vents on the 

Independence Fault or farther west. The basalt outcrops preserved today 
are found capping ridges. The east-west profile of the major ridge (a) 
is similar to but - 150 m higher than the profile of the modern North 
Fork. However, the basalt-capped ridge is as much as 390 m lower than 
the foothills to the south. A generalized topographic map (b) with the 
modern canyons smoothed over shows that the lava seems to have flowed 
through a broad channel or embayement through the ancient foothills. 
Thus the ancient erosion surf ace of the foothills signf icantly predates 
the eruption of the basalts. If erosion rates have been constant over 
the Pleistocene Epoch, the surface probably dates from the late Pliocene 
Epoch. Topographic data are from the U.S. Geol Survey, Mt. Pinchot 
Quadrangle (1953). 
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Fig. 5-34. The foothill ridges between Charlie Creek (foreground) and 
the North Fork of Oak Creek are capped by 20 m to 60 m of 

basalt flows overlain by as much as 25 m of f anglomerate. The basalt 
has been dated at 1.18 ± 0.05 my. The outcrop of fanglomerate is about 
bUU m in length. Charlie canyon is about 200 m deep. View is to the 
north. 



548 

Incision rate of the North Fork 

The incision rate of the North Fork during the last 1.2 my can be 

calculated since the ridge-top basalts have been dated, This rate is 

~ 0.14 mm/y, about a factor of two less than the incision rate inferred 

for Coyote Creek (Bateman, 1965). Furthermore, this rate for the North 

Fork must be a lower limit, because subsequent to the eruption of the 

lavas enough time passed for the North Fork to deposit at least - 25 m 

of f anglomerate atop the basalt. At late Pleistocene deposition rates 

for the North Fork fan this may represent a ~ 0.13-my period. Thus the 

average down-cutting rate may have been ~ 0.16 mm/y. This figure is 

still a lower limit, because there may have been a lengthy period after 

eruption and before deposition of the fanglomerate. If this incision 

rate applies to the entire Pleistocene Epoch, then the highest surf ace of 

the foothills may have been formed during the late Pliocene Epoch, about 

2.5 my ago. This suggests great antiquity for the fan deposits with the 

grooved boulders (§5.3) found on this surface near the South Fork. 

The fanglomerate atop the 1.2-my-old basalt 

The fanglomerate overlying the ridge-top basalt (Fig. 5-34) is at 

about the same elevation as Lhe diamicton north of the South Fork. 

Metavolcanic boulders from the ancient fan deposits were examined for 

glacial scratches or other direct evidence of weathering. While no stri-

ated boulders were found, uLher feat.ure1:> charact.erlt1Llc uf glacial erosion 

were plentiful. These included rounded and facetted metavolcanic boulders, 

boulders with crescentic gouges (Fig. 5-35), and boulders with parallel 

grooves oblique to foliation. These grooves were somewhat coarser (1 mm 

across) than the distinctive fresh scratches, but they have no obvious 
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Fig. 5-35. Metavolcanic boulders showing crescentic fractures and 
gouges. Hammer (top) and knife (bottom) give scale. Boulders 

were found in fanglomerate overlying a 1.2-my-old basalt, on a ridge top 
about 125 m above the North Fork of Oak Creek. 
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origin other than glacial abrasion. Thus while unproven, an ancient 

glaciation after 1.2 my BP but long before the Tahoe glaciation is a 

definite possibility, from this evidence. This would seem to correlate 

with the Sherwin glaciation (>0.7 my BP} elsewhere in the Sierra Nevada. 

Presently, no good lower age limit for the ancient fan gravels can be 

determined. They predate early Wisconsin moraines found near the bottom 

of the modern North Fork, however. 

Terraces in the canyon of the North Fork 

The modern canyon of the North Fork apparently did not cut through 

the ridge-top basalt and the underlying bedrock in a single episode. At 

least one and perhaps two terraces are cut into the bedrock northwest of 

the Baxter Pass trail head at 1830 m (6000 ft) elevation. These terraces 

are 35 m and 20 m above the prominent mid- or late-Wisconsin glacial out­

wash plain into which the North Fork has cut an additional 17 m. The 

highest preserved terrace, 52 m above the North Fork, is marked on the 

north side of the canyon only by a thin nutl!rop of flow basalt •. The 

lower of the ancient terraces is revealed by deeply weathered and eroded 

bedrock ribs that once formed a continuous bench. These are best seen 

on the north canyon wall 150 m downstream from the lowest deposits of 

early Wisconsin glacial outwash. Fifteen meters below the lava flow of 

the top terrace, a dense concentration of basalt blocks and boulders is 

found. This may represent an individual flow, or it may be talus from 

the higher flow. 

The south wall of the canyon likewise has at least one cut terrace. 

This is best displayed about 200 m southeast of the confluence of the 

North Fork and its northern tributary (Plate I). Large blocks of flow 
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basalt on these ledges are partially buried by quartz monzonite and 

basalt talus from the ridge above. These blocks may simply have fallen 

to the terrace from the outcrops on the ridge top. Thus there seems to 

have been at least one hiatus in the incision of the foothills, after 

1.2 my BP but before the Wisconsin glaciation. This time could be found 

by dating the basalts of the 52-m-high terrace. This date would also 

provide a lower limit to the age of the fan deposits atop the ridge south 

of the creek. The ages of the terraces may be estimated from the average 

incision rate of the North Fork (~ 0.16 rnm/y): the highest terrace, 52 m 

above the creek, may be about 0.33 my old; the lower terrace, which at 37 m 

above the creek is at about the level of the abandoned fan and the top of 

the early Wisconsin glacial outwash, appears to be about 0.23 my old. 

Basalt flows underlying the early Wisconsin glacial deposits are 

found only a few meters above the modern stream level. These may be 

~ 0.1 my old or more. Thus incision of the North Fork through bedrock 

in the last ~ 0.1 my has been negligible, and the average rate of incision 

before that was more like 0.18 rnm/y. The reason for this apparently 

variable rate is uncertain. It could simply be that repeated volcanic 

flows and the subsequent continuing influx of large amounts of outwash 

during the Wisconsin glaciation reduced the ability of the North Fork to 

erode efficiently. 

Faulting and tilting within the foothills 

The 3-k.m-long ridge between Charlie Creek and the North Fork, capped 

by the l.2~my-old basalt flows affords an opportunity to estimate the 

amount of normal faulting within the foothill block during the last half 

of the Pleistocene Epoch. 
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Th~ Tidge now slopes about 10° to the east, compared to the gradient 

of 8.6° for the modern North Fork through the foothills. The ridge has 

been offset vertically along at least four normal faults (Plate I), and 

three of these appear to have broken the basalt flnwR. However, the off­

set on each fault appears to have been less than 15 m, and two are even 

antithetic (west side down). Thus cumulative offset across a 2.5-km-wide 

zone of the foothills during the last 1.2 my was neglible. and the 10° 

slope for the ridge is probably close to the ancient slope, unless there 

has been regional tilting. Eastward tilting of even 5° appears to be 

ruled out, though, because the east-west ridge between Charlie Creek and 

the South Fork is virtually level for 1.6 km, and such a regional tilt 

would have dropped the eastern end 140 m. Thus the foothill block does 

not appear to have been tilted during the Quaternary Era, and faulting 

appears to have been concentrated on the range front itself and not dis­

tributed throughout the foothill block. 

Normal faulting within the foothills but east of the basalt-capped 

ridge is not ruled out by the discussion above. The stepped appearance 

of the foothills, especially south of the confluence of Charlie Creek and 

the North Fork, certainly seems to indicate as much as ~ 280 m of vertical 

displacement (east side down). Still other normal faults are possible 

at the eastern edge of the foothill block. However, as observed farther 

south, there were scarps on the early Wisconsin fans, so the offset 

history is problematical and activity, if there was any, seems to have 

been confined Lu Lhe early Pleistocene Epoch. The Independence Fault 

appears to have been active as recently as the late Pleistocene Epoch. 

Two parallel scarps ~ 50 m apart and perhaps ~ 10 m high (Fig. 5-36) 
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can be seen in the foothills north of the North Fork. The eroded scarps 

clearly do not break the mid- to late-Wisconsin outwash in the channel 

of the North Fork, and they were not recognized in the foothills south 

of the river. The scarps do not intercept the early Wisconsin left­

lateral moraines and outwash, and it is not clear whether the equivalent 

left-lateral moraine was offset. Thus the scarps are at least several 

tens of thousands of years in age, and may exceed ~ 65,000 y. the 

probable lower age limit of the early Wisconsin glacial stage. 

Glacial Moraines and Outwash 

Advance II 

Glacial deposits of at least three ages can be seen below 2745 m 

(9000 ft) elevation (Fig. 5-37). The oldest is the right-lateral moraine 

and outwash found east of the Independence Fault. The moraine appears 

to have extended down to at least 1950 m (6400 ft) elevation. It has 

been heavily eroded, perhaps because it lies atop basalt which is easily 

undercut by the river. ·Granitic boulders tend to be well weathered, but 

the cavernous forms seen on many old moraines are not present. No mor­

phologic moraine north of the creek remains; the high terrace consists 

mostly of glacial outwash. The top is level with the lower cut terrace 

in the canyon wall 20 m above the mid-Wisconsin outwash. Exotic rounded 

boulders found on the northern wall of the canyon upstream at the level 

of the projected top of the outwash confirm that the deposit was once 

more extensive. From its degree of preservation and weathering, this 

moraine is assigned to the Tahoe stage. It is probably correlative with 

advance II of Onion Valley. The age of the underlying basalt is an 
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Fig. 5-36. Late Pleistocene scarp of the Independence Fault, north of the 
North Fork of Oak Creek. The scarp, accentuated by late 

aflernoon shadows, is about 10 m high and cuts a skirt of debris fallen 
from the eastern escarpment of the Sierra Nevada. View is to the north. 
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upper limit to the age of the Tahoe-stage glaciers of the North Fork. 

The basalt, whose base is only a few meters above the modern stream, 

appears to be quite young, so that even as a limit its age could be 

important. Unfortunately, this age was not successfully measured. A 

tentative value from a single sample was - 0.2 my, but the 2cr uncertainty 

is propably close to 75%. 

Advance III 

The fill terrace between the moraine and the Tahoe outwash may be 

traced on the narrow septum separating the North Fork from its northern 

tributary to about 2240 m (7350 ft) elevation. Ancient shallow river 

channels are preserved on the top of the ridge. South of the North 

Fork, the outwash appears to grade into a small erosional remnant of the 

right-lateral moraine at 2135 m (7000 ft) elevation. The Baxter Pass 

trAil prncesds up this mnrAine whose morphologic crest is no more than 

"" 25 m higher than the septum. Boulders from this eroded feature are 

less weathered than those from the lowest moraine, but no fresh boulders 

with original gla("_i;:illy abraded 1:mrfaces were found. Together with the 

deep incision of the outwash by the North Fork--17 m to 25 m at the 

rock septum--this argues that the age is at least mid-Wisconsin, probably 

the equivalent of advance III of Onion Valley (Tenaya stage). No left­

lateral moraine of this advance was observed. 

It must be noted that not all the erosion of the bedrock septum need 

have occurred after the Tenaya glaciation. M. M. Clark (oral comm., 

1979) has observed deep steam-cut notches with glacial striae on the 

walls near Sonora Pass in the northern Sierra Nevada. Apparently the 

glacier may fill and polish the subsurface topography without necessarily 
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obliterating it. Subglacial stream erosion has also been observed (e.g., 

Embleton and King, 1975) and could help explain the deep incision in 

bedrock, 

Advance IV 

Scattered glacially transported boulders are found above the Baxter 

Pass trail from 2345 m (7700 ft) to 2560 m (8400 ft) elevation. No 

moraine is seen on either wall of the canyon. However, above 2390 m 

(7840 ft) elevation on the North Fork a massive left-lateral moraine is 

found. This probably correlates to advance IV of Onion Valley (Tioga 

stage). No correspondlng r!ghL-laLeral morct!ne ls preiserved, but above 

2560 m (8400 ft) elevation for 275 m the Baxter Pass trail crosses forested 

slopes which appear to be till partly buried by talus~ This till is pro­

bably from the eroded moraine. 

The left-lateral moraine has been largely unmodified by erosion. 

Much of the moraine crest south of a narrow, delicate bedrock ridge 

(which may have been a nunatak in earlier glaciations) has been covered 

by talus. The moraine blocked off the drainage behind this ridge, and the 

alluvium thus impounded apparently overtopped the moraine. Where this 

happened, the moraine was breached by the tributary and has been severely 

eroded, leaving a plunging, sharp ridge which may be mistaken for the 

moraine crest. The moraine east of the incision buried an old basalt 

flow. At some point a stream flowing alongside the glacier cut a channel 

perhaps 6 m deep in the top of the lava. A second 2-m-deep channel cut 

in the first shows there were two episodes of erosion. This abandoned 

channel probably marks the downstream limit of the glacier of advance 

IV. The elevation at this point on the North Fork is 2340 m (7680 ft). 
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Because of the massive character of the moraine upstream and the absence 

of streams, had the moraine extended farther downstream to blanket the 

septum it would probably still be evident today. 

The North Fork at the downstream limit of the advance IV glaciers 

has cut only an estimated 4 or 5 m through bedrock, probably since the 

last glacier retreated. Boulders on rare unmodified and unvegetated 

parts of the crest are moderately weathered but do not appear greatly 

younger than those from the advance III moraine below. The trim line on 

the southern wall is distinct and fresh west of the terminus. To the 

east it is not so obvious. The above features certainly stand in suf­

ficient contrast to the advance III (Tenaya) moraine to warrant a separate 

age assignment. Only a short distance upstream from the advance IV term­

inus is nested a fourth moraine. Both lateral moraines may be seen near 

its terminus at 2500 m (8200 ft) elevation. Indeed, the moraine is 

barely breached by the river. About 200 m upstream the right-lateral 

moraine is largely buried by fresh talus. The left-lateral moraine is 

very brushy, and no good exposures of crest were found. 

Above the terminal of the fourth moraine, the valley of the North 

Fork has the same broad character distinguishing the recently glaciated 

upper Onion Valley. The stream is incised only 5 m through ground till. 

A terrace is found about 2.5 m above the modern stream. The moraine 

certainly is of latest Pleistocene age (late Tioga stage), and the terrace 

may have been cut during the retreat of a Holocene glacier higher in the 

valley. 
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Basalt outcrops weat of the Independence Fault • • • 

The basalt beneath the oldest preserved moraine of advance IV 

appears similar to the basalt found in the northern tributary at about 

the same elevation. Both basalt flows seem to have followed pyroclastic 

activity leading to the deposition of coarsely bedded mudflows containing 

cinders and blocks along with grus and stream cobbles. However, the 

apparent total absence of basalt on the ridge between the two creeks is 

evidence that the two were erupted from separate centers, although both 

may have been active at about the same time. The dip of the North Fork 

lavas, conformable with the slope of the canyon wall, indicates that 

they were erupted locally and were not deposited as a "backwater" of 

some deep flow from the northern tributary. Both lavas may be correlative 

with the youngest lavas found in the bottom of the canyon of the North 

Fork east of the Independence Fault. Since those lavas were probably 

pre-Wisconsin in age, dating the basalts under the advance IV moraines 

could not be expected to give a useful upper limit to the Tioga stage. 

In searching for the vent of the flow on the North Fork, cobbles of 

basalt were found in chutes leading to a small outcrop near the .top of 

the ridge between the two creeks, at 2805 m (9200 ft) elevation. From 

its position alone, high on a thin ridge, it seems probably that this 

basalt is of great age. It must have been erupted before the deep canyons 

of the two creeks were cut, but its age and correlation with other basalt 

flows were not established. However, evidence of ancient volcanism within 

the North Fork drainage increases confidence in the hypothesis that the 

ridge-top basalts could have originated west of the Independence Fault. 

If this high vent area were the source of the ridge-top basalt below, 
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then the elevation change of 550 m would be the sum of the actual vertical 

drop of the ancient lava flow and the subsequent tectonic offset along 

the Independence Fault. There is no way now to resolve these components. 

However, i! the ancient North Fork had the same gradient across the range 

front that it has today (15°), then the total fall in the canyon was 

only 425 m. The remaining 125 m must include the height of the vent 

above the ancient canyon floor, and would thus be an approximate upper 

limit to tectonic offset in the last 1.2 my. This speculative offset 

rate, < 0.1 mm/y, is comparable to the modern rate along the Independence 

Fault at Onion Valley. 

Glaciation in the Northern Tributary to the North Fork 

Glaciers arising in the cirque under the southeast face of Mt. Baxter 

descended the unnamed canyon below to a point near its confluence with 

the larger canyon of the North Fork of Oak Creek (Fig. 5-38). Because of 

extensive erosion and colluviation, it was not possible to identify 

moraines older than advance IV, but it is likely that during the Tahoe 

stage (advance II) the glacier could have merged with the main ice stream. 

It seems fairly certain that an early or mid-Wisconsin glacier reached at 

least to the basalt outcrops found at about the 2560 m (8400 ft) elevation. 

In addition to locally derived colluvium, the lavas are overlain by debris 

containing round granitic boulders and gabbro clasts from the mafic pluton 

to the west. Both are exotic; neither could have been transported by 

downslope movement alone. One possibility is that they were transported 

by a glacier older than advance IV and younger than the lavas. However, 

even if the boulders do reflect an early glacial history, a precise 
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radiometric age on the lava would be of little u~P in determining the 

glacial chronology, since the relative age of the glacial deposits is 

unknown. 

The sides and top of the steep rock gorge np~tream from the lava 

shows patches of glacial polish and striae. Fresh-looking cliffs on the 

south wall of the canyon above the gorge are found down to an elevation 

of about 2610 m (8560 ft). The snout of the glacier which left these 

traces must have reached downstream at least as far as the vent area. 

The canyon above 2670 m (8800 ft) elevation is filled by a youthful 

"dump" moraine, probably belonging to advance IV on the Tioga stagi:>. 

Such a moraine arises in steep terraine when the glacier ends in an ice 

fall rather than a well-defined and stable snout. The lateral moraines 

arc poorly developed and merge with end moraines and ground till. Semi­

quantitative weathering data gathered for this and younger moraines in 

the cirque itself are compared in Table 5-17. Neither the granodiorite 

weathering ratioo nor the degree of boulder roundness or angularity 

showed any variation over the latest Pleistocene and Holocene moraines. 

Apparently insufficient time elapsed for weathering to modify these para­

meters. Interestingly, the ratio of granodiorite to aplitic boulders 

seemed to decrease with age. It is difficult to attribute this to weath­

ering, because the other parameters (GWR and roundness) which should be 

more sensitive to light weathering showed no trends with age. Thus it 

seems most likely that variations in boulder composition, especially this 

close to the cirque, are best attributed to variations in provenance and 

mixing of debris from different glncierettes within the cirque itoelf. 

Curry (1968, 1969) has experimented using the maximum size of 
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Table 5-17 

Relative Age Data for Moraines on the Northern Tributary 
of the North Fork of Oak Creek. 

Lichen 
Th;i 1 li Fr.~ction 

Site 1 Advance 2 
No. of 

Boulders3 GWR~ Roundness 6 
Diameter 6 

cm 
of Bo·..1lders 
with Lichen 7 

e 
d 
c 
b 
f 
a 
i 
g 
j 
h 

2 

4 

6 

7 

VI-Vll 0.15,0.50 
Vl-Vll l 0.35 
VI-Vll 0 0.20 
Vl-Vll 100 4/96/0 100/() 1/70/28/l 0 0.10 
VI-Vll 0.45 
VI 85 18/72/0 90/10 11/32/ 54/3 5 0.70 
v 192 14/76/10 98/2 9/78/14/0 
IV 120 4/90/6 81/19 9/38/ 53/ 0 0.80 
IV 61 7/93/0 69/ 31 7/35/55/2 
IV 38 5/89/6 68/ 32 6/29/57/9 

Sites are shown in Fig. 5-38. 

Glacial advances are those of Onion Valley. Advance VII corresponds to the Matthes 
neoglacial stage; Vl to the Kecess Peak stage; and V to the Hilgard stage. Advance 
IV is the Tioga stage of the Wisconsin glaciation, and advance II is the Tahoe stage. 

Number of boulders for the GWR measurements. 

Granodiorite weathering ratios. The percent of boulders in heavily weathered, 
lightly weathered, and unweathered categories is shown. See Ch. 2. 

Granodiorite/resistate boulder ratio, in percent. See Ch. 2. 

The percent of granodiorite boulders in four categories is shown. 
categories are: angular, sub-angular, sub-rounded, and rounded. 

Minimum diameter of the largest colonies of yellow-green lichen, 

Boulders with lichens of any species are counted. 

In order, the 
See Ch. 2. 
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yP 11 ow-grf'>f'>n 1 i c.henf'l (see Ch. ?. ) as an indicator not on 1 y of rP 1 ;::it i ve 

age, but also of absolute age in the Sierra Nevada. Variability of the 

parent rock type seemed to preclude effective use of lichenometry in the 

North Fork and its tributary. Lichen growth seemed to be controlled not 

only by rock type but by location with respect to sun and wind, depth of 

weathering of joints, and other factors. However, Table 5-17 shows that 

the percentage of boulders with lichens did seem to increase with the 

apparent age of the moraine. 

Age assignments were thus based on lichen frequency and vegetative 

cover. The youngest moraines were thought to be somewhat older than the 

Matthes neoglacial advance (advance VII) of Onion Valley, because a 

fraction of the boulders had lichen growth. The youngest Matthes 

moraines in Onion Valley and elsewhere had no lichens at all. These 

moraines were mapped as intermediate in age between the Recess Peak (VI) 

and Matthes advances, because they could be distinguished from young 

neoglacial moraines (advance VI) at the mouth of the cirque. Forested 

moraines between the cirque moraines and the advance IV "dump" moraine 

were assumed to belong to the Hilgard neoglacial advance (V). 

Absence of the youngest glaciers in the cirque under the high Mt. 

Baxter (4000 m elevation) is probably attributable to the southeast 

exposure and the relatively low elevation of 3400 m of the cirque. The 

cirque under the shaded north face of Mt. Baxter, 250 m higher, did have 

obvious Matthes glaciers. 

Basalt flows in the northern tributary 

The basalt flows at 2560 m (8400 ft) elevation were erupted before 

Lht! t!cu:llt!!:>L g,laclaLlun for which there ii:; t!ViUt!lll:~ lu Lh~ northern 
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tributary to the North Fork. Moore (1963) and Darrow (1972) both regarded 

this vent as the source for the youngest lava flows east of the Independ­

ence Fault. These latter lavas predate the Wisconsin glaciation and have 

a tentative age of roughly 0.2 my (Ch. 4). Therefore the amount of post­

eruption downcutting is of some interest as a guide to regional erosion 

rates. 

Crudely bedded mudflow outcrops associated with the eruptions can be 

clearly seen to dip steeply both south and north (Fig. 5-38). A series 

of notched bedrock ribs shows the mudflows conformed to an ancient valley 

topography. The notches, now an estimated 25 m above the modern stream, 

delineate the stream channel floor of the ancient valley. Thus in the 

intervening years the stream has removed the basalt and cut at least 25 

Ill tluuugh the old bedrock. This figure is a lower limit because the 

stream has been shifted south about 50 m, presumably by the lava. Thus 

the total amount of downcutting through bedrock could have been as much 

as 50 m, if the ancient southern valley wall had a slope of 30°. This 

implied rate, 0.13 to 0.25 mm/y, is equivalent to rates calculated east 

of the Independence Fault elsewhere in the North Fork drainage. If this 

equivalence could be confirmed it m:f.ght indicatP that inc.il'don is not 

being controlled by uplift along the range front itself. 

The Upper Valley of the North Fork 

WPst of the Tioga end moraines and below~ 3170 m (10.400 ft) elevation 

lies the broad, open upper valley of the North Fork. Coalescing talus cones 

beneath the heavily fluted, 700-m-high valley walls blanket most of the 

valley floor and even control the course of the river. Throughout much of 
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this stretch the late-Wisconsin trim lines are about 150 m above the river, 

reflecting the depth of the glacier. In contrast, the depth of the trib­

utary glacier was less than 75 m. 

Rock glaciers in the three cirques of the North Fork were not visited. 

The most prominent, in the northern cirque beneath Diamond Peak (4000 m) 

has a convex surface and an oversteep snout. It appears from distant 

inspection to be active, or recently so. The U.S. Geological Survey topo­

graphic map (Mt. Pinchot Quadrangle, 1953) shows a pocket glacier on the 

north face of Diamond Peak. This glacier and the moraine below are 

included with the Matthes advance in this study. 

The principal interest in the headwater region of the North Fork is 

in the old terrain deeply excavated by the modern cirquco. The three 

cirques are decidedly different in this respect. The cirque northwest of 

Mt. Mary Austin is poorly developed, and a hanging glacier little more 

than SO m deep cascaded north to join the larger trunk glacier. The floor 

of the short valley below the cirque is from 3660 m (12,000 ft) to 3780 m 

(12,400 ft) elevation. There is no headwall to the cirque; the arete has 

been reduced to a gentle ridge lower than the cirque cliffs to the west, 

and ice may have flowed equally north and south from the divide. 

The cirque between Black Mt. and Diamond Peak has cut as much as 125 m 

into the old valley whose bottom was between 3535 m (11,600 ft) and 3610 m 

(11,850 ft) elevation. The nivated walls of the old valley dip gently 

(as little as 15° on Black Mt. and 6° on Diamond Peak). Despite this, 

there is no accumulated diamicton as in Sardine Canyon or on University 

Peak. At the eastern extremities of the old surf ace the fractured bedrock 

mantle has been swept clear by avalanches down the steei;er fluted faci:>s. 

The northern cirque is the largest of the three. On its southern 
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side the ancient su.i:face of Diamond Peak hat> been cowpleLely eliwlrn:ileu. 

Apparently the glaciers hugged the north face of Diamond Peak during the ice 

ages as well as now: on the northern side of the cirque (the crest of the 

Sierra Nevada) io a gentle divide above 3660 m (12,000 ft) elevation. Thio 

divide (Baxter Pass) seems to have been part of the same ancient valley 

system preserved in the other cirques. Its surface also has no accumulation 

of cHamicton. Rock fragmi:>nts reflect the loca1 lithology only. 

The divide has at least two trim lines cut into it. Both are virtually 

buried by colluvium today. The upper is about 125 m above the floor of the 

valley, and the other is perhaps SO to 75 m lower. This lower line of cliffs 

plunges towards the valley floor downstream, and it appears to be the trace 

of a late Tioga or early Holocene (Hilgard ?) glacier, whose snout reached 

only to the confluence of the streams from the three cirques. The low lobe 

of debris under the talus cones of the north wall may be the moraine from 

this glacier. The absence of a larger moraine suggests that the duration 

of this advance was short. 

An ancient trim line • ~ • 

Both Matthes (1930) and Clark (1967) argue that glacier thickness 

near the cirque regions is independent of the length of the glacier or 

its thickness near its snout. Thus trim lines from different advances 

may converge to the same level upstream, unless the canyon has been more 

deeply eroded between advances. 

The north face of Mt. Mary Austin has preserved on it a series of tri­

angular facets whose apices may record an ancient trim line. If so, this 

trim line rose more steeply than the late-Wisconsin trim line. The two 

trim lines thus diverged upstream, in contradiction to the observations 
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of Motthco and Clark. Perhaps this is best explained lf Lhe upper trlm 

line was cut into the walls of a valley steeper than the modern one. The 

line of apices has a gradient of 17°, compared to 11° defined by the modern 

trim line. This could well reflect a time when the valleys draining east 

from the Sierra upland had not yet cut headward to the modern divide. The 

two lines converge to within 125 m of each other 1.5 km west of the 

Independence Fault. 

Summary 

The North Fork of Oak Creek is near the southern edge of the Big Pine 

volcanic field. Basaltic lavas have been erupted into the drainage inter­

mittently over at least the last 1.2 my. Tht! oldt!::>L uf Lhei:H:l lavao now cap 

ridges 175 m above the modern stream. This relationship enables the cal­

culation of an average incision rate of about 0.16 mm/y or more. This rate 

is a factor of two less than that observed at Coyote Creek in the Sierra 

Nevada near Bishop, California. The ancient lavas were apparently erupted 

into a channel of the North Fork already cut 200 m into a Pliocene erosion 

surface of the foothills, or at least into an embayment in the pediment. 

Younger lavas, as yet undated, are found on terraces and also underlying 

Tahoe glacial deposits. Dates on these lavas would provide upper limits 

to the age of the Tahoe glaciation and also would increase the accuracy of 

the estimated incision rate. 

The 1.2-my-old lav<iS are found uu Lh~ margins of the alluvial fan 

of the North fork, buried by a deeply weathered fanglomerate which is 

similar in appearance to those found locally on the fans of both Inde­

pendence Creek and the South Fork of Oak Creek. Here the relationship 

with the underlying basalt provides an upper limit to the age of the 
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weathered debris. The late Pleistocene lavas are also exposed on the fan 

surface, partially buried by boulders. Dating of these lavas would help 

establish weathering rates for eastern Sierra Nevada fans. Accumulation 

Li::l.teo of the Nu.rt11 Furk fau al "' 0.2 mm/y appeal::> to 1.Je lower Lhau Ll1e 

average Pliocene-Pleistocene rate, since to accumulate even the 278 m of fan 

penetrated by the Los Angeles Department of Water and Power well T.H.1 near 

Independence would take -~ 13 my, twice the age of the Owens Valley itself. 

Pleistocene moraines of three ages were found in the canyon of the 

North Fork. The oldest and youngest were deposited during the Tahoe and 

Tioga stages (advances II and IV of Onion Valley). An intermediate 

moraine appears to grade into extensive terraces of glacial outwash. 

This outwash is probably mid-Wisconsin, and is assigned along with the 

moraine to the Tenaya stage (advance III). They could simply be early 

Tioga (advance IV) deposits, however. 

The moraines and outwash do not appear to have been broken by the 

Independence Fault, which nevertheless has a 10-m-high scarp through 

debris skirts of the Sierra escarpment north of the glacial deposits. 

Only 6 km to the south, a scarp of the Independence Fault breaks latest­

Pleistocene terraces; hence, activity on the range-front fault seems to 

be grossly episodic, with repeated events on the same short segment of the 

fault separated by long periods of quiesence. 

Faulting and regional east-west tilting within the foothills appear 

to have been minimal during the last 1 my. Faulting, if any, has been 

located on the eastern margins of the foothill block or along the mid­

valley fault zone. 
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5.5 THIBAlrl' AND BLACK CANYONS 

At Baxter Pass the Sierra crest steps 2.5 km east. Thibaut and 

Black Canyons are the first canyons north of the jump in the crest. 

The offset crest continues north to Southfork Pass, in the Palisades 

(37°04.l'N, 118°27.l'W). This northern crest is in line with the massive 

it;ulaLed peaki:; t!ai:;L uf Lltt! t:rei:;t. south of Lhe Nurtli Fork of Oak Creek; 

(Mt. Mary Austin, Kearsarge Peak, Independence Peak, and Mt. Williamson) 

while the crest south of Baxter Pass is aligned with the east wall of 

Rae Lakes Basin and Crater Mt. The principal reason for the step in the 

crest may have been a congruent jump or bend in the range-front faults. 

Even cutting westward at the same rate as streams to the south, the 

streams of the eastern escarpment north of the step could not establish 

a watershed as far west. The effect of this could have been to diminish 

snowfall in eastern canyons north of Baxter Pass, since the drainages were 

farther into the rain shadow of the Sierra Nevada. 

Perhaps because of diminished snowfall, Thibaut and Black Canyons were 

unable to support glaciers large enough to extend below 2749 m (9000 ft) 

and 2440 m (8000 ft) elevation, respectively. Thus the glaciers did not 

cross the range-front faults, which are at about 1770 m (5800 ft) eleva­

tion. For this region, neither canyon was studied in the field. Some 

features of the upper alluvial fans and the escarpment deserve mention, 

however. 

Except for one small bedrock ridge, Thibaut Creek flows along the 

northern limit of the foothill block. Thibaut Creek shows no sign of 

right-lateral dislocation. The creek through McGann Springs, 0.5 km to 

the south, grades to the old pediment surface and does not seem to ever 
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have been throughgoing. Thus it could not have been an ancestral channel 

of Thibaut Creek, and there appears to be no evidence for horizontal 

displacement on the range-front faults. 

Most of the alluvial fan of Thibaut Creek seems to be covered by 

debris and boulders of mid-Wisconsin age. At the narrow septum separating 

Thibaut from the creek to the north, this surface has been removed and 

older disintegrated boulders and grus are exposed. Thibaut Creek is 

incised deeply into this fan. The incision increases from zero at 

118°15'W to 40 m at 1635 m (5360 ft) elevation. Just below the debris 

skirt flanking the range front, the incision has lessened to 25 m. 

Neither the unnamed creek to the north nor Black Creek has cut a 

channel below about 1400 m (4600 ft) elevation. This is noteworthy 

because the creek of McGann Springs, which has a much smaller catchment, 

has incised the fan clear to its distal end below 1220 m (4000 ft) eleva­

tion. Possibly both the creek of McGann Springs and Thibaut Creek, situ­

ated at the northern edge of the foothill block, became incised in 

response to north-south warping or faulting upwards of the block with 

respect to the Owens Valley floor. Recent faulting is precluded by the 

absence of scarps on the ancient abandoned alluvial fan of the North 

Fork of Oak Creek. Response to the hypothesized warping continued at 

least into latest Pleistocene Epoch. 

No fresh scarps on the range-front faults were found from the saddles 

south of Thibaut Creek to Grover Anton Spring. During the late afternoon, 

a scarp 0.8 km in length can be seen north of the spring, crossing the 

unnamed minor drainage south of Sawmill Canyon. 

The bevelling of the Sierra escarpment is especially pronounced from 

Thibaut Creek to Sawmill Creek. Recognizable tiers of triangular facets 
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rise to above 3050 m (10,000 ft) elevation (e.g., Lookout Point) and to 

about 2560 m (8400 ft) elevation. The lower facets are steepened from 

22° to 31° below about 1830 m (6000 ft) elevation. 

Quaternary deposits of Thibaut and Black Canyons are shown in Plate I. 

These wen:! mapped by phuto-interpreLat.iuu of black-and-white aerial photo­

graphs only. The fan of Thibaut Creek was traversed but not studied in 

detail. The fans from Thibaut Creek north to Sawmill Creek were not 

visited. 
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5.6 SAWMILL CANYON 

Introduction 

Sawmill Canyon is distinguished by an unusually complete sequence of 

glacial moraines. There are at least 13 recognizable crests. All of these 

are well west of the range front. That the older ones have been preserved 

at all results from the widening of the canyon at the confluence of two 

streams. 

Sawmill Canyon has also been the locus of at least three and perhaps 

four volcanic eruptions. Basalt from one of these underlies the largest 

moraine, a prominent ridge of Tahoe till called the Rogsback which is easily 

visible from the floor of the Owen's Valley. Lava from this eruption flowed 

down the canyon at least to the range front, where it is found as much as 

62 m above the modern stream. Only 0.5 km to the west, the lava flow is 

about 50 m thick. It is unlikely that such a thick flow would stop at the 

range front; yet the lava was not observed on the fan to the east. Its 

absence is probably best' attributed to downfaulting and subsequent burial 

of the distal end of the flow. Pyroclastic debris and flow basalt west 

of the range front also cover an older pre-Wisconsin moraine. Thus 

radiometric dates for these lavas might provide age limits on two glacial 

advances, and also a minimum offset rate on the range-front fault. 

Largely because of the opportunity to establish age limits for the 

moraines, Sawmill Canyon has been studied at least twice subsequent to the 

reconnaisance of Knopf (1918) and the mapping of the Mt. Pinchot quadrangle 

by Moore (1963). Both Knopf and Moore assigned the Hogsback and younger 

moraines to the Tioga stage, while they assigned the old moraine capped 
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by lava to the Tahoe stage. Dalrymple (1964) mapped the glacial moraines 

in greater detail than Moore, using semi-quantitative weathering criteria 

to distinguish deposits of different ages. Dalrymple assigned the old 

moraine capped by lava to a pre-Wisconsin glaciation, the Hogsback to 

the Tahoe stage, and younger moraines to the Tenaya and Tioga stages. 

Using K/Ar analysis, he determined a model age of 0.07 ± 0.09 (2o) my for 

the interglacial basalt. As discussed in §4.3, this age is suspect because 

it is highly sensitive to the exact isotopic composition of non-radiogenic 

argon trapped in the lava upon cooling. The age is also uncertain because 

of possible contamination of the sample by incompletely degassed granitic 

xenoliths originally crystallized~ 90 my ago (Dalrymple, 1964b). One of 

the goals of the present study was to remeasure this age using 40Ar-39Ar 

dating, which was expected to overcome the above problems (Ch. 4). 

A recent study by Burke and Birkeland (1979) appears to contradict 

Dalrymple's interpretation of the glacial hisLuty, antl iuisLt:atl isuppurL!:i 

the simpler interpretation of Knopf (1918) and Moore (1963). The actual 

age of the basalt analyzed by Dalrymple is a vital consideration in 

choosing between interpretations. 

My reconnaisance of Sawmill Canyon showed that in addition to the 

dated basalt, a second and older basalt was overlain by the oldest moraine. 

Furthermore, as R.P. Sharp has pointed out (oral comm., 1978), the crest of 

the Hogsback is not uniform, but contains exceptionally fresh and bouldery 

regions alternating with patches of grusy boulders. This heterogeneity 

complicates the application of relative age dating techniques. Thus 

Sawmill Canyon was restudied to: (1) resolve the controversy concerning 

the relative ages of the moraines; (2) redate the interglacial basalt; 

(3) date for the first time the basalt under the oldest till; and (4) 
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compare this well-studied valley to others in the Mt. Pin~hot quadrangle. 

To this end a new approach to K/Ar dating was successfully developed 

and verified on the early Pleistocene ridge-top basalt of Oak Creek (Ch. 4). 

This approach exploited the presence of the same partially degassed granitic 

xenoliths which may increase the apparent K/Ar age. By dating the potassic 

xenocrysts, the fraction of 40Ar which was radiogenic was increased, thus re­

ducing the critical dependence on the isotopic composition of the trapped Ar. 

By using stepwise heating and 40Ar - 39Ar analysis instead of K/Ar analysis, 

it was possible to estimate the trapped Ar and K-derived Ar compositions 

during the same analysis. It also proved possible by stepwise heating to is­

olate Ar degassed from non-retentive reservoirs from Ar from retentive reser­

voirs. 40Ar from non-retentive reservoirs, completely degassed during heat­

ing in the magma, consisted only of new 40Ar created since cooling of the 

lava. Using this approach it was possible to obtain high-precision dates 

for the interglacial lava of 0.118 ± 0.007 my, and for the older lava of 

0.46 ± 0.04 my (Ch. 4). 

Because conventional relative dating techniques gave different results 

for different geologists, the acoustic wave speed technique of Crook and 

Kamb (1980) was tested for applicability to glacial moraines (Ch. 3). It 

was originally developed for terrace deposits. The results were remarkably 

good, and in two well-studied valleys in the central Sierra Nevada moraines 

were grouped correctly by this new approach. The goal of this effort was to 

apply the technique to the Sawmill Canyon moraines, and here too the tech­

nique appears to have been successful. 

Discussion in this section is organized according to: (1) bedrock 

geology; (2) the glaciation of Sawmill Canyon; (3) relative dating of 

moraines; (4) geology of the fan head; and (5) incision and faulting rates. 
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Summary of Bedrock Geology (Moore, 1963) 

Unlike the canyons to the south, Sawmill Canyon is cut into granitic 

plutons containing thin septa of metasedimentary rocks in the headwater 

region. Septa of meta-andesite and metarhyolite tuffs are found also, but 

not in the abundance characteristic of the canyons of Oak Creek. 

The granitic rocks of the headwater region are granodiorites of the 

Tinemaha, McDoogle, and Mule Lake plutons. Most of the canyon (below Mule 

Lake) is in the lighter granodiorite or quartz monzonitc of the Spook 

pluton. Basalts were erupted through the Spook pluton, both within the 

canyon and on the range front to the north of Sawmill Creek. As at the 

North Fork of Oak Creek, the basalt contains xenoliths of the country 

rock through which it erupted. 

Glaciation in Sawmill Canyon 

One of the best preserved Pleistocene moraine sequences of the study 

area is found in Sawmill Canyon, against the north wall of the main fork 

near Sawmill Meadow. Below the junction with a tributary canyon, Sawmill 

Canyon is widened. Here these moraines are free-standing, away from the 

canyon walls. 

Four groups of moraines are readily recognized from morphologic 

criteria and from stratigraphic relationships with basalt flows and pyro­

clastic debris. These moraines appear to range from pre-Wisconsin to 

late-Wisconsin (Tioga stage), but different interpretations have been 

made. The ages assigned to these moraines in this study are compared to 

the age assignments of Dalrymple (1964) and Burke and Birkeland (~979) 

in Fig. 5-39. All three interpretations are similar in that the oldest 
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Fig. 5-39. Generalized maps of the Pleistocene moraines of Sawmill Canyon 
according to Dalrymple (1964), this study, and Burke and 

Birkeland (1979). Dalrymple used semi-quantitative weathering criteria to 
recognize three separate advances of post-basalt glaciers, which he cor­
related with the Tioga Te·naya, and Tahoe stages. His K/Ar dates of basalt 
samples KA970 and 970A gave a weighted average age of 70,000 ± 90,000 (2o) y 
that was long regarded as an upper limit to the Tahoe stage. The northern­
most moraine was thought to be pre-Wisconsin. Recently, Dalrymple, Burke, 
and Birkeland (1982) have redated the interglacial lava, finding an average 

age of only 53,000 ± 88,000 (2o) y. Consistent with Burke and Birkeland 
(1979), they claim this to be a date for the Tahoe-Tioga interglacial 
periorl. Burke and Birkeland (1979), on the basis of intensive relative 
weathering studies of the four sites (7, 8, 10, and 11) shown on the map, 
concluded that all the Wisconsin moraines of Dalrymple were indistinguishable 
and were left during the Tioga stage. They considered the oldest moraines to 
be Tahoe. In the present study the basalts were redated using the 40Ar-39Ar 
technique. The oldest moraine was shown to be from~ 460,000 y to 
131,000 ± 10,000 (2o) y in age, and was thus pre-Wisconsin. The younger 
moraines were found to be less than 118,000 ± 7000 (2o) y old, within 2o of 
the date of Dalrymple et al. (1982). Semi-quantitative studies and acoustic 
wave-speed studies showed the Hogsback, the Tahoe moraine of Dalrymple 
(1964), to be composite. Burke and Birkeland appeared to have chosen sites 
7, 8, and 10 all in Tioga till; hence their results are consistent with those 
of this study, although their age assignments are not. 
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moraines are the northernmost or are found farthest down canyon (east). 

My interpretation is similar to that of Dalrymple, and is different from 

the simpler two-stage interpretation of Burke and Birkeland primarily in 

the age assignments of the two oldest moraines. It is these moraines that 

are interbedded with the lavas; thus the two different interpretations may 

be tested by radiometric dating. 

In the discus.~don below, the glacial geology of Sawmill Ca11yuu will be 

introduced without extensive justification of the age assignments of the 

Pleistocene moraines. In subsequent discussions, the age determinations by 

semi-quantitative relative weathering methods and by acoustic wave-speed 

measurements will be described. The relative ages will then be related to 

the absolute chronology according to 40Ar-39Ar dates of critical lava flows. 

ThP agP assignments of Dalrymple (1964) in Fig. 5-39 correspond to 

the four morphologic groups. The oldest group consists of a single broad 

and subdued left-lateral moraine. The central part of the moraine crest 

is buried by a thin deposit of pyroclastic cinders, bombs, and blocks of 

basalt. The size of the blocks (up to ~ 1 m) suggests that the vent area 

was nearby. The eastern end of the moraine was overrun by a basalt flow 

from the north wall of the canyon. No volcanic lapilli are found on any 

other moraines in Sawmill Canyon, although they are abundant on the canyon 

walls. Thus this moraine (advance I) alone predates the youngest volcanic 

activity within Sawmill Canyon. The 40Ar-39Ar date for a bomb atop the 

moraine was 131,000 ± 10,000 y. 

On the south flank of the advance I moraine, eroded basalt is exposed 

on the Sawmill Pass Trail itself. A small outcrop is buried by the 

moraine. 40Ar-39Ar dates of this lava were 463,000 ± 40,000 y BP. Thus 

the age ot the moraine, 130,000 y to 4b),UUU y, shows that it was empiaced 
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between the Sherwin and the Wisconsin glaciations. These age limits pro­

vide important constraints for dating by semi-quantitative or acoustic 

wave-speed methods. 

The advance I moraine is buried at its western end by a 150-m-high 

complex of younger terminal moraines from the northern tributary. This 

complex also buries moraines of the second morphologic group, which 

in~ludes the Hogsback. The Hogsback was assigned to the Tahoe stagP by 

Dalrymple (Fig. 5-39). Its crest is 10 or 15 m higher than the crest of 

the pre-Wisconsin moraine. This difference may reflect extensive erosion 

of the older moraine prior to 131,000 y BP. 

The Hogsback itself has been heavily modified by erosion. Ravines 

~ 3 m deep have been cut into its northern flank. Sawmill Creek has 

undercut its southern flank, and in places the original moraine crest has 

been destroyed. No companion right-lateral moraine remains on the steep 

south wall of the canyon. Sawmill Creek has cut through ~ 15 m of quartz 

monzonite bedrock since the Hogsback was deposited. 

The Hogsback is the largest moraine of Sawmill Canyon. It extends 

east from the rock rib separating the main fork from the smaller tributary 

to the north. At the base of the rib it merges with an older left-lateral 

moraine of similar weathering characteristics. The eastern end of the 

Hogsback, which must mark thP ApprnximAtP ln~Atinn nf thP glA~ier which 

created the moraine, is near the confluence of Sawmill Creek and its 

tributary at 1950 m (6400 ft) elevation. 

At four locations below 2315 m (7600 ft) elevation the Hogsback can be 

seen to overlie basalt which has flowed down the canyon. The relationship 

is best exposed at the end of the moraine. From field relationships the 

basalt appears to be coeval with the lava atop the advance I moraine. 
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40Ar-39Ar ages giving a weighted average of 119,000 ± 9000 y were 

obtained for the lavas under the Hogsback, consistent with the above 

conclusion. An indistinguishable age of 118,000 ± 7000 y was obtained 

for an outcrop, prohahly of thP samP lava flow, farther down the canyon. 

These ages do not contradict the assignment by Burke and Birkeland (1979) 

of the Hogsback to the Tioga stage (Fig. 5-39), but they also permit its 

assignment to the Tahoe stage. In fact, the Hogsback appears to be a 

composite moraine with a massive Tahoe (advance II) core underlying thin 

layers of younger till. 

From the bench mark (8152 ft) on the crest of the Hogsback, the 

Sawmill Pass trail traverses eight moraines before reaching Sawmill Meadow. 

These moraines form two groups. Both are characterized by fresh boulders 

and minimal erosion of the lateral moraines, which are preserved on both 

sides of Sawmill Creek. The moraines of the older group are completely 

breached, however, and nu ve8Llge of the terminal moraines remain. In 

contrast, the two youngest moraines are only slightly breached, their 

terminal moraines enclosing Sawmill Meadow. Stream incision within this 

youngest group does not exceed ~ 3 m. Dalrymple (196~) mapped the moraines 

of these two groups as Tenaya and Tioga, in the order discussed (Fig. 5-39). 

In the present study, as in Burke and Birkeland (1979) also, there seemed 

little justification based on wPathPring data for assigning the older group 

to a separate stage, and most of the moraines were assigned to the Tioga 

stage (advance IV). However, the outermost moraine of the two groups did 

appear to be distinctly more weathered and was assigned to the Tenaya 

stage (advance III) in this study. 

Sawmill Meadow, just below 2560 m (8400 ft) elevation, is a recently 

filled lake and is similar to the meadow of upper Onion Valley. The 
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steep slopes to the west are covered by till of indistinct morphology, 

probably dumped by a rapidly retreating glacier. The lakes above the steep 

bedrock step west of Sawmill Meadow (Mule Lake and Sawmill Lake, at 

3050 m or 10,000 ft elevation) are not yet filled. The glaciers of the 

early Holocene glaciation (Hilgard advance, or advance V of Onion Valley) 

appear to have terminated on the bedrock step. 

Above Sawmill Lake are the cirques of the headwaters of Sawmill 

Creek. This region was extensively glaciated during the late Holocene 

Kecess ~eak advance (Vl). ~mall moraines ot the most recent advance 

(Matthes or VII) are found in the largest cirque, under the north face 

of Mt. Baxter. A smaller cirque filled with fresh and bouldery moraines, 

probably of advance VI, is found south of Sawmill Lake. This tributary 

glacier was fed by ice and snow from an unusual flat and nivated remnant 

of an ancient surface at about 3630 m (11,900 ft) elevation. The bedrock 

surfac.e is c_overed by a diamif'ton like that of University Peak. 

A transfluent tributary to the Sawmill glacier arose under the 

north face of Acrodeetes Peak, 0.6 km west of the Sierra crest. Fresh 

trim lines show that the late Pleistocene (or even Holocene) glaciers 

bifurcated, with one branch crossing the crest at the pass 1.1 km north­

west of Mt. Baxter. Trim lines show that the smooth, rounded ridge on 

the divide north of this pass protruded about 100 m above these latest 

glaciers. This ridge once was the western wall of a broad valley draining 

northwe:st aci:o:s:s the pre:sent ci:e:st f.i:um ML. Baxter. The floor of thls 

ancient valley, now Sawmill Pass, has been plucked to a depth of 115 m by 

the glaciers of Sawmill Canyon cutting westward. Capture of the headwaters 

of this drainage doubled the catchment of the Sawmill glaciers. 

Capture appears to have occurred a considerable time ago. The smooth 
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features and subdued trim lines at Sawmill Pass contrast markedly with the 

fresh cliffs in the recently occupied pass to the south. While weathering 

conditions on the Sierra crest are probably quite different from those 

1200 m lower in the canyons and fans of the range front, the absence of 

cavernous or disintegrated boulders or bedrock does suggest that capture 

could have occurred as recently as the Tahoe glaciation. 

The marked morphologic similarity of the ancient valley at Sawmill 

Pass and upper Sardine Canyon strengthens the hypothesis that upper 

Sardine Canyon was cut by ancient glaciers. 

Other ancient surfaces are preserved near Sawmill Pass. The most 

notable of these, 0.4 km south of the pass at an elevation of about 

3630 m (11,900 ft), is a plateau which appears to have once been part 

of the ancient valley of Sawmill pass. This plateau is covered by till 

and has been incised as much as 170 m by more recent glaciers. 

Colosseum Mt., north of Sawmill Pass, also is an ancient relict 

surf ace. This nivated surface was not visited. While from aerial photo­

graphs an accumulation of diamicton can be seen on the summit ridge, most 

of the surface is only thinly mantled by debris which, from its distinctive 

lithologies, was clearly derived by in situ processes. Other mantled 

surfaces may be seen at the summit of Mt. Baxter and on the ridge south 

of Woods Lake. Neither was visited. 

Glaciation in the northern tributary to Sawmill Creek 

The northern tributary was glaciated repeatedly down to at least 

2440 m (8000 ft) elevation. This is about 370 m higher than the eastern 

end of the Hogsback. The difference probably reflects the smaller catch­

ment of the tributary. Moraines ranged in age from early Wisconsin 
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(advance II) to neoglacial (advance VI), but the neoglacial moraines 

appear to have halted above 2895 m (9500 ft) elevation and were not 

found in the complex of overlapping Wisconsin terminal moraines. 

The earliest moraines are largely buried by a succession of more 

recent ones. They reveal their presence only by the frequent disintegrated 

boulders found low on the terminal complex. The great bulk of the complex 

contains relatively unweathered boulders and lies buried beneath small 

unbreached moraines above 2560 m (8400 ft) elevation. Into this mass of 

till have been cut deep ravines, some of whose heads have been buried by 

the youngest moraines above. Thus at least glacial stades may be recorded 

here. The oldest was assigned to advance II; the others appeared to be 

of advance IV. A more thorough study of this complex might have identified 

moraines of advance III also, but no evidence of these was found. 

The valley west of the terminal moraine complex contains abundant 

ground till and fragmentary lateral moraines. Polished bedrock knobs are 

littered with erratic boulders. Interestingly, the major neoglacial 

moraines and rock glaciers are found not under the Sierra crest but under 

the ridge between Sawmill Creek and its tributary. Even the cliffs of 

the cirque are subdued, especially on the northern side. Much of this 

should probably be attributed to the apparent lack of glaciers during the 

most recent neoglacial advances. In the adjacent Division Canyon to the 

north the same bedrock supports steep cliffs. apparently freshened by 

extensive neoglacial moraines. Closely spaced joints in the tributary 

to Sawmill Canyon may also have contributed to the subdued terraine. 

Despite the poorly developed cirque morphology, the late Pleistocene 

glaciers were at least 125 m deep only 1.1 km from the divide. These 

glaciers deepened an old valley whose sloping sides are still preserved 
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on the modern ridges. On the south no diamicton was found, and the old 

bedrock surface has been modified only by infrequent avalanche chutes. 

On the forested north wall the surface may be deeply mantled by soil. 

It was not visited. 

The ridge separating the drainage of Sawmill Creek and Division 

Creek preserves on its north side also a relict surf ace equivalent to the 

one of the Sawmill tributary. This surface extends along the ridge 

nearly 2.5 km from the crest. Farther east, it has been heavily eroded. 

Even here, bedrock ribs between gullies are congruent with the old surface 

and appear to have been little modified. This illustrates that a relict 

surface may be reconstructed in some instances from the profiles of ribs 

between avalanche chutes or ravines, even when most of the surface itself 

has not been preserved. 

Relative dating of the moraines of Sawmill Canyon 

The Pleistocene moraines of Sawmill Canyon were readily divided into 

four groups according to the morphologic criteria and stratigraphic rela­

tionships with basalt flows discussed above. However, just because these 

groups of moraines are morphologically distinct does not necessarily 

require that they be of grossly different ages. Indeed, the morphologic 

groups do not appear to be related in a straightforward way to different 

age groups, based on relative weathering data. Burke and Birkeland (1979), 

for instance, found little difference in a broad spectrum of parameters 

among moraines of the three "youngest" morphologic groups, and they con­

cluded that the groups of moraines were simply left by different advances 

of the Tioga glaciation. A point central to the present study is that the 

morphologic groups were misleading because key moraines, especially the 
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Hogsback, cuuLaln~d t.111 of sLrlklngly different degrees of weathering. 

This most likely resulted from overlapping deposition of till on the same 

moraine during successive glaciations. In the discussion below, the relative 

weathering data gathered for the four groups of moraines are presented to 

justify the complicated age assignments of the present study. Extensive 

use is made of acoustic wave-speed data. 

The principal focus of disagreement in Sawmill r.Rnyon i~ thP AgP of 

the Hogsback. R.P. Sharp (oral comm., 1978) has remarked on the variable 

character of the moraine crest near the Sawmill Pass trail, and herein lies 

the source of the confusion. 

The Hogsback is not a single moraine. A few meters north of the 

bench mark on its higher crest may be seen a lower but distinct second 

crest (Fig. 5-40). To the east this secondary crest becomes less obvious; 

it appears to be buried by the larger moraine. 

East of the bend in Sawmill Creek at 2385 m (7830 ft) elevation, the 

southern side of the Hogsback is steep (33°) and fluted. It is being 

undercut at its base by Sawmill Creek, resulting in sliding of till down­

slope. This process seems to have resulted in at least parts of the 

original crest of the moraine being eroded, with displacement northward 

of the apparent crest. Certainly the sharp-crested Hogsback is atypical 

among moraines of Tahoe age elsewhere in the Sierra. That the original 

crest has been destroyed is undeniable a few meters east of bench mark 

8152. Here accelerated sapping is promoted by a spring or seep near the 

base of the moraine. A broad scoop 1n the flank of the moraine 

actually the headwall scarp of numerous land slides has left a scallop 

in the apparent crest of the Hogsback. To the west of this feature the 

moraine crest is quite bouldery, and appears to be quite young. Boulders 
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with patches of glacially polished surface are common. No disintegrated 

or covernous boulders typical of Tahoe moraines elesewhere are seen. 

In fact, from this site alone the Hogsback would have to be considered 

younger than many of the moraines nested inside it. 

However, the crest above the spring contains an unmistakably different 

assemblage of weathered boulders. The frequency of boulders was greatly 

reduced. Most boulders were grusy and even oxidized. The degree of weath­

ering was characteristic of older moraines and, from this site alone, few 

would hesitate to assign the Hogsback to an earlier advance than the nested 

moraines. 

The Hogsback thus appears to have at least two ages of till. This is 

not necessarily surprising. At many locations throughout the Sierra (e.g., 

at Bloody Canyon; Sharp and Birman, 1963) nested moraines are found in 

which the younger moraines are little more than thin veneers of till resting 

on the inner flanks ot older moraines. At the Hogsback, a younger moraine 

appears to have overtopped the massive older one. Such a relationship is 

also seen at Green Creek in the northern Sierra (Sharp, 1972; Ch. 3, this 

study). The older till appears on the apparent crest where erosion has 

stripped the moraine of its young veneer or where the younger till was 

especially thin. 

With this model in mind, the crests of each moraine were walked and 

examined for their full lengths. Semi-quantitative weathering data were 

gathered at numerous sites on these moraines. Some of these data are 

shown in Fig. 5-40. The first ma.p (a) shows the percent of boulders that 

are deeply buried, such that only one quarter or less is exposed. In the 

youngest advance I.V (Tioga) moraines, about one third of the boulders are 

dPPply buriPd. Tn thP RdvRn~P T mnrAinP this hAs incrPasPd tn 64%. 
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However, for the advance II and III moraines, the number is the same as 

for the advance IV moraines. This parameter appears to be of little use in 

discriminating among the moraines of the Wisconsin glaciation, but it 

can be concluded that the period between advances I and II may have 

been long compared to the period from advances II to IV. Thus the interval 

from advance I to advance II may have significantly exceeded - 40,000 y. 

It should be noted that the fraction of deeply buried boulders on the 

Hogsback east of the bench mark varies considerably and appears to be quite 

low. This probably reflects undercutting ot the crest by Sawmill Creek. 

Figure 5-40b shows that the fraction of lightly weathered boulders 

tends to decrease with the assigned age, from ~ 70% in the late Tioga 

llluraim!s Lo 8% in Lht! advance I moraine. Again, however, the sites on the 

Hogsback itself gave erratic results. To what this should be attributed 

is unclear, but the high scatter in values does emphasize the need for 

caution in interpreting the result.s. 

Figure 5-40c shows the distribution of heavily weathered boulders, ex­

clusive of grusy ones, This parameter increases from~ 20% to 55% from the 

youngest advance IV moraines to the advance I moraine. The contrast in this 

parameter is reduced because heavily weathered boulders have been removed 

from the count if they were grusy. Thus the percent of boulders which are 

"heavily weRthered'' tendA to AtRhilize wtth age, at least until there are 

no more "class 2" boulders to replenish "class 3". This apparently explains 

the anomalous values on the Hogsback east of the bench mark. Nevertheless, 

the moraine here assigned to the early advance IV appears to be more 

similiar to advance II moraines than to the younger advance IV moraines. 

Figure 5-40d shows the distribution of grusy boulders. This appeared 

to be the most reliable of the semi-quantitative indicators of relative 
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age, no doubt in part because it is one of the least subjective. This 

parameter increased systematically from - 4% (advance IV) to 37% (advance 

I). The overridden crest of the advance II Hogsback east of the bench mark 

is clearly defined; it was largely the absence of disintegrating boulders 

which led to the interpretations of the Hogsback as a composite moraine. 

It should be noted that weathering on the advance I moraine may not 

be directly comparable to weathering on the younger moraines, because the 

advance I moraine was buried by a layer of hot pyroclastic debris. The 

actual effect is uncertain, but at least the possibility exists that the 

relative age deduced from weathering data may be excessive. 

Table 5-18 summarizes the weathering data presented in Fig. 5-40. 

The first two parameters tend to support the interpretation of Knopf (1918), 

Moore (1963), and Burke and Birkeland (1979) that there were only two 

distinct glacial advances, and that all moraines except the outer were of 

the same age. On the other hand, the abundance of heavily weathered 

boulders shows that, while there may have been only two distinct clusters, 

the advance II Hogsback should have been grouped with the pre-Wisconsin 

moraine. Finally, the abundance of grusy boulders suggests that there 

are four distinct age groups of moraines, as Dalrymple (1964) contended. 

Because of the variability in the semi-quantitative data, the appar­

ently unusually complicated history of the Hogsback, and the importance 

of Sawmill Canyon to understanding the glacial history of the Sierra 

Nevada, acoustic wave-speed data were also gathered to provide a more 

reliable basis for relative age determinations. 

Acoustic wave-speed data 

Acoustic wave-speed data were gathered in large part to reduce the 
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Table 5-18 

Summary of Selected Semi-Quantitative Weathering Data for Sawmill Canyon 

Deeply Lightly Heavily 
Buried Weathered Weathered Grusy 

Advance Boulders2 Boulders3 Boulders4 Boulders5 

IV (Tioga) 32 :t 16 35 :t 29 46 :t 33 4 :!: 6 

III (Tenaya) 30 ± 5 40 ± 29 39 ± 10 11 ± 6 

II (Tahoe) 33 ± 7 33 ± 32 62 ± 26 23 ± 16 

I (pre-Tahoe) 64 8 55 37 

Advances of Onion Valley. Conventional equivalents are shown in paren­
theses. Data collection sites are indicated in Fig. 5-41. 

2 Percent of boulders in Boulder relief class 3 (Ch. 2). Errors are lcr. 

3 Percent of GWR class 2 (Ch. 2). Errors are lcr. 

4 GWR class 3 minus grusy boulders (Ch. 2). Errors are lcr. 

5 GWR classes 4 and 5 (Ch. 2). Errors are lcr. 
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potential for subjectivity which is unavoidable in conventional semi­

quantitative relative age dating. The possibility of determining absolute 

age limits on two glacial advances by radiometrically dating the inter­

calated basalts justified this considerable effort. Speeds through 752 

boulders distributed over 25 sites (Fig. 5-41) were measured. Summary 

data for the 30 measurements at each site are found in Table 5-19. 

Wave speeds (Vp) ranged from 1.07 km/s (advance I) to 1.81 km/s 

(advance IV). Standard deviations ranged from 0.27 km/s to 0.52 km/s. 

One site (e) had an anomalously low VP compared to adjacent sites. Talus 

falling onto the moraine, possibly during Holocene glaciations when snow 

filled the fosse separating the moraine from the canyon cliffs, may have 

been responsible. Talus measured at a nearby site (d) had a virtually 

1dent1cal Vp• 

The reduction in VP through boulders with the passage of time may 

vary with the composition of the boulders. In Sawmill Canyon three 

granitic plutons contributed rock to moraines, but one of these, the 

Spook pluton, has two distinct facies. Another pluton (the Mule Lake 

pluton) crops out only on the south side of the canyon and thus contributed 

few buul<leri:; to Lhe lefL-laLeral muralnei:; i:;tudled by Lhe acuuotlc wave 

method. Both the Spook and Mule Lake plutons contain granodiorite and 

quartz monzonite. The third rock type, the dark granodiorite of the 

McDoogle pluton, crops out west of Mule Lake but is found on both sides 

of the canyon. No effort was made to measure boulders from only one 

pluton. Thus if the weathering rates of the various rock types are 

sufficiently different, distributions of acoustic wave speeds might be 

multimodal, or might become so as the moraine weathers. In acoustic 

wave-speed studies this possibility is guarded against by testing 
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Table 5-19 

Acoustic Wave-Speed Data for Moraines of Sawmill Canyon 

Age Age 
(Dalrymple, (Burke and No. ot -, 

s " co 
Si tel 1964) Birkeland, 1979) Advance2 Boulders 

VP 
k.m/s k.m/s 'Dmaxs % 

a Tioga Tioga IVa 30 1.603 0.274 0.150 93 
b Tioga IVa 30 1. 771 0.443 0.098 36 
c Tena ya IVb 30 1. 728 0.363 0.099 38 
d* Holocene 31 l.560 0.427 0.106 50 
et Tena ya IVb 30 1.563 0.334 0.089 22 
f 
g 
h 
i 
j 
k 
1 
m 
n 
0 

p 
q 
r 
s 
t 
u 
v 
w 
x 
y 

!Vb 
!Vb 
!Vb 
II Ia 
Illa 

Tahoe IIIb 
II!b 
IIIb 
!Ve 
!Ve 
Ila 
IVc 
IVc 
IVc 
Ila 
Ila 
Ila 
Ilb 

Tahoe Ilb 
pre-Tahoe Tahoe I 

Site locationQ are Qhown in Fig. S-41 
* Talus 

Possibly contaminated by talus 

30 
30 
30 
30 
30 
30 
30 
31 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 

1.788 0.397 0.127 79 
1. 740 0.449 0.105 45 
1.805 0.359 0.152 94 
1.632 0.453 0.134 85 
1.694 0.612 0.181 >99 
1.585 0.468 0.126 77 
1.598 0.385 0.072 6 
1.624 0.576 0.173 >99 
1.817 0.397 0.111 57 
1. 707 0.431 0.097 33 
1.466 0.376 0.131 82 
1.698 0.468 0.115 61 
1. 768 0.323 0.104 44 
1.669 0.307 0.136 85 
1.509 0.322 0.112 57 
1.512 0.357 0.117 64 
1.516 0.494 0.077 8 
1.524 0.430 0.128 80 
1.547 0.344 0.105 45 
1.068 0.371 0.086 18 

2 Glacial advances I-IV arc the Pleistocene odvonccs recognized in Onion Volley. In order 
of decreasing age, IV corresponds to the Tioga stage, III to the Tena.ya stage, and II to 
the Tahoe stage. I is a pre-Wisconsin advance. The lower case letters a, b, and c denote 
different groups of moraines within those assigned to each advance. 

5 

VP is the mean acoustic wave speed. 

s is the standard deviation of the distribution of VP. 

Dmax is the statistic from the one-sample Kolmogorov-Smirnov test, for normality of the 
sampled population of VP' 

C is the confidence that the population of all VP was not normally distributed, 
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Fig. 5-41. Sawmill Canyon: VP measurement sites and geology (continued). 

The Quaternary deposits shown were mapped in the course of the present study: 

Qa •••••••••• Pleistocene or Holocene alluvium. 
Qt •••••••••• Pleistocene or Holocene talus. 
QTi ••••••••• Tioga moraines (advance IV). 
QTe •••••.••• Tenaya moraines (advance III). 
QTa ••••••••• Tahoe moraines (advance II). 
QpTa •••••••• Pre-Wisconsin moraines (advance I). 
Qvc ••••••••• PleiRtocene volcAnic cinders. 
Qv •••••••••• Pleistocene basalt flows. 

The bedrock geology follows Moore (1963): 

Kspa; Kspb •• Cretaceous Spook pluton; granodiorite and quartz monzonite - -
a) dark colored facies, b) light-colored prophyritic facies. 

Kml ••••••••• Cretaceous Mule Lake pluton; porphyritic granodiorite. 
Ki •••••••••• Cretaceous Independence pluton; alaskitic quartz monzonite. 
Km •••••••••• Cretaceous mafic plutonic rock. 
J""f:irt •••••• Jurassic-Triassic metarhyolitic tuffs. 
J"jla ••••••••Jurassic-Triassic meta-andesite. 
Pzch •••••••• Paleozoic calc-hornfels 
Pzm ••••••••• Paleozoic marble 
Pzbs •••••••• Paleozoic biotite schist 
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distributions from each site for normality, and by testing the distribution 

of the test statistics against random expectation (Ch. 3). Although four 

sites appear to represent non-normal populations at > 90% confidence 

(Table 5-19), out of 25 sites two or three are expected to be this deviant. 

Fig. 5-42 compares the cumulative distribution of confidences of normality 

for the 25 sites to the distribution expected if the populations were truly 

normal. The heavy solid line is this ideal distribution (for an infinite 

number of sites). The light solid and dashed lines parallel to the ideal 

distribution delineate the region within which 9j% or 90% (respectively) 

of the distributions for groups of 25 sites will range, if the sampled 

populations were normal. The actual distribution for the sites in Sawmill 

Canyon was well within these limits, and it may be concluded that the 

populations of wave speeds which were sampled were nomally distributed. 

This conclusion permits the use of Student's t-test to discriminate the 

sampled populations, as discussed in Ch. 3. 

In Fig. 5-43 the mean speeds for each site are grouped according 

to the moraine age assignments of (1) Burke and Birkeland (1979), 

(2) Dalrymple (1964). and (3) this study. The vertical spacing of the 

groups is arbitrary. In the third presentation (this study) sites within 

the two youngest groups (advances III and IV, or the Tenaya and Tioga 

stages) have been subdivided by individual moraine. 

In each organization, VP for site y on the outermost moraine is 

clearly less than VP for the next youngest groups. Sites on the Tioga 

moraines of Burke and Birkeland show a considerable range of mean speeds: 

1.65 ± 0.11 (lo) km/s for 23 sites. According to the central limit 

theorem, the parent population of VP for Tioga moraines should have a 

standard deviation o = 0.11 123 or 0.52 km/s. However, only one site 



~ 0 

o.> 75 
c.. 
E 
c 

(/) -0 

c: 
0 50 u 
c ..... 

l..L. 
Q..l 
> 

c 
:J 25 E 
:J 

u 

0 

SAWN/LL CREEK 

---99% confidence limit 
--90% • • 

25 

596 

Dmax = O.H 
n = 25 

50 75 
Rejection of H0 (%Confidence) 

100 

Fig. 5-42. The cumulative distribution of the confidence with which H0 
may be rejected, for each site where acoustic wave speeds were 

measured. H0 is the hypothesis that the V data are a sample of a 
normally distributed population. The cumufative distribution lies well 
within the range of values anticipated for 90% of all samples; thus it 
appears that the parent populations were normal. 



Advance 

rsz: 

m 

II 

I 

Glacia I 
Stage 

TioQa 

Tahoe • 

Tioga 

Tenayo 

Tahoe 

pre-
• Tahoe 

Tioga {~ 
Tena ya {~ 

Tahoe {~ 
pre- • Tahoe 

1.0 

597 

·---
Burke 8 Birkeland 

1979 

• • 

0 ••• -

···-.... 
Dalrymple 

1964 

• • 
0 - -·- .. 

• • ... 
••• .. 

This Study 

1.5 2.0 

VP, km/s 

Fig. )-43. VP for sites in Sawmill Canyon partitioned by age according 
to different studies (see Fig. 5-39), The ordinate scale is 

arbitrary but is arranged in order of decreasing age. Data for the 
Tahoe and Tioga stages of~urke and Birkeland are clearly separable, but 
the excessive scatter of VP values for the "Tioga" sites shows that 
more than one population was sampled, probably reflecting a variety of 
ages of till. Partitioning the data according to Dalrymple does not 
significantly modify this conclusion. Partitionin_g_according to this 
study results in a clear trend towards increasing VP with decreasing 
age. VP for moraines of different stages are statistically separable. 
The open circle marks a site which may have been contaminated by rockfall. 
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has a standard deviation as large as that, and the mean of all the standard 

deviations for the group is only 0.44 km/s. This probably indicates that 

more than one population was sampled, and it appears that the assignment of 

the same age to the three youngest morphologic groups was not justified. 

Grouping the VP for sites according to the age assignments of 

Dalrymple (1964) shows that the younger moraines (Tioga and Tenaya stages) 

tend to have fewer low values than the Hogsback (Tahoe stage). However, 

the highest values of Vp are about 1.8 km/s for each age group. The 

absence of a strong trend in Vp with the assigned agco may be taken ao 

evidence that Dalrymple's age assignments were not correct, or that there 

really was no significant age difference between the Hogsback and the 

yoongF\i::t Tioga-stage moraines. Further consideration shows this latter 

possibility is not the case. 

Analysis of variance using Fisher's method of randomization (see 

Ch. 3) shows that Dalrymple's post-Tahoe moraines appeared to be homogen­

eous (hypothesis H0 , that they were, could be rejected with only 77% con­

fidence). On the other hand, the Hogsback seemed to be distinctly hetero­

geneous - H0 could be rejected with 99.8% confidence. Thus the apparent 

lack of a consistent increase in VP with increasing age in Dalrymple's 

Wisconsin moraines could have resultt:!d f rum the preseuce of a veneer of 

young till (high Vp) on the Hogsback, as deduced in this study from the 

distribution of grusy boulders. 

If the Hogsback is partitioned according to relative ages indicated 

by the semi-quantitative data, there are at least two ages of till (advance 

II, and advances III and IV combined). Using Fisher's method of randomi­

zation as before, we see that both groups are probably homogeneous (H 0 can 

be rejected with only 15% and 62% confidence, respectively). Furthermore, 
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Student's t test applied to the distributions of Vp shows that these 

groups are different, with more than 99% confidence. Thus the semi­

quantitative analysis was correct; the Hogsback is a composite moraine. 

Close inspection of the Hogsback crest east and west of the trail 

crossing near the bench mark (8152 ft) shows that there is good reason to 

assign different ages to those regions. However, neither can be assigned 

to advance II. It may be that the older till was left during advance 

III. The most impressive changes in the degree of weathering of the 

tills are: 1) the decrease in the number of boulders from east to west 

across the trail; (2) the strong increase in the amount of clay at 30-cm 

depth; and (3) the increase in the abundance of disintegrating boulders, 

from 0% to 9% (Fig. 5-40d). Thus the apparent age of the Hogsback crest 

actually decreases across from west to east (down-canyon) across the trail. 

This unusual occurrence is best explained by an advance IV glacier pushing 

over a composite advance II and advance III moraine, but not actually 

overriding the crest west of the trail. 

Student's t-test shows that the Vp data support this complex interpre­

tation (Table 5-20). The sites assigned to advances III and IV are shown 

to be different with more than 90% confidence. All other pairs of groups 

are different with more than 99% confidence. 

If the Vp data for all sites in Sawmill Canyon are regrouped according 

to the age assignments of this study, a consistent decrease in Vp with age 

is seen (Fig. 5-43). The trend is even seen among moraines of the same 

advance. However, the changes in Vp among moraines assigned to the same 

stage are not statistically significant. Analysis of variance by Fisher's 

method of randomization, for instance, shows that sites from groups b and 

c of the advance IV (Tioga) moraines are homogeneous, with only a 44% 
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Table 5-20 

Student's t-Test Applied to VP Data for Sites on the Hogsback 

Advances 

IV - III (Tioga-Tenaya) 

IV - II (Tioga-Tahoe) 

III- II (Tenaya-Tahoe) 

(IV, III) - II 
(post-Tahoe - Tahoe) 

Degrees of 
Freedom * 

6 

7 

5 

10 

t** 

2.04 

6.65 

4.29 

4.04 

C t 0% 2 , 

91 

)99 

>99 

>99 

n1 + n2 - 2, where n1 and n2 are the numbers of site is the two groups 

(in order of listing). 

t = [n1 + n2 - 2 
nl + n2 

- -
where s1, s2, and VP , Vp are the standard deviations of the distri-

1 2 
butions of mean speeds, and the grand mean speeds of the two groups 

(in order of listing). 

t Confidence with which H0 (the hypothesis that the sites were samples 

of the same population of Vp may be rejected (two-tailed test). 
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probability that they could have been samples of different populations; 

sites fr.om the two advance III (Tenaya) moraines are heterogeneous with 

only 6% confidence; and sites from the three advance II (Tahoe) moraines 

are heterogeneous with only 2% confidence. 

Table 5-21 shows the results of t-tests comparing the different 

groups. None of the adjacent moraines of advance III (Tenaya stage) or 

advance IV (Tioga stage) were separable. However, the advance III veneer 

on the Hogsback and the advance II till of the Hogsback were readily 

separated by Student's t-test on V";; the test on VP was less certain, but 

still indicated that advance II was more weathered than VP with more than 

90% confidence. In contrast, tests on data grouped by glacial stage, 

rather than by individual moraine, showed that advances II, III, and IV 

were separable with more than 95% confidence. 

Thus the general scheme of age assignments deduced from semi-quanti­

tative weathering measurements in this study appears to be supported by the 

acoustic wave-speed data. The critical conclusions are: 1) at least four 

ages of moraines are present in Sawmill Canyon; (2) the difference in wave 

speeds, and hence in age, between advance I and advance II is much greater 

than the difference between advances II and III or even advances II and IV; 

(3) the differences in wave speeds between adjacent moraines do not appear to 

be significant for moraines of the same stage, but are marginally significant 

for adjacent moraines of different stages. This final point suggests that 

the times between glaciations were somewhat greater than the times between 

stades during the last 0.1 my. The period between advances I and II was 

significantly longer. 
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Table 5-21 

Student's t-Test Applied to VP Data for Sites in Sawmill Canyon 

Distributions of Vp Distributions of Vp 

Degrees of Degrees of 
Advancesl Freedom2 .£L..d ~ Freedom t7 c14 ,% _f2s,% 

IVb* - IVc 7 0.49 

IVc - Illa 208 1.04 85 70 

III,.- II lb 148 0.73 77 5J 

Illb-Ila 5 4.29 )99 >99 208 1.69 95 91 

rvb,c-II 1a,b 13 2.77 99 98 449 2,42 99 98 

IIIa,b-Ila,b 9 2.46 98 96 329 2.37 99 98 

* Site e has been excluded 

Advances II-IV are those of Onion Valley, probably corresponding to the Ta hue, Tena ya, 
and Tioga stages (Wisconsin glaciation), Subscripted letters a, b, and c denote 
moraines within stages, in order of increasing age. 

2 

5 

b 

7 

n1 + n2 - 2, where n1 and n2 are the numbers of site is the two groups 
(in order of listing). 

-( n_l ___ l_)_s_l ;_1_+_n_~-n-2--l-)_s_2_' ]''' 

are the standard deviations of the means and VP and VP are the grand means for 
the two groups, in the order listed. 1 2 

C1 is the confidence with which H1 (vp >VP , or VP >VP )may be rejected 
(one-tailed test). l 2 l 2 

C2 1.s the conf1.dence with which H0 (groups are the same) may be rejected (two­
tailed test). 

N1 + n2 - 2, where n1 and n2 are the numbers of measurements (VP) in each group. 

[ n1 
+ n2 - 2 n1 n2 ] 1/2 

[ VPl - vpJ 
t .. , where 

n1 + n2 <ni-1> s 2 + (n2-l) s22 1 

s1 and s2 are the standard deviations of the distributions of VP, and VP and VP are 
the means of the two groups, in the order listed. 1 2 
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calibration of relative ages by dated interbedded lava • 

The decrease of VP may be a logarithmic function of age (Ch. 3). In 

Sawmill Canyon there is little case-hardening of boulder surfaces, so 

this relationship may obtain until a significant number of boulders are 

removed from the population by granular disintegration. In Fig. 5-44, 

conventional estimates of the ages of the Wisconsin glaciations, values 

of VP for groups of sites, and age constraints from radiometric dates on 

interbedded lavas are shown. 

Three different VP-age lines are shown in Fig. 5-44. The actual 

line for Sawmill Canyon must lie between the limits shown by lines A and C. 

Line A is constrained by the lower age limit for the advance I moraine 

(131,000 y) and by the age of the last glaciers of the Tioga stage (here 

taken as 11,500 y for moraine IVb)• Were line A the correct one, all 

moraines younger than the Hogsback of advance II would belong to the Tioga 

stage; however, an age of 28,500 y for advance II would be indicated. 

This would place advance II in an interglacial period. 

Line C is constrained by the upper age limits of advances II and I 

provided by the radiometric ages of the interbedded basalts. Because the 

lava underlying the Hogsback was erupted before the Wisconsin Searles Lake 

formed 90,000 y ago (Smith, 1979), it may be an excessive age for advance 

II. Line C places advance III during the Tahoe stage, and advance IV 

during the Tahoe-Tenaya interglacial period. Thus neither limiting line 

appears to be realistic. 

Line B lies between limits A and C and was chosen to place the ages 

of all moraines within conventional stages. If this line is correct, 

then advance I is nearly 0.5 my old, advance II correlates with the late 

Tahoe stage (~ 35,000 to~ 45,000 y BP), and advances IVb and IVc were 
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Fig. 5-44. VP versus the age of glacial advances in Sawmill Canyon. If V 
decreases in proportion to the logarithim of the age of the tirl, 

then the age of an unk.uown mor-aine may be estimated provided the ages of two 
or more measured tills are known independently. Here three possibilities are 
shown. Ages are constrained by three radiometric dates on basalts inter­
bedded with the older moraines, Line A was chosen by taking the age of the 
youngest moraines to be 11,500 y, near the end of the Tioga stage, and by 
taking the age of moraine I to be its lower limit. Line C was chosen by 
taking the ages of moraines I and II to he their upper limits. Since it is 
implausible that advance IV is not the Tioga stage, lines A and C were prob­
ably limits to the correct line. Ll.ne B is one line within these limits 
which gives reasonable ages for all the moraines. 
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were deposited during the early Tioga stage (~ 21,500 to~ 25,000 y BP). 

Thus the Vp data together with the radiometric constraints on ages permit. 

but do not compel, the age assignments of this study. 

Two points must be considered in interpreting Fig. 5-44. First, VP 

for advance IVa clearly plots belows any of the Vp-age lines. The reason 

for this is unknown. From geological evidence it is clear that advance IVa 

dates from the end of the Tioga stage at the latest. Three possibilities 

are suggested: 1) sites a and b were on a terminal moraine, which may 

have a different provenance from the lateral moraines, so that the Vp data 

need not be directly comparable; (2) as Birman (1964) argued, terminal 

moraines may weather faotcr than lateral morainco; and (3) advance IVa 

may actually correlate with the Hilgard neoglacial advances. Birman (1964) 

found that Hilgard till appeared ~ weathered than late Tioga till. He 

attributed this to intensive weathering during the warm early Holocene Epoch. 

The solution to this problem is not central to understanding the critical 

Wisconsin-age glacial history in Sawmill Canyon, however. 

The second point is of more importance. Because of burial of moraine 

I by hot pyroclastic debris, the state of weathering of the boulders now 

exposed on the moraine crest may have been altered. Presumably, heating 

the boulders would enhance weathering processes. However, burial would 

probably retard them, and the net effect is unknown, but if it were signi­

ficant then it would change the limits A and C in Fig. 5-44. Because the 

pyroclastic ejecta blanket apparently was thin, and because no obvious 

baked zone was observed underlying it, it seems likely that effects of 

both heating and burial were minimal. 
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Summary of findings from relative dating • • • 

The Hogsback appears to be a composite moraine containing till of at 

least two and probably three ages. Based on the prevalence of disintegrated 

boulders, it is best to assign the old core of the Hogsback to advance II, 

or the Tahoe stage. The immense bulk of this moraine is consistent with 

this assignment, if the relative sizes of moraines are similar over the 

Sierra (cf. Blackwelder, 1931). The outermost moraine must therefore be 

from either an early Tahoe or a pre-Tahoe advance. From the advanced state 

of decomposition of many of its boulders it could correlate with advance I 

of Onion Valley. Radiometric dating of lavas overlying the moraines showed 

it to be pre-Wisconsin. However, even in the absence of that constraint, 

the large difference in acoustic wave speeds compared to the Tahoe moraine 

would require this moraine to be regarded as pre-Wisconsin. The two other 

ages of till on the Hogsback were probably deposited during the Tenaya and 

Tioga stages (advances III and IV). 

Morainco upotrcam from the Hogsback were divided into two groups 

morphologically. The yo.ungest group (advance IVa) was clearly correlated 

with the late Tioga stage. However, weathering characteristics for most 

of the moraines in both groups were similar, and the moraineo were regarded 

as different stades of the Tioga glaciation (IV). The outermost moraine 

appeared to be more weathered, and was assigned to the Tenaya stage 

(advance III), The question of whether this moraine belongs to a distinct 

stage or was just left by an early Tioga glacier cannot be answered, but 

because it could be statistically distinguished from the oldest advance 

IV moraine, and because adjacent advance IV moraines could not be, it is 

regarded in this study as belonging to a separate stage. 

Basalts interbedded with the older moraines provided some chronologic 
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constraints to the assigned ages. The oldest moraine was bracketed by 

lavas dated at 131,000 y BP and 463,000 y BP and therefore predated the 

Wisconsin glaciation. This contradicts Burke and Birkeland (1979), who 

assigned it to the Tahoe stage (early Wisconsin). Th~ Hog~back wa~ 

constrained to be no more than 120,000 y BP by radiometric dates on 

underlying lavas. This permits its assignment to the Tahoe stage. 

The radiometric ages and the VP measurements are compatible with the 

assignment of advances II, III, and rJ to the Tahoe, Tenaya, and Tioga 

stages, respectively. VP data demonstrate that these advances are 

statistically separable, and hence have significantly different ages. 

However, this does not require that the advances belong to different 

stages; different advances within a long stage may be differently weathered 

also. In this study, stage boundaries were defined by adjacent moraines 

which were statistically separable. 

Evidence of Ancient Glaciations from 
the Bedrock Ribs of Sawmill Canyon 

Knopf (1918) felt that the lower reaches of Sawmill Canyon, below 

the Hogsback, were an excellent example of an unglaciated valley charac-

terized by a V-shaped profile and a winding stream. The example is all 

the better because of the dramatic contrast with the glaciated valley 

upstream. Dalrymple (1964) agreed, raising the question of whether or not 

the southern Sierra Nevada had ever experienced a more extensive glaciation 

than that responsible for the Hogsback. Dalrymple felt that the Hogsback 

was of Tahoe age and interpreted his K/Ar dates of the subjacent basalt 

to mean that the moraine was less than 0.1 my old. In the northern and 

central Sierra Nevada, Wisconsin glaciers were dwarfed by the earlier 
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glaciers of the Sherwin glaciation. Dalrymple questioned whether the 

evidence of ancient extensive glaciations at Sawmill Canyon was removed 

by erosion, or whether because of climatic or tectonic changes the ancient 

glaciers did not form in the southern Sierra Nevada. He favored the 

latter explanation, suggesting that possibly the southern Sierra were 

uplifted later in the Pleistocene Epoch than the range farther north. 

Evidence of ancient glaciation high in the Sierra Nevada has generally 

been obscured by the repeated late Pleistocene glaciers. Although the 

relict surf aces near the crest in Sawmill Canyon were not strongly modified 

by the glaciers at the end of the Pleistocene Epoch, it has not been shown 

that they were created before the early Wisconsin glaciers. Thus it appears 

that Dalrymple's argument is hard to test. However, indirect evidence of 

ancient glaciation may be preserved in the bedrock ribs of the steep south 

wall of Sawmill Canyon east of the Hogsback. These ribs have consistent 

profiles which seem to reflect the ancient valley floor and walls. As seen 

in Fig. 5-45, these profiles do not show the straight sides of the classical 

V-shaped canyon above the modern gorge of Sawmill Creek. Instead they 

suggest that the ancient valley may have had a concave cross section. 

Furthermore, there seems to have been more than one stage of erosion. Three 

stages are suggested by the segmented ribs mapped in Fig. 5-46. Three seg­

ments may also be recognized at different points along the south wall below 

Sawmill Meadow. These are marked by changes of slope in the topographic 

map 210 m, 290 m, and 340 m above the modern stream near its confluence 

with its northern tributary. These points rise westward at gradients of 

15°, less steeply the ridge above (24°) but comparable to the modern stream 

(Fig. 5-46b). The consistent pattern lends credence to the interpretation 

of ribs as relicts of ancient valley floors and walls. The longitudinal 
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Fig. 5-46. Three zones of aligned breaks in slope are found on the 
south wall of Sawmill Canyon. See next page for explanation. 
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Fig. 5-46 (continued) 

Three zones of aligned breaks in slope are found on the south wall of 
Sawmill Canyon. a) Topographic map showing points where ribs of the 
south wall showed breaks in slope. (b) Profiles of the three lines of 
breaks in slope of Sawmill Canyon are contrasted to the modern escarpment 
and to the modern Sawmill Creek. Profiles were projected onto line A-B 
in the map (a). The systematic trend in the elevation of the points and 
the similar elevation differences between points on the same ribs argue 
that the breaks in slope may be significant. The profiles are similar 
to the modern stream profile, but intei:-sect the escarpment well above 
the modern fan. They may reflect the walls of the ancient canyon before 
Owens Valley was down-faulted as much as it is today. Topographic data 
arc from U.S. Ceol. Survey, Mt. Pinchot Quadrangle (1953), at a scale of 
1:62,500 and with contour intervals of 80 ft. 
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profiles intersect the escarpment at angles of about 5°, well above the 

modern stream. This is especially clear for the profile of the lowest 

surface. It is evidence that the range front has experienced vertical 

displacements since each canyon level was cut. If the canyon levels 

resulted from episodic erosion in the absence of tectonic displacement, 

they would converge to the modern stream at the mouth of the canyon. 

South of Sawmill Creek, the escarpment itself clearly shows evidence 

of at least two major rejuvenations. Projections of bevels to the range­

front faults show that offset during the older episode totaled ~ 410 m and 

during the younger episode ~ 200 m, measured from the present stream at the 

range front. In contrast, the total offset has amounted to about 2500 m. 

The three ancient canyon levels were all cut during the final episode. On 

the bevelled northeast slope of Sawmill Point two distinct breaks in slope 

can be seen. These are at 2440 m (8000 ft) and ~ 2070 m (6800 ft) 

elevation. They thus have the same elevation difference as breaks in 

slope on the escarpment south of Sawmill Creek, but are 125 m lower. 

Lower Sawmill Canyon is developed in well-jointed quartz monzonite. 

The major joint plane is steeply dipping, and undoubtedly joints control 

the location and angle of the steep sections of the complex rib profiles. 

The gradational reduction of slope cannot be explained by joint control, 

however, and the profiles may be best interpreted as relict sections of 

ancient valley floors. The smooth surfaces and the concave profiles 

point to ancient glacial abrasion. 

A Late-Pleistocene Incision Rate for Sawmill Creek 

Two observations in Sawmill Canyon permit the exploitation of the 
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radiometric dates to yield upper and lower limits to the rate of downcutting 

by Sawmill Creek. First, Sawmill Creek appear to have cut through roughly 

15 m of quartz monzonite bedrock since the eruption of the extensive intra-

canyon lava flow - 120,000 years ago. This gives a downcutting rate of 

roughly 0.125 mm/y, but this value must be a lower limit because Sawmill 

Creek also had to cut through the overlying lava. 

The second observation was that the 465,000-y-old lava now crops out 

- 85 m above Sawmill Creek. This gives a downcutting rate of 0.16 mm/y, 

but this rate must be an upper limit because the outcrop was not neces-

sarily at the bottom of the canyon when the lava was erupted. 

Thus the late-Pleistocene downcutting rate of Sawmill Creek probably 

was between 0.125 mm/y and 0.16 mm/y. This is less than half of the 

upper limit of the incision rate estimated for Coyote Creek (<0.33 mm/y; 

cf. Bateman, 1965). 

The Alluvial Fan of Sawmill Creek and an 
Offset Rate Along the Range-Front Fault 

At 1465 m (4800 ft) elevation, Sawmill Creek exits from the range 

front to flow through the head of an alluvial fan in a channel incised 

about 25 m. The amount of incision lessens rapidly down the fan. The in-

cised alluvial fan appears to grade to point near the top of the 0.12-my-old 

intracanyon basalt flow. An isolated outcrop of basalt, apparently a 

remnant of the same lava flow, is found on the north canyon wall, 62 m 

above the modern Sawmill Creek at the range front. The range front is 

marked by aligned springs and cinder cones, apparently developed along a 

fault. Cinders from these vents overlie the eroded remnants of the 0.12-

my-old basalt flow. Thus the volcanic activity along the range front 
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postdated the intracanyon eruptions. Stream-worn pebbles are also found 

atop the basalt outcrop at the range front. After the basalt choked the 

canyon bottom, Sawmill Creek was forced to flow on top of the lava for a 

time. 

Of critical interest is the observation that the first cinder cone 

north of Sawmill Creek overlies the ancient fan surface. This can be 

seen from the concentration of large boulders exposed on the cinder -

covered north wall of the stream channel, below a line connecting the 

highest patches of f anglomerate ~ 44 m above Sawmill Creek at the range 

front and the fan surface just east of the cinder cone. These boulders 

are almost certainly exposed in situ. The alternative explanation, 

that they were deposited in a buttress unconformity with the cinder 

cone, is unattractive because the cinders are easily eroded. Some of the 

boulders are grusy. It seems unlikely that they would remain on such an 

unstable base long enough to disintegrate. The old fanglomerate is best 

exposed in a roadcut next to the gauging station 350 m east of the Sawmill 

Pass trail head. Boulders are heavily weathered and the matrix is rich 

in clay. Thus an old fan seems to have graded to the top of the intra­

canyon basalt flows, probably before the eruptions of cinder cones along 

the range-front faults. The presence of basalt cobbles in the fanglomerate 

clearly shows that it postdates the 120,000-y-old lava flows. The volume 

and degree of weathering of the fanglomerate would be appropriate for Tahoe 

till. Thus the cinder cones may postdate some of the Tahoe glaciers and are 

thus less than~ 90,000 y old. On the other hand, volcanic lapilli are 

conspicuously missing from the Tahoe fan south of Sawmill Creek. This is 

only 200 m from the nearest cinder cone north of the creek, and only 500 m 

from the nearest cone to the south. Thus it appears likely that the lapilli 
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were buried by the aggrading fan. This indicates that the cinder cones 

predate the incision of the fan and are thus older than the mid-Wisconsin 

glaciers, or older than - 45,000 y. 

Apparently the incision and erosion of the intracanyon flown did not 

occur until well after the Tahoe glaciation began. When it did occur, it 

was probably hastened by the extraordinary volume of water pouring from re­

treating glaciers. The discrepancy (~ 18 m) between the height of the Tahoe 

fan and the basalt flow at the range front could have resulted in two ways: 

(1) the fan once graded to the top of the flow, and the discrepancy was 

caused by offset along the range-front fault, or (2) thP. fan gradP.d to a 

knick point or series of knick points migrating west from the range front. 

By mid-Wisconsin time incision of the intracanyon lava flows was 

complete. The Tahoe fan head was incised to a depth of 35 m or more, and 

a fill terrace 9 m above the modern stream was constructed. At an elevation 

of 1360 m (4460 ft) the fill terrace intersected the Tahoe fan surface; 

east of this point the fan surface is covered by the younger fanglomerate. 

No distinct fan of latest Tioga or neoglacial debris was constructed, 

perhaps because the moraines upstream were left largely intact. 

The late-Pleistocene off set rate on the range-front fault 

The most significant result from study of the fan head was a limit 

to the late-Pleistocene offset rate along the range-front fault. The 

intracanyon lava flow is not seen east of the range front, even though 

the stream has incised deeply into the cinder cone and fan below. It is 

unlikely that the flow was eroded from the fan surface because that pro­

cess should leave scattered remnants. There are thus two possibilities: 

(1) the lava is buried in the fan below the modern stream, or (2) the 
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lava extended only a short distance down the fan north of Sawmill Creek. 

In the first case, the vertical displacement of the lava flow would best 

be explained by normal faulting on the range-front fault. In the second 

case, the outcrops could be buried by cinders from the vent north of the 

creek. However, it seems unlikely that the lava flow, probably more than 

30 m thick at the range front, would not flow a considerable distance 

down the fan. Thus the first explanation is preferred. This model 

implies that there has been a total of > 62 m of vertical off set during 

L.he last 120,000 y, giving an average offset rate of > 0.5 mm/y. This 

rate is nearly twice the rate (<0.3 mm/y) of stream incision estimated 

at Coyote Creek (near Bishop, California) and three times the limit 

estimated for Sawmill Canyon. However, the elevation of the Tahoe fan 

head imposes an upper limit of 18 m of offset since the fan was incised, 

probably before the mid-Wisconsin glaciation. Thus the 18 m of offset 

probably took from 45,000 to~ 90,000 y. This impliPi:: an uppF>r limit of 

from 0.2 to 0.4 mm/y for offset during the late Wisconsin glaciation, 

which in turn requires the rate before and perhaps during the early 

Wisconsin glaciation to be more than 0.6 to 1.5 mm/y. Rapid faulting 

may thus have been episodic and followed or accompanied the volcanic 

eruptions, subsiding after a few tens of thousands of years. 

It may be argued that the lava outcrop 62 m above Sawmill Creek at 

the range front was extruded from the adjacent cinder cone rather than from 

the vents in the canyon. If this was the case then its age could be as much 

as a factor of two or three less than 120,000 y. Because stream-worn 

cobbles were found atop the lava flow, it clearly dates from before the 

incision of the Tahoe fan, when Sawmill Canyon at the range front was 

filled either with lava or fanglomerate. However, the validity of the 
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average offset rate ()O.~ mm/y) depends on whether the intracanyon flow ever 

crossed the range front. Regardless of the origin of the isolated outcrop 

of lava, this much seems certain. The isolated outcrop serves mainly to 

provide an estimate of the offset. If the lava flow were from the cinder 

cone and if it rested mainly on the fan, then the actual fault offset might 

be more than measured, but 0.5 mm/y would still be a valid lower limit. 

If the flow rested on the intracanyon lava, then the measured offset might 

be fractionally too large. The error would be small however, since the 

heights above Sawmill Creek of the intracanyon flow and the range-front 

outcrop are about the same. I conclude that 0.5 mm/y is probably a valid 

limit for late-Pleistocene offset on the range-front fault at Sawmill Canyon. 
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5.7 DIVISION AND ARMSTRONG CANYONS 

North of Sawmill Point the Sierra escarpment recedes ~ 3.5 km west 

and the elevation at the fan head increases to~ 1830 m (6000 ft), The 

character of the escarpment changes as well. Instead of rising in a 

single sweep, it is broken by benches which themselves are highly faulted. 

These benches may be higher analogs of the foothill block to the south. 

Perhaps in part because of the absence of transfluent tributaries, 

glaciers in Division and Armstrong Canyons were smaller than in adjacent 

canyons. As a consequence, runoff during glacial retreats was probably 

smaller also, and unusually complete sequences of moraines are preserved 

in the northern of the two canyons of Division Creek and in Armstrong 

Canyon. Armstrong Canyon was chosen for study, because access (from Scotty 

Spring) was superior. Armstrong Canyon was also chosen to provide relative 

age dating control for Goodale Canyon, the next canyon to the north. 

Summary of Bedrock Geology (Moore, 1963) 

Division Creek is cut primarily into the granodiorite or quartz mon­

zonite of the Spook Pluton. In Armstrong Canyon the Spook pluton is 

exposed only for 1.5 km along the southern wall. Most of the upper canyon 

is in the porphyritic granodiorite of the Mule Lake pluton. Thus the rock 

types but not their abundances are similar to those of Sawmill Canyon. 

The lower reaches of Armstrong Canyon consist of the mafic pluton. 

Moraines of Armstrong Canyon 

All the moraines of Armstrong Canyon below 2500 m (8200 ft) elevation 
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Wt:!rt:! at:>::>lgnt!<l Lu Lht! Tluga gla1..:lalluu by Moure (1963). However, weaL11t!rlng 

characteristics clearly varied among the four distinct moraines within this 

this part of the canyon, and appeared to justify a subdivision of the 

moraine::; by age. 

In this study, the moraines below the cirque of Armstrong Canyon were 

divided into five groups (Fig. 5-47). The lowest was found at 2145 m 

(7040 ft) elevation. It was a short 100-m section of a left-lateral 

moraine largely buried by younger till. The soil appeared redder than 

in the younger moraine and boulders were oxidized and grusy. No volcanic 

ejecta were found on the moraine. This moraine is at least of Tahoe age, 

but is best matched by the pre-Tahoe moraines of Onion Valley and Sawmill 

Canyon. It was assigned to advance I. 

The next group of moraines extends up to about 2165 m (7100 ft) 

elevation. The left-lateral moraines and outwash are cut by deep ravines 

which are buried above 2165 m elevation. The outwash grades to the fan 

head and merges with outwash and the right-lateral moraine of Goodale Creek 

east of the range-front. The outwash overlies basalt flows and the cinder 

cone south of Armstrong Creek. The right-lateral moraine was largely 

eroded. Boulders were heavily weathered with cavernous surfaces, but the 

distinctive oxidized and grusy boulders of the older moraine were not 

found. Boulders preserving original abraded surface were rare also. This 

group appeared to correlate with advance II of Onion Valley (Tahoe stage). 

Above 2165 m (7100 ft) elevation moraines were found on both sides of 

Armstrong Creek. Bedrock knobs protruded through the right-lateral 

moraine, which appeared to have been extensively eroded. Despite this, 

the terminal moraine was not completely breached. Thus morphologically 

this group is distinctly younger than advance II. Although occasional 
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grusy boulders were seen, in general the till appeared less weathered 

than in the two lower groups. In this study, this group was assigned 

to advance III, but the distinction from the younger moraine upstream 

was not profound, and the group could date from early advance DI. 

The fourth group of moraines was found above 2345 m (7700 ft) elev­

ation. These moraines enclosed the sage flats at the end of the road 

from Scotty Spring at 2535 m (8320 ft) elevation. The moraines of this 

group were quite youthful in general appearance. The thick terminal 

moraine has not yet been deeply breached by the intermittent Armstrong 

Creek, which percolates through the porous fill behind the moraine, 

emerging at about 2390 m (7850 ft) elevation from the base of the moraine 

in a large spring. This group was assigned to advance IV (Tioga stage). 

At 2585 m (8480 ft), an enormous forested terminal moraine buries the 

sage flats behind the end moraines of the fourth group. The moraine has 

not been modified by stream erosion; Armstrong Creek is completely subsurface 

above the sage flat. Despite the clearly youthful character of the moraines, 

a few grusy boulders were found on its surface and in road cuts. At least 

the terminal moraine of this group is certainly of Tioga age (advance DI). 

However, the thick sequence of moraines (like that of the tributary to 

Sawmill Creek) may actually be composed of different layers of till, and the 

uppermost moraines may be neoglacial. These moraines were characterized by 

piles of boulders without large amounts of interstitial material. Boulder 

burial or relief ratios ranged from 0/0/100 (no burial) tu 15/S0/35 (15% 

of the boulders exposed on the surface were deeply buried), whereas on the 

moraines below the sage flat (fourth group) ratios of 33/33/33 were common. 

I suspect that the small, fresh-appearing moraines atop the complex of 

moraines of the fifth group date from advance V, the Hilgard neoglaciation. 
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Above 2925 m (9600 ft) elevation and in the cirque of Armstrong 

Canyon, there appear to be least two sets of young neoglacial moraines. 

These are probably the equivalent of the Recess Peak (advance VI) and 

Matthes (advance VII) glaciations. 

Till of advance VI was well consolidated and 75% or more of the 

boulders were covered with brown lichens. Yellow-green lichens exceeded 

20 cm in diameter. Sedges were common, but the moraines were unforested. 

The till was generally deposited in low hummocks and disconnected ridges, 

and it appeared that much of it originated from the shatly south wall of 

the canyon. 

Till of advance VII was restricted to the steep-sided rock glacier 

above 3170 m (10,400 ft) elevation in the cirque. Angular boulders on 

this unconsolidated moraine were unstable and rolled easily. There was 

no soil, vegetation, or lichens on the surface of the rock glacier. The 

lower reaches and snout of the rock glacier, however, were more stable 

and supported scattered sedges and lichens. The colonies of yellow-green 

lichens attained a size .of 2 cm, which would correspond roughly to an 

age of 300 y at Mammoth Lakes, California (Curry, 1968). 

Relative dating techniques were sufficiently powerful that pro­

gressive differences from moraine to moraine could be noticed within the 

young neoglacial till. 

This raises the possibility that the three neoglacial advances 

generally recognized in the Sierra might be systematically subdivided, 

as Curry (1968) has reported doing in the Mammoth Lake region. No effort 

was made to do so for this study. 
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Granodiorite Weathering Ratios in Armstrong Canyon 

To discriminate among tills of the different groups of moraines, 

semi-quantitative weathering data were gathered at 62 locations in 

Armstrong Canyon. Granodiorite weathering ratios were the most useful. 

These data are given in Table 5-22 and plotted on a three-component 

diagram in Fig. 5-48. GWR values for neoglacial moraines showed a strong 

trend towards fewer fresh (class 1) boulders with increasing age. The 

three neoglacial advances were readily separat~d. 

Moraines older than advance VI had few class 1 boulders, and in Fig. 

5-48 they plotted along the line: (class 2) + (class 3) = 1. The Pleis-

tocene moraines showed a clear tendency towards more heavily weathered or 

grusy boulders with increasing age. However, from advance V to advance IV 

moraines showed a perplexing tendency towards fewer heavily weathered 

boulders with age. One site ("g") may have been anomalous because its 

boulders were derived in part from outcrops of Spook pluton quartz monzon­

ite on the south wall instead of the more common Mule Lake porphyritic 

granodiorite, but the trend was apparently real. Perhaps this corresponds 

to the "reversed" weathering noted by Birman (1964), in which Hilgard till 

appeared more weathered than the older Tioga till. 

Although mean values of GWR gathered at several locations on each 

Pleistocene moraine showed progressively more heavily weathered boulders 

with increasing age, the clusters of individual values overlapped consid­

erably. Site "m", on the "advance III" moraine, could not be distinguished 

from the advance IV sites. On the other hand, the advance II group was 

distinct from all younger moraines, and advance I was clearly older than 

advance II. Site "q" on the advance I moraine probably ·.llots anomalously 

close to site "n" (advance II) because data were gathered close to the 
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Table 5-22 

GWR Data for Moraines in Armstrong Canyon 

a) Individual Sites 
No. of 

Sites 1 Advance2 Boulders GWR3 

a-1 VII 50 4/6/90 
a-2 VII 50 2/6/92 

b-1 VII 56 11/21/68 
b-2 VII so 4/12/84 
c VI 65 29/23/48 

d-1 VI 64 20/27/53 
d-2 VI 50 26/32/42 
d-3 VI 52 19/29/52 

e-1 VI 50 20/30/50 
e-2 VI 50 20/30/50 
e-3 VI 51 18/27 /55 
e-4 VI 52 23/23/54 
f-1 v 61 41/39/20 
f-2 v 61 38/41/21 
f-3 v 52 33/ 40/27 
f-4 v 50 34/36/30 
g-1 v 56 71/23/5 
g-2 v 50 50/40/10 
g-3 v 50 60/38/2 
g-4 v 50 40/58/2 
h-1 v 50 28/54/18 

h-2 v 50 22/58/20 
i-1 v 50 28/68/4 
1-2 v so 12/76/12 

i-3 v 50 8/80/12 
j-1 IV 51 37/57/6 
j-2 IV 54 28/70/2 
j-3 IV 46 39/59/2 
j-4 IV 50 30/70/0 
k-1 IV 51 31/69/0 
k-2 IV 52 21/77 /2 
k-3 IV 52 15/77/8 
1-1 IV 58 33/66/2 
1-2 IV 58 34/66/0 
1-3 IV 60 43/57/0 
1-4 IV 47 45/53/2 
k-1 IV 47 43/51/6 
k-2 IV 51 45/49/6 
k-3 IV 53 47/47/6 
k-4 IV 49 43/55/2 
k-5 IV 50 36/64/0 
m-1 III? 47 47/49/4 
m-2 III? 49 39/59/2 
m-3. III? 50 38/60/2 
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Table 5-22a (continued) 

No. of 
Sitesl Advance 2 Boulders GWR.3 
-·- - -, - - -

m-4 III? 50 28/70/2 
m-5 III? 55 49/46/5 
n-1 II 55 73/24/4 
n-2 II 51 71/29/0 
n-3 II 56 64/32/4 
n-4 II 50 48/52/0 
o-1 II 50 60/40/0 
0-2 II 51 47/47/6 
0-3 II 52 54/46/0 
0-4 II 54 54/43/4 
0-5 II 51 59/39/2 
p-1 I 54 70/28/2 
p-2 I 54 74/26/0 
q-1 I 50 70/30/0 
q-2 I 50 70/24/6 
q-3 I 50 66/30/4 
q-4 I 50 60/32/2 
q-5 I 50 62/38/0 

b) Groups 

No. of 
Sites 1 Advance2 Boulders GWR.3 

a VII 100 3/ 6/91 
b VII 106 8/17/75 
c VI 65 29/23/48 
d VI 166 22/29/49 
e VI 203 20/28/52 
f v 224 37/39/24 
q (R) v 206 56/39/5 
h v 100 25/56/19 
i v 155 15/75/10 
j (R) IV 356 29/69/3 
k IV 219 39/60/1 
1 IV 250 43/53/4 
m III? 301 39/58/3 
n II 212 64/34/2 
0 II 258 55/43/2 
p I 108 72/27 /1 
q I 250 67/31/2 
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Table 5-22 (con~1nued) 

1 Sites within groups are contiguous. Group locations are shown in 
Fig. 5-40. "R" denotes groups on right-lateral moraines. 

2 Advances are those of Onion Valley. Advances VII, VI, and V probably 
correspond to the neoglacial Matthes, Recess Peak, and Hilgard stages. 

Advances IV, III, and II are probably the Tioga, Tenaya, and Tahoe 
stages. Advance I is pre-Wisconsin. 

3 Granodiorite Weathering Ratios: listed in order are the percent of 
boulders in classes 3 (heavily weathered), 2 (lightly weathered), and 
1 (fresh). 
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• INDIVIDUAL SITES 

o MEAN GWR FOR GROUPS 
Of SITES 

0 L-~~~~__.::iL-~~~~~~~~~~--::~~~~~~ 
0,5 0.75 1.0 0 0,25 

FRACTION OF BOULDERS IN GWR CLASS 3 

Fig. 5-48. Variation diagram for GWR data for moraines of Armstrong 
Canyon. The fraction of heavily weathered boulders (class 3) 

and lightly weathered boulders (class 2) are plotted on the abscissa and 
ordinate, respectively. Data for individual sites on the same moraine 
crest define clusters, but clusters for adjacent moraines generally 
overlap. Mean values of GWR for groups o~ sites on the same moraines 
define an evolution trajectory. The youngest neoglacial moraines consist 
dominantly of fresh (class 1) boulders. Class 1 has been largely depleted 
even in latest Pleistocene moraines. Remarkably, Tioga moraines have a 
lower proportion of class 3 boulders than the early Holocene Hilgard 
moraines. This cannot be explained by weathering. See text for discus­
sion. Pleistocene mora:f.nes show an obvious trend towards a higher 
fract1on of heavily weathered boulders w1th 1ncreas1ng age. 
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contact with the higher advance II morainA, and there was some possibility 

of contamination by the younger boulders. Sites of advance I showed a 

tendency to look older with with distance from the younger moraine. 

It was concluded that the basic age assignments in Armstrong Canyon 

were warranted by the GWR data, except that advance III (Tenaya stage) 

could well have been simply an early advance IV (Tioga stage). The 

critical age assignment, advance II (Tahoe stage), appeared to be justified. 

This moraine was coeval with the moraine overlying the basalt flows at 

the range front along Goodale Creek. 

Basalt.Flows Near Armstrong Canyon 

There has been an enormous outpouring of basalt from vents along the 

range-front faults from Sawmill Canyon to Armstrong Canyon (Moore, 1963; 

Darrow, 1972; Knopf, 1918). These are partly buried by fan deposits and 

glacial outwash of advance II (Tahoe stage). About 1.5 km northwest of 

the Division Creek powerhouse the pre-eruption fan surface is exposed. 

This surface, which was not visited, appears redder and less bouldery 

than the younger fan in natural color 1:16,000 scale aerial photographs. 

Perhaps some of the reddish color is due to a mixture of cinders with 

the fanglomerate. The relationship shows that the lava flows are probably 

pre-Tahoe in age. 

Truncated Spurs Near Armstrong Canyon 

Three triangular facets below~ 3170 m (10,400 ft) elevation can 

be seen near Spook Canyon (Plate II). The apices are about 365 m 

below the end of the ridge separating Armstrong Canyon from Division 

Canyon. This ridge may in turn mark the higher apex of an older facet. 
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Four apices may be seen within the northern Division Canyon at about 

3290 m (10,800 ft) elevation. Two of these are fairly obvious on both 

aerial photographs and on the topographic map; the other two are subtle 

even on the photographs. The significance of these facets is difficult 

to assess. The line of apices rises westward at only 5°. The face of 

the spur above the bench north of Spook Canyon is somewhat oversteepened 

for a height of ~ 150 m. This probably resulted from the latest off set 

between the main Sierra block and the bench. The bench does not contain 

any alluvial or fan deposits. 
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5. 8 GOODALE CANYON 

At Goodale Creek the alluvial fan heads are sufficiently elevated 

1950 m (6400 ft) that Wisconsin glacial moraines cross the range-front 

fault. The extent of the glaciers was no doubt the greater because the 

catchment consisted of three large tributary canyons. The lowest moraines, 

probably of advance II (Tahoe stage), overlie a 25-m-thick sequence of 

olivine basalt flows (Fig. 5-49), and outwash of the same age ovcrtopped 

other flows lower on the fan. The moraines may also have predated the 

cinder cones at the range front. This is indicated by the absence of 

volcanic bombs and lapilli on the moraines, despite their presence on the 

adjacent slopes north of Goodale Creek. The potential for obtaining an 

absolute age limit to a late Pleistocene glacial advance was the principal 

motivation for studying Goodale Canyon. The necessary date for the lava 

flow has not yet been obtained. 

summary of Bedrock Geology (Moore, 1963) 

The upper reaches and cirques of Goodale canyon are developed in 

quartz monzonite of the Siberian pluton. Only along the southern tri­

butary does the Mule Lake pluton crop out. Part of the headwall of the 

middle tributary canyon consists of biotite schist, which is also found 

in the northern canyon. Striped Mtn. at the head of the northern canyon, 

is composed of a dark granodiorite or quartz diorite shot through with 

lighter granitic dikes. The lower portions of Goodale Canyon are cut 

through the mafic pluton. 
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At the mouth of Goodale Canyon a spectacular line of nine basaltic 

cinder cones occurs along the range-front faults. A thick series of 

basalt flows on either side of Goodale Creek underlie moraines of the 

late Pleistocene glaciers. Bedrock east of the fault is not exposed. 

The bench south of Goodale and Armstrong Canyons, like Shingle Mill 

Bench to the north, seems to have been formed by antithetic normal faults 

dipping west into the main range-front fault. Similar antithetic faults 

were mapped by Moore south of Sawmill Canyon, although no bench is found 

there. This type of bench contrasts with the foothill block, which is 

usually characterized by normal faulting with the east side down. 

Moraines of Goodale Canyon 

Figure 5-50 shows the Quaternary deposits of Goodale Canyon and a 

generalized map of the maximum advances of the Wisconsin and younger 

glaciers. The trunk glaciers which extended east across the range front 

formed at the confluence of the middle and northern forks of Goodale 

Creek. Here the glaciers from the two cirques on the Sierra crest cas­

caded 600 m in enormous icefalls to their junction. The volume of the 

trunk glacier was probably increased but little by a third tributary, 

plunging ~ 300 m down the southern wall of Goodale Canyon from a hanging 

canyon 1 km farther east. The depth of the trunk glacier 1.5 km west of 

the range front was about 150 m. Despite this, the glacier extended 

beyond the range front onto the alluvial fans only ~ 0.5 km. 

Only the oldest preserved moraine actually crosses the range front. 

The Holocene neoglacial advances appeared to have reached the icef alls 

from the cirques, but not to have reformed as a trunk glacier in the 

main canyon. The later Holocene glaciers were confined to the cirques 
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Fig. 5-50. Quaternary geology in Goodale Canyon. 
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Fig. 5-50 (continued). Quaternary geology in Goodale Canyon. 
(b) Generalized map showing the maximum 

advances of the late Quaternary glaciers. The map base is U.S. Geol. 
Survey aerial photograph GS-VDYM 2-222 (8-31-75). Scale is variable 
because of foreshortening. 

b 



themselves. 

The sequencP. of moraines in Goodale Canyon is not well preserved. 

The left-lateral moraines within the canyon west of the range front remain 

as only a thin veneer of till against the canyon wall. The right-lateral 

moraines are better preserved, and two parallel crests were found below 

the confluence with the southern tributary. No massive Tioga-stage term­

inals such as were found in most other canyons were observed. The reason 

for this in unclear.· 

Moore (1963) assigned the moraines east of the range front, like 

those of Armstrong Canyon, to the Tioga stage. Were this correct, it 

would mean that evidence of the Tahoe glaciers was absent, although this 

is the case in no other canyon. 

Relative weathering data do suggest that the lowest moraines appear 

younger than most Tahoe moraines. The GWR for 52 boulders measured the 

same day as the Armstrong Canyon moraines was only 46/50/4. This could 

indicate a Tioga or Tenaya age if the weathering rates for the boulders 

were the same, but does not exclude a Tahoe age. However, there are several 

reasons for believing that the GWR underestimated the actual age. First, 

numerous heavily weathered boulders with case-hardened surfaces and as much 

as 15 cm of weathering relief were observed. This is uncharacteristic of 

Tioga moraines. Second, Goodale Creek has undercut both lateral moraines. 

This process tends to expose relatively unweathered boulders at the "crest". 

Third, the right-lateral moraine grades into the outwash plain from Armstrong 

Canyon which dated from advance II (Tahoe stage), Fourth, Goodale Creek has 

cut deeply into bedrock just west of the range front. Incision since the 

Tioga stage is typically only four or five meters, yet Goodale Creek was 

was incised perhaps 25 m. For these reasons, the lowest moraines of 
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Goodale Canyon were assigned to advane@ II in this study. 

Two additional factors must be noted. First, till from the southern 

tributary appears to have reworked a large amount of older diamicton, 

possibly introducing a bias to the weathering data for the right-lateral 

moraines. The extent of the bias is uncertain, but because much of the 

reworked material was extremely fine, the actual effect on the GWR could 

be minimal. On the other hand, the introduction of even a few cavernous 

boulders to a moraine would possibly affect the conclusions drawn from 

relative dating techniques. Second, the basalt flow underlying the 

moraines at the range front has not yet been completely incised by Goodale 

Creek, and a waterfall is found within the basalt a few hundred meters 

east of the range front. Because the basalt elsewhere appears to be 

rapidly eroded by undercutting, this could be an indication of youth of 

the lava flow. This possibly makes this lava especially attractive for 

dating; it could provide a close upper limit for the age of the range­

front moraines. 

Each of the two faclor~ tllscus~ed above suggests that the moraines 

may be younger than thought in this study. Because of the dearth of 

moraines preserved in Goodale Canyon, the GWR data cannot be placed in 

context and the extent of the bias cannot be assessed. Relative weathering 

data are thus unreliable for moraines of the trunk glaciers. The rate of 

incision of basalt was not determined, and complicating factors such as 

burial by glacial outwash may have lowered the rate anyway. Thus, the 

radiometric age of the lava would be the best clue to the age of the 

overlying moraines. 

Above two waterfalls at 2070 m (6800 ft) elevation the character of 

Goodale Canyon (Fig. 5-51) is markedly different. Incision by the creek 
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Fig. 5-51. Goodale Canyon from the range front. View is to the west. 
An eroded right-lateral moraine lies against the cliffs of 

the south wall of the canyon; moraines have largely been removed on .the 
north side although till is abundant. Above the bedrock steps and watcr­
f alls (foreground) Goodale Creek is incised less than 2 m into the valley 
floor. Although no prominent moraines were found, this must last have 
been glaciated during the Tioga stage. 
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is reduced to - 6 m at the top of the upper falls, and farther upstream 

the incision is nil. These falls may mark the lower limit of the latest 

Pleistocene glaciers. Certainly the Tioga glaciers reached below the con­

fluence of the main and middle forks, for the patches of till remaining on 

the south wall of the canyon west of the southern tributary are distinctly 

fresher than the till near the range front. 

Low and indiAtinet morAin~A Ar~ found at the base of the steep bedrock 

steps on both the main and middle forks above their confluence. These may 

be Tioga recessional moraines or Hilgard terminal moraines (advance V). 

Their general size is typical of advance V moraines elsewhere in the study 

area, and they are assigned to advance V. The unsedimented lakes at the top 

of each step were certainly covered by the advance V glaciers, which thus 

cascaded over the bedrock steps. 

The Cirques of Goodale canyon 

Each of the three major cirques of Goodale Creek has an interesting 

feature which warrants a· brief discussion. The northern cirque (main 

fork) is cut into the southeast face of Striped Mtn., whose summit (~ 4000 m 

or 13,120 ft) is an old erosion surface. East of Striped Mtn., Goodale 

Mtn. is flanked on the southeast by a 1.5-km-long rib whose 0.4-km-wide 

top is also part of an old surface (3410 - 3720 m or 11,200 - 12,000 ft 

elevation). Cut into this surface between Striped Mtn. and Goodale Mtn. 

is a remnant of a 0.75-km-wide U-shaped trough which is now the pass 

from Goodale Canyon to Taboose Canyon. This remnant stands now ~ 180 m 

above both the floor of the Goodale Canyon cirque and the broad valley 

to the north which contains Taboose Pass, on the Sierra crest, Apparently 
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the vicinity of Goodale Mtn. was once a gentle upland surface of consid­

erable extent. Relief on this surface was perhaps JOO m. From the 

distinctive profile of the pass between Goodale Mtn. and Striped Mtn., 

this ancient surface appears to have been incised by glaciated valleys. 

The orientation of this pass and the presence of a high ridge l km to 

the south shows that the ancient glacier must have flowed northwest. 

It probably was a tributary to the ancient South Fork of the Kings 

River, which drains west. At that time, Goodale Mtn. was probably on 

the Sierra crest. This drainage has since been captured by Goodale 

Creek, probably as a consequence of its increased competence after the 

major uplift of the Sierra Nevada relative to Owens Valley. The middle 

fork of the Goodale glacier was actively working westward through another 

relict surface below Mt. Pinchot. This large plateau (~ 1 km2) is only 

about 25 m below the present crest. It supports three small glaciers 

today, on the northeast face of Mt. Pinchot. The headwall of the Goodale 

cirque has cut sufficiently far into the plateau that recent moraines 

have been undercut and are exposed on the crest itself (Fig. 5-52). 

Undoubtedly, some ice from this plateau fed the glaciers to the east, 

although most joined the Woods Creek glacier west of the crest. This 

plateau is at about the same elevation as the sub-summit surf ace to the 

north, and they may have once been continuous. It may be an analog for 

the smaller remnant surface of University Peak. 

The southern tributary of Goodale Creek was glaciated, but not as 

heavily as the northern ones. The Ronthern tributary heads in two fresh 

cirques cut into a higher bench or ancient cirque ~ 170 m higher than 

that of middle fork. As seen from the north, the bedrock floor of this 

bench has a concave east-west profile and is buried by up to SO m of 
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Fig. 5-52. The crest of the Sierra Nevada west of the middle fork of 

Goodale Creek, showing thin neoglacial moraines capping 

bedrock. View is tn the north. The till is less than ~ 5 m thick on 

the crest. The contact between bedrock and till is sharp. 
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drift and ground till (Fig. 5-53). This diamicton is unusual because 

in the fresh exposure it has a large component of clay and very fine 

particles and relatively few boulders. Soil from the surface of the 

deposit is less rich in clay, and clay coatings on rock grains and pebbles 

are less well developed. Perhaps this reflects recent reworking of the 

surface layers. The age of the diamicton is uncertain, but the unusual 

abundance of clay suggests that it is at least pre-Wisconsin. Late 

Pleistocene and Holocene glaciers have reworked this ancient till, and some 

moraines below the recent cirques consist almost entirely of silt and clay. 

Relative dating is thus problematical. 

Offset Across the Range-Front Fault 

No scarps were found on the advance II (Tahoe) moraines that strad­

dled the range-front or on the alluvial fans or debris skirts nearby. It 

is possible that hitherto unrecognized faults exist along the easternmost 

9utcrops of bedrock, at about 219J m (/ZOU ft) elevation on each moraine 

crest. Small scarps might be undetected in such a location, but activity 

should be reflected in a discontinuity in the height of the moraine crests 

across the range front. It was not possible to measure total off set of the 

moraine crests across this zone because the moraines to the west were 

severely eroded by Goodale Creek, and the original crests have been removed. 

By eye iL appears Lhal possible offset has been limited to a few meters. 

Furthermore, no scarps are seen across the moraines and outwash in Armstrong 

Canyon, although these would be on strike. Thus it seems that there has 

been little activity on the range-front faults at the mouth of Goodale 

Canyon at least since the end of the Tahoe stage, about 65,000 y ago. 
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Fig. 5-53. Ancient diamicton rich in cl:i.y is exposed on the south wall 

of the middle cirque of Goodale Canyon. The top of the 

diamicton is - 170 m above the neoglacial moraines of the cirque. The 

diamicton is probably a weathered till. The view is from the Sierra 

crest looking east. The cinder cones at the mouth of Goodale Canyon are 

seen in the background. 
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5.9 TABOOSE CANYON 

The cirques of the Taboose glaciers have been cut into the headwaters 

of the South Fork of the Kings River. Consequently, Taboose Pass is not 

a small col on a steep ridge, but is on the broad floor of the old valley. 

Taboose Pass is one of only two passes (the other is Piute Pass) lower 

than 3500 m (11,500 ft) elevation from Cottonwood Basin in the southern 

Sierra to Pine Creek, north of Bishop. At least the Wisconsin glaciers 

flowed east and west from the ice cap filling the pass. 

Moraines from the Pleistocene glaciers are found in the main canyon and 

across the range front. Unlike Goodale Canyon, the terminal moraines of the 

Tioga glaciers are large and well preserved. Like Goodale Canyon, the Tahoe 

moraines at the range front do not seem to have been faulted. However, pre­

Wisconsin moraines may have been off set vertically as much as 42 m. 

Summary of Bedrock Geology (Moore, 1963; Bateman, 1965) 

Taboose Canyon is developed almost entirely in granitic rocks. Three 

plutons are found: the Red Mountain Creek pluton (alaskitic quartz mon­

zoni te), the Goodale pluton (quartz-poor quartz monzonite), and the Taboose 

pluton (quartz-monzonite). Although basaltic cinder cones are found both 

north and south of Taboose Creek on the fans of Owens Valley, no record 

of volcanic activity is seen at the mouth of the canyon. 

Between Taboose and Goodale Canyons lies a prominent forested bedrock 

bench (Shingle Mill Bench). This appears to be similar to the smaller 

bench south of Armstrong Canyon. Both appear to have resulted from 

normal offset on parallel low-angle (- 30°) west-dipping faults. 
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Moraines in Taboose Canyon 

Based on morphology there are four groups of Pleistocene moraines pre­

served in Taboose Canyon. Two of these cross the range front. The two sets 

of nested lateral moraines on either side of Taboose Creek at the head of 

the fan appear to be of pre-Wisconsin and Tahoe ages (advance II) and were 

so mapped by Bateman (1965). The distribution of the groups of moraines is 

shown in Fig. 5-54. 

The outer moraines are smooth and rounded. Although the outer right­

lateral moraine extends as far east as the inner one, the left-lateral 

moraine is truncated only~ 200 m east of the range front, and appears to 

be cut off by the inner moraine. This implies a considerable age differ­

ence; the outer moraines were already widely breached when the inner 

moraines were deposited. 

Boulders on the outer moraine are case-hardened or grusy, and few in 

number. The crest is littered with grus. The inner moraine is also char­

acterized by heavily weathered boulders with disintegrating and oxidized 

surfaces. Weathering along joint has excavated to a depth of 35 cm. 

However, weathering does not seem as thorough as on the outer moraines. 

The inner right-lateral moraine has an unusually sharp and narrow 

crest as a consequence of continuing erosion by Taboose Creek along its 

base. The locally bouldery crest is seemingly less weathered than its 

left-lateral counterpart. Perhaps this is due to the undercutting of the 

moraine and consequent removal of weathered till and exposure of fresh 

till on the retreating "crest". However, the bouldery till of the crest 

extends only about 8 m down the nouthern flank of the moraine. Lower, 
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the moraine consists of fine-grained particles and rock fragmcnto. 

Whether this is slope wash or till weathered in situ is not clear, but the 

sharp boundary suggests the latter explanation. Compound moraines with 

analagous contacts were seen at Bloody Canyon and Green Creek (Ch. 3). 

If the moraine is compound, then its crest and eroded inner flank may date 

from a late glacier of advance II or even from advance III, which is other­

wise unrepresented at Taboose Creek. 

The inner moraines were assigned to advance II. The degree of weather­

ing, especially on the left-lateral moraine, would permit assignment to no 

younger stage. The outer moraines probably correlate best with advance I 

of Onion Valley or Sawmill Canyon. The original morphology of the moraines 

is too well preserved for a moraine of the Sherwin glaciation. 

Basalt cobbles about 15 cm in diameter were found on the left-lateral 

moraine of advance I and on the younger outwash, but not on the moraine of 

advance II. No smaller fragments were found. These could be airf all; 

however, in light of the Indian settlement on Taboose Creek and the 

prevalence of obsidian chips in the vicinity of the cobbles, another 

possibility is that they were carried to their locations. 

The two other groups of moraines are found west of the range front, 

near the 2440 m (8000 ft) level of Taboose Creek. Terminal moraines of 

the lower group have been completely removed. Only fragments of the 

lateral moraines have been preserved on the canyon walls. In contrast, 

the terminal moraines of the higher group are only partly breached. To 

the west, Taboose Creek flows within 2 m of the glaciated floor of the 

canyon. Although this group is clearly from advance IV, lateral moraines 

are only poorly preserved. 

Despite the strong differences in the degree of erosion of the 
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moraines of these two groups, weathering characteristics were similar, 

and there was insufficient justification to assign them to different 

glacial stages. Thus both are regarded as moraines of advance IV, the 

Tioga stage. 

Above 2800 m (9200 ft) elevation, Taboose Creek rises over a steep 

bedrock step 250 m to meadows below Taboose Pass. Above the bedrock step 

are found small neoglacial moraines. Glaciers of advance V may have 

advanced to the bedrock step, but the more recent advances were confined 

to the cirque below the pass and to the upland surface of the pass itself. 

Transf luent glaciers 

During the late Quaternary Period, glaciers forming near Taboose Pass 

flowed both west down the Kings River, and east down Taboose Canyon. 

Because of the large area of well exposed polished bedrock near the pass, 

the topographic divide during glaciations could be determined from the 

orientation of glacial striae. Because winter storms are from the Pacific, 

a strong precipitation gradient occurs across the Sierra Nevada (cf. Curry, 

1968), and the crest of ·the glaciers may have been some distance west of the 

bedrock crest. 

A map of the orientation of glacial Rtriae is shown in Fig. 5-55. 

The direction of the glaciers was determined from the orientation of 

crescentic gouges and chattermarks (Matthes, 1960). Clearly the 

divide for the glaciers was no more than ~ 250 m west of the bedrock 

crest. 

Relative weathering data 

Limited semi-quantitative weathering data were gathered from the 

Pleistocene moraines of Taboose Canyon. The chief goal was to establish 
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Fig. 5-55. Direction of flow of late Pleistocene or Holocene glaciers 
near Taboose Pass, inferred from glacial striae and the 

orientation of crescentic gouges. The ice divide was no more than 
250 m west of Taboose Pass. Map base is U.S. Geol. Survey Mt. Pinchot 
Quadrangle (1953). 
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if there were weathering differences between the two groups of moraines, 

and between the two groups east of the range front. 

The data are summarized in Table 5-23. Sites where data were gathered 

are shown in Fig. 5-54. The GWR data show the normal tendency towards 

large fractions of weathered boulders in the older tills. The two young 

groups of moraines, advances !Va and !Vb, were inseparable. In part this 

may have been because the only moraine crests of advance !Vb were found 

near or on the terminal moraine. As Birman (1964) noted, boulders in 

terminal moraines may be more heavily weathered than on the lateral 

moraines. Thus, the apparent contrast between advances IVa and IVb is 

probably less than it should be. The GWR data gathered did not permit 

the distinction between moraines of advance I and II. This was because 

virtually all thP boulders fel 1 in the "he::tvily" we::tthered C!::ttegory. 

Inspection showed that the degree of case-hardening, granular disinteg­

ration, oxidation, and the depth of weathering along joints all were 

greater for the advance I moraines, but these data were not gathered 

quantitatively, Site 5, on the right-lateral moraine of advance II, 

probably had an exceptionally small number of boulders exposed, and site 

6 on the left-lateral moraine was probably exceptionally bouldery. 

Faulting on the Range Front 

As at Goodale Creek, the advance II moraines across the range front 

do not appear to have been faulted. Springs on the left-lateral moraine 

probably reflect the proximity of bedrock, but this may be a consequence of 

erosion along the flank of the moraine and not of recent faulting. 

The pre-Wisconsin moraines of advance I appeared to have been faulted, 
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Table 5-23 

Relative Weathering Data for Pleistocene Moraines of 
Taboose Canyon 

a) Individual determinations of GWR 

No. of 
Site 1 Advance2 Boulders GWR3 

1-a !Vb 50 2/96/4 
1-b I Vb 50 6/92/2 
1-c IVb 50 8/88/4 
1-d !Vb so 6/92/2 
2-a !Va 54 9/85/6 
2--b IV a 50 2/98/0 
2-c !Va 64 6/24/20 
2-d !Va 60 4/90/6 
2-c IV a 62 24/69/7 
3-a IVa 64 9/ 63/ 28 
3-b IV a 50 0/94/6 
3-c !Va 58 2/69/10 
3-d IV a 51 2/88/10 
3-e !Va 55 4/87/9 
3-f IV a 58 0/69/31 
4-a IVa 53 9/74/17 
4-b !Va 50 2/88/10 
4-c !Va 52 4/73/23 
4-d IV a 51 2/75/24 
4-e !Va 51 6/88/6 
4-£ IV a 57 12/70/18 
5-a II 51 69/26/6 
5-b II 50 86/14/0 
5-c II 50 68/30/2 
5-d II 51 88/10/2 
5-e II 50 88/12/0 
5-f II 50 84/14/2 
6 II 98 76/18/6 
7 I 136 88/ 9/3 
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Table 5-23 (continued) 

b) Mean values uf GWR. and other daLa 

No. of 
Site 1 Advance2 Boulders4 GW'R3 BRS BFC0 

1 
2 
3 
4 
5 
6 
7 

2 

IVb 200 6/91/3 
IVa 270 10/83/8 10/30/60 1.28 
IVa 336 6/77/16 
IVa 314 6/78/16 1.38 
II 302 81/18/2 48/41/10 0.26 
II 98 76/18/6 15/13/72 1.63 
I 136 88/ 9/3 31/33/36 0.98 

Locations are shown in Fig. 5-54. 

Glacial advances I-IV are those of Onion Valley, in order of decreasing 
age. They correspond to; (I) a pre-Wisconsin glaciation; (II) Tahoe 
stage; (III) Tenaya stage; and (IV) Tioga stage. 

~ Granodiorite Weathering Ratio. The percent of heavily weathered, 
lightly weathered, and fresh boulders (see Ch. 2). 

4 Number of boulders counted for GWR. 

5 Boulder burial on relief on the surf ace. The percent of largely 
buried, partly buried, and exposed boulders (see Ch. 2). 

6 Boulder _!requency _fount • The number of boulders per m2. 
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although the evidence was indirect. No scarp was found, but the crest of 

the right-lateral moraine I was 17 m lower than the crest of the younger 

moraine II 60 m to the north. Clark (1972) has argued that elsewhere in 

the eastern Sierra Nevada such displacements may be due to downfaulting 

of the older moraine. At Taboose Creek, a paradox is presented by the 

left-lateral moraines: the crest of the older moraine (I) was 19 m higher 

than the crest of moraine II. However. the left-lateral moraine I was 

preserved only close to the range front, while the right-lateral moraine 

was found only 250 m or more east of the range front, where it emerged 

from the outer flank of the higher moraine II. A height difference of 

36 m between lateral moraines of the same age is too great to be readily 

explained by irregular glacial deposition, and it seems probable that 

normal faulting was responsible. If this is correct, the fault must lie 

east of the remnant of the left-lateral moraine I and west of the remnant 

of the right-lateral moraine. The left-lateral moraine II is lower than 

the older moraine either because the snout of the advance II glacier did 

not extend as far from the range front as the earlier glaciers of advance I, 

so the moraines were near the terminus, or because erosion lowered the 

bed of Taboose Canyon ~ 19 m between advances I and II. This probably 

implies an interval of at least several tens of thousands of years. 

Downfaulting of 36 m between advances I and II would have produced the 

relationships observed today. If this did happen, offset on the same 

fault has not recurred since the advance II moraines were deposited. 

Thus, as at Sawmill and Goodale Creeks, faulting at Taboose Creek may be 

grossly episodic, wilh long quiet perioda separating periods of activity. 
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The Age of Volcanism at Taboose Creek 

The cinder cones nearest Taboose Creek were found 2 km to the south­

east. Red Mountain, a 170-m-high cinder cone, rises from the alluvial 

fan 5.5 km to the northeast. Basalt flows were found on the fan downhill 

from both vents. 

No volcanic cinders were found on the moraines of advance II. However, 

absence of lapilli this far from the vents is not conclusive evidence that 

volcanic activity predated advance II. Basalt cobbles were found on the 

younger outwash just east of the left-lateral moraine, as well as on the 

pre-Wisconsin moraine, but as mentioned above, these may have been carried 

there by Indians. 

Some of the lava flows south of Taboose Creek appear to have been partly 

buried by fanglomerates of late- and mid-Wisconsin age. This would indicate 

an age in excess of perhaps 40,000 y. Radiometric dating of the basalt 

gave an apparent age of 70,000 ± 80,000 (2cr) y (Ch. 4). Bateman (1965) 

argued that Red Mountain also predated deposition of the upper layers of 

the Red Mountain Creek fan. He felt that an age of several tens of 

thousands of years was indicated also. 

Darrow (1972) noted fresh-appearing lavas south of Taboose Creek, 

and argued that these were the youngest in the vicinity. Some of these 

could possibly be latest Pleistocene or even younger. 

Shingle Mill Bench 

If Taboose Canyon was host to early Pleistocene glaciations, no direct 

evidence is preserved in the canyon or on the alluvial fans. raboose 

Creek has cut ~ 490 m through benches on the range front. At the erosion 
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rate at Coyote Creek, this would have taken 1.4 my. If at one time 

Taboose Creek debouched onto these benches, then ancient moraines might 

be found there. However, on Shingle Mill Bench (south of Taboose Creek) 

no such deposits were found. Thus if ancient glaciations did occur, 

there may already have been a deep gorge cut through the benches such 

that the glaciers did not overflow onto the benches. 

This situation .is analogous to that of Sawmill Canyon, where Dalrymple 

(1964) argued that there were no early Pleistocene glaciers. However, 

Bateman (1965) has reported Sherwln tlll a~ Tinemaha creek, only 5 km 

north of Taboose Creek. Thus it is hard to invoke differential displace­

ment or climatic boundaries as a mechanism to explain the apparent absence 

of ancient glaciers in Taboose Canyon. It is probable that any evidence 

has simply been eroded. 
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S.10 SUMMARY AND CONCLUSIONS 

The Quaternary geology in the study area was naturally divisible 

into three categories: (1) construction of the alluvial fans east of the 

range front; (2) glacial geology and geomorphology of the canyons draining 

eastward from the Sierra crest; and (3) tectonic processes along the 

range front. Additionally, scattered relicts of the pre-uplift terraine 

gave clues to the nature of the Sierra Nevada before the Quaternary 

Period. 

Alluvial Fans 

Alluvial fans in the study ai:ea ex.tend about 9 km east from the base 

of the Sierra escarpment to their distal ends in alluvium from the Owens 

River. Consistently, the fan heads have been incised as much as 20 m, 

and aggradation since the latest_Pleistoeene Epoch has occurred some 

distance from the range front. Incision appears to have begun during 

the middle of the Wisconsin glaciation, and deposition on the fan heads 

seems to generally date from the beginning of the Wisconsin glaciation 

(Tahoe stage). This pattern has also been reported by Lubetkin (1980) 

for the Lone Pine Creek fan. The volume of fanglomerate deposited during 

the Wisconsin glaciation seems to have declined in the later glacial 

advances. Perhaps this reflects the deep weathering and the large amount 

of easily eroded material in the mountain canyons at the end of the 

Sangamon interglacial stage. During subsequent short interstadial periods, 

such a large quantity of debris was not produced. 

Aggradation of the alluvial fans since the Sangamon interglacial 
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periotl lUl!:i noL been gre<:1.t. Heavily weaLhered pre-Wiscuu:sln fanglomerat.e 

was found in hollows sheltered from deposition, less than 10 m below the 

Wisconsin fan surface. Ancient fan surfaces were also exposed on the 

lateral margins of some fans. At the North Fork of Oak Creek such fan­

glomerate was found overlying a basalt that was probably 1.1 my old, and 

aggradation throughout much of the Pleistocene Epoch appears to have been 

no more than a few tens of meters. Yet from the depth of wells and from 

seismic exploration data, the total thickness of the fans must exceed 

275 m. It must be concluded that the fans aggraded more rapidly soon 

after subsidence of the Owens Valley began, perhaps 6 my ago, and that 

the rate has slowed during the Quaternary Period. Alternatively, this 

could be in response to increased subsidence of the Owens Valley east of 

the mid-valley fault zone during the Pleistocene Epoch, so that for a 

time most debris was simply shuttled across the fans and deposited in 

the forming graben. At the present strain rate of 2.2 mm./y (Savage et 

al., 1975), all 1100 m of bedrock relief on the mid-valley fault zone 

near Independence could have been produced in the last 0.5 my. Late 

Pleistocene aggradation rates estimated for the Independence Creek and 

Oak Creek fans were 0.1 - 0.2 tom/y. 

Glacial Geology and Geomorphology 

Pleistocene glaciations 

Typically, a single pre-Wisconsin glaciation and multiple Wisconsin 

advances were recognized in the study area. The pre-Wisconsin moraines 

were characterized by a well preserved form and heavily weathered till. 

The morainal form suggested that these tills postdated the Sherwin 
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glaciation. Radiometric dating of interbcddcd lavao at Sawmill Canyon 

confirmed this assessment, showing that the glaciation occurred sometime 

between 131,000 and 463,000 y ago. Acoustic wave speeds through boulders 

exposed on the moraine crests suggested that the actual age was closer 

to the upper (older) limit. At Independence Creek, acoustic wave-speed data 

again suggested that the oldest glaciation (advance I) predated the 

Wisconsin glaciation by a considerable amount. 

Acoustic wave-speed data presumably reflect to some extent climate­

controlled weathering rates, which probably differ during interglacial 

and glacial periods. Such complexities cannot now be accommodated in esti­

mating ages from these data, and the model ages are therefore suspect. 

Thus it is not possible to ascertain whether the various moraines assigned 

to advance I are from the same or different pre-Wisconsin glaciations. 

Moraines of the Sherwin glaciation were found nowhere in the study 

area, but Bateman (1965) recognized them as far south as Tinemaha Creek, 

only 5 km to the north. Both Bateman (1965) and Fleisher (1967) mapped 

extensive Sherwin moraines in the foothills at Big Pine Creek, 12 km 

farther north. It seems unlikely that extensive glaciers extending 

below the range front at Big Pine Creek could have developed without con­

temporary glaciers in similar environments a few km away. Hence it seems 

probable that the Sherwin moraines were eroded from the much steeper 

canyon walls in the study area. Sherwin glaciers may never have extended 

below the foothills to the fans near Oak Creek, or may not have pushed 

below the range front at Sawmill Creek. Sherwin-age till may have been 

reworked or deposited dire~tly on the fan heads within the foothills, 

but these have largely been eroded now. The presence of resistant boulders 
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with parallel grooves and arcuate gouges in patches of ancient diamicton 

within the foothills supports this possibility. 

Moraines of the Wisconsin glaciers were found in each canyon studied. 

The oldest moraines were heavily eroded and were covered by clay-rich 

till containing numerous grusy boulders or boulders with case-hardened 

surfaces. These moraines were assigned to advance II (Tahoe stage) and 

were easily distinguished from the younger Wisconsin moraines. 

The youngest moraines were only lightly eroded. Terminal moraines 

were breached, but were generally not completely eroded. Lakes were gen­

erally not developed behind the terminal moraines, but where they were, 

they have been filled and are now meadows. Streams have cut only shallow 

channels upstream from the terminal moraines, which were assigned to 

advance IV (Tioga stage). Tills contained numerous boulders on which 

original glacially abraded surfaces were preserved. Virtually no disin­

tegrating clasts were found. Soil development was minimal. 

In most valleys more than one moraine shared the weathering charac­

teristics of the youngest moraine. These were apparently created during 

the same stage. In some canyons, other moraines of intermediate character 

between Tioga and Tahoe moraines were recognized. These were assigned to 

the Tenaya stage (advance III). However, in the best preserved sequences 

of moraines, those of the Tenaya stage were only marginally separable 

from adjacent moraines of the Tioga stage. The pattern seemed to indicate 

more or less continuous glacial advances and retreats since mid-Wisconsin 

time. Thus Burke and Birkeland (1979) could be justified in regarding 

the Wisconsin glaciation as consisting of only two stages. At stake is 

the significance of the interstadial periods: did the glaciers retrea: to 
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the cirques or disappear completely; was the duration of the retreat 

sufficient to merit recognition; and can the moraines of one advance be 

distinguished from those of other advances? Certainly relative dating 

of individual moraines from poorly preserved sequences is incapable of 

addressing the first two points. My study shows that adjacent moraines 

of the same stage may often be distinguished, but suggests that correlation 

of moraines from valley to valley is less certain. 

Even recognition of Tahoe moraines among different valleys is not 

always straightforward. In particular, there seems to be a tendency 

among researchers to overestimate the age of moraines in the study area 

from the degree of weathering. Perhaps this is because most researchers 

have gained their initial experience conducting studies north of Owens 

Valley or west of the Sierra Crest. In these regions. Tahoe moraines 

appear to be more heavily weathered than those on the margins of the 

Owens Valley (e.g., Green Creek, Ch. 3; Sharp, 1972; Burke and Birkeland, 

1979). Perhaps this may be attributed to the lesser rainfall in Owens 

Valley. Colman and Pierce (1981) found weathering rind thickness on volcanic 

clasts of the same age to be proportional to rainfall. Burke and Birkeland 

(1979) have estimated the mean annual precipitation of Sawmill Canyon to be 

35 cm, compared to 45 cm at Bloody Canyon and 40 cm at Green Creek. 

Curiously, though, two studies in the Sierra Nevada which have addressed 

the issue of variation in weathering parameters with elevation failed to 

detect trends (Birman, 1964; Fleisher, 1967). Because of the decrease 

in rainfall from west to east across the Sierra Nevada, parallel to topo­

graphic gradient, these studies would seem to contradict the subsequent 

findings of Colman and Pierce (1981). This important question is thus 
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unresolved. 

Acoustic wave speeds through weathered clasts in Pleistocene moraines 

showed a pronounced decrease with age. Unlike the pattern observed far­

ther north at Green Creek, where the formation of case-hardened surf aces 

caused an increase in wave speeds for very old moraines, the decrease, at 

least at Sawmill Creek. appeared to be simply proportional to the logarithm 

of the age. The standard deviation for samples of boulders did not vary 

strongly as a function of age. Measurement of acoustic wave speeds 

proved to be a powerful relative dating technique which permitted statis­

tical discrimination of moraines of different stages, and perhaps even 

of moraines of different advances in the same stage. 

Holocene Glaciations 

Three neoglaciations were recognized in the study area. These were 

distinguished by weathering characteristics, vegetative cover, and moraine 

morphology. The Holocene glaciations, identified in order of decreasing 

age, were labelled as advances V, VI~ and VII in Onion Valley. These 

probably corresponded to the Hilgard, Recess Peak, and Matthes glaciations 

of Birman (1964), respectively. 

Moraines of advance V were generally quite small, and were not recog­

nized in canyons where steep terrain made construction and preservation 

difficult. Lakes impounded behind moraines or tarns in terrain last 

covered by the Hilgard glaciers were clear and generally were sedimented 

only near inlets, although exceptions were observed. In Onion Valley, 

filled lakes seemed to be located at junctions of streams, so that they 

received sediment from two or more sources. Stream incision through 

Hilgard terminal moraines was only one or two meters. Moraines were 
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typically forested. Generally, weathering of exposed boulders was 

indistinguishable from weathering in Tioga moraines. Only in Armstrong 

Canyon was the "weathering reversal" of Birman (1964), in which Hilgard 

moraines had fewer fresh boulders than Tioga moraines, suspected. In 

part, this could be due to poor exposure. In Onion Valley, acoustic 

wave speeds were generally higher for boulders in Hilgard moraines, 

contrary to the expectation for more highly weathered boulders. However, 

the standard deviation was also higher, and this may reflect a greater 

proportion of weathered boulders mixed with quite fresh ones. Acoustic 

wave speeds were measured for too few neoglacial moraines to permit gen­

eralization, but the absence of a "weathering reversal" in the acoustic 

wave-speed data may illustrate a strength of relative dating by this 

method: Vp may have a simpler time dependence than conventional measures 

of weathering, such as the granodiorite weathering ratio. Perhaps this is 

because tor young boulders Yp is reduced by diurnal thermal cycling and 

microfracturing, independent of chemical weathering, as suggested in Ch. 3. 

Recess Peak moraines were found in or just below cirques. Stream 

erosion was minimal. Till of this age was well consolidated, and boulders 

did not roll underfoot. Lichens were found on most rocks, with colonies 

of yellow-green lichens as large as 25 cm. Sedges were common, but trees 

were rare. The contrast in vegetation with the older moraines was thus 

marked. 

Boulder weathering data were of little practical use in distinguishing 

Recess Peak from Hilgard moraines because of the obvious differences in 

vegetation. Nevertheless, a greater number of unweathered boulders were 

found in Recess Peak noraines. The contrast may have been the greater 

because of the unusual number of heavily weathered boulders in Hilgard 



moraines (Birman, 1964). Acoustic wave speeds for the young neoglacial 

moraines were greater than for the Hilgard moraines. The standard devia­

tion was also larger than that for the Hilgard moraines. The increase 

in standard deviation was not due to Birman's "weathering reversal" alone, 

but to some other factor such as distance of transport. 

Matthes moraines were restricted to cirques beneath the highest 

peaks. There has been virtually no stream erosion, even in favorable 

locations. Moraines were unstable and supported virtually no vegetation. 

They are generally active or at least ice-cored rock glaciers today. 

Although most boulders are unweathered, none has an abraded surface, 

because of the short transport distance. 

In several locations neoglacial moraines of intermediate character­

istics were observed. For instance, in the main fork of Independence 

Creek and in Armstrong Canyon, relatively stable Matthes moraines with 

2-cm-diameter yellow-green lichens were found. The lichens indicate an 

age of several hundred years (Curry, 1968). Thus as suggested by Curry, 

three discrete neoglacial advances may be too simple an interpretation of 

Holocene glaciation. 

Maximum extent of glaciers in the study area 

Table 5-24 lists the elevations of the snouts of glaciers of differ­

ent advances in the study area and in canyons elsewhere in the eastern 

Sierra Nevada. Where terminal moraines have been eroded, the elevation of 

the stream between the lowest preserved lateral moraines is shown. Only 

the pre-Wisconsin and Tahoe moraines breached the range front. The lowest 

moraines were observed at Independence Creek, the southernmost part of 

the study area, at an elevation of 1890 m (6200 ft). No trends in 
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elevation with latitude were observed~ and comparable morain@s as far 

north as Green Creek attained a similar elevation. South of the study 

area there has been no careful inspection of moraines on the range front, 

but the lowest Pleistocene moraines visible on aerial photographs are at 

comparable elevations. Only from Lone Pine Creek south to Cottonwood 

Basin, the southernmost glaciated canyon of the Sierra Escarpment, did 

the elevation of the glacier snouts rise. 

The Wisconsin glaciers of the Tahoe stage descended to about the 

same elevations as the pre-Wiscousiu glaciers of advance I. Th~ lowest 

moraines in the study area were found from 1940 m to 2135 m elevation. 

Again, there were no systematic trends with latitude. 

The younger Wisconsin glaciers generally left well preserved moraines, 

and the snout elevations could therefore be accurately estimated. Where 

well preserved Tenaya moraines were found, the glacier snouts appear to 

have reached down to 2135 m - 2170 m elevation in the study area. Farther 

north, Tenaya glaciers descended to 2135 m - 2245 m elevation. 

Tioga moraines descended to a wider range of elevations, from 2135 m 

to 2610 m. Some of this scatter may have resulted from misidentification 

of Tenaya moraines, and the highest snout in Sardine Canyon - - was 

anomalous, probably because of the small size of the canyon. Nevertheless, 

even the canyons with the best preserved Tioga moraines - - Taboose Creek, 

Armstrong Creek, the North and South Forks of Oak Creek, and Independence 

Creek - - showed large differences in the snout elevations. Perhaps this 

was due to the tendency of the late Wisconsin moraines to end in the 

steepest sections of the canyons. Tioga moraines in the northern Sierra 

descended to elevations of 2170 m - 2325 m. Thus late Wisconsin moraines. 

like their predecessors, showed no trends in elevation with latitude. 
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Neoglacial moraines were found only at high elevations. Hilgard 

glaciers descended to elevations from 2590 m to 2805 m. As for Tioga 

moraines, the variability probably was due to the steep terrain. Moraines 

of the Recess Peak and Matthes advances were found only near the Sierra 

crest, descending to elevations of 3050 m - 3290 m and 3170 m - 3535 m, 

respectively. 

Ancient Surf aces 

Throughout the study area remnants of ancient erosion surfaces were 

preserved. These could be grouped into three classes by elevation and by 

relation to the modern topography. The highest remnants were found only 

on peaks, such as Mt. Baxter (4000 m), Striped Mtn. (3933 m), or Mt. 

Gould (3964 m). These relict erosion surfaces were as much as 600 m 

above the modern cirques. None bore an ancient diamicton; instead frost­

shattcred bedrock lay under a thin layer of rubble derived in situ. 

On ridges and high passes were the second group of relict surfaces. 

These were typified by the northeast ridge of University Peak, the upper 

reaches of Sardine Canyon. and the pass from Goodale Canyon to Taboose 

Canyon. The elevation was about 3650 m, and these surf aces were generally 

about 300 m above the modern cirques. More extensive than the oldest 

surfaces, these remnants were clearly related but not necessarily confor­

mable to the present topography. They supported thick, weathered 

diamictons which may have been glacial in origin. 

Neither of the two old groups of erosion surfaces was heavily 

glaciated during the late Pleistocene. The third group of surfaces 

conformed closely to the modern topography. The surfaces were at roughly 

3500 m elevation, no more than 150 m above the modern cirques. Taboose 
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Pass and Sawmill Pass were typical members. The southern cirque of 

Goodale Canyon probably belongs with this group. These surfaces were 

clearly sculpted glacially, but not recently. The age of the glaciers 

which were responsible could not be determined, but they were probably 

pre-Wisconsin. The glaciers need not be as old as the erosion surface 

they modified. The surfaces, especially that at Taboose Pass, were prob­

ably glaciated repeatedly, even during the Holocene Epoch, but the recent 

glaciers have had little effect on the topography. 

The three groups of surf aces have obvious parallels in the erosion 

surfaces of Matthes (1960, 1950) in the San Joaquin Basin to the north 

and in the Kern Basin to the south. In the terminology of the Kern Basin, 

the surfaces identified in this study probably correspond to the Whitney 

or Cirque Peak erosion surface, to the Boreal Plateau erosion surface, and 

to the Chagoopa Plateau erosion surface, respectively. Matthes thought 

that the Chagoopa plateau surface predated the last uplift of the Sierra, 

and was created during the Pliocene Epoch. Glaciation of this surf ace 

must have postdated at least the beginning of the Plio-Pleistocene uplift, 

but was probably early Pleistocene in age. If it was younger, stream 

erosion would already have incised the valleys of the Pliocene surface, 

and the subsequent glaciers would have created U-shaped troughs within the 

broad valleys instead of modifying the valleys themselves. A younger 

generation of glaciers has done just that in the late Pleistocene Epoch. 

This is especially obvious in the headwaters of the south fork of the 

Kings River, west of Taboose Pass. 

Matthes (1960) felt that the Boreal Pleateau erosion surface was 

created during the Miocene Epoch. This age appears to be excessive for 

the equivalent surfaces of University Peak and Sardine Canyon; these 
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probably formed after the Owens Valley he!gan subsiding, perhs:ips 6 my ago 

(Giovannetti, 1979; Bacon et al., 1979). If the diamictons on these 

surfaces were actually till, then a second and older ancient glaciation 

m11y be indi('Atecl. HowevF!r, as HuhF!r (1981) points out, because of thee 

rapid uplift of the central Sierra Nevada during the Pleistocene Epoch, 

it is unlikely that the mountains (at least at latitude 37°30') were 

high enough to support gla~iers hefore the end of the Pliocene Epoch or 

even later. Glaciation of the old surfaces in the southern Sierra appears 

to contradict that conclusion. Either the southern Sierra attained roughly 

their present elevation before the central Sierra (cf. Crough and Thompson, 

1977), or glaciation occurred well after the old surfaces were formed. 

Because at least two episodes of erosion are involved, it is difficult to 

see how the Goodale - Taboose col could have been glacially cut after the 

Taboose Pass (Chagoopa ?) erosion surface had formed. 

Wahrhaftig (1965) argues that the erosion surfaces of Matthes can be 

explained by continuous rather than episodic erosion in granitic terrane, 

and that correlation of such surfaces may be spurious. If this is true, 

then the correlation of the erosion surfaces identified in this study with 

those of Matthes may have no validity, but the local relationships are 

are still significant. 

Inconsistent degrees of weathering of the old diamicton 

The diamictons on the remnant erosion surf aces on the northeast 

ridge of University Peak, in Sardine Canyon, and on the southern cirque 

of Goodale Creek were similar. In each case the transition from bedrock 

or shattered bedrock to the overlying debris was abrupt. This thick 

diamicton differed from the thin layers of rubble described by Matthes 



668 

(1950, 1933) in th~ high frR~tion of small particles of a wide spectrum 

of sizes, from silt to coarse sand and pebbles. Especially the diamic­

ton in Goodale Canyon appeared to be a till. However, the weathering 

characteristics of the University Peak diamicton appeared to be incon­

sistent with its relative age deduced from correlation with the erosion 

surfaces of Matthes (1950, 1960), The problem was that although boulders 

were oxidized and disintegrating, the soil itself had little clay, and 

pebbles and sand grains had only a light coating of clay. In contrast, 

tills of advance I were heavily laden with clay. Furthermore, the 

diamictons of Sardine and Goodale Canyons were strongly weathered, 

especially at a depth of several meters. Perhaps the answer may be found 

in the Goodale Canyon remnant: the upper layers of the diamicton on this 

surface were clay-deficient, just as at University Peak. The removal of 

clay from the surface of the diamicton may accompany nivation (cf. Matthes, 

1900), possibly through percolation of snow melt. 

Erosion surf aces at the range front • • , 

Erosion surfaces found on the foothills at the range front dated 

from 1.2 my BP and earlier. Assuming constant erosion rates, the highest 

surface may have been formed during the Pliocene Epoch, and may thus 

correlate with the Chagoopa erosion surface of Matthes. 

At least two other lower surfaces could be recognized in the foothills 

between the forks of Oak Creek. These are roughly 180 m and 275 m lowt!r 

than the upper surf ace. Their origin is uncertain: they may have been 

cut after the highest surface as the Owens Valley subsided during the 

Pleistocene Epoch, or they may be part of the highest erosion surface 

offset by faulting. A fourth erosion surface capped by lava 1.2 my ago 
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was certainly cut into the older surfaces. It conceivably could have 

graded to the lowest of the three surfaces discussed above. 

Weathered diamictons were found scattered throughout the foothills. 

Only one of these, near the mouth of the South Fork of Oak Creek, was on 

the highest erosion surface. This deposit, which contained metavolcanic 

clasts which may have been glacially abraded, could have been deposited 

long after the surface was formed. Other deposits were fanglomerates 

which were stranded by faulting along the range front or by subsidence of 

the graben in the central Owens Valley and incision of the foothills. 

Volcanic Activity 

The study area included the southern part of the Big Pine volcanic 

field. Basaltic lavas appear to have been erupted periodically through­

out most of the Pleistocene Epoch. The earliest lavas were found at the 

North Fork of Oak Creek and on Sawmill Point. Moore (1963) thought that 

the basaltic dikes on Sawmill Point may have been emplaced late in the 

Pliocene Epoch, but the~e have not been dated. The early lavas in the 

foothills around the North Fork of Oak Creek were dated at about 1.1 my 

and 1.2 my for the present study (Ch. 4). 

The most complete record of volcanism in the study area was at the 

North Fork. In addition to the ancient ridge-top lavas, other basalts 

were found on terraces 52 m above the modern stream and possibly also on 

terraces 37 m above the stream. These were not dated, yet younger lavas 

were found underlying Tahoe moraines and younger Wisconsin moraines, only 

a few meters above the modern stream. A tentative date on one of these 

was roughly 0.2 my. Thus perhaps four or five eruptions have occurred 
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during the last 1.2 my. 

At Sawmill Canyon, there appear to have been at least three major 

eruptions during the Pleistocene Epoch. Two of these were from vents 

well west of the range-front faults. These were dated for this study at 

~ 0.46 my and 0.12 my. A later cycle of eruptions along the range-front 

fault was responsible for the cinder cones on either side of the mouth of 

Sawmill Creek. This event was not dated, but probably occurred after the 

Tahoe stage of the Wisconsin glaciation and before the Tenaya or Tioga 

stages. Its age is thus estimated to be about 0.05 my. 

North of Sawmill Creek. volcanism was restricted to the range front 

or Owens Valley, and was probably roughly contemporaneous with the range­

front eruptions at Sawmill Canyon. The most significant date would be of 

the lavas at the mouth of Goodale Creek, for these would provide an upper 

limit to the age of the Tahoe stage of glaciation. 

Nowhere in the study area was t~ere clear evidence of volcanic 

activity more recent than the middle of the Wisconsin glaciation. The 

youngest lavas were found on the Taboose Creek fan; these could even be 

Holocene, based on their evident lack of weathering, but there is no 

direct evidence to support this contention. 

Faulting 

The range-front fault 

The most important fault in the study area was the Independence 

Fault, along which as much as half of the subsidence of the Owens 

Valley has occurred. This fault was located at the base of the range 

front, between the Sierra Nevada and the foothills. About 1800 m of 
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offset (east side down) has occurred here since the Owens Valley began 

forming, probably in the Pliocene Epoch about 6 my ago. The average 

offset rate is thus ~ 0.36 mm/y, but this has probably not been constant 

throughout that time. 

Young scarps on the Independence Fault were found from Independence 

Creek to Charlie Canyon, north of the North Furk, and between Black and 

Sawmill Canyons. Faulting at the mouth of Sawmill Creek itself was 

inferred from the truncation of 0.12-my-old intracanyon lava flows at 

the range front. North of Sawmill Canyon the fault itself ia probably 

discontinuous. Minor scarps near the range front were found on the 

cinder cones north of Goodale Creek, on Shingle Mill Beach, and north of 

the Atndy area n@ar Red Mountain Creek. F::mlting w.<1.1=1 inf@rred at Taboose 

Creek from discordant heights of moraine crests. 

Only at Independence Creek did the scarp cross enough deposits of 

different and known ages to establish an offset rate. Here faulting has 

extended into the Holocene Epoch. The best estimate for the late 

Pleistocene offset rate was 0.12 mm/y. Assuming the worst conceivable 

errors in relative dating, this rate was still less than 0.2 mm/y 

well under the average for the Quaternary Period of ~ 0.36 mm/y. 

Elsewhere on the range-front faults, Holocene scarps were noted only 

south of Sawmill Creek and near Shingle Mill Bench. From Sardine Creek 

to Thibaut Creek, and from Armstrong Creek north to Taboose Creek, even 

early Wisconsin moraines were apparently unbroken by faulting. Thus 

adjacent sections of the range-front faults have had different levels of 

activity for periods of 65,000 y or more. 

If the truncated intracanyon lava flow at Sawmill Creek truly 

reflects range-front faulting, then an average late Pleistocene offset 
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rate of 0.5 mm/y is implied. This is considerably greater than at 

Independence, only 14 km to the south. Thus the rate of faulting seems 

to be variable over short distances, and differences seem to be maintained 

for periods of time as long as 0.12 my. In fact, the offset of the Tahoe 

fan deposits suggest that the faulting rate at Sawmill Creek was much 

higher from 0.12 my to - 0.065 my ago than from 0.065 my ago to the 

present. This same pattern was observed at Taboose Creek, where moraines 

of advance I were offset 36 m but Tahoe moraines were unfaulted. Thus at 

any given time, different segments of the range-front faults are active, 

and the active segments appear to change their levels of activity on a 

time scale of tens of thousands of years. 

Other fault zones 

Given the tectonic environment of the Owens Valley, it is reasonable 

to suspect that a fault zone parallel and intermediate to the Independence 

Fault and the Owens Valley fault zone (east of Independence) might bound 

the foothills found from Symmes Creek on the south to Black Creek on the 

north. This may be the case, but there is no evidence of any faulting of 

the fan surfaces which must cross the suspected fault. Thus there seems 

to have been little or no activity in the past 50,000 y or so. Although 

normal faults within the foothill block do appear to have been active 

during the past 1.2 my, the total proven offset along them in that time 

is not more than a few tens of meters. It is possible that the stepped 

character of the foothills is due to faulting, although other explanations 

are possible. If faulting is responsible, total offset on the order of 

600 m may have occurred during the Quaternary Period - - an order of 

magnitude less than on the range-front faults. Again, faults within the 
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foothill block were not observed to have off set Wisconsin or Holocene 

fans, outwash, or terraces, (except at the South Fork of Oak Creek), so 

that recent activity has been minimal. 

Comparison of faulting rates to those elsewhere in the eastern Sierra 

From Mt. Tom to Olancha Peak, a distance of 150 km, the Sierra escarp­

ment is about the same height as in the study area. If the depression of 

owens Valley began at about the same time over its whole length, then 

offset rates on the range-front faults must be comparable - - from 0.6 

mm/y to 0.36 mm/y, depending on when subsidence began (3 to 6 my ago; cf. 

Huber, 1961; G1ovannett1, 1979). The other major zone of faulting in 

the western half of the Owens Valley, the mid-valley fault zone, has 

experienced total vertical offset (east side down) of less than 1100 m 

near Independem:.e, increasing Lu 2440 m souLh of Lone Pine (Pak.lser et 

al., 1964). Bedrock relief across the fault is masked by deep alluvium. 

Savage et al. (1975) have geodetically determined a modern strain rate 

of 2.2 mm/y which seems to be localized on the Owens Valley fault zone. 

This rate, an order of ~gnitude greater than the modern rate on the 

range-front fault, could account for the entire bedrock offset within 

the last million years or ao. Thus either the mid-valley faults are 

younger than the range-front faults, or the strain rate of Savage et al. 

(1975) is significantly greater than the long-term average. 

Offset rates for the eastern Sierra Nevada have also been determined 

north of the Owens Valley, around Long Valley and Mammoth Lakes. According 

to Huber (1981), the gross offset rate across the eastern side of the 

Sierra near Deadm.an Summit (north of Mammoth Lakes) has been about ~ 0.37 

mm/y during the Pleistocene Epoch. Bailey et al. (1976) have determined 
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a vertical offset rate of ~ 0.4 mm/y for the Hartley Springs Fault, also 

near Mammoth Lakes, during the last 0.7 my. Rinehart and Ross (1964) 

found Tioga moraines at McGee Creek were broken by the Hilton Creek Fault. 

The offset of 25 m implies a late Quaternary offset rate greater than 1.0 

mm/y. Clark and Gillespie (1981) measured the offset on progressively 

older moraines and found LhaL thi::; rate roughly applied throughout the entire 

Wisconsin glaciation. Late Pleistocene off set rates on the Sierra escarp­

ment near Independence, then, were generally less than those near Mammoth. 

The Sierra escarpment 

Throughout the study area prominent triangular facets or truncated 

ridges of the escarpment on the east side of the Sierra Nevada were 

identified. As shown in Plate II, there were generally two rows of facets, 

with apices at different elevations. Locally, smaller facets could be 

seen near the base of the escarpment, but the range front was dominated 

by the two giant bevels defined by the larger facets. 

Although the elevation of the apices was quite variable. the height 

of the facets was relat~vely constant. The upper zone was typically 

about 950 m high; the lower was about 750 m high. The slope of the upper 

bevel at ~ 22° was noticeably less than the slope of the lower bevel, at 

~ 25° or more. These zones of facets ridges suggest that vertical offset 

across the range front was grossly episodic, with most of the displacement 

occurring in two periods separated by a long hiatus. Faulting rates 

during the active periods must have been significantly higher than today, 

or else the full 1700-m offset could not have been achieved in the 6 my 

or less since the Owens Valley began subsiding. Thus we may be in a 

second hiatus in faulting today, with most displacement currently 
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occurring in the mid-valley fault zone. 

The elevation of the top of the higher bevel in the escarpment does 

not vary with the elevation of the Sierra crest, which is fairly constant 

throughout the study area. The elevation difference varies from essen­

tially zero to as much as 685 m. Low-angle ridges connect the apices of 

the higher zone facets to the peaks of the Sierra Crest. The average 

gradient of these high ridges is less than 10°, but especially around 

Sawmill Creek, they have peaks which themselves are as high as the Sierra 

crest. The impression given is that before the inception of rapid faulting 

along the range front, the Sierra crest was a broad upland of perhaps only 

a few hundred meters relief. The site of the Owens Valley may well have 

already been a shallow depression at that time. 

Erosion Rates 

Erosion rates near Mammoth Lakes of 0.3 - 0.6 mm/y are inferred from 

the downcutting of McGee Creek ~ 850 m since the McGee glaciation (cf. 

Blackwelder, 1931; Christensen, 1966). The range reflects uncertainties 

in the age of the glaciation. Till of the McGee glaciation is generally 

thought to be 2.0 - 2.6 my old (cf. Curry, 1968), but Huber (1981) has 

argued that it may be as young as 1.5 my. Rates of 0.15 - 0.33 m.m/y are 

inf erred from the downcutting of Coyote Creek 240 m since the Sherwin 

glaciation (Bateman, 1965). 

Erosion rates in the study area were at least 0.16 mm/y within the 

foothills at Oak Creek, and 0.13 - 0.16 mm/y within the Sierra Nevada at 

Sawmill Creek. These consistent rates on either side of the range-front 

fault argue that the base level of the streams draining the escarpment 

may have been controlled by down-faulting along the mid-valley fault 
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zone. The erosion rates are close to the lower limit of the estimate at 

Coyote Creek. The Coyote Creek rate could be higher than rates for the 

escarpment in general because of local deformation during the Pleistocene 

(cf. Bateman, 1965). Although the upper limit at Coyote Creek is comp~Lible 

with the lower limit at McGee Creek, it is clear that erosion at McGee 

has been considerably faster than in the study area. 

Geologic History 

The geologic history of the study area presented below is a syn­

thesis of the conclusions of this study and of other studies of adjacent 

areas as discussed above. The history is given in an assertive format, 

although the chronology is still uncertain. The reconstruction especially 

of the Tertiary and early Pleistocene history is speculative. 

During the Miocene and early Pliocene Epochs the Sierra Nevada was 

a broad upwarp of a few hundred meters relief (Matthes, 1950). Even then, 

older erosion surfaces were preserved on ridges and peaks. Uplift accel­

erated throughout the Pliocene Epoch (Huber, 1981), and about 6 my ago the 

axis or eastern flank of the upwarp began subsiding (Bacon et al., 1979) 

along northwest-southeast normal faults. The zone of subsidence was 

already a valley when rapid faulting began (Matthes, 1950). lnw-gradient 

streams incised the forming escarpment, defining much of the modern 

drainage pattern. Among these streams were Sardine Creek and Independence 

Creeks. Their ancient valley walls and floors are now seen on University 

Peak and in upper Sardine Canyon. Although only a 1-km segment of the 

Ancient Sardine Canyon is preserved today, the ancient stream appears to 

have been-graded to the base of the upper bevel of the escarpment. Some 
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of these valleys may have been glaciated, and were filled with diamictons 

as much as 20 m thick. The pass from Goodale to Taboose Canyon, which 

dates from this period, clearly was glaciated. Thus glaciation in the 

southeastern Sierra Nevada may have occurred by the time the Owens Valley 

had subsided to only half of its present depth. This is much earlier 

than previously recognized, but the actual age is only conjectual. If 

subsitltmce bego.u 6 my ago (Giovannetti, 1979) aud pr.-ocet!ded at a constant. 

rate, glaciation must have occurred roughly 3 my ago, at the end of the 

Pliocene Epoch. This is about the age of the earliest glaciations sus­

pected in the Sierra Nevada (Curry, 1966, 1971). At the time of this 

early glaciation, the Sierra must already have achieved most of its 

present height (cf. Huber, 1981). Thus tectonic activity during much of 

the Pleistocene has involved the subsidence of the Owens Valley rather 

than uplift of the Sierra Nevada. This pattern of uplift contrasts with 

that deduced by Huber (1981) for the.Mammoth Lakes - San Joaquin River 

region. Huber (1981) saw evidence for accelerated uplift throughout 

the Pleistocene Epoch, with the Sierra Nevada becoming high enough to 

host glaciers only after ~ 1.5 my ago. Perhaps, as Crough and Thompson 

(1977) argued, uplift was earlier in the southern Sierra. 

Although the Sierra Nevada was elevated to much of its present 

height by the late Pliocene Epoch, uplift continued throughout the Pleis­

tocene. The erosion surface of Taboose Pass was cut at this time. If 

this surface can be correlated with the Chagoopa erosion surface of 

Matthes (1950), then this surface may be Plio-Pleistocene rather than 

Pliocene, as Matthes (1950) claimed. If, as Wahrhaftig (1965) claimed, 

such correlations are aot possible, the evidence of ancient glaciations 

still has a local valid1~y. 
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The erosion surface of Taboose Pass was also glaciated, prior to the 

final cycle of uplift ana stream incision. The timing of these events is 

unknown, but by roughly 0.5 my ago the canyons of the escarpment had been 

cut down to essentially their modern levels, as shown by the presence of 

lava and till of about this age in Sawmill Canyon. The four or more 

major glaciations leaving the moraines found in the study area occurred 

after this time. An early glacier of this series advanced shortly after 

460,000 years ago but well before 131,000 years ago, as determined by 

40Ar-39Ar dating of interbedded lavas. The largest of these late 

Pleistocene glaciations advanced during the early Wisconsin or Tahoe 

stage, after the eruption of basaltic lava 120,000 years ago in Sawmill 

Canyon. Three of four advances occurred after the Tahoe glaciation. 

These are probably stades of the Tioga glaciation. The first of these 

appeared to be separated from the others by a longer interstadial period. 

This may be the Tenaya glaciation of Sharp and Birman (1963) and Birman 

(1964). During the Holocene Epoch small glaciers advanced short distances 

from the Sierra crest three or more times. 

The Foothills 

The position of the foothill block with respect to the Sierra upland 

at the time the uppermost surface of the foothills near Oak Creek was cut 

is uncertain, as is the age of the surface. Matthes (1950) felt that the 

similar erosion surface of the Alabama Hills was cut before subsidence of 

of the Owens Valley began. However, this surface could just as well have 

been part of the Owens Valley floor as part of the Sierra upland. By 

1.2 my ago the foothill block had already been incised, probably as a 

consequence of subsidence along the mid-valley fault zone. Basalt erupted 
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repeatedly from vents on the range-front fault and within the range. 

This lava filled the canyons cut through the highest erosion surface. 

Incision of bedrock has been negligible during the last 0.1 my or so, 

and aggrad1ng fans have penetrated the foothills to the range front 

itself. Partly, this may have resulted from large amounts of debris 

eroded early in the Wisconsin glaciation. Most fans were incised later 

in the Wisconsin glaciation. At least one earlier period of aggradation 

is indicated by thick fanglomerates atop the 1.2-my-old basalt and else­

where in the foothills. Surprisingly, contemporaneous fan surfaces are 

still exposed in protected locations east of the foothills. 

The range front 

Faulting on the range front is now erratic and may have slowed con­

siderably during the Pleistocene Epoch. In some canyons, even Tahoe 

moraines, older than~ 65,000 y, are unfaulted while in adjacent valleys 

coeval moraines are vertically offset several meters. At the modern 

faulting rate at Independence Creek of <0.2 mm/y, the Sierra escarpment 

would have required more than 11 my to form, more than twice the age of 

the Owens Valley (Giovanneti, 1979). The lower facets would represent 

more than 5 my. Even at 0.5 mm./y, the highest faulting rate inferred for 

the range-front fault in the study area, the lower facets represent about 

2 my. 

If the geodetic strain rates of Savage et al. (1975) for the mid­

valley fault zone represent an average rate for the Pleistocene Epoch, 

then the entire bedrock displacement along the mid-valley faults could 

have occurred in the last million years. It is possible that these 

faults became active only then. Transferral of much of the displacement 
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from the Independence Fault to a newer Owens Valley fault at that time 

is consistent with reduced faulting rates along the range front in the 

late Pleistocene Epoch. 
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APPENDIX 5-A: PLATES I AND II 

Plate I: Map of the Quaternary Geology from On1on Valley North to 
Taboose canyon, and from U.S. Highway 395 West to the Crest 

of the Sierra Nevada 

Deposits were divided into four categories: tills, glacial outwash, 

other diamictons, and lavas. The tills are correlated with conventional 

Sierra glaciations except for pTa, which is uncertain. The Tenaya glac-

iation may be an early stade of the younger Tioga glaciation, but is mapped 

separately in this study. The oldest, pre-Tahoe tills may be from more than 

one glaciation, but all are probably post-Sherwin. No Sherwin till was 

recognized. Correlation to the glacial advances I - VII of Onion Valley 

may be found in Table 5-10. 

Tenaya and Tahoe boulder trains and outwash ("Teow", "Taow") were 

common. Correlation to the specific glaciation was based on spatial 

relationships primarily, and on weathering characteristics also. 

The youngest fans ("yf") are coPval with or postdate the Tenaya out-

wash; the old fans ("of") appear to be coeval with the Tahoe outwash. 

Remnants of ancient fans are clearly pre-Wisconsin but the age relationship 

with the pre-Wisconsin moraines was not established. 

Alluvium, talus, and colluvium were also mapped. "Talus" consisted of 

rockfall and scree, protalus ramparts, and minor debris flows. Most talus 

was Holocene or latest Pleistocene in age. In older. well stabilized 

talus cones slopewash has been appreciable; such deposits were mapped as 

"colluvium". Colluvial deposits thus bracket a considerable period of time. 

Undoubtedly some of the colluvial aprons and debris skirts along the Sierra 

escarpment began developing early in the Pleistocene Epoch, though many are 

still active today. 
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Ancient diamictons were also mapped. These were of uncertain age, but 

most were probably deposited in the Pliocene or early Pleistocene Epochs. 

Diamictons at the range front were probably fanglomerates. Those near the 

Sierra crest probably have a different origin, most likely arising from 

nivation or glacial or periglacial processes. It is unlikely that they 

developed by in situ weathering. 

Lavas in the study area were olivine basalts (Moore, 1963; Darrow, 

1972). These are divided into five broad age groups, but members of the 

same group are not necessarily coeval. The oldest group ("v
1
") may be late 

Pliocene in age (Moore, 1963). Dikes of this group are found along Division 

Creek at the range front. Lavas of the second group ("v2 ") were found on 

ridges in the foothills. Some of these were dated at -1.2 my (Ch. 4). 

These lavas underlie both diamictons (df) and ancient fanglomerates (vof), 

providing an upper age limit for at least some members of these units. 

Lavas of the third group ("v
3

") were found within stream canyons but well 

above the modern streams. At Sawmill Canyon, one of these lavas was dated 

at -0.46 my. Lavas of group for ("v4 ") were found near the bottoms of 

canyons, sometimes underneath Tahoe moraines or outwash. Dates appeared 

to be around 0.1 my. Lavas of the youngest group ("v5") were found along 

th~ r:mgp-frnnt faults and nn thP alluvial fans. The cinder cones from 

this group appear fresh upon first inspection, but probably date from 

between the Tahoe and Tioga glaciations. However, near Taboose Creek 

some flows may well be Holocene in age. 

Thibaut, Black, and Division Canyons were not visited. Undifferentiated 

("u") talus and till (largely neoglacial or Tioga) were mapped using aerial 

photographs. Regions west of the Sierra Nevada crest were mapped in the same 

way. Faults that were found only in bedrock and were not related to 
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Quaternary deposits were not mapped in Plate I, but most be found in 

Moore (1963). 

Plate II: The Apices of Facets on Truncated Ridges on the Eastern 
Escarpment of the Sierra Nevada 

Plate Ila is a map showing prominent topographic features in the 

study area. The truncated ridges and zones of facets were identified by 

inspection in the field and by inspection of oblique and normal aerial 

photographs. The Sierra escarpment appears to consist of two parallel 

zones of facets, characterized by different slopes. The slopes in the 

lower and steeper zone are typically about 29°; those in the upper zone 

are about 24°. 

Plate Ilb shows as a profile the relation of the escarpment to the 

Sierra crest. The crest is of roughly constant elevation, but the escarp-

ment elevation varies considerably. The two lines of apices maintain 

roughly constant spacing. The elevation of the apices appears to correlate 

primarily with the distance of the escarpment east of the crest. This 

pattern could have been produced by two episodes of off set of an east-dipping 

surface along a sinuous fault. 
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CHAPTER 6 

CONCLUSIONS 

The significant achievements and conclusions of this study are 

listed below. 

0 

0 

0 

Geology 

The Quaternary geology in eight canyons of the Sierra escarpment from 

latitude 36°45'N to 37°UU'N was studied and mapped. Two other canyons 

in the central Sierra were studied to test relative dating techniques 

and to provide a basis for the comparison of the results of this study 

to those of other published studies. 

Holocene glaciers left moraines near the crest of the Sierra Nevada. 

There were at least three distinct advances. 

Pleistocene moraines of several glaciations were found in most canyons. 

As many as three different stades of the Tioga glaciations were found, 

but these had only marginally different weathering characteristics and 

could not be correlated from canyon to canyon. Moraines thought to be 

from the Tenaya glaciation were more distinct, but probably not suf­

ficiently so to prove that the Tenaya glaciation was not just an 

early stade of the Tioga glaciation. The Tahoe moraines were distinct 

from the younger moraines, and from the weathering differences the 

interglacial period following the Tahoe glaciation appeared to be 

longer thal'l the subsequent ones. 

Also recognized in four canyons were pre-Tahoe moraines. From 

their state of preservation and weathering these appeared to be post­

Sherwin, but they were not necessarily all of the same age. These 
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early glaciers were about the same length as the later Tahoe glaeier~. 

All the moraines in the study area were deposited after the canyons 

were cut to approximately their present depth. 

In the central Sierra, the Tenaya glaciation appear to be distinct from 

the Tioga and Tahoe glaciations. At Bloody Canyon, two stades of the 

Tahoe glac1at1ons were resolved, and two glaciations predating the 

Mono Basin glaciation were identified. At Green Creek two distinct 

stades of the Tioga glaciation were recognized. 

40Ar-39Ar dating of lavas interbedded with tills in Sawmill Canyon 

established 118,000 ± 7000 y as the upper limit to the Tahoe stage and 

131,000 ± 10,000 y and 463,000 ± 40,000 y as limits to one of the pre­

Tahoe stages. Acoustic wave speeds through boulders in the tills indi­

cated that the age of the pre-Tahoe glaciation in Sawmill Canyon was 

closer to the upper (older) limit. 

Deeply weathered diamictons were found on ancient erosion surfaces. 

These surf aces are generally preserved as ridges as much as 250 m 

above the modern canyons. In at least one instance the diamicton 

appeared to be till, but generally this was not established. Sections 

of ancient valleys were U-shaped, suggesting that ancient glaciations 

were found in the southern Sierra Nevada. These must have been at 

least as old as the Sherwin stage. 

The foothills east of the Sierra escarpment from Symmes Creek north 

to Thibaut Creek were found to have two or more erosion surfaces. The 

highest of these was cut significantly more than 1.2 my ago. A dia­

micton found on this surface contained metavolcanic boulders with paral­

lel gouges which appeared to have been caused by glacial abrasion. 

This diamicton could have been till or outwash, or simply fanglomerate 
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containing reworked .glacial drift. It may have been deposited long 

after the erosion surface was cut. 

A lower erosion surface was capped by basalt flows dated at 

1.18 ± 0.05 my and 1.13 ± 0.07 my by 40Ar- 39Ar analysis. The older 

flow was capped by 25 m or more of fan deposits. 

Stream incision of 125 m through the bedrock under the 1.2-my-old 

lava indicates an erosion rate of 0.16 mm/y or more. Rates of 0.13-

0.16 mm/y were found in Sawmill Canyon west of the range front. These 

rates are as much as a factor of three lower than rates reported along 

the Sierra escarpment to the north. 

Faulting along the range-front fault (Independence Fault) has been 

erratic in the past ~ 0.15 my or more. At Taboose Creek, Tahoe moraines 

did not appear to be offset at all. At Goodale Canyon Tahoe moraines 

were unf aulted, while at Sawmill Canyon a basalt flow may have been 

off set more than 62 m in 0.12 my. At the South Fork of Oak Creek, 

Tahoe moraines were unbroken although old scarps could be seen on 

adjacent hillsides. The best preserved record of faulting, at 

Independence Creek, was a series of progressively offset moraines and 

outwash deposits indicating a fault rate for the past 65,000 y of about 

0.1 mm./y and not more than 0.2 mm/y. In general, offset rates on the 

Independence Fault for the past 65,000 y seem to be less than the 

average rate since faulting began (perhaps about 6 my ago). 

No fault scarps were found on alluvial fans between the range front 

and the Owens Valley fault zone, except within the foothills. There­

fore there seems to have been no faulting there for the last ~ 50,000 y 

and subsidence of the Owens Valley is probably occurring only on the 
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Independence (range-front) and the Owens Valley (mid-valley) faults. 

Extensive ·volcanism seems to have begun at least 1.2 my ago. Repeated 

eruptions of basalt occurred up until perhaps 50,000 y ago, and minor 

eruptions may have occurred more recently. 

Alluvial fans appear to have aggraded early in the Wisconsin glaciation. 

Much of the present fan surf aces dates from the end of this cycle in 

mid-Wisconsin time. During the late Wisconsin glacial advances deposition 

on the fans has been minimal. The fan heads have been incised. Older 

pre-Wisconsin fan deposits can be found in areas sheltered from recent 

depositions. Fan aggradation rates in the late Pleistocene Epoch may 

be about 0.1 - 0.2 mm/y. 

The escarpment of the Sierra Nevada shows two zones of facetted ridges, 

defining bevels of roughly 950 m (upper) and 750 m (lower). Ridges 

from the apices of the upper zone of facets to the Sierra Crest define 

a third surf ace. These three features appear to record the gross 

characteristics of the subsidence of the Owens Valley. During the 

early stages of subsidence the Owens Valley was a shallow graben on 

the east of the Sierra crest. Rapid faulting occurred in two major 

episodes separated by a significant hiatus. Alternatively, if offset 

during the second episode were more rapid, the hiatus is not required. 

Techniques 

To assist in the correlation of stratigraphic units and in under­

standing the chronology of tectonic and climatic events in the Sierra 

Nevada, two new techniques for the dating of late Pleistocene deposits 

and lavas were developed or refined. The first technique relied on 
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the speed of acoustic waves through clasts from a deposit as a means 

of correlating physically separated terraces or moraines, and of deter­

mining the relative ages of such deposits. The second technique used 

40Ar-39Ar analysis of granitic inclusions found in lavas to date the 

eruption and cooling of the lava. 

The speed of acoustic waves through weathered granodiorite or quartz 

monzonite boulders from moraine crests was shown to decrease monotoni­

cally with age, unless the surfaces of the boulders were case-hardened. 

Samples of wave speeds formed a quantitative statistical basis for 

relative dating. If the ages of two or more moraines are known a 

priori, approximate absolute ages of other moraines of the same valley 

may be interpolated. The wave speed seems to decrease with the loga­

rithm of the age; the accuracy of the inferred moraine age depends on 

how well this relationship is obeyed. 

Precise and accurate dating of K-poor basic lavas by 40Ar-39Ar analysis 

of K-rich granitic .x.enollths was demouslrated for Pleistocen~ basalts. 

This approach can be ·successful even if the ancient xenoliths retain a 

fraction of their radiogenic 40Ar created between their original cry­

stallization and their degassing in the magma during eruption. Ages 

of lava flows as young as 120,000 y were measured with precisions 

approaching those obtained in dating young sanidine crystals by the 

conventional K/Ar method. This innovation ia significant because it 

extends our ability to determine the age of late Pleistocene volcanic 

eruptions when conventional K/Ar dating fails because of (1) insuf­

ficient K, (2) non-atmospheric isotopic compositions of Ar trapped in 

the lava upon crystallization, or (3) excess 40Ar contributed by 

ancient K-rich xenocrysts degassing in the magma. 
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