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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



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
Sierras in compousition.

Below the foothills coalescing alluvial fans grade a few km east to the
glluvium 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 deéree 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 glactation. 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 Hilgard glaciation may have simply been the last stade of
the Tioga glaclation 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 canyons near the 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 (AOAr - 39Ar) of basalts interfingered with moraines
in Sawmill Canyon provided a new upper limit of 0.12 my for a moraine of
the Tahve glacliativu, 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). Subéequently, the fan heads have been incised and the
locus of deposition has moved castward down the fans. The Tenaya and Tioga
glaciers during the late Wisconsin stage left outwash plains and terraces
along streams cut into the older fams, but aggradation during 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 O.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 offset lava 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 cényons 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 1.2 my BP the foothill block was submerged by alluvial fans. Incision



ix

" may have begun in response to the inception or renewal of subsidence
§f 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
0.05 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 this study.
Absolute dating of the K-poor basaltic lavas was done indirectly, by
40ar-394r analysis of K~rich granitic xenoliths found in the lava. These
ancient xenoliths were partially degassed of their accumulated 40pr 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 spéed of acoustic waves through individual clasts in a
deposit was investigated. This method had been used only once before, omn
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

INTRODUCT ION

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 pasl century and 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 volecanic 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 Lo 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
Cenvzoic histoury of the range.

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

was chosen to include basalt flows that interfingered with moraines.



' 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
tava 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 was
chosen for study (Fig. l-1). This area lies mainly within the Mt. Pinchot
Quadrangle, but extends into the Mt. Whitney, Independence, and Big Pine
Quadrangles 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 somewhat east of the Sierra
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, Onlon Valley
(Independence Creek, shown in Fig. l-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. Most luwpovrtant, 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



voutcrop of basalt under this older moraine also, so the possibility to
| pracket 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 especlally 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 an older and larger west—dralining
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



kvsubsidence of a deep graben, Owens Valley, and other basins between the
 gierra 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' 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
secen 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
gurfaces. 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 consists
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 railsed in several
episodes, probably achieving its present elevation only in the Quaternary
Period., In the Pliocene Epoch, 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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i—km—-high escarpment of the Sierra Nevada to the west is spectacular. The
pedrock 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 anclent 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 Mesozolc 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



the plutons occurred during the Cretaceous Period. In contrast to the
Sjerra 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 volcanilc
flows and tuffs ranging in composition from basalt to rhyolite. These were
erupted during the Triassic or Jurassic Periods and metamorphosed later in
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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 Tertiar& Period the study area was uplifted and deeply eroded,
so that the granitic plutons were exposed., Remnants of erosion surfaces
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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AEpOCh, but in the study area the oldest dated lavas (thic study) were only
1.2 my old. Moore (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 Blg Pine Quadrangle, and Rouss (1965) mapped the Independence
Quadrangle, which includes the distal ends of the alluvial fans of the Sierra
on 1ts western side. However, none of these studies focused on the detailed
problems of the Quaternary geology, especlally 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 study area, but as part of rcgional studies 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). 1In 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
60,000 * 100,000 (20) y and 90,000 * 180,000 y for 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 dohe just this, repeating the early
measurements using the same techniques., They obtained a younger, more
precise age of 53,000 + 88,000 (20) 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 1n the study area.

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 field in a regional study 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 1s 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 study of the 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 scasons along the Kings River, notably near the Kings—Kern divide.
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Clague, 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
gsouthern 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 Coso 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 buriled 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 history 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 al. (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 iate 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 the ancient San Joaquin 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 may 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 in the south.
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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 Andreas 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 ecscarpment near Mt. Whitney that indicated the
existence of a l-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 subordinate “stades". The equivalent time-
stratigraphic units are “"stages" and "substages". In accepted usage, the
Wisconsin, Illinoian, Nebraskan, and Kansan stages are the recognized
continental glaclations 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 glaclal 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 glaciations and their probable
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
date and careful lichenometric studies of neoglacial moraines at Mono Creek

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

Conventional
Continental Sierra Nevada Advance,
Stage Equivalent Age This Study
Matthes3 0 - 700 y° VII
unnamed" 1100 y° VIiI?
(Neoglacial) Recess Peak? 2000-2700 y° VI
unnamed" 4000 y° v1i?
Hilgard? * 9000-10,000 y5 s
late Wisconsin Tiogal! 10,500-25,000 y® v
mid Wisconsin Tenaya? 35,000-45,000 yb III
early Wisconsin Tahoe! 65,000-90,000 y® 1I
Sangamon Interglacial - - -
Il1linoian Mono Basin? ~ 130,000 y’ I
Il1linoian ? Casa Diablo* ** ~ 400,000 y° I
Kansan Sherwin! 0.73 my (~ 0.75 my)3 -
? _McGee! ~ 1.5 my? or ~ 2.7 my®»10 -
Nebraskan Deadman Pass" ! 2.811 - 3.2 myl? -
! 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 follows Sharp and Birman (1963) and Curry (1971)

bt it
N - O W

Dalrymple et al. (1965); Sharp (1968)
Ages follow Huber (1981)
Ages follow Dalrymple (1963)
Ages follow Curry (1966)
Ages follow Dalrymple (1964b)
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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 dcposited 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 Baecin and Sherwin stages, and in the present study
evidence is presented that a till found in Sawmill Canyon 1is close
to its upper age limit of 463,000 y found by “%Ar-3%aAr dating of a
subjacent basalt.

Ages found by K/Ar analysis have been corrected for the new values for iso-
topic abundances and decay constants recommended by Steiger and Jiger (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 14¢ dates of
wood and organic carbon disseminated in the 1lake 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 lac
dating, fut were estimated by extrapolating sedimentation rates calibrated
by the lag 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. (19655 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 - interglacial) used to record glaciatiouas
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 Broecker, 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 (i979) showed that the most probable age of the
Brunhes - Matuyama reversal was about 0.73 my, so Easterbrook's findings may
be taken as support for Sharp's infereunce.

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
14¢ date of 7030 + 260 y BP (uncertainties are 2¢) for a log from a land-
slide covering a Hilgard moraine. Adam (1966, 1967) obtained a ldc 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 1lake
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 lag 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 ancilent 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
40pr - 39%r 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 40pr - 3%y dating is developed and the results
of all analyses are presented and discussed.

The results of the fileld 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 1

TECHNIQUES OF RELATIVE AND ABSOLUTE DATING
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.
Wave speeds ars slower through weathered boulders, and 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 clastic 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:
gualitative, "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
putential which is realized in some cases (cf. Janda, 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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pasis 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 thé 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 most cases, the temporal sequence can be understood from the spatlal
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
lag 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. 1In this chapter, the relative dating methods used in the present

study are presented and discussed.

Relative Dating Methods

Devel opment

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
Ssierra and established a tentative correlation with the continental record.
Matthes pald 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 (1931) 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 1s 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 informafion 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,
and augmented the contextual and geomorphic observations with semi-
quantitative data.

Blackwelder (1931) introduced the relative frequencies of boulders
exposed on moraine crests and the "granite weathering ratio” as two

use ful semi-quantitative relative dating techniques. The first relied
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on the observatlon 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 clasts in older deposits. Blackwelder grouped granitic
boulders from moraine crests in three classes, according to their degree

of visible weathering. Variations among moralnes 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 "rreshf or "weathered”. “Weathered” rocks
had rough surfaces that shed grains. Birman (1964) found the fraction of
weathered boulders to increase from 30% to 497% to 67% from Tioga to Tenaya
Lo Tahoe moraines. Both'Blackwelder (1931) and Birman (1964) 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, 1962), 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 1t 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 than Lhe degree of weathering per se as one measure of relative age.
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Boulder roundness 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

sur faces exposed to weathering. Thus boulders tend to flatten with time,
or the boulder reliet parameter decreases with time.

Recently, Burke and Birkeland (1979) have expanded the scope of semi-
quantitative measurements in a detailed mul ti-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 sur faces;
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 techniques or different class definitions, more sensitive to
gubtle 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 surfaces
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 moralnes 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 gfowth 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
of years after the retreat of the glacier, aud the lichen colonies (thalli)
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
reliet 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
as a fourth class, or unoxidized and oxidized grusy bouldcrs were grouped as
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



41

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 morphblogic 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 metavolecanic,
aplitic, or other slow-weathering rocks was a good measure of relative age
for early Wigsconsin and ére—Wisconsin moraincs 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 surface 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 tranéport distances are similar for
all moraines to be compared. This measure was put to limited use in this
study. Four 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 surface
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 useful 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 agalnst 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'e 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 sediment. In contrast, most lakes in terrain last
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"covered by Hilgard glaciers were not filled. Exccptions tended to be
1akes 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 because some 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 moralne seyuences
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 litérature, 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.

Ultimately, the problem of assignments will fade into insignificance
1f direct dating techniques for moraines are ever devised. 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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-avent it should be emphasized that relative dating of incomplete sequences

of moraines is probably not the way to resolve this controversy.

Summary

Rel ative 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 comsistently able to

discriminate stades.
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CHAPTER 3

RELATIVE DATING 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, varlous researchers have applied these relative dating methods to
nunerous 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 two 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
comparisons; 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 soiis 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, formed by superposed

ti11l 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 preclude
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 spced 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 cstimates are based on mean speeds
for groups of boulders to reduce the chance of error. As long as the
extent of weathering i1s 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 fecasible.

Crook and Kamb (1980) applied this method to terrace deposits of
Pleistocene and Holocene age from the San Gabriel Mountains, Los Angeles
County, Califoruia. They restricted 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 variabillity 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 arelabraded 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 mﬁst 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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technique.
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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
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 1is
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 transducer attached to the
boulder by a putty compound. Waves are transmitted from the rock to the
transducer via a metal stylus, and the wave 1s introduced into the rock
by a hammer blow to a steel ball held agaiust Lhe 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. 1In this study, only three travel
times were measured per boulder. This enabled the determination of more
wave speeds. The source was placed 50 mm (dj), 150 mm (dp), and 250 mm (d3)
from the detector. The wave speed (km/s) was taken to be

1(d -4 4 -d

e F(ozn, Boa)
P= 2 \t, -t ty -t (1
where tj, ty, and t3 are the respective travel times in pe. 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 us), resulting chiefly from the detection mechanism in the
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“Microseismic 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.

Reproducibility

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, socuth 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 was about 1.5%. The
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

poput ation 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 1s 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; 1t shows there
are two characteristic frequencies centered at 11 khz and at 3.3 khz.

The lower—amplitude waves have the higher frequency. These are probably
P waves. The 3.3-khz waves are probably S and surface waves (although
the transducer 1s 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

a)

b)

Microseiemic Timer.

Oscilloscope tracing of waves from three impact points at
three different distances d. Abscissa shows time. (After
Crook and Kamb, 1980).

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 1ll-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 1s assumed to be 2.0 km/s, and the speed of the 3.3-khz
wave 1is 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-
lations of both components are positive (as shown), then the measured
arrivals (shown by @) 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 ll-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 is probably the same wave which dominates the end of the reccord.

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 B) 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 stopped 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. 1In Fig. 3-4, the incoming
wave 1s an amplitude-modulated 10-khz P wave travelling at 2 km/s. At
an impact distance of 5 cm, the first wave trough (a)) exceeds the
amplitude threshold (shaded) and stops the clock at 0.085 ms. At impact
distances of 10 cm and ;5 cm, the wave is attenuated and the first troughs
(a9 and aj, respectively) do not exceed the threshold; instead the larger
second troughs (by 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 aj; 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 ll-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 the wave. Tn the illustration, the waves from impact points.
15 cm and 25 cm from the detector have been attenuated so that the first
trough (aj, aj, 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 (a;) for d = 5 cm, but the second troughs
(by 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 V, will be too small.
Erroneous travel-time curves may be detected because their abscissa
intercepts (7') 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: 1t intersects the abscissa at t ~ 0.06 ms
and its slope gives a correct wave speed of about 2.2 km/s.
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‘certain. The unaffected travel-time curve will generally intersect the
abscissa at 0.03 ms to 0.07 ms. This intersection describes a delay time,
1, which mainly reflects the time required after the "true” first arrival
of the wave for its amplitude to exceed the threshold value.

I1f trough aj stops the clock when the impact distance is 5 cm, b
when it 1is 15 cm, and c3 when it is 25 cm, then the apparent delay time
' (Fig. 3—-4) wlll be much smaller than the actual delay time 1. It may
even be negative. A travel time curve giving a small or negative t1' is
clearly artifactual and must be edited. The travel time curve of Fig.
3-4 1s not so readlly identified as artifactual, because the apparent
delay time found from all three travel times is not as small as t'. 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 poténtial 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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3.2 SIMPLE MODELS 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. Blotite
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 the pareut
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



69

© averaged only 2.1 km/s for granitic boulders (Mt. Lowe granodiorite).

This 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) found that for 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 microecracks appeared to strongly increase the compressibility
(k'l) 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)u)/p , where k is the bulk
modulus, p 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 after heating 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. These 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
microcracks seemed to be the controlling factor in the reduction of
acoustic wave speeds with age.

Cracking could be spontaneous or induced by fluctuations in temperature,
as discussed above. It could also result from frost riving or from chemical
weathering, especially Qf micas which expand as they are altered. If
cracking is largely spontaneous or the result of thermal fluctuatioms, it
may be proportional to the fraction R of uncracked rock remaining. If

1-R is the fractional crack porosity of the rock and R = -\R, then

n
ﬁ =-Rand n = l-exp(-A t), where A is a constant and t is 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)) = g ~ b exp(-At) (2)

where a, b, and A are constants. Ide (1937) found for the Quincy granite
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.;hat V = 0.78 km/s when the rock had been eracked to the point of disin-
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 coefficlent 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 ﬁ(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 n(t) = x (1 + t)~1, then n(t) = A 1In(l + t) or
Vp (n(t)) = c + d 1n(1 + 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 = 2.2Q 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
and 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 filling them with
water: to decrease to compressibility and thus to increase V.

As the effects of chemical weathering and 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 decrcascs montonically with time.
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The Behavior of Populations of V, with Increasing Age of Deposition

Discussion 1n the previous 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 houlders from the measurable
population by granular disintegration. For the purpose of this discussion
it will be assumed that Vp = V.

Tf Eq. (3) is used to describe the change in Vo with time, then V, is
controlled by three variables: t, ¢, 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 Vo for an interval of time, it may be that c and 4 vary
with time, or even that -Eq. (3) is supplanted by a different relationship
after ; 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 ¢ 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 V,
to some threshold.

A model for the temporal change in the PDF of Vp is thus given by:

PDF(Vy(ty,c,d)] = ( PDFIV,(0,c,d)] & [Vp(ty,c,d) - Vo(0,c,d)] =

n
Fr{ 1 FI{D(c,d)}} ) G(Vp) (4)
i=1
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‘where ¢ and d are independent of t, x denotes convolution along the Vp
axis, FT denotes the Fourler 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 t, is the time after the nth increment.

This model states that the PDF of wave speeds is offset to lower
values of V, 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 V, for each "boulder” in thé 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)

1s zero for V, < 0.34 kﬁ/s, unity for high values of Vo (e.g., > 1 km/s),
and has intermediate values for the remaining range of Vpe

The above model states that the mode Vo 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 varliation of coefficients

¢ and d and the dispersion function D with time:
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PDF [Vp(tp,c(ty),d(ey)] = ( PDF[V,(0,c(0),d(0)]
FT{iglFT{ (Vp(ti,c(ti),d(ti)) -

Vp(ti-1,e(ty-1),d(t51))) » D1(e(0),d(0))}}) CVp) (5)

In Eq. (5) 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 ¢(0) and d(0). The uppermost plane (A)
gives the initial PDF of VP(O,w). Most rocks have high values of V,, but
rocks which are highly susceptible to cracking already have lower values
at t = 0. 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 AVp =
(Vp(ti,w) - Vp(ti_l,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 of t and w, and planes of group E show
Vp(t,w) for t = t5 ti41s ty42, and t,. 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 tj, tp, «...., tp to find the PDF of V, (t,,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 the model of changes in a population of
waves speeds as a deposit ages (eq. 5). For all graphs, the abscissa is
or AV,. Other axes are w, some measure of weathering susceptibility
of a boufder, and f (frequency or probability density) or a (amplitude).
The figure shows the modification of the PDF of wave speeds in a youthful
deposit with the passage of time.
Plane A shows the initial 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 1s broadened by dispersion. The distribution is
strongly skewed because the most weathered boulders have disintegrated.
Group B shows the ideal loss of V. for time increments at times
t-, Ci4ls L3425+ , and t,e The functgons are impulses of unit
ampli ude. XV is negative and decreases with increasing w. AV, for
a given w decreases with time. Convolution of the AV, function and
the initial PDF would result in a new PU¥F of identical shape, but
offset towards the origin.
Group C shows dispersion functions D at times i tj+1, tigosesey
and t,;. These describe random deviations from the ideal reduction of
V, for the population of boulders. The functions shown disperse Vp
increasingly with w and with t.
Plane D shows the function G(V_), which describes the probability
that a boulder will disintegrate and be removed from the population
when its speed has a given value.
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Using this model, the behavior of even complicated populations con-
gisting 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 = w,. Representative distributions
of V, are shown for different times in Fig 3-6. I have assumed that V,
is given by Eq. (3), that D is Independent of t, and that G(Vp) = 0 if
Vp < Vp‘ and G(Vp) =1Lif V, >V '. 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 V,'. 1In 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. The distribution 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 Vo 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 V, with time. The abscissa shows wave speed, Vp;

the ordinate shows the probability density or frequency with which a
given value of V_ 1s encountered 1n the populatiou.

Curve a represents the PDF for a young deposit. Average values
of V., 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(V,) = 0 for Vp < 0.35 km/s and G(Vp) = 1
for V., > 0.35 km/s. In ¢, values of V, for most weathered boulders
are approaching this limit. In e, about a third of the boulders have
disintegrated. The PDF 1is strongly skewed. Ultimately, only the high—Vp
tail of the original distribution remains (curve f).
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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 with the gain setting on the Microselsmic 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 measurements gives a wave speed of 2.4 km/s, while

V. calculated from the three travel times (indicated by X in the figure)

p
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. Characteristics of V,, data gathered from granodiorite
bedrock at site 13, Green Creek.
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Fig. 3~7 (continued)

Characteristics of Vp data gathered from granodiorite bedrock at
site 13, Green Creek.

a)

b)

c)

d)

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.

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.

There appears to be a bimodal distribution of V, with the gain
of the Microseismic Timer. As predicted in Fig. 3-4, when the
gain is low (high threshold) V_ is lower than when the gain is
high. For gain settings less tgan 3 (arbitrary units), V_ is
about 2 km/s. For higher gain settings, V, is about 2.5 Em/s.
The gain setting used in this study, 3.5, is marked by a filled
triangle.

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 distance 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 travel 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 0.01(d{-5)/(t{-0.049) km/s where t; 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 arréw 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 (1) of regression
lines fit to twelve values of t and d measure at different gains. 1 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 ll-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 convergeunce 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 V;
with Increasing n. The error bars are the uncertainty of the mean and
are given by s//ﬁl 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 sgandard 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 typical

N
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 curve is generally convex, as seen In Fig. 3-7a. This
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Fig. 3-8. Running mean wave speeds (V;) and standard deviations (s) of
distributions of V, from the two sites are shown in graphs a

and b. Abscissas are the number of boulders measured. krror bars in graph

a show the standard deviation of the mean Vg, not the standard deviation

s of the distribution of V, shown in graph b. Both V; 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 1is
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
Vi and V3 calculated from the impact points at 5 cm and 15 cm, and at 5 cm
and 25 cm, respectively, should be strongly correlated. In particular, Vi
should appear to be dependent on Vi (or vice versa). This can be demon-
strated by a transition matrix (cf. Harbaugh and Merriam, 1968), which is a
frequency distribution of (Vy, Vy) pairs. A contour map of such a distri-
bution is given in Fig, 3-10a, In this presentation, correlated or dependent
variables are revealed by alignment of data near the diagonal line (Vi = Vj),
while uncorrelated data are dispersed in a normal distribution and are
revealed by circular contour lines. Clearly, V9 aud V; iu Fig. 3-10a 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. 3-10b) 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 chance in a hundred that determinations of V, are dependent on

previous measurements.

*The probability is estimated by testing for the Markov property
(ef. Til1l, 1974).
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Fig. 3-10. Contour maps of wave-speed data from Sawmill Canyon, Inyo
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County.

V] is the speed calculated from travel times for waves from
impact points at d = 5 cm and d = 15 cm; Vo is the speed for
d =5 cmand d = 25 cm, Transition matrices or variation
diagrams show that V; and V) are strongly correlated.

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 could
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 countrast 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 incousistencles

in classification and hence to inaccuracies in relative dating.

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 dependence 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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thch are useful: 1) tests of the hypothesis (H,) 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). 1In the second category are
analyses of variance such as Fisher's F-test (cf. Griffiths, 1967).
The twa-sample t—test is a specific case of the P-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

-1/2

nl —+ nz -2 nlnz . o
t = (Vo= V5. ) (6)
+ 1)s12 + (ny-1)s,2 1 P2
nl ﬂz (n1“ )Sl nz_ )52
0
where 8,2 = (n —1)_l r (v -V )2 is the variance of sample 1 and n; is
i i j=1 pji Py i

the number of measurements for sample i1 (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 n; + np - 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
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'_population may be rejected. On the other hand, 1f the means from Lwou
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-
ferent 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 1is 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. 1In 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:

Kl/z

t =

nl + nz -2 nl nz
( (vpl = Vp,) (7)

nl + nz (n1~1)512 + (nz‘l)szz -~ (nl + nz)P%/

where p is the precision of measurement. If s; and sy were 0.2 km/s, for
sample sizes in the range of interest this could lead to an increase of
about 37 in the value of t.

While an increase in t would increase the confidence with which the
hypothesis Hy 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 uncertainty is added. The
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. Although 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 per formance
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 cale-
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 deviation of data with noise
added. This systematic effect is minor compared to the scatter of the
data within the cluster.



94

" 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 Dy (or D_) between the cumulative distribution functions of the
two samples. For a two-tailed test the test statistic is the maximum
absolute value D,y of the difference function. The probability that a
given Dyax 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 n; or ny exceeds 40 then 4D+2 nlnz/(nl + n2) is
distributed as y2 with two degrees of freedom (cf. Till, 1974). For
confidences greater than 90%, tests based om Dy, are approximately
two-tailed versions of tests based on D4, and confidences may be found
by doubling those found for D4 (cf. Bradley, 1968). l

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
differences between the means but aleo 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
éamples, there is no clear—cut point at which one test or the other should
be abandoned. In this study, the t-test 1s 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 significaant compared to the stan-
dard deviation of the population of Vp may reduce the test statistic Dy
or Dpax by s