
REGIONAL VARIATIONS IN THE LEAD ISOTOPIC CHARACTERISTICS 

OF LATE CENOZOIC BASALTS FROM THE SOUTHWESTERN UNITED STATES 

Thesis by 

Joel Earl Everson 

In Partial Fulfillment of the Requirements 

for the Degree of 

Doctor of Philosophy 

California Institute of Technology 

Pasadena~ California 

1979 

(Submitted May 3, 1979) 



ii 

ACKNOWLEDGEMENTS 

The insight and broad knowledge of Professor Leon Silver have 

greatly contributed to the quality and breadth of the research project. 

It has been a personal honor to have worked under his guidance. 

I would like to express my sincere thanks to all who have 

directly contributed to this investigation. Dr. Edward Wolfe and 

Dr. Richard Moore contributed unpublished chemical analyses a:'1d in many 

ways aided me in the part of this study dealing with the San Francisco 

volcanic field. Jon Everson, Scott Baldridge, Robert Powell, and 

Barbara Stitt assisted at various times in sample collection. Dis

cussions with Scott Baldridge, in addition. proved to be especially 

stimulating. Geraldine Silver and Maria Pearson instructed me in the 

techniques of lead isotopic analysis. Donna Lathrop, Robert Hill, 

Ian Williams, and Stacy Freeman helped in the final preparation of the 

manuscript. 

I waul d a 1 so 1 ike to express my deep gratitude to a 11 the 

friends and family members who aided me in so many intangible ways 

during the course of this work. 

Financial support was provided by National Science Foundation 

grants EAR74-00155A01 and EAR76-23153, Department of Energy grant 

EY76-G-03-1305, and the Fo~d Motor Company Energy Research Program. I 

also gratefully acknowledge a Geological Society of America Penrose 

Research Bequest and an Energy Related Graduate Fellowship. 



iii 

ABSTRACT 

Over a hundred new analyses on late Cenozoic basalts characterize 

and delimit regional patterns of lead isotopic behavior in the south

western United States. The lead isotopic systematics of these volcanic 

rocks can be divided into three broad regional groups: one characteristic 

of Colorado Plateau (CP) volcanic fields, a second found in many areas 

of the Basin and Range (BR) province, and in neighboring areas along 

the Pacific coast, and a third peculiar to an area in southern Nevada (SN) 

Colorado Plateau volcanic rocks have generally unradiogenic leads 

(206Pb; 204 Pb s 18.7), locally exhibit large variations in isotopic ratio, 

and define linear arrays (secondary isochrons) on a 206Pb; 204rb-

207Pb;204Pb d' B . d R t 1 h t . db 1agram. as1n an ange ype samp es are c arac er1ze y 

relatively radiogenic leads (18.7 s 206Pb;204rb s 19.6) and, comparatively, 

a uniformity of isotopic composition in local areas. Southern Nevada 

leads are somewhat unradiogenic (18 . 2 s 206rb;204Pb s 18 . 5) 1 appear to 

display a local uniformity in isotopic composition, and lie off the 

Colorado Plateau secondary isochrons. Literature sources indicate that 

southern Nevada basalts are also characterized by relatively high 
87sr;86sr ratios (.7060-.7080). 

The isotopic properties of volcanic rocks from each of these 

regions do not appear to record crustal contamination. The general 

uniformity of isotopic characteristics over large areas (hundreds to 

thousands of kilometers in size) of the Southwest suggests a fundamental 

consistency in volcanic source region character over comparable dimensions. 
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Isotopic variations within each province seem to record smaller scale 

source region heterogeneities. 

Isotopic variability observed within individual Colorado 

Plateau volcanic fields may be interpreted in terms of kilometer-sized 

mantle heterogeneities developed approximately 1.4-1.8 by ago. These 

heterogeneities may record the effects of magma extraction from mantle 

sources during the primary generation of Precambrian crystalline base

ment and the formation of the continental lithosphere. A rough but 

apparently significant correlation between the chemical and lead isotopic 

compositions of CP basalts suggests that the mantle of the continental 

lithosphere may be crudely 11 Stratified 11 in its lead isotopic composition, 

with the uppermost mantle generally less radiogenic in lead (and by 

inference more depleted in uranium relative to lead) than the deeper 

lithosphere. Isotopic differences distinguishable between different 

portions of the Colorado Plateau may relate to heterogeneities hundreds 

of kilometers in size which developed in different mantle domains prior 

to and in the course of continental lithosphere formation. 

Basin and Range basalts have lead isotopic properties (and Sr 

and Nd isotopic compositions) similar to volcanic rocks from oceanic 

island and volcanic arc settings, suggesting a correspondence between 

BR volcanic source regions and 11 0ceanic 11 mantle. Within the Basin and 

Range province 206Pb;204Pb ratios tend to be rather uniform laterally 

for distances measured in hundreds of kilometers; this implies that the 

underlying mantle may be isotopically rather homogeneous for similar 

distances. One 200 km long section of the Rio Grande rift is characterized 
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by CP type leads. This may possibly indicate that a large body of 11 0ceanic" 

mantle has penetrated the continental lithosphere beneath this segment 

of the Rio Grande rift. 

Older (Pliocene and Miocene) calc-alkaline volcanic rocks from 

the Basin and Range province tend to display somewhat higher 207Pbt204Pb 

ratios than the Quaternary alkaline basalts within each area of the Basin 

and Range province. This could suggest that adjustments in BR type 

source region characteristics continued very late into the Cenozoic era, 

perhaps in conjunction with changes in the tectonic environment. 

SN type isotopic systematics resist a unique interpretation, 

but may reflect long term (of the order of a billion years or so) 

evolutionary characteristics of a source region in the mantle or the 

lower crust. 

Although the different isotopic province boundaries appear to 

record discontinuities deep within the earth (most probably fundamental 

discontinuities in mantle character), they follow the trends of major 

geological and structural boundaries in the crust. The SN isotopic 

province, for example, appears to be associated geographically with a 

11 fundamental, west-trending, transverse crustal boundary 11 (Eaton, 1975) 

which demarcates the northern and southern portions of the Basin and 

Range province. The Basin and Range - Colorado Plateau isotopic province 

boundary approximately fo 11 ows the Mesozoic-early Tertiary Cordilleran 

foreland thrust belt and the limit of late Cenozoic normal faulting. 

Thus the BR-CP isotopic boundary appears to be geographically related 

to the boundary between tectonically unstable, 11 orogenic 11 areas of the 
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Basin and Range province and Pacific border regions, and the more stable 
11 platform 11 areas of the Colorado Plateau, Southern Rocky Mountains, 

and Great Plains. 

BR type leads occur in some areas (notably southern Arizona 

and southeastern California) characterized by known Precambrian basement. 

These areas were presumably underlain originally by "old" mantle 

belonging to the continental lithosphere. The inferred presence of BR 

type, "oceanic 11 mantle beneath these regions during late Cenozoic times 

seems to imply a disruption of continental lithosphere and the emplace

ment of "new" oceanic mantle. The geographic association of Mesozoic 

and Cenozoic structural boundaries in the crust and the BR-CP isotopic 

boundary suggests that this mantle disruption may be related either 

to the compressional tectonism of Mesozoic-early Tertiary times or to 

the extensional tectonism of the late Cenozoic. 
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CHAPTER 1: INTRODUCTION 

1.1 Overview 

This thesis utilizes data on the lead isotopic systematics of 

late Cenozoic basalts to investigate the nature and history of volcanic 

source regions (presumably in the mantle) beneath the southwestern United 

States. The relationship between the provincial variations in lead 

isotopic characteristics, which can be interpreted to reflect regional 

differences in source region properties, and the geologic development of 

the overlying crust is of particular interest to this study. 

1.2 A Geologic Context for this Geoche~~cal Study 

The geologic developm~nt of the western United States has been 

the subject of a number of reviews, including King (1977) and Burchfiel 

and Davis (1975). The geologic events most pertinent to this study are 

the initial formation of continental crust during the Precambrian and 

its structural alteration during latest Nesozoic and Cenozoic times. 

The oldest continental rocks in the southwestern United States 

are Precambrian plutonic, extrusive, and variously metamorphosed supra

crustal rocks which occur in northeast-trending geosynclines and orogenic 

belts (Silver and others, 1977). The igneous rocks in these Precambrian 

orogenic belts range from 1610 to 1740 my in age. A slightly younger 

episode{l410-1465 my) involving widespread intrusion of anorogenic 

granite plutons has also been recorded. 

* Appendix A contains a short discussion of Ph -U-Th systematics pertinent 

to this study. 
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Precambrian rocks are not uniformly distributed in the Southwest; 

they appear to be completely absent in central and northern Nevada, and 

in the coastal regions of California. The boundary of Precambrian in 

southern California appears to follow the late Cenozoic San Andreas fault. 

The limit of Precambrian outcrops in Nevada and Utah may relate to a 

late Precambrian rifting of the proto-American continent (Burchfiel and 

Davis, 1975; Stewart, 1972). 

The late Mesozoic to early Tertiary history of the Southwest is 

characterized by extensive plutonism and thrust faulting (the Nevadan

Sevier-Laramide orogenies). Burchfiel and Davis (1975) have suggested a 

genetic relationship between magmatism and tectonism in this orogenic epi

sode. They have argued that heat supplied by the mantle generated plutonic 

activity in the crust, that the occurrence of plutonism in a given area 

increased the ductility of the crust in that area, and that crustal 

ductility in turn controlled the expression of tectonic activity. The 

approximate limits of late Mesozoic-early Tertiary thrusting are shown 

in Figure 1.1, which was taken from Drewes (1978). 

The present day physiography of the western United States (Figure 

1.2) was largely established in the late Cenozoic, although older struc

tural features have undoubtedly influenced Cenozoic structural develop

ment. The Colorado Plateau boundary ·in Utah, for example, follows the 

hinge line between Paleozoic platfm·m and miogeosynclinal sedimentation 

in the Cordillera. The boundary of the Colorado Plateau also appears 

to approximately coincide with the eastern limit of late Mesozoic-early 

Tertiary thrust faulting (Figure 1.1}. Some workers have used the 
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Figure 1.2: A map showing the physiographic provinces of 

the western United States (after Fenneman, 1931) and the localities 

of various Cenozoic volcanic fields mentioned in the text. LC, Lunar 

Crater; BR, Black Rock Desert; HP, High Plateaus; WCP, Western 

Colorado Plateau; SF, San Francisco; S, Sentinel; PIN, Pinacate; SC, 

San Carlos; SB, San Bernardino; WM, White Mountains; MD, Mogollon-Datil; 

POT, Potrillo; MT, Mount Taylor; JM, Jornada del Muerto; J, Jemez 

Mountains, SJ, San Juan. Numbers indicate the locations of various 

cities mentioned in the text. 1, Cortez; 2, Tonopah; 3, Baker; 4, 

St. George; 5, Flagstaff; 6, Prescott; 7, Tucson; 8, Las Cruces; 9, 

Socorro; 10, Albuquerque. 



5 

____ .. ..... -·-.-·- ·-- ··--·- ··- .. --·--·- -·--·-----,--·-··-----·-/ . 

I 
----!---·-·-·-·-

I 
I 
I 
I 
i 

------, 

__ i_ ____ . 
I 
L----- ·-·-

Grrol Bo5in i 
LC 

Figure l. 2 



6 

eastern extent of Laramide plutons as a criterion to define the boundary 

of the Colorado Plateau in Arizona. In New Mexico the coincidence of 

Laramide block faulting and the late Cenozoic faulting associated with 

the development of the Rio Grande rift also suggests a control of Late 

Cenozoic tectonism by older structures. 

Regions like the Colorado Plateau which survived Mesozoic 

tectonism have also tended to remain stable during the Cenozoic. Areas 

which experienced previous, intense orogenic activity (e.g., the Basin 

and Range province) have been more susceptible to Cenozoic tectonism. 

The late Cenozoic tectonic history of the southwestern United 

States has been characterized by: (1) broad; epeirogenic uplift of the 

Great Plains, Rocky Mountains, and Colorado Plateau; (2) normal, exten

sional block faulting in the Basin and Range province (including the 

Rio Grande rift), and; (3) right lateral strike-slip movement on the 

San Andreas and related faults in California and western Nevada. Pre

sumably, all three of these structural activities are related and began 

in Oligocene time, but became more pronounced in the Miocene (see King, 

1977; Hunt, 1956; Christiansen and Lipman, 1972; Hamblin and Best, 

1975; and Atwater, 1970). However, the ages, both relative and absolute, 

and the causes of each of these three events continue to be a matter of 

considerable debate. 

Voluminous, wide-spread volcanism is also characteristic of 

the Neogene history of the southwest. Intriguing correlations between 

the location, age, and type of volcanic activity have been noted. 

Armstrong and others (1969) have reported that volcanism in the Great 
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Basin began 40 my ago in east-central Nevada, and that later volcanism 

has progressively migrated outward toward the Basin margins. Scholz 

and others (1971) have suggested that this volcanic migration (as well 

as the present day seismic activity at the margins of the Great Basin, 

and the geophysically anomalous mantle beneath the region) can be 

explained in terms of upwelling of a mantle diapir, which becomes 

trapped beneath the sialic crust, and is thus forced to spread out 

laterally. 

Lipman and others (1972) and Christiansen and Lipman (1972) 

have indicated that the earliest Cenozoic volcanism in the western 

United States was calc-alkalic, while later volcanics belong to a 

bimodal basalt-rhyolite suite. They have found the age boundary between 

the two different suites to vary from area to area in a \'lay consistent 

with the Atwater (1970) plate tectonic predictions. Lipman and others 

(1972) have also shown a regular but discontinuous areal variation of 

the K2o concentration of Cenozoic andesites going inland across the 

western United States. They interpret this pattern as evidence for the 

existence of a double subduction zone beneath the west in Cenozoic 

times. While some authors (e.g., Synder et al., 1976) have concurred - ---
with the Lipman-Christiansen-Proska models, others (e.g., Elston, 1976) 

have pointed out inconsistencies and alternate explanations. 

1.3 Previous Work 

In 1968 B.R. Doe established the phenomenon on which the present 

study is based; namely, that Cenozoic volcanics in different parts of 
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the western United States exhibit consistently different lead isotopic 

compositions. Doe (1968) analyzed the Pb and Sr isotopic compositions 

of a diverse collection of volcanic rocks from the western United States. 

Although he could not make regional distinctions on the basis of stron

tium isotopic data, he found that rocks from Idaho, Montana, ~~oming, 

Colorado, and New Mexico had a range of lead isotopic compositions 

distinct from that characterizing volcanics from Washington, Oregon, 

and California. The Rocky Mountain region yielded 206Pb; 204Po ratios 

in the range 16.6 to 18.8 and 208Pb;204Pb ratios in the range 37.1 

to 38.8. Volcanic rocks in West Coast states consistently gave more 

radiogenic values with 206Pb; 204Pb ~ 18.8 and 208Pb;204Pb ~ 38.6. Doe 

concluded that ''a fundamental difference between the two regions, in 

the source regions of magmas is implied by this data.'' Although he 

considered a number of possible explanations, he preferred the hypothesis 

that the lead isotopic differences were "due to different ages of the 

source regions or to different ages of dehydration" of the Precambrian 

lower crust or of the low velocity zone in the upper mantle. 

During the analytical phase of this work a second, important 

paper on the provincial nature of lead isotopic compositions was pub

lished by R. E. Zartman. Using hundreds of published and unpublished 

isotopic analyses on Mesozoic and Cenozoic igneous rocks and ores, 

Zartman (1974) distinguished three lead isotopic provinces in the western 

United States (see Figure 1.3). Province I includes much of Doe's 

Rocky Mountain region. It is characterized by comparatively unradiogenic 

but variable rock Pb ratios in the range 16.2-18.8 for 206Pb;204Pb and 
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Figure 1.3 (After Zartman, 1974): Map of the western United States 

showing lead isotopic provinces as defined by Zartman (1974). Shaded 

regions, black dots, crosses, and x•s show sample localities for 

ore and rock data used to locate province boundaries. 
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36.5-39.9 for 208Pb;204Pb. Ores from this province display an even 

wider range in isotopic ratio, and data from individual mining districts 

often describe long linear arrays when plotted on a 206Pb; 204Pb versus 
207Pb;204Pb d. Tl I II I 1 h. d 1agram. 1ese 1 isochrons 1ave s opes w 1ch correspon 

with the age of the local Precambrian basement -- ~ 1.8 by in Area Ib 

to the south, and ~ 2.7 by in Area Ia to the north. 

Area II is located in central and northern Nevada; it contains 

very radiogenic rock leads \AJith 206Pb;204Pb values between 19.1 and 

19.7, and 208Pb;204Pb values between 38.9 and 40.3. Contrasting with 

the long, linear 206Pb;204Pb- 207Pb! 204 Pb arrays of Area I, Area II 
11 igneous rocks and hydrothermal ore deposits have quite uniform and 

similar lead isotopic compositions throughout the entire area as well 

as within individual mining districts. 11 This comparison is illustrated 

in Figure 1.4. 

Area III lies along the Pacific coast and contains rocks with 

lead ratios generally intermediate between those of Areas I and II 

Area III 206Pb; 204Pb ratios generally lie between 18.7 and 19.4 and 
208Pb; 204Pb ratios between 38.2 and 39.1. 

Zartman (1974) inferred that the lead characteristics of his 

three areas \'/ere determined by the nature of the 1 oca 1 basement rocks. 

Volcanic sources in Area I, which is underla ·in by Precambrian basement, 

are Precambrian rocks of the lower crust, or the mantle. Ore gen-

eration in Area I is thought to involve the addition of radiogenic lead 

from upper crustal rocks. Area II, on the other hand, does not appear 

to have a Precambrian crystalline basement; it lies in the heart of 

the Cordilleran geosyncline. Zartman has proposed that Area II volcanics 
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were derived from 11 isotopically homogenized miogeosynclinal rocks eroded 

from the adjacent Precambrian sialic upper crust. 11 Area III contains 

regions of Paleozoic eugeosynclinal basement and regions where no 

basement older than the Mesozoic outcrops. Zartman (1974) suggested 

that sources in this area were associated with the subduction of oceanic 

crust in the Paleozoic, Mesozoic, and/or Cenozoic eras. 

We consider the data of both Doe anrl Zartman to be extremely 

significant and their analyses of the lead isotopic province problem 

to be perceptive. However, the detailed studies of Late Cenozoic basalt 

lead systematics reported in later sections lead to diverqent inter

pretations for some key aspects of the problem pertaining to basaltic 

petrogenesis in the southwestern United States. 

1.4 Problem Design 

There are a number of parameters which could potentially be 

important in interpreting the lead isotopic systematics of Late Cenozoic 

basalts from the southwestern Unfted States. These include the sample's 

location in the western United States, its a~e,and its chemical compo

sition. Correlations between lead isotopic ratios and strontium 

isotopic composition are also important factors which require consideration. 

Sample locality is considered an especially significant parameter. 

Spatial variation of isotopic characteristics can strongly constrain 

models of volcanic petrogenesis. For example, Tatsumoto and Knight 

(1969) have found in Japan that volcanic lead isotopic compositions 

become less radiogenic the greater the distance from the subduction 

: 
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zone trench. If volcanism in the southwestern United States were related 

to subduction processes like the volcanism of Japan, one might reasonably 

expect isotopic compositions to be proportionately richer in 204Pb 

the greater a sample locality's distance from the coast. One might 

also expect lines of equal isotopic ratio to aporoximately parallel 

the continental margin. And, if the Lipman et .!}_. (1972) hypothesis is 

correct, one might anticipate a discontinuity in isotopic composition 

corresponding to the locus of their second, inland subduction zone. 

On the other hand, if lead isotopic composition is not dependent on 

Cenozoic plate tectonics but dependent on the age of the underlying 

basement (as suggested by Zartman, 1974), one would expect samples 

underlain by Precambrian basement to exhibit ratios different from 

those samples coming from areas underlain hy younger basement. For 

example, samples from coastal California and northern Nevada should 

have different lead isotopic ratios than those from Arizona or New 

Mexico. 

Sample age is another important variable, even if it is only 

used to constrain the minimum age that a volcanic source region achieved 

its isotopic characteristics. However, a number of Cenozoic geologic 

features in the southwest exhibit regular time-space relationships. 

Atwater (1970) has proposed a model for the temnoral and spatial cessation 

of subduction along the North American coast. Armstrong and Higgins 

(1973) have mapped the age that bimodal silicic-basaltic volcanism 

began in the western United States. Hamblin and Best (1975) have 

proposed a time-space progression in the age of inception of Basin-Range 
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faulting across the Southwest. It would be extremely significant if 

a correlation between any of these phenomena and volcanic isotopic 

composition could be demonstrated. 

Isotopic variation may also correlate with differences in 

s~~ple major element chemical compositions. Several workers have 

commented on the more radiogenic nature of lead and strontium in alkalic 

oceanic island volcanics relative to that of abyssal tholeiites. In 

this case, the chemical-isotopic variation may reflect primary charac

teristics of the different volcanic source regions in the mantle; in 

other cases a correlation between chemical and isotopic properties may 

reflect contamination processes. For example, Lipman and others (1978) 

have discussed the relationship between isotopic and chemical charac

teristics of volcanics from the San Juan volcanic field, relations 

they infer to be governed by complex interactions of magmas with crustal 

material. Indeed, J. Eichelberger (1976, personal communication) has 

suggested the possibility that rhyolites come exclusively from melting 

of lower crustal material, and that intermediate, andesitic and dacitic 

magmas derive from mixing of silicic, lower crustal and mafic, mantle 

derived melts. If such a process is active, a clear-cut correlation 

between chemical and isotopic composition would be expected. Another 

type of contamination process may also exhibit a dependence on chemic6. 1 

composition. Silicic vitric tuffs tend to be more susceptible to 

ground water interaction than more mafic, crystallin~ vol canics , and 

thus more susceptible to the import of externally derived elements. 

Noble and Hedge (1969} indicate that some tuffs have acquired as much 

as 20 ppm of ground water transported Sr. Although this may not be 
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especially critical for strontium, the lower concentration of Pb 

in these rocks makes groundwater transport of this element into 

vitri c tuffs a matter of concern.: 

Covariance of lead isotopic ratios is important for two 

reasons. First, linear relationships between lead ratios can in 

some instances be used to calculate the age, U/Pb, and Th/U ratios 

in the volcanic source regions. Secondly, they can be taken, in 

other instances, to be the result of contamination or mixing 

processes. A covariance between a Pb isotopic ratio and 87sr;86sr, 

or even a high 87sr;86sr ratio by itself, can be useful in detecting 

the presence of contamination. 
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CHAPTER 2: ANALYTICAL ERRORS 

2.1 Summary 

Whole rock lead isotopic compositions were determined by mass 

spectrometry on Pb extracted from powdered rock samples by volatili

zation, and purified by conventional clithizone procedures in a contam

ination controlled laboratory. Pb, U, and Th concentrations 111ere 

determined by isotope dilution. Extraction of concentration samples 

involved 11F-HN03-HC104 acid dissolution, Ba(N03)2 coprecipitation, 

dithizone extraction for Pb, and anion exchange column extraction for 

U and Th. 

The largest error in the Pb isotoric concentration measurements 

is statistical in nature. Statistical errors associated with mass spec

trometry are variable but typically 0.04% or 0.05% of the isotopic ratio. 

Errors from the 26 ng composition lead blank usually contribute an 

error in a measured isotope ratio of 0.02% or less. This low contribution 

results from the relatively large sizes (~3 g) and high concentrations 

(~ 2 ppm) of the samples analyzed in this study. Isotopic compositions 

were corrected for powder preparation blanks, although the magnitude of 

this correction is generally 50.03% of the isotopic ratio. Total 

composition errors are estimated to be 50.07% (1 a) of the stated 

isotope ratio. 

The error in concentration determinations is about 1% of the 

concentration; it derives from uncertainties in the amount of spike 

added to rock samples, lack of equilibrium of spike and sample leads, 

and drift in spike solution concentrations. 
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2.2 Analytical Methods 

A detailed discussion of the procedures - preparation, chemical, 

and mass spectrometric - used in this study can be found in Appendix B. 

2.3 Errors in Lead Isotopic Composition Measurements 

Errors in the determination of whole rock Pb isotopic composition 

measurements can come from three sources: from contamination of sample 

lead with lead from origins external to the natural sample, from instru

mental inaccuracies and statistical uncertainties associated with mass 

spectrometry, and from incomplete extraction of lead from isotopically 

heterogeneous samples. 

2.3.1. Contamination 

In order to minimize atmospherically derived contamination, 

the external surfaces of all rock samples were broken off, and only the 

interior portions of the rock was utilized for analysis. In addition, 

multif)le layers of clean plastic bags were used to protect samples from 

contamination during transport and storage. 

Preparation (crushing and grinding) blank levels were investi

gated using fused silica glass as an essentially lead-free rock analogue. 

These experiments indicated that while storage, hammer crushing on an 

iron plate, and vacuum furnace handling procedures contributed negli

gible amounts of contamination, grinding with a Shatterbox consistently 

added 90 ng of common lead for each 3.2 g weight of silica glass 

crushed (28 ppb). Since the isotopic comoosition of the Shatterbox 
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contaminant has been well determined, and the amount of contaminat ·ion 

is consistent from grinding to grinding, a correction can and has been 

made to the measured sample isotopic compositions. This correction 

turns out to be small (much less than the 1 a statistical error) for 

the vast majority of samples. This small effect is a result of the 

relatively high Pb concentrations of samples (2 - 12 ppm) compared to 

contaminant (28 ppb), and the small differences between sample and 

contaminant isotopic compositions. 

Contamination from the volatilization and chemical procedures 

has been monitored periodically. The results of these experiments, 

tabulated in Table 2.1, indicate that the composition blank is approxi

mately 26 ng of Pb, although it may sporadically attain a higher value. 

Although some 7-10 ng of this blank comes from the volatilization 

procedure, the majority derives from the chemical extraction, of which 

the reagents and glassware each donate approximately 8 ng Pb. Except 

in two cases where an item of glassware had been previously exposed to 

a radiogenic Pb, the isotopic composition of the blank Pb appears to be 

similar to that of modern terrestrial lead. Unfortunately, it has 

not been oossible to determine the blank com~osition accurately enough 

to apply a correction to sample isotopic ratios. It is possible= 

however, to estimate the magnitude of blank derived error . This was 

done for each sample assuming the blank Pb derives randomly from the 

same statistical population as that of the samoles. The errors so 

calculated are always substantially sma11er t l1an the statistical errors 

associated with the mass spect rometri c mea s11rements. This result is 
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to be expected from the fairly low blank concentration to sample con

centration ratios, whfch are usually ~0.05% , and the similarity between 

blank and sample isotopic compositions. 

2.3.2. Mass spectrometer errors and reproducibility 

Statistical error, inaccuracies in the discrimination factors, 

as well as other instrumental errors and biases contribute to the 

uncertainty of mass spectrometrically determined isotopic ratios. 

Statistical error is the most obvious and largest of these inaccuracies. 

Although they vary from run to run, one sigma standard deviations are 

typically 0.04% of the measured 206Pb; 204Pb, 206rb;207Pb, and 
206Pb; 208Pb ratios. 

Inaccuracies in the determination of silica gel discrimination 

factors, which convert measured ratios to ''absolute 11 ratios, and vari-

ations in discrimination factor values from run to run are a second 

source of error. Discrimination factors have been established empirically 

by comparing this lab's analytical results on the CIT Shelf and NBS #981 

isotopic lead standards to published determinations involving analytical 

methods which minimize or correct for isotoric fractionation. Table 

2.2 shows data on the Caltech Shelf Standard. Using the Catanzaro 

(1967) published results for comparison, the calculated mass discrim

ination factor is roughly 1%oper unit mass difference. This number is 

similar to, but perhaps a trifle lov1er than the 1.0-1.7%ovalues quoted 

by Sun (1973) and the average value of 1. 2%._, of Gancarz (1976). These 

differences, if real, may reflect the different characteristics of 
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different batches of silica gel or possibly the different filament 

temperatures at which data were taken by the different labs. It can 

also be noted from Table 2.4 that the discrimination factor calculated 

for the 207Pb; 206Pb ratio is smaller than those calculated for the 

other isotopic ratios. This discrepancy is minimized if Catanzaro•s 

data are used for comparison rather than an average of all published 

data. 

For each isotopic ratio in Table 2.2 the standard deviation 

of the mean calculated from the variance of individual isotopic ratios 

is larger than the a calculated from the variances of individual 
\l 

runs. That is, 

- 2 E(X.-X) 
1 

N(N-1) 
1 

> - 2 
E(l/o1) 

where ai is the statistical variance of Xi' the measured isotopic ratio 
-

of run i, X is the average ratio of all runs, and N is the number of 

runs. Thus, statistical error by itself cannot account for the observed 

variance in isotopic ratio. Additional sources of error contribute 

uncertainties up to 0.02% or 0.03% beyond statistics. 

This additional error can be attributed to a number of possible 

sources. Variability in the discrimination factors from run to run, 

inaccurate or changing shunt calibrations, and non-linearity of the 

digital voltmeter signals are just three instrumental possibilities. 

Collection of data from the mass spectrometer also requires that signals 

be interpolated to some reference time in order to obtain an isotopic 
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ratio. The linear interpolation done in this study introduces in

accuracies if the signal is unstable (varies in an erratic way) or 

even if it is curvilinear in time. Internal sample isotopic hetero

geneity, especially in the case that sample Pb is incompletely extracted, 

can also add to the variance of the data. 

With the exception of signal instability, none of the factors 

mentioned above seem to have much effect on the reproducibility of the 

data. For instance, several repeat analyses were performed on sample 

A5014, a rock containing quartz and alkali feldspar xenocrysts as well 

as large but infrequent partially melted granulitic xenoliths, and 

therefore considered to be a good candidate for internal isotopic 

heterogeneity. The results of these analyses, shown in Table 2.3, 

display no differences in excess of that which can be attributed to 

statistical error. 

A second test, which compared 206Pb; 204Pb and 206Pb; 207 Pb 

data from composition and concentration runs on the same sample, was 

used to investigate the presence of extra-statistical errors. The 

Welsh t-test parameter1 was used to pick those comparisons where 

differences between co~position and concentration ratios exceeded that 

explainable by statistical error. In cases where one of the runs 2 had 

an unstable signal, W values were almost always in excess of the 

1Mack (1967) discusses the use of the W parameter statistical test. 

2signal instability frequently occurred in concentration runs taken 
during one three month period. It was ve1·y r·are in isotopic composition 
runs and concentration runs done during other intervals of data 
collection. 
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Table 2.3: Repeat Analyses of Sample A5014 

Analytical 
206Pb/204Pb 206Pb/07Pb 206Pb/208Pb Method* Yield 

val. 18.113 ± .008 1. 1685 ± .000~ .48186 ± .00011 87% 

val. 18.113± .006 1.1675 ± .0006 .48195 ± .00027 

val.** 18.134 ± .006 1.1671 ± .0003 .48185 ± .00009 71% 

val.** 18.115 ± .007 1.1681 ~: .0005 71% 

val. avg. 18.119 ± .0()5 1.1678 ± .0003 .48189 ± .00003 

val. weighted 
avg. 18.120 ± .003 1.1677 ± .0002 .48186 ± .00004 

HF dis. 18.103 ± .022 1.1684 ± .0008 100% 

*Both volatilization (vol.) and HF dissolution (HF dis.) were used to 
extract sample leads. 
**These two runs are different aliquots of the same sample. 
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critical value at the 95% confidence level. Of the rema1n1ng 22 samples, 

only four samples showed differences in either 206Pb; 204Pb or 206Pb; 207 Pb 

between composition and concentration data that could not be attributed 

entirely to statistical error. This result again indicates the presence 

of nonstatistical errors, but also shows that errors not comin9 from 

counting statistics rarely make an observable contribution to the 

total imprecision. 

2.3.3. Correction for in situ !adioactive decay 

It was not feasible in most cases to correct for the increment 

of radiogenic lead generated within each volcanic sample after its 

crystallization. The data required to do this calculation- Pb, U, 

and Th concentrations and accurate ages - were available for only a 

small fraction of the samples analyzed. Fortunately, most of the 

samples used in this study are youthful {::;; 5 my in age) and possess 

relatively low U/Pb ratios (~ ~ 25). Consequently, the correction 

for~ situ decay is not large. Corrections would normally be ::;;0.1% 

for the 206Pb; 204Pb ratio, insignificant for the 207Pb;204Pb ratio, 

and ::;;0.04% for the 208Pb;204Pb ratio. The few Miocene and Oligocene 

samples would, however, require more significant corrections. But 

even for these samples, the shifts in isotone ratio due to postcrystal

lization decay would not affect any of the results or conclusions put 

forth in later chapters. 
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2.4 Errors in Pb, U, and Th Concentration ~easurements 

Concentration data presented in this study are thought to be 

accurate to within 1% of the stated value. Because spike and sample 

isotopic compositions differ sufficiently, and the uncertainties in 

measured isotope ratios are small (1 a ~0.04% ), the concentration 

errors propagating froM mass spectrometric measurements are negligible, 

~0.1% of the concentration. More substantial errors may come from 

uncertainties relating to spike delivery, equilibrium, and concentration 

drift. Sample heterogeneity may also cont ribute to the imprecision of 

concentration data, but blank levels wou l d not have a no t iceable effect. 

For all uses of concentration data in this work a 1% precision 

is quite adequate. 
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CHAPTER 3: SN~PLES AND OATA 

3.1 Sampling Design 

The major aim in sample collection has been to establish the 

regional variation of lead isotonic characteristics in Pliocene and 

Quaternary basalts from the southwestern portion of the United States. 

The southwestern United States was picked for investi~ation because of 

its accessibility, the importance of understanding its tectonic and 

volcanic history, as well as the abundance of ~ublished geologic 

reports and dearth of orevious lead studies on the area. Basaltic 

samples were rreferrerl because their chemistry makes them more likely 

candidates for mantle derivation, and thus more useful in investigating 

mantle source region characteristics. Young samples were emphasized 

because they are less susceptible to \'leathering and ~situ radioactive 

decay corrections. However, isotopic comnositions of olde~Miocene and, 

very rarely, Oligocene volcanics have been measured in several instances 

in order to check for any major variation of isotooic characteristics 

with age, and to help fill in the regional isotopic patterns where 

younger rocks were not available. In addition, a number of more 

silicic rocks -andesites, dacites, and rhyolites -were collected 

from the San Francisco volcanic field to check for petrologic and 

chemical correlations with isoto~e characteristics. Only sporadic 

samples of intermediate and silicic rocks were taken elsewhere to fill 

holes in the spatial isotopic pattern, and also to check for composi

tionally dependent isotopic variations. Intrusive rocks, mineralized 

or not, were completely neglected in samplin0. 
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Figure 3.1. Samp le localities. Circles are samples analyzed in this 

work. Squares are localities of late Cenozoic volcanics on which 

published lead i sotop ic data are available. Three digit numbers are 

samp le numhers abbreviated by deletin9 the first digit (a letter 

denoting state) and the third digit (always a zero). For example, 

C3006 is abbreviated 306. Single di~it numbers prefixed by a B are 

samp les collected by W.J. Baldridge from the Rio Grande rift. One 

diqit numbers by squares are data references, 1 =Doe (1967); 2 =Doe 

~!: ~- (1969); 3 = Doe (1970); 4 = Church and Tilton (1973); 

5 = Zartman and Tera (1973); 6 = Rye et ~- (1974); 7 = Doe and 

Delevaux (1973); 8 =Lipman et ~l · (1978). 
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Figure 3.2. Sample ages in millions of years. Dates attended by a 

~ or ? were estimated according to stratigraphic and/or geomor?hological 

criteria. Other , unattended numbers rerresent K/Ar dates. 
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Figure 3.3. Classification of samples according to petrographic 

criteria. B = basalt; BA = basaltic andesite; A= andesite; and 

S = undifferentiated intermediate and silicic rocks (andesite, dacite, 

and rhyolite). 
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Table 3.1 is a brief tabulation of descripiive data on each 

sample analyzed in this work. Appendix C is a more complete compilation 

of locality data, petrographic characteristics, and geologic information 

on individual samples. Figure 3.1 shows localities and field numbers 

of samples analyzed in this work on a ~ap of the southwestern United 

States. This figure also shows the localities of a number of late 

Cenozoic rocks on which published lead data are available. Figure 3.2 

shows sample ages and Figure 3.3 shows sample rock types. 

3.3 Data 

Analytical results are listed in Table 3.2. As shown in 

Figure 3.4, 20~Pb/204Pb ratios range from 16.98 to 19.61; 208Pb/204Pb 

values range from 36.65 to 40.30. 207 204 Pb/ Pb values fall between 

15.40 and 15~73. ·This variation in lead isotopic cqmpo~ition neQrly ~pans 

the range displayed by all modern terrestrial leads (see Doe, 1970). 

Table 3.3 shows the averages of the isotope ratios quoted in 

Table 3.2. The average values quoted in t~is table (206Pb!204Pb = 

18.57, 207Pb/204Pb = 15.55, and 208Pb! 204 rb = 38.33) are rather 

similar to estimates of the average modern terrestrial lead. For 

example, this laboratory has found common lead contamination to be 

well represented by 18.6, 15.6, and 38.0 for 206Pb/ 204 Pb, 207Pb/204Pb, 

and 208Pb!204 Pb ratios, respectively. Vollmer {1977) has estimated 

the average isotopic composition of the crust-mantle system to 

be 206Pb/204rb = 18.6, 207Pb/ 204Pb = 15.54; while Stacey and Krame~ 
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nGUliE 3.4: ISOTOPE IATIO lliSTOGRAMS 

20· 

206. 204 
(a, Distribution ef ~/ Pb rati•• 

No. :~,.A 206 207 
(b, Distrf.bution of Pb/ Pb ratios 

• 
1.10 1.20 1.30 

206 208 
(c. Distr:l.bution of Pb/ Pb ratios 

'] · . .IIIJL ~7 204 
(d. Distrihutf.01>11 ef Pb/ Pb ratios 

15.4 15.5 15.6 15.7 

No. 
208 204 (e. Distribution •f Pb/ Pb ratf.os 
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Table 3. 3: Isotope Ratio Averages 

Ratio Mean Standard Standard 
Deviation Deviation 

as Percent 
·---·-

206Db;204Pb 18.57 0.58 3.15% 

206Pb/207Pb 1.194 0.034 4,00% 

206Pb/208Pb 0.4843 0.010 2.12% 

207Pb/204Pb 15.55 0.07 0.44% 

208Pb/204Pb 38.33 0.59 1.55% 
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(1975) have chosen 18.700, 15.628, and 38.63 to represent the ratios 

of average terrestrial lead. 

Table 3.3 also shows the isotopic ratio standard deviations 

for the population of samples analyzed in this work. The spread of 

ratios indicated by these standard deviations (>1% for every ratio but 
207Pb; 204Pb) is much larger than the analytical errors estimated in 

Charter 2 (<0.1% errors). Thus, variations in the measured isotopic 

ratios are teal; they cannot be attributed to analytical error. 

Lead concentrations vary from approximately 2 ppm for basanites 

and alkali olivine basalts to around 10 ppm for basaltic andesites and 

andesite samples. This reflects a five-fold increase in Pb content 

for a 5-7% increase in silica content. Uranium concentrations also 

show a correlation with major element chemistry and vary from 0.3 ppm 

to 3.0 ppm. Thorium concentrations range from 1.5 to 12 PRm. Th/U 

ratios vary from 1.51 to 7.25, have a mean of 4.1, and a standard 

deviation of 1.2. 
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CHAPTER 4: GENERAL RESULTS 

4.1 Intent of This Chapter 

The purpose of this chapter is two-fold . It intends, first, to 

identify those factors (such as covariances between different isotopic 

ratios, sample age, chemical composition, and locality) which will be 

most useful in characterizing the major variations in isotopic properties 

observed in lead data from the southwestern United States. Its second 

aim is to determine the areal extent of the several types of lead 

isotopic ~ystematics that will be identified. 

4.2 Relationships between Sample Age, Chemistry, and Isotopic 

Prooerties 

Geographically related samples of different ages and compositions 

tend to exhibit similar isotopic characteristics. For example, data 

from southern California samples (Table 4.1) are rather uniform in 

their isotopic properties - their isotopic compositions span only a 

small portion of the range exhibited by the total southwestern data set 

- even though these samples range in chemistry from basanite to rhyolite 

and in age from Recent to Oligocene. Neither the youngest nor the oldest 

samples are consistently the most radiogenic. Nor are the more mafic or 

more silicic rocks consistently the ones with the extreme isotopic 

ratios. No simple, obvious correlation between sample ages or chemical 

composition and lead isotopic compositions is apparent - a conclusion 

which can be extended to the sample population from the southwestern 

United States as a whole. 
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Figure 4.1 shows 206rb; 204rb analyses on a number of basaltic, 

intermediate, and silicic volcanics from the southwest. Basalts exhibit 

roughly the same range in 206rb; 204rb as the more silicic rocks. If 

basalts from a local area have high (or low) 206rb; 204rb ratios, so 

do the silicic volcanics from the same area. For example basalts from 

southern Nevada have unradiogenic ratios like their tuffaceous counter

parts. The basalts from north-central Nevada are quite radiogenic, 

like their felsic analogs. 

A comparison can also be made between the isotopic compositions 

of young and old volcanic samples in the sa~e area. For instance, data 

from young basalts in south-central Arizona are found to bracket the 

lead isotope ratio of an older· (27 my) basaltic andesite from the same 

area. The 35 my old, Oligocene volcanics from northern Nevada have 

very radiogenic leads, but so do the nearby 15 my old rocks. As Figure 

4.2 shows, there is no simple correlation between sample age and lead 

isotopic composition . 

Indeed, substantial variations in isotopic composition are pres

ent even when rocks of the same age and petrograDhic characteristics are 

compared. Figure 4.3, which shows isotopic data from a number of Quater

nary alkaline basalts and basanitoids, illustrates this fact. Although 

samples from each volcanic field show a limited variability, the data 

as a whole exhihit a variation in 206rb; 204rb several hundred times 

t hat of analytical error. Factors independent of sample age and 

chemical composition must be responsible for this variation.* 

*Later sections (i.e. Section 5.8, Section 6.3, and Appendix D) consider 
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Figure 4.1. A plot of sample Sio2 concentrations and whole rock 
206Pb; 204Pb ratios for Cenozoic volcanic rocks from the southwestern 

United States. Open symbols indicate lead analyses done in this work. 

Filled symbols are published analyses from Rye et ~· (1974), Doe and 

Delevaux (1973), and Doe (1970). Horizontal lines show the probable 

error associated with Si02 concentrations estimated from petrographic 

descriptions. Circles are Colorado Plateau samples from Arizona, 

Utah, and New Mexico. Diamonds indicate data from Basin and Range 

areas of New Mexico. Upward pointing triangles are data from the 

Great Basin of northern and central Nevada, and downward pointing 

triangles are samples from southern Nevada. Squares denote samples 

from the Basin and Range province (and coastal regions) of California 

and Arizona. 
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Figure 4.2. Ages and whole rock 206Pb;204Pb ratios on Cenozoic volcanic 

rocks from the southwestern United States. Symbols are the same as 

those used in Figure 4.1. Open symbols represent data from this work 

and closed symbols represent data from published sources on generally 

older volcanics. Many of the latter data points are taken from the 

Lipman et ~· (1978) paper on the San Juan volcanic field, although 

data from the sources quoted in Figure 4.1 are also included. Horizontal 

lines show the estimated errors in age data in cases where dates were 

estimated from geologic, generally stratigraphic, constraints. 
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Figure 4.3. Lead isotopic data on Quaternary basalts and basanitoids 

from the southwestern United States. The different symbols indicate 

different volcanic fields. Upward pointing triangles are data from the 

Jornada del Muerto and nearby volcanic fields in the Rio Grande rift. 

The open square is a sample from the Pinacate volcanic field of Sonora. 

Open circles denote basalts from the Mohave desert fields of California. 

The filled circle is from the Lunar Crater field of central Nevada. 

Open, downward pointing triangles represent samples from the San 

Bernardino field of southeast Arizona, and the fille~downward pointing 

triangle is a sample from the San Carlos field of Arizona. The filled 

upward pointing triangles denote samples from the Potrillo volcanic 

field and adjacent areas in southern Mew Mexico. The data include 

two points taken from Zartman and Tera (1973). 
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4.3 Regional Isotopic Variations 

The lead isotopic characteristics of late Cenozoic volcanics 

change in a rather regular and systematic way across the southwestern 

United States. The approximate isotopic properties of a sample can, 

in fact, be predicted from the geographic coordinates of sample locality 

alone. 

The systematic change of 206Pb!204Pb and 208Pb/204rb ~atios 

from area to area is diagrammatically displayed in Figures 4.4 and 4.5. 

Figure 4.4a shows 206rb; 204Pb ratio isopleths derived from a second 

order trend su;face analysis of 206rb; 204Pb data; these contours might 

be considered to represent an areal running average or smoothing of 

the ratio data. Figure 4.5b shows equivalent information for the 
208Pb/204Pb ratio. Both diagrams display similar patterns of isotope 

ratio variation. Higher ratios are generally in the western part of the 

map, while less radiogenic ratios are found to the east or northeast. 

The contours show that 206Pb! 204Pb ratios greater than 19.0 and 
208Pb!204Pb ratios greater than 38.8 are common in California, northern 

Nevada, and southwestern Arizona. Average values of 206Pb! 204Pb and 
208Pb/204Pb drop below 18.4 and 38.0 (respectively) farther inland, 

in eastern Utah and northeastern Arizona. 

Unfortunately, the trend surface analyses shown in Figures 

4.4a and 4.5b smear out sharp lateral changes in isotope ratio and 

in more detail the relationship between sam~le age, chemical composition, 
and isotopic ratios. They suggest that there is evidence for correla
tions between these variables, even if these correlations do not appear 
to be most significant in explaining the l~ad isotopic variations ob
served in the . southwestern llnited StAtes as a whole. 
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ignore other parameters and covariations significant to the understanding 

of regional isotopic systematics. Figure 4.4b and 4.5c show hand

contoured 206Pb; 204Pb and 208rb;204Pb ratio isopleths, which are 

perhaps better approximations of the regional trends. But these 

diagrams, too, neglect some attributes which distinguish Colorado 

Plateau and Basin and Range samples, and gloss over the special charac

teristics and complexities of data from southern Nevada and southern 

New Mexico. 

4.4 Major Provincial Isotooic Characteristics 

The lead isotopic characteristics observed for late Cenozoic 

basalts can be said to be of two major types, one characteristic of 

the southwestern Colorado Plateau, and the other more typical of the 

Basin and Range province. Several criteria can be used to distinguish 

Colorado Plateau (CP) and Basin and Range (BR) type isotopic systematics. 

Contrasts in the magnitudes of 206Pb; 204Pb and 208Pb;204Pb ratios are 

most apparent. CP samples are generally less radiogenic than BR samples. 

Basalts with cha~acteristics typical of Basin and Range samples have 
206Pb;204Pb ~ 18.7 and 208Pb;204Pb ~ 38 . 5. On the other hand, Colorado 

Plateau samples usually have 206Pb;204Pb < 18.7 and 208Pb;204Pb < 38.5. 

The general decrease in radiogenic character toward the Plateau is 

illustrated by Figure 4.6, where 206Pb; 204rb values are olotted against 

sample locality distance from the southwestern edge of the Colorado 

Plateau. This figure shows that the Colorado Plateau does have a few 

samples as radiogenic as BR samples. However, it also indicates that 
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Figure 4.6. The variation in 206rb; 204Pb as a function of sample 

distance from the southwestern edge of the Colorado Plateau in Arizona. 

Similar trends are also expressed in the 208Pb; 204Pb data for the same 

area. 
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the average and lower limit of CP 206Pb; 204 Pb ratios are considerably 

less than the average and lower limit of BR sample ratios. According 

to Figure 4.6 the onset of this decrease in radiogenicity occurs as 

much as 100 km outside the structural boundary of the Plateau. 

Figure 4.6 also illustrates a second distinction between CP 

and BR type data. Within local areas Basin and Range samples have a 

limited variability in isotopic ratio. Local areas in the Colorado 

Plateau, on the other hand, show a much wider range in 206Pb; 204Pb 

and 208rb;204Pb ratios. For example, data from the San Francisco 

volcanic field on the Colorado Plateau, a region roughly 50 km in 

diameter, shows a 7% variation in 206rb; 204Pb, and a 4% variation in 
208rb; 204Pb r~tios. Samples from the Mohave desert, a Basin and Range 

region roughly 150 by 300 km in size, give 206rb; 204Pb and 208Pb;204Pb 

ratios which display only a 1% variation. 

Total 207rb; 204Pb variation in local areas on the Colorado 

Plateau is also greater than the variation of 207Pb; 204Pb in local 

f tl B . d R . II f · 206Pb;204Pb areas o 1e as1n an ,ange prov1nce. m~Jever, or a g1ven 

ratio, the corresponding 207Pb;204Pb ratio can be predicted within 

±0.1-0.2% for CP samples. Basin and Range 207Pb; 204Pb values have a 

0.5-1.0% variation at a given 206Pb; 204rb ratio. This suggests a useful 

criterion for discriminating between CP and BR behavior - Colorado Plateau 

type data describe \-.Jell-defined linear arrays on a 206rb; 204Pb-207rb/04Pb 

(a-B) diagram; Basin and Range data do not. Figures 4.8 and 4.9 

illustrate this distinction. Figures 4.8a and 4.8b show data from two 

Colorado Plateau areas: the San Francisco volcanic field near Flagstaff, 
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Arizona; and an area along the western margin of the Colorado Plateau 

centered at St. George, Utah (see Figure 4.7 for locations of plotted 

data). Both the generally unradiogenic nature and large range in CP 

isotope ratios can be observed in these diagrams. However, it is 

most pertinent to see that, within experimental error, a-S data from 

each area fall on a single line, an "isochron." Compare this pattern 

to data from two areas exhibiting normal Basin and Range characteristics 

- the Great Basin of northern Nevada and the Mohave-Sonoran desert of 

southern California and southwestern Arizona (Fig. 4.9). The 206rb;204rb 
207 204 ' 

(a) and Pb/ Pb (B) data from these areas describe radiogenic, 

globular shaped fields of limited dimensions. If the BR data fields 

have an elongation. it is at best poorly defined. 

A cor.1parative homogeneity of lead isotopic compositions is 

considered good evidence for BR style isotopic systematics, even in 

transitional or special areas where isotopic ratios approach low values 

otherwise characteristic of the Colorado Plateau. Alternately, extended 

linear arrays on a-B diagrams are taken to be characteristic of CP type 

behavior even when the sampling area lies somewhat outside the physio-

graphic or structural boundary of the Colorado Plateau. 

Colorado Plateau data do not fall on a large number of distinct, 

linear a-B arrays. More than 95% of the data identified as Colorado 

Plateau type lie, within 2cr analytical error (~0.14% of each isotope 

ratio), either on the "isochron" defined by the Flagstaff data or th~ 

"isochron" defined by the St. George data (see Fig. 4.10). Since both 

linear arrays are similar in position and slope, CP data as a whole 
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Figure 4.8a. Lead isotopic data on late Cenozoic volcanics from the 

San Francisco volcanic field near Flagstaff, Arizona and adjacent, 

generally older fields to the south and west toward Prescott, Arizona 

(Area E in Figure 4.7}. Error bars indicate a 0.1% error. The regression 

line on the 206Pb;204Pb- 207Pb;204Pb plot has a slope of 0.093 ±0.006, 

corresponding to a secondary isochron age of 1500 ±125 my. The 

20SPb;204Pb- 206Pb;204 Pb regression has a slope of 0.99 ±0.13, which 

might be interpreted in terms of a source region Th/U value of approxi-

mately 3.4. 

Figure 4.8b. Lead data on late Cenozoic, generally mafic, volcanics 

from the western margin of the Colorado Plate in northern Arizona and 

southern and central Utah (Area n in Figure 4.7). This area is roughly 

centered about St. George, Utah. Error bars indicate a 0.1% error. The 
207Pb; 204Pb- 206Pb;204Pb regression line has a slope of 0.098 ±0.007, 

corresponding to a secondary isochron age of 1600 ±130 my. The 
208Pb; 204Pb regression has a slope of 1.33 ±0.13. This number might be 

interpreted in terms of a source region Th/U ratio of approximately 4.6. 
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Figure 4.9a. Lead isotopic data on late Cenozoic, generally basaltic 

volcanic rocks from southern California (circles) and southwestern 

Arizona (squares). Error bars indicate a 0.1% error. Area C in Figure 

shows the sample localities for plotted data. 

Figure 4.9b. Lead isotopic data on Cenozoic volcanics from the Great 

Basin of northern and central Nevada (Area A in Figure 4.7). Open 

diamonds represent published data points from Rye et ~· (1974). F'illed 

circles denote analyses performed for this work. 
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describe a fa ·irly restricted linear field on the 206Pb; 204Pb- 207Pb; 204Pb 

diaqram . Consequently, it is not often necessary to sample extensively 

in a local area to tell if that area is characterized by CP behavior . 

A few unradiogenic data points lying on the Flagstaff or St. George 

lines adequately identify the data as CP type. On the other hand, 

location of a data point distinctly off the CP isochrons strongly 

suggests a sample of BR type. It might be noted, however, that some 

radiogenic, othervlise typical Basin and Ranoe data points fall on the 

CP isochrons. Consequently, the occurrence of data points (especially 

radiogenic ones) on the CP isochrons does not necessarily require 

these data to be CP type. 

It should be noted at this point that Zartman (1974) has proposed 

a twofold distinction in ore leads from the western United States 

similar to the CP-BR classification discussed here (see Fig. 1.4). 

Specifically he notes that the data from Cortez, ~levada (Rye~!.~·, 

1974) - an area in the Basin and Range ~rovince - is radiogenic and 

fills a small, unelongated area on an a-S diagram. In contrast, lead 

data from Milford, Utah ores, a district in the St. George area of 

Figure 4.8b, produce an extended linear array when plotted on an a- S 

diagram, as do leads from other mining districts bordering on the 

Colorado Plateau in Utah (see Stacy et ~· , 1968). Zartman's classifi

cation differs from the one suggested here on three counts: It is 

based on ore and related rock leads, which may not be derived from the 

same sources as basalt leads ; he includes rocks as old as Mesozoic 

in his classification, while this \IJOY'k only considers later Cenozoic 
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Figure 4.10. Lead data on all samples from the Colorado Plateau and 

neighboring areas displaying similar isotopic characteristics. Error 

bars show the magnitude of a 0.1% error. The lower line in the figure 

is the regression line calculated from the Flagstaff-Prescott area data 

of Figure 4.8a. The upper line is taken from Figure 4.8b, and represents 

the 206rb; 20~Pb- 207 Pb; 204Pb regression line calculated on data from the 

western mar9in of the Colorado Plateau around St. George, Utah. Circles 

are data points from the Flagstaff-Prescott area. Squares are data from 

the St. George area. Data points from the Colorado Plateau of New 

Mexico, together with data points from the Rio Grande rift north of 

Socorro, New Mexico, are indicated by downward pointing triangles. All 

other CP data points are indicated by upward pointing triangles; these 

samples lie near the margin of the Colorado Plateau in central Arizona. 
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volcanic rocks; and he interprets his data in terms of the inferred 

absence or presence of Precambrian basement rather than in terms of 

Cenozoic structural provinces. 

Besides a 206Pbt204Pb-207Pbt 204Pb covariance, Fiqure 4.8 shows 

a positive correlation between 208Pbt204Pb and 206Pbt204Pb in both 

Flagstaff area and St. George area data. This correlation is not 

quite as well defined as the a-B interrelationship; the divergence of 
208rbt 204rb and 206Pbt 204Pb data points from a single straight line is 

more than analytical errors allow. In comparison, the Basin and Range 

data of Figure 4.9 exhibit a less pronounced covariance between 
208Pbt 204Pb and 206Pbt204Pb, if a significant correlation does indeed 

exist. 

Differences between CP type and BR type data can be displayed 

in still another way. Figure 4.11 shows all the lead analyses of this 

work plotted on a triangular diagram similar to those employed by 

Cannon et ~· (1961). This diagram shows the relative proportions of 
206Pb, 207 Pb and 208Pb in CP samples to be clearly distinguished from 

normal BR proportions. Typical BR type data are relatively rich in 
206Pb and lie toward the 206Pb- 208Pb rich or Joplin lead side of a line 

joining the Stacey and Kramers (1975) value ofmodern terrestrial lead 

to the Tatsumoto et ~· (1973) value of primordial lead. In addition, 

most of the BR data field appears to lie towards the uranogenic side 

of the Stacey and Kramers (1975) :Jrowth curve. Colorado Plateau data, 

on the other hand, 1 i e to the 1 eft or '•o 1 d11 1 ead side of the Stacey 

and Krar.1ers-Tatsumoto et ~·modern 11 geochron. 11 Also, the bulk of the 
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Figure 4.11a. Triangular diagram showing the relative proportions of 
206rb, 207Pb, and 208Pb, assuming 206Pb + 

207 rb + 
208Pb = 1.0. Point 

PL shows the locus of primordial lead - the isotopic co~position of lead 

4.57 by ago (Tatsumoto et ~., 1973). Point MTL is the Stacey and 

Kramers (1975) estimate of modern terrestrial lead. GC is the terrestrial 

lead growth curve of Stacey and Kramers (1975). For reference a line 

has been drawn between MTL and PL. The small triangular area is shown 

expanded in Figure 4.llb. 

Figure 4.11b. Expanded triangular field from Figure 4.11a. Open 

triangles indicate data from the Colorado Plateau and immediately 

adjacent areas with distinctive CP type leads. Solid dots are data on 

samples from the Basin and Range province and coastal areas of 

California which display isotopic characteristics typical of BR type 

leads. Open circles represent data on Basin and Range province samples 

which display isotopic characteristics intermediate between or unlike 

either those considered tyrical of Basin and Range or Colorado Plateau 

provinces. The sample localities of these anomalous data points are 

indicated in Figure 4.7. 
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Figure 4.llb 
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Figure 4 . l2a 
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Figure 4.12b 
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Figure 4.12c 
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Figure 4.12e 
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CP data appears to lie toward the 208Pb or thorogenic side of the 

Stacey and Kramers growth curve. 

Data from individual CP areas tend to describe different 

trends on the triangular diagram than do individual BR areas. Fields 

of CP data tend to be elongate in directions rou~hly parallel to the 

modern terrestrial growth curve. The variations expressed in CP data 

occur mainly in the 206Pb fraction, with lesser variation in the 

proportions of 207Pb and 208Pb. In contrast, data fields from BR 

localities appear to be elongated in a different direction on the 

diagram. Populations of rm data tend to point roughly to\f./ard primordial 

lead and to be per~endicular to the modern terrestrial growth curve. 

Thus the variation in the 208Pb fraction appears to be most pronounced 

while variations in the proportions of the 207Pb and 206Pb are sub

ordinate for BR data from individual areas. These different charac-

teristics of BR and CP data on triangular diagrams are illustrated 

in Figure 4.12. 

4.5 Areas of Anomalous or Transitional Isotopic Characteristics 

There are several areas where samples display isotopic charac~ 

teristics transitional between BR and CP characteristics, or where 

samples display some attributes characteristic of BR samples and other 

attributes characteristic of CP samples. For example, Figure 4.11 

distinguishes 16 non Colorado Plateau data points which plot near the 

geochron and just within the CP data field. Geographically many of 

these samples come from Basin and Range areas bordering on the Colorado 
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Plateau, especially from the Mexican Highlands region of southeastern 

Ne~" Mexico. Another group comes ftom the southern Great Basin of 

southern Mevada and eastern California (see Fig. 4.7 for more precise 

localities). 

Let us first consider in more detail the lead data on the 

Mexican Highlands samples of southeastern Arizona and south1'1estern New 

Mexico (Area G in Figure 4.7). Figure 4.13 indicates that these 

samples display a rather extended range in 206rb; 204 Pb - fron1 18.86 to 

17.89. This large range would normally be suggestive of an affin·ity 

to the Colorado Plateau style of data. 1-lm-Jever, the data do not 

describe a well-defined linear array on a a··B diagram, and are in this 

way similar to BR ty~e data. Most of the samples (8 of 11) have 
206rb; 204Pb ratios below 18.7 - below that considered normal for BR 

data. Ten of the eleven samples have 203rb; 204Pb ratios below the 

38.3 lower limit for BR type samples. None of the southeastern Arizona 

samples fall on the b1o CP reference isochrons, but almost all of the 

New Mexico samples lie close to an isochron. This ob

servation might suggest that the Arizona samples be considered Basin 

and Range type, while the volcanics from New Mexico would be best 

interpreted as CP type. This seems a reasonable conclusion for the 

Arizona rocks, but there are some difficulties in unequivocally classi-

fying the basalts from New Mexico as either BR or CP type. It might 

be noted, for example, that four of the five Nev1 r~exico data noints 

have very similar isotopic compositions. This homogeneity of isotopic 

composition is usually considered a characteristic of Basin and Range . 

data. 
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Figure 4.13. Lead isotopic data on volcanics from the Mexican 

Highlands section of the Basin and Range province in southeastern 

Arizona and southwestern New Mexico (Area G in Figure 4.7). Circles 

are New Mexico data points and triangles are Arizona data points. Filled 

symbols are data ooints taken from Zartman and Tera (1973). The two 

Colorado Plateau regression lines from Figure 4.8 are shown for 

reference. 
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Figure 4.13 
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Figure 4.14 



102 

The difficulty in classifying these New Mexico samples can also 

be observed on a 206Pb- 207Pb- 208Pb triangular diagram (Fig. 4.14). 

All of the New Mexico data points fall in the CP field, but all but 

one (NM7005) are located in an area intermediate between the BR and 

CP data fields. If the Mexican Highlands samples from both Arizona 

and New Mexico are grouped together, and the ~M7005 data point is 

excluded from consideration, the result is a data field with a typical 

BR type elongation. The data field points toward primordial lead. 

However, if the New ~1exican samples are taken independently, and Nr-17005 

is not excluded, the resulting data field has a elongation and a 

position virtually identical with that described by data from the 

neighboring Colorado Plateau. Thus the lead isotopic characteristics 

of basalts from southern New Mexico appear to be transitional between 

BRand CP type data, just as the p~ysiographic characteristics of the 

region are transitional between that typical of Basin and Range and 

Colorado Plateau areas. 

Although southern Nevada (Area B in Figure 4.7) has physio-

graphic and geologic features indisputably characteristic of the Basin 

and Range province, its volcanics possess leads not uniquely charac-

teristic of either BR or CP categories. As shown in Figure 4.15, 
206 204 . eight of the nine samples from this area have Pb/ Pb rat1os less 

than 18.7, the lower limit of normal BR type data. On the other hand, 

eight of these samples have 208Pb; 204Pb values above the 38.5 ''upper 

lir.lit" for CP samples. The data show a variability in 206Pb;
204

Pb 

somewhat intermediate between CP and BR type data. Two of the analyses 
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Figure 4.15. Lead data on late Cenozoic volcanics from southern 

Nevada and nearby areas in eastern California. Triangles are data on 

silicic tuffs reported by Doe (1970). Circles are data from basalts 

analyzed in this report. The two Colorado Plateau regression lines from 

Figure 3.11 are shown for reference. 
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Figure 4.15 
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fall near the CP reference isochrons, but seven do not. On a triangular 

diagram the southern Nevada (S~) leads fall within the CP data field, 

but as a group display an elongation which is typical of Basin and 

Range data (see Fig. 4.12d). Thus the leads from this area in the 

southern Great Basin, like those of the Mexican Highlands, do not fall 

easily into either the Basin and Range or Colorado Plateau cateaories. 

As will be discussed in later sections, the strontium isotopic ratios 

of volcanics from southern Nevada (Leeman, 1970; Hedge and Noble, 1971) 

also distinguish this area from typical BR or CP areas. 

A third area in the southwestern United States appears to have 

lead isotopic characteristics not quite typical of its physiographic 

setting. This area is found along the mar~in of the Colorado Plateau 

in central Arizona, with many of the questionable data points from an 

area between the physiographic boundary and what is someti~es considered 

the structural boundary of the Plateau (see Area Fin Figure 4.7 for 

location). As far as a and B data are concerned, these samples appear 

to be more or less typical of CP type rocks. There are one or two 
206 204 . samples which are ~ore radiogenic (e.g., Pb/ Pb = 19.4) than 1s 

normal for CP type data, but then again CP data do typically display 

a wide range in their isotopic ratios. However, when the data are plotted 

on a triangular diagram, several unusual features are revealed. Rather 

than bunching into a tight, elongated field, the data spread over a 

larger region of the diagram than is usual. In addition, the data 

field shows an elongation which is more typical of BR data than CP 

data. These considerations suggest that it might not be appropriate 
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Figure 4.16. Data on samples from an area along the margin of the 

Colorado Plateau in central Arizona (Area F in Figure 4.7) plotted on 

the expanded triangular field of Figure 4.11. 
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Figure 4.16 
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to consider some or all of the leads from this area to be typical CP 

type data. 

4.6 Geographic Extent of BR and CP Systematics 

The isotopic systematics characteristic of volcanic rocks from 

the Colorado Plateau do not appear to be strictly confined within the 

physiographic or even within what is often considered the structural 

boundary of the Colorado Plateau. Similarly, Basin and Range isotopic 

characteristics appear to extend beyond the limits of the Basin and 

Range province. For example, all of the data points from the Sierra 

Nevada and coastal regions of California ap~ear to display BR type 

systematics. In addition, "Basin and Ran!')e" leads are not found in 

every area of the Basin and Range province. Volcanics from southern 

Nevada, for instance, seem to have their own special (SN) isotopic 

characteristics. It is therefore useful to consider the aeographic 

extent of the different types of isotopic behavior independently of the 

extent of the different physiographic provinces. The terms BR and CP 

will be retained, however, to indicate the similarity of an area's 

rock leads to data fro~ the type areas used to define Colorado Plateau 

type and Basin and Range type isotopic styles - the St. George and 

Flagstaff areas in the southwestern Colorado Plateau for CP tyoe data, 

and the northern Great Basin and Basin and Range province of southern 

California and southwestern Arizona for BR type data. 
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4.6.1. Classification of CP and BR type data 

Before the geographic extent of BR and CP type isoto~ic behavior 

can be displayed, it is first necessary to establish a set of criteria 

which distinguish, sample by sample, the two ty~es of behavior. One 

simple algorithm used previously (Everson and Silver, 1976) is shown 

in Figure 4.17. In this scheme a data point is classified variously 

as Colorado Plateau type, probably Colorado Plateau type, probably 

Basin and Range type, or normal Basin ancl Range type depending on the 

value of the sample's 206Pb/204rb ratio, and whether the data point 

lies, within analytical error, on one of the two CP reference isochrons. 

This algorithm works satisfactorily for the most part but suffers 

occasionally from its discrete classification limits. For instance, 

the samples from the Potrillo volcanic field of southern New Mexico 

constitute an extremely homogeneous set of data. However, because 

their 206Pb; 204 Pb ratios cluster around a value of 18.5, and because 

several points lie just outside the 0.1% error allowance for being on 

the CP isochrons, Potrillo data is classified as both CP and BR type. 

Another objection to the Figure 4.17 algorithm is that it completely 

ignores 208rb; 204Pb ratios in its classification. 

These defects can be overcome by a classification nrocedure 

which employs a discriminant function. As discussed by Davis (1973) 

and Anderson (1958t a discriminant function is a linear, multivariate 

function, the terms of which are weighted in such a way as to maximize 

the difference between two populations of data. The numerical value 
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of the function, whether it is greater or less than a reference value, 

is used to classify each data point into one of the two oopulation 

sets. 

In calculating a function which would discriminate CP and BR 

type data, analyses from the southwestern Colorado Plateau (soecifically 

the regions surroundina St. George, Utah, and Flagstaff, Arizona) were 

used to define the Colorado Plateau population. The type BR data set 

was defined by samples from the Basin and Range province of northern 

and central Nevada, southern California, and southwestern Arizona. The 

variables considered potentially the most usefu'l in classifying the 

two data sets were the 206rb; 204 Pb ratio, the 208Pb;204Pb ratio, and 

the difference between the measured 207Pb;204 rb ratio and the B pre-

dieted by the Colorado Plateau 11 ·isochron. 11 The discrir1inant function 

calculated by the Davis procedure is: 

F = 137.47- 7.180a- 1.0148 - 0.0586y 

where a = measured 206rb; 204Pb ratio 

8 = measured 208Pb; 204Pb ratio 
. 207 204 

y = I (B- A- Ba)/ol; B be1r1g the measured Pb/ Pb ratio; fl. 

and 8 are coefficients of the line defined by the type CP 

data (A= 13.951, 8 = 0.084828); o =the estimated standard 

deviation of CP data from the CP isochron. For samples run 

with the silica gel procedure a = 0.0162. For PbS analyses 

o was assumed = 0.06. 

A positive value of F indicates that a sample belongs in the CP 
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Figure 4,18 
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population while a negative value indicates that it belongs in the BR 

population (see Fig. 4.18). The type CP population has a mean F of 

5.28 and a sigma of 3.67. The type BR po9ulation has a mean of -4.86 

with a standard deviation of 2.48. 

Rather than strictly classifying each sample into on·ly BR and 

CP categories, it would be useful to specially denote those samples 

having F values near zero. These samples ~muld be the ones having 

transitional characteristics and the ones most likely to be misclassified. 

Uith this in mind the classification scheme shovm in Figure 4.18 was 

devised. Samples were considered unambiguously of the BR type if they 

had F values less than -2.40 (the Basin and Range mean plus the Basin 

and Range standard deviation). Similarly,samples were considered 

probably 11 Basin and Range 11 if they had F values less than zero but 

greater than -2.40. In the same way samples were considered unambiguously 

of the CP type if F was greater than 1. 61 and probably of the CP type 

if F was between 1.61 and 0.0. 

The spatial distribution of CP and BR points based on this 

classification is shovm in Figure 4.19 . .n. number of conclusions can be 

drawn after examining this fiQure: 

1. The F function adequately classifies members of the two 

populations. Of the twenty-four samples used to define the normal 

Basin and Range population, all are correctly classified as BR type. 

Of the samples defining the type Colorado Plateau isotopic characteristics 

twenty-one of the twenty-two are correctly classified. 
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2. Discriminant function values indicate that the isotopic 

characteristics of the southwestern Colorado Plateau, the type area, 

extrapolate to other areas of the Plateau. Samples from the White 

Mountain volcanic field of central, eastern Arizona, from the Mt. 

Taylor volcanic field of New Mexico, as well as the other parts of the 

Colorado Plateau on which data were taken exhibit CP characteristics 

according to the discriminant function. 

3. CP leads extend beyond the physiographic and even structural 

boundaries of the Plateau. Data from the Tonto section of Hayes (1969), 

the region between the physiographic and structural boundaries of the 

Plateau in central Arizona, has, with two possible exceptions, CP type 

characteristics. In addition, samples from some western Arizona and 

eastern California areas within the Basin and Range province also ex-

hibit CP isotopic characteristics. Samples from southernmost New Mexico 

are uniformly classified as CP type even though the region has Basin and 

Range structures. Data from the northern Rio Grande rift, an area 

structurally similar to the Basin and Range province, display isotopic 

characteristics similar to those found on the Colorado Plateau, as does 

one sample bordering on the Great Plains. 

4. According to the discriminant function, the data from 

southern Nevada (SN) samples appear to have lead characteristics 

resembling the Colorado Plateau type more than the Basin and Range type 

of data. However, the volcanics from this area have attributes which 

are not normal for either the Basin and Range province or the Colorado 

Pl t . 1 206 b/204Pb . 1 f th. . a eau. Desp1te ow P rat1os, samp es rom 1s reg1on 
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have high 208rb; 204Pb and 87sr;86sr ratios, and a and B ratios which 

do not define linear arrays. Data from this area should probably be 

regarded as belonging to a population distinct from both normal BR and 

CP data sets. 

5. BR type data is not limited to true Basin and Range areas. 

Samples from the Sierra Nevada, the Cascades, and the near-coast regions 

of California have isotopic characteristics which are indistinguishable 

from normal BR type data. 

6. Rocks from an area along the southern portion of the Rio 

Grande rift have isotopic characteristics which are distinctly BR 

in character. This BR area appears to lie completely surrounded by 

areas characterized by CP type isotopic behavior. 

4.6.2. Areal extraQPlatiOJl_Of regional lead_patterns 

The data on late Cenozoic basalts presented in this work 

describe the lead isotopic provincialism of only a limited portion of 

the western United States. With the help of ~ublished data on Cenozoic 

volcanics, it is possible to see that the isotopic patterns which 

characterize the Southwest extend in a general way to a much larger 

area (Fig. 4.20). In the Pacific Northwest, the geographic boundary 

between "CP" and "BR" volcanic rock leads appears to approximately 

follow Zartman's (1974) Area I-Area II boundary, which was based on 

both Mesozoic and Cenozoic rock and ore leads. The major difference 

is that the Zartman boundary cuts the Snake River Plain; recently 
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pub 1 i shed data from Leeman (1975) indicate that the "BR"-"CP" boundary 

should bend around this region. 

4.6.3. Comparison between different descriptions of lead 

provinces in the western United States 

Figure 4.20 compares the isotopic provinces identified in this 

report with those proposed by Zartman (1974). As has been mentioned 

previously, Zartman•s Area I leads have characteristics similar to 

what has been called CP type data in this report. BR type leads appear 

to be analo9ous to Area II and/or Area III leads. Several divergences 

can be noted between the two models. Firstly, the data of this work 

do not appear to support a distinction between Area II and Area III 

leads. According to Zartman, leads from both areas show a small range 

in local isotopic composition but Area II has somewhat more radiogenic 

leads than Area III. Area II has a normal isotopic range of 19.1 to 

19.7 for 206rb;204Pb and 38.9 to 40.3 for 208Pb;204Pb, while Area III 

leads range from 18.7 to 19.4 in 206rb; 204 Ph and 38.2 to 39.1 for 
208rb; 204 Pb. Figure 4.4 shows, however, that a number of data points 

from the Great Basin of Nevada - Zartman•s Area II - are less radiogenic 

than the criteria for Area II would allow. On the other hand, volcanic 

samples from other, scattered areas in the SOllth\'/est have leads as 

radiogenic as any of those observed in Area II. For example, sample 

C3032 from the Sierra Nevada, C5003 from the Mohave desert, M3012 from 

the Pinacate volcanic field, and a number of samples from the southern 
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Figure 4.20. Extrapolation of the CP-BR isotopic boundary (heavy 

black line) to other geographical areas not studied in this investigation . 

Circles are data points from this study. Diamonds are data points from 

published sources, including those tabulated in the caption to Figure 

3.1, and Tatsumoto and Snavely (1969), Davis et ~· (1964), Leeman (1974), 

and Peterman et ~· (1970). The lead province boundaries of Zartman 

(1974) (hatched pattern) are shown for comparison. 
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Rio Grande rift have leads as radiogenic as the more radiogenic samples 

of Area II. 

A second difference occurs about the association of CP or Type 

I isotopic behavior with geologic features of t !tc crust. Zartman has 

indicated that his Area I coincides with those regions possessing 

Precambrian basement. Although every area found in this report to have 

CP characteristics has a Precambrian basement, the converse is not 

true. Large areas in southwestern Arizona and southern California are 

characterized by Precambrian basement and display unequivoca1 BR type 

isotopic systematics. The lead data in these areas possessing 

Precambrian outcrops and BR leads appear to be identical to data from 

areas without a known Precambrian crystalline basement- the coastal 

areas of California and the Great Basin of Nevada. 

A third difference between the two models, shown in Figure 4.20, 

occurs over the nature of leads from southern Nevada. Zartman classified 

this region as an Area I area. The discriminant function discussed in 

the previous section concurred that leads from this area should be 

assigned to the CP population. However, as discussed in Section ~. 5~ 

the leads from this area show properties not typical of CP type data. 

Consequently, it is this re~ort•s opinion that the leads from southern 

Nevada belong to neither the CP-Area I or BR-Area II type systematics , 

but should be regarded as belonging to a separate southern Nevada (SN) 

lead province. 

The differences between Zartman•s and this report•s descriptions 

of lead provinces in the southwestern United States can be rationalized 
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in several ways. For instance, Zartman•s work is based at least partially 

on ore leads and Mesozoic, generally granitic, igneous rocks, while this 

work is based wholely on data from late Cenozoic volcanic, generally 

basaltic, rocks. Basaltic volcanic rocks are most likely to be derived 

from mantle source regions and probably experience in many cases little 

interaction with crustal rocks. Consequently, basalt leads would be 

likely to reflect characteristics of source regions in the mantle. On 

the other hand, mineralization associated with ores often involves 

considerable interaction with crustal rocks and meteoric waters. 

Consequently, ore leads might be expected to display in some form the 

characteristics of the local crust. Having a galena from a Basin and 

Range area with a Precambrian basement with Type I lead isotopes might 

indeed be compatible with a nearby basalt having BR characteristics. 

The ore might be recording crustal characteristics while the basalt 

might be reflecting properties of the underlying mantle. 

It is also plausible that the great Mesozoic granitic batholiths 

of the western United States were derived from different source regions 

than the late Cenozoic basalts. Their diff2rent chemical and mineralogic 

properties could reflect different modes of petrogenesis. In addition, 

major changes in the style of igneous activity and tectonism have 

developed since the Mesozoic, and it is conceivable that these changes 

were reflected in changes in t he igneous rock source regions. Modifi

cations of sottrce region characteristics in time might well be mirrored 

in modifications of the lead isotopic characteristics of the derivative 

igneous rocks. 



125 

Divergences between the two lead province descriptions might 

also be attributed to deficiencies in the coverage provided by available 

data. For example, Zartman•s limited data in southern California and 

Arizona make location of his province boundaries difficult in this area. 

Similarly, the current lack of data in critical areas of the Pacific 

Northwest makes this work•s suggested BR-CP boundary there highly 

conjectural. Zartman•s establishment of a separate lead province in 

northern Nevada (Area II) could conceivably be the result of his extra

polation of the lead characteristics of a local area around Corte , 

Nevada to a much larger region. The few ore leads reported by Zartman 

for areas west and south of Cortez appear to be comparable with this 

work•s rock leads from the same area. More analyses of both rocks and 

ores would certainly clarify the situation. It might be noted, hm11ever, 

that the distribution of Zartman•s data allows him to separate his 

Area I into t\'10 parts: Area Ia ltJith "v2.7 by isochrv:\ ages, and Area lb 

with secondary isochron ages ~1.8 by. Lack of data prohibits this 

report from making that distinction on the basis of basalt leads. It 

can be seen, however, that Leeman•s data on the Snake River Plain is 

consistent with Area Ia behavior, while samples from the southwestern 

Colorado Plateau have leads that are consistent with Area Ib systenatics. 

It is also notable that this work•s explanation for the occur

rence of lead provinces in the Southwest is different than the model 

proposed by Zartman. The two models will be discussed in later sections. 
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CHAPTER 5: INTERPRETATION 

OF COLORADO PLATEAU TYPE LEAD ISOTOPIC DATA 

5.1 Overview 

The intent of this chapter is to interpret the lead isotopic 

data on late Cenozoic volcanic rocks from the southwestern Colorado 

Plateau in light of observations on their petrologic and chemical 

characteristics, and to examine constraints on petrogenetic models 

for these volcanic rocks from the isotopic data. 

5.2 Location and History of Colorado Plateau Volcanism 

Cenozoic volcanism has been extensive along the margins of 

the Colorado Plateau, but only sparse volcanic activity has occurred 

deep within the Plateau•s interior. The earliest volcanism marginal 

to the Plateau was Oligocene in age and calc-alkaline in nature. The 

San Juan volcanic field in southwestern Colorado, the Marysvale area 

in central Utah, and the Mogollon-Datil volcanic province of south

western New Mexico were important localities for this mid-Tertiary 

andesitic to rhyolitic volcanism (see Figure 1.2 for the geographic 

localities of these and other volcanic fields mentioned in the text). 

In compariso~ late Cenozoic volcanism associated with the Colorado 

Plateau has been dominantly basaltic in nature. The Mt. Taylor volcanic 

field of west-central New Mexico, the White Mountains of eastern 

Arizona, the San Francisco and Mt. Floyd volcanic fields of north-central 

Arizona, the western Colorado Plateau field of northwestern Arizona 
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and southwestern Utah, and the High Plains and Black Rock desert areas 

of central Utah all include areas of abundant late Cenozoic basaltic 

volcanism. In addition to basalts, the San Francisco Peaks, Mount 

Taylor, and the Jemez Mountains include substantial amounts of young, 

intermediate to silicic volcanics. Although each of these areas is 

deserving of careful, detailed study, the bulk of the data presented 

in this report comes from late Cenozoic volcanic rocks of the south-

western Colorado Plateau, especially the areas around St. George, Utah, 

and Flagstaff, Arizona. Consequently, the following discussions 

emphasize the volcanism found in this limited portion of the Plateau. 

5.3 Petrology of Basaltic Rocks from the Southwestern Colorado 

Plateau 

A number of workers have studied the petrologic characteristics 

of volcanic rocks from different areas of the southwestern Colorado 

Plateau. Included among these are Robinson (1913), Moore et £.l· (1976), 

Best and Brimhall (1974), Lowder (1973), Hausel and Nash (1977), and 

McKee and Anderson (1971). Although their observations are uniformly 

apropos, each of these authors have described and categorized their 

samples using different terminologies. Moore et al. (1976), for example, 

distinguished three types of basalts (alkali olivine basalt, high 

alumina basalt, and basaltic andesite) for the San Francisco volcanic 

field, while Best and Brimhall (1974) divided the basaltic 1·ocks near 

St. George, Utah into seven categories (hawaiite, basanite, alkali 

olivine basalt, ankaramite, sodic hawaiite, basaltic andesite, and 
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analcime hawaiite). This diversity in terminology has tended to hinder 

comparisons between the volcanism of different areas. 

In order to more easily compare and categorize basaltic rocks 

from the different volcanic fields of the southwestern Colorado 

Plateau, this author has found it useful to borrow from and to modify, 

in some instances, classification schemes from a number of different 

sources, including several of the papers listed above. The petrographic 

and chemical attributes of Colorado Plateau basaltic rocks have each 

been characterized according to different schemes, although the results 

of both schemes are correlative. 

5.3.1. Petrographic description of Colorado Plateau basalts 

A prel iininary attempt was made to ap!)ly the classical petro

graphic descriptions of Kuno (1960) for Japanese basalts to the mafic 

volcanics of the Colorado Plateau. This attempt did not meet with 

great success. Kuno used the presence or absence of olivine reaction 

rims, plagioclase compositions, the occurrence of titanaugite, and the 

appearance of alkali feldspar or silica minerals as late crystallizing 

ground mass phases to classify basalts as alkali basalts, high alumina 

basalts, or tholeiites. No obvious olivine reaction rims have been 

observed in any Colorado Plateau basaltic rocks, even those with 

substantial (> 10%) quantities of normative hypersthene, or those in 

which olivine and orthopyroxene are found together in the groundmass. 

In addition, no systematic variations in plagioclase compositions have 

become apparent during the course of this study, although the common, 
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extensive zoning of plagioclase and the relatively inaccurate ontical 

methods for measuring An contents utilized here might possibly have 

obscured significant differences. The An content of basalt plagioclases 

appears to fall consistently in the ranoe An50 to An65, with only a few 

exceptions. Furthermore, titanaugite a~pears to be very rare in 

Colorado Plateau basalts (only two of the more than forty Colorado 

Plateau basalts examined here appear to contain titanaugite), althou~h 

alkaline basalts with normative nepheline are not uncommon. Moreover, 

mesostasis silica rhases and alkali feldspars have often proved difficult 

to positively identify in thin section, especially in basalts which are 

fine-grained or which contain interstitial, often opaque glass. It is 

difficult, therefore, to classify many Colorado Plateau basalts as either 

alkaline or subalkaline solely on petrographic grounds. 

It is possible, hovJever, to differentiate between the more 

mafic and the felsic basalts, a distinction that might plausibly 

separate the relatively "primitive" basalts from those that are more 

"differentiated." Consectuently, this report has somevthat r1odified 

the characterizations of Moore et al. (1976) and divided the continuum 

of Colorado Plateau basalts into three broad groups: olivine-augite 

basalts, feldspathic basalts, and basaltic andesites. Olivine-augite 

(OA) basalts have high color indices, contain a total modal content of 

olivine and clinopyroxene of ~35% or more, and possess abundant olivine 

phenocrysts. Calcium-rich clinopyroxene is commonly found only in the 

groundmass, where it is plentiful. OA basalts do not, by definition, 

contain orthopyroxene 01~ calcium-poor clinopyroxene, or phenocrysts of 
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plagioclase. Many olivine-augite basalts havesubophitic textures - an 

indication of the abundance of clinopyroxene relative to feldspar in 

the groundmass. In contrast, feldspathic basalts often have trachytic 

or ~ilotaxitic textures, reflectina an abundance of groundmass plagio

clase. Feldspathic basalts always contain at least 40% modal plagio

clase, and occasionally have plagioclase modes up to 60%. Feldspathic 

basalts commonly contain olivine phenocrysts but they are usu'illy 

smaller and considerably less abundant than those in OA basalts. 

Plagioclase phenocrysts occur with some frequency in feldspathic 

basalts, and orthopyroxene or calcium-poor clinopyroxene may be present 

(usually as groundmass phases) with or without groundmass olivine or 

augite. Basaltic andesites are aenerally similar to feldspathic 

basalts in their petrographic characteristics, but contain reacting 

quartz and 11 \-Jormy 11 plagioclase megacrysts. 11 \,1ormy 11 plagioclases 

appear to be oligoclase-andesine crystals (Best and Brimhall, 1974) 

containing minute glass and oxide inclusions - giving them their mottled, 

black and white sieve-like texture. These plagioclase megacrysts are 

often embayed. The quartz megacrysts found in basaltic andesites are 

typically rounded, embayed, and rimmed by clinopyroxene coronas. 

All three types of basaltic rocks (olivine-augite basalt, 

feldspathic basalt, and basaltic andes ·ite) have been observed in every 

volcanic field where more than a few samples were taken (see Appendix 

E). No special characteristics appear to distinguish the basalts of 

any particular area. These observations suggest that the mafic 

volcanics are essentially similar in every area of the southwes tern 
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Colorado Plateau, despite the different terminologies used by different 

workers in different volcanic fields. 

It is interesting to note, however, that not every Colorado 

Plateau volcanic field contains the same intermediate and silicic 

volcanic rock tyoes. For example, the area around St. GeorqG, Utah 

seems to lack both intermediate and silicic volcanics (Hamblin and 

Best, 1975), while the White Mountain volcanic field contains some 

rhyolitic rocks (Merrill and Pewe, 1977). The San Francisco volcanic 

field contains basalts, andesites, dacites and rhyolites (Robinson, 

19 13 ; Moore e t ~. , 19 7 6) . 

5.3.2. Chemical descriotion of Colorado Plateau basalts 

Chemical analyses were available for the majority of sanples 

collected for isotopic study from the southwestern Colorado Plateau 

(see data in Appendix E). However, many of these chemical analyses 

came from published sources, and it was not always possible to confirm 

that chemical and lead isotopic samples came from exactly the same 

outcrop or even the same flow. Nonetheless, published petrographic 

and chemical descriptions have appeared to be consistent with the 

petrographic characteristics of the matched lead isotopic samples in 

every case. 

The algorithm proposed by Irvine and Baragar (1971), which sorts 

chemical data into the categories diagramatically shown in Figure 5.1, 

has been used to characterize and to cate~orize the chemical attributes 

of Colorado Plateau volcanic samples. The results of this classification 
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procedure are displayed in Table 5.1. Despite the small number of 

rocks involved, several inferences can be drawn from this tatle. 

Table 5.1 shows that both subalkaline and alkaline volcanic 

rocks are present on the Colorado Plateau. Some samples have obviously 

alkaline or subalkaline chemistries. For example, A6021 has ~13% 

normative nepheline and A4028 has ~5% normative quartz (see Arpendix 

E). However a larger number are considerably less extreme in their 

characteristics - having, for example, less than 3% normative nepheline, 

or with hypersthene, diopside, and olivine together in the norm. The 

abundance of these intermediate or transitionally subalkaline to 

alkaline rocks might explain why clear-cut alkaline or subalkaline 

characteristics (e.g., olivine reaction rims or titanaugite) are usually 

not well developed in thin section. It might also be mentioned that 

these observations are com~atible with the conclusions of several 

authors (e.g., McKee and Anderson, 1971; Lowder, 1973; Wenrich-Verbeek, 

1974; and Hausel and Nash, 1977) who have emphasized the transitional 

calc-alkalic (or tholeiitic) to 1lkalic nature of southwestern Colorado 

Plateau volcanism. 

Table 5.1 confirms that the same types of basalts are present 

in every volcanic field on the southwestern Colorado Plateau. Each 

area has relatively mafic and relatively silicic basalts, alkaline 

and subalkaline rock types, and basaltic andesites. This suggests that 

the mafic volcanic rocks from every field on the southwestern Colorado 

Plateau are essentially similar in their chemical characteristics, and 

that it is appropriate to group data from different Colorado Plateau 

areas together in the arguments presented in the following sections. 



T
ab

le
 5

.1
. 

Sa
m

pl
e 

C
he

m
ic

al
 

C
la

ss
if

ic
at

io
n

 
P

et
ro

gr
ap

hi
c 

N
o.

 
Ty

pe
 

S
er

ie
s 

Na
m

e 
C

la
ss

if
ic

at
io

n
 

Sa
n 

F
ra

nc
is

co
 v

ol
ca

ni
c 

fi
el

d
 

A
40

29
 

su
ba

lk
al

in
e 

th
o

le
ii

ti
c 

ol
iv

in
e 

th
o

le
ii

te
 

OA
 b

as
al

t 
A

40
30

 
su

ba
lk

al
in

e 
ca

lc
-a

lk
al

ic
 

an
de

si
te

 
b

as
al

ti
c 

an
de

si
te

 
A

40
31

 
al

k
al

in
e 

sa
di

e 
ha

w
ai

it
e 

fe
ld

sp
at

hi
c 

b
as

al
t 

A
50

14
 

su
ba

lk
al

in
e 

ca
 1

 c-
a 1

 ka
 1

i c
 

an
de

si
te

 
b

as
al

ti
c 

an
de

si
te

 

A
60

14
 

al
k

al
in

e 
sa

di
e 

ha
w

ai
it

e 
fe

ld
sp

at
hi

c 
b

as
al

t 

A
60

15
 

su
ba

lk
al

in
e 

ca
lc

-a
lk

al
ic

 
rh

y
o

li
te

 
rh

y
o

li
te

 
w

 

A
60

18
 

su
b 

a lk
a 1

i n
e 

ca
lc

-a
lk

al
ic

 
da

ci
te

 
da

ci
te

 v
it

ro
ph

er
e 

~
 

A
60

21
 

al
k

al
in

e 
sa

di
e 

ba
sa

ni
to

id
 

OA
 b

as
 a

 1
t 

A
60

22
 

su
ba

lk
al

in
e 

ca
lc

-a
lk

al
ic

 
hi

gh
 

al
um

in
a 

b
as

al
t 

fe
ld

sp
at

hi
c 

b
as

al
t 

A
60

23
 

al
ka

li
ne

 
sa

di
e 

al
k

al
i 

ol
iv

in
e 

b
as

al
t 

OA
 b

as
al

t 

A
60

53
 

su
ba

lk
al

in
e 

ca
lc

-a
lk

al
ic

 
an

de
si

te
 

fe
ld

sp
at

hi
c 

b
as

al
t 

A
60

54
 

su
ba

lk
al

in
e 

ca
lc

-a
lk

al
ic

 
da

ci
te

 
gl

as
sy

 d
ac

it
e 

A
60

58
 

su
ba

lk
al

in
e 

ca
lc

-a
lk

al
ic

 
an

de
si

te
 

fe
ld

sp
at

hi
c 

b
as

al
t 

S
t.

 
G

eo
rg

e 
ar

ea
 

U
50

16
 

al
k

al
ic

 
sa

di
e 

ha
w

ai
it

e 
b

as
al

ti
c 

an
de

si
te

 

U
50

17
 

al
k

al
ic

 
sa

di
e 

ha
w

ai
it

e 
fe

ld
sp

at
hi

c 
b

as
al

t 

A
60

30
 

al
k

al
in

e 
sa

di
e 

ha
w

ai
it

e 
fe

ld
sp

at
hi

c 
b

as
al

t 

A
60

31
 

al
k

al
in

e 
sa

di
e 

an
ka

ra
m

ite
 

OA
 b

as
al

t 



T
ab

le
 5

.1
 

(c
on

ti
nu

ed
) 

Sa
m

pl
e 

No
. 

U
60

32
 

C
he

m
ic

al
 

C
la

ss
if

ic
at

io
n

 

Ty
pe

 
S

er
ie

s 
Na

m
e 

su
ba

lk
al

in
e 

ca
lc

-a
lk

al
ic

 
hi

gh
 

al
um

in
a 

b
as

al
t 

T
on

to
 

S
ec

ti
on

* 
(o

f 
H

ay
es

, 
19

69
) 

P
et

ro
gr

ap
hi

c 
C

la
ss

 if
i c

at
io

n 

fe
ld

sp
at

hi
c 

b
as

al
t 

A
40

27
 

al
k

al
ic

 
so

di
c 

al
k

al
i 

o
li

v
in

e 
b

as
al

t 
OA

 b
as

al
t 

A
40

28
 

su
ba

lk
al

in
e 

th
o

le
ii

te
 

A
60

25
 

su
ba

lk
al

in
e 

ca
lc

-a
lk

al
ic

 
A

60
26

 
su

ba
lk

al
in

e 
ca

lc
-a

lk
al

ic
 

A
60

63
 

al
k

al
in

e 
so

di
c 

A
60

64
 

al
k

al
in

e 

l~
h 
i t

e 
M

ou
nt

ai
ns

 
A

40
33

 
A

60
60

 
A

60
62

 

su
ba

lk
al

in
e 

al
k

al
in

e 
al

k
al

in
e 

so
di

c 

ca
lc

-a
lk

al
ic

 
so

di
c 

so
di

c 

qu
ar

tz
 t

h
o

le
ii

te
 

hi
gh

 a
lu

m
in

a 
b

as
al

t 
an

de
si

te
 

al
k

al
i 

ol
iv

in
e 

b
as

al
t 

o
li

v
in

e 
th

o
le

ii
te

 

hi
oh

 a
lu

m
in

a 
b

as
al

t 
al

k
al

i 
ol

iv
in

e 
b

as
al

t 
al

k
al

i 
ol

iv
in

e 
b

as
al

t 

fe
ld

sp
at

hi
c 

b
as

al
t 

fe
ld

sp
at

hi
c 

ba
sa

lt
? 

b
as

al
ti

c 
an

de
si

te
 

o
li

v
in

e-
au

g
it

e 
b

as
al

t 
OA

 
b

as
al

t 

b
as

al
ti

c 
an

de
si

te
 

OA
 b

as
al

t?
 

O.
l\ 

ba
s a

 1 t
 

*T
he

 T
on

to
 S

ec
ti

on
, 

as
 

de
fi

ne
d 

by
 H

ay
es

 
(1

96
9)

, 
is

 t
he

 m
ou

nt
ai

no
us

 
ar

ea
 o

n 
th

e 
so

ut
h

w
es

te
rn

 s
id

e 
of

 t
he

 C
ol

or
ad

o 
P

la
te

au
 b

et
w

ee
n 

th
e 

ph
ys

io
gr

ap
hi

c 
bo

un
da

ry
 a

nd
 w

ha
t 

is
 c

om
m

on
ly

 
co

ns
id

er
ed

 t
he

 s
tr

u
ct

u
ra

l 
bo

un
da

ry
 o

f 
th

e 
P

la
te

au
. 

.....
.. 

w
 

tT
1 



136 

Table 5.1 and Appendix E also indicate that there is a correlation 

between the chemical and petrographic properties of Colorado Plateau 

volcanic rocks. Appendix E shows that olivine-augite basalts have 

relatively low Si02 concentrations (~50%), Al 2o3 concentrations from 

14 to 16%, Na 20+K2o usually ~4.5% and average MgO contents somewhere 

around 8.5%. Feldspathic basalts, on the other hand, usually have 

Si02 contents between 50 and 54%, Al 2o3 concentrations sometimes as 

high as 18~£, Na 20+K2o concentrations tyr.>ically ~4.5%, and average MgO 

concentrations around 6.3%. Basaltic andesites show a wide range in 

Si02 contents from 51-59%; Al 2o3 values are usually around 15-16%, 

Na 20+K20 contents are usually about 6%, as are MgO concentrations. 

In addition, Table 5.1 indicates that olivine-augite basalts 

correspond to relatively mafic, 11 Undifferentiated 11 volcanic rocks: 

basanite, ankaramite, alkali olivine basalt, and olivine tholeiite. 

Basalts petrographically labelled as feldspathic may represent somewhat 

more 11 differentiated 11 categories. Those feldspathic basalts lacking 

orthopyroxene are categorized as hawaiites (alkaline, sadie series). 

Those with orthopyroxene in the mode were variously classified as 

quartz tholeiite, high alumina basalt and (mafic) andesite. Three 

basaltic andesites were called andesite by the Irvine and Baragar 

classification scheme. Another was alkaline enough to be cal led a 

hawaiite, and a fourth was poor enough in silica to be called a high 

alumina basalt. 

It is also interesting to note from Table 5.1 t~at the alkaline 

volcanics from the southwestern Colorado Plateau seem to belong to the 
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sodic series. In contrast some basalts from the nearby Basin and Range 

province have potassic chemistries (refer to Chapter 6). 

5.4 Interpretation of a-S Diagrams 

One distinctive feature of the Colorado Plateau lead data set 

is that it ~enerates linear arrays on a 206rb; 204rb (a) versus 
207Pb; 204rb (B) diagram (see Figure 4.8 and 4.10). Two models may 

be called on to explain this behavior. First, the linear arro;,ws on 

the a-B diagram can be interpreted to be secondary isochrons. This 

model assumes: 1) the Colorado Plateau volcanics have been derived 

from a system that was originally homogeneous in its lead isotopic 

composition at some timeT; 2) at timeT this system chemically frac

tionated into a number of subsystems having different ~ values; and, 

3) since T each subsystem has evolved separately as a closed system to 

its own, distinctive is-otopic composition. In this model the slope 

of the regression line through the Colorado Plateau a-B data can be 

used to calculate the differentiation age, T. 

The alternate hypothesis is that the linear arrays on the 
206Pb; 204Pb-207Pb;204Pb diagram are mixing lines. Here, for example, 

it might be assumed that pristine magma from an isotopically homogeneous 

reservoir is contaminated with isotopically distinct material in transit 

to the earth's surface. In this ~ase the position of a data point 

on the a-B diagram can be taken to be a measure of the amount of 

foreign lead added to the original magma. 
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There is one circumstance where the conclusions of both models 

may be valid simultaneously. This circumstance occurs when the leads 

of two systems with different ~ values but having the same history 

(the same initial isotopic composition and differentiation age, T) 

are mixed. The slope of the mixing line is then the same as that of 

the secondary isochron of age T, and the isotopic ratios of each sample 

are measures of the degree of mixing taking place. 

5.5 Plausibility of the Secondary Isochron Model 

The secondary isochron model is not directly amenable to being 

independently tested. However the ages implied by the isochron model 

appear to be geologically reasonable. The St. George isochron indi

cates a 1600 ±130 my age for the source region generating volcanic 

rocks in that area, while the Flagstaff-Prescott isochron implies a 

1500 ±130 my age. For comparison Silver and others (1977) have recorded 

three major episodes of Precambrian igneous activity in the southwestern 

Colorado Plateau - one from 1700 to 1740 my bp, another from 1610-1700 my 

bp, and a third 1410-1465 my ago. Thus, the secondary isochron ages 

implied by the Colorado Plateau basalt lead data fall within a period of 

major igneous activity associated with the formation of the oldest 

Precambrian crystalline basement in the southwestern United States. It 

is reasonable to hypothesize that the inferred Precambrian chemical 

fractionation of the Colorado Plateau basalt source regions relates in 

some way to the generation of Precambrian granitic rocks and to the 

differentiation of continental lithosphere. 
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Even if mixing, or contamination, is an important ~etrogenetic 

process, there are considerations which suggest that the calculated 

secondary isochron ages may still be meaningful numbers. In each local 

area of the southwestern Colorado Plateau (e.g., the San Francisco 

volcanic field) a-8 data appear to lie on a single straight line within 

analytical error. On the Colorado Plateau as a whole data roints seem 

to fa 11 on one of two very s·imilar lines. This restricts potential 

mixing end-members to an extremely limited portion of the a-8 diagram. 

It is difficult to understand how two unrelated mixing conponents 

could be so restricted in their isotopic compositions over an area as 

large as the southwestern Colorado Plateau (some 400,000 km2). One 

obvious way of getting mixing components with acceptably limited 
• 

isotopic compositions over a region of such a size is to derive them 

from two systems \!lith the same history - the same age of origin. In 

such a circumstance the implied isochron age may still be a valid 

reflection of the age of the system. 

5.6 Testing the Simple Mixing Model 

Mixing models used to interpret the Colorado Plateau a-8 

diagrams are potentially testable. The following sections examine 

what constraints can be placed on the chemical and isotopic compositions 

of potential mixing components, and attempt to estimate what fraction 

of "contaminating" material is required to make up the various volcanic 

rock types . The aim here is to examine the likelihood that cJntamination 

is an active petrogenetic orocess on the Colorado Plateau, and to 
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Figure 5;2: 206Pb/204Pb - 207Pb/204Pb and 206Pbj204pb ~ 

2°8Pb!204 Pb diagrams for the San Francisco volcanic field, showing 

rock type and silica content of each sample, OAB = olivine augite 

basalt; FB = feldspathic basalt; BA = basaltic andesite; A= andesite; 

D = dacite; and R = rhyolite. Silica contents are shown on the 

shared boundary between the two diagrams. Silica concentrations 

are in weight percent. Refer to Appendix E for chemical data sources. 
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investigate where in the crust or mantle volcanic source materials 

might reside. 

Simple mixing of two well-defined components requires that 

there be a regular correlation between the chemical and isotopic 

properties of the resulting mixture. As Figure 5.2 shows, this does 

not seem to be the case for data from the San Francisco volcanic field. 

The rocks with the most extreme isotopic rroperties are not consistently 

those with the most extreme chemical compositions. For example, 

several of the more silicic rocks (an andesite, a dacite, and a rhyolite) 

from one area of the volcanic field have extremely unradiogenic leads 

(e.g., 206Pb; 204 Pb ~ 17.6) but so does a basaltic rock from the same 

area. Thus, volcanic rocks with different chemical compositions can 

have th~ same isotopic compositions. Furthermore, an andesite and a 

dacite from another area have leads (206Pb; 204rb = 18.1) which are just 

about average for the field. Thus rocks with similar chemical campo-

sitions can have different isotopic com~ositions. This is most 

dramatically seen in Figure 5.2 for the feldspathic basalts (FB), 

which are rather uniform in their chemical compositions but which 

virtually span the whole range of leads observed in the San Francisco 

volcanic field. These considerations would seem to argue against 

simple mixing. Either the mixing process is more complex, with a number 

of components of ~ifferent chemical and different but related isotopic 

compositions participating; or mixing is not the only active petrogenetic 

process, but acts together with other processes, such as crys~al 

fractionation, to produce the observed ran~e of chemical and isotopic 
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properties; or mixing is not an important petrogenetic process. It is 

not yet possible to conclusively select one of these three alternatives. 

It is possible, however, to place some constraints on the various 

components which might potentially participate in a complex mixing 

process. 

5.7 Olivine-Augite Basalts and Upper Crustal Contaminants 

The occurrence of voluminous basaltic volcanism on the Colorado 

Plateau suggests that one of the components in a hypothetical mixing 

system must be derived from the mantle. The olivine-aiJgite basalts, 

especially the ankaramites and basanitoids, should closely approximate 

this mantle-derived component. Their low silica contents (~46% for 

ankaramite and basanitoid samples) would seem to preclude significant 

sialic contamination. The low 87sr;86sr ratios {.7030-.7040) reporterl 

for these basalts by Leeman (1974} and Brookins and Moore (1975} are 

also consistent with a derivation from the mantle. 

Figure 5.3 shows that, as a group, the OA basalts are relatively 

radiogenic in lead but exhibit a fairly wide range in isotopic compo

sition. 206Pb; 204Pb ratios for these basalts run from approximately 

18.3 to 19.3. The other volcanic rocks from the Plateau - the feldspathic 

basalts, basaltic andesites, dacites, and rhyolites - generally tend 

to be less radiogenic and more silicic than the olivine-augite basalts 

(although they do overlap the OA basalt range of isotopic compositions). 

For example, one feldspathic basalt from the St. George area (U6032) 

has 206rb;204 Pb = 16.98, 207Pb! 204Pb = 15.40, and 208Pb/ 204Pb = 36.54 -
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values dramatically below those of any OA basalt. And while the OA 

basalts have Si02 :-;;;50 weight percent, the other Colorado Platec-w volcanics 

have Si02 contents ranaing from 47% to 73%. r~aking these "di ;ferentiated" 

magmas by contaminating mantle derived melts requires a contaminant 

which is both silica rich and unradiogenic compared to the OA basalts, 

and to the contaminated lavas themselves. 

This restriction prohibits almost all upper crustal crystalline 

rocks from participating in the contamination process. Precambrian 

granites, rhyolites, and gneisses from the area around the Colorado 

Plateau are generally silicic but also tend to be radiogenic in their 

lead isotopic compositions. Hhole rock analyses by Ludwig {1974) and 

Silver {personal communication) indicate that these crystalline rocks 
206 204 . almost always have Pb/ Pb rat1os greater than 13.0, typically 

greater than 19.0, and occasionally as high as 27.0 (see Figure 5.10). 

It is difficult to conceive of a process in which generally radiogenic 

basement rocks contaminate relatively radiogenic mantle-derived melts 

to generate unradiogenic mixtures. Upper crustal Phanerozoic sedi

mentary rocks are also unlikely candidates as contaminants, a conclusion 

supported by their rare, sporadic occurrence as inclusions in mafic 

lavas. 

5.8 Lower Crustal Rocks as Potential Participants in Petrogenesis 

Discarding the hypothesis that upper crustal rocks have con

taminated mantle-derived melts leaves two possible explanations for the 

Colorado Plateau lead isotopic data. Either the linear a-B arrays 
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defined by Colorado Plateau data are the result of lower crustal mate

rials mixing with mantle-derived magmas, or the isotopic properties of 

each volcanic rock directly reflect the characteristics of its source 

region in the mantle or, possibly, the lower crust . 

5.8.1. Possible lower crustal xenocrvsts in the basaltic 

andesites 

There are several lines of evidence pertinent to a discussion 

of the alternatives mentioned above. One involves the interpretation 

of phenocryst-sized quartz and alkali feldspar crystals which are ob-

served to be in disequilibrium with their host basaltic andesites. Some 

authors (Best and Brimhall, 1974; Leeman, 1974; Hausel and Nash, 1977; 

Jones et ~l·• 1974; Laughlin et ~·, 1974; and Nichols et ~., 1971) have 

concluded that these partially resorbed crystals are high pressure pheno

crysts which have become unstable at lower rressures. Others, notably 

Doe et ~· (1969) and Lipman et .!!_. (1978), have argued that these 

quartz and feldspar crystals are xenocrysts derived from lower crustal 

"granitic" rocks, contl udi ng that basalts \'lith xenocrysts are contaminated 

while those without them are primitive. Those writers favoring no 

contamination generally cite strontium isotopic evidence (e.g., low 
87

sr;86sr ratios compatible with mantle derivation and comparable to 

ratios of non-xenocrystic basalts) and experimental studies (Cohen et ~·· 

1967; Green and Ringwood, 1968) to support their conclusions. On the 

other side of the question, Doe et ~· (1969) present lead isotopic 

data suggestive of contamination. They report correlations between 
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higher Pb, U, and Th concentrations,less radiogenic Pb isotopic compo

sitions, and greater abundance of 11 Xenocrysts. 11 They also observed 

that 11 Xenocryst 11 and groundmass plagioclase separates from a single 

rock are significantly different in their lead isotopic composit ·ions, 

an observation difficult to explain without invoking a contamination 

model of some sort. 

Proponents on both sides of this contamination/no contamination 

argument assume the xenocryst-free rocks are uncontaminated while 

xenocrystic rocks are potentially contaminated. Lead data from the 

southwestern Colorado Plateau volcanic rocks do not appear to support 

an isotopic distinction between xenocrystic basaltic andesites and 

feldspathic basalts, which lack xenocrysts. As Figure 5.3 shows, 

basaltic andesites are commonly less radiogenic than the seemingly 

prinitive, non-xenocrystic OA basalts, in agreement with the Doe et ~· 

(1969) data . Ho\'Iever, the unxenocrystic feldspathic basalts nre commonly 

less radiogenic than the basaltic andesites. Thus, the presence of 

xenocrysts does not in itself seem to be definitive about whether or 

not a rock sample will have an especially unradioaenic lead, and by 

implication, whether or not the sample is contaminated. 

5.8.2. Geochemical data bearing on the origin of the feldspathic 

basalts and more silicic volcanic rocks from the Colorado 

Plateau 

Figures 5. 4 through 5. 9 review geochemical evidence relevant to 

the contamination question. In each of these diagrams contamination 
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(mixing) would be expressed as a correlation between the Y-coordinate 

(2°6Pb/ 204Pb or 87sr!86sr) and the X-coordinate (Si02, K20, MgO, Pb, 

or Sr concentration, or 206Pb/ 204Pb). The slope of the correlation 

depends on the chemical and isotopic composition of the two mixing 

components, and the scatter of the ordinate and abscissa data would 

be a measure of the heterogeneity of these two end-members. On the 

other hand, chemical differentiation (for exa~ple, by crystal frac

tionation) would give rise to·a horizontal trend on each of these 

diagrams - isotopic composition would not change in res9onse to changed 

concentrations of the chemical components. 

Figure 5.4 , 5.5 , and 5.6 suggest that there is an apparently 

significant but obviously rough correlation between the chemical and 

isotopic compositions of volcanic rocks from the southwestern Colorado 

Plateau. Figure 5.4 indicates that the olivine augite basalts generally 

tend to be poorer in Si02 and more radiogenic in lead than th~ other 

volcanic rocks. Figure 5.5 suggests that the OA basalts tend to be 

richer in MgO than the other Colorado Plateau volcanics. Figure 5~ 

indicates that OA basalts have K20 concentrations overlapping those of 

other rock types, but which are in general lower than many of the other 

tyDes of volcanic samples. In each of these diagrams, the feldspathic 

basalts are seen to nearly span the total range of 206Pb!204Pb, without 

any obvious correlation between isotope ratio and chemical concentration. 

The basaltic andesites and the more silicic volcanic rocks, on the 

other hand, may tend to display a somewhat more limited range of 
206Pb/ 204Pb, and to have leads that are more or less intermediate in 
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Figure 5.5 
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Figure 5.6 
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isotopic composition. It can also be noted that rocks coming from the 

same volcanic vent seem to have similar isotopic compositions despite 

major differences in chemical composition. 

Figure 5.7 shows that the Pb concentrations of volcanic rocks 

from the southwestern Colorado Plateau range from 2-11 ppm, with the 

basaltic andesites having the higher Pb concentrations and OA basalts 

having lower Pb concentrations. The feldspathic basalts appear to have 

both high and low Pb concentrations, as they have high and low 
206rb; 204Pb ratios. This diagram suggests a correlation between Pb 

concentration and isotopic composition. Unfortunately, it is not clear 

if this correlation would be confirmed should a greater number of data 

points be available. 

Figure 5.8 shows that the Sr concentrations of Colorado Plateau 

volcanic rocks range from approximately 300 ppm to over 1000 ppm, and 

that there is considerable overlap in concentration between the more 

mafic rocks, the basanites and alkali olivine basalts, and the other 

rock types. 87sr;86sr ratios ranne from .7026 to .7069, although all 
. 87 86 but one of the thirty-three data po1nts have Sr/ Sr ~.7050. This 

range in 87sr;86sr is similar to that exhibited by oceanic basalt 

samples (Peterman and Hedge, 1971). There ctoes not appear to be a 

significant correlation between the 87sr;86sr ratio and strontium 

concentration. It is perhaps worth special note that the three andesite, 

dacite, and rhyolite samples have 87sr;85sr ratios comparable to those 

of the basalts. 
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Figure 5.9 appears to indicate that there is an inverse corre

lation between 206Pb/204 Pb and 87sr;86sr for Colorado Plateau rocks. 

However, it might be noted there does not appear to be any systematic 

difference in the strontium concentrations of t1igh 206rb; 204Pb and low 
87sr;86sr rocks compared to low 206rb; 204Pb and high 87sr;86sr rocks. 

The patterns expressed in these five figures might conceivably 

be interpreted in three ways: 

(1) Mantle derived melts have been mixed with a chemically 

heterogeneous (but isotopically restricted) second component. This 

component would generally be higher in Si02, K20, and Pb concentrations, 

but lower in r1g0. It would be less radiogenic in lead but more radiogenic 

in Sr than the mantle-derived magmas. Feldspathic basalts would be 

contaminated with relatively mafic material, while andesites, dacites 

and rhyolites would be contaminated with more felsic material. 

(2) Contamination processes have produced the feldspathic 

basalts and perhaps the basaltic andesites from magmas originally of 

OA basalt composition. However, the more silicic volcanic rosks were 

derived from contaminated basaltic rocks by a differentiation orocess 

like crystal fractionation; 

(3) Feldspathic basalts and basaltic andesites are derived 

from different source regions than the OA basalts. Feldspathic sources 

have generally lower~ values than the OA SOIJrces, and consequently give 

rise to basalts less radiogenic in lead. On the other hand, the 

feldspathic basalt sources would have higher Rb/Sr ratios, which would 

be consistent with their slightly higher 87sr;86sr ratios. The chemical 
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differences between the two rock types might be attributed to chemical 

differences in source rock, or different conditions of partial melting 

or crystal fractionation. The more silicic volcanics have been derived 

from basaltic magmas by chemical differentiation. 

In discussina these three alternative models let us first 

consider whether or not the intermediate and silicic volcanic rocks of 

the southwestern Colorado Plateau are generated by a mixing process or 

a differentiation process such as crystal fractionation. In this 

regard it should be noted that chemical considerations place strong 

constraints on the amount and composition of the mixing component that 

can be added to an olivine-augite basalt to make an andesite, dacitic, 

or rhyolitic mixture. For example, the high Si02 content (73%) of the 

only rhyolite analyzed in this report 1vould indicate that the OA basalt 

component (-o:::SO% S i 02) rna kes up a very sma 11 fraction of the 1 ock. The 

silicic mixing component must then closely resemble the rock itself. 

This also seems true for andesite and dacite samples. Tables 5.2 and 

5.3 show the results of two calculations determining the chemical and 

isotopic compositions of possible contaminants which could be added to 

an olivine-augite basalt (samples A6021 or A6023 in these calculations) 

to produce a mixture like A6053, an andesite from Humphreys Peak. Both 

calculations indicate that the major fraction of the andesite mixture 

(<v80%) must be made up of the silicic "contaminant." If the olivine

augite basalt component makes up as much as 40% of the mixture, the 

MgO concentration of the sil ·icic end-member must be less than zero. 

This is clearly unreasonable. Because the silicic mixing end-member is 
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(apparently) required to make up the major portion of the mixture, the 

composition of this end-member remains remarkably like that of the 

andesitic mixture. For example, Si02 = 59% for the andesite and 62% for 

the calculated silicic mixing component. Si~ilarly the silicic end

member has an 87sr;86sr ratio much like that of the andesite (.7044 

versus .7042), as well as lead isotope ratios not much different from 

those measured in the andesite. 

Although the calculations in Tables 5.2 and 5.3 involve only 

one andesite and two olivine-augite basalt samples, similar results 

are obtained for every intermediate sample for which chemical data are 

available. In each case the chemical and isotopic properties of the 

silicic ~ixing component seem required to closely resemble that of 

the mixture, the intermediate rock itself. Because the ·intermediate 

volcanics of the southwestern Colorado Plateau have different chemical 

and isotopic compositions, this seems to require a different silicic 

mixing end-member for each sample. Although this is possible, it 

does not make mixing a necessary or very attractive process for 

producin~ andesitic and other silicic volcanic rocks of the Colorado 

Plateau. 

On the other hand, available data appear to be consistent with 

the idea that silicic lavas are made by a process like crystal frac-

tionation. For instance, incompatible elements like Pb, U, and Th 

are enriched relative to the OA basalts in the more felsic volcanics 

of the Plateau - as would be expected in crystal fractionation. It 

is also interesting that the p values calculated from the lead isotopic 
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ratios of the more silicic volcanics (assuming appropriate initial lead 

ratios as calculated in Section 5.9) are substantially less than the 

2°8u; 204Pb ratios actually measured in the rocks themselves. For the 

A6053 sample in Table 5.2 the calculated~ value is 6.1 while the 

d 238U/2040 b . measure . 1s 10.6, almost twice the calculated ~ . Similarly 

the calculated K value (3.3) appears to be significantly different from 

the 232Th; 23~Ph ratio actually measured in this sample (2.8). These 

observations suggest that trace elements in the andesite have been 

fractionated relative to a (oresumably more mafic) source, perha~s by 

a rrocess like partial melting or crystal fractionation. 

There are additional lines of evidence that are consistent 

with this conclusion. For example, the curved trends that Colorado 

Plateau volcanics describe on variation diagrams (Moore et al_,., 1976) 

also sug3est that a differentiation process like crystal fractionation 

rather than mixing is involved in the genesis of the more evolved 

volcanics of the Colorado Plateau. Crystal fractionation also seems 

to be consistent with the available lead isotopic evidence. For every 

silicic volcanic there appears to be a basaltic rock (often a feldspathic 

basalt) with equivalent lead ratios. This is true for the Colorado 

Plateau data as a whole, and for data from individual volcanic vents. 

For example, a basaltic andesite {i\5014) fY'Orl Strawberry Crater has a 

very similar isotopic composition to a dacite vitrophyre (A6018) from 

the same cinder cone. Similarly, three samples from Humphreys Peak 

in the San Francisco volcanic field (A6053, an andesite; A6054, a 

dacite; and A6058, a high alumina basalt) display a wide range in 
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petrologic and chemical characteristics, but a very narrm'>/ range in 

lead isotopic composition (see Figures 5.4, 5.5, and 5.6). These results 

1-Joul d appear to imply a consanguinity between rocks deriving from the 

same volcanic vent, even though they may have erupted tens of thousands 

of years apart and are very different in their chemical compositions. 

The chemical diversity and isotopic sinilarity of volcanic rocks coming 

from the same locality \•JOuld be consistent \•lith the generation of inter

mediate rocks by fractional crystallization, quite possibly from a 

parent magma similar to a feldspathic basalt. 

It also a~pears unlikely that a contamination process is 

directly responsible for ~enerating the feldsoathic basalts of the 

southwestern Colorado Plateau. The feldspa t hic basalts nearly span 

the total range of lead isotope compositions observed for Colorado 

Plateau volcanics, but do not, as a group, show any clear-cut correlation 

between their chemical and isoto~ic compositions (see Figures 5.4-5.6). 

For example, the most radiogenic feld spathic basalt (and the second 

most radiogenic sample on the southwestern Colorado Plateau) is also 

the most silica rich ~ith 53.8% Si02. The least radiogenic feldspathic 

basalt, which is also the least radiogenic Colorado Plateau sample, is 

the one next richest in silica with 53.5% Si02. These observations 

would tend to discourage the idea that contamination plays a major part 

in the petrogenesis of the f elds oathic basal t s. 

If contamination were involved in feldspathic basalt genesis, 

it appears that the contaminating materi al would tend to have che~ical 
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and isotopic properties similar to those of the feldspathic basalt 

itself. Say, for instance, that some contaminating material is being 

added to an olivine-augite basalt magma to make a feldspathic basalt 

mixture. Because the felds~athic and OA basalts both have basaltic 

chemistries, the mixing component also tends to have a basaltic nature. 

Mixing a 1:1 mixture of OA basalt (with 47% Si02) with a contaminant 

to make a feldspathic basalt (with 51% Si00 ) requires that the contam-
'-

inant has only 55% Si02. Similarly, feldspathic basalts in qeneral 

seem to have 87sr;86sr ratios rather like those of their more mafic 

basaltic counterparts, as well as Sr concentrations usually similar 

to and sometimes higher than OA basalt Sr contents. For example, Leeman 

(1974) gave an average 87sr;86sr of .7035 for the hawaiites and .7039 for 

the basanites of the St. George area; hawaiite strontium concentrations 

average rv600 ppn for the hawaiites and "·800 ppm for the basanitoids. 

As a conse~uence of these similarities, the strontium isotopic compo

sition of a calculated mixing com~onent would tend to bear a close 

resemblance to that of the feldspathic basalt. In addition, the Pb 

concentrations of feldspathic basalts tend to be higher than those of 

the OA basalts, often by a factor of 2 or 3 (see Figure 5.7). Thus 

even a small fraction of contaminant contributes a relatively larger 

proportion of lead to a feldspathic basalt 11 mixture. 11 The lead isotopic 

composition of the feldspathic basalt, therefore, tends to approximate 

that of the contaminant. 

The mixing calculations shown in Tables 5.4, 5.5, and 5.6 were 

performed to get a more quantitative estimate of the chemical and 



T
ab

le
 5

.4
. 

M
ix

in
g 

m
od

el
1 

OA
 

3
as

al
t 

C
on

ta
m

in
at

ed
 

C
on

ta
m

in
at

in
g 

Co
m~

on
en

t2
 

En
dm

em
be

r 
R

oc
k 

Sa
m

pl
e 

N
o.

 
A

60
21

 
A

60
22

 
F 

=
 0

.8
 

F 
=

 0
.6

 
F 

=
 0

.4
 

F 
=

 0
.2

 

87
S

r/
86

S
r3

 
.7

03
5 

.7
03

9 
.7

04
0 

.7
04

1 
.7

04
3 

.7
04

7 

20
6P

b/
20

4P
b 

18
.7

21
 

17
.6

25
 

17
.5

1 
17

.3
8 

17
.2

1 
16

.9
9 

20
7P

b/
20

4P
b 

15
.5

55
 

15
.4

26
 

15
.4

1 
15

.4
0 

15
.3

8 
15

.3
5 

20
8P

b/
20

4P
b 

38
.3

51
 

37
.1

32
 

37
.0

1 
36

.8
6 

36
.6

7 
36

.4
3 

S
i0

24 
44

.6
 

50
.5

 
52

.0
 

54
.4

 
59

.4
 

74
.1

 
"'

 
w

 

T
i0

2 
2.

34
 

1.
 6

4 
1.

 4
7 

1.
17

 
. 5

9 
-1

.2
 

-
-

A
l?

O
') 

14
.8

 
18

.3
 

19
.2

 
20

.6
 

23
.6

 
32

.3
 

~
 

...;
 

-
-

-
-

Fe
O 

11
.1

2 
9.

43
 

9.
00

 
8.

30
 

6.
90

 
2.

7 

~1
g
()

 
9.

23
 

5.
1 

4.
1 

2.
3 

-1
.1

 
-1

1.
4 

Ca
O 

11
.5

9 
8.

1 
7.

2 
5.

8 
2.

9 
-5

.9
 

-
-

Na
2o

 
3.

59
 

3.
9 

4.
0 

4.
1 

4
.4

 
5.

1 

K?
O 

1.
10

 
1.

3 
1.

 3
5 

1.
4 

1.
6 

2.
1 

I.
.. 

Rb
3 

<2
0 

<2
0 

Sr
3 

79
5 

93
7 

97
3 

10
32

 
11

50
 

15
05

 

Pb
 

3.
33

 
7.

03
 

7.
96

 
9.

50
 

12
.6

 
21

.8
 

u 
1.

 2
9 

1.
24

 
1.

 2
3 

1.
 2

1 
1.

17
 

1.
04

 



T
ab

le
 5

.4
 (

co
nt

in
ue

d)
 

OA
 B

as
al

t 
C

on
ta

m
in

at
ed

 
C

on
ta

m
in

at
in

g 
C

om
po

ne
nt

2 
En

dm
em

be
r 

Ro
ck

 

Sa
m

pl
e 

N
o.

 
A

60
21

 
A

60
22

 
F 

=
 0

.8
 

F 
=

 0
.6

 
F 

=
 0

.4
 

F 
=

 0
.2

 

Th
 

4.
25

 
4.

71
 

4.
83

 
5.

02
 

5.
4 

6.
55

 

23
2T

h/
23

8u
5 

3.
40

 
3.

92
 

4.
06

 
4.

31
) 

4.
79

 
5.

 7
7 

23
su

12o
4P

b 
24

.6
5 

20
.8

5 
9.

46
 

7.
76

 
5.

62
 

3.
63

 
6 

3.
97

 
4.

09
 

4.
11

 
4.

14
 

4.
18

 
4.

24
 

K
 6 

10
.6

4 
6.

45
 

6.
03

 
5.

52
 

4.
87

 
4.

26
 

~
 1 ca

lc
ul

at
ed

 d
at

a 
be

li
ev

ed
 t

o
 b

e 
un

li
ke

ly
 f

or
 r

ea
so

na
bl

e 
co

nt
am

in
at

in
q 

m
at

er
ia

ls
 a

re
 u

nd
er

li
ne

d.
 

2 F 
=

 th
e 

w
ei

gh
t 

fr
ac

ti
o

n
 o

f 
th

e 
m

ix
tu

re
 c

on
tr

ib
ut

ed
 b

y 
th

e 
co

nt
am

in
an

t. 

3 st
ro

nt
iu

m
 a

nd
 

ru
bi

di
um

 d
at

a 
ar

e 
fr

om
 

B
ro

ok
in

s 
an

d 
M

oo
re

 
(1

97
5)

. 
Ll.

 'R
ef

er
en

ce
s 

fo
r 

ch
em

ic
al

 
da

ta
 a

re
 c

it
ed

 i
n 

A
pp

en
di

x 
E.

 

5 T
he

se
 

nu
m

be
rs

 
re

fe
r 

to
 v

al
ue

s 
ca

lc
ul

at
ed

 f
ro

m
 

is
ot

op
e 

d
il

u
ti

o
n

 m
ea

su
re

m
en

ts
 

of
 U

, 
T

h,
 

an
d 

Pb
 c

on
ce

nt
ra

ti
on

s.
 

6 rh
es

e 
va

lu
es

 w
er

e 
ca

lc
ul

at
ed

 f
ro

m
 

Pb
 

is
ot

op
e 

ra
ti

o
s.

 

""
'-!

 
~
 



T
ab

le
 5

.5
. 

r~
ix
in
g 

m
od

el
1 

OA
 B

as
 a

 1
t 

C
on

ta
m

in
at

ed
 

En
dm

em
be

r 
R

oc
k 

C
on

ta
m

in
at

in
g 

C
om

po
ne

nt
 

Sa
m

pl
e 

N
o.

 
A

40
29

 
A

60
22

 
F 

=
 0

.8
 

F 
=

 0
.6

 
F 

=
 0

.4
 

F 
=

 0
.2

 
-

87
S

r/
86

S
r 

.7
03

0 
.7

03
9 

.7
04

0 
.7

04
1 

.7
04

3 
.7

04
5 

20
6P

b/
20

4P
b 

18
.6

08
 

17
.6

25
 

17
.5

4 
17

.4
3 

17
.3

0 
17

.1
4 

20
7P

b/
20

4P
b 

15
.5

25
 

15
.4

26
 

15
.4

2 
15

.4
1 

15
.3

9 
15

.3
8 

20
8P

b/
20

4P
b 

37
.6

99
 

37
.1

32
 

37
.0

8 
37

.0
2 

36
.9

4 
36

.8
5 

__
. 

S
i0

2 
50

.0
 

50
.5

 
50

.6
 

50
.8

 
51

.3
 

52
.5

 
.....

..., 
(J

1
 

T
i0

2 
1.

 2
7 

1
. 6

4 
1

. 7
3 

1.
89

 
2.

20
 

3.
12

 

.l\ 
12

03
 

15
.6

 
18

.3
 

19
.0

 
20

.1
 

22
.4

 
29

.1
 

Fe
O 

10
.7

7 
9.

43
 

9.
1 

8.
5 

7.
4 

4.
08

 

Mg
O 

9.
0 

5.
1 

4.
1 

2.
5 

-.
8

 
-1

0.
5 

-
-

Ca
O 

9.
6 

8.
1 

7.
7 

7.
1 

5.
9 

2.
1 

Na
2o

 
2.

9 
3

.9
 

4.
2 

4.
6 

5.
4 

7.
9 

K 20 
. 5

 
1.

3 
1.

5 
1.

8 
2.

5 
4.

5 

Rb
 

<2
0 

0 

Sr
 

44
8 

93
7 

10
59

 
12

63
 

16
71

 
28

93
 

Pb
 

2.
98

 
7.

03
 

8.
04

 
9.

73
 

13
.1

 
23

.2
 

u 
.4

7 
1.

 2
4 

1.
43

 
1.

 7
5 

2.
40

 
4.

3 



T
ab

le
 5

.5
 

(c
on

ti
nu

ed
) 

OA
 

B
as

al
t 

C
on

ta
m

in
at

ed
 

En
dm

em
be

r 
Ro

ck
 

C
on

ta
m

in
at

in
g 

C
om

po
ne

nt
 

Sa
m

pl
e 

N
o.

 
A

40
29

 
A

60
22

 
F 

=
 

0.
8 

F 
=

 
0.

6 
F 

=
 

0.
4 

F 
=

 
0.

2 

Th
 

2.
17

 
4.

71
 

5.
35

 
6.

40
 

8.
52

 
14

.9
 

23
2T

h/
23

8u
 

4.
 7

7 
3.

92
 

3.
86

 
3.

77
 

3.
68

 
3.

56
 

23
8U

/2
04

Pb
 

9.
93

 
10

.8
5 

10
.9

4 
11

.0
4 

11
.1

6 
11

.3
1 

K
 

3.
31

 
4.

09
 

4.
20

 
4.

36
 

4.
59

 
4.

95
 

)..l
 

10
.2

1 
o.

45
 

6.
11

 
5.

 7
1 

5.
21

 
4.

59
 

....
....

 
0

'\
 

1 se
e 

fo
ot

no
te

s 
fo

r 
T

ab
le

 
5

.4
. 



T
ab

le
 

5.
6.

 
M

ix
in

g 
m

od
e1

1 

OA
 B

as
al

t 
C

on
ta

m
in

at
ed

 
En

dm
em

be
r 

R
oc

k 
C

on
ta

m
in

at
in

g 
C

om
po

ne
nt

 

Sa
m

pl
e 

N
o.

 
A

60
23

 
A

60
22

 
F 

=
 0

.8
 

F 
=

 0
.6

 
F 

=
 0

.4
 

F 
=

 0
.2

 

87
S

r/
86

S
r 

.7
03

5 
.7

03
9 

.7
04

0 
.7

04
1 

.7
04

4 
.7

04
9 

20
6P

b/
20

4P
b 

18
.2

48
 

17
.6

25
 

17
.5

6 
17

.4
8 

17
.3

8 
17

.2
6 

20
7P

b/
20

4P
b 

15
.5

04
 

15
.4

26
 

15
.4

2 
15

.4
1 

15
.4

0 
15

.3
3 

20
8P

b/
20

4P
b 

37
.9

34
 

37
.1

32
 

37
.0

50
 

36
.9

5 
36

.8
2 

36
.6

6 
.....

.. 

48
.2

 
50

.5
 

51
.1

 
52

.0
 

54
.0

 
59

.7
 

-..
...J

 

S
i0

2 
-..

...J
 

T
i0

2 
1

. 9
1 

1.
 6

4 
1.

 5
7 

1.
46

 
1.

 2
4 

.5
6 

Al
2o 3 

14
.4

 
18

.3
 

19
.3

 
20

.9
 

24
.2

 
33

.9
 

-
-

-
-

Fe
O 

10
.7

8 
9.

43
 

9.
09

 
8.

53
 

7.
41

 
4.

03
 

M
gO

 
8.

7 
5.

1 
4.

2 
2.

7 
-.

3
 

-9
.0

3 
-

-
-

Ca
O

 
10

.3
 

8.
1 

7.
6 

6.
63

 
4.

8 
-.

7
 

-
Na

2o
 

3.
3 

3.
9 

4.
1 

4.
3 

4
.8

 
6.

3 

K 20 
.8

 
1.

3 
1.

4 
1.

 6
3 

2.
05

 
3.

3 

Rb
 

<2
0 

0 

S
r 

84
2 

93
7 

96
0 

10
00

 
10

80
 

13
17

 

Pb
 

3.
33

 
7.

03
 

7.
96

 
9.

50
 

12
.6

 
21

.8
 

u 
1.

 2
9 

1.
 2

4 
1.

 2
3 

1.
 2

1 
1.

17
 

1.
04

 



T
ab

le
 

5.
6 

(c
on

ti
nu

ed
) 

OA
 

B
as

al
t 

C
on

ta
m

in
at

ed
 

En
dm

em
be

r 
Ro

ck
 

C
on

ta
m

in
at

in
g 

C
om

po
ne

nt
 

Sa
m

pl
e 

N
o.

 
.l\

.60
23

 
A

60
22

 
F 

=
 0

.8
 

F 
=

 0
.6

 
F 

=
 0

.4
 

F 
=

 0
.2

 

Th
 

4.
25

 
4.

71
 

4.
83

 
5.

02
 

5.
4 

6.
55

 

23
2T

h/
23

8u
 

3.
40

 
3.

92
 

4.
06

 
4.

29
 

4.
79

 
6.

51
 

23
8u

;2
04

Pb
 

24
.3

4 
10

.8
5 

9.
47

 
7.

78
 

5.
65

 
2.

90
 

K
 

4.
17

 
4.

09
 

4.
08

 
4.

06
 

4.
04

 
4.

01
 

l.l 
8.

83
 

6.
45

 
6.

21
 

5.
41

 
5.

54
 

5.
05

 
-..

...!
 

co
 

1 se
e 

fo
ot

no
te

s 
fo

r 
T

ab
le

 
5.

4.
 



179 

isotopic properties of contaminants that might potentially be involved 

in making feldspathic basalts. It was found that chemical constraints 

(low MgO and high Al 203) seemed to prohibit small amounts (<40% of the 

mixture) of contaminant from being involved in the mixing process. As 

expected the chemical and isotopic characteristics calculated for 

plausible contaminants did not diverge greatly from those actually 

measured in the feldspathic basalt itself. This is an important finding 

in considering what sources in the mantle or crust the contaminating 

material used to make feldspathic basalts could be derived from. Any 

contaminating material used in the petrogenesis of the feldspathic basalts 

could be derived from basically the same source as that directly genera

ting the feldspathic basalts themselves. 

5.8.3. Lower crustal source regions 

Lower crustal material could potentially participate in the 

petrogenesis of Colorado Plateau volcanic rocks either as a contaminant, 

or as a primary source material for these volcanics. The previous 

section indicated that contamination does not appear to be an especially 

attractive model for generating either the feldspathic basalts or the 

more silicic volcanic rocks of the Colorado Plateau. Even if contam

ination did occu r it would seem that the contaminating material would 

tend to have a chemical and isotopic composition rather similar to those 

of the 11 mixed 11 rock itself. Thus, possible primary volcanic sources 

would seem to be similar to sources of possible contaminating material -

there seems little to be gained by considering primary volcanic source 

regions and contaminant source regions separately. 
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As far as chemical constraints are concerned, feldspathic basalts 

could derive from a source rock of basaltic composition if a large per

centage of partial melting were taking rlace, or from a more mafic (even 

ultramafic) source if a lesser percentage of partial melting was occurring. 

Thus a mantle derivation of these rocks seems consistent with their 

chemical compositions. However, a study of xenoliths from a Colorado 

Plateau kimberlite (McGetchin and Silver, 1972) presents evidence that 

11 the middle and lower crust consists of amphibolite and granulite grade 

metamorphic rocks, mostly high grade meta-gabbroic gneisses.'' The gen

erally mafic nature of the Colorado Plateau lower crust would seem to 

allow the lower crust to be a possible source region for feldspathic 

basalts, at least as far as major element chemistry is concerned. 

It is difficult to check if the isotopic characteristics of 

the feldspathic basalts and the more silicic volcanics are consistent 

with a derivation from the lower crust. No investigations of the 

isotopic properties of lower crustal material have been published for 

the Colorado Plateau region, or for any region in the western United 

States. It is only possible to surmise the geochemical characteristics 

of the Colorado Plateau lower crust from published work on high grade 

metamorphic rocks (i.e., gr~~~ulites) from other areas. 

Studies by Moorbath et ~· (1969) and Gray and Oversby (1972) 

indicate that rocks in high grade metamorphic terrains are depleted in U 

and Th relative to lead . Gray reports 238u; 204Pb ratios between 0.2 and 

1.2 for granulite facies rocks from Australia. Moorbath et ~· (1969) 

have found that pyroxene granulites from the Lewisian of Scotland have 
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238u;204Pb ratios between 0.1 and 4.1; their amrhibolite facies rocks 

have 238u; 204Pb ratios usually less than 3, but rarely as high as 6. 

Although thorium is also depleted in high grade metamorphic 

rocks, it often appears to be enriched relative to uranium. 232Th; 238u 

ratios published by Gray range from 5.5 to 12.0, while the Th/U ratios 

measured by ~Ieier and Thoresen (1971) run from 5 to 12 also. For com-

parison, typical Th/U values in iqneous rocks are usually around 4. 

Granulite facies rocks typically display very radiogenic 87sr;86sr 

ratios. Spooner and Fairbairn (1970) measured the 87sr;86sr ratios 

of fifty pyroxene granulites having a variety of compositions and from 

a number of different localities. They report a range of ratios running 

from .7037 to 1.3158, with the vast majority (41 of 50) greater than 

.7080, and almost all (48 of 50) greater than .7065. Similarly, Black 

et ~J_. (1971) and Taylor (1975) report 87sr;86sr ratios for high grade 

metamorphic rocks between .710 and .340. llowever, Holland and Lambert's 

(1975) 87sr;86sr data on the Lewisian gneisses of Scotland are low with 

values in these rocks ranging from .701 to .703. 

In a general way the geochemical data presented above would 

appear to be consistent with a derivation of the feldspathic basalts, 

and perhaps even the intermediate volcanic rocks of the Colorado Plateau, 

from lower crustal sources. These volcanic rocks do, for instance, 

have relatively unradiogenic lead ratios, implying low source region ~ 

values, and granulite facies rocks are known to have low ~·s. However, 

if one does a quantitative calculation of the source region ~ values 

implied by the Colorado Plateau data (Section 5.9), one finds that only 
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one Colorado Plateau rock has a ~ less than 5.0. Several feldspathic 

basalts have ~·s around 7 and 8, one has a p of approximately 11. In 

constrast, the "p" values actually measured in granulitic rocks were 

most commonly less than 4.0, and were very seldom greater than 6.0. 

Similarly, the K values calculated for Colorado Plateau lead data 

range from 3 to 5. The granulite 232Th; 238u data was seen to range 

from about 5 to about 12. In addition, the 87sr;86sr ratios measured 

on Colorado Plateau volcanics were, with one exception, ~ .7050 (Leeman, 

1974; Brookins and Moore, 1975). In contrast, most of the 87sr;86sr 

ratios measured on granulites were ~ .7065, and a majority were very 

radiogenic with ratios ~.7080. One is led either to the conclusion 

that the lower portion of the Colorado Plateau crust is geochemically 

a little different from other high grade metamorphic terrains, or that 

Colorado Plateau volcanic rocks are not derived directly from lower 

crustal sources. The lower crust in the Colorado Plateau region may 

indeed be somewhat unusual in its geochemical characteristics, but 

there is no evidence, as yet, to support this conclusion. 

It would seem that the most likely source region for the late 

Cenozoic volcanic rocks of the Colorado Plateau is in the mantle . As 

mentioned previotJsly, the chemical compositions and 87sr;86sr ratios 

of Colorado Plateau basalts appear to be entirely consistent with this 

interpretation . It is also pertinent that studies on ultramafic xeno

liths from Colorado Plateau volcanic rocks (Stoeser, 1974; Best, 1970) 

suggest that these ultramafic nodules crystallized as cumulates from 

alkali basal t magmas at depths often as great as the base of the crust. 
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This wotlld seem to suggest that the magmas from which the cumulates 

were crystallized were originally generated .,t even greater depths -

in the mantle. 

If Colorado Plateau volcanic rocks are derived from the mantle, 

the diversity in isoto[)ic composition exhibited by these rocks, as well 

as the rough but arparently significant correlation between chemical 

and isotopic properties, presumably relates to the isotopic heterogeneity 

of the mantle which underlies the Colorado Plateau. It should be 

e~phasized that the mantle from which oceanic and island arc volcanics 

are (seemingly) derived is different in several ways from the mantle 

generating Colorado Plateau volcanic rocks (see Section 6. 1). Oceanic 

volcanics tend to be rather uniform in their isotopic characteristics, 

at least for volcanic rocks of similar composition from the same locality. 

Moreover, oceanic volcanics do not display isotopic ratios as unradio

genic as those exhibited by some Colorado Plateau volcanic rocks, and 

therefore do not appear to have experienced such a profound re~uction 

in ~. It is also important that Colorado Plateau volcanics appear to 

exhibit an ancient, Precambrian time signature \'Jhich seems to directly 

relate to the history of the overlying continental crust, perhaps even 

to the initial formation of the continental crust. Thus, if Colorado 

Plateau volcanic rocks do derive from the mantle, it appea rs that this 

is a mantle that has been associated with the continent almost since 

its inception - that is, Colorado Plateau volcanics are generated 

within the continental lithos phere . 
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5.9 Calculation of ~ and K 

regression lines defined by Colorado Plateau data can be used to cal-

culate volcanic source region u and K values. An "average" K value 

can be calculated directly from the slope of the 208Pb; 204Pb- 206rb; 204 Pb 

regression line, if one assumes a constant K for all volcanic sources 

and utilizes the secondary isochron age determined from the Colorado 

Plateau a-8 regressions. The slope of t~e flagstaff-Prescott 

2°8rb; 204rb 206rb; 204Pb · · 0 991 h · · 1 · K of - regress10n 1s . ; t 1s 1mp 1es a 

3.39. The St. George data give a slope of 1.33, which gives a K of 

4.56. However, there is some scatter around the Colorado Plateau 

208Pb/204Pb 206Pb/204Pb . - regress1ons. Consequently, the uniform K 

assumption may not be entirely correct, and the two K values calculated 

above could be slightly inaccurate. 

Mu, kappa, and system ages can be calculated independently 

for each data point if one knows the values of 206Pb;204rb, 207Pb;204Pb, 

and 208Pb;204Pb at the beginning of the second stage of lead growth. 

It is not often possible to obtain a reliable estimate of a system•s 

initial lead ratios. For Colorado Plateau samples, however, it is 

possible to estimate the range of initial lead ratios by two different 

methods, and both methods give reasonably equivalent results. The 

first method utilizes feldspar leads from Precambrian crystalline rocks 

in the Colorado Plateau region having ages similar to those ir1ferred 

for the source regions of Cenozoic Colorado Plateau volcanic rocks. 

L.T. Silver {personal communication), using his own unpublished data 
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and that of Ludwig and Silver (1977), has estimated that Precambrian 

feldspars from the Colorado Plateau have initial 206Pb; 204Pb, 207Pb; 204Pb, 
208 204 . and Pb/ Pb rat1os between 15.20, 15.25, and 34.9; and 16.20, 15.37, 

and 35.7, respectively. The second method uses the intersection of 

Colorado Plateau regression lines with the calculated geochrons of 

appropriate age (1.5-1.6 by) to give the initial second stage lead 

ratios. The 1.5 and 1.6 by geochrons used here have been calculated 

in two ways. First a single stage model, which assumes a 4.57 by 

age for the earth and the primordial lead ratios given by Tatsumoto 

et ~· {1973), was employed. The second calculation employed the 

terrestrial two-stage model of Stacey and Kramers (1975). 

Table 5.7 shows the initial second stage leads calculated by 

the methods discussed above. Estimates of initial leads from feldspar 

data and estimates calculated using the intersection method are similar. 

For example, feldspar leads indicate a range of initial 206Pb; 204Pb ratios 

between 15.20 and 16.20. The minimum a calculated by the intersection 

method is 15.34, and the maximum is 15.93. However, Figure 5.10 shows 

that the initial ratios inferred from the intersection of Colorado 

Plateau isochrons and calculated geochrons have somewhat lower 
207 204 . Pb/ Pb rat1os than most of the feldspar data. In addition, the 

growth curve for average terrestrial lead preferred by Stacey and 

K (1975) 1 · 1 5 b 1 d · h h t h1"gher 207 rb; 204Pb ramers a so g1ves a . y ea w1t a somew a 

ratio than the Colorado Plateau a-B regression would indicate. These 

differences might possibly be ascribed to isotopic heterogeneities in 

the Precambrian earth, although other, alternative explanations are 

also possible. 
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Table 5.7. Approximate initial lead ratios for Cenozoic volcanic 
source regions 

Method 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb 

Feldsrar leads from Pre- 15.20-16.20 15.25-15.37 34.9-35.7 
cambrian granite 

Intersection of St. George 15.34 15.24 34.7 
regression and 1.6 by 
single stage geochron 

Intersection of St. George 15.82 1~ . 29 3S.O 
regression and 1.6 by 
Stacey and Kramers (1975) 
two stage geochron 

Intersection of Flagstaff- 15.43 15.24 34.7 
Prescott regression and 
1.5 by single stage 
geochron 

Intersection of Flagstaff- 15.93 15.29 35.1 
Prescott regression and 
1.5 by Stacey and Kramers 
(1975) two stage 
geochron 
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Figure 5.10: A diagram showing the intersection of the 

Colorado Plateau secondary isochrons derived from Late Cenozoic basalt 

data and the calculated 1.6 by geochron of Stacey and Kramers (1975) . 

Also shown is the best estimate of the range of initial feldspar Pb 

ratios in 1.4-1.75 by old granites from the southwestern United States 

(L.T. Silver, personal communication). Open circles represent \-Jhole 

rock lead isotopic compositions of Precambrian 9ranites from the 

Colorado Plateau and neighboring areas (L.T. Silver and colleagues, 

in preparation). 
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Tables 5.8 and 5.9 show the ~ and K values calculated from 

Colorado Plateau lead data and the initial ratios of Table 4.7. The 

results calculated from the single stage model consistently give values 

of ~ around 20% higher and values of K around 30% lower than the Stacey 

andKramers two-stage model results. This difference directly reflects 

the different initial leads used in the two calculations. Because 

these initial values span the range of reasonable initial lead indicated 

by the feldspar data, the ~ and K values shown in the tables may bracket 

the true values of the source region. However, the model two results 

are perhaps to be slightly preferred; the two-stage model of Stacey 

andKramers (1975) was designed to more closely approximate the obviously 

complex growth history of terrestrial leads. 

The ~ values of Tables 5.8 and 5.9 show a considerable degree 

of variation. The lowest~ is around 4 while the highest values are 

around 12. Stacey and Kramers (1975) estimated the average terrestrial 

~to be 9.78. In comparison to this value most Colorado Plateau 

volcanics come from systems depleted in U/Pb (see Figure 5.10). If 

source region Pb concentrations are assumed constant, uranium depletions 

up to 60% are implied for the source regions. Because Pb loss is 

probably concurrent with U loss, one would expect even higher levels 

of U depletion. Prior extraction of magma from Cenozoic basalt source 

regions could exolain this U/Pb depletion. The a-S regression lines 

defined by Colorado Plateau samples indicate that this inferred episode 

of magma generation took place at the same time that the earliest, 

Precambrian Colorado Plateau crystalline basement was being formed. 
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Table 5.8. Flagstaff-Prescott p and K values, assuming a 1.5 by source 
age* 

M~=>asured t-1easured 
~1 K2 23su12o4Pb p K 232Th/238u 

1 2 

A4027 12.12 10.21 10.68 3.61 3.78 5.43 

A4028 13.49 11.57 6.96 3.24 3.33 3.16 

A4029 11.25 9.35 9.93 3.19 3.27 4. 77 

A4030 9.70 7.80 19.55 3.55 3.74 3.70 

A4031 10.18 8.27 14.50 3.79 4.04 3.63 

A5014 9.31 7.41 16.67 3.56 3.76 3.15 

A6014 13.18 11.28 4. 20 4.49 

A6015 7.28 5.37 3.87 4.27 

A6018 9.83 7.92 3.47 3.66 

A6021 13.23 11 . 32 24 . 65 3.79 3.98 3.40 

A6022 7.05 5.18 10.85 3.71 4.00 3.92 

A6023 10.86 8.95 3.90 4.17 

A6025 13.66 11.82 3.83 4. 06 

A6053 9.82 7.98 11.31 3.60 3. 87 2.83 

A6054 8.07 6.16 3.57 3.83 

A6058 8.20 6.29 9.59 3.42 3.63 2.52 

Avg. 10.45 8.56 3.64 3.86 

S.D. ±2.21 ±2.21 .25 .32 

*Subscrint 1 refers to model 1 which uses 206rb; 204Pb = 15.41, 
207rb; 204Pb = 15.239, and 208rb; 204rb = 34.7 for the initial lead isotopic 

composition. Subscript 2 refers to model 2 which uses 206Pb;204Pb = 15.934, 
207 rb;204Pb = 15.286, and 208rb; 204Pb = 35.1 for the initial lead 

isotopic composition. 
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Table 5.9. St. George p and K values, assuming 
a 1.6 by source age* 

]J 1 ll2 K1 K2 

A5006 11.42 9.80 4.22 4.58 

U5016 6.93 5.29 4.28 4.95 

U5017 8.11 6.48 4.18 4.65 

A5019 7.14 5.51 3.97 4.47 

U5020 11.09 9.45 4. 23 4.61 
U5022 9.02 7.40 4.29 4.83 
A6011 10.68 9.04 4.78 5.26 

A6030 9.92 8.38 4.47 4.94 

A6031 9.24 7. 62 3.88 4.14 

U6032 5. 57 3. 93 4.04 4.80 

Avg. 8.91 7.28 4.23 4.73 

S.D. ±1.95 1. 95 . 26 .30 

*Subscript 1 refers to model 1, which uses 
206Pb; 204Pb = 15.34, 207Pb; 20dPb = 15.24, 

and 208Pb; 204Pb = 34.7 for an initial lead 

isotopic composition. Subscript 2 refers to 
. 206 204 model 2, wh1ch uses Pb/ Pb = 15.93, 

207Pb;204Pb = 15.29, and 208Pb/ 204Pb = 35.1 

for an initial lead isotopic composition. 
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This coincidence seems to im[)ly a genetic relationship bet1veen the 

generation of high U/Pb Precambrian granites in the crust and the 

depletion of U/Pb due to magma extraction, in the mantle below. 

Kappa values (from Tables 5.8 and 5.9) range from about 3.3 to 

5.3. Colorado Plateau source K
1

S tend to be, on the whole, higher 

than the 3.87 average terrestr·ial value proposed by Stacey and Kramers 

(1975). The St. George data set, in particular, is characterized by 

higher than normal K
1

S (Figure 5.11). This suggests an enrichment of 

Th relative to U in St. George area volcanic source regions. Since 

the source regions of Colorado Plateau volcanics are thought to have 

been depleted in U, the K data may indicate only that Th has been 

de~leted only to a somewhat smaller degree than uranium. 

There appears to be little correspondence between the~ value 

calculated from a sample's lead isotope ratios and it~ 238u1 204
Pb 

ratio measured by isotope dilution. Figure 5.12 shows no simple 

correlation between these two parameters. The data points in this 

diagram, with the exception of one unusual hypersthene bearing feldspathic 

basalt, do indicate, however, an increase in rock 238u1 204Pb over cal-

culated source region values. This enrichment is not consistent -

varying from a 1:1 increase to nearly a 3:1 increase in tl II 
~. The data 

in Figure 5.12 suggest no clearcut relationship between U/Pb enrichment 

and the major element chemistry of a sample. Olivine augite basalts, 

for example, span the whole range of U/Pb enrichment. 

The scatter in Figure 5.12 demonstrates the inadvisability of 

calculating an age from a U- Pb isochron using measured uranium and lead 
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concentrations for source region uranium and lead concentrations. The 

enrichment of U/Pb in the rock relative to the source region would tend 

to shift isochron ages to values lower than the true ages. By analogy 

these considerations suggest that the apparent ages implied by Rb/Sr 

pseudo-isochrons on Cenozoic basalts of the western United States are 

too young. According to Brooks et ~· (1976) Rb-Sr data from the 

western Grand Canyon (St. George area) give a pseudo-isochron age of 

1100 my while those' from the Colorado Plateau (San Francisco volcanic 

field) suggest a 960 my age. In addition, data from the Snake River 

Plain sug~est pseudo-isochron ages of 940 my and 620 my. In contrast, 

Pb data on Colorado Plateau volcanic rocks indicate 1500-1600 my ages, 

while lead data on the Snake River Plain (Leeman, 1975) indicate a 

2500 my source region age. 

5.10 Different Domains within the Colorado Plateau Isotopic Province 

Data from different regions of the Colorado Plateau appear to 

exhibit similar but apparently distinguishable patterns of isotopic 

behavior. It has already been mentioned that data from the San 

Francisco volcanic field (Flagstaff-Prescott area) seem to describe 

a linear array on an a-B diagram different from that defined by data 

from the western margin of the Colorado Plateau in northern Arizona 

and Utah (St. George area) (see Figures 4.8a and 4.8b). The St. George 

isochron has a slightly greater slope than the Flagstaff-Prescott 

isochron and is displaced toward slightly higher 207Pb; 204Pb values. 

The magnitude of this displacement is not great; the difference in 
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2°7Pb;204Pb between the two isochrons varies from about .02 to .04. 

Nonetheless, the distinction between the two populations of data is 

clearcut. Nine of the ten data points from the St. George area belong 

to the St. George isochron, and eleven of the fourteen samples from 

the Flagstaff- Prescott area give leads unambiguously belonging to 

the Flagstaff-Prescott isochron. A Student t-test (Table 5.10) indi-

cates that the two data sets are different beyond the 0.1% significance 

level. 

It can also be noted that the St. George and Flagstaff- Prescott 

data aroups seem to display a somewhat different range in their absolute 

isotope ratios. For example, St. George 206rb; 204Pb ratios range from 

17.0 to 18.5 with an average value of 17.95. The Flagstaff-Prescott 
206rb; 204rb lead data range from 17.5 to 19.0 with an average value 

of 18.2. This different range of 206Pb; 204 rb ratios suggests that the 

St. George area volcanic source regions have been generally somewhat 

more depleted in uranium relative to lead than the Flagstaff-Prescott 

area volcanic source regions. 

The distinction between Flagstaff-Prescott area and St. George 

area data can also be seen on a 206Pb- 207 Pb- 208Pb triangular diagram. 

Figure 4.12a shows that St. George data and Flagstaff-Prescott data 

seem to describe completely distinct fields on the triangular diagram. 

The St. George data field appears to have a different orientation, or 

direction of elongation, from the Flagstaff-Prescott field, and is 

displaced toward the more thorogenic side of the diagram. 
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Table 5.10. 

Flagstaff- Prescott Area Data St. George Area Data 

No. 1'1 No. t:.. - -

A4027 -. 101 U5016 .260 

A4028 -.036 U5017 .106 

A4029 -.918 A5019 1.44 

A4080 -1.16 U5020 .002 

A4031 -.736 U5022 1.22 

A5014 -1.19 A6003 .861 

A6014 .618 A6009 .895 

A6015 .079 A6011 1.13 

A6018 -.582 A6027 2.52 

A6021 .342 A6028 .107 

A6022 -1.88 A61l30 1. 57 

A6023 -.330 A6031 -.178 

A6053 .318 U6032 .182 

A6054 -.955 
Nl = 13 

A6058 -1.12 
x1 = . 7781 

N2 = 15 
sl = .7896 

x2 = -.5101 

s2 = .7076 

6 = the standa rdized deviation from the a-B regression 

defined from all Colorado Plateau data. Numerically, 
6 = B - [(13 . 961 +a · .084828)]/( . 0162). 

x1 - x2 
t = --==--~----:=-

Sp(l_ + 1_)1/2 
N1 N2 

= 4.55 

The appropriate critical value oft at the 0. 1% significance 

level is 3.467. 
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Data from other Colorado Plateau regions describe data fields 

on the triangular diagram which are similar to but apparently different 

from either the St. George or Flagstaff-Prescott data fields. Data 

from a Colorado Plateau area along the Arizona-New Mexico border (Area 

H in Figure 4.7) define a data field which overlaps the St. George 

area field, but appears to have a different direction of elongation 

(see Figure 4.14). While the St. George field appears to parallel the 

terrestrial lead growth curve, the Area H data describe a field at an 

acute angle to the growth curve. Furthermore, data from central New 

Mexico (Area J in Figure 4.7) describe a field on the triangular diagram 

which overlaps parts of both the St. George and Flagstaff-Prescott data 

fields, but which is identical to neither of them. The orientation, 

or elongation, of the central New Mexico field is different from the 

St. George data field, and its position is somewhat displaced to the 

thorogenic side of the Flagstaff-Prescott data field. Indeed, the 

central New Mexico data field appears similar in position and orientation 

to the Area H data of Figure 4.14, although perhaps a bit richer in 
206 the Pb component. 

Data from northern-most ~lew Mexico (Doe et ~-, 1969 and this 

work) and the San Juan volcanic field of southern Colorado (Lipman 

et ~., 1978) describe a data field on the triangular diagram (see 

Figure 4.12e) different from that defined by central New Mexico data, 

but rather similar to that of the Flagstaff-Prescott area. It is 

interesting to note that late Pliocene basalts from northern ~ew Mexico 

fall into the same field as the 30+ my old intermediate volca.dc rocks 
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from southern Colorado. Similarly, a 28 my andesite from Area H in 

Figure 4.7 occupies the same part of the triangular diagram as younger 

basalts from the same area. In addition, a 17 my andesite from the 

St. George area plots in the same field described by that area's young 

basalts. These observations would suggest that rock age and composition 

are not factors critically important in determining the location of a 

data point on the triangular diagram. 
' 

Instead one would suspect that a Colorado Plateau data field's 

position and orientation are dependent on long-term characteristics 

of the source regions from which that area's volcanics are derived. 

Probably the most important factors determining the position vf a data 

field on the triangular diagram are the source region Th/U ratios and 

its initial lead isotopic composition at the time of differentiation. 

Different source regions may have different K values, or different 

initial leads, or both. For example, the St. George and Flagstaff data 

fields point back to similar initial lead values near the terrestrial 

growth curve. However, the St. George data are somewhat displaced to 

the thorogenic side of the diagram. This would appear to be explainable 

by the different Th/U ratios which seem to characterize the source 

regions for the two areas. (According to Section 5.9, the St. George 

data imply a source K of approximately 4.6, while the Flagstaff

Prescott K is approximately 3.4.) On the other hand, it seems difficult 

to explain the difference between the Flagstaff-Prescott data and data 

from central New Mexico without assuming the two areas had source 

regions with different initial leads. Volcanics from both areas seem 
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to derive from source regions having approximately similar ages. Con

sequently, one would normally expect both data fields on the 

triangular diagram to point toward the same point on the terrestrial 

lead growth curve, a point having an age similar to the calculated 

secondary isochron age. This does seem to be the case for the Flagstaff

Prescott data. However, the central New Mexico data field points to 

a point on the terrestrial lead growth curve whose age is much older 

than the data's secondary isochron age, and much older than any 

Precambrian crustal rocks in the region. This discrepancy would seem 

to indicate the central New Mexico source region did not have an initial 

lead on the terrestrial lead growth curve, that its initial lead com-

position was different from that characterizing source regions for 

volcanics of the southwestern Colorado Plateau. 

There may also be real differences in the secondary isochron 

a0es calculated for different areas of the Colorado Plateau. The 

Flagstaff-Prescott secondary isochron age is 1.50 ± 0.13 by, while the 

St. George isochro,n age is 1.60 ± 0.13 by. Lipman et ~· (1978) cal

culated an age of 1.86 ± 0.11 by for leads from the San Juan volcanic 

field. These age differences might conceivably relate to different ages 

of Precambrian igneous activity in each area. Silver et al. (1967) has 

indeed noted regional differences in the ages of Precambrian igneous 

rocks from the southwestern United States. Plutons to the north and 

west of a line running diagonally across Arizona into New Mexico have 

been found to be older (1720-1760 my) than those south and east 

of the boundary (1650-1700 my). However, all three Cenozoic volcanic 
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fields mentioned above lie in the region of older Precambrian magmatism. 

It is difficult, therefore, to relate differences in secondary isochron 

ages directly to the regional differences in the ages of the earliest 

Precambrian magmatism. It is possible to speculate, however, that the 

different isochron ages relate to the degree that the later 1400 my 

old episode of Precambrian igneous activity affected or reset the 

isotopic characteristics of Cenozoic volcanic source regions in different 

areas. Unfortunately, it does not seem possible at this time even to 

attempt to correlate the different isochron ages with the intensity of 

1400 my magmatism in different areas. 

It is rather more difficult to draw geographit boundaries 

between the different isotopic domains on the Colorado Plateau than to 

merely demonstrate that areal isotopic differences do exist. A much 

larger body of data than is currently available would be required to 

confirm that the areal groupings used here are not somewhat arbitrary. 

For example, data from near the margin of the Colorado Plateau in 

centr~l Arizona (Area F in Figure 4.7) seem to define a field on a 

triangular diagram rather unusual for a Colorado Plateau area (see 

Figure 4.14). · Perhaps more data would indicate that two or more types 

of data are being grouped together, and that this is the reason for 

the unusual spread of data on the triangular diagram. 

5.11 Correlation between Chemical and Isotopic Comoosition: Impli

cations for Source Region Heterogeneity 

The wide range in lead isotopic composition found in Colorado 

Plateau volcanic rocks suqgests that there is considerable isotopic 
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heterogeneity in the volcanic source regions beneath the Colorado 

Plateau. The rough but apparently significant correlation between the 

isotopic and chemical compositions of Colorado Plateau volcanic rocks 

suggests that some of the volcanic rocks (e.g., the OA basalts) are 

being derived from somewhat different sources than others (e.g., the 

feldspathic basalts). The next few pages explore what kinds of hetero

geneity in the (mantle?) source regions are more likely to produce a 

correlation between chemical and isotopic properties of the derivative 

volcanics. 

Source region heterogeneity could conceivably be microscopic, ver

tical, lateral, or chemical in nature. Lateral differences in source region 

properties seem able to explain why samples from the St. George area 

describe one secondary isochron while samples from the Flagstaff-Prescott 

area define another similar but distinct isochron. However, it is 

difficult to see how lateral differences in source region characteristics 

can explain the correspondence between petrologic and isotopic properties 

0 f samples within the same local area. 

Perhaps microscopic heterogeneity can explain this correspondence 

if the chemically uniform source rock is made of unequilibrated, iso

topically distinct phases. Differing degrees of partial melting would 

then mix different proportions of these isotopically different minerals" 

giving rise to melts having different lead isotopic compositions. The 

feasibility of this hypothesis receives some support from the work of 

Zartman and Tera (1973), who recorded isotopic heterogeneities within 

individual peridotite xenoliths. However, high pressure experimental 
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studies on pyrolite do not seem to support the idea that the OA basalts 

and the feldspathic basalts are consistently derived by different 

degrees of partial melting. The 11 petrogenetic grid" proposed by 

Green (1971) (Figure 5.13) indicates that high alumina basalt, alkaline 

olivine basalt, and olivine rich basanite can be derived from equivalent 

degrees (~10-15%) of partial melting of pyrolite containing 0.1% H20 

at different pressures. The microscopic heterogeneity model would 

seem to predict that these rocks would be isotopically similar. But 

for the Colorado Plateau, basanites and alkali olivine basalts appear 

to display a range of lead isotopic composition somewhat different from 

that exhibited by the hawaiites and high alumina basalts. More0ver, 

in Green•s petrogenetic grid alkaline olivine basalt, olivine basalts, 

and olivine tholeiites would be generated by increasing degrees of 

partial melting at approximately the same pressure. No correlation 

has been noted in this work between silica saturation, or alkalinity, 

and lead isotopic composition. Sample A4029, an olivine tholeiite, 

has iead ratios similar to those of A6021, a basanite. Thus microscopic 

or mineralogic heterogeneity in the mantle does not seem to be an 

obviously attractive way to explain why olivine augite basalts appear 

to be isotopically different from the more "differentiated .. volcanics 

of the Colorado Plateau. 

A vertical zonation of the mantle in lead isotopic composition 

may come closer to explaining the isotopic distinction between the two 

rock types. Green•s petrogenetic grid suggests that hawaiites and 

high alumina basalts are derived from relatively shallow depths of 
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Figu r ~ 5.13: After Green (1971). A petrogenetic grid in 

which basalts are regarded as the partial melting products of 

pyrolite containing 0.1% H20. The numbers found with each basalt 

type indicate the normative olivine content of the basaltic melt 

at its depth of origin. The dashed lines indicate the conditions 

under which various minerals will be present in the residual phase. 

Note that trachybasalt, hawaiite, high alumina basalt, and olivine 

tholeiite can be derived by different amounts of partial melt i ng 

at the same pressure. Hawaiite, alkaline olivine basalt, and 

basanite can be derived by similar degrees of partial melting at 

different pressures. 
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30-40 km. The seismic study of Warren (1969) places the base of the 

crust under the Colorado Plateau at similar depths - 30 km near the 

Basin and Range - Colorado Plateau margin and 40 km farther within 

the Plateau. This suggests that the feldspathic basalts can be derived 

from the uppermost mantle just beneath the crust. In contrast, the 

more mafic and alkaline basaltic rocks of the Colorado Plateau would 

seem to be derived from greater depths of 50-80 km. according to 

Figure 5.12. The sources of these mafic magmas might be near the roof 

of the LVZ, which Archambeau et ~· (1969) place somev.Jhere about 

80-100 km in depth on the basis of their seismic refraction study. 

Thus, the isotopic difference between OA basalts and 11 differentiated 11 

Colorado Plateau volcanics miqht be explainable in terms of an isotopic 

stratification of the mantle. The shallow mantle would seem to be 

more depleted in uranium relative to lead and to have less radiogenic 

leads than the deeper mantle. This seems like a reasonable conclusion. 

Intuitively one might expect that the mantle closer to the earth's 

surface would have been more subject to previous episodes of magma 

extraction during the formation of the crust, 1400-1800 my ago, than 

the material at greater depths. 

In order to explain the overlap in isotopic ratio between 

different volcanic rock groups, it may be necessary to hypothesize that 

the mantle is only crudely stratified in isotopic composition. How

ever, segregation of crystal and melt at depths less than the original 

source region depth would also tend to obscure the petrology/isotope 

ratio/source region depth correlation. The petrologic properties of 
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a magma would reflect the depth at vJhich residual crystals last equili

brated with melt during the ascension of a body of partially molten 

mantle. The isotopic properties of a magma would, on the other hand, 

reflect the original depth of source region from which the body was 

derived. Thus, a mantle diapir originating in the LVZ and having an 

appropriately radiogenic lead might give rise to a magma whose petrologic 

characteristics are indicative of a shallow deviation. Another process 

which might complicate the picture is wall rock interaction (e.g., zone 

refining) of material in the mantle during its ascent to the surface. 

The mantle beneath the Colorado Plateau, besides being laterally 

heterogeneous and vertically zoned in its isotopic properties, may 

also be chemically nonuniform. Most Colorado Plateau basalts might be 

presumed to be derived from a peridotitic, or rather pyrolitic mantle; 

However, the quartz xenocrysts of the Colorado Plateau basaltic andesites 

cannot have formed in equilibrium with olivine. Basaltic andesite 

sources cannot, therefore, be peridotitic; they might possibly be 

quartz eclogites. 

5.12 Petrogenesis of the Basaltic Andesites 

The occurrence of reacting quartz and alkali-rich plagioclase 

crystals in basaltic andesite samples requires special consideration. 

As mentioned previously, some authors, notably Doe et ~· (1969) vie\AJ 

these crystals as xenocrysts derived from lower crustal rocks of 

granitic composition. This report has tended not to favor this hypoth

esis, one reason being that the lead and strontium isotopic compositions 
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of the Colorado Plateau basaltic andesites do not seem especially dif-

ferent from those of non-"xenocrystic" volcanic rocks. Thus there does 

not appear to be compelling isotopic evidence that the basaltic ande-

sites have been specially contaminated with crustal material. In 

addition, feldspar "xenocrysts" are commonly zoned and twinned, even 

in their cores. It would seem unlikely that such features could 

survive for any length of time under the high grade metamorphic con-

ditions present in the lower crust. It is also curious that quartz 

and feldspar crystals never seem to be found together in xenoliths. 

If solid rock were the contaminating material, one might expect to 

find lithic fragments as well as isolated crystals in the basaltic 

andesites. 

One alternative hypothesis for the origin of quartz and sodic 

feldspar "xenocrysts" is that these crystals are high pressure cognate 

phenocrysts. This interpretation is not without its difficulties, 

however. Quartz does not seem to be a liquidus phase, or even a near 
. 

liquidus phase, for the partial melting of source regions having com-

positions appropriate for making basaltic andesites. High pressure 

experimental melting studies on basalts (e.g., Cohen et ~., 1967; 

Green and Ringwood, 1968) indicate that clinopyroxene (or at higher 

pressures, garnet) is the liquidus mineral. Studies on basaltic 

andesites and andesites (Green and Ringwood, 1968; Green, 1972) give 

similar results. Thus the occurrence of quartz and feldspar crystals 

without accompanying phenocrysts of high pressure, aluminous clino

pyroxene or garnet is somewhat puzzling. 
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A second difficulty lies in finding a source region depth which 

is compatible with both plagioclase and qual~tz stability fields. Quartz 

becomes increasingly stable at higher pressures while plagioclase 

becomes unstable at high pressures. WYllie (1971) has indicated that 

crystalline quartz is in equilibrium with partially hydrated 

quartz eclo0ite melts only at pressures above 17-20 kb, although the 

dry andesite melts studied by Green (1972) had stable quartz at some

what lower pressures (~10 kb). On the other hand, experimental studies 

on basaltic systems (see Ringwood, 1975) indicate that plagioclase 

becomes progressively more sadie at higher rressures and finally 

disappears at pressures between 15 and 25 kb, depending on the chemical 

composition of the system. Green (1972) showed an upper limit of 

approximately 20 kb for plagioclase stability in his experiments on 

anhydrous andesites. He also found that increasing the water content 

of the system depressed the plagioclase stability field to even lower 

pressures. Water has a similar effect in basaltic systems, according 

to the diagrams p,ublished by Wyllie (1971). These experimental studies 

suggest, therefore, that the source of basaltic andesite magmas is 

nearly anhydrous. Otherwise~ the high pressures required for quartz 

stability become incompatible with the low pressures needed for plagio

clase stability. Even in dry systems it seems that quartz and plaaio

clase can coexist only within a narrow range of pressures around 20 kb 

('V65 km depth). 

Although they may indeed be derived from anhydrous quartz 

eclogites 65 km within the earth, there may be a simpler way for getting 
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the basaltic andesites and their "xenocrysts." As recently discussed 

by Eichelberger (1974), these xenocrystic crystals could be interpreted 

as phenocrysts inherited from a rhyolitic magma during mixing with a 

basaltic melt. This hypothesis seems to be compatible with the isotopic 

similarity of basalts, basaltic andesites, and more silicic volcanic 

rocks from the southwestern Co 'lorado Plateau. ~1ixing of a basalt vJith 

a consanguineous rhyolite, perhaps one derived by fractional crystalli

zation of the same basaltic magma, would not be expected to result in 

a distinctive isotopic composition for the basaltic andesite mixture. 

The zoning and twinning of the feldspar xenocrysts would also be com

patible with their origin as phenocrysts in a rhyolite lava. Further

more, the presence of jsolated crystals without associated l i thic 

fragments seems consistent with the rhyolite existing as a magma 

rather than as a solid rock. The silica variation diagrams of Moore 

et ~· (1976) may also have a bearing on the problem. In plots of 

Si02 versus CaO and MgO (Figure 5.14) the basaltic andesites describe 

a li~ear trend somewhat displaced from the curved trend defined by 

the other volcanic rocks. This basaltic anoesi te trend appears to 

cross the main variation curve both at high silica ( ~68% ) and low silica 

( ~ 50% ) values. This is precisely the behavior that would be expected 

if rhyolites were mixing with basalts to produce the basaltic andesites. 

There is one consideration, however, which does not lend support 

to the idea that basaltic andesites are made by magma mixing. Basaltic 

andesites are very common on the Colorado Plateau; they are found in 

abundance in every Colorado Plateau volcanic field. This is not true 
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for rhyolites. The area around St. George, for example, does not seem 

to have any young silicic rocks whatsoever. It would be difficult to 

explain the basaltic andesites if no rhyolitic magmas were available 

to participate in the mixing process. 
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CHAPTER 6: BASALTIC VOLCANISM IN THE BASIN AND RANGE PROVINCE 

6.1 Petrographic Descriptions of Basin and Range Basalts 

Leeman and Rodgers (1970) petrographically examined and chem-

ically analyzed approximately one hundred Plio-Pleistocene basalts 

from the western United States. They concluded that late Cenozoic 

basalts in the Basin and Range province are predominantly of the alka

line olivine type, while basalts from adjacent regions (including the 

Snake River Plain, the Cascades, and the Sierra Nevada) are predominantly 

tho 1 ei iti c . 

The petrographic characteristics of this study's Quaternary BR 

basalt samples appear to be uniformly alkaline in character. The mafic 

rocks contain abundant, non-reacting olivine phenocrysts and groundmass 

* grains. In addition, the pyroxene most commonly found in these rocks 

is a distinctive brown-purple, slightly pleochroic clinopyroxene 

(titanaugite), a mineral which seems to be characteristic of alkaline 

basa'lts from a number of localities. This titaniferous clinopyroxene 

is rare as a phenocryst but usually quite abundant in the groundmass. 

It might also be noted that small, interstitial patches of brown to 

oxide-charged, black glass are also common in these alkaline basalts, 

even coarse grained samples. Plagioclase occurs as microphenocryst 

and groundmass laths; it is seldom found as a phenocryst phase. Al

though plagioclase crystals show extensive zoning, optical methods 

* Olivine crystals are, however, commonly altered in part to iddingsite. 
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usually indicate anorthite contents around An 50-An 65 (labradorite). 

Ultramafic inclusions have been noted in a number of these Quaternary 

basalt samples, but they are by no means ubiquitous. 

The petrographic uniformity of BR Quaternary basalts is 

remarkable. Samples from the Mohave desert (C4022 and C4025) in 

California, the Lunar Crater area (N5024) in Nevada, the San Bernardino 

volcanic field (A4003 and A4005) of Arizona, the Potrillo volcanic 

field (NM4010, NM4015, and NM4016), and the Jornada del Muerto field 

(NM7009 and NM7010) of New Mexico are virtually indistinguishable in 

thin section. In contrast, very few of the older basalts from the 

Basin and Range province or the Pliocene, Pleistocene, and Recent 

basalts from the Colorado Plateau would be easily mistaken for these 

distinctive alkaline volcanics. 

Petrographically, the Pliocene and older basalts of the Basin 

and Range province constitute a heterogeneous group. They are variously 

intergranular and intersertal. Some are cryptocrystalline; others 

are toarse grained. Mafic (olivine-augite) basalts are not difficult 

to find although feldspar-rich 11 trachybasalts 11 (feldspathic basalts) 

are perhaps more common. 

In most cases it is difficult to jud0e on petrographic grounds 

whether a particular sample is alkalic or subalkalic in character. 

Oliv·ine is nearly ubiquitous in these Tertiary rocks, and although 

iddingsite alteration is common, reaction rims have yet to be observed. 

This lack of reaction might suggest alkaline tendencies, but it should 

be remembered that very few of the subalkaline, high alumina basalts 
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from the Colorado Plateau display obvious olivine reaction relationships. 

Clinopyroxene is present in most of the Pliocene and older Basin and 

Range basalts, but it is very seldom the distinctive, purple titan

augite which characterizes the alkaline Quaternary basalts. Ortho

pyroxene is rare - it occurs in only four Basin and Range samples 

(N5023, A6005, N6028, and N6034). All four of these basalt samples 

were found in areas somewhat marginal to the Colorado Plateau isotopic 

province and possess leads which might conceivably be considered to be 

of the CP type. 

Basaltic andesites containing wormy plagioclase and quartz 

11 Xenocrysts 11 are present in the Basin and Range, but they may not, 

perhaps, occur as commonly as in the Colorado Plateau volcanic suite. 

Three samples from one area in ,L\rizona (A3008, A3009, and A6004), two 

from California (C6002 and C4025), and another from New Mexico (NM4010) 

have trace amounts of sieve-textured plagioclases. One rock from 

Nevada (N3015), a second from New Mexico (NM7009), and a third from 

California (C4025) have rare, partially resorbed quartz crystals. Two 

of these quartz bearing rocks appear to be basanitoids, and all of 

them display lead isotopic ratios similar to those of nearby, non~ 

xenocrystic, isotopically typical BR basalts. N5023, a samp'le from 

southeas.t Nevada near the BR-CP boundary, has lead isotopic character

istics somewhat intermediate between BR type or CP type, together with 

wormy plagioclase grains. 
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6.2 Chemical Descriotion of Basin and Range Basalts 

Appendix E tabulates the chemical analyses of a number of 

Basin and Range basalts. The majority of these analyses were performed 

by A.R. McBirney of the University of Oregon on the identical samples 

used for this study's lead isotopic work. In several cases where it 

seemed reasonable to correlate the samples of this studywith samples 

on which major element analyses had been puhlished, chemical data were 

taken from the literature. Table 6.1 tabulates the petrologic classi

fication of the chemical analyses listed in Appendix E according to 

the procedures proposed by Irvine and Baragar (1971). 

Several inferences can be gleaned from this appendix and this 

table. (1) First, there are suggestions that not all of the chemical 

data used in this report are of the highest quality. For example, 

two chemical analyses of Potrillo basalts taken from Renault (1970) 

add up to rather low sums (94% and 96% instead of 100%). In addition, 

Table. 6.1 shows differences between the chemical and petrographic 

descriptions of two Quaternary basalt samples. Petrographically, 

NM7005 and NM7010 are alkali-olivine basalts, a characterization con

sistent with literature discussion of volcanism in each locality. 

However, the chemical analyses of these rocks indicate that they are 

subalkaline - that they are high alumina basalts or tholeiites rather 

than alkaline basalts. Although they are not easily resolved, these 

differences suggest that some specific chemical analyses used in this 

report might be slightly inaccurate. 
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(2) Neglecting the two samples mentioned above, Table 6.1 

indicates that most of the Quaternary basalts from the Southwest have 

an alkaline character. This is in agreement with Leeman and Rodgers' 

(1970) conclusion that late Cenozoic Basin and Range basalts are pre

dominantly alkaline. 

(3) However, the data in Table 6.1 seem tu confirm the petro

graphic conclusion that Tertiary basalts in the Basin and Range province 

are chemically quite different from the Quaternary basalts of the same 

region. The older rocks appear to be predominantly subalkaline and 

calc-alkalic in nature, rather than alkaline like the Quaternary basalts. 

This might suggest that the nature of volcanism in the southwest 

changed sometime during the late Tertiary. Perhaps this hypothesized 

shift from calc-alkalic to alkalic basalt volcanism may relate to the 

Lipman et ~· (1972) conclusion that volcanism in the western United 

States has changed from a fundamentally andesitic to a fundamentally 

bimodal basalt-rhyolite character during late Cenozoic times. However, 

the timing of these two volcanic transitions may be different. Christiansen 

and Lipman (1972) have indicated that in most areas the transition from 

andesitic to basalt-rhyolite volcanism occurred approximately 10-30 -my 

ago, following a pattern in time and space which they related to 

Cenozoic plate tectonic interactions. The transition from calc-alkalic 

to alkalic basalt volcanism may have occurred more recently, perhaps 

5-10 my ago. Unfortunately, the lack of precise dates on most of the 

Tertiary samples of this study makes it difficult to examine the timing 

of this transition from calc-alkalic to alkalic basalt volcanism in 

more detail. 
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(4) There are only two Tertiary samples that were found to have 

a tholeiitic rather than a calc-alkalic character. Both are from 

northern Nevada, and therefore appear relevant to a hypothesis put 

forward by McKee and ~ark (1971). McKee and Mark (1971) argued that 

the "Snake River volcanic province extends about 100 miles, in a 

southerly direction, from Idaho into [the Basin and Range province] of 

Nevada." They base this conclusion on the similarities in chemical 

and Sr isotopic properties between Snake River Plain basalts and the 

basalts capping the Sheep Creek Range near Battle Mountain, Nevada. 

Both areas are characterized by tholeiitic basalts with Sr isotopic 

ratios somewhat enriched (87sr;86sr ~ .706) relative to normal, oceanic 

tholeiites (87sr;86sr ~ .704). Sample N3027 was collected some 40 miles 

south of the Sheep Creek Range and is also tholeiitic; it could be 

interpreted to extend the Snake River Plain volcanic province even 

farther south in the 8asin and Range province. However, two bits of 

evidence which tend to conflict with the McKee and Mark interpretation 

must be considered. First, both tholeiitic samples examined in this 

report as well as the rocks studied by McKee and Mark are mid-Miocene 

in age, much older than most of the volcanics in the Snake River Plain. 

Second, the Pb isotope ratios of this work's two tholeiites are typical 

of BR type data, and considerably different from the type of lead data 

reported for the volcanics of the Snake River Plain (Leeman, 1970). 

The Basin and Range tholeiites have lead ratios which fall considerably 

off the secondary isochrons defined by Leeman's Snake River Plain 

volcanic rocks. In addition, the Basin and Range tholeiites tend to 
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206 204 . have Pb/ Pb rat1os (~19.0} considerably more radiogenic than the 

Snake River Plain tholeiites (~18.1). These data would not seem to 

support the hypothesis that some of the volcanics in northern Nevada 

belong to the Snake River Plain volcanic province - that is, unless 

Pb provincialism and chemical and Sr isotopic regionalism are indepen

dent of one another. 

(5) It can be seen in Tables 6.1a and 6.1c that a number of 

alkaline basalts from the Basin and Range province have potassic 

chemistries. In comparison, the alkaline volcanics from the Colorado 

Plateau consistently seem to have sadie chemistries. It also appears 

that the potassic BR rocks may be localized to a few areas. All three 

of the Potrillo basalts and both basalts from the San Bernadino volcanic 

field seem to be potassic while volcanic rocks from neighboring areas 

display sadie or subalkaline chemistries. An impressive concentration 

of potassic volcanism occurs in a belt along the southern portion of 

the California-Nevada border running, at the very least, between Baker, 

California on the south and Tonopah, Nevada on the north. All seven 

of the basalt samples from this area are potassic; analyses from 

surrounding areas tend to be alkaline-sadie or subalkaline. This 

potassic character appears to be independent of sample age, since these 

potassic rocks range from 11 my to Holocene in age. It is also striking 

that potassic chemical characteristics appear to occur independently 

of lead isotopic properties. Many of the potassic volcanics along the 

California-Nevada border are characterized by anomalous, SN type Pb 

systematics, but there are also potassic volcanics with typical BR type 
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leads. Moreover, volcanic rocks from the eastern portion of the SN lead 

province are subalkaline rather than alkaline-potassic like the rocks 

found to the west. Thus chemical provincialism observed in the 

southern Nevada area appears to be independent of the lead isotopic 

provincialism observed in the same region. 

6.3 Isotopic Uniformity and Diversity in the Basin and Range Province 

Volcanic rocks from local areas of the Basin and Range province 

do not exhibit the isotopic variability found in individual Colorado 

Plateau volcanic fields. BR volcanic rocks from specific areas tend to 

be isotopically homogeneous, especially if they are of the same age and 

chemical composition. However, rocks from different areas display 

distinguishable ranges in 206rb; 204Pb. Furthermore, 207rb;204Pb values, 

and to some degree 208rb; 204Pb values, vary within local areas of the 

Basin and Range province in accordance with variations of sample age 

and/or chemistry. 

Figure 6.1 illustrates some of these points. Note, for example, 

that lead data on Quaternary basalts from the Mohave desert (data 

field #8) seem to group together in one part of the a-B diagram shown 

in Figure 6.1a. Analyses on Quaternary basalts from southern Arizona 

(data field #9), southern New Mexico (#10), and one portion of the Rio 

Grande rift (#7) all appear to define distinct fields on the diagram. 

Figure 6.1a also shows that the data field characterized by the 

highest 207rb;204Pb ratios (data field #1) is defined by two Oligocene 

andesite and dacite samples. The data fields displaying relatively low 
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207Pb; 204Pb ratios (#8, #9, and #10) belong to Quaternary alkaline 

basalts. Rocks with ages (Pliocene or Miocene) or chemical compositions 

(high alumina basalts, hawaiites, trachybasalts, basaltic andesites, and 

mafic andesites) intermediate between these extremes also tend to have 

intermediate 207Pb;204Pb ratios. For example, in Nevada a Quaternary 

basanite (N5024) has a relatively low 207rb;204Pb ratio, Pliocene and 

Miocene, generally calc-alkaline basalts and andesites have distinctly 

higher 207Pb;204Pb ratios, and Oligocene andesite and dacite samples 

have still higher 207Pb;204Pb ratios. Similarly Pliocene and Miocene 

basaltic andesites and andesites from southern Arizona (#6) seem to 

have higher 207Pb;204Pb values than young basalts (#9) from the same 

area. It is significant, however, that young alkaline basalts and the 

older, commonly calc-alkaline volcanic rocks in each area have comparable 

ranges in 206Pb;204Pb. Data points on all Arizona samples (data fields 

#6 and #9) have relatively unradiogenic 206Pb;204Pb values, while data 

from central and northern Nevada (#1, #3, and N5024) seem to display a 

• d. . f 206Pb/204Pb more ra 1ogen1c range o . 

Figure 6.1b, a diagram that displays 208Pb;204Pb data in place 

of 207Pb;204Pb data, appears grossly similar to Figure 6.1a. The data 

groups in both diagrams display similar positions relative to one 

another. However, there appears to be some\<Jhat less discrimination 

between young basalts and older, calc-alkaline volcanic rocks if one 

compares 208Pb; 204Pb ratios rather than 207Pb;204Pb ratios. For example, 

the Quaternary alkaline basalts from the Mohave desert (black diamonds 

in Figure 6.1b) have 208rb; 204 Pb ratios similar to many of the older 
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calc-alkaline samples. And one old subalkaline sample from southern 

Arizona has a 208Pb;204Pb ratio as low as any of the young basalts from 

that region. 

6.4 Basin and Range Basalts and Sialic Contamination 

Although it is difficult to preclude crustal contamination in 

individual cases, sialic contamination does not seem consistent with 

either the uniformity or diversity of isotopic behavior seen in the 

Basin and Range province. For example, the alkali basalts and basanites 

of the Mohave desert have major element chemical compositions and low 
87sr;86sr ratios (Peterman et ~., 1970) which would seem to preclude 

sialic contamination. Quaternary basalts from southern New Mexico also 

have very mafic chemistries and apparently display low 87sr;86sr ratios 

(Leeman, 1970). The rocks of both areas are characterized by ultra-

mafic xenoliths of possible mantle or1g1n. One is drawn to the con

clusion that the consistent 206Pb;204Pb differences between the rocks 

of tHe two areas are not the result of crustal contamination, but rather 

reflect primary heterogeneity in the mantle source regions of these 

rocks. 

One might, however, hypothesize that the higher 207Pb/04Pb 

ratios exhibited by the older and relatively more .. differentiated .. 

rocks of the Basin and Range province reflect wall rock interaction 

on mantle derived magmas during their ascent through the crust. This 

proposition is difficult to defend on several grounds. In southern 

Arizona, southern California, and northern and central Nevada calc-
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alkaline rocks display 206Pb;204Pb ratios comparable to and 207Pb; 204Pb 

ratios higher than alkaline basalts quite possibly of mantle origin. 

This suggests that the "contaminant" in each of these areas is similar, 

high in 207Pb; 204Pb but comparable in 206Pb; 204Pb to the mantle 

derived magmas. However, the crust in these different areas is very 

different in character. Southern Arizona and southeastern California 

have a Precambrian basement, the crust in north and central Nevada 

would seem to consist almost entirely of Cordilleran, generally Pale-

azoic sediments, and some samples from southern California come from 

areas where crust older than the Mesozoic is not known. It is hard 

to reconcile the diversity of crust in these different areas with the 

isotopic consistency apparently indicated for the "contaminating" 

crustal material. 

The isotopic homogeneity seen in similar volcanic rock.s from 

the same area is also difficult to understand in terms of magma inter-

action with crustal wall rocks. One would expect this type of contam

ination to be essentially random; some magmas would be quite contaminated 

while others would arrive at the surface essentially uncontaminated. 

Consequently, one would normally expect a fairly wide range in chemical 

and isotopic composition for the volcanics of every period in the 

Cenozotc. However, very few obviously uncontaminated basanites are 

observed earlier than the Quaternary, and few "contaminated" intermediate 

rocks are found later than the Tertiary in the Basin and Range province. 

Furthermore, rocks of similar ages from the same area display a fairly 

restricted range of isotopic composition. This would seem to imply 
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that relatively constant amounts of isotopically uniform contaminating 

material were involved in the contamination process, or, more probably, 

that volcanic magmas have not incorporated significant amounts of crustal 

contaminant. It is also noteworthy that there does not appear to be 

an obvious correlation between 207Pb! 204rb and chemical composition. 

Both basalts and andesitic volcanic rocks can be seen to have similar 
207Pb!204Pb ratios. Alkaline basalts from the Nevada-California border 

(d t f . ld #5 . F" 6 1) d' l . 207Pb/204Pb · 'l t a a 1e 1n 1gure . 1sp ay a range 1n s1m1 ar o 

the subalkaline basalts and andesites of northern and central Nevada. 

Furthermore, petrologic evidence supporting crustal contamination (e.g., 

crustal xenoliths or peraluminous chemical compositions) appear rare or 

absent in the Basin and Range volcanics studied in this report. 

It would thus appear that crustal contamination plays a rela-

tively minor role in the petrogenesis of Basin and Range volcanic rocks . 

Instead, the chemical and isotopic characteristics of these rocks would 

appear to primarily reflect the nature of their source regions. Given 

the tieterogeneity of the crust in different Basin and Range areas and 

the consistency of isotopic properties within and even between different 

BR areas, it is probably not likely that BR volcanics are derived from 

crustal sources. It is more likely that essentially all the volcanic 

rocks studied here were derived within the mantle. 

6.5 BR Type and Oceanic/Arc Leads 

Volcanics with BR type systematics have lead ratios comparable to 

similar volcanic rocks from oceanic and volcanic arc settings. Figure6.2 

shows the range of data exhibited by oceanic and volcanic (including 
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Figure 6.3b 
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island and continental) arc rocks. 206Pb; 204Pb ratios in this diagram 

run from approximately 18.0 to well above 20.0; 207Pb; 204Pb ratios 

vary from 15.4 to at least 15.7. Oceanic tholeiites tend to occupy 

the unradiogenic portion of the data field while leads from alkaline 

island volcanics and calc-alkaline arc rocks tend to have more radio

genic 206Pb; 204Pb, 207Pb;204Pb, and 208Pb; 204Pb ratios. Arc data, 

in particular, exhibit an inclination towards higher 207Pb;204Pb 

ratios. Figure 6.3 shows that BR type leads, with only a few exceptions, 

fall with the range of data defined by oceanic and volcanic arc leads. 

Basin and Range basalts, which are predominantly of the alkaline olivine 

type, have leads comparable with leads from alkaline oceanic island 

volcanic rocks. The often older, andesitic to rhyolitic Basin and 

Range volcanics appear to possess relatively high 207Pb; 204Pb ratios 

analogous to the calc-alkaline rocks from island arcs. 

BR type leads share another attribute with leads from oceanic 

islands and volcanic arc environments. Taken as a whole, both BR and 

oceanic/arc leads display a fairly wide range in isotopic composition. 

However, data from individual localities appear much more homogeneous 

in their isotopic characteristics. Leads from individual oceanic 

islands or mid-ocean ridges (MOR) tend to form restricted clusters on 

a a-B diagram (see Figure 6.4). Island arc data define somewhat more 

extended clusters of data, perhaps because these samples come from 

larger areas and have a greater range in age. Similarly, samples from 

local Basin and Range areas, like the Mohave desert or the Potrillo 

volcanic field, exhibit a limited range in their lead isotope ratios, 



F
ig

ur
e 

6.
4:

 
Pb

 
is

ot
op

ic
 d

at
a 

fro
m

 s
ev

er
al

 
oc

ea
ni

c 
an

d 
vo

lc
an

ic
 a

rc
 s

et
ti

n
g

s 
co

m
pa

re
d 

to
 

da
ta

 
fro

m
 

th
e 

M
oh

av
e 

d
es

er
t.

 
Is

ot
op

ic
 r

at
io

s 
fr

om
 e

ac
h 

ar
ea

 s
ho

w
 a

 f
ai

rl
y

 l
im

it
ed

 r
an

ge
 

in
 

is
ot

op
ic

 

co
m

po
si

ti
on

. 
Ea

ch
 

lo
ca

li
ty

 d
ef

in
es

 a
 d

at
a 

fi
el

d
 

w
hi

ch
 

ov
er

la
os

 
bu

t 
w

hi
ch

 
is

 n
ot

 
id

en
ti

ca
l 

to
 t

he
 

da
ta

 
fi

el
d

s 
de

fi
ne

d 
by

 s
am

pl
es

 
fr

om
 o

th
er

 a
re

as
. 

A
lth

ou
gh

 
th

ei
r 

da
ta

 
fi

el
d

s 
ar

e 
co

m
m

on
ly

 e
lo

ng
at

e,
 

oc
ea

ni
c 

an
d 

BR
 d

at
a 

do
 

no
t 

ge
ne

ra
ll

y 
sh

ow
 t

he
 w

el
l-

de
fi

ne
d 

co
va

ri
an

ce
 b

et
w

ee
n 

20
6 Pb

;20
4 Pb

 
an

d 
20

7 Pb
;20

4 Pb
 w

hi
ch

 
ch

ar
ac

te
ri

ze
s 

da
ta

 f
ro

m
 

th
e 

C
ol

or
ad

o 
P

la
te

au
 a

nd
 

ot
he

r 
co

nt
in

en
ta

l 
se

tt
in

g
s.

 
Th

e 

m
id

-o
ce

an
 

ri
dg

e 
(M

.O
.R

.) 
da

ta
 w

er
e 

fr
om

 
Su

n 
(1

9
7

3
),

 
as

 
is

 t
he

 d
at

a 
fr

om
 

th
e 

A
le

ut
ia

ns
. 

Th
e 

M
ar

ia
na

s 

da
ta

 a
re

 f
ro

m
 
~1
ei
je
r 

(1
9

7
6

),
 

an
d 

th
os

e 
fro

m
 

th
e 

C
as

ca
de

s 
w

er
e 

ob
ta

in
ed

 f
ro

m
 

C
hu

rc
h 

an
d 

T
il

to
n 

(1
97

3)
 

an
d 

C
hu

rc
h 

(1
97

6)
. 

N
 
~
 

w
 



1~
.7

 

.D
 

1&
.8

 
a..

 
""' 0 N

 ' .D a..
. 

1~.5 
~ 

M
O

R
 ,
' 

':
" 
-
,
~
)
 

~ .,., 
/ 

: ·
·-:

::-
· 

I. 
.....

.. 
,._ 

' 
.. 

~
 

0 
' 

/ 
I 

•·
· 

• 
N

 
•,

 . 
1

.·
' 

"
' 

' 
,•

' 
. 

C1
> 

N
 

'· 
_. 

~
 

+:
> 

0'
1 

+:
> 

+:
> 

I 
·,

 
... _

__
__

 ... 
-. /

 ·
o
~
'
y
·
 

I 
. 

"' 
~
 

.....
.. _. 

__ 
. 

1!5
.4

 

17
.~

 
18

.0
 

18
.~

 
19

.0
 

19
.5

 

2
0

6
p

b
 1

 2
0

4
P

b
 



245 

while data from larger areas show increased scatter in isotopic com

position (see also Figure 6.1). This homogeneity suggests that the 

mantle sources for both BR and oceanic/arc volcanics are locally well 

stirred. In contrast, volcanic source regions in the continental litho

sphere underlying the Colorado Plateau seem to have retained a local 

geochemical heterogeneity since Precambrian times (see Chapter 5). 

Another consideration may bear on the interpretation of Basin 

and Range leads. A number of the California samples studied in this 

report come from near-coast areas, have calc-alkaline affinities, and 

ages indicating they were generated during a period of active subduction. 

Data on basalts and andesites from the Cascades (Church and Tilton, 

1973), northern California obsidians of recent age, and a southern 

California Oligocene rhyodacite (Doe and Delevaux, 1973) fall into this 

category. Sample C3035, a 12 my old andesite from the San Francisco 

area, and C3006, a 25 my old andesite from southern California, might 

also be included. These subduction-related rocks have isotopic com

positions indistinguishable from other BR type samples. The isotopic 

similarity of coastal and Basin and Range volcanic rocks suggest a 

corresponding similarity in source region characteristics. 

Other geochemical data on BR type basalts also appear to be 

consistent with their derivation from 11 0ceanic 11 mantle. Strontium 

ratios on basalts from areas characterized by BR leads are generally 

unradiogenic, with 87sr;86sr usually around .704 and almost always 

below .706. nata from the southern Cascades (Peterman et ~., 1970a), 

the Mohave desert (Peterman et ~·, 1970b), the Basin and Range province 
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of northern and central Nevada (Leeman, 1970; McKee and Mark, 1971), 

Arizona and New Mexico (Leeman, 1970) support this claim. 

A few currently available Nd analyses on basalts from BR 

type areas also appear to be consistent with an 11 0ceanic 11 mantle 

derivation for these volcanic rocks. DePaolo (1978) has reported ENd 

values on three pertinent basalts. These include a sample from the 

southern Cascades (Mt. Shasta), the Mohave desert (Pisgah Crater), and 

Baja California (San Quintin). ENd values on these basalts range from 

4.6 to 6.7. These values are similar to those of oceanic island basalts, 

but lower than many MOR basalts. 

The correspondence between Pb, Sr, and Nd isotopic data on 

oceanic island, volcanic arc, and Basin and Range basalts suggests that 

the source regions for these three groups of volcanic rocks are likewise 

similar. Oceanic island basalts are almost surely derived from the 

oceanic mantle. Arc volcanics are probably derived from sources within 

the mantle, although it has been argued that the calc-alkaline volcanic 
t 

rocks from some arcs contain a component that was originally obtained 

from the oceanic crust (see, for example, Sun, 1973). It would also 

appear that the young basalts with Basin and Range type leads are also 

derived uncontaminated from the mantle (see Section 6.5). Consequently, 

it seems reasonable to propose that an 11 oceanic 11 or 11 island arc 11 mantle 

lies beneath the Basin and Range province in the southwestern United 

States. 
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6.6 Anomalous Isotopic Characteristics of Southern Nevada Samples 

Chapter 4 suggested that samples from an area in southern 

Nevada and eastern California have anomalous isotopic characteristics. 
206Pb; 204 Pb ratios on this area's volcanic rocks are anomalously low 

for normal BR type data. Southern Nevada (SN) basalts have 206Pb;204Pb 

ratios typically ranging between 18.2 and 18.5. Most BR type samples 

have 206Pb; 204Pb ~ 18.7. On the other hand, southern Nevada data 

points do not lie on the Colorado Plateau reference isochrons, do not 

define a linear array themselves on an a-8 diagram, and appear to 

exhibit little local variation in isotope ratio (see Figure 4.15). 

They cannot, therefore, alternatively be considered CP type data. 

Figure 4.15 also indicates 208Pb; 204Pb ratios on volcanics from this 

anomalous area are comparable, even perhaps somewhat higher than those 

of basalts from surrounding areas - in spite of their lower 206Pb;204Pb 

ratios. 

In addition to their unusual lead characteristics, southern 

Nevada basalts appear to have especially radiogenic strontium isotope 

ratios. Leeman (1970) and Hedge and Noble (1971) reported 87sr;86sr 

ratios as high as .708 on basaltic rocks from near the California-Nevada 

border. A few additional data points (Hedge and Noble, 1971 ; Scott 

et ~-, 1969) indicate that radiogenic strontium ratios are to be found 

in the eastern part of Nevada too (see Figure 6.5). 

Figure 6.5 and Figure 6.6 suggest a strong geographic correlation 

between 206Pb;204Pb and 87sr;86sr data. The degree of correlation 

suggested by Figure 6.6 is remarkable because in most cases lead and 
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Figure 6.5 
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Figure 6.6 
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strontium samples were not from the same outcrops, and often not even 

from the same flow, but only from the same general area. This would suq

gest that there is not much isotooic variability in local SN areas, and 

that isotopic properties are strongly characteristic of each local 

area. It is interesting that the area defined by high strontium ratios 

appears to coincide rather well with the area exhibiting low 206Pb;204Pb 

values. 

This SN area with "anomalous" lead and strontium characteristics 

also appears to have a number of distinctive geological and geophysical 

attributes. Eaton (1975) suggested that a fundamental, west-trending 

crustal boundary traverses southern Nevada. He has written that this 

boundary "is characterized by a steep north-facing gravity gradient of 

70-100 mgals, a coherent zone of moderate seismicity ... a west trending 

trough in the M-discontinuity, with relatively low crustal P velocities, 

and suggestive variation in Pn." He also indicated that this area was 

"the locus of abrupt northward thickening of the Phanerozoic section, 
• and the southern limit of a dense concentration of metal mining districts." 

Others have noted other differences between the southern and 

northern parts of the Great Basin. H.right {1976) has indicated that 

the tectonic style characterizing north-central Nevada is different 

from that found in southern Nevada. Southern Nevada, he concluded, is 

characterized by gently dipping normal faults and complementary strike

slip faults, while north-central Nevada features northeast trending, 

steeply dipping normal faults. Wright has estimated that the deformation 

field in northern Nevada implies up to 10% extension, while that in 

southern Nevada implies up to 50% extension. 
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It can also be noted that the area in southern Nevada having 

anomalous isotopic characteristics appears to coincide approximately 

with the northern limit of older Precambrian (Precambrian X and Y) 

outcrops in the Great Basin. It is also interesting that this "anomalous" 

area is located in the narrowest part of the Basin and Range province, 

and that it is physiographically distinct from the area to the north -

being generally lower in elevation, and, at least in part, characterized 

by shorter, less well-defined mountain ranges. 

6.7 Interpretation of SN Leads 

The isotopic characteristics of southern Nevada (SN) basalts 

resist a unique or conclusive interpretation. Two previous Sr isotopic 

studies on these volcanics arrived at somewhat different interpretations: 

Hedge and Noble (1971) concluded that SN basalts were probably derived 

from unusual mantle material; while Leeman (1970) preferred u derivation 

from old, mafic lower crustal rocks. Although an unequivoca~ choice 

between these two models is not easily made, a number of constraints 

can be placed on the range of possible source region models. 

(1) The high 87sr186sr ratios of southern Nevada basalts 

immediately suggest crustal contamination. However, the strontium 

concentrations of SN basalts (up to 1600 ppm) relative to crustal rocks 

(~300 ppm) make sialic contamination an ineffective way of producing 

. h . B7s ,a6s t. maJor c anges 1n r r ra 10s. Hedge and Noble (1971) estimated 

that crustal material would have to make up 60% of the contaminated 

rock in order to change an original 87sr186sr ratio of .7035 to .7070. 
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They conclude that "this is clearly impossible, for the resultant magma 

would in no way approximate a basalt in major element composition." 

Another consideration suggested by these authors is that the basalts 

with the highest strontium concentrations also tend to have the highest 
87sr;86sr rat1'os. Th 't ld b t d t 1 · e oppos1 e wou e expec e were crus a contam1-

nation occurring. Nor did Hedge and Noble (1971) find a positive 

correlation between 87sr;86sr and Rb/Sr ratios that would be ·indicative 

of mixing. 

The isotopic homogeneity of SN basalt leads is also difficult 

to explain by wall rock assimilation. Assimilation would likely be a 

random process - some magmas would be heavily contaminated while others 

would remain essentially unaltered. In contrast, the isotopic compositions 

of SN basalts appear to be remarkably uniform. 206Pb;204Pb ratios vary 

between 18.2 and 18.5. A similarly narrow range is found in 87sr;86sr 

ratios (.7061-.7081) in the area characterized by anomalous leads. 

The magnitude of this scatter in isotopic ratio is comparable to that 

found in normal BR areas, and is difficult to reconcile with sporadic 

assimilation of crustal material. 

The similarity of SN basalt leads to the leads of four SN 

rhyolitic rocks (Doe, 1970) is also difficult to reconcile with contami

nation models. This writer, like Hedge and Noble (1971) and Leeman 

(1970), is drawn to the conclusion that the isotopic peculiarities of 

southern Nevada volcanic rocks reflect unadulterated characteristics 

of a rather uniform source region which is not in the upper crust. 
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(2) The isotopic characteristics of SN basalts could not have 

developed during a short period of time; they must reflect long term 

geochemical properties of the volcanic source regions. Even assuming 

a very high source region Rb/Sr ratio of 0.24 (a typical upper crustal 

value), it would take 400 my to generate a 87sr;86sr = .707 from 

material that was originally isotopically similar to oceanic mantle. 

Furthermore, the relatively unradiogenic 206Pb;204 Pb lead ratios of 

SN basalts imply low~ (238u;204Pb) values in the SN basalt source 

region. Even if a final stage ~ = 0.0 is assumed for the SN basalt 

source, it would take 600 my to develop the difference between Mohave 

desert and SN lead ratios. More reasonable estimates of source region 

~ and Rb/Sr values indicate that times greater than a billion years 

are necessary for SN source regions to establish their isotopic 

peculiarities. 

(3) High 87sr;86sr ratios indicate that SN source regions have 

been enriched in Rb/Sr relative to Basin and Range, Colorado Plateau, 

and most oceanic volcanic source regions. Peterman and Hedge (1971) 

suggest, however, that most oceanic source regions have been depleted 

in Rb/Sr over geologic time, and that a typical, undepleted oceanic 

basalt would have an 87sr;86sr ratio of at least .7060. This might 

imply that the SN source regions may not have undergone much Rb enrich

ment, but that they have been protected from the Rb depletion affecting 

oceanic basalt source regions for a considerable length of time. 

The lower 206Pb; 204Pb ratios of southern Nevada basalts imply 

a depletion of uranium relative to lead in comparison to normal Basin 
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and Range basalts. However, most BR basalt leads have large future 

model ages, indicating that sometime in their history their source 

region ~·s were increased. Model ages of SN basalt leads are consid-

erably closer to zero. This again may hint that SN sources have not 

undergone an absolute depletion in ~ - only that their enrichment in 

uranium relative to lead has been less than many Basin and Range and 

oceanic island source regions. 

The 208Pb; 204Pb ratios of SN basalts are similar to BR basalt 

values. Thus the Th/Pb ratios of SN sources do not appear to be 

fractionated much relative to BR sources. However, the inferred depletion 

of SN sources in U/Pbseems to imply a corresponding increase inK in 

order to keep 232Th;204Pb = (~·K) values relatively constant. Thus, 

the isotopic ratios of SN basalts indicate relative increases in Rb/Sr 

and K and a decrease in ~ relative to normal Basin and Range and many 

oceanic source regions during the Precambrian. 

(4) Hedge and Noble (1971) note that a number of SN basalt 

Rb/S~- 87sr;86sr data points lie to the left of the 4.6 by earth isochron. 

These rocks do not have enough Rb in them to account for their radio

genic Sr. This suggests a late stage depletion of rubidium relative 

to strontium. Lead and uranium concentrations measured on only two 

samples may record a depletion of uranium relative to lead also. Both 

samples (C5009 and N6040) contain high Pb concentrations (6 and 12 ppm, 

respectively) and somewhat low measured 238u;204Pb ratios (7.6 and 

8.9). For comparison, most Basin and Range basalts have lead concen-

d 3 d th . d 23au1zo4Pb & · trations between 2 an ppm an e1r measure ra~1os 

typically range from 9 to 30. 
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Hedge and Noble (1971) explain their Rb-Sr data by a model 

involving flotation of (Sr rich) plagioclase. Since plagioclase also 

contains relatively high Pb and low U concentrations, this model may 

also be consistent with the available U-Pb data. However, alternate 

explanations are also possible. A relatively modern episode of magma 

generation prior to the one that produced the young southern Nevada 

basalts could deplete SN source regions in Rb/Sr and U/Pb without 

having much effect on the source region's 87sr;86sr ratios. 

(5) SN data do not imply a basalt derivation from ordinary 

oceanic mantle. The 87sr;86sr ratios (.7060-.708) of SN basalts are 

higher than most of the more radiogenic values found in oceanic basalts 

(~.7060). Most of the lead data on SN basalts do fall within the data 

field defined by oceanic data. However, oceanic basalts with leads 

comparable to SN leads are predominantly tholeiitic in character, while 

SN basalts are commonly alkalic. It is also difficult to reconcile 

the differences between normal BR and SN source regions if they are 

both "oceanic" in character. Why should the anomalous "oceanic" sources 

be localized along the boundary of Precambrian basement in the Great 

Basin? It is perhaps easier to rationalize the long term differences 

between BR and SN source regions if the SN sources have been associated 

with the continent for a considerable length of time, and BR sources 

have not. On the other hand, SN basalts do not display the isotopic 

characteristics of Colorado Plateau volcanics, which have been inter-

preted to come from stable, Precambrian continental lithosphere. 
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(6) The geochemical characteristics of southern Nevada basalts 

do not compellingly lead to a unique- or even satisfying- conclusion 

regarding the nature and history of their source regions. The local

ization of anomalous basalts to southern Nevada, an area with a number 

of anomalous geological characteristics, favors in this writer•s 

opinion the view that SN basalt sources have been associated with the 

North American continent for a considerable length of time (1.5 by?). 

11 0rdinary 11 mantle protected from plate tectonic processes for 1500 my 

or so might conceivably have the right Rb/Sr, ~' and K values to make 

SN basalts; but gabbro and mafic granulite are alternate possibilities 

for the source material. The isotopic homogeneity of southern Nevada 

basalts could reflect an original homogeneity of their source regions, 

but large scale mixing of the source material during any one of a 

number of orogenic episodes could also result in a geochemical homog

enization. Considerably more information is required before it is 

possible to do more than speculate about the nature and history of SN 

basalt sources. 

6.8 The Mexican Highlands Transition Zone 

The Mexican Highlands area of southern New Mexico (Figure 1.2) 

appears to have crustal and mantle characteristics intermediate between 

or different from those of surrounding regions. Structurally the 

area is part of the Basin and Range province, with alternating uplift 

ranges and downdropped basins. Topographically the Highlands area 

is considerably higher than many Basin and Range areas, with basin 
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elevations between 4000 and 5000 feet, and with uplifted ranges even 

higher. These elevations would be typical of many Colorado Plateau 

province areas. Fenneman (1931}, in fact, states that 11 in New Mexico 

the mutual boundary of the Colorado Plateau and the Mexican Highland ... 

is probably not clear. 11 Furthermore, the thickness of the CI"Ust 

beneath the Mexican Highlands also appears to be intermediate between 

the crustal thicknesses of neighboring regions. According to Warren 

(1969) the crust's thickness in the Basin and Range province of south

central Arizona is approximately 21 km, with crustal thickness 

increasing to 42 km beneath the Colorado Plateau. Pakiser and Zietz 

(1965) show the Mexican Highlands to have crustal thicknesses between 

30 and 40 km. It might also be noted that the Mexican Highlands sit 

near the bottom of a broad low in the gravity profile running from 

Texas to the Pacific coast (Ramberg et ~·, 1978). The gravity values 

of the Mexican Highlands area seem to be more like those of the Great 

Plains than the Basin and Range province of Arizona. In addition, 

Herrin and Taggart (1962) indicate that the Mexican Highlands lie over 

an area of exceptionally high Pn velocities in the mantle. While many 

areas in the Basin and Range province have Pn's of 7.8 km/sec or less, 

some parts of the Mexican Highlands have Pn velocities as high as 

8.2 km/sec. These values would be more typical of the mantle beneath 

the stable, cratonic areas of the Great Plains than the active, orogenic 

areas of the Basin and Range province. 

In analogy to the area's geophysical characteristics, the lead 

isotopic characteristics of basalts from the Mexican Highlands of 
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southern New Mexico are also somewhat intermediate between those 

characterizing the Basin and Range province to the west and the Colorado 

Plateau province to the north (see Section 4.5). Southern New Mexico 

basalts have leads which are less radiogenic than most Basin and Range 

volcanics. On the other hand, data from local areas within the Mexican 

Highlands do not seem to display the isotopic heterogeneity characteristic 

of Colorado Plateau volcanic fields. Mexican Highlands data do seem, 

however, to fall near the CP reference isochrons. Figure 4.14 shows 

that if data from the New Mexico Mexican Highlands are grouped with 

data from the Basin and Range areas just to the west in Arizona, the 

resulting data field displays an elongation typical of BR type data 

If they are grouped with data points from the nearby Colorado Plateau, 

the resulting data field shows a position and an elongation character

istic of CP type data. 

The discriminant function analysis of Chapter 4 suggested that 

leads from southwestern New Mexico are consistently of the Colorado 

Plat~au type. Basalts from the Mexican Highlands, like other CP type 

volcanics, may then be derived from the continental lithosphere. Because 

Mexican Highlands leads do not display the isotopic heterogeneity 

characteristic of CP volcanic fields, one seems required to hypothesize 

that the mantle lithosphere beneath southern New Mexico has been ex

tensively homogenized, perhaps by a large scale mechanical mixing process. 

If one were to average all the lead data from the Colorado Plateau of 

New Mexico, the resulting means would be rather similar to data from 

the Mexican Highlands. On the other hand, it is possible to speculate 
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that the intermediate character of Mexican Highlands leads is due to 

extensive mixing of BR type and CP type source regions. In either 

case, a very efficient mixing of volcanic source regions seems to 

be implied. 

6.9 Structural Characteristics of the Rio Grande Rift: Relationship 

to Isotopic and Petrologic Characteristics of Rift Basalts 

The Rio Grande Rift consists of a series of fault bounded, 

sediment filled, northward trending basins which bisect the state of 

New Mexico. It is an area characterized by extensional tectonism, 

abundant late Cenozoic volcanism, and high heat flow. The structural 

similarity of the rift zone to the Basin and Range province has been 

noted by Hamilton and Myers (1966) (among others), who suggest that 

the rift zone, as part of the Basin and Range province, exter.ds well 

into Colorado. However, the classic work of Fenneman (1931) on the 

physiographic provinces of the western United States includes the 

• northern part of the rift zone in the Southern Rocky Mountain province, 

and interprets only the southern part of the rift as belonging to the 

Basin and Range province. Tectonic maps (e.g., Woodward et ~., 1975) 

do indeed show structural differences between the northern and southern 

portions of the rift zone. The northern rift is a single continuous 

depression made up of a series of en-echelon basins, with successive 

basins being offset to the east as one proceeds northward. South of 

Socorro, New Mexico the rift zone broadens into a series of parallel 

basins separated by northerly trending ranges of pre-rift (mostly 
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Paleozoic and Mesozoic) sedimentary and (Precambrian) crystalline rocks. 

In southernmost New Mexico the rift zone merges indistinctly into the 

wider expanse of the Mexican Highlands section of the Basin and Range 

province. 

The petrologic characteristics of rift zone volcanic rocks 

appear to be related to the structural characteristics of the area in 

which they erupt. Lipman (1969) concluded that basalts in the northern 

rift are, predominantly, tholeiitic in character while those in adjacent 

areas outside the rift have alkalic tendencies. Baldridge (1978) has 

suggested that basalts erupting at the 11 0ffset 11 between two successive 

en-echelon basins exhibit more chemical diversity (both alkalic and 

tholeiitic magmas) than basalts from other areas of the rift (tholeiitic 

magmas). Aoki and Kudo (1976) have also correlated the chemical 

properties of volcanic magmas to structural setting. They indicate 

that basalts from the northern Rio Grande rift, the southern Rocky 

Mountains, and the Great Plains have calc-alkaline differentiation 

trends. In contrast, the basalts of the Colorado Plateau, middle, 

and lower Rio Grande depression show a differentiation trend having 

moderate Fe enrichment. Aoki and Kudo (1976) also note that olivine 

tholeiites in New Mexico appear to be confined to the Colorado Plateau, 

the upper middle segments of the Rio Grande rift, and the margin of 

the Great Plains. Tholeiites appear to be completely lacking in the 

southern portion of the rift zone; only alkaline basalts are found south 

of Socorro, New Mexico. 
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The petrologic distinction between northern and southern rift 

volcanics is apparent even in the few samples collected for this study. 

Samples collected from the southern rift - the Potrillo volcanic field, 

the Jornada del Muerto volcanic field, the Elephant Butte, and Hillsboro 

areas - all seem to have the petrographic and chemical characteristics 

diagnostic of alkaline rocks. Glass poor samples from this area con-

tain abundant olivine phenocrysts and groundmass grains, a distinctive 

purple-brown clinopyroxene (titanaugite), no orthopyroxene, and no 

plagioclase phenocrysts. In contrast, samples from the northern Rio 

Grande rift uniformly lack these distinctive alkaline characteristics. 

Many of these northern samples are similar to the feldspathic basalts 

of the Colorado Plateau. They commonly contain feldspar phenocrysts, 

abundant groundmass plagioclase, and trachytic textures. Olivine is 

less abundant in these feldspathic rocks, and hypersthene is occasionally 

observed in thin section. Rocks with quartz and alkali feldspar 

"xenocrysts" have also been observed in the northern rift area (Doe 

et ~·, 1969; Aoki, 1967). These "xenocrystic" rocks appear to be 

analagous to the basaltic andesites of the southwestern Colorado 

Plateau. 

Kudo and others (1971} have related the strontium isotopic 

characteristics of New Mexico basalts to their major element chemical 

compositions. They report that 87srt86sr ratios of nepheline normative 

basalts are uniformly low (.7028-.7044). Hypersthene basalts, on the 

other hand, exhibit a fairly wide range of isotopic ratios - many 

hypersthene basalts having 87srt86sr ~ .7050, but a few having ratios 
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as high as .7078. Given the petrologic differences between southern 

and northern rift volcanics, these strontium isotopic differences may 

find an areal expression . 

The lead data from this report clearly and strikingly display 

regional differences (see Figure 4.4). Samples from the Colorado 

Plateau areas of New Mexico display lead isotopic properties similar 

to those of the Colorado Plateau of Arizona and Utah. New Mexico CP 

data is generally unradiogenic but may exhibit, locally, large variations 

in isotopic ratio. New Mexico CP data points also seem to fall on the 

two isochrons defined by St. George area and Flagstaff-Prescott area 

data. 

A number of samples located outside the boundaries of the 

Colorado Plateau in New Mexico also appear to exhibit CP type leads 

(see Figure 4.19). A basalt sample (NM7011) from the Recent Carrizozo 

flow, which borders on the Great Plains, has an unradiogenic lead 

easily interpreted to be of the CP type. Nine samples from the northern 

part of the Rio Grande rift (one from near San Acacia, three from near 

Los Lunas, one from near Albuquerque, three from the Jemez volcanic 

field, and one from near Taos) also appear to have leads resembling 

those of Colorado Plateau samples (see Figure 6.17). These include 

rather unradiogenic data points (e.g., with 206Pb/ 204Pb < 18.0). Data 

from local areas in the northern rift also display a wide range in 

isotopic composition. For example, three samples collected in the 

Albuquerque-Belen basin within a few miles of one another - NM7013 

from Cerro del Los Lunas, NM7014 from the Cat Hills flows, and 74-005 
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Figure 6.7: Lead isotopic data on volcanics from the Rio 

Grande rift north of Socorro, New Mexico. These data are similar to 

CP type data in several ways. First, unradiogenic ratios are commonly 

observed. Seven of the ten data points have 206Pb!204Pb ratios below 

18.6 and four have 206Pb!204Pb values below 18.0. Second, large 

variations are found in samples from the same local area. For example, 

the Isleta, Cat Hills, and Los Lunas samples were collected within 

ten miles of one another, and the White Rock and Los Alamos sample 

localities are only a few miles distant from each other. Nonetheless, 

the Pb ratios from each of these local areas nearly span the entire 

range in isotopic composition observed in volcanics of the northern 

Rio Grande rift. Third, most of the samples lie on the two reference 

Colorado Plateau isochrons defined by data from the southwestern 

Colorado Plateau (Figure 3.11). However, the general dispersion of 

data around the CP isochrons appears to be somewhat greater than is 

typical for CP type samples. 
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from the Isleta volcano- range from 17.7 to 19.0 in 206Pb; 204Pb. In 

addition, most data from the northern Rio Grande rift appear to lie 

on or near the two southwestern Colorado Plateau reference isochrons 

(Figure 6.7). However, it should be noted that a few data points lie 

somewhat farther away from the CP reference lines than experimental 

error would appear to allow. Furthermore, in contrast to data from 

the St. George or Flagstaff areas data from individual volcanic fields 

in the Rio Grande rift do not seem to lie consistently on one isochron 

or the other. For example, the sample from Los Lunas lies between 

the isochrons, the one from Isleta lies above the St. George regression 

line, and the one from the Cat Hills lies below the Flagstaff-Prescott 

line. This would suggest that the volcanic source regions beneath 

the northern rift zone are rather more heterogeneous in their isotopic 

properties than the volcanic sources for the St. George or Flagstaff

Prescott areas. Perhaps the rift volcanic sources have had a more 

complex or longer Precambrian history than the volcanic source regions 

supplying the southwestern Colorado Plateau. Alternately, this hetero

geneity might plausibly relate to Cenozoic tectonism in the rift zone. 

Clearly, more detailed lead isotopic work needs to be done to examine 

these problems. 

The basalts from a more southern segment of the Rio Grande 

rift have lead isotopic characteristics very different from the rift 

volcanics to the north, and from the rift zone in the Mexican Highlands 

even farther to the south. The six basalt samples taken between 

Socorro and Las Cruces, New Mexico are characterized by extremely 
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d. . 1 d Th 206Pb 204 . ra 1ogen1c ea s. e I Pb rat1os of these basalts range from 

19.2 to 19.6, and include the most radiogenic 206Pb;204Pb ratios 

measured in this study. The 207Pb; 204Pb and 208Pb; 204Pb ratios of 

basalts from this segment of the rift are also radiogenic. However, 

in proportion to the extremely high values of 206Pb; 204Pb, these are 

perhaps not quite as high as one might expect. 207Pb;204Pb ratios 

tend to lie somewhat to the low side of the CP reference isochrons 

(Figure 6.8), and 208Pb; 204Pb data are not drastically higher than 

one would expect for a CP sample having an equivalent 206Pb;204Pb 

ratio. 

The data from this section of the rift can easily be interpreted 

as Basin and Range type. The uniformly radiogenic ratios of this 

area•s basalts seem to call for this conclusion, as does the limited 

scatter in data from local areas. Data from this central segment 

of the rift do not consistently fall on the CP reference isochrons. 

Nor do they appear to define an elongate data field on a a-S diagram. 

Thus the leads from this region seem quite typical of normal 

Basin and Range leads from, for instance, the northern Great Basin or 

southern California. 

The northern extent of BR leads in the rift zone probably lies 

somewhere around Socorro, New Mexico. If this is true, there may be 

a correspondence between the isotopic properties of the rift volcanic 

rocks and the structural features of the rift. As mentioned previously, 

the rift zone seems to change in its structural character in the Socorro 
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area. To the north it is a single, continuous depression; to the south 

the rift zone consists of a number of parallel basins separated by 

intrarift horsts. 

The southern extent of BR leads in the rift zone might possibly 

be related to the boundary between the Mexican Highlands section of 

southern New Mexico and the more confined area of Basin and Range 

faulting in the rift zone to the north. However, an effective compari

son between the lead isotopic data and the structural setting of the 

two areas is obscured by lack of lead data and the lack of a distinct 

structural boundary between the two regions. 

6.10 Models for Rio Grande Rift Volcanic Sources 

Basalts from different sections of the Rio Grande rift appear 

to display different types of lead systematics. This observation 

seems to imply that rift volcanics are derived from several different 

types of sources. Volcanics from the northern rift have leads similar 

to the volcanics of the Colorado Plateau. Extrapolating the conclusions 

reached in Chapter 5 into New Mexico, northern rift volcanics would 

be interpreted to have source regions in the mantle of the ccr1tinental 

lithosphere. The isotopic and petrologic characteristics of basalts 

in the central segment of the rift zone appear analogous to volcanic 

rocks from oceanic islands. Like the Basin and Range type volcanics 

along the West Coast, these basalts might plausibly be derived from 

an 11 0ceanic 11 mantle. The basalts from the Rio Grande rift south of 

Las Cruces (the Potrillo volcanic field) have leads indistinguishable 



272 

from the other basalts of the Mexican Highlands. Although it is as 

yet difficult to interpret the leads from this area, their characteristics 

might indicate a derivation from homogenized continental lithosphere 

or perhaps a well-mixed combination of continental lithosphere and 

oceanic mantle. 

The inferred presence of 11 0ceanic 11 mantle under one section 

of the rift zone presents several problems. For example, one has to 

consider how this isolated 11 island 11 of oceanic mantle got beneath the 

rift zone. At one time the continental lithosphere-asthenosphere 

boundary must have been at considerable depth, 200-400 km beneath the 

surface (Jordan, 1975). Modern volcanic rocks are presumably derived 

from a low velocity zone which, geophysical studies seem to suggest, is 

at considerably shallower depths (~90 km). The petrologic properties 

of rift basalts suggest that at least some of these basalts equilibrated 

at even shallower depths of 40-50 km. This seems to imply a penetration 

or upwelling of asthenospheric C'oceanic 11
) mantle into the continental 

lithosphere. The consistency of isotopic properties in the rift section 

between Socorro and Las Cruces (~150 km in length) suggests that this 

upwelling body of asthenosphere has a diameter comparable to the area 

characterized by oceanic leads. A greater regional diversity in 

isotopic properties might be expected if asthenospheric mantle was 

rising in volcano sized diapirs. Perhaps this large body of upwelling 

mantle hypothesized to exist beneath one segment of the Rio Grande 

rift is similar to the 11 plumes 11 called upon to explain the tectonism 
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(e.g., doming and subsequent collapse) and volcanism found in the 

African rift system (Burke and Whiteman, 1973). 

Geophysical studies present data which are, in several ways, 

consistent with mantle upwarp or upwelling. The high heat flow asso

ciated with the rift zone probably indicates the presence of hot 

(partially molten?) material at shallow depths beneath the rift 

(Reiter and others, 1975; Decker and others, 1975). Geomagnetic studies 

have revealed the presence of a thick layer of highly conductive 

material in the upper mantle (50-400 km) underlying the rift. Both the 

heat flow and geomagnetic data might be explained if deep, ho: mantle 

werebeing transported to shallower depths. The gravity data of Ramberg 

and others (1978) also appear to be consistent with 11 a deep upwarp of 

the mantle that results in crustal attenuation. 11 However, it should 

be noted that these geophysical studies have not singled out the rift 

zone between Socorro and Las Cruces as an area with special character

istics. Heat flow and geomagnetic data appear to be relatively consis

tent along the length of the rift. The contrast between isotopic and geo

physical models for the mantle underlying the rift is puzzling. 

And, although the structural distinction between the northern 

and southern portions of the rift zone appearsto correlate well with 

the isotopic properties of rift basalts, there is no immediate and 

obvious reason for this correspondence. The structural, petrologic, 

and isotopic segmentation of the rift zone, and the relationship 

between these properties and the geophysical attributes of the mantle 

await further investigation. 
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CHAPTER 7: CONCLUSIONS 

7.1 Interpretations from Previous Chapters 

Three different types of regional isotopic systematics have been 

described in this report: one characteristic of Colorado Plateau 

volcanic fields, a second found in most areas of the Basin and Range 

province and in areas near the Pacific coast, and a third which appears 

to be peculiar to an area in southern Nevada. 

The southern Nevada (SN) isotopic province covers a triangular 

area roughly 350 km on a side, and is distinguishable from neighboring 

Basin and Range areas by its structural, geological, and geophysical 

characteristics. It is characterized by volcanic rocks with relatively 

unradiogenic 206Pb;204Pb ratios (18.2-18.5) and relatively radiogenic 
87sr;86sr ratios (.7060-.7080). The high strontium concentrations and 

the uniformity of Pb and St isotopic data found in the basalts of this 

province indicate that sialic contamination is probably not r~sponsible 

for the area•s isotopic characteristics. Instead, the isotopic prop

erties of SN basalts appear to reflect the long term (~ 1 by old) 

geochemical characteristics of their source regions in the mantle or 

lower crust. 

Basalts from the Colorado Plateau are characterized by variable 

but commonly unradiogenic lead ratios (206Pb; 204Pb as low as 17.0) 

which define linear arrays on 206Pb; 204Pb-207Pb; 204Pb and 206pb; 204Pb-

208Pb;204Pb diagrams. These linear arrays are best interpreted by a 

secondary isochron model, and suggest that CP basalts are being derived 
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from a source region which was variably depleted in U relative to lead 

approximately 1.4-1.7 by ago. Most or all CP basalts are probably 

derived from the mantle, but it should be noted that the first conti-

nental crystalline crust in the southwestern United States also appears 

to have formed approximately 1.4-1.8 by ago and tends to be rich in 

uranium relative to lead. This suggests that the sources of CP basalts 

lie within the continental lithosphere, and that this continental 

lithosphere acquired its geochemical characteristics during the generation 

of the first crystalline crust in the southwest. 

There seems to be a rough but apparently significant correlation 

between chemical and isotopic composition in the Colorado Plateau 

volcanic suite. The more felsic volcanics tend to have somewhat less 

radiogenic leads than the more mafic basalts. Moreover, different 

regions (domains) in the Colorado Plateau seem to display distinguish

able patterns of isotopic behavior. For example, data from one region 

may define an a-B regression that has a slightly greater slope than 

data from another region, or one area may be characterized by slightly 

higher 208Pb;204Pb ratios at equivalent 206Pb;204Pb values than another 

area. 

Although these differences are real and significant, they are 

clearly subordinate to the general uniformity in lead systematics ob

served throughout the whole Colorado Plateau. As mentioned previously, 

all Colorado Plateau data appear to fall on one or the other of two 

similar secondary isochrons. Indeed, it has been noted that isotopic 

characteristics similar to those of the Colorado Plateau volcanic suite 
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appear to be present in the volcanic rocks of other physiographic 

provinces (e.g., the Rocky Mountains, the Snake River Plain, and the 

Great Plains), and may extend continuously from the Mexican to the 

Canadian border (section 4.6). 

The "Basin and Range" isotopic province is characterized by 

relatively radiogenic leads. 206Pb;204Pb ratios in BR basalts usually 

exceed 18.7. Within local areas (which may be hundreds of kilometers 

across) of the Basin and Range province, isotopic compositions appear 

to be relatively uniform, especially for samples of the same age and 

chemical composition. However, different areas withtn the BR isotopic 

province appear to exhibit seemingly distinct ranges in isotopic com

position. In addition, there appears to be a variation in 207Pb;204Pb 

within local areas of the Basin and Range province which is dependent 

on sample age and chemical-petrologic affinity. Older (Pliocene and 

Miocene), calc-alkaline volcanics seem to have higher 207Pb;204Pb 

ratios (and to a lesser degreei higher 208Pb;204Pb) than Quaternary 

alkaline volcanics. 

BR basalts apparently have been derived uncontaminated from 

the mantle. The lead isotopic properties of BR basalts, as well as 

some Sr and Nd isotopic data, suggest mantle source regions for these 

rocks similar to those giving rise to oceanic island and volcanic arc 
• 

basalts. 

"Basin and Range" type isotopic systematics extend beyond the 

physiographic boundaries of the Basin and Range province, to other areas 

characterized by a his tory of extens.1 ve Phanerozoic orogenic activity. 
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For example, the Pacific border province, the Sierra Nevada, and the 

Cascades also seem to be characterized by volcanic rocks with BR type 

leads. 

7.2 Mantle Heterogeneity in the Southwestern United States 

Both BR and CP basalts are best interpreted to be derived 

uncontaminated from the mantle. It follows that the isotopic variability 

displayed within and between these two isotopic provinces reflects 

isotopic heterogeneity in the upper mantle. 

Considerable isotopic variability is exhibited within individual 

Colorado Plateau volcanic fields, and a rough but apparently significant 

correlation appears to exist between the isotopic and chemical compo

sitions of CP volcanic rocks. Feldspar rich basalts, whose chemical 

characteristics suggest a relatively shallow depth of derivation 

(~40 km?), tend to have less radiogenic leads than olivine and clino

pyroxene rich basalts, which seem to come from deeper in the mantle 

(~60-80 km). This suggests that the continental lithosphere underlying 

the Colorado Plateau may be isotopically zoned or 11 Stratified, 11 becoming 

generally more radiogenic in lead (and apparently less depleted in 

uranium relative to lead) with depth. This might indicate that the 

episode of chemical fractionation which affected the Precambrian mantle 

was more strongly developed just beneath the crust than in th8 deeper 

parts of the lithosphere. 

It is not clear, however, that this isotopic zonation can 

account for all the isotopic variability found in individual CP volcanic 
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fields. It also seems feasible that the mantle underlying the Colorado 

Plateau is made up of isotopically distinct 11 nodules. 11 These nodules 

might be the variously depleted source regions of Precambrian igneous 

rocks found in the crust, and may have dimensions measured in kilometers. 

Nodular heterogeneity would be able to account for the wide range in 

isotopic composition observed in rocks with similar chemical compo

sitions, and with apparently similar derivation depths in the mantle. 

The dimensions of the different regional isotopic dom~ins 

observed on the Colorado Plateau seem to indicate that the mantle 

beneath this province is relatively uniform in its isotopic character

istics for areas some hundreds of kilometers across- rather more 

heterogeneous when considered on a larger scale (see Figure 7.1). 

Adjacent subprovinces or domains in the CP mantle may have slightly 

different differentiation ages, initial lead isotopic compositions, 

average ~ values, or average K values. Understanding the differences 

between these different isotopic domains is a fascinating but difficult 

problem. Further work on this topic may allow one to assess the 

isotopic heterogeneities already developed in the Pr~cambrian mantle 

prior to formation of the lithosphere. Such studies might also allow 

a detailed examination of the pattern of lithosphere formation and 

Precambrian continental accretion in the southwest. 

Different regions within the Basin and Range province also 

appear to exhibit distinguishuble ranges in lead isotopic composition, 

especially if one compares rocks having similar ages and chemical 

compositions. This seems to imply that the mantle underlying the Basin 



F
ig

ur
e 

7.
1:

 
M

ap
 o

f 
th

e 
so

ut
hw

es
te

rn
 U

ni
te

d 
S

ta
te

s 
sh

ow
in

g 
is

ot
op

ic
 p

ro
vi

nc
e 

bo
un

da
ri

es
 

as
 

he
av

y 
bl

ac
k 

li
n

es
. 

BR
 =

 B
as

in
 

an
d 

R
an

ge
 

is
ot

op
ic

 p
ro

vi
nc

e;
 C

P 
=

 C
ol

or
ad

o 
P

la
te

au
 i

so
to

pi
c 

pr
ov

in
ce

; 
an

d 
SN

 =
 S

ou
th

er
n 

N
ev

ad
a 

is
ot

op
ic

 p
ro

vi
nc

e.
 

D
as

he
d 

li
n

es
 s

ho
w

 
th

e 
co

nj
ec

tu
ra

l 

bo
un

da
ri

es
 o

f 
va

ri
ou

s 
is

ot
op

ic
 d

om
ai

ns
 

w
it

hi
n 

th
e 

se
ve

ra
l 

is
ot

op
ic

 p
ro

vi
nc

es
. 

T
he

se
 

su
bp

ro
vi

nc
e 

bo
un

da
ri

es
 a

re
 o

nl
y 

in
te

nd
ed

 t
o 

di
sp

la
y 

th
e 

ap
pr

ox
im

at
e 

di
m

en
si

on
s 

an
d 

pl
au

si
bl

e 
lo

ca
ti

on
s 

of
 a

re
as

 d
is

pl
ay

in
g 

ho
m

ol
og

ou
s 

is
ot

op
ic

 c
h

ar
ac

te
ri

st
ic

s 
w

it
hi

n 
ea

ch
 

is
ot

op
ic

 p
ro

vi
nc

e.
 

T
he

se
 

da
sh

ed
 

bo
un

da
ri

es
 

sh
ou

ld
 b

e 
re

ga
rd

ed
 a

s 
ex

tr
em

el
y 

te
n

ta
ti

v
e.

 

N
 
~
 

\.
0

 



280 

r------ I I --------, 

------I I ·, ~-----------

---- I ---1 I . 
. I I _J_I I 
' 1%''- ' ,/· 

I 

I I 

I 

....... 

I ' I- I 
j o Ill LltJ /odP.!,' ---

0 

j .// 
i 0 8 i / :~ ,-~;:--T~ 
! i' ij ,' 

0 ~ i 
------ (- I I ' 

1
----- -·' , ' 

I

, -· -·, ,_-:-~ I o I cr·· 

I 
-...:-·-· I 0 

' ' 10 -- -1 I j Q_ - 1o o -- .,d '(.) ,a :0:: 

--- I I 0 i CD 

a.. u 

0 ' \ 

- II I ............ 9:> ,--- ,· 
... ,i @0P /0 ° 0 (' ~ ~ I ~ 

j ',, a't 0 
/'/ 

0 I 0 ' 0 I ~...... t' 
I 

........... 
00 ' I 0 , 

I ' I 0 ' 

0 9_;~--~'·<0 0 0/"L 
Z 

,_, .,_--....__~ I 

0 

(/) 

/ 0 , 0 ''-·C'i ...j 
" ' r· ' 

/ 0 \. : ...... 

• o d', o ', iG I -
I 0:: 

0 

, o , , 
I CD ' 

0 

', 9 

I

' ,_ 0 o, ': ~ /' / 0 \. ' 

I 
I 0 

I 
.... _ 0/ __ ..,., 

.-- ' - Q/ _,, 0 

I 

--..... / -- ,' ... -~ - 0 ,,...-tJ ,/' o', 

'-:.·-._,·..:;"" \. "' ' ,--0"' ' ," 0:: 
I 0 ' 0 "' 

1 __ .......... m 

i8J 
i ~ 

ijal 
I 

I 

"' ,.,"' . 
I 

F. 
1 gure 7, 1 

0 
0 
11:4 

0 



281 

and Ranges may be laterally homogeneous for distances measurir.J up to 

several hundred kilometers, but somewhat more heterogeneous wnen con

sidered at a larger scale (see Figure 7.1). In some cases lateral 

changes in isotopic properties appear sharp . For instance, the 

Quaternary alkaline basalts from the southernmost Rio Grande rift 

(south of Las Cruces, New Mexico) are dramatically different from 

those from the Rio Grande rift just to the north of Las Cruces. It 

might also be noted that the isotopic differences between basalts in 

southern Nevada and neighboring, typical BR type areas are also 

dramatic and geographically sharp. In other cases the isotopic dif-

ferences between different, neighboring areas seem to be gradational 

in character. For example, the isotopic compositions of Quaternary 

basalts from southern California are similar to but slightly more 

radiogenic in 206Pb;204Pb than the Quaternary basalts of southern 

Arizona. 

It has also been noted that within the same local area in the 

Basin and Range province, the Quaternary alkaline basalts tend to have 

lower 207Pb;204 Pb ratios than older, Pliocene and Miocene, generally 

calc-alkaline volcanic rocks. This would suggest that the calc-alkaline 

volcanic rocks in the Basin and Range province are being gene~ated 

from sources different from those giving rise to the Quaternary alkaline 

basalts. These differences might conceivably relate to differences in 

source region depth or chemical composition. It is alternatively 

possible that the character of the mantle underlying BR type areas has 
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changed during the late Cenozoic, perhaps due to tectonic processes 

related to Basin and Range development. 

Both BR and CP isotopic provinces have dimensions measured in 

thousands of kilometers. It is difficult to interpret these large 

scale regional differences in terms of small scale mantle het~rogeneities. 

For example, it is possible to hypothesize that the mantle beneath 

the southwestern United States is macroscopically homogeneous but 

heterogeneous on a microscopic or mineralogic scale, and that different 

conditions of partial melting in different areas, in conjunction with 

isotopic disequilibrium during melting, might be responsible for 

generating both BRand CP isotopic systematics. However, the chemical 

compositions of many BR volcanic rocks are similar to those of many CP 

volcanic rocks. This similarity would seem to imply that similar 

conditions of partial melting are found in both CP and BR type areas, 

so that isotopic differences between the two areas do not consistently 

appear to reflect different conditions of petrogenesis. It can also 

be noted that BR type isotopic compositions are not easily interpreted 

to be the radiogenic endmember in the CP population of isotopic 

compositions. CP type leads appear to be characterized by a very 

limited range in 207Pb;204Pb at a given 206Pb;204Pb value. BR leads 
. 207 204 206 204 show a much greater range 1n Pb/ Pb at a given Pb/ Pb value. 

Consequently, mixing radiogenic, BR type leads with unradiogenic, CP 

leads would give rise to mixing .. triangles" rather than the linear 

arrays characteristics of CP vo 1 cani c fields. Simi 1 ar "mixins·" argu-

ments might also be employed to show that it is unlikely that mantle 
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heterogeneities meters or even kilometers in size can account for the dif

ferences between CP and BR type leads. Instead, these arguments suggest 

that BR and CP type leads are coming from distinctly different kinds 

of mantle. The general consistency of isotopic properties within an 

isotopic province suggests that basically the same type of mantle can 

be found over areas measuring up to thousands of kilometers in size. 

It is pertinent to inquire about the spatial or topological 

relationship between CP and BR type mantle. If CP basalts are indeed 

being derived from ancient, Precambrian continental lithosphere, it 

is reasonable to expect that this continental lithosphere is normally 

continuous with the continental crust above. If BR basalts are being 

derived from an 11 0ceanic 11 mantle, it is likely that this oceanic mantle 

is present as asthenosphere, presumably beneath the continental litho

sphere. This reasoning might be taken to suggest that the southwestern 

United States is everywhere underlain by two layers in the mantle, 

continental lithosphere above and oceanic asthenosphere below. However, 

there is both geophysical and petrologic evidence that BR basalts are 

not consistently derived from greater depths than CP basalts, and that 

continental lithosphere may be missing in some areas of the southwestern 

United States. For example, Archambeau et ~l· (1969) indicated that 

the low velocity zone, a region in the mantle usually interpreted to 

be partially molten, is present at very shallow depths (30-40 km) 

beneath the Basin and Range province - that is, just below the crust. 

It is petrologically reasonable for at least some BR basalts to come 

from sources this shallow. Consequently, the lack of CP type leads in 
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the Basin and Range province seems to indicate that CP type mantle 

(continental lithosphere) is missing in these areas. Furthermore, 

Archambeau et E_]_. (1969) also indicate that the low velocity zone (LVZ) 

beneath the Colorado Plateau has its roof at somewhat greater depths, 

70-100 km. Petrologic evidence also suggests that some CP ma~mas may 

come from depths as great as 80 km. Thus it would appear that BR 

basalts need not consistently come from greater depths than CP basalts. 

These considerations suggest that BR type C'oceanic 11
) mantle may sit 

side by side with CP type mantle (continental lithosphere). 

Figure 7.2 is a schematic east-west cross section which inter-

prets the nature of the mantle beneath the southwestern United States 

in a way consistent with the geochemical results reported in this study. 

11 0ceanic 11 mantle is presumed to lie beneath the coastal regions and 

much of the Basin and Range province. Continental lithosphere is 

interpreted to lie beneath the Colorado Plateau and the Great Plains. 

It might also be noted that in the Figure 7.2 model continental litho-

sphere is shown to extend some distance out into the Basin and Range 

province. This interpretation is required to accommodate the presence 

of CP leads in areas displaying a Basin and Range structural style. 

Figure 7.2 also suggests that there is an upwelling of "oceanic" type 

mantle beneath the Rio Grande rift. At the latitude of this cross 

section the zone of magma generation in the mantle does not appear to 

intersect this body of oceanic mantle. ·Farther to the south in the 

Rio Grande rift, there is an area whose volcanics are believed to 

derive exclusively from this upwelling asthenosphere. 
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The depth of magma generation shown in Figure 7.1 is somewhat 

conjectural. These depths were obtained by comparing the variety of 

basalt rock types to the petrogenetic grid of Green (1971). This 

procedure assumes that each magma equilibrated with its source rock 

at the original source depth, and that there has been no significant 

upward movement of crystals and melt phases together. The inferred 

zone of magma generation for the Colorado Plateau appears to lie 

almost completely above the LVZ roof given by Archambeau et al. (1969) 

for the Colorado Plateau. 

It can also be seen in the diagram that the zone of magma 

generation is believed to include both BR and CP mantle for some areas 

near the boundary of the Basin and Range province and the Colorado 

Plateau. This detail attempts to explain the occasional presence of 

what may be a BR lead in an otherwise CP type area (see Figure 4.19). 

Mixing of CP and BR mantle in these marginal areas or zone refining of BR 

rnagmas by overlyin9 CP mantle may also explain the transitional isotopic 

characteristics found in some regions (e.g., the Mexican Highlands). 

In this cross section "oceanic" mantle is inferred to exist 

beneath some areas known to have a Precambrian crystalline basement. 

Such areas might normally be presumed to be underlain by thick, old 

continental lithosphere in the mantle. The absence today of continental 

lithosphere beneath areas with a Precambrian basement is extremely 

significant, and apparently requires removal or disruption of a pre

existing lithosphere by some fundamental tectonic mechanism. 



7.3 A Relationship between Mantle and Crustal Tectonism 

The southwestern United States can be broadly divided into two 

structural provinces: one lying to the west along the Pacific Coast, 

and a second farther inland. The western regime would include the 

Basin and Range, Sierra-Cascade, and Pacific border provinces, and has 

been characterized by an extensive history of tectonism and magmatism. 

The Devonian Antler orogeny, the Permo-Triassic Sonoma orogeny, the 

Triassic mythical megashearing of the western continental edge, the 

Mesozoic episode of plutonism that formed the Sierra Nevada and southern 

California batholiths, the Mesozoic-Early Teritary thrusting episodes 

of the Nevadan-Sevier-Laramide orogenies, as well as the late Cenozoic 

extensional tectonism of the Basin and Range province and strike slip 

faulting of the Pacific border area have all been confined to this 

active, 11 0rogenic 11 region along the Pacific coast. In contrast, the 

structural province to the east, which includes the Colorado Plateau, 

Rocky Mountains, and Great Plains, has had a relatively stable history. 

In recognition of this, Hamilton and Myers (1966) referred to this 

eastern province as 11 platform. 11 * 

The boundary between basically stable and fundamental 1y disturbed 

regions can be drawn according to a number of criteria. These might 

include the eastern extent of late Cretaceous-early Tertiary thrusting, 

*Hamilton and Myers (1966) differentiated two types of platforms - stable 
platform like the Great Plains, and unstable platform, like the Rocky 
Mountains and Colorado Plateau. 
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the extent that Mesozoic and Laramide intrusives have penetrated the 

Colorado Plateau, the presence or absence of deformation in the 

Precambrian basement, and the limit of Basin and Range type normal 

faulting. None of these structural boundaries coincide along their 

whole length (as Figure 7.3 shows), but they all seem to have similar 

trends in the southwestern United States. In Utah they trend SSW along 

the physiographic boundary of the Colorado Plateau. In Arizona they 

also seem to parallel the physiographic boundary of the Colorado 

Plateau, trending due S to SE in different areas. 

It is significant that the boundary between CP and BR type 

lead systematics, which has been interpreted to reflect a fundamental 

boundary in the mantle, follows the same trends as the crustal structural 

boundaries shown in Figure 7.3. It is also significant that CP type 

mantle, which preserves an ancient, 1.6 by old time signature (sug

gesting that it has been stable since the Precambrian), lies beneath 

crust that has also been characterized by a relatively stable Phanerozoic 

history. On the other hand, BR type ( 11 oceanic 11
) mantle has had an 

apparently complex, multi-stage history, and lies beneath a region of 

the crust characterized by a succession of orogenic (both magmatic 

and tectonic) episodes. It is furthermore interesting that the BR-CP 

mantle boundary can be interpreted as a 11 tectonic 11 contact - that this 

contact reflects the extent that previously stable continental litho

sphere has been disrupted and removed in conjunction with the emplacement 

of new "oceanic"asthenosphere. These considerations strongly suggest 
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a genetic relationship between tectonism in the crust and disruption 

of the underlying lithospheric mantle. 

7.4 Timing of Lithospheric Disruption 

It is not really clear when the mantle achieved the characteristics 

which have been recorded as regional isotopic patterns in the late 

Cenozoic volcanics of the southwestern United States. If new 11 oceanic 11 

mantle has in fact disrupted ancient continental lithosphere, the 

maximum age for this disruption is approx·imately 1.4 -- 1.8 by~ the age 

of the Southwest•s continental lithosphere. A minimum age for this 

disruption is suggested by the ages of the volcanics analyzed in this 

report. No dramatic correlation between a sample•s age and its isotopic 

affinity has been observed. The older samples from each Basin and 

Range area display BR type leads, as do the younger samples. Both old 

and young samples from the Colorado Plateau exhibit CP type lead 

systematics. This might indicate that the mantle achieved its geo

chemical properties sometime before the age of the oldest lead isotope 

sample in each area of the southwest. The oldest rock analyzed in this 

report is a 35 my old andesite from central Nevada. Thus, the mantle 

beneath the Great Basin may have obtained its 11 0ceanic 11 character some

time prior to the Oligocene. Samples with 20-25 my ages from other 

areas suggest a pre-Miocene emplacement of 11 0ceanic 11 mantle under the 

southern Basin and Range province in Arizona and southeastern California. 

The emplacement age of oceanic mantle between these broad upper 

and lower limits cannot be uniquely determined. However, it has been 
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noted that a number of late Cretaceous to late Cenozoic boundaries in 

the crust correspond rather well with the trace of the BR-CP isotopic 

boundary (section 7.2 and Figure 7.3). This geographic correspondence 

suggests that the breakup of continental lithosphere could be related 

either to the compressional deformation of Mesozoic to early Tertiary 

time or to the extensional tectonism of late Cenozoic times. 

It does not seem feasible to limit the age of lithospheric 

disruption more precisely at this time, since much potentially perti-

nent evidence appears to be ambiguous or lacking. For example, 

information on the geographical association of isotopic and structural 

features does not seem to be especially definitive. In some p·iaces 

(e.g., northern Nevada) the BR-CP isotopic boundary appears to follow 

the physiographic boundary of the Basin and Range province more closely 

than the Cordilleran foreland thrust belt. In other areas (e.g., 

southern New Mexico) the opposite appears to be true. 

On one hand 207Pb;204Pb and 208Pb;204 Pb differences between 

calc-alkaline volcanic rocks of Pliocene and Miocene age and alkaline 

basalts of Quaternary age could suggest that alterations in Basin and 

Range volcanic source regions continued very late in the Cenozoic era. 

This might tend to favor a fairly recent (post mid-Tertiary?) develop

ment of BR type sources in the mantle. On the other hand, Zartman's 

(1974) data suggested to him that regional isotopic patterns in the 

western United States have been relatively persistent for up to 200 my. 

The data of Doe and Delevaux (1973) on Mesozoic granites from the 

Sierra Nevada do appear compatible with BR type data on nearby Miocene 
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and Pliocene calc-alkaline volcanic rocks. However, this type of 

evidence should be treated with some caution. It is not clear that 

granitic rocks are always der'ived from the same, mantle sources as 

basalts. Doe and Delevaux (1973) favored a derivation of their 

granitic rocks from the lower crust on isotopic grounds, as did Presnall 

and Bateman (1973) un chemical grounds. In addition, most Mesozoic 

igneous rocks isotopically analyzed for lead come from areas lacking 

known Precambrian crystalline basement- from areas probably never 

underlain by a Precambrian mantle lithosphere. It is not really 

appropriate to use data on such rocks to suggest an age for disruption 

of continental lithosphere. Unfortunately, lead data on Mesozoic 

igneous samples from southeastern California and southern Arizona 

(areas with known Precambrian basement) are not yet available . 

7.5 Mechanisms for Lithospheric Disrupt!~ 

It is not possible to specify the physical conditions responsible 

for disruption of continental lithosphere and the emplacement of 

oceanic mantle beneath the Basin and Range province. However, the 

literature offers several models possibly pertinent to speculations on 

this topic. Burchfiel and Davis (1975), interpreting the inferred 

relationship and migration of plutonism and thrust faulting in the 

Cordillera, argued that the North American continent has progressively 

overriden a zone of hot, magma generating ( 11 oceanic 11 ?) mantle originally 

occurring along the western edge of the continent. From spatial, 

temporal, and chemical data on igneous rocks, Coney and Reynolds (1977) 
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and Keith (1978) suggested that the dip angle of the Pacific coast 

subduction zone shallowed from approximately 50° in Cretaceous time to 

approximately 10° during the mid-Tertiary. If correct, this shallowing 

of dip angle might plausibly relate to disruption (beveling?) of conti

nental lithosphere. The double subduction zone geometry inferred by 

Lipman~~· (1972) from chemical data on Tertiary volcanics might 

also provide another plausible mechanism for lithospheric disruption 

and introduction of new "oceanic" mantle beneath the western United 

States. Large scale mantle upwelling, as hypothesized by Scholz et ~

(1971) to explain geophysical properties and time-space patterns of 

volcanism in the Great Basin, could provide still another mechanism 

for introducing asthenosphere to shallow levels beneath the Basin and 

Range province. 

Although none of these particular models may be the ultimate 

answer, they all suggest the feasibility of finding a mechanism 

appropriate for relating crustal tectonism and mantle evolution in the 

Mesozoic and Cenozoic history of the South\'-lest. 

7.6 Overview 

The lead isotopic data presented in this report argue for an 

intimate involvement of mantle twice in the history of the continental 

crust. These data suggest a temporal correspondence between magma 

extraction from (oceanic?) mantle previously rather uniform in its 

isotopic properties and the plutonism (and tectonism) involved in the 

creation of continental crust during the Precambrian. In this case 
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the orogenic interaction of mantle and crust was constructive; both 

mantle and crust were transformed and developed into an association 

(the continental lithosphere) that proved stable for well over a billion 

years. In contrast, the second involvement of mantle in crustal 

orogeny would seem to be disruptive in nature, involving modifications 

in both the crust and the underlying mantle. In this case the evidence 

for the association of crustal and mantle activity is largely geographic 

in character - an approximate spatial correspondence between lead iso

topic boundaries (interpretable in terms of a contact between different 

types of mantle) and fundamenta 1 structura 1 boundaries in the crust. 

This study would seem to illustrate the particular usefulness 

of lead isotopic studies in investigating the complicated interactive 

history of crust and mantle in mobile belts. This potency is in part 

derived from the ability of lead isotopes to establish the time constants 

of a system with a complex history - a power lacking in geophysical studies 

which are constrained to examine present day systems, and not found 

in other isotopic systems which lack the capability to deconvolute 

a two-stage history. The lead system also appears to be especially 

apt in distinguishing and characterizing various types of heterogeneity 

in the mantle. Using lead isotopes to map mantle heterogeneity may 

allow an intricate examination of patterns of continental accretion 

and l-ithosphere formation in stable areas, as well as help delimit the 

geographic extent, timing, and mechanism of lithospheric disruption in 

orogenic belts - not only in the southwestern United States but through

out the world. 
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APPENDIX A: THE Pb-U-Th SYSTEM 

Lead has four naturally occurring stable isotopes: 204rb, 206Pb, 
207

Pb, and 
208

Pb. 
206

Pb, 207Pb, and 208rb are, respectively, the end

products, or daughters, of 238u, 235u, and 232rh radioactive decay. 

Thus over geologic time a radioactively derived component has been 

added to lead of masses 206, 207, and 208. As a result the ratios of 

these (partially) radiogenic isotopes to parentless, nonradiogenic 204Pb 

have changed in time. The values of 206Pb;204rb, 207rb; 204Pb, and 
208 204 . 

Pb/ Pb 1n any system today are functions of (1) the original lead 

isotopic composition of the system, (2) the amount of uranium and thorium 

relative to lead in the system over time, and (3) the time over which 

decay has taken place. In the case of a closed system, where no U, Th, 

or Pb has entered or left the system during the period of interest, 

the aporopriate mathematical expressions are given by equations (1), 

(2), and (3) of Table A.1. 

By algebraic manipulation of equation (1) and (2) it is possible 

to derive equation (4), sometimes called the Holmes-Hautermans equation. 

It is easily shown from this equation that (207 rb; 204Pb)f is linearly 

dependent on (206Pb;204Pb)f (see equation (5)). The proportionality 

between these two variables depends only on the ages of the system 

and (235u; 238u)n. Because the value of (235u; 238u)n is a constant in 

every case heretofore investigated, the Holmes-Hautermans equation 

allows calculation of the age of the system without any knowledge of 

its U or Th content. This is particularly important in studies involving 

young volcanic rocks. The chemical fractionation which occurs during 
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Table A.l: Lead equations, assuming radioactive decay in a closed system* 

(4) 
(

207 Pb ) f - ( 207 Pb ) i 
204Pb 204Pb 

= n • 
[exp(A5Ti) - exp( A5Tf)] 

[exp(A8Ti) - exp(A2Tf)] 

( 
207 Pb) (206Pb) ( 206Pb) . (207 Pb ) . 

(5) 204Pb f = 204Pb f . F(t) + [F(t) . 204Pb 1 + 204Pb 1] 

where i = initial value 

f = final value 

T. =age, in years before present, of beginning of the system 
1 

Tf = age, in years ago, of end of the system 
n = value if the system had been allowed to remain undisturbed 

until the present 
238 A = the decay constant of U 8 235 A = the decay constant of U 

5 232 
A2 = the decay constant of Th 

F(t) = RHS of (4) 

*See Wetherill (1956), Russel and Farquhar (1960), or Faure (1977) for 

derivations of these equations. 
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the generation of the volcanic magma invariably changes U/Pb and Th/Pb 

ratios so that source region values cannot be measured directly in the 

volcanic derivatives. 

There are two chief circumstances where equation (4) can be 

employed. In both the validity of the calctJlation requires the closed 

system assumption to be true. The first, termed the single stage or 

model age calculation, calculates Tf assuming Ti is the 4.57 by age of 

the earth* and the initial lead ratios are those of Canyon Diablo 

troillite -- the least radiooenic lead ever measured, and the one 

thought best to represent the primordial values of the solar system. 

For modern volcanics the calculated Tf should be zero. However, modern 

volcanics commonly give model ages hundreds of millions of years in the 

past or in the future. This fact is strong evidence that young volcanic 

leads have not evolved in a closed system since the formation of the 

earth. Indeed the predominance of future ages suggests that most 

volcanics have come from systems in which p = 
238u1 204Pb has increased 

in time. 

Equation (4) is also used in a two stage or secondary isochron 

calculation. Here it is assumed that the lead evolved from T
0 

(the 

age of the earth) to Ti in a closed system having a constant ~· At 

Ti the original system differentiated into a number of subsystems having 

different p's. These subsystems have separately evolved as closed systems 

*More precisely T. is presumed to be the age implied by the meteoric 
isochron. See Tatsumoto et ~· (1973) and Patterson (1956). 
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until Tf. According to equation (5) the lead in these subsystems will 

lie on a straight line in a 206rb; 204Pb-207Pb;204Pb diagram, the slope 

of which is equal to the right hand side of equation (4). For young 

volcanics Tf = 0 so Ti is the only variable on which the slope is 

dependent. Thus, a number of 207 rb; 204Pb and 206Pb; 204Pb measurements 

determining a straight line can be used to determine Ti, the age at 

which the whole supersystem formed. But care must be exercised in 

evaluating the validity of this calculation; mixing or contamination 

processes can also generate straying line arrays on 206rb; 204Pb-

207Pb;204Pb diagrams. 

The interested reader is referred to Faure (1977), Gale and 

Mussett (1973), Harper (1973), Doe (1970), Kanasewich (1968), and Russell 

and Farquhar (1960) for more detailed discussion of Pb-U-Th systematics. 

The numerical values of isotopic parameters used in this work are shown 

in Table A.?.. 
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Table A.2: Isotopic parameters used in this report 

Parameter 

Decay Constants 

235u 
238u 

232Th 

Commonly used 
Symhol Value 

.155125 by- 1 

.98485 by- 1 

. . 049475 by-1 

Primordial Pb Ratios (Canyon Diablo Troillite) 

(206Pb; 204Pb) Ap,Xo 9.307 To 

(207Pb/204Pb) 
To 

(208Pb/204Pb) 
To 

Present Da~ Ratios 

(238U/235U) 
n 

(238U/204Pb) 
n 

bp,Yo 

Cp,Zo 

).1 

K 

10 . 294 

29 .476 

137.88 

variable but ~9 for 
many systems 

variable but ~4 for 
many systems 

variable but ~36 
for many systems 

Reference 

Jaffey et ~· (1971) 

Jaffey ~t ~- (1971) 

LeRoux and Glendenin 
(1963) 

Tatsurnoto et al. 
(1973) --

Tatsumoto et al. 
(1973) --

Tatsumoto et al. 
(1973) --

Steiger and Jaeger 
(1977) 
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APPENDIX B: ANALYTICAL METHODS 

Sample Preparation 

Samples of basalt were cleaned of external, atmospherically 

contaminated surfaces in the field with a sledge hammer. Those samples 

shown by thin section examination to be unweathered were later crushed 

into pea-sized particles by a smaller hammer on an iron plate. Except 

for a few samples ground in an agate motar, pea-sized particles were 

ground into a fine pm'ider by a Spex Industries tungsten carbide Shatterbox. 

Determination of Pb Isotopic Compositi9ns 

For isotopic composition determinations lead was extracted from 

2 to 4 grams of powdered rock sample using pyrochemical techniques 

similar to those employed by Ludwig (1974). Rock samples were heated 

in outgassed quartz tubes under vacuums of less than 0.1 mm Hg at 

temperatures of approximately 1100° C for periods of 24 hours or 

more, while volatilized Pb was collected on a fused silica cold 

finger. Volatilized lead 11as removed from the cold finger by dipping 

the tip of the finger in a dilute HCl solution. Yields for the 

volatilization procedure range from 71 to 87%. 

Lead in the HCl dip solution was purified by conventional 

dithizone extraction, which has been described by Tilton et ~· (1955). 

The first step of this procedure is the addition to the dip solution of 

potassium cyanide and ammonium citrate (1 ml of 1% KCN solution and 

2 ml of 25% citrate for normal sized samples) followed by enough NH 40H 
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to raise the solution pH to a value of aoproximately 9.3. The resulting 

aqueous solution is then shaken in a separatory funnel with an appropriate 

amount of sodium dithizone-chloroform solution (1 ml of standard 

dithizone solution, which is 6.0 mg of dithizone for each liter of 

CHC1 3, is adequate for complexing 2 ~g of Pb). This transfers Pb into 

the CHC1 3 phase while most other, undesirable metal ions remain in the 

aqueous phase. After separating the two phases, the dithizone-Pb 

solution is shaken in a second separatory funnel with 10 ml of dilute 

HCl. This step causes the Pb to be extracted back into the aqueous 

solution, with further purification resulting. The lead bearing HCl 

solution is then dried in a 10 ml pyrex beaker. Once dry, small amounts 

of concentrated nitric and perchloric acids are added to decompose any 

organic matter present. The 10 ml beaker is again heated until it is 

dry. 

For mass spectrometry Pb was loaded on high purity, outgassed 

Re filaments using the silical gel method. The method used is modified 

from that described in N.B.S. Technical Note 546, E.B. Shields, editor. 

The method employed in this laboratory consists of adding 0.02 ml of 

concentrated HN03 to the 10 ml beaker containing the Pb sample, heating 

the beaker to dryness, adding 0.02 ml 0.75 N H3Po4, and then reheating 

for 15-20 minutes. A 0.02 ml portion of silica gel in water is then 

used to wash the beaker bottom and to transfer the Pb in the beaker onto 

theRe filament. The silical gel solution is dried by passing 1.2 amps 

through the filament, which is also placed under a heat lamp. After 

drying, the filament is heated for 2 or 3 minutes at 1.5 amps, raised to 
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1.75 amps for a minute or two more, and finally heated at 2.0 to 2.5 amps 

for a second or so. The filament is then immediately introduced into 

the mass spectrometer. 

The mass spectrometers used in this study are single focusing 

30 em radius instruments interfaced with a Digital Equipment Corporation 

PDP 11/40 computer. Typical signal intensities are 0.3 to 1 volt for a 

1011 ohm resistor on the 206Pb peak from the simple collector. Data are 

typically taken at filament temperatures between 950° and 1050° C and 

at filament currents of 1.4 to 1.7 amps. Besides Pb at masses of 204, 

206, 207, and 208, the mass spectra commonly exhibited peaks at mass 

209(Bi). Less common were peaks at masses 205 and 203 (T1), 202 and 

204(Hg), and broad asymmetric peaks at 203 and 201 (ReO); no Pb data 

were taken while any of these peaks were present. 

Pb, U, and Th Concentrations 

Pb, U, and Th concentrations were determined by isotopic dilution. 

In the procedure used here spikes of essentially pure 208Pb, 235u, and 
230Th in solutions of known concentrations were added by calibrated 

pipettes to a weighed quantity of powdered rock. Typical sample weights 

were 2 to 4 grams. Approximately 3 grams of heated concentrated HN03, 

12 grams of 50% HF solution, and 3 grams of concentrated HC104 were 

used to dissolve spiked rock samples during a two-step attack lasting 

more than 24 hours. Pb, U, and Th were extracted from dissolved samples 

by heating rock residues with concentrated HM03 for a minimum of 6 hours. 

After centrifuging for an hour, this nitric acid solution was decanted 
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from the rock residue and subjected to Tatsumoto's barium coprecipitation 

procedure (Tatsumoto, 1966). The lead-bearin0 barium precipitate was 

dissolved in distilled wat ~r and processed through a dithizon~ extraction 

identical to that done in Pb isotopic composition determinations. Mass 

spectrometry procedures for Pb in spiked, concentration samples were 

also identical to those used in Pb isotopic composition analyses. 

The U and Th extracted from the rock sample are found in the 

su~ernate from the barium coprecipitation. To this nitric acid solution, 

3 or 4 drops of /l.l (N03)3 were added, followed by 25% NH 40H until a 

stable brown hydroxide precipitate formed. After centrifuging for an 

hour the supernate was decanted and discarded, and the precipitate 

dissolved in 35 ml 7 N nitric acid. Follo\'ting the Tatsumoto (1966) 

resin column procedure, this 7 r1 HN0 3 solution was loaded onto a nitrate 

Dowex 1-XB anion resin column 15 ml in volume. The column was washed 

with 30 ml of 7 N HN03. The U and Th on the column were then eluted 

by rinsing the column with 20 ml H20 followed by 20 ml 6 ~! HCl. The 

elutant was collected and dried. Uranium and thorium in the dried 

beaker were once again dissolved, this time in 6 ml 7 N HN03. This 

solution was loaded onto a 3 mil anion exchange column, and the column 

rinsed with 20 ml of 7 N HN03. Finally U and Th were eluted by 10 ml 

of a 0.5 N HCl wash. This was collected and dried in a 10 ml pyrex 

peaker. A small a~ount of concentrated HN03 and HC104 was added to the 

beaker, and the beaker was again dried. The chemical rrocedures now 

completed, U and Th were loaded on the side filaments of a Re triple 

filament using approximately 0.04 ml of concentrated nitric acid. The 
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side filament was dried at 1.2 amps filament current, and then baked at 

1.4 amps. Once in the mass spectrometer sizeable signals of U were 

encountered at side filament currents of ap~roximately 1.8 A and center 

filament currents of 4.0 A. Th signals tended to come in at hotter 

filament temperatures associated with 2.5 amps of side filament current 

and 4-5 amps of center filament current. Depending on the sample, U 

metal or UO, and Th metal or ThO, signals could be encountered. 
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APPENDIX C: DESCRIPTIVE DATA 

Introductory Notes 

Some of the rock names used in the following pages are not in 

common usuage. Because many basalts from the southwestern United 

States cannot be unambiguously assigned to traditional petrologic 

categories on petrographic CJrounds, descriptive, if untraditional, 

names have been employed. To briefly reiterate discussions in the 

text, olivine-augite basalts are mafic basalts rich in olivine and 

augite usually with more than 35% of these minerals). They usually 

contain large, abundant olivine phenocrysts, very rarely contain plag

ioclase phenocrysts. Feldspathic basalts contain a higher percentage 

of plagioclase (40-60%), and commonly plagioclase phenocrysts. While 

olivine-augite basalts tend to have ophitic or subophitic textures, 

many feldspathic basalts have trachytic textures. Feldspathic basalts 

compositionally grade into andesites, with Si02 concentrations usally 

between 50 and 54%. Olivine-augite basalts usually have Si02 contents 

less than 50%. The term 11 basaltic andesite" has been reserved for 

those mafic volcanic rocks containing sieve-textured plagioclase and/or 

quartz 11 xenocrysts." In the cases where it was possible to establish 

whether a sample was alkaline or subalkaline from its petrographic 

characteristics, the descriptive labels discussed above were replaced 

by more traditional names. 

The numbers quoted in the following petrographic descriptions 

should be regarded as semiquantitative. The minerals percentages 

given here we~e subjectively estimated, and consequently imprecise. 
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Plagioclase compositions were determined by relatively inaccurate, 

optical methods on crystals which were commonly zoned. The 2V data 

given are also approximate. 

Abbreviations 

anh 
B+(-) 
euh 
grdmass 
lt 
med 
pheno 
quad 
sec 
subh 
v 
xend 
U+(-) 
J.10heno 

anhed1~a 1 
biaxial positive (negative) 
euhedral 
groundmass 
light 
medium 
phenocryst 
quadrangle 
section 
subhedral 
very 
xenocryst 
uniaxial ~ositive (negative) 
microohenocryst 
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C3006 

Name: Hornblende andesite 
Megascopic description: Lt to med gray, fine grained, unvesicular, 

unaltered, with orientated hornblende rhencrysts 
Coordinates: 114°33 1 12"~1- 32°56 1 55"N 
Township: 3oo•s, 5oo•E of SE corner sec 16, T14S, R23E, Little Picacho 

Peak 7.5• quad, Imperial Co., CA 
Locality: Near headwaters of Ferguson Wash, ~2 mi E of Senator Wash 

Recreation Area, Chocolate Mtns. 
Field relations: Capping flow on a faulted cuesta, overlies tuffaceous 

unit 
Age: K/Ar, 24 . 7 ± 1.2 my (Damon, 1968) 
Reference: Crowe (1978) 
Minerals: 

15% Hornblende, phenos, equant to elongate, often rounded at 
corners, 0.4-4 mm in length, pleochroic tan to deep brown, 
oxidized along outer edges 

30% Plagioclase, phenos, short laths, 0.2-1 mm in size, some 
grains have partially reacted (wormy) cores, zoned, ~An35 

40% Plagioclase, grdmass, acicular microlites, 50~ in size, 
~An25? 

10% Oxides, grdmass, e~uant, 50-150 ~ size 
5% Glass, grdmass, interstitial to plagioclase microlites 

Texture: Hornblende and plagioclase phenocrysts show a preferred 
orientation, but the texture is really not trachytic. Groundmass 
minerals are unoriented. This lack of orientation as well as 
their very fine sizes suggest that groundmass crystals formed 
by devitrification of an originally glassy matrix. 

Comment: A rock that is remarkably free of alteration. 



336 

,l\3008 

Name: Basaltic andesite 

Megascopic description: Medium gray, basically unvesicular, aphanatic 
volcanic rock; contains mm sized plagioclase phenocrysts, and 
an occasional red-brown iddingsite pseudomorph of olivine 

Coordinates: l13°08 1 29"~1 - 32°52 1 59"~1 

Township: 800 1 \·J, 100 1 S, N'~ corner sec 25, Rl\1, T6S, Sentinel 15 1 quad, 
Maricopa Co., AZ 

Locality: Flow, south side Sentinel Peak cinder cone 

Field relations: From a morphologically youthful but probably not recent 
flow 

Age: Quaternary, according to the Arizona state geologic map (Wilson 
et ~· , 1969) 

Reference: Wilson et al. (1969) 
~,1i nera 1 s: 

7% Plagioclase, phenos, stubby, 1-2 mm in diameter, rounded, 
sometimes embayed, cores and annul uses of partially reacted 
(wormy) material, poorly twinned, zoned, sometimes exist in 
multi-grain aggregates 

Tr Quartz, phenos, equant, ~1 mm, surrounded by fine grained 
clinopyroxene (?) reaction rim 

15% Olivine, micropheno and grdmass grains, eu-an, 50-400 ~ in 
size, larger grains in lar0e oart altered to iddings1te 

5% Clinopyroxene, grdmass, anh, 40 ~ in size 
40% Plagioclase, microphenocrysts and grdmass grains, euh-subh 

laths, 40-400 ~ in length, clean and unreacting, ~An30-An50 
in composition 

10% Oxides, equant, 50-100 ~ in size 
20% Glass, interstitial material, usually ~20 f.! across, brown 

color, mostly devitrified 

Tr Serricite alteration along vesicle borders 
Texture: Feldspar laths show a consistent· orientation, but there is too 

much mesostasis to label this a pilotaxitic texture 
Comment: The presence of wormy plagioclase and quartz "xenocrysts" in 

this rock is remininscent of basaltic andesite from the Colorado 
Plateau. These features have been only infrequently observed in 
the mafic, generally alkaline volcanics of the Basin and Range 
province. However, two nearby samples (A3009 and A6005) show 
similar, unusual characteristics. The abundance of plagioclase 
in this rock also deserves note. Leeman (1970) has reported a 
B7SrjBGsr value of 0.7035 for a basaltic andesite sample (WPL-91) 
from the Sentinel area. 
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A3009 

Name: Basaltic andesite 

Megascopic description: Dark gray, mostly unvesicula~ contains an 
occas)onal olivine phenocryst altered to iddingsite 

Coordinates: 112°48 1 55"\·J - 32°27 1 39"N 
Township : soo~w, 250 1 S, NE corner sec 19, R5W, T11S, Ajo 15 1 quad, 

Pima Co., AZ 

Loca 1 i ty: SH flank, Batamonte f1tns, "'2 mi N and E of Childs 
Field relations: Samole from Batamonte Andesite formation of Gilluly 

(1946) 

Age: K/Ar 15 ± 2.2 my (Eberly and Stanley, 1978) 
Reference: Gilluly (1946) 
~1i nera 1 s: 

5% Plagioclase, phenos, stubby to irregular in shape, 1-2 mm 
in size, universally rounded, occasionally embayed, wormy 
textured cores or rings, zoned, twinned 

15% Olivine, phenos and grdmass, 20 ~ - 1 mm, subhedral to 
anhedral, larger grains replaced in large part by iddingsite, 
but unaltered crystals clear 

10% Clinopyroxene, grdmass, equant, 100-500 ~ , B+, lt gray-
green color 

40% Plagioclase,grdmass, lath like, 50-150 ~ in length, "'An40? 
15% Oxides, grdmass, equant, euhedra 1 , . 100 ~ 
15% Glass, interstitial, 20 ~blebs, brown colored and containing 

microlites 
1% Calcite, weathering oroduct, found lining vesicles and in 

some cracks 
Texture: Groundmass plagioclase laths are subparallel to one another. 
Comment: This sample is unlike the Quaternary alkaline olivine basalts 

that characterize much of the Basin and Range province. The 
presence of wormy plagioclase crystals suggest a similarity to 
the basaltic andesites of the Colorado Plateau. 
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r·13012 

Name: Bas a 1 t 

Megascopic description: Black, vesicular volcanic rock with plagioclase 
rhenocrysts 

Coordinates: 113°30 1 W - 32°02 1 N 

Locality: 1 mi E and S of black ash quarry on Mexico Route 2, between 
Sonoita and San Luis, several mi E of the microwave relay station 
on top of Cerro de Las Lavas, northern oart of Pinacate volcanic 
field 

Field relations: From a morphologically recent flow 
Age: Quaternary 
Reference: 
Minerals: 

10% Plagioclase, phenocrysts to microphenocrysts, euh to subh 
but generally lath like, 0.3-6 mm in length 

5% Olivine, microphenos, subh, usually around 300 ~ in size 
but occasionally as large as 1 mm 

25% Oxides, grdmass, anh, equant 
20% Plagioclase, grdmass, laths 

15% Glass 
20% Vesicles, irregular in shape, but approximately a mm or 

two across 
5% Clays and calcite, vesicle filling 

Texture: Under low power this rock apnears to have black glass matrix. 
Higher power reveals a groundmass composed alMost entirely of 
fine grained crystals 

Comment: Two features are esoecially noteworthy about this rock. The 
first is the abundance of oxides in the groundmass. The second 
is the abundance of clays and calcite as fillings in vesicles. 
Although these are not really weathering products - the rock 
itself appears quite fresh - their occurrence suggests that the 
isotopic results on this rock be interpreted with caution. 
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C3013 

Name: Olivine-augite basalt 

Megascopic description: Lt. gray, unvesicular basalt with abundant 
olivine rhenocrysts 

Coordinates: 117°57 1 52 11 \~ - 3]024 1 48 11 N 
Township: Central W 1/2, sec 19, R37E, T6S, Soldier Pass 15 1 quad 

Inyo Co., C . .l\ 

Locality: In arroyo cliff, just S of California 63, W of Piper Mtn, on 
the NE part of Deep Springs valley 

Field relations: Basalt outcrop lies on top of Mesozoic granite 
Age: K/Ar 10.8 ± 1.0 my (Dalrymple, 1963) 

Reference: Mariposa Sheet, Geologic Map of California (Strand, 1962) 
Minerals: 

25% Olivine, phenocrysts to grdmass grains, typical olivine 
cross-sections, subhedral, 20 ~ - 2 mm in size, crystal rims 
often show incipient oxidation, larger crystals often contain 
oxide inclusions 

25% Augite, phenocrysts and grdmass crystals, equant, subh-anh, 
50 ll - 1 mm in size, lt br·o\vnish or greenish tint, 2Vrv60° 

35% Plagioclase, grdmass, elongated laths, rvS0-250 ll in length, 
An45 

15% Oxides, equant, 10-100 ~ in size, perhaps a bimodal size 
distribution 

Texture: I ntergranul ar 
Comment: A remarkably fresh sample, which shows no petrographic evidence 

of contamination. Hm.,rever, Hedge and Noble (1971) have reported 
a 87 Srj86Sr ratio of 0.7080 for a sample from the same ~eneral 
1 oca l ity. 
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C3014 

Name: Olivine basalt 

Megascopic description: Light gray, unvesicular basalt with reddish 
brown iddingsite "ohenocrysts" 

Coordinates: ll8°36'27"W- 37°33'16"N 
Township: SE l/4, sec 36, R30E, T4S, Casa Diablo Mtn 15' quad, Mono Co., 

Cl\ 

Locality: Owens River gorge, ~4 mi E of Tom's Place 

Field relations: Sample from upper part of the flow. The basalt in 
Owens Gorqe lies on too of Mesozoic granitic rocks and beneath 
the Bishop tuff 

Age: K/Ar 3.2 ± 0.1 my (Dalrymple, 1963) 
Reference: Mariposa Sheet, Geologic Map of California (Strand, 1967) 
Minerals: 

5% Olivine, phenos, sub, ~1 mm in size, larger grains rimmed 
by reddish alteration, smaller grains completely consumed 

20% Augite, microphenos-grdmass, subh-anh, ~200 p in size, B+, 
intermediate 2V, lt brown tint 

10% Olivine grdmass, an., 50 p in size, almost completely 
converted to i dd i ngs i te 

45% Plagioclase, grdmass, elongate laths, 100 p in len']th, ~An45 

15% Oxides, grdmass, equant, 20 p in size 
3% Vesicles, up to 4 mm in size, completely free of alteration 

Texture: Orientated plagioclase laths give this rock a trachytic 
appearance. 

Comment: This . rock is transitional between an olivine-augite basalt and 
a feldspathic basalt. 
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N3015 

Name: Basaltic andesite 

Megascopic description: Purplish gray, aphanatic, aphyric 
Coordinates: 117°36'55"\:J- 38°58'42"N 
Township: T13~, R39E, lone 15' quad, Nye Co., NV 

Locality: Top of a NW trendinq ridgR, ~2~ mi NU of lone, ~1/4 mi E of 
National Forest boundary 

Field relations: Stratiqraohically above Toiyabe quartz latite (~20 my) 
but morphologically older than one would expect for a Quaternary 
or Late Pliocene rock 

Age: Between 5? and 20 my in age 

Reference: Vitaliano (1963), Vitaliano and Vitaliano (1972) 
r~inerals: 

55% Plagioclase, pheno-grdmass, short laths, 50~ - 2 mm, twinned, 
zoned 

7% Olivine, pheno-qrdmass, sub, 1 mm- 100 ~ in size, larger 
grains almost completely converted to iddingsite and contain 
oxide inclusions 

13% Clinopyroxene, grdmass, sub-an, often elongate, 100-400~ in 
size, commonly twinned, B+, intermediate 2V 

15% Oxides, ~rdmass, granular, ~so~ in size 
10% Glass, grdmass, interstitial blebs, lt brown color 

1% Quartz, xenocrystic, 1 mm, rounded, surrounded by clino
oyroxene and glass reaction rim 

1% Oxidation, weathering, especially along cracks 
Texture: Randomly orientated plagioclase laths set in a glassy matrix 

Comment: Mineralogically this rock is similar to the basaltic andesites 
of the Colorado Plateau. Isotopically it is indistinguishable 
from the other volcanics of the Great Basin. 
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~B016 

Name: Feldspathic basalt 

Megascopic description: Med gray, generally unvesicular basalt with 
"rusted" olivine phenocrysts and larger but less common feldspar 
phenocrysts 

Coordinates: 118°27'04"1'1 - 39°16'41"N 

Township: ~12000' S75 E of N~ corner, T1GN, R32E, 2° Reno quad, Churchill 
Co., NV 

Locality: Just N of U.S. 50, W side of the Stillwater Range, ~7 mi W 
of Frenchman 

Field relations: Youngest volcanic rock in the section, overlies Pliocene? 
sediments and tuffs 

Age: Plio-Pleistocene, according to Page (1965) 
Reference: Page (1965) 
r·~i nera 1 s: 

3% Olivine, pheno, subh, characteristic olivine cross sections, 
~1 mm in size, rimmed by reddish and/or black oxidation, 
11 ext, B+, 2v~so, clear color, contain some oxide inclusions 

2% Plagioclase, pheno, subh, often lath like, ~1 mm sized 
crystals clump together in 3 mm sized aggregates (glomera-
porphyritic texture) 

10% Olivine, grdmass, anh, 50~ in size 
15% Clinopyroxene, grdmass, anh, 50~ in size 
20% Oxides, grdmass, blocky, 50-100 ~ in size 

4% Vesicles, 300 ~ in size, irregular in shape 
1% Glass, interstitial blebs, 30 ~ in size 

45% Plagioclase, grdmass, lath like, 200-400 ~ in length, ~An50 
Texture: Basically intergranular, but pla~ioclase laths are locally 

subparallel. Rock is characterized by glomeroporphyritic 
plagioclase megacrysts, and rare patches of fine grained, mostly 
clinopyroxene, material 

Comment: The abundance of oxide in this rock may suggest a tholeiitic 
affinity. The occurrence of plagioclase phenocrysts is untypical 
of alkaline olivine basalts, suggesting that this sample be 
labelled a feldspathic basalt. 
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N3018 

Name: Andesite 

Megascopic description: Lt gray, aphanatic, unvesicular volcanic rock 
containing hornblende, biotite, and feldspar phenocrysts 

Coordinates: l16°50•2rvJ- 39°23 1 30 11 N 
Township: E side sec 30 (unsurveyed), R46E, T18N, Spencer Hot Springs 

15• quad, Lander Co., NV 
Locality: ~150m N of U.S. 50, on hill to E of Cape Horn, Simpson Park 

range 

Age: K/Ar 35 ± 4 my (McKee and Silberman, 1970) 
Reference: ~cKee and Silberman (1970), McKee (1968) 
t~inerals: 

5% Biotite, pheno, euh, ~700 ~ in size, pleochroic olive-green 
to brown to lt brown, occasionally seen replacing clinopyroxene 

10% Hornblende, pheno, subh, =s;2 mm in size, pleochroic lt brown 
to brown to olive-green 

3% Augite,pheno, subh-anh, 0.4-1.0 mm, clear color, usually 
occurring with other pyroxene grains in a~gregates 

2% Bronzite, pheno, anh, 0.4-1.0 mm, pleochroic pink to green, 
found in aggre~ates with other pyroxene crystals, in some 
cases partially replaced by hornblende and biotite 

5% Oxides, ~pheno, 50-300 ~. small grains subh while larger 
grains often pseudomorphs after biotite and/or hornblende 

20% Plagioclase, pheno, subh, ~2 mm, zoned twinned, a few grains 
. v1ith sieve-1 ike (wormy) textures, ~An 58 

15% Plagioclase, grdmass, acicular, 30 ~ long, crystallizing 
from glassy matrix, ~An20 

40% Glass, white translucent 
Texture: Phenocrysts set in a partially devitrified glassy matrix 
Comment: The coexistence of several nonequilibriumferromagnesium pheno

cryst phases is notable, but not uncommon in intermediate, calc
alkaline volcanics. Although this sample has been labelled an 
andesite, it might easily be a dacite. 
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N3021 

Name: Dacite or andesite 

Megascopic description: Flinty, chocolate brown, aphanatic volcanic rock 
with abundant plagioclase phenocrysts 

Coordinates: 115°08 1 59"\,J- 39°25 1 52"N 
Township: N 1/2,sec 18, R61E, T18N, Riepetown 15• quad, White Pine Co., 

NV 
Locality: 450 m N of U.S. 50 and 300m W of lower Thirtymile Road, W of 

Robinson Summit, Egan Range 
.Age: K/Ar 32.9 ± 0.7 my (Armstrong, 1970) 
Reference: Armstrong (1970) 
~1inerals: 

5 ~1o Biotite, pheno, subh, rv400 f.!, largely replaced by opaques, 
and in some cases also completely redissolved in matrix 
material 

1% Clinopyroxene, pheno, 0.4 mm urains in 1 mm aggregates, 
rounded and embayed, reacting with grdmass 

15% Plagioclase, pheno, subh, 
zoned, twinned 

generally equant, rv1 mm sizes, 

1% Oxides, pheno, subh, rv0.5 
included in plagioclase 

mm, usually found partially 

2% Oxides, grdmass, anh, 5 f.! size qrains, differential abundances 
of these minute grains in different parts of the thin section 
give a marbled texture 

50% Plagioclase, grdmass, anh, irre~ular or acicular in shape 

25% Glass, translucent 
Texture: Porphyritic with phenocrysts set in an originally glassy but 

now largely devitrified matrix 
Comment: This sample is probably dacitic or andesitic in composition. 
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N3023 

Name: Tholeiite 

Megascopic description: Med gray, arhanatic, aphyric, unvesicular basalt 
Coordinates: 116°23'00"\'/- 40°04'27"~1 

Township: NE 1/4, sec 14, T25N, R49E, Horse Creek Valley 15' ~uad, 
Eureka Co. , fW 

Locality: 1150 m dueS of Cadet Trough Spring, Rocky Hills, Simpson Park 
i~tns 

Age: K/Ar 14.7 ± 1.0 my (Armstrong, 1970) 
Reference: Armstrong (1970) 
Minerals: 

35% Plagioclase, ~pheno-grdmass, 20 ~ - 1 m~ lath like, twinned, 
zoned, "'An54 

40% Clinopyroxene, grdmass, subh, "'50~ 
12% Orthopyroxene?, grdmass, subh, "'50~ 

10% Oxides, blocky, 50-200 ~ 

2% Glass 
1% Apatite, acicular, hexagonal to anh in cross section, 

'V5 X 40 ~ 

Texture: Relatively coarse qrained groundmass, ophitic texture 
Comment: The lack of olivine in this samole is unusual. This lack 

suggests a tholeiitic affinity fo~ this sample, even though 
orthopyroxene was not positively identified. 
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N3027 

Name: Diabase 

Megascopic description: Med gray volcanic rock containing numerous 
small vesicles 

Coordinates: 116°51'49 11 l~ - 40°44'54 11 ~1 

Tovmship: tiE 1/4, SE 1/4, sec 11, R45E, T33~1, Battle Mtn 15' quad, NV 

Locality: ~6600' elevation, W side of Sheep Creek Range, ~IE of Battle 
Mtn 

Field relations: Bottom of the basalt flow capping the Sheep Creek 
RanC)e 

Age: 14.8 ± 1.5 my U1cKee and Silberman, 1970) 
Reference: McKee and Silberman (1970), McKee and Mark (1971) 
~1i nera l s: 

15~s Olivine, subh, rounded, ~300 p, rims commonly converted to 
iddingsite, not distributed evenly through section, but 
rather in multigranular patches 

25% Augite, anh, interstitial, ~400 JJ sizes, ltgreen tint, 
partially include plagioclase laths,and some oxides 

1% Plagioclase, pheno, glomeroporphyriticaggregates of several 
large crystals, up to 6 mm in size 

35% Plagioclase, laths, ~500 JJ, zoned, twinned, An58 
Oxides, generally acicular crystals, found in interstitial 
areas occupied by mesostasis, ~200 JJ in length 

15% Glass, interstitial, ~200 JJ sizes, brown-black coloration, 
largely devitrified 

10% Vesicles, irregular in shape, ~400 JJ in size 
Texture: Uniformally coarse grained groundmass, ophitic-subophitic 

texture 
Comment: From its mineralogy, it is not clear whether this rock is 

alkaline or tholeiitic in character. However, chemical analyses 
bv McKee and Mark (1971) on basalts from the same area indicate 
aJtholeiitic affinity. These authors also report 87 S~/ 86 Sr 
values of 0.7058 and 0.7056 for basalts from the same general 
1 oca 1 ity. 
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N3029 

Name: Olivine basalt 

Megascopic description: Med gray aphanatic volcanic containing olivine 
phenocyrsts and an occasional pipe vesicle 

Coordinates: l14°37'04"~J- 39°29'16"N 
Tmmship: tiE 1/4, NW 1/4, sec 17, R21E, T14~1, Virginia City 15' ouad, 

Storey Co., NV 
Locality: Near dump, Long Valley, Lockwood area 

Field relations: Isolated remnant of McClellan Peak basalt capping a 
ridge 

Age: K/Ar 1.14 ± 0.04 my (Schilling, 1965) 
Reference: Thompson and White (1964) 
Minerals: 

15~b Olivine, J.lpheno, subh, rounded, "'700 J.l, rimmed by reddish 
material, some crystals are noticeably embayed, commonly 
contain angular oxide inclusions 

3% Augite, J.lpheno, subh-anh, generally tabular, ~2 mm in size, 
lt brown color, many crystals have a sieve-like texture, 
especially in crystal coves 

5% Plagioclase, J.lpheno, subh, ~700 J.l, zoned, twinned, "'An52? 
25% Augite, grdmass, anh, 100 J.l 

5% Olivine, grdmass, subh, 100-200 u 
15% Oxides, grdmass, both equant and elongate crystals, 50 J.l 
30% Plagioclase, grdmass, laths, 100 J.l in length 

1% Apatite, ~rdmass. acicular, 100 J.l in length 

1% Vesicles, 100-300 J.l 
Tr Glass, interstitial, ~100 u. largely devitrified 

Texture: I ntergranul ar 
Comment: Leeman (1970) has reported an 87Sr/ 86Sr ratio of 0.7052 for 

a nearby flm•J while Hedge and Noble (1971) found an 87 Sr/ 86Sr 
of 0.7048 for a McClellan Peak basa1t sample. 
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C3032 

Name: Alkali-rich feldspathic basalt 
Megascopic description: 

in the sunli9ht. 
Lt gray, unvesicular volcanic rock which sparkles 
Contains small olivine and feldspare ohenocrysts 

Coordinates: 120°08'41 11 ~~- 39°10'04 11 N 
Township: N 1/2, NE 1/4, sec 12, T15N, R16E, Tahoe 15' quad, Placer Co., 

CA 
Locality: Near top of Truckee River canyon (~6760' elevation), Twin 

Crags area, ~2 mi W of Tahoe City on California 89 
Field relations: Lousetown Formation 
Age: K/Ar 1.9 ± 0.1 my (Dalrymple, 1964) 

Reference: Burnett and Jennings (1962), Geologic Map of California, Chico 
Sheet 

Minerals: 
15% Olivine, ~pheno-grdmass, anh, 700-100 ~. partially altered 

to iddingsite, larger grains have oxide inclusions 
20% Augite, grdmass, subh, 100-300 ~. lt greenish-brown tint 
15% Oxides, grdmass, anh, 50-200 ~ 

5% Vesicles, often angular, 100-400 ~ in size, interstitial 
holes, especially between feldspar laths 

1% Glass, interstitial, ~so~ 
45% Plagioclas~. laths, 300 ~ in length, twinned, zoned, ~An65? 

1% Alkali feldspar, interstitial, ~70 ~ in length, v low 
refraction index 

Comment: Dalrymple (1964) called this rock an olivine latite. Although 
alkali feldspar is present, it does not appear to be abundant 
enough to justify the term 11 latite. 11 The basalt-like character 
of the mafic minerals would instead indicate that this rock is 
merely an alkali rich feldspathic basalt. 
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C3034 

Name: Feldspathic basalt 

Megascooic description: Dark gray, aphanitic, aphyric volcanic which 
soarkles in the sunlight (su~gestinq microphenocrysts of plagio
clase are present) 

Coordinates: 120 ° 20'56"~,1- 39°19'37"N 

Township: NE 1/4, sec 24, R14E, T17N, Donner Pass 15' ~uad, Nevada Co., 
CA 

Locality: Crest of Boreal Ridge, at 7400' elevation, near Nat ional 
Forest boundary line 

Age: K/Ar 7.4 ± 0.2 my (Dalrymple, 1964) 
Reference: Dalrymple (!964); Chico Sheet, California State Geologic 

Map (Burnett and Jennings, 1962). 
Minerals: 

50% Plagioclase, grdmass, long laths, ~ 500 p in length, twinned, 
zoned, An62 

15% Augite, grdmass, anh, equant , ~70 u across, B+, intermediate 
2V 

10% Olivine, grdmass, subh, characteristic olivine habit, 11 
ext, large 2V, clear color 

10% Oxides, grdmass, subh, equant 
15% Glass, grdmass, interstitial, 40-70 u, purple brown when 

frozen, and yellow-brown when devitrified to clayey 
alteration products 

Texture: Trachytic texture 
Comment: The abundance of glass in th i s thin section prohibits the 

characterization of this rock as a tholeiite or an alkaline
olivine basalt. However, the plentitude of plagioclase indicates 
that it can be called a feldsnathic basalt . 
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C3035 

Name: Andesite 

Megascopic description: Dark gray, unvesicular volcanic rock containing 
abundant plagioclase phenocrysts 

Coordinates: 122°34 1 03 11 \~- 38°08 1 08 11 N 
Townshio: Unsurveyed township, Petaluma River 7.5 1 quad, Marin Co., CA 

Locality: Small quarry, SE side of Burdell Mtn, ~400 m W of U.S. 101, 
near Marin County Airport 

Field relations: Sample taken from a quarried block 
Age: K/Ar 11.8 ± 0.8 my (Mankinen, 1972) 

Reference: Geologic Map of California, Santa Rosa Sheet (Koeniq, 1963) 

Minerals: 

25% Plagioclase, pheno, anh, irregular in outline, often with 
rounded corners, individual grains <1 mm, commonly found in 
gl omeroporrhyri tic aggregates (with pyroxene) up to 4 mm 
in size 

10% Hypersthene,pheno, euh-subh, 500 ~. B-, occasionally twinned, 
little or no pleochroism 

5% Augite, pheno, subh-anh, 300 u, B+, 2V~50-60 

30% Plagioclase, grdmass, lath like, 50~ in length 

3% Oxides, grdmass, equant, 20 ~ 

17% Glass, interstitial, pale brown in color 
10% Pyroxene, grdmass, 30 u, occurring in multigranular clumps 

Texture: Gl omeroporphy1·iti c aggregates and i ndi vi dua 1 phenocyrsts set in 
a partially devi~rified 9lassy matrix 

Comment: This is a typical andesite. 
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A3037 

Name: Feldspathic basalt 

Megascopic description: Black, somewhat vesicular, aphanitic volcanic 
rock with scattered (altered) olivine phenocrysts 

Coordinates: 112°19 ' 06"l·/- 32°51'06"N 
Township : N 1/2, sec 1, T7S, R1N, Estrella 15' quad, Maricopa Co., AZ 
Locality: Base of low mesa, just N of Freeman Road Exit on I-8 
Field relations: Basalt is overlain by andesitic flows 
A~ e: The Geologic Map of Arizona (Wilson et al., 1969) indicates that 

flow from which this basalt sample-was-taken has a Quaternary 
age . The degree of erosion and degree of weathering of the basalt 
flow suggests an older age. K/Ar dates from other volcanics 
in the same general area of Arizona (e.g., Eberly and Stanley, 
1978) suggest the rock is probably <20 my in age. 

~linerals: 

1% Olivine, pheno, 700 ~. euh, often completely replaced by 
alteration 

15% Olivine, grdmass, 100 p, anh, completely oxidized 

20% Clinopyroxene, grdmass, subh, 100 p, lt green coloration, 
2V"'60 

40% Plagioclase, grdmass, anh, 150 p, zoned 
10% Alteration, mainly serricitic and calcitic, found throughout 

thin section, but mostly concentrated in vesicles 

2% Vesicles 
10% Oxides, grdmass, anh, "'30 p, opaque 

Texture: Ferromagnesium minerals set randomly in a plagioclase matrix. 
A poikoblastic texture? 

Comment: This rock is probably too weathered to be suitable for isotopic 
analys i s. 
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A3038 

Name: Feldspathic basalt 

Megascopic description: Med gray, aphanatic basalt. Contains both 
Qlagioclase and iddingitized olivine phenocrysts, neither in 
abundance. Also contains a few ~ire vesicles 

Coordinates: 111°05 1 03"'·J - 33°05 1 02"N 
Township: E boundary, sec 14, T4S, R10E, Florence SE 7.5 1 quad, Pinal 

Co., AZ 

Locality: E side China Wash, ~1/4 mi S of gaging station on the Florence 
Canal 

Field relations: Interfingers with Quaternary alluvium 
.1\ge: Quaternary according to Geologic 111ap of Arizona (!•Iilson et ~., 1969) 
Reference: Geologic Mao of /\rizona (~lilson et ~·, 1969) 
t·1i nera 1 s: 

1% Olivine, pheno, euh-anh, 1 mm, predominately altered to 
iddingsite, 2v~so 

Tr Clinopyroxene, pheno, anh, 1 mm, lt brovm coloration 
3% Plagioclase, pheno, subh, laths, 2 mm, zoned, twinned, ~An68 

20% Olivine, grdmass, subh, considerably less susceptible to 
iddingsite replacement 

45% Plagioclase, grdmass, elongate laths, 150 ~ in length, ~An51 
15% Clinopyroxene, anh, 50 ~. greenish coloration 

15% Oxides, blocky, 30 1.1 

1% Glass, interstitial, 20 1.1 

Tr? Alkali feldspar, interstitial, 30 1.1, v low refractive index 

Tr Apatite, acicular, 50 ~ in len~th 

Texture: The consistent orientation of olaqioclase laths gives this 
rock a pilotaxitic texture 

Comment: The presence of plagioclase phenocrysts and the trachytic 
texture in this rock suggest that this rock be called a 
feldspathic basalt. 
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A3041 

Name: Feldspathic basalt 

Megascopic description: Med gray, aphanatic, unvesicular mafic volcanic 
with Partially oxidized olivine phenocrysts 

Coordinates: l10°59 1 24"N- 31°12 1 53"1~ 

Township: Sec 14, T24S, R13E, Tucson 7. 5• quad, Pima Co . , AZ 

Locality: Quarry, NE side of Sentinel Peak ("A" Mtn), just outside of 
Tucson city limits, in the Tucson Mts 

Age: K/Ar 27.0 ± 1.2 my (Bikerrnan and Damon, 1966) 
Reference: Tolman (1909) 
Minerals: 

2% Olivine, pheno, subh, 0.5-1.5 mm, iddingsite rims 
40% Plaaioclase, grdmass, laths, 150-600 ~ in length, twinned, 

zoned,"' An54 

20% Olivine, grdmass, subh-anh, 100 ~. brownish color from 
weathering 

15% Clinopyroxene, grdmass, subh -anh, 70 ~. pale green in color 
13% Oxides, grdmass, angular but irregular in shape, ~ 100 ~ 
10% Glass, grdmass, interstitial blebs, <100 ~ in size, dotted 

brown color, largely devitrified 
Tr Apatite, grdmass, acicular, 100 ~ in length 

Texture: Plagioclase laths show a preferred direction of orientation 
throughout the section. However, this preferred orientation is 
not so well defined to be considered a pilotaxitic texture. The 
presence of interstitial glass suggests an intersertal texture. 

Comment: Bikerman and Damon (1966) has labelled his sample from the 
same locality a basaltic andesite. This thin section looks a 
lot more like a basalt than an andesite, although there might 
be a slightly higher proportion of feldspar here than in many 
basalts. 
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A4003 

Name: Alkaline olivine basalt 

Megascopic description: Med gray, aphanitic, unvesicular basalt. Contains 
common but relatively small (:~1 mm) olivine phenocrysts, and 
larger but less common plaqioclase and oxide phenocrysts 

Coordinates: 109°18 1 33"t~ - 31°39 1 29"N 

Township: SW 1/4, sec 29, R30E, T20S, Pedregosa 15 1 quad, Chochise Co., 
AZ 

Locality: Stream cut cliff, Tex Canyon, San Bernardino volcanic field, 
SE edge of the Chiricahua Mtns 

Field relations: Flow deposited on a fairly modern drainage surface, 
overlies a young looking conglomerate 

Age: Quaternary? 

Reference: Cooper (1960) 
Minerals: 

1% Plagioclase, pheno, anh, round, 6 rom in length 
5% Olivine, ~pheno, subh, 400 ~ in size, a few, generally 

without any trace of oxidation, do not include oxides 
20% Olivine, qrdmass, subh, 50-200 ~. some oxidation gives a 

brownish color to rims, no reaction with other grdmass 
minerals 

20% Oxides, grdmass, granular, 50~ 
20% Clinopyroxene, grdmass, anh, ~100 ~. pale purplish brown 

coloration 
35% Plagioclase, grdmass, 100 ~ lath like crystals and larger 

anh crystals which appear to poikilitically include other 
30 ~ grdmass, qra ins, zoned, twinned, rvAn53 

Tr Glass, interstitial 
Tr Apatite, grdmass, acicular, 30 ~ in length 
Tr Oxide, xeno?, equant, subh with rounded corners, encloses a 

large hypersthene crystal 
Tr Hypersthene xeno?, subh, rv1 mm long, _L cleavage, low 

birefrigence, paralle·J extinction, unpleochroic, inclusion 
in a large oxide 

Texture: Intergranular, relatively fine grained groundmass. 
ation in the orientation of plagioclase laths, but it 
pronounced. Some groundmass feldspars poikilitically 
other crystals. 

:.>orne foli
is not well 
enclose 
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A4003 (continued) 

Comment: Desrite the plagioclase phenoc~yst, this is not a feldspathic 
basalt. And, although one hypel~sthenecrystal (a xenolith?) was 
observed, the purplish (titaniferous?) groundmass clinopyroxene 
suqgests that this basalt has alkaline affinities. 
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A4005 

Name: B~sanitoid 

Megascopic descriotion: Dark gray, aphanatic basalt. Contains micro
phenocrysts of olivine. Also contains ultramafic nodules and 
sol'le kaersutite. Slightly vesicular. 

Coordinates: 109°18 1 44 11 U - 31°26 1 41 11 N 

Township: NW 1/4, sec 8, T23S, R30E, College Peak, 15• quad, Chochise Co., 
AZ 

Locality: Near flow scarp, ~1 mi N of Cinder Hill, San Bernardino volcanic 
field 

Field relations: Sample taken from a flow with a sharp, uneroded front 
and irregular, only partially sediment-covered surface 

Age: The fresh morphology of this flow demands a Quaternary, and probably 
!{ecent age. 

Reference: Cooper ( 19 60) 
~inerals: 

5% Olivine, pheno and ~pheno, subh, ~1 mm, 2V::::90°, only occasional 
oxide inclusions 

2% Clinopyroxene (titanaJgite) pheno and l-lpheno, subh, avg size 
~600 l-l, pale purplish brown, slightly pleochroic coloration, 
B+, 2VV60, one larger grain shows a Shiller-like texture in 
its oxide inclusions. 

20% Titaniferous augite, subh-anh, 30-100 l-l, pale purplish brown 
coloration 

15% Olivine, subh, 50-150 l-l, v slight oxidation staining 
15% Oxides, both blocky crystals and acicular crystals ~rowing 

in glassy interstices, ~50~ sizes 
25% Plagioclase, elongate laths, ~100 ~ in length, An65 
20% Glass, interstitial, ~100 l-l in diameter, distinctive purple 

brown coloration 
1% Vesicles, rounded, ~500 ~ 

Texture: Intersertal 
Comment: The mineralogy of this rock is indistinguishable from other 

Quaternary basanitoids and alkaline olivine basalts in the ~-1ohave 
desert, the Potrillo volcanic field, and the Jornada del Muerto 
volcanic field. 
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N~14007 

Name: Basanitoid 
Megascopic description: Med gray, aphanitic, slightly vesicular rock 

containing abundant olivine microphenocrysts 
Coordinates: 108°51 1 06 11 vJ- 31°56 1 38 11 N 
Township: E 1/2, sec 23, R20W, T27S, Pratt 15 1 quad, Hidal~o Co., NM 

Locality: Small road cut, ~1.6 mi W of Ani~as on N.M. 9 
Field relations: Sa~ple taken from a boulder unearthed by road 

excavation 
i\9e: ~uaternary according to Geologic Map of ~lew Mexico (Daneand Bachman, 

1965) 
t·1i nera 1 s: 

5% Olivine, pheno, euh-subh, <1 mm- 4 mm, contains small euh 
oxide inclusions, some embayment 

30% Titanaugit~ grdmass, subh-anh, 500 ~. ourplish slightly 
pleochr·oic coloration 

35% Plagioclase, qrdmass, long laths, 300 ~ in length 
10% Olivine, grdmass, subh-anh, 100 p, no reaction relations 

observed 
15% Oxides, grdmass, anh, occasionally skeletal, more commonly 

blocky and acicular, ~150 ~ in size 
3% Vesicles, 100 ~ - 3 mm in size, smaller vesicles somevJhat 

angular or irregular in shape, longer vesicles round 
3% Glass, interstitial, ~40 ~sizes, purple-brown color, largely 

devitrifi ed 
Texture: Subophitic texture. Plagioclase laths show a real but rough 

preferred orientation direction. The qroundmass of this rock is 
quite coarse-grained, and almost entirely crystallized. 

Comment: The mineralogy of this rock bespeaks a basanitic or alkaline
olivine basalt. 
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N'-14010 

Name: Alkaline-olivine basalt or basanitoid 

Megascopic description: Dark gray basalt containin~ abundant olivine 
phenocrysts and infrequent plagioclase phenocrysts. Basically 
unvesicular 

Coordinates: 106 ° 46 1 11 11 ~/- 32°01 1 07 .. ~1 

Township: SE 1/4, sec 30, T24S, R2E, Afton 15 1 quad, Do~a Ana Co., NM 
Locality: N side, semicircular identation in lava cliff adjacent to Rio 

Grande river alluvial olain, Potrillo volcanic field 

Field relations: Flow #2 (Hoffer, 1969) from the Santo Thomas volcano 
Age: K/Ar 2.35 ± 0.2 my (Hawley and Kottlowski, 1969; quoted by Hoffer, 

1969), 0.116 ± 0.116 my (R . E. Denison, quoted by Renault, 1970) 
Reference: Hoffer (1969) 
Minerals : 

10% Olivine, pheno, subh, rounded, "'1 mm, oxide inclusions, minor 
embayment 

2% Titanaugite, pheno, subh, "'700 ~. purplish brown, slightly 
pleochroic color, B+, 2V"'50° 

1% Plagioclase, pheno, subh-anh, "'1 mm, interiors infrequently 
contain abundant oxide inclusions 

30% Plagiotlase, grdmass, laths, and oddly shaped grains which 
poikolitially enclose other grdmass minerals, ~300 ~ in 
length, An73? 

10% Olivine, grdmass, subh, 150 ~. no reaction rims 
25% Titaugite, grdmass, anh, 150 ~. purplish brown color 
15% Oxides, grdmass, subh-anh, equant to acicular, ~50 ~ 

5% Glass, grdmass, interstitial, brown color, largely devitrified 

2% Vesicles, irregular in shape, 300 ~ long 
Texture: Random orientation of crystals 
Comment: The apparently high An content of the olagioclase is unusual. 

Otherwise this sample could easily be described as a typical 
alkaline olivine basalt or basanitoid. Renault (1970) gives a 
chemical analysis on a basalt from the Santo Thomas volcano 
which supports this conclusion. 
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Nt¥14015 

~lame: Basanitoid 

Megascopic description: Dark gray, aphanitic, basaltic rock containin~ 
abundant olivine phenocrysts. Vesicular with mm sized -
sized,rounded vesicles and a network of smaller sized, irregular 
shaped voids 

Coordinates: 106°58' 12"1.~ - 31°57' 30"N 

Township: ~~ 1/2, Sl'! 1/4, sec 17, T27S, RHI, ~Joria 15' quad, 11ona Ana 
Co. , N~1 

Locality: SW portion of Kilbourne Hole, Potrillo volcanic field 

Field relations: Basaltic dike exposed in side of Kilbourne Hole maar 
.1\ge: K/Ar 0.103 ± 0.084 my (R.E. Denison in Renault, 1970) 
Reference: ~eeves and De Hon (1965) 
~·1i nera 1 s: 

10% Olivine, rheno, subh, rounded corners, 0.5-1.0 mm, euh oxide 
inclusions, some embayment, 2 ,go 

2% Titanaugite, pheno, subh, 700 ~. purple-brown slightly 
pleochroic coloration, 3+, 2Vv50 

25% Plagioclase, ~pheno and grdmass, laths, 60-300 ~. twinned, 
An73? 

10% Olivine, grdmass, subh, 150 ~. no reaction observed 
20% Titanaugite, grdmass, subh, 150 ~. purplish brown color 
10% Oxides, some 50 ~ granular crystals, but mostly crpto-

crystalline dusting in glass 
15% Glass, interstitial blebs, 50~ in diameter, nearly opaque 

because of oxide dustings 

10% Vesicles, irregular in shape, ~200 ~ in size, a network of 
holes intimately involved in the rock's fabric 

Texture: Intersertal and almost dikytaxitic 
Comment: The titanaugite in this rock indicates its alkaline character. 

The abundance of mafic ohases suggests a basanitic rather than a 
basaltic composition. The a~oarently high An content of the 
plagioclase is a puzzlement. 

Additional note: Renault has published a chemical analyses on the basalt 
from Kilbourne Hole. Leeman (1970) has reported a 87Sr/ 86Sr 
ratio of 0~7038 for a sample from the Hole. 
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NM4016 

Name: Basanitoid 

Megascopic description: A dense, unvesicular, aphanatic, dark gray 
volcanic rock 

Coordinates: 106°55'~J- 32°03'N 

Township: sec 14 (?}, T26S, R1W, Afton 15' quad, Do~a Ana Co., NM 

Locality: Sample collected a few mi E of the intersection of two roads, 
onerunning N-S between Kilbourne Hole and Aden and the second 
running E-W from Black Mountain and La Mesa, Potrillo volcanic 
field 

Field relations : ~·1orphologically very young . . Flow from Aden 
Crater 

Age: Simons and Alexander (1964), quoted by Renault (1970}, indicate an 
age in excess of 11,000 years 

Reference: Renault (1970) 
~~inerals: 

10% Olivine, pheno, euh-subh, 0.5-2.5 mm, 2V 90, contains oxide 
inclusions 

10% Olivine, grdmass, subh-anh, 100 ~. no obvious reaction 
relations 

30% Titan augite grdmass, subh-anh, purplish-brown, slightly 
pleochroic coloration 

15% Glass, grdmass, interstitial blebs, ~100 ~ in size, brownish 
color · 

10% Oxides, grdmass, 70 ~ granules and acicular microlites and 
dust in glass 

25% Plagioclase, grdmass, elongate laths, 50-500 ~ in length, 
zoned, twinned 

1% Vesicles, irregular shapes, 300 ~ lengths 

Texture: Interserta 1 and ophi tic textures 
Comment: The sample is petrographically similar to the Kilbourne Hole 

sample (NM4015). Both are unsil i cic and alkaline in character. 
Renault (1970) has nublished a chemical analysis on an Aden 
Crater fl Olt/. 
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C4017 

Name: Olivine basalt 

Megascopic description: Med gray basalt containing a few small (~1 mm), 
rounded vesicles, and microphenocrysts of olivine 

Coordinates: 11JC14'48"W- 33°32'06"N 

Township: R4W, T7S, Murrieta 7.5' quad, Riverside, Co., CA 

Locality: N tio of Mesa de Burro, ~300m S of Tenaja Road, 3.3 road 
miles StJ of ~1urrieta 

Field relations: Sample from below the top of the mesa, a sample of the 
Santa Rosa basalts 

Age: K/Ar 8.3 ± 0.5 my (Hawkins, 1970) 

Reference: Hawkins (1970), and Santa Ana Sheet, Geologic Map of California 
(Rodgers, 1966) 

Minerals: 

2% Olivine, phenos, euh-subh, ~ 1 mm, usually mantled by 
iddingsite rims 

20% Augite, grdmass, anh, 400 ~. B+, 2V~5o, slight purplish 
brown to pale green coloration, occasionally ophitically 
intruded by plagioclase 

37% Plagioclase, grdmass, laths, 200-500 ~. An68 

12% Olivine, grdmass, anh, 70 ~. almost all converted to 
iddingsite 

15% Oxides, grdmass, anh and irregular in shape, 100 ~ in size 

10% Glass, grdmass, interstitial, 50 ~. almost completely altered 
to yellow green, cryptocrystalline hydrous minerals 

Tr Apatite, acicular, 50 ~ in length 
3% Hematite, alteration 
1% Vesicles, semi-round, 700 ~ 

Texture: Intersertal. Some pyroxenes enclose plagioclase laths, giving 
a local ophitic texture. The qroundmass here is coarse grained 

Comment: It is not clear whether this rock has tholeiitic or alkaline 
affinities, although I would guess the latter. Chemical analyses 
by Hawkins (1970) indicate that both tholeiitic and alkaline 
rocks are present in the Santa Rosa volcanics. 
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C4020 

Name: Feldspathic basalt 

Megascopic description: Med qray, basically unvesicular, volcanic rock. 
Contains "rusted" olivine phenocrysts and an occasional plagio
clase phenocryst 

Coordinates: 116°11'56"~J- 32°37'29"N 

Township: N boundary,sec 7, RBE, T18S, Jacumba 7.5' quad, San Diego, 
Co., CA 

Locality: Summit Jacumba Peak, "'1 mi NH of Jacumba 
Age: K/Ar 18.7 ± 1.3 my (Hawkins, 1970) 

Reference: San Diego Sheet, Geologic Map of California (Strand, 1962), 
and Hawkins (1970) 

Minerals: 

2% Olivine, pheno, subh, 0.5-1 mm, most partially altered to 
iddingsite, or occasionally to serpentinitic material, 
euh, oxide inclusions 

1% Augite, pheno, subh-anh, 400 ll, clear off-white color, B+, 
2V<V60 

5% Olivine, grdmass, anh, 100 ~, no obvious reaction with grdmass 
25% Clinopyroxene, grdmass, anh, 100 ~. clear to slightly 

brownish color 
45% Plagioclase, grdmass, euh laths and anh equant grains, with 

wavy extinction, "'100 ~ sizes, "'An55 
1% Apatite, grdmass, acicular, ~150 ~ in length 
2% Vesicles, irregular in shape but not really interstitial, 

100-200 ~ 

1% Calcite, found in some vesicles, not present throughout 
thin section 

Texture: Locally pilotaxitic, but more often mafic phases appear set in 
an unoriented granular feldspar matrix 

Comment: Hawkins (1970) has called a sample from the same locality as 
this one an alkalic basaltic andesite based on a chemical' 
analysis. Although this report has reserved the name "basaltic 
andesite" for volcanics with quartz and/or v1ormy plagioclase 
xenocrysts, C4020 is certainly more felsic than most basalts. 
Consequently, the feldspathic basalt label has been applied. 
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C4022 

Name: Alkaline olivine basalt 

Megascopic description: Dark gray, a~hanitic rock. Generally dense but 
contains a few eliptical vesicles and more common crack vesicles. 
Phenocrysts of olivine 

Coordinates: 116°19 1 23"!~- 34°41 1 24"N 

Township: Nll 1/4, sec 23, T7"l, R6E,, Lavic 15 1 quad, San Bernardino Co., CA 
Locality: Basalt flow front adjacent to ~E portion of Lavic Lake 
Field relation: This basalt from Pisgah crater overlies sediments of the 

pluvial Lavic Lake, morphologically a young flov-1 
Age: Recent 
Reference: Dibblee (1966) 
~1i nera 1 s: 

5% Olivine, phenoct~ysts, euh-anh, 0.3-1.5 mm, 2V"-80, contains 
mi'nute oxide inclusions 

30% Plagioclase, ~pheno and grdmass, elongate laths ~800 ~ in 
length and more equant crystals ~400 ~ in size, An45 

15% Olivine, grdmass, anh, ~200 ~. no reaction rims 
25% Titanaugite, grdmass, anh-subh, blocky, 100 ~. purple brown 

color 
15% Oxides, grdmass, blocky and acicular, 40 ~ 

4% Glass, grdmass, interstitial, Partially devitrified 
6% Vesicles, irregular in shape, ~1 mm in size, often in trains 

Texture: The ground mass is ophitic to suhophitic. Plagioclase laths 
show a rough but clear preferred orientation 

Comment: This rock has the distinctive characteristics of an alkaline
olivine basalt or basanitoid 

Additional note: Peterman et al. (1970) has puhlished several 87 Sr/ 85 Sr 
measurements on PisgahCrater basalts. These range from 0.7037 
to 0.7043 in value. Both Smith and Carmichael (1969) and Yise 
(1969) have published chemical analyses on basalts from the 
Pisgah Crater field. 
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C4025 

Name: Alkaline olivine basalt or basanitoid 

Megascopic description: Dark gray volcanic rock. Contains olivine 
phenocrysts and an occasional large, elongate ~henocryst of 
oyroxene. Vesicles are present but not especially abundant 

Coordinates: 115° 43 1 22 11 \-1 - 35°17 1 15 11 N 

Township: NW 1/4, sec 20, T14N, R12E, Mescal Range 15 1 quad, San 
Bernardi on Co., CA 

Locality: 100m E of Black Tank, in the vicinity of the Halloran Summit 
Cinder Mine 

Field relations: From a squeeze u~ near the edge of a morphologically 
recent flow 

Age: Holocene 

Reference: Kingman Sheet, Geologic Ma~ of California (Jennings, 1961) 
t-linerals: 

2% Titanaugite, pheno, anh-subh, 6 mm, and ~1 mm, ~lightly 
pleochroic purplish brO\'In, B+, intermediate 2V, cores 
commonly display a sieve like texture, larger qr·ains have 
serrated edges 

10% Olivine, ~pheno, subh-anh, 0.8-0.3 mm, minute oxide inclusions, 
some large grains have a skeletal appearance, embayment 

30% Plagioclase, ~pheno, laths, 150-700 ~ in length, a few 
large, equant crystals have 110rmy interiors, zoned, twinned, 
An 55 

Tr Quartz, xenocryst?, rounded, 500 ~. surrounded by a 
perpendicular pyroxene corona 

20% Titanaugite, grdmass, anh, ~300 ~. purple-brown color 

10% Olivine, grdmass, subh, 100 ~ 

15% Oxides, grdmass, subh, granular to blocky to acicular in 
shape, 150 ~ 

10% Glass, grdmass, interstitial, 150 ~in size, deep purple 
brown color, often embedded -by oxide crystals, or dusted by 
opaque powder 

3% Vesicles, larger (>1 mm sized) vesicles have rounded outlines, 
smaller (~0.5 mm sized) vesicles are much more irregular in 
shape 

Texture: Intersertal 
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C4025 (continued) 

Comment: The mineralogy of this rock is typical of Quaternary basanitoids 
and alkali-olivine basalts from the southwestern United States. 
The presence of two quartz xenocrysts and several wormy feldspar 
megacrysts is remarkable. Their interpretation is, however, 
unclear. Certainly the lead isotoDic composition of this rock 
shows little record of crustal contaminants. 

Additional note: Leeman (1970) found the 8 7 Sr/ 8 6 Sr isotopic ratios of 
two basalts from the Halloran Summit-Cima Dome area to be .7034 
and . 7033. Peterman et al. (1970) have reported a value of .7029. 
Smith and Carmichael T.f969) have oublished a chemical analysis on 
a basalt from the same field . 
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A4027 

Name: Olivine-augite basalt 

Megascooic description: Med gray basalt with iddingsite (olivine) pheno-
crysts and dark green pyroxene phenocrysts 

Coordinates: ll2°28 1 17"W- 34°52 1 09" N 

Township: SW 1/4, sec 9, T17~, R2W, Pauldin 15 1 quad, Yavapai Co., AZ 
Locality: W of Sullivan Lake, ~1 mi S of Pauldin, close to U.S. 89 
Field relations: Sample from boulder unearthed durinq dirt road 

excavation, from the Perkinsville formation -
Age: K/Ar 4.5 ± 0.2 my (McKee and Anderson, 1971) 
References: McKee and Anderson (1971), Krieger (1965) 
r~inerals: 

7% Olivine, pheno, subh, 0.5-1.5 mm, contain minute oxide 
inclusions, in large part converted to iddingsite 

3% Augite, pheno, anh, 0.5 mm crystal, ~2 mm grains, pale 
brown-green color, 8+, 2V~60 

10% Olivine, grdmass, ~h-subh, 70 ~. usually reddish-brown 
from oxidation, no reaction 

30% Augite, grdmass, anh, granular, 50~. pale green color 
10% Oxides, grdmass, subh, blocky, subh-anh 
35% Plagioclase, grdmass, laths, ~400 ~ in length, zoned, twinned, 

,!\n53, largest (600 ~) crystals occur in glomeroporphyritic 
aggregates 

2% Glass, interstitial, 30 ~;deep brown color 
1% Apatatite, acicular, 40 ~ in len~th 

2% Vesicles, 30 ~ - 1 mm 
Tr Calcite, coating borders of some vesicles 

Texture: Plagioclase laths are locally subparallel, being separated from 
one another by !)yroxene crys ta 1 s. Ho1•1ever, augite crys ta 1 s never 
really enclose feldspar laths so the texture is not ophitic 

Comment: The abundance of olivine and augite in this rock relative to 
plagioclase indicates that this is an olivine-augite basalt in 
the classification scheme of Chapter 5. A chemical analysis on 
a nearby sample (PA3 of McKee and Anderson) shovted that sample to 
be an alkaline-olivine basalt. Classification of A4027 as an 
alkaline-olivine basalt is compatible with its petrographic char
acteristics. However, it might be noted that A4027 lacks the 
distinctive alkaline characteristics (e.g., titanaugite) displayed 
by alkaline-olivine basalts and basanitoids of the Basin and 
Range province. 
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A4028 

Name: Feldspathic tholeiite 

Megascopic description: Med gray, aphanitic, essentially unvesicular 
volcanic rock. Contains a few megascopic black pyroxene (?) 
crystals, which occur in clots. Rock sparkles in the sunlight, 
suggesting abundant microphenocrysts of feldspar 

Coordinates: 112°08 1 30"l•J - 34 °42 1 15"N 

Township: N central portion T15N, R2E, Min~us Mtn 15 1 quad, Yavapai Co.,AZ 
Locality: Road cut, ~3/4 mi from U.S. 89A along dirt road to Min~us 

Mtn camoground, in Haywood Canyon 
Field relations: Hickey Formation 

Age: K/Ar 12 ± 1 my U1cKee and .1\nderson, 1971; samples !\1M1 and ~1~12) 

Reference: ~kKee and Anderson (1971), Anderson and Creasey (1971) 
~1i nera 1 s: 

3% Olivine, pheno, subh-anh, 0.3-1.0 mm, several optically 
continuous grains are topologically distinct, extensive 
embayment in several of the larger crystals, rimmed by 
opaque oxides, not iddingsite? 

5% Hypersthene pheno, rounded, anh-subh, 600 ~. slight pink 
green pleochroism, B-, 2V~6o 

15% Hypersthene grdmass, subh-anh, 100 ~. slight pleochroism 
50% Plagioclase, grdmass, 200 p subh laths, and 50~ grains of 

irregular shape, zoned, twinned, An56 
20% Oxides, grdmass, granular, equant, 20 ~ 

2% Glass, small undevitrified remnants of a glassy matrix 
1% Apatite, acicular, 50 ~ in length 
2% Vesicles, rounded, 200 p 

Texture: Randomly oriented feldspar laths set in a granular oxide-plagio
clase matrix. Texture has an hyalophitic appearance, even though 
the glass matrix is essentially all crystallized. 

Comment: Several characteristics of this thin section are noteworthy. 
1) This is one of the very few samples of this study found to 
contain hyperstene phenocrysts. 2) Like several other tholeiite 
samples, this rock contains an abundance of opaque oxides. 3) 
Opaque oxides, not iddingsite rim the olivine phenocrysts. 4) The 
hyalophitic texture observed in this rock is almost always observed 
in volcanics more silicic than basalt. This and the abundance 
of plagioclase suggests A4028 has andesitic affinities. Two 
chemical analyses on nearby rocks (McKee and Anderson, 1971) 
support the conclusion that A4028 has the chemistry of a basaltic 
Mdesite. 
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A4029 

Name: Olivine tholeiite 

Me9ascopic description: A med gray basalt. Contains partially oxidized 
olivine phenocrysts and 11 lacy 11 network of small vesicles 

Coordinates: 111°38 1 06 11 ~·1- 35°12 1 13"N 
Township: E central sec 15, T21N, K7E, Flagstaff West 7.5• quad, 

Coconino Co., AZ 
Locality: Blasted road cut near Pinecliff Apartments on Pinecliff Road, 

on W side of Switzer Mesa, Flagstaff, San Francisco volcanic 
field 

Field relations: Approximately correlative to the basalt of Cedar Mesa 
Age: K/Ar 5.8 ± 0.34 my (Daman et ~., 1974) 
Reference: r1oore et ~· (1974) 
~··1inerals: 

5% Olivine, pheno, subh-anh, rounded, 600 ll, rimmed by iddingsite, 
minute oxide inclusions 

5% Olivine, grdmass, subh-anh, no reaction rims observed 
25% Augite, grdmass, anh, almost skeletal because of inclusions 

of plagioclase laths, 500 ll, B+, 2V~60, pale brown-green 
color, slightly pleochroic? 

30% Plagioclase, laths, 600 ll 

15% Oxides, 5 ll granular dusting and anh, elongate grains up to 
300 ll long 

5% Glass, interstitial areas up to 300 u in size, brown color, 
often containing opaque microlites 

15% Vesicles, irregular in shape, 100-500 u in size 
Texture: Ophitic and subophitic to intersertal textures. Despite the 

abundance of small vesicles, the texture is not quite dikytaxitic 
Comment: This is an olivine augite basalt, according to the classification 

scheme of Chapter 5. A chemical analysis of a Switzer Mesa flow 
sample (E. \·Jolfe and R. ~1oore, written communication) has the 
chemical composition of an olivine tholeiite. It is also inter
esting to note the abundance of oxides in this tholeiitic rock, 
a characteristic that has been observed in other tholeiites too. 

Additional note: Brookins and Moore (1975) have reported a 87Sr/ 86Sr 
ratio of .7030 on the basalt of Switzer Mesa. 
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A4030 

Name: Basaltic andesite 

Megascopic description: Dark gray, aphanitic volcanic rock. Contains 
abundant but rather small ( <1 mm), pale green (pyroxene) pheno
crysts. Moderately vesicular \•tith persistent, irregularly 
shaped, qenera lly sma 11 (:s:2 mm) voids 

Coordinates: 111°36'30"\~- 35°36'36"N 

Township : NE 1/4, sec 26, R7E, T26N, SP Mtn 15' quad, Coconino Co., AZ 
Locality: E side of SP b~salt flow, N of crater V168 and W of crater 

V225, San Francisco volcanic field 

Field relations: Sample from a small squeeze up; a morphologically very 
young, blocky lava flow (Merriam) 

Age: K/Ar 0.071 ± 0.004 my (Baksi, unpublished data, reported in Damon 
~ ~·' 1974) 

Reference: Ulrich and Bailey (1974), ~·1oore et ~· (1974) 
Minerals: 

2% Augite, pheno, 600 w anh grains in aggregates up to several 
mm in size, very pale coloration, B+, 2V~O 

5% Olivine, ~pheno-grdmass, euh, 50-300 win size, clear, 
2v~ao, no obvious reaction 

20% Augite, grdmass, 50~. subh, B+, 2V~55 

Tr Plagioclase, pheno, wor·my texture 

35% Plagioclase, grdmass, elongate laths, typically 100 v in 
length, and 10 ~ across, ~An42 

20% Glass, interstitial between feldspar laths, spotty brown 
co 1 or · 

5% Oxides, equant, euh, 20 w size (a larger percentage as 
dustinry in glass) 

15% Vesicles, 50 ~ - 3 mm, irregular but generally rounded 
shapes 

Texture: Intersertal to hyalophitic, and quite vesicular (although 
vesicles are too large to give a dikytaxitic texture) 

Comment: According to ~oore !~ al. (1976), two pyroxenes are commonly 
found in the basaltic anaesites of the San Francisco volcanic 
field. Only augite was observed in the A4030 sample. This thin 
section also lacks quartz xenocrysts and contains only a single 
wormy plagioclase grain. Both phases are common in most other 
basaltic andesite samples from the Colorado Plateau. However, 
a number of chemical analyses on the SP flow (Wolfe and Moore, 
written communication) indicate that it is chemically similar to 
the other basaltic andesite of the San Francisco volcanic field. 
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.1\4031 

Name: Feldspathic basalt 
Megascopic description: Med gray, aphanitic, unvesicular volcanic with 

large (uo to 1 em sized) plagioclase phenocrysts and small, 
euhedral olivine phenocrysts 

Coordinates: 111°30'56"W- 35 ° 37'09" ~l 

Township: E central sec 23, RBE, T26N, SP Mtn 15' quad, Coconino Co., AZ 

Locality: Just E of U.S. 89, 2 mi N of Hank's Trading Post, San Francisco 
volcanic field 

Field relations: Black Point flow of Woodhouse age 
Age: K/Ar 2.39 ± 0.32 my (Damon et ~·, 1974) 
Reference: Ulrich and Bailey (1974) , Moore et ~· (1974) 
Minerals: 

5% Plagioclase, pheno, 0.5-4 mm, subh-anh, smaller crystals 
are lath like, larger crystals rounded, twinned and zoned, 
~An 54 

1% Olivine, pheno, 700 ~. subh, contains minute oxide inclusions, 
2V~9o, v~ slight iddingsite on rims 

20% Olivine, grdmass, ~200 ~. smaller grains often a rust color 

15% Clinopyroxene, grdmass, 80 ~ 

20% Oxides, grdmass, 40 ~. subh, block 
40% Plagioclase, grdmass, laths, ~400 ~ in length 

Tr Apatite 
Tr Glass 

Texture: Intergranular te~ture with feldspar laths aligned subparallel 
to their neighbors. Ferromagnesium and oxide phases appear set 
in feldspar matrix 

Comment: The plagioclase phenocrysts and the abundance of plagioclase 
indicate that this rock be labelled a feldspathic basalt . 
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A4033 

Name: Basaltic andesite 

Megascopic description: Lt gray, aphanitic, unvesicular. Contains an 
occasional large (1-3 mm) translucent quartz and/or feldspar 
megacryst and more commonly, smaller (<1 mm), elongate, blackish 
colored olivine and/or pyroxene phenocrysts 

Coordinates: 109°34'42 11 W - 34°15'59 11 N 
Township: Center, sec 15, R26E, T10N, Cerro Hueco 7.5' quad, Apache Co., 

AZ 

Locality: 40 m W state highway facility, N of U.S. 60, across from Cerro 
Mont~so, White Mountains volcanic field 

Age: Quaternary 
Reference: Ackers (1964) 
Minerals: 

2% Augite, pheno, subh-an , 0.6-3 mm, pale green-brown color, 
B+, 2V" . .50, sometimes associated with olivine phenocrysts, 
some crystals have concentrations of oxide inclusions along 
their rims 

5% Olivine, pheno, rounded euh-subh, 0.4-2 mm, small oxide 
inclusions, thin iddingsite rim ubiquitous, 2V~8o 

Tr Quartz, xenocryst?, rounded, 1 mm, surrounded by a corona 
of clinopyroxene and glass, U+ 

1% Plagioclase, pheno, subh, equant laths, 0.5-1.5 mm, wormy 
(sieve textured) cores or rings, zoned, some twinning 

Tr Sadie Augite?, 1mm, anh crystals in a pyroxene-feldspar 
{gabbroic) xenolith, striking green color, B+, 2V~6o, 
unpleochroic 

Tr Plagioclase, 1 mm,anh, crystals in a pyroxene-feldspar 
xenolith, some twinning 

50% Plagioclase, grdmass, subh laths, 100-300 ~. An63, zoned, 
twinned 

20% Olivine, grdmass, subh-anh, iddingsite alteration nearly 
ubiquitous 

5% Augite, grdmass, subh-anh, 100 ~. light green color, B+ 
15% Oxides, grdmass, anh, blocky, 50~ 
Tr Apatite, grdmass, acicular, 150 ~ in length 
Tr Calcite, alteration 
Tr Vesicles, 0.5 mm in size, irregular in shape 

Tr Glass, interstitial, 30 ~ 
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A4033 (continued) 

Texture: Intergranular with a fairly coarse grained qroundmass. Plagio
clase laths are somewhat subparallel to one another, but this 
is hardly a trachytic texture 

Comment: An interesting rock. Obviously a basaltic andesite. 
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NM4035 

Name: Tholeiite 

Megascopic description: Med gray, vesicular baslat containing micro
phenocrysts of olivine 

Coordinates: 107°47 1 17"1~- 35oo4•4o••N 

Township: SE 1/4, sec 21, T10N, R9W, Grants SE 7.5 1 quad, Valencia Co., 
N11 

Locality: Near powerline peroendicular to La Ventana Road, ME side of 
flow 

Field relations: ~1cCartys basalt, morphologically a very fresh flow 
Age: Holocene 
Reference: Nichols (1946), Thaden et al. (1967), Lipman and Moench 

(1972), Carden and Laughlin-(1974) 
~inerals: 

1% Olivine, pheno, 0.5-1 mm, subh-anh, minute oxide inclusions 
35% Plagioclase, 9heno-grdmass, 1.5 mm - 100 ~. long laths, 

twinned, An56 
15% Clinopyroxene, grdmass, 100 ~. anh, slight brownish 

coloration 
10% Olivine, grdmass, anh, 100 ~. no obvious reaction rims 
25% Oxide and glass, interstitial brown to black areas, 100 ~ 

in size 
15% Vesicles, rounded voids up to 4 mm across, and 400 ~. 

irregularly shaped holes, which are not really interstitial 
in this rock 

Texture: Intersertal, vesicular, and dikytaxitic. Relatively coarse 
grained 

Comment: The petrographic properties tabulated above do not uniquely 
specify this sample to be tholei'itic. However, these properties 
(especially coarse grain sizes, porous nature. dikytaxitic 
texture, and the abundance of oxide charge glass) are distinctive 
characteristics of the Late stage, tholeiitic basalts of the 
Mt. Taylor volcanic field. In addition, chemical analyses on 
the McCartys basalt (e.g., Carden and Laughlin, 1974) show it 
to be hypersthene normative. 
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N~~4036 

Name: Tho 1 e i ite 

Megascopic description: Med gray, aphanitic, basalt containing abundant, 
small olivine phenocrysts 

Coordinates: 107°47 1 20 11 !·1 - 35°04 1 40''N 

Township: SE 1/4, sec 21, T10N, R9H, Grants SE 7.5 1 quad, Valencia Co., 
NM 

Loca 1 i ty: '\,30 m S\·J of NM4035 1 oca 1 i ty 

Field relations: Flow mor~hology not quite as fresh as that of the 
McCartys basalt. Qbza on the Thaden et ~- (1967) map 

.l\ge: Quaternary 

Reference: Thaden et ~- (1967), Lipman and ~cench (1972) 
~1inerals: 

2% Olivine, pheno, subh-anh, ~ 3 mm in size, embayed often to 
the point of disaggregation 

15% Olivine, grdmass, subh-anh, 100 ~ in size, no obvious 
reaction 

20% Clinopyroxene, grdmass, anh, 100-200 ~' light brown color 
25% Plagioclase, grdmass, elongate laths, ~1 mm in length, 

twinned 
15% Oxide-glass, interstitial, ~400 ~in size, glass heavily 

dusted with oxides so as to be opaque, as oxide grains 
20% Vesicles, some large, mm sized rounded vesicles but 

predominantly small (300 ~) sized irregularly shaped voids, 
small holes commonly have plagioclase laths growing in them. 

Texture: Interserta 1 and di kytaxi tic 
Comment: This rock, like NM4035, has texture reported to be characteristic 

of the late stage, Quaternary tholeiites of the Mt. Taylor 
volcanic field. 
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NM4038 

Name: Alkaline-olivine feldspathic basalt 
Megascopic description: Med gray, essentially unvesicular. Clean 

surfaces shine in the sunlight, suggesting the presence of 
abundant plagioclase microphenocrysts. Contains an occasional 
large (2 mm) phenocryst of olivine 

Coordinates: 107°25'31 11 \'J- 35°07'06 11 N 

Township: S boundary sec 1, R6\tJ, TlON, Laguna 7.5' quad, Valencia Co., 
N1,1 

Locality: E of Encimal, on W flank of Wheat Mtn, Mt. Taylor volcanic 
field 

Field relations: A basalt of the high mesas, flow QTB6 of Moench (1963) 
Age: ~Pleistocene 

Reference : Moench (1963), Lipman and Moench (1972) 
Minerals: 

Tr Olivine, pheno, 2 mm, euh, v slight iddingsite alteration 
15% Olivine, ~pheno-grdmass, subh, 300-30 ~. no reaction rim 

observed 

20% Clinopyroxene, grdmass, anh, ~400 ~. a brown color somewhat 
reminiscent of titanaugite but less intense in its purplish 
tint than basanitic titanaugite, crystals occur in clots 
and partially enclose feldspar laths 

45% Plagioclase, grdmass, anh-subh, laths, An50? 

15% Oxides, grdmass, anh, blocky, 50~ 
1% Vesicles, 200-600 ~ in size 

Tr Apatite, grdmass,acicular 

Tr Glass, grdmass, interstitial, 20 ~ 

Texture: Intergranular, pilotaxitic, and locally subophitic 
Comment: Chemical analysis of this flow indicates that it is a silicic 

alkali olivine basalt (Lipman and Moench, 1972). This conclusion 
is consistentwith the occurrence of purplish titanaugite in thin 
section. However, the abundance of plagioclase in this rock 
suggests it be labelled a feldspathic basalt or a hawaiite. 
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N~14039 

Name: Tholeiite 

Megascopic description: Med gray volcanic rock lacking large vesicles 
and containing olivine phenocrysts with reddish rims 

Coordinates : 106° 14' 38"H - 35°46' 31 "N 

Township: R7E, T18N, White Rock 7.5' quad, Los Alamos Co., NM 

Locality : ~1/4 mi down canyon of N.M. 4, in Ancho Canyon, E side of 
Jemez Mtns bordering the Rio Grande rift 

Field relations: Lies beneath the Bandilier tuff 
Age: Late Pliocene (?) 

References: Griggs (1964) 
t1i nera l s: 

2% Olivine, pheno, ~2.5 mm, subh,contains minute oxide 
inclusions, thin reddish oxidation rims 

Tr Plagioclase, pheno, ~ 1.5 mm, zoned, twinned 
25% Plagioclase, grdmass, elongate laths, typically 300 ~ in 

length, ~An54 

30% Augite, grdmass, ahn, 50-700 ~. often ophitically include 
plagioclase laths, tan color 

20% Oxides, grdmass, anh, granular and acicular, 1 ~-200 ~ in 
size 

20% Vesicles, irregularly shaped, typically \>Jith dimensions 
around 300 ~ 

2% Glass, interstitial, 300 ~blebs 
1% Olivine, grdmass, anh, 50-100 ~. no observable reaction 

Texture: Ophitic, dikytaxitic, relatively coarse grained 
Comment: A chemical analysis has indicated that this rock is a tholeiite 

(W.S. Baldridge, personal communication). This categorization 
appears compatible with the petrographic observations above. 
First, like other tholeiites observed in this study (e.g., 
NM4036, NM4035, A4029, A4028), this rock contains a notable 
abundance of oxides. In addition, a dikytaxitic texture has 
yet to be observed in an alkaline basalt, while it commonly 
occurs in tholeiiticones. There is practically no groundmass 
olivine in this rock, and the total amount of olivine is quite 
small - these two observations also suggest a tholeiit affinity. 
It is interesting, however, that the groundmass olivine that 
does occur does not aopear to possess reaction rims. 
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N~14040 

fllctrile: Basaltic andesite 

Megascopic description: A lt gray, unvesicular volcanic rock with a 
relatively coarse grained groundmass. Contains few observable 
phenocrysts 

Coordinates: 105°42' 32"l,l - 36°32' 06"N 
Township: NW 1/4 sec, 31, T27N, R12E, Arroyo Hondo 7.5' quad, Taos Co., 

AZ 

Locality: Rio Grande Gorge on the W side of Dunn Bridge 
Field relation: Bottom flow in the exposed sequence 

Age: The data of Ozima et ~· ( 1967) suggest an age of approximately 
4. O.:tO. 3 my. 

Reference: Aoki (1967) 
Minerals: 

20% Olivine, ~pheno-grdmass, subh, 500-30 ~, larger grains 
embayed, partial alteration to iddingsite common, no 
obvious reaction of grd~ass grains 

45% Plagioclase, pheno-grdmass, laths to anh, 0.1-1 mm, a few 
larger grains have sieve-textured interiors 

20% Augite, grdmass, anh, 100 ~, grayish-green coloration, 
granular habit, minute oxide inclusions common, occasionally 
found in clumps 1 mm in size 

15% Oxides, grdmass, anh, ~100 p, acicular - blocky, 

Tr Biotite, alteration in pyroxene aggregate 
Tr Calcite, alteration in pyroxene aggregates 
Tr Apatite, grdmass, acicular, ~ 100 ~ long 

Texture: I ntergranul ar, perhaps a bit more coarse grained than is typi ca 1 , an 
asterix-like arrangement of plagioclase laths occurs rarely 

Comment: The wormy plagioclase and the higher than normal percentage of 
plagioclase suggest that this rock be called a basaltic andesite. 
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~!M4044 

Name: Alkaline olivine basalt 

Megascopic description: A dark gray, flinty, aphanitic volcanic rock 
containing large but infrequently occurring pipe vesicles. Also 
contains a few olivine phenocrysts, and at least three different 
types of ultramafic inclusions 

Coordinates: 107°08 1 51"f·1- 33°08 1 21"N 

Township: SE portion of Elephant Butte 7.5• quad, Sierra Co., NM 
Locality: Mesa N of Jose Cyn and E of Elephant Butte Res., approximately 

3/4 mi N of N.M. 52 

Field relations: ~1esa capping flm-J 

Age: Quaternary according to the Geologic Mao of New Mexico (Dane and 
Bachman, 1965) but could easily be Pliocene in age 

Reference: Dane and Bachman (1965) 

~1inera l s: 

Texture: 

1% Olivine, pheno, subh-anh, ~1 mm, often with an iddingsite 
rim, varying degrees of embayment 

15% Olivine, grdmass, euh-anh, 100 ~, reddish color because of 
oxidation 

15% Oxides, grdmass, blocky, equant, 30 ~ 

20% Clinopyroxene, grdmass, anh, 50~, brown coloration 
25% Glass, brown color 
20% Plagioclase, laths, 200 ~ in length, An55 

5% Vesicles, 400 ~ in size, generally rounded 
Fine grained groundmass. Hyalophitic, but there is 

much glass for the glass to be called interstitial. 
laths are oriented subparallel to one another. 

really too 
Plagioclase 

Inclusions: This rock has three types of mafic and ultramafic inclusions. 
The first is peridotitic The second is gabroic, consisting of 
anhedral grains of orthopyroxene, clinopyroxene, and plagioclase 
(~An45). The third is made up of centimeter sized, amphibole 
crystals, in ~vhich subhedral, millimeter sized oxide grains are 
embedded. 

Comment: The fined grained and glassy nature of this rock prohibits an 
unambiguous conclusion on whether it is alkaline or tholeiite 
in nature. However, the occurrence of ultramafic and mafic 
inclusions indirectly suggests an alkaline affinity. 
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A4046 

Name: Mafic andesite 

Megascopic description: A med gray, aphanitic, aphyric volcan ic rock 
possessing only an occasional small vesicle 

Coordinates: 109°11'41 11 \•1- 32°40'54 11 1-1 

Township: Center, sec 5, R31E, T9S, Duncan 15' quad, Greenlee Co., AZ 

Locality: E side of Flattop, on slope into Yoods Canyon, Peloncillo 
~1ounta ins 

Field relations: Tay (younger basaltic andesite) of Morrison (1965) 
.t\oe: K/Ar 27.5 ± 0.8 my (Elston et ~·, 1973) 
Reference: Morrison (1965), Elston et ~· (1973) 
Mi nera 1 s: 

55% Plagioclase, grdmass, subh-anh, equant to lath-like, 300 ~' 
zoned, twinned, An46 

10% Olivine, grdmass, anh, 150 ~, only slightly oxidized 

10% Augite, grdmass, anh, 400 ~, pale gree-brown color, B+, 
2V-v60 

10% Oxides, grdmass, anh-subh, 20-200 ~' dust in interstitial 
glass 

15% Glass, interstitial, brownish color, spotted appearance 
1% Vesicles, 700 ~. rounded 

Texture: Intersertal. Plagioclase laths are oriented in a random 
fashion. 

Comment: The abundance of plagioclase in this rock testifies to its 
andesitic character . The additional presence of olivine would 
suggest that the rock be labelled a basaltic andesite. However, 
this rock lacks the wormy plagioclase and quartz xenoliths used 
to define basaltic andesites of the Colorado Plateau. Conse
quently, I have used the name 11 mafic andesite. 11 
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C5001 

Name: Alkalii(?)-olivine basalt 

~egascopic description: A nonvesicular, med gray basalt with plagioclase 
and altered (iddingsite) olivine phenocrysts 

Coordinates: 117°08'22"\;/ - 35°06'28"N 
Township: N 1/4, sec 34, R45E, T32S, Opal Mountain 15' quad, San 

Bernardino Co., CA 

Locality: Tip of a hilly prong extending into the alluvium from Black 
~1ounta in 

Field relations: Black Mountain basalt of Dibblee (1968) 
Age: Pleistocene 
Reference: Dibblee (1968) 
~1i nera 1 s: 

7% Olivine, pheno, subh, 700 ~. rounded to embayed, 10-100% 
converted to iddingsite, 2 ~90, some olivine-feldspar 
glomeroporphyritic aggregrates 

5% Plagioclase, pheno, subh laths, 1.5 mm in length, An73 
1% Augite, ~pheno, anh, nale brown-green color, B+, 2v~so 

7% Olivine, grdmass, anh, 50-150 ~·partially altered to 
iddingsite, no noticeable reaction rims 

20% Augite, grdmass, anh, 100 ~. pale color 
10% Oxides, grdmass, ~100 ~. needles to blocky, anh grains 
32% Plagioclase, grdmass, laths, 200 ~. twinned, An51 

15% Glass, grdmass, brown interstitial blebs 
Tr Apatite, grdmass, acicular, 70 ~ long 
1% Vesicles, rounded 300 ~ in size 

Texture: Intersertal, coarse grained 
Comment: This rock lacks the titanaugite common in Quarternary alkaline 

volcanics of the Mohave desert. Nonetheless, it is probably 
alkaline in character. In addition, this sample is somewhat 
more feldspar rich than most the nearby basanitoids; that is, it 
is more basaltic than basanitic 

Additional notes: Leeman (1970) analyzed a sample of the Black Mountain 
basalt for its strontium isotopic composition; he found his 
rock to have 87Sr/ 86Sr ratio of .7035. 
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C5003 

Name: Feldspathic basalt 

Megascopic description: A chocolate gray basalt, containing a network 
of small (usually ~ 1 mm) sized vesicles, and plagioclase pheno
crysts 

Coordinates: 116°05'38"H- 34°50'56"N 
Township : N central sec 25, T9N, RBE , Broadwell Lake 15 ' quad, San 

Bernardino Co., CA 

Locality: Entrance to an unnamed canyon in the Bristol Mountains, 
~112 mi S of a ruined cabin 

Field relations: Mapped as Tb by Dibblee (1967), one of the oldest 
Tertiary volcanics in the Mohave desert 

r 

Age: K/Ar 22.2 ± 1.1 my (.l\rmstrong and Higoins, 1973) 
Reference: Dibblee (1967) 
Minerals : 

15% Plagioclase, oheno, equant to lath-like, ~2 mm in length 
twinned, zoned, An58 

1% Olivine, pheno, subh, 700 ~. minute oxide inclusions, 
2V~70, B-

1% Oxides, ~pheno, equant, subh, 200-800 ~ 

10% Oxides, grdmass, subh, 20-100 ~ in size 
30% Plagioclase, grdmass, elon~ate laths, ~20 ~ in length, 

~An50, zoned, twinned 
15% Olivine, grdmass, anh-euh, 100 ~ 

3% Clinopyroxene, anh, 30 ~ 

20% Glass, interstitial, light brown color, bubbly 
Tr Apatite, grdmass, acicular, 50 ~ in length 

7% Vesicles, irregular shaped pipes, up to 3 or 4 mm but 
usually around 0.5 mm in length 

Texture: Intersertal, almost hyalophitic texture. Vesicular. Plagio
clase phenocrysts show a preferred orientation throughout the 
thin section 

Comment: The abundance of plagioclase and almost ~yalophitic texture of 
this rock suggests that it be labelled a basaltic andesite. 
However, to avoid confusion with the xenolith bearing basaltic 
andesites of the Colorado Plateau, it has been called a 
feldspathic basalt. 
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A5006 

Name: Feldspathic basalt 

~1egascopic description: Very dark gray, aphanitic, unvesicular. 
Essentially aphyric 

Coordinates: 114°38'44"~·J- 35°57'00"N 
Township: Sec 33 (unsurveyed), R22W, T30N, Black Canyon 15' quad, 

Mohave Co., AZ 

Locality: Road cut for an unoaved road running parallel to U.S. 93 from 
a roadside rest just below BM2257 on topographic map and approxi
mately N of U.S. 93 from a roadside rest area. Rock belongs 
to the Fortification Basalt member of the Muddy Creek Formation 

Field relations: Basalt caps a surface which slopes down toward the 
Co 1 ora do River. 

Age: K/Ar 4.9 ± 0.04 my (Anderson et al., 1972), 4.7 ± 0.3 my (Scott 
et _a_!_., 1969) --

Reference: Long~tJe 11 (1963) ,' Anderson et ~· (1972) 
Minerals: 

2% Olivine, pheno, ahn-subh, 700 ~. intensively corroded and 
embayed, a small to large degree of alteration to 
serpentinite 

1% Augite, ~pheno, subh-anh, pale brown color 

5% Olivine, grdmass, euh-subh, 200 ~. often partially altered 
to serpentinite 

20% Augite, grdmass, subh-anh, ~100 ~. slight brownish tint, 
smaller grains nearly colorless and often euh 

1% Apatite, grdmass, euh, acicular to elongate, ~50~ in length 
20% Oxides, grdmass, anh, blocky, 20 ~ in size 
5% Chorite (?), grdmass, interstitial, ~150 ~in size; often 

found associated with olivine grains; unpleochroic blue
green color; birefringence low,anomalously blue, fan-like 
extinction, moderate relief; sometimes contains microlites, 
suggesting that this phase has replaced glass 

45% Plagioclase, grdmass, stubby laths, 300 ~ in size, and 
irregula~ly shaped but more equant crystals which 

poikilibcalJyenclose other groundmass minerals 
Texture: Essentially intergranular. Iron and magnesium bearinq ground

mass grains are found interstitial to plagioclase laths, or as 
inclusions in regularly shaped plagioclase grains 
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A5006 (continued) 

Comment: This is the only rock examined in this study which contains 
chlorite. This chorite does not seem to be ~ weathering product 
but rather associated with deuteric alteration of originally 
qlass material. It is also somewhat unusual for olivine to 
alter to serpentinite rather than iddingsite . The abundance 
of plagioclase noted above suggests that the term feldspathic 
basalt be arplied to this rock. 
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C5009 

Name: Feldspathic basalt 

~egascopic description: A very dark gray, unvesicular volcanic rock. 
Contains microphenocrysts of oxidized (reddish) olivine and 
~lagioclase 

Coordinates: 116°35' 51"W - 36°20 • 06 "N 
Township: R3E, T25N, Ryan 15' quad, Inyo Co., CA 
Locality: From a northward-trending promontory which sticks out toward 

Calif. 90 from the Greenwater Range, about 12 mi W of Death 
Valley Junction, near BM3040 on the topograrhic rna~ 

Field relations: Interfingers with the Funeral Fanglomerate 
Age: Pliocene or Pleistocene 
Reference: Geologic Map of California, Death Valley Sheet (Drewes, 

1963) and Fleck (1970) 
~1inerals: 

5% Olivine, ~pheno., euh-subh, several crystals are being 
replaced by opaques 

20% Oxides, grdmass, blocky, usually 30 ~ but occasionally up 
to 200 ~ in size 

15% Olivine, grdmass, anh, 20-100 ~. iddingsite alteration 
15% Clinopyroxene, euh-anh, 30 ~. clear with pale green tint 
45% Plagioclase, anh, 50-200 ~ in size, zoned, little twinning 
Tr Clinopyroxene (?) xenolith, anh, serrated edges, 2 mm in 

size, heavily altered to a green fine grained mineral 
(epidote or chlorite?) and hematite 

Tr Ap~tite, grdmass, acicular, ~so ~ long 
v.Tr Biotite, grdmass, near clinopyroxene (?) xenolith, 100 

in size , pleochroic brown 
Texture: Intergranular . Small mafic minerals appear to be embedded in 

large, anhedral plagioclase grains rather than interstitial to 
them 

Comment: An unusual rock, somewhat similar in its appearance to A5006. 
The abundance of plagioclase in the thin section is notable and 
suggests that the rock be called a "feldspathic basalt." If 
this rock is potassic like other volcanics from the California 
border, it may be a trachybasalt. 

Additional note: Leeman (1970) rerorted a 87 Sr/ 8 6Sr ratio for a 
trachybasalt in the same general area. 
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C5010 

Name: Feldspathic basalt 

Megascopic description: This is a medium gray, unvesicular, flinty, 
volcanic rock. It contains abundant plagioclase microphenocrysts, 
which give the sample a shiny appearance in the sunlight. 

Coordinates: 11]038'26"1•1- 36°21'1l"N 
Township: Sec 21 (unsurveyed), T18S, R40E, Darwin 15' quad, Inyo Co., CA 
Locality: Collected in a gully W of Calif. 190, about a mile to the S 

and W of Saline Valley turnoff 
Age: Quaternary 

Reference: Hall and MacKevett (1962) 
Minerals: 

Tr Plagioclase, pheno, equant and rounded, ~1.5 mm in size, 
holey 

25% Olivine, grdmass, euh-subh, 150-20 ~. unaltered, 2v~so, no 
reaction rims 

10% Clinopyroxene, qrdmass, 20 ~. anh, light green-brown color 
15% Oxides, grdmass, subh-anh, blocky, 50 ~ in size 
50% Plagioclase, grdmass, elongate laths, up to 700 ~ long, 

An 54 
Tr Apatite, grdmass, acicular to elongate, ~40 ~ in length 

1% Glass, interstitial to interstitial grdmass grains, 20 ~' 
light brown color 

Texture: Intergranular, with mafic minerals interstitial to feldspar 
laths. Plagioclase laths are randomly orientated. 

Comment: Texturally and mineralogically this rock and C5009 are quite 
similar. (They differ, however, in their concentration of 
oxides. In addition, mafic minerals in this rock are interstitial 
between plagioclase laths while in C5009 they appear to be 
embedded in anhedral plagioclase.) Isotopically they are quite 
distinct. 
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C5011 

Name: Feldspathic basalt 

Megascopic description : A medium gray aphanitic volcanic rock containing 
abundant and occas i onally large (3 mm) phenocrysts of plagio
clase and less common waxy green olivine phenocrysts. Somevo~hat 
vesicular with network of fine ( 0.5 mm) vesicles 

Coordinates: 117°52 1 35"\,J- 35°57 1 06"N 

Township: NE 1/4, sec 9, R38E, T23S, Little l.ake 15 1 quad, Inyo Co . , CA 
Locality: ~100m from distal end of the Volcano Peak flow , and ~1~ mi 

E of Little Lake 

Field relations: Morphologically a Recent flow 
Age: Later Quaternary 
Reference: Babcock (1975) 
f4inerals: 

20% Plagioclase, pheno, subh laths, 300 ~-2 mm in length 
~An64 

5% Olivine, pheno, euh-anh, ~1 mm, no oxide inclusions or 
react ·i on rims 

1% Augite, pheno, subh, 1 mm, pale green-brown color, B+, 2v~so 

10% Olivine, grdmass, euh-anh, ~200 ~, no reaction rims 
10% Augite, grdmass, euh, 30 ~ 

20% Oxides, grdmass, equant blocks, 20 ~ 

25% Plagioclase, grdmass, roughly equant but anh, 30 ~ 

Tr Glass, grdmass, interstitial, 10 ~ 

10~~ Vesicles, rounded but usually not round, typically around 
700 ~ in si ze 

Texture: Although the matrix of this rock is nearly 100% crystalline, 
it is very fine grained, and under low power the thin section 
has a hyalophitic appearance. Plagioclase laths display a rough 
but clear direction of orientation. One area of this thin 
section is mineralogically similar but texturally very different 
from the rest. This is about 4 mm across and composed entirely 
of phenocrysts arranged in a pronounced dikytaxitic texture. 
Indeed, vesicles makeup some 30% of this area, are often angular 
in outline, and comparable in size to the solid phase5 

Comment: This is feldspathic basalt characterized by an abundance of 
oxides. 
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A5014 

Name: Basaltic andesite 

Megascopic description: An aphanitic, dark ~ray volcanic rock with a 
few feldspar phenocrysts. About 20% vesicles, 1•1ith vesicles 
irregularly shaped and generally small (<1 mm) in size 

Coordinates: 111°27' 53"L.J - 35c 26' 19"N 

Township: NE 1/4, N\·J 1/4, sec 29, RBE, TL12N, Strawberry Crater 7.5' 
quad, Coconino Co., AZ 

Locality: Prominent face in flow front, ~500 m S and E of Strawberry 
Crater, San Francisco volcanic field 

Field relations: A flow of Merriam age 
Age: K/Ar 0.46 ± 0.046 my (Damon et al., 1974) 

Reference: Moore et ~· (1974) 
Minerals: 

2% Plagioclase, pheno, anh-subh, wormy (sieve) texture due to 
microcrystalline alteration. Some crystals are surrounded 
by rims of unaltered material, while others have clear, 
unaltered cores. Infrequent twinning. Embayed exteriors 

Tr Quartz, pheno, rounded shape, 700 ~. surrounded by a 
clinopyroxene corona 

1% Hypersthen~ pheno, subh-anh, 400-700 ~. pinkish brown to 
pale green pleochroism, B-

15% Hypersthen~ grdmass, anh, 70-200 ~. often patches containing 
muttiple crystals 

10% Clinopyroxene, grdmass, subh, 100 ~. 2V~30 

5% Olivine, grdmass, euh, 50 ~. in part altered to iddingsite 
15% Glass, grdmass, interstitial, 50~. brown color, bubbly 

appearance 
5~~ Oxides, grdmass, blocky to pmA.Jdery, 20-100 ~ 

30% Plagioclase, grdmass, euh laths, typically about 100 ~ in 
length, An52 

Tr Pigeonite, pheno, anh, 700 ~. light green-brown, 2V<30, 
embayed 

Tr Serricite, alteration, usually along vesicle sides 
20% Vesicles, some\>Jhat rounded in shape, 200 ~-2 mm in size 

Texture: Intersertal, vesicular 
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A5014 (continued) 

Comment: Plagioclase and quartz megacrysts are definitely out of equil
ibrium with the groundmass minerals. The uncommon pigeonite 
phenocrysts also appear to be in disequilibrium. The association 
of two pyroxenes, olivine, quartz "xenoliths," and wormy olagio
clase occurs commonlv in the basaltic andesites of the San 
Francisco volcanic field (Moore et ~·, 1976). 
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U5016 

Name: Basaltic andesite 

Megascopic description: A med gray, aphanitic, essentially unvesicular 
volcanic rock containing clear plagioclase phenocrysts, 
occasionally up to 5 mm in size 

Coordinates : ll3°33'16"W- 3JC07'25"H 
Township: NE 1/4, sec 20, T42S, R15W, St. George 15' quad, Washington 

Co., UT 

Locality: Black Ridge, ~sao m ~ of I-15, within St. George city limits 
Field relations: A stage II flow (Hamblin, 1963) 
.l\ge : Probably ~ 3 my (see Best and Brimha 11, 1974) 

Reference: Hamblin (1963) and Best and Brimhall (1974) 
t1i nera l s: 

3% Olivine, pheno, euh, 0.3-1 mm, very thin iddingsite rims, 
2v~so 

3% Plagioclase, pheno, equant-laths, 2 mm, wormy textured 
patches, zoned, twinned 

50% Plagioclase, 'f.lpheno and grdmass, laths, not wormy, tvlinned, 
An47 

Tr Quartz, pheno anh, rounded, 700 ~. surrounded by a reaction 
rim of radiating clinopyroxene crystals and brown glass 

20% Olivine, grdmass, anh-subh, ~ 30 ~. no alteration or reaction 
15% Clinopyroxene, grd~ass, anh, 50 'f.!, pale coloration 
10% Oxide, grdmass, skeletal to blocky, 100 'f.! 

Tr Apatite, grdmass, euh, acicular, ~ 50 'f.! in length 
Tr Vesicles, 1 mm in size 
Tr Glass, grdmass, interstitial, 20 ~. nearly cleC1r 

Texture: Relatively coarse grained groundmass. Intergranular with mafic 
minerals occupying positions interstitial to feldspar laths. 
Plagioclase laths show a consistent orientation throughout the 
thin section 

Comments: The \'lormy ~lagioclase and partially resorbed quartz crystals 
found in this rock indicate that this is a basaltic andesite 

Additional note: This sample was collected near the Leeman (1974) SG-15 
sample locality. Leeman (1974) has reported a 8 7Sr/ 86Sr ratio 
of .7040 for his sample. 
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U5017 

Name: HavJa i i te 

Megascopic description: Med gray, aphanitic, with rare rnm sized vesicles 
and microohenocrysts of olivine 

Coordinates: 113° 16' 54"!~ - 37°13' 31"~ 
Township: Center, N 1/2, sec 14, T14S, R3HJ, Hurricane, 15' quad, 

Washington Co., UT 

Locality: Stream cliff, ~1&3/4 mi N of La Verkin on Utah 15 
Field relations: Stage II (Hamblin, 1963) 
Age: Probably $1 my (see Best and Brimhall, 1974) 
Reference: Hamblin (1963), Best and Brimhall (1974),and Leeman (1974) 
~1i nera 1 s: 

5% Olivine, pheno, subh, 300 ~-1.5 mm, very slightiddingsite 
alteration 

15% Olivine, grdmass, subh-anh, 75 ~. slight iddingsite 
alteration, no reaction rims 

25% Titanaugite, grdmass, subh-anh, purple brown color, 
slightly pleochroic 

40% Plagioclase, grdmass, laths to irregular shapes, 150 ~. 
An48 

15% Oxides, grdmass, euh-anh, both acicular and blocky, 
interstitial, 100 ~ in size 

2% Vesicles, amoebic, rounded shapes, 300 ~ sizes 
Tr Apatite, grdmass, acicular, $70 ~ in length 
Tr Calcite, alteration 
Tr Glass, interstitial 

Texture: Intergranular, with augite situated between feldspar laths 
Comment: This is the only Colorado Plateau sample studied in this report 

which contains purple clinopyroxene. This titanaugite suggests 
an alkaline affinity for the rock. Petrographically this rock 
is somewhat transitional between an alkaline olivine basalt and 
a feldspathic basalt. For the moment "hawaiite" appears to be 
an adequate label. 

Additional note: Leeman (1970) has a 8 7Sr/ 85 Sr ratio of .7046 ~n a 
sample from the same vicinity as U5017. 
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A5019 

Name: Basaltic andesite 

Megascopic description: A lt gray, aphanitic volcanic rock with small 
(<1 mm) but abundant olivine phenocrysts. It also contains 
small vesicles, but it is not really a vesicular rock 

Coordinates: 113°03 1 50 11 \;J - 36°28 1 02 11 N 

Township: NE 1/4, sec 32, T35N, R7W, Mt. Trumbell NE 7.5 1 quad, Mohave 
Co. , .AZ 

Locality: H side of Toroweap Valley, near the Mt. Trumbell Road 
Field relations: Stage IV (Hamblin, 1974) 
Age: Quaternary 

Reference: Hamblin (1974) and Gest and Brimhall (1974) 
~1i nera 1 s: 

Tr Quartz, xenolith, rounded, anh shape,0.3 mm in size, 
surrounded by a clinopyroxene corona 

1% Augite, pheno, anh, 500 ~. lt brown color, 2V~6o 
10% Olivine, pheno, subh, ~2.5 mm, oxide inclusions, sometimes 

embayed 

10% Olivine, grdmass, subh-anh, ~ so~. no reaction rims 
25% Augite, grdmass, subh-anh, 40 ~. pale green-brown coloration 
45% Plagioclase, grdmass, subh laths to equant anh grains, 

100 ~. An64 
10% Oxides, grdmass, blocky, skeletal, and acicular, 50~ 
Tr Apatite, grdmass, acicular, ~ 100 ~ in length 
Tr Glass, interstitial, 20 ~ 

Texture: lntergranular. Plagioclase laths are locally subparallel to 
one another 

Comment: The partially resorbed quartz megacryst found in thin section 
suggests that this is a basaltic andesite. (It might be 
mentioned, however, that the thin section does not contain 
\'/army plagioclase, which is a commonly occurrinq mineral in 
basaltic andesites . ) The large percentage of plagioclase 
also suggests that this rock has andesitic tendencies. 
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U5020 

Name: Feldspathic diabase 

Megascopic description: A lt gray volcanic rock, with a dikyt~xitic 
texture. Feldspar laths of mm size compose about 40% of the 
rock 

Coordinates: 112°37'46"~1- 38°52'19"f\l 

Township: NY 1/4, sec 27, T22S, R7W, Tabernacle Hills 15' quad, Millard 
Co., UT 

Locality: Near Hole in the Rock on Beaver Ridge, Black Rock Desert 
volcanic field 

Field relations: A Pre-Lake Bonneville flow 
Age: Pleistocene 

Reference: Condie and Barsky (1972), Pushkarand Condie {1973) 
~·1i nera 1 s: 

20% Plagioclase, pheno, lath-like,5 mm long, zoned, twinned, 
An70 

25% Augite, "11pheno," anh, 700-100 11, lt brown color, B+, 
2V"A5 

10% Olivine, 11pheno, rounded, subh, 200-700 f.!, slight iddingsite 
alteration 

10% Oxides, 11pheno, anh, blocky 

25% Plagioclase, subh laths, 500-100 11, An63 
10% Vesicles, complex in shape, ~2 mm in size, in some cases 

interstitial 
Tr Glass, interstitial 

Texture: Quite coarse grained. Clinopyroxene crystals are always inter
stitial to plagioclase laths but in so~e areas clinopyroxene is 
so abundant as to give an ophitic texture. Plagioclase crystals 
grow out into voids, giving vesicles their irregular to angular 
shapes, and the rock a dikytaxitic texture in some areas. 

Comment: A remarkably beautiful feldspar-rich diabase 
Additional note: Pushkar and Condie have reported a 87 Sr/ 86Sr ratio of 

.7044 on a sample from the same general locality as this one. 



393 

U5022 

Name: Feldspathic basalt 
Megascopic description: Med gray, aphanitic, aphyr ic . Contains pipe 

vesicles ur to several em in length 
Coordinates: 112°27 1 42"W - 38°58 1 48"N 
Tovmship: S boundary, S\:J 1/4, sec 18, R5~J, T21S, Filmore 15 1 quad, 

Millard Co., UT 
Locality: ~ 1.7 mi W of Flowell, onE side Recent flow, Ice Springs field 
Field relations: One of the youngest flows in the Black Rock desert 
Age: Holocene 
Reference: Condie and Barsky (1972) and Push kar and Condie (1973) 
Minerals: 

Tr Olivine, pheno, euh, 1 mm 
17% Olivine, grdmass, euh-subh, 100 ~. no reaction rims 
43% Plagioclase, grdmass,euh, 100-200 ~ long, An55 
5% Clinopyroxene, grdmass, subh-anh, 30 ~ 

15% Oxides, grdmass, blocky to acicular, anh, 30 ~ 

10% Glass, interstitial, 40 ~.black to brown in color 
10% Vesicles, round to rounded elongate, 0.5 mm - 1 em 
Tr Calcite, weathering, thin lining on the walls of some 

vesicles 
Texture: Intersertal and fine grained 
Comment: Condie and Barsky (1972) report that basalts from the Ice 

Springs volcanic field contain orthopyroxene as microphenocrysts 
and as a groundmass phase, that they do not contain olivine, and 
that rare partial resorbed !)lagioclase phenocrysts occur in 
most samples. This sample from the Ice Springs field does 
contain olivine, and does not contain orthopyroxene or wormy 
plagioclase. The contradiction is quite glarin~ because U5022 
was collected at essentially the same locality as two of Condie 
and Barsky 1 s samples. 

Additional note: Samples from the Ice Springs volcanic field show a 
range in 8 7Sr/ 86Sr between .7052 and .7059 (Pushkar and Condie, 
197 3). 
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N5023 

Name: Basaltic andesite 

Megascooic description: Med gray, aphanitic. Contains a few large 
(~ 1 mm) vesicles but essentially unvesicular. Also contains 
sma 11 brovm ( i ddi ngs i te) o 1 i vine phenocrysts and mi cropheno
crysts of plagioclase 

Coordinates: 114°27.6'W- 37°15.9'N 
Township: Sec 11, R67E, T8S, Lincoln Co., t!V 

Locality: "-'1 km N of Leith Station, on H side of Meadow Valley wash 
Field relations: On too of a thick sequence of Tertiary volcanic tuffs 
Age: K/Ar 8.5 ± 0.3 my (Armstrong, 1970) 
Reference: Tschanz and Pampeyan (1970) and Armstrong (1970) 
Minerals: 

3% Olivine, pheno, euh, 1.5 mm, iddingsite ri~s, B-, 2V"-'80 
5% Plar;Jioclase, pheno and llpheno, laths and e(Juant, s:1 mm, 

annular areas characterized by sieve-like texture (worminess) 
Tr? Orthopyroxene (hypersthene and bronz i te), grdmass, subh, 

s: 100 ll, green-rink 9leochroism, B- and B+ 
25% Clinopyroxene, grdmass, subh, 50 lJ, light green color 

15% Olivine, grdmass, subh, 70 l-1, no reaction rims 
40% Plagioclase, llPheno and grdmass laths, 100 u, An68 
7% Oxides, grdmass, anh, 50-100 ll 

5% Glass, interstitial, colored by opaque dust 
Tr Apatite, grdmass, acicular, 70 ll in length 

Texture: Essentially intergranular. Consistent orientation of elongate 
plagioclase laths 

Comment: The presence of wormy feldspars vmuld indicate that this rock 
is a basaltic andesite. 

Additional note: Scott et al. (1969)have reported a 87 Sr/ 86Sr ratio of 
.7061 ± . 0006 onasample fro~ the same locality as N5023. 
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N5024 

Name: Basanitoid 

Megascopic description: Med gray, unvesicular, aphanitic. Contains 
abundant, large nafic and feldspathic megacrysts 

Coordinates: 116°00 '44 11 L~ - 38°28'47 11 N 
Township : T6N, R53E (unsurveyed), Lunar Crater 15' quad, Nye Co., NV 
Locality: Just E of Sandy Springs wash, "'1 mi N of U.S. 6, Lunar Crater 

volcanic field 

Field relations: Taken from a morphologically fresh flew 
Age: Holocene 

Reference: Scott and Trask (1971) and Snyder et ~· (1972) 
Minerals: 

1% Olivine, megacryst, anh-subh, 7 mm, completely unweathered, 
devoid of oxide inclusions 

Tr Plagioclase, megacryst, anh, 3 mm, twinned, embayed 
1% Augite, megacryst, anh, 2 mm, purplish tint, 2V"'60, B+ 
5% Olivine, ~pheno, subh, ~0.8 mm, 2V"'90, clear 

25% Titanaugite, ~pheno and grdmass, subh, 400 ~. gray-purple 
brown color, 2V"'60 

15% Olivine, grdmass, subh-anh, 100-200 ~) clear color 
15% Oxides, grdmass, blocky, 50 ~ 

15% Plagioclase, grdmass, laths, 100 ~ 

20% Glass, interstitial, brown in color 
3% Vesicles, irregular in shape, 200 ~ 

Texture: lntersertal, but interstitial areas are poorly defined 
Comment: /l.. very mafic rock, with a remarkable dearth of feldspar. 

Additional note: Scott and Trask (1971) have published a chemical 
analysis on this flow and Leeman (1970) has reported two 
8 7Srj 8 6Sr analyses (.7032 and .7034) of Lunar Crater basalt 
flows. 
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N5026 

Name: Feldspathic basalt 

Megascopic description: Med gray, aphanitic. Contains ~1 mm sized 
vesicles and microphenocrysts of olivine and feldspar 

Coordinates: 117°01 1 38 11 \•l - 38° l1 1 23 11 N 
Township: NE 1/4, sec 22, T4N, R44E, Tonopah 15 1 quad, Nye Co., NV 
Locality: 1'1! side of Thunder ~1ounta in, "'3 mi E of Rye Patch and Nev. SA 
Field relations : This basaltic flow overlies white tuff 
.ll.ge: K/Ar 18.9 ± 1.5 my (Armstrong et ~., 1972) 
Reference: Armstrong _et ~· (1972), Bonham and Garside (1974) 
~inerals: 

2% Olivine, pheno, subh, 0.7 mm, ~artially altered iddingsite, 
2V"'80 

40% Plagioclase, upheno and grdmass, tabular laths, 300 u, 
zoned, twinned, An42 

25% Augite, grdmass, upheno, anh, 150 u, 2V'\,60 
5% Olivine, grdmass, anh, 50-100 u, no reaction rims 

10% Oxides, grdmass, blocky, ~200 u 
15% Glass, grdmass, brown color, bubbly texture 

Texture: Fine grained to glassy matrix set between oriented laths of 
microphenocryst size plagioclase 

Comment: Armstrong called this rock an olivine trachyandesite. Although 
this term or 11 basaltic andesite 11 are both acceptable, I have 
labelled it a feldspathic basalt to be consistent with the 
terminology used in the text. 

Additional note: Armstrong (1972) reports a 87Sr/ 8 6Sr ratio of . 7052 
for his Thunder Mountain sample. 
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C6002 

Name: Basaltic andesite 

~egascopic description: Dark gray, aphanitic, and essentially unvesicular. 
Contains phenocrysts of oxidized olivine and plagioclase,and 
some, generally small (<0.5 mm) vesicles 

Coordinates: l14°50'44"VJ- 34°07'0l"N 
Township: SE 1/4, NE l/4, sec 2, TIS, R20E, Rice 15' quad, San Bernardino 

Co., CA 

Locality: SW corner of the Turtle Mtns, ~2~ mi due N of Rice 
Field relations: A dissected flow 
Age: Pleistocene according to map but probably older 
Reference: Geologic Map of California, Needles Sheet (Bishop, 1964) 
Minerals: 

5% Olivine, pheno, rounded subh, 500 ~. iddingsite rims, 
occasionally surrounded by clinopyroxene 

5% Augite, pheno, euh and subh, ~1 mm, pale qreen color, sieve
like texture 

5% Plagioclase, pheno, subh laths, 0.2-2.5 mm, rarely wormy 
10% Oxides, grdmass, anh, 30 ~ 

20% Clinopyroxene, grd~ass, anh, 30 ~. light green color 
1% Olivine, grdmass, subh-anh, almost entirely altered to 

iddingsite 
45% Plagioclase, grdmass, laths, 100 ~. An50? 
5% Glass, interstitial, 100 ~ 

3~~ Vesicles, irregular to round in shape, 0.3-3 rrun in size 
Tr Apatite, grdmass, acicular, 50~ in length 

Texture: Intergranular and pilotaxitic 
Comment: The occurrence of large,mottled clinopyroxene phenocrysts is 

unusual. 
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A6003 

Name: Andesite 

Megascopic description: Aphanitic, gray with a sli ght red-brown tint 
Coordinates: 114 ° 12 1 58"\.~- 34°07•2o••N 

Township: Central E edge, sec 15, T9N, Rl9~, Yuma Co., AZ 

Locality : Road cut in concrete paved jee~ road up to Black Peak, ~4 mi 
SE of Parker 

Age: K/Ar 15.1 ± 4.4 my, 16.4 ± 0.7 rny (Da(llon, 1970) 

Reference: Geolooic Map of .Arizona ('~ilson !=t ~·, 1969) 
Minerals: 

50% Plagioclase, laths, 700 ~ , An66 

15% Clinopyroxene, anh, rounded 50-600 ~, brown color 

15% Oxides, subh, interstitial, 300 ~ 

5% Oxides, anh, weathering, 20 ~ 

1% Apatite, euh, acicular, 10 x 200 ~ 

15% Vesicles, irregular to angular in shape, interstitial, 
100 ~ 

Texture: Coarse grained. Oxides and clinopyroxene crystals (inter
granular texture) and vesicles (dikytaxitic texture) are inter
stitial to plagioclase laths. 

Comment: Texturally an unusual rock . The abundance of plagioclase 
indicates the rock•s andesitic affinities. 
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/\6004 

Name: Basaltic andesite 

Megascopic description: Black, aphanitic, essentially unvesicular. 
Small olivine and plagioclase phenocrysts. Rare quartz in 
vesicles 

Coordinates: ll4°04'21 11 W- 33°40'34 11 N 
Township: SE l/4, NW 1/4, sec 24, R18W, T4N, 0uartzite 15' quad, Yuma 

Co., AZ 

Locality: ~200m S af I-10, on Golden Nugget Road in Plomosa Pass, 
~sL~ r.1i E of Quartzsite 

Age: Quaternary according to map, but could easily be older 
Reference: Geologic ~1ap of Arizona (Hilson et ~·, 1969) 
Minerals: 

5% Olivine, pheno, euh, 200-700 ~. iddingsite rims 
2% Plagioclase, ~pheno, equant to tabular, euh-subh, 500 ~. 

zoned, twinned, An75 
30% .1\ugite, grdmass, anh, 50-200 Jl, pale green color, B+, 2V~60 

5% Olivine, grdmass, subh-anh, 100 ~ 

15% Oxides, grdmass, blocky, subh and euh, 50 ~ 

10% Glass, interstitial, 70 ~. brownish color, contains 
microl ites 

33% Plagioclase, grdmass, elongate laths, 200 ~ in length, 
An 55 

1% Vesicles, 0. 5-2 mm, rounded by irregular shapes 
Tr Calcite, alteration in some vesicles 
Tr Quartz, xenolith, 2 mm, rounded clinopyroxene reaction rim, 

U+, embayed 
Texture: Intersertal and pilotaxitic 
Co~ent: This rock is rather mafic. The occurrence of a quartz 

xenolith is unusual and lacks an obvious explanation. The 
quartz could be a xenolith, or a high pressure phenocryst. 



400 

A6005 

Name: Feldspathic tholeiite 

Megascopic description: Med gray, aphanitic, and essentially ap~yric. 
Some elongate vesicles up to 2 mm in length 

Coordinates: 112°56' 04"'A - 33°27'15"N 

Township: SW 1/4, sec 1, R7H, TIN, Arlington 15' quad, Maricopa Co., AZ 

Locality: Palo Verde Hills, 212 mi S of Tonopah and 1-10 
Age: Quaternary according to state geologic map. A K/Ar date on a 

basalt from the Palo Verde Hills has a 16.7 my age (Miller 
et ~·, 1977) 

Reference: Geologic Ma~ of Arizona (l•lilson et ~·· 1969) 
r·~inerals: 

2% Hypersthen~,pheno, euh-subh, ~ 1 mm, lt green to pink 
pleochroism,' B-

5% Plagioclase, pheno, tabular-equant, subh-anh, <1 mm, some 
twinning, zoned, embayed, reaction with grdmass 

5% Hypersthene, grdmass, 20 ~, euh-subh micro 1 i tes 

1% Clinopyroxene (?), grdmass, 20 ~. euh-subh microlites 

15% Oxides, 9rdmass, euh, equant, 20 ~ 

25% Plagioclase, grdmass, laths, 70 ~. An55 

43% Glass, lt brown color, contains abundant microlites 

Tr Calcite, weathering 

5% Vesicles, amoeboid in shape, ~ 3 mm in size 

Texture: The groundmass has a pilotaxitic and hyalophitic te~ture. 

Comment: It is unusual to find a Basin and Range basalt which contains 
hypersthene phenocrysts. 
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,1\6008 

Name: Diabase 

Megascopic description: Med gray, aphanitic basalt with olivine and 
plagioclase microphenocrysts. Possesses a fine network of very 
sma 11 ves i c 1 es. 

Coordinates: 113°22 1 03 11 t4 - 34°29 1 04 11 N 
Township: NW 1/4, sec 12, T11H, R13N, Arrastra ~ountain 7.5 1 quad, 

Mohave Co., AZ 

Locality: Road cut on U.S. 93, ~10 mi SE of Burro Creek-Kaiser Spring 
Canyon bridge 

Field relations: Basalt lies directly on top of Preca~brian granite 
Age: Pliocene (?) or Pleistocene (?) 

Reference: Geologic r~ap of Arizona 0Jilson et ~·, 1969) 
~1i nera 1 s: 

5% Olivine, rounded subh, 700 ~. 2v~ao, partially converted 
to iddingsite 

30% Augite, skeletal, poikilitic, 700 ~. lt green-brown color 

5% Glass, interstitial, 100 ~. brown color, often contains 
microl ites 

5% Oxides, blocks to needles, anh, 50 ~ 

25% Plagioclase, laths, 0.2-1 mm, An61, very rarely with wormy 
interiors 

25 ~~ Vesicles, irregular in shape, 50 ~-2 mm in size 
Texture: Ophitic, intersertal, and dikytaxitic textures are found in 

this rock. Unifor~ly coarse grained. 
Comment: Despite the (very rare) occurrence of a sieve textured plagio

clase, this rock is too feldspar poor to be considered a 
basaltic andesite. 
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C6009 

Name: Feldsoathic basalt 

Megascopic description: A lt gray rock containing plagioclase micro
phenocrysts, rare olivine microphenocrysts, anct small ( ~ 1 rnm) 
vesicles 

Coordinates: 115°03'27"\t!- 34 °54'36"N 

Tmvnship: Central E side, sec 36, TlOf'l, RISE, Fenner 15' quad, San 
Bernardino Co., CA 

Locality: Hill, ~1500 m SandE of Gaffs 

Field relations: A dike 

Age: Pleistocene accorcting to state geologic map but easily older 

Reference: Geologic Ma9 of California, Needles Sheet (Gishoo, 1964) 

fvlinerals: 

15% Clinopyroxene, ~pheno and grdmass, subh-anh, ~400 ~. lt 
brown-green color, B+, 2V~6o 

2% Olivine, ~pheno-grdmass, subh-anh , ~ 300 ~. partially 
converted to iddingsite 

20% Plagioclase, ~pheno, sho r t laths, 400 ~. zoned, twinned, 
An 56 

30% Pla9ioclase , grdmass, microlites, ~ 100 ~ in length 

10% Oxides, grdmass, anh, blocky, 5-70 ~ 

20% Glass, pale brown in color, contains ~any small microlites 

3% Vesicles, 0. 3-1 mrn in size, irregular in shRpe 

Texture: Hyaloohitic 

Comment: The dearth of olivine in this rock is noticeable, suogesting 
that the rock is not very unsaturated. 
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A6011 

Name: Andesite 

Me0ascopic description: Med gray volcanic rock containing abundant 
plagioclase laths ur to several mm in length 

Coordinates: 114 ° 06 1 06"~1- 35°12 1 30"N 

Township: Center, sec 15, T21N, R17W, Kingman 7.5 1 quad, Mohave Co., AZ 

Locality: Road cut on U.S. 93-466, ~2~ mi NW of high school in Kingman 

Field relations: At least as old as the Peach Springs tuff 

Age: Qb, according to Geologic Mar of Arizona, but at least 17 my in 
age because of field relations and K/Ar dates on Kingman 
i~nimbrite (Damon, 1966) 

Reference: Geologic Map of Arizona (l,Jilson et ~·, 1969) 
Minerals: 

10% Augite, pheno, and IJpheno, subh, rounded, 0.2-2 mm, 
commonly twinned, B+, 2v~ss, lt brown color 

10% Hornblende, pheno and IJpheno, subh, rounded 0.2-2 mm, B-, 
brown-green pleochroism 

25% Plagioclase, pheno and IJPheno, usually euh-subh laths, 
0.2-3 mm in length, a few of the larger grains are anh and 
possess an wormy texture 

55% Glass, matrix, black, nearly opaque, contains some microlites 

Texture: Glassy matrix containing randomly orientated phenocrysts 
( hypocrys ta 11 i ne and porphryriti c) 

Comment: Not a basalt, as was believed in the field, but an andesite or 
dacite. 
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A6014 

Name: Feldspathic basalt 

Megascopic description: A med gray basalt containing only rare, small 
(<1 mm) olivine phenocrysts. Essentially unvesicular 

Coordinates: 112°46.7 1 W - 35°16.8 1 M 
Township: NE corner, sec 24, R5W, T22N, Yavapai Co., AZ 
Locality: Road cut along 1-40, approximately 7 mi E of Selinman, t1t. 

Floyd volcanic field 
Age: Probably younger than the Hickey Formation (:-:;10 my) (D. Neeley, 

personal communicaton) 

Reference: Geologic ~1ap of Arizona (\~Jilson et ~·· 1969) 
~1inerals: 

2% Clinopyroxene, monomineralic inclusion consisting of many 
anhedral crystals, 6 mm long, angular shape 

5% Olivine, pheno, subh, 1 mm, iddingsite rims common 
5% Clinopyroxene, pheno, anh, granular patches made up of a 

mosaic of finer grains, individual crystals sometimes 
arranged as a corona 

15% Olivine, grdmass, subh-anh, 100 ~. in part altered to 
iddingsite 

20% Clinopyroxene, grdmass, anh-subh, 200 ~. gray-green color 
Tr Apatite, grdmass, acicular, 100 ~ long 
10% Oxides, grdmass, blocky 50 ~ 

40% Plagioclase, grdmass, anh to lath-like, twinned 
2% Vesicles, round, ~o.7 mm 

Tr Glass, interstitial, 30 ~.pale brown in color 
Texture: The texture is dominated by interlocking, often irregularly 

shaped subparallel plagioclase crystals, occasionally in fan
like motifs. 

Comment: The abundance of plagioclase in this rock indicates that it is 
a feldspathic basalt. The 11 Coronas 11 of clinopyroxene suggest 
that quartz xenocrysts were present at one time. 
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1\6015 

Name: Rhyo 1 i te 

Megascopic description: l1hite, glassy volcanic rock containing minute 
biotite crystals. Glass shards are observable. 

Coordinates: ll1°57 1 27"~J- 35°17 1 59"N 

Township: NE 1/4, NW 1/4, sec 10, T22N, R4E, Park 7.5• quad, Coconino 
Co. , AZ 

Locality: Top of Hright Hill, western San Francisco volcanic field 

Aqe: Approximately 2 my in a<Je (E. \Jolfe, personal communication) 

~1i nera 1 s: 

15% Orthoclase, pheno-grdmass, equant, euh-anh, 50 ~-1 mm, 
occasiona"lly with myrmekitic rims, B-, 2V"v70 

1% Biotite(?), grdmass, anh, 200 ~.pleochroic green-brown, 
often altered to oxides 

3% Oxides, grdmass and deuteric alteration, anh, 50 ~. opaque 
and reddish in color 

80% Glass, clear color, occasionally found in shards, contains 
microlites, srerulitic cracks 

1% Vesicles, round 400 ~ 

Texture: Glassy and porphyritic 

Comment: This is one of the very few rhyolitic rocks analyzed in this 
study. 
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A6018 

Name: Dacite vitrophere 
r1egascopic description: A dark gray, porphyriticvolcanic rock containing 

abundant plagioclase phenocrysts 

Coordinates: 111°28'00 11 1~- 35°26'34 11 N 

Township: SI·J 1/4, sec 20, R9E, T24N, Stra~t1berry Crater 7.5' quad, 
Coconino Co., AZ 

Locality: Eastern side Strawberry Crater, San Francisco volcanic field 

Field relations: Contains an occasiona\ partially fused granulitic 
xenolith 

Aqe: Quaternary, younger than the Stra\-Jberry Crater basalt (0.046 
± 0.046 my) 

References: Moore et al. (1974) 
~1i nera 1 s: 

5% Orthoclase, pheno, anh, equant, 1 mm, often partially 
cloudy, especially along rim~ commonly embayed, refractive 
index< balsam, B- with a fairly large 2V 

1% Olivine, pheno-grdmass, subh-anh, :::;:0.8 mm, B-, 2V<v70, 
clear color 

1% Hornblende, pheno, subh-anh, ~1 mm, brown color, slightly 
pleochroic, small angl~often associated with 
opaques, B-, 2V<v70, embayed 

Tr Oxides, pheno, anh, 0.6 mm 

10% Olivine, grdmass, subh-anh, 50-100 ~ 

20% Feldspar, qrdmass, euh-subh laths, 100 ~ in length 

~% Opaques, grdmass, blocky 10 ~ 
60% Glass, brown color 

1% Vesicles, rounded and somewhat elongate in form, 50-700 ~ 

Texture: Intersertal 

Comment: It seems unusual to have orthoclase and olivine togPther in 
the same thin section. 
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A6021 

Name: Basanitoid 

Megascopic description: A dense, essentially unvesicular, aphyric 
volcanic which contains rare but large pipe-like vesicles 

Coordinates: 111°12 1 12 11 ~1- 35°25 1 36 11 N 

Township: T24N, R12E (unsurveyed), Grand Falls 7.5• ~uad, Coconino Co., 
AZ 

Locality: Grand Falls on the Little Colorado River, San Francisco 
volcanic field 

Field relations: 
Age: Merriam age 
Reference: Moore 
r~i nera 1 s: 

Flow dammed the Little Colorado River 
(<0.1 my) 

et ~· (1974) 

20% Olivine, ~pheno and grdmass, euh-subh, ~400 ~. some oxide 
inclusions 

15% Clinopyroxene, grdmass, anh, 70 ~. brownish color 

20% Glass, interstitial, 50~. brown color 
10% Oxides, grdmass, blocky, 70 ~ 

30% Plagioclase, grdmass, elongate laths, ~An76 
5% Vesicles, rounded shapes, 0.1-3 nm in size 

Texture: Intersertal. Plagioclase laths are subparallel throughout 
the thin section 

Comment: The abundance of glass in this rock prohibits a definitive 
classification. However, a chemical analysis (E. Wolfe, 
written communication) indicates that A6021 is a basanitoid. 
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A6022 

Name: High alumina basalt 

Megascopic description: A med gray basalt containing a few olivine pheno
crysts and abundant plagioclase microphenocrysts. Contains a 
fine network of crack vesicles 

Coordinates: 111°19'45"~~- 35°17'55"N 
Township: NE 1/4, sec 16, T22N, R10E, Merriam 7.5' quad 
Locality: Near BM5742, Leupp Road, near Junction Crater 
Field relations: The Jumpoff Crater flow 
Age: Tappan age- 0.7-0.7 my, Pleistocene 

Reference: Moore et ~· (1974) 
Minerals: 

1% Pla~ioclase, pheno, equant, subh, 1 mm, An70 (?) 

5% Olivine, Jlpheno and grdmass, ~ 4-00 Jl, euh-subh, very slight 
oxidation 

10% Clinopyroxene, grdmass, anh, 50 Jl, brownish color, B+, 
2V-v50 

45% Plagioclase, grdmass, elongate laths, 50-300 Jl in length, 
An 58 

15% Oxides, grdmass, blocky, 50 Jl 
10~£ Glass, interstitial, 50 Jl, gritty texture, browt1 color 

15% Vesicles, irregular in shape but often elongate, 0.2-2 mm 
Texture: Plagioclase laths are oriented subparallel to one another, 

giving the thin section a sort of pilotaxitic appearance. The 
vesicles in this rock are small and irregular in shape, but not 
so much so as to be called a dikytaxitic texture. 

Comment: Petrographically this rock is a feldspathic basalt. A chemical 
analysis of a sample from that flow (E. Wolfe, written communi
cation) indicates that this is an alkali-rich high alumina 
bas a 1 t. 
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A6023 

Name: Alkaline-olivine basalt 

Megascopic description: A med gray basalt containing microphenocrysts 
of olivine and plagioclase. Somewhat vesicular with large (up 
to 5 mm in size) rounded vesicles. 

Coordinates: 111 o 31 1 40 11 ~1 - 35°22 • 52 11 N 
Township: SE 1/4, NE 1/4, sec 15, T23N, RSE, o•Leary Peak 7.5• quad, 

Coconino Co., AZ 
Locality: Near Nt·l boundary of Sunset Crater National ~1onument, San 

Francisco volcanic field 
Field relations: Sample taken near edge of the Bonito lava flow 
.1\ge: 1064 /\.D. (Smiley, 1958, as quoted by Moore et ~., 1974) 
Reference: Moore et al. (1974) 
r1i nera 1 s: 

15% Olivine, ~pheno to grdmass, subh, 100-700 ~. contains oxide 
inclusions, 2V~8o 

15% Clinopyroxene, ~pheno-grdmass, anh-subh, 800-50 ~. pale 
green in color, B+, 2V~5o 

30% Plagioclase, grdmass, elongate laths, 200 ~ in length 
15% Oxides, grdmass, anh, 70 ~ 

15% Glass, interstitial, 20 ~. brown color, also along the 
borders of some vesicles, partially devitrified 

10% Vesicles, rounded, elongate and amoeboid in shape, 1-7 mm 
in size 

Texture: Both glass (intersertal texture)) clinopyroxene, and oxides 
(intergranular texture) are interstitial to plagioclase laths 
in this rock. Plagioclase laths are locally subparallel. 

Comment: Petrographically this rock would be labelled an olivine-augite 
basalt. A chemical analysis (E. Holfe, written communication) 
indicates that it is an alkaline-olivine basalt. 
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A6025 

Name: Feldspathic basalt 

Megascopic description: A dark gray, aphanitic volcanic rock possessing 
a moderate amount of olivine phenocrysts. Some millimeter
sized vesicles. 

Coordinates: 112°22 1 27"W - 34 o 34 1 43"N 

Township: Central part, sec 21, R1W, T14N, Prescott 15 1 quad, Yavapai 
Co. , AZ 

Local it~': S side of Glassford Hill, in the Prescott area 
Age: K/Ar 13.4 ± 0.5 my (Mc Kee and Anderson, 1971) 
Reference: Krieger (1965), McKee and Anderson (1971) 
~1i nera 1 s : 

10% Olivine, pheno, euh to anh (because of embayment), 1 mm, 
thin iddingsite rims 

5% J.luqite, pheno, subh, 1 mm, brm•mish color, B+, 2V"'60 
40% Plagioclase, grdmass, laths, ~ 300 ~. An55 

10% Olivine, grdmass, subh-anh, ~ 150 ~. some iddingsite 
alteration but no obvious reaction rim 

15% Augite, grdmass, anh, 30 ~ 

10% Oxides, grdmass, blocky, anh-subh, 50~ 
7% Glass, interstitial, 40 ~. brown color 
2% Vesicles, ellipsoidal in shape, 0.5-3 mm in size 

Texture: Plagioclase laths are locally oriented subparallel to one 
another, giving the thin section a pilotaxitic appearance. 

Comment: Petrographically this rock is somewhat transitional between a 
feldspathic basalt and an olivine-augite basalt. A chemical 
analysis on a sample from a nearby locality (McKee and Anderson, 
1971) is also transitional in a number of its characteristics. 
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A6026 

Name: Basaltic andesite 

Megascopic description: A med gray, aphanitic, volcanic rock containing 
olivine phenocrysts, which, in large part, have been altered 
to iddingsite. 

Coordinates: 112°02'29"VJ- 34°16'30"N 

Township: NE 1/4, sec 4, T10N, R3E, Mayer 15' quad, Yavapai Co., AZ 
Locality: Approximately 1~ mi N of Horseshoe Ranch on Indian Creek 
Field relations: Hickey formation 
Age: K/Ar 10.4 ± 0.4 my UkKee and Anderson, 1971) 
Reference: Anderson and Blacet (1972), McKee and Anderson (1971) 
~1i nera 1 s: 

Tr Quartz, megacryst, anh, rounded, 0.8 mm, U+, surrounded 
by a pyroxene reaction rim 

2% Olivine, pheno, euh but rounded corners, iddingsite rims, 
an occasional serpentinitic core, 2v~so 

15% Clinopyroxene, grdmass, anh , 30 ~' individual grains and 
granular aggregates, very pale coloration 

10% Olivine, grdmass, subh-anh, 100 ~, some iddingsite alteration 

55% Plagioclase, grdmass, laths, 100 ~, twinned 
10% Oxides, 0rdmass, euh-subh, blocky 50 ~ 

5% Glass 
3% Vesicles, round 100 ~ vesicles, and elongate 2 mm vesicles 

Texture: A trachytic texture with glass usually interstitial to plagio
clase (intersertal texture). 

Comment: This rock is petrographicany similar to many feldspathic 
basalts. However, the presence of quartz "xenocrysts" indicates 
that the "basaltic andesite" label should be applied. 
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A6027 

Name: Diabase 

Megascopic description: A med gray volcanic rock containing rare olivine 
phenocrys~and more abundant plagioclase microphenocrysts. It 
contains numerous but minute (:-=;;3 mm) vesicles. 

Coordinates: l13°05'34 11 W- 34°19'25 11 \4 

Township: SE 1/4, sec 3, Tl11\1, R8'.'J, Malpais Mesa 7.5' quad, Yavarai 
Co., .AZ 

Locality: Malpais Mesa SE of Black Canyon Wash 
Field relations: Basalt caps mesa, overlies sandstone and conglomerate 

of Late Tertiary (?) age . 
. 1\ge: Quaternary according to Geologic ~1ap of 1\rizona, but might easily 

be Pliocene in age 
Reference: Geologic Map of Arizona (\lilson et ~·, 1969) 
t~i nera 1 s: 

15% Olivine, subh, rounded corners, average size about 300 ~, 
iddingsite rims common, B+, 2V~8o, contains minute oxide 
inclusions 

20% Augite, anh, 41)0 ~, interstitial to and including plag. laths 
pale brown in color, B+, 2V~45 

25% Plagioclase, euh-subh laths, 501) ~ long, ~An66 
5% Oxides, blocky and elongate crystals :.:;;400 ~ in size, 

and dust 

10% Glass, interstitial, 400 ~,brown to black in color, 
depending on the amount of opaque microlites 

25% Vesicles, angular and nearly interstitial, 100--'WO ~in size 
1% Calcite, alteration, fills an occasional vesicles 

Texture: Uniformly coarse grained. Subophitic, ophitic, intersertal, 
and dikytaxitic textural relationships can be found in this rock . 

Comment: The mineral assemblage displayed by this rock is not diagnostic. 
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A6028 

Name: Basaltic andesite 

Megascopic description: A dark gray, aphanitic volcanic rock. Contains 
rare, partially altered, yellowish olivine phenocrysts and 
abundant but small phenocrysts of plagioclase . Unvesicular 
in appearance but contains some subparallel vesicle trains. 

Coordinates: 113°37 1 20 11 \•J- 34°19 1 31 11 N 
Township: H central portion, sec 4, R13N, TllN, Artillery Peak 15 1 quad, 

Mohave Co., AZ 

Locality: S tip of Black Mountain, across from Plancha Mountain 

Field relations: Basalt ca~s a faulted mesa, and overlies Tertiary 
sedimentary rocks 

Age: Armstrong et al. (1976) dated a mesa capping flowS and H of Bill 
llillinr.isRiver at 9.7 ± 0.3 my 

Reference: Lasky and Weber (1949) 

r~inerals: 

1% Plagioclase, pheno, equant, anh, 3m~. wormy, sieve-like 
texture, ernbayed 

Tr Olivine, pheno, euh, 1 mm, largely altered to iddingsite 

10% Olivine, grdmass, subh, 100 ~. some iddingsite alteration, 
no obvious reaction rims 

15% Clinopyroxene, grdmass, granular, anh, ~100 ~. pale brown 
color, B+, 2V~6o 

Tr /\mphibole, ~pheno, columnar, subh, 0.2 x 3 mm, parallel 
extinction, B-, yellow-green pleochroism 

10% 'hides, grdmass, blocky 100 ~ crystals and dust particles 
in glass 

15% Glass, interstitial, nearly black, spotted appearance 
25% Plagioclase, grdmass, subh-anh, often lath-like 

20% Vesicles, angular, 200 ~ 

Texture: Intersertal. The network of minute vesicles might be called 
a dikytaxitic texture if the groundmass was a little coarser 
grained. 

Co~ment: It is unusual to find amphibole in a basalt. The occurrence 
of 1t10rmy plagioclase indicates that the term ••t>asaltic andesite~~ 
should be applied to this rock. 
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A6030 

Name: Feldspathic basalt 

Megascopic description: A med gray basalt which possesses a few, small 
brownish olivine phenocrysts. It also contains vesicles; these 
are <.: 3 mm in size and constitute only a very small percentage 
of the rock. 

Coordinates: l13°54'01 11 H- 35°39'31 11 N 
Township: NW 1/4, sec 34 (unsurveyed), T38N, R15W, Cane Springs 15' quad 
Locality: Prominent mesa, just S of Jacobs Hell, and W of Cottonwood 

~Jash 

Field relations: Mesa capping flow 
Age: K/Ar 6.70 ± 0.20 my (Damon, 1963) 
Reference: Best and Brimha 11 (1974) 
t1inerals: 

1% Olivine, pheno, subh, 5-2 mm, slight iddingsite alteration 
15~ Olivine, grdmass, anh, 40 ~. brown color because of 

iddingsite 
20% Clinopyroxene, grdmass, anh, 40 ~. pale brown coloration 
20% Oxides, grdmass, blocky, equant, subh, 40 ~ 

42% Plagioclase, grdmass, subh, often lath-like, 150 ~ in 
length, An54 

2% Glass, interstitial, 20 ~.pale brown in color 
Tr Vesicles, round, 2 mm 

Texture: Rather fine grained. Intergranular with mafic miner::tls inter
stitial to plagioclase laths. Plagioclase laths are subparallel 
to one another, giving the thin section a trachytic appearance. 

Comment: Like many other basalts from the southwest this rock doesn't 
have an obvious alkaline or tholeiite character. It is some
what rich in feldspar, and has consequently been labelled a 
feldspathic basalt for the purposes of this report. Chemical 
ana lyses on two rocks form the same genera 1 area as /.\6030 
(Leeman, 1974) have been classified as hawaiite5 and it is 
reasonable to believe that A6030 is also a hawaiite. 
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A6031 

Name: Ankaramite 

Megascopic description: A med gray basalt containing olivine micropheno
crysts. ~1odera te 1 y ves i cu 1 ar. 

Coordinates: 113°35.1 1 W - 36°49.4 1 N 
Township: Sec 33, R12W, T40N, Grand Canyon 1:250,000 quad, Mohave Co., 

AZ 

Locality: SW side of hill protruding from the NE portion of Half Hole 
Mountain into the saddle with Seegmuller Mountain 

Age: K/Ar 5.2 ± 1.3 my (Damon, 1968) 
Reference: Best and Brimhall (1974), Leeman (1974) 
~1inerals: 

20% Olivine, ~pheno, 0.1-2 mm, euh-subh but rounded, iddingsite 
and opaque oxide rims 

25% Augite, ~pheno and grdmass, anh-subh, 50-400 ~' pale brown-
green color, B+, 2V~60 

15% Oxides, grdmass, blocky, anh, 100 ~ 

30% Plagioclase, grdmass, laths, 80 ~ 

10% Vesicles, round ~2 mm in size 
3% Glass, interstitial, 10 ~ 

Texture: Basically interqranular although some glass is present. Some
what coarse grained. Not ophitic, despite the abundance of 
clinopyroxene to plagioclase. 

Comment: This rock is characterized by abundant olivine and clinopyroxene 
and relatively unabundant nlagioclase. It is easily classified 
as an olivine-augite basalt, according to the algorithm of 
Chapter 5. However, the abundance of mafic phases mi~ht also 
allow this rock to be called an ankaramite. Indeed, Leeman 
(1974) called a basalt from the same general locality as A6031 
an ankaramite on the basis of a chemical analysis. His isotopic 
analysis on the same sample gave a B7Sr/ 86Sr ratio of .7035. 
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U6032 

Name: Feldspathic basalt 

Megascopic description: A med gray, aphanitic, unvesicular volcanic 
rock, which contains minute olivine phenocrysts. 

Coordinates: 112°46'44"1~- 3J052'36"N 

Township: NW 1/4, sec 5, T34S, R8W, Pargonah 7.5' quad, Iron Co., UT 
Locality: r!ear Black Rock Cave, '\,1 km S of Pargonah 
Field relations: ~1orrhologically a very young flm<~ 

Age: K/Ar 0.44 ± 0.04 my (Fleck et ~., 1975) 
Reference: Geoloqic Map of Southwestern Utah (Hintz, 1963) 
Minerals: 

1')% Olivine, r.>heno and llPheno, 0.1-1 mm, euh-subh, no alteration, 
B-, 2V'\,75 

10% Augite, llPheno, subh-anh, 200 \1, oale green color, 8+, 2V'\,50 
60% Plagioclase, grdmass, usually lath-like, euh-anh, 20-200 l1 

10% Oxides, grdmass, blocky, subh, 20 l1 

10% Clinopyroxene?, grdmass, subh, 20 l1 

Tr Biotite, grdmass, subh, 40 !1, brown pleochroism 
Texture: Unvesicular. Intergranular. Plagioclase laths are subparallel 

to one another throughout the thin section; nonetheless, the 
texture is really not trachytic. 

Comment: This rock is so feldspar rich that it is close to being an 
andesite. However, it has been labelled a feldsoathic basalt. 
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N6034 

Name: Feldspathic tholeiite 

Megascopic description: Lt gray, aphanitic, unvesicular. Contains 
olivine and plagioclase micronhenocrysts. 

Coordinates: 115°05 1 36 11 W - 37° 47 1 21 11 W 

Township: SW 1/4, White River Narrows 7.5 1 quad, Lincoln Co., NV 
Locality: SE part of mesa 1 ying to the !·J side of ~Jhite River, 17 mi 

N of Hiko on Nevada 38 
Age: Pliocene (?) 

Reference: Tschanz and Pampeyan (1970) 
Minerals: 

5% Olivine, ~pheno, anh, <1 mm, largely converted to iddingsite, 
extensively embayed, usually surrounded by a clinopyroxene 
rich zone (a corona) 

45% Plagioclase, ~pheno and grdmass, subh-anh, ~800 ~. zoned 
10% Oxides, grd~ass, blocky,50 ~ 

20% Clinopyroxene, grdmass, ~200 ~. granular, pale green color 
5% Orthopyroxene (?), grdmass, subh, 40 ~.parallel extinction, 

low birefringence 
10% Glass, interstitial, pale brown color 

Texture: Intersertal. Large feldspars have a fairly consistent 
orientation throughout the thin section. 

Comment: The reaction rims associated with olivine crystals and the 
orthopyroxene in the grd~ass indicate that this rock has tholeiitic 
affinities. The abundance of plagioclase suggests that the term 
feldspathic basalt should be applied. 
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N6035 

Name: .L\ndes i te 

Megascopic description: A very dark gray volcanic rock containing 
abundant pyroxene phenocrysts. The groundmass qives a concoidal 
fracture, suggesting that it is glassy . -

Coordinates: 115°53 1 04 t·l- 37°43 1 44 11 N 
Township: E central oart, sec 34, R54E, T2S, White Blotch Springs 15 1 

quad, Lincoln Co. , NV 

Locality: Approximately 1 mi W of Lincoln Co. line, and 1 mi N of 
Nevada 25, and approximately 50 mi W of the junction of Nevada 
25 with U.S. 93. From the SE side of a large hill in the 
Benoyer Valley 

Age: Pliocene (?) 

Reference: Tschanz and Pampeyan (1970) 
~1inerals: 

5% Hyoersthene, ~hen?, subh-anh, 0.8 mm, pink-green pleochroism, 
parallel ext1nct1on, R-, 2V~6o 

5% Augite, pheno, anh, 1 mm, B+, 2V~6o, pale green, often 
found in glomerporph.yritic ag~regates with orthopyroxene 

20% Plagioclase, pheno and ~pheno, larger grains are a and 
equant, while smaller grains are more euh and lath-like, 
0.2-3 mm, some larger crystals have wormy interiors, zoned, 
twinned, An68 

20% Plagioclase, grdmass, subh laths and microlites, 30 ~ 

15% Pyroxene, grdmass, subh, 30 ~ 

5% Oxides, grdmass, subh, blocky, 10-200 ~ 

30% Glass, clear color, largely devitrified, contains abundant 
micro 1 ites 

Texture: Hyalophitic, even though much of the glass has devitrified. 

Comment: The texture and mineralogy of this rock are typical of andesites. 
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N6036 

Name: Feldspathic basalt 

Megascopic description: A shin y , med gray rock containing micropheno
crysts of olivine and plagioclase. Essentially unvesicular but 
does contain vesicles up to 1 em in size 

Coordinates: 118°03 1 08"W - 3]059 • 5JUN 

Township: Sec 26 (unsurveyed), R35E, T2N, Davis Mountain 15• quad, 
Esmerald3 Co., NV 

locality: Approximately 1 mi S of U.S. 6, on the NY side of the Volcanic 
Hills 

Age: Pliocene or Pleistocene. Ages on similar rocks in the same general 
area _are around 5 my by K/Ar methods. 

Reference : Albers and Stewart (1972) 
r~i nera l s: 

2% Olivine, pheno, euh-subh, rounded, 1 rnm 

Tr Au~ite, pheno, subh, 0.8 mm, lt green color 
55% Plagioclase, grdmass, space-filling anh shapes to euh laths, 

An 55 

15% Olivine, grdmass, subh, 100 w, clear color, iddingsite on 
edges 

15% Clinopyroxene, grdmass, subh, 30 w 
12% Oxides, grdmass, blocky, skeletal, and elongate, anh, 50 w 
4% Glass, grdmass, interstitial, 30 w, brown color, spotty 

texture 
1% Aratite, grdmass, acicular, 50 w in length 
1% Vesicles, round, 1 mm 

Texture : Basically an intergranular texture dominated by ~lagioclase 
crystals, 1-1hich alternately surround and include mafic phases . 
Plagioclase grains are not especially lath-like i n this rock 
and exhibit no consistent orientation. 

Comment: Petrographically this is a feldspathic basalt. Petrologic 
and chemical work on volcanics from nearby areas would suggest 
that this basalt is potassic and might easily be a trachybasalt 
(Robinson, 1972). Leeman (1970) reported a ~ 7 Sr/ 86 Sr ratio of 
.7061 on a trachybasalt from a nearby locality. 
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N6040 

Name: Feldspathic basalt 

Megascopic description: A med gray basalt. Essentially aphyric but 
rare olivine microphenocrysts and a sparkly appearance which 
bespeaks plagioclase microphenocrysts. 

Coordinates: 116°30'33"~·1- 36°40'47"N 

Township: NW 1/4, sec 1 (unsurveyed), R48E, T15S, Big Dune 15' quad, 
Nye Co. , NV 

Locality: Front of a flow derivino from a cinder cone, ~6 mi NH of 
Lathrop Wells on U.S. 95 

Field relations: Morphologically, a very fresh flow 

Age: K/Ar 2.0 ± 0.6 my (P. Orkild, quoted by ~1arvin et ~·, 1973) 
Reference: Corrwall (1972) 

Minerals: 

3% 0livine, pheno, subh, rounded, 0.6 mm, minute oxide 
inclusions 

15% Oxides, grdmass, subh-anh, ~so ~ 

45% Plagioclase, grdmass, subh laths and anh, 20-400 ~. An55 

10% Olivine, grdmass, subh, 80 ~ 

15% Clinopyroxene, grdmass, subh, 30 ~ 

5% Glass, interstitial, 30 ~ 

7% Vesicles, rounded, 1 mm 
Texture: Fine grained. Plagioclase laths are oriented subparallel to 

one another but this is not quite a pilotaxitic texture. 

Comment: A feldspar rich basalt. Leeman (1970) called his sample from 
the same locality a trachy basalt. The 87Sr/ 86 Sr ratio on his 
rock was .7075. 
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C6041 

Name: Feldspathic basalt 

Megascopic description: Med gray, relatively coarse grained, unvesicular. 
Contains olivine, plagioclase, and pyroxene phenocrysts 

Coordinates: 116 ° 16 1 30"\~- 35°58 1 50"N 

Township: SW 1/4, NW 1/4, sec 30, R7E, T22N, Shoshone 15• quad, Inyo 
Co., CA 

Locality: Very near Shoshone Spring, which is on the edge of the Dublin 
Hills, and ~1/4 mi N of central Shoshone 

Field relations: Volcanics rest on top of poorly consolidated, white 
colored conglomerate 

Age: Pliocene according to State Gelogic map 

Reference: Trona Sheet, Geologic ~ap of California (tJennings et .!!_., 
1962) 

r·1i nera 1 s: 

20% Pla~ioclase, oheno, euh-subh laths, 1-4 mm, An58 

3% Olivine, pheno, rounded, very slight iddingsite alteration, 
2v~sso 

2% Augite, pheno, anh, 1 mm, light brown color, B+, 2V~40, 
sometimes found in multi-grain aggregates with olivine 

10% Olivine, grdmass, subh, 100-200 ~ 

20% Augite, grdmass, subh-anh, 50-100 ~ 

25% Plagioclase, grdmass, euh-subh, laths, 100-400 ~ in length 

10% Oxides, grdmass, anh, 10-100 ~ 

10% Glass, interstitial, brown to black in color, spotted 
appearance 

Tr Apatite, grdmass, acicular, 100 ~ in length 

Texture: Relatively coarse grained througho11t thin section, but still a 
distinct bimodal distribution in grain sizes. This porphyritic 
texture indicates a two stage cooling history. The groundmass 
has an intersertal texture. 

Comment: The abundant and large plagioclase phenocrysts \'JOuld suggest 
that this is a feldspathic basalt. 
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A6053 

Name: Andesite 

Megascopic description: Med gray, aohanitic, unvesicular. Contains 
abundant plagioclase phenocrysts and less common pyroxene 
phenocrysts 

Coordinates: 111 °40'38"\cl- 35°20'47"N 
Township: Central part, sec 29, R7E, T23~1, Humphreys Peak 7.5' quad, 

Coconino Co., AZ 
Locality: Summit of Humphreys Peak, San Francisco volcanic field 
Field relations: Stratigraphically the uppermost flow on Humphrey's Peak 
Age: Pleistocene 

Reference: Robinson (1913), I·Jolfe et ~· (in preparation) 
"1inerals: 

3% Augite, pheno, subh-anh, 1 mm, pale brown color, 8+, 2V~60 

2% Hypersthene,pheno, subh-anh, light green to liqht brown 
pleochroism 

15% Plagioclase, pheno, subh-anh , stubby laths, An68 

2% Olivine, ~pheno, euh-subh, 100-400 ~. clear color, unaltered 
15% Oxides, ~pheno and grdmass, subh-anh, blocky, 10-400 ~ 

50% Plagioclase, grdmass, subh-anh, lath-like and irregular in 
shape, 100 ~ 

10% Pyroxene, grdmass, anh-subh microlites, 20 ~ 

3% Glass, interstital, 20 ~. light brown color, spotted 
Tr Apatite, grdmass, acicular, 30 p in length 

Texture: Felted. Porphyritic. Basically intergranular. 
Comment: This rock is similar to what one would expect if olivine and 

some clinopyroxene were settled from a high alumina basalt from 
the San Francisco volcanic field. 
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A6054 

Name: Dacite 

Megascopic description : A porphyritic black and white rock. Contains 
abundant, lar9e (2 mm) plagioclase phenocrysts, and smaller, 
less abundant pyroxene phenocrysts in a black matrix 

Coordinates: 111°40'31 11 W- 35°20'46 11 N 

Township: S central portion, sec 29, R7E, T23N, Humphreys Peak 7.5' 
quad, Coconino Co., AZ 

Locality: E side of Humphreys Peak, near the 12,400 foot contour 

Field relations: Sample from the upper part of the massive dacite flow 
underlying the andesite of the Humphreys Peak summit 

Reference: Robinson (1913) 

Minerals: 

15 ~~ Plagioclase, oheno, subh-anh, 1-2 mm, zoned, polysynthetic 
twinning, some embayment and reaction with matrix material, 
occasionally found in glomeroporphyritic aggregrates 

5% Hypersthene, pheno and ~pheno, subh-anh, 0.2-1.5 mm, B-, 
2V~7o, pink-green pleochroism, sometimes found in glomera
porphyritic aggregates with plagioclase, B-, 2V~7o 

1% Augite, ~pheno, anh, 0.5 mm, green color, B+ 

2% Oxides, ~pheno, anh, blocky, 100-200 ~. often associated 
\'lith pyroxene 

50% Glass, off-white color, largely devitrified - contains 
abundant microlites 

15% Plagioclase, microlites, 50~ in length 
10% Oxides, microlites, ~so~ 

5% Pyroxene(?), microlites, 20 ~ 

1% Vesicles, very irregular in shape, 0.2-2 mm 
Texture: Hyalophitic and glomeroporphyritic 
Comment: The characteristics of this rock are those of a dacite or 

andesite. 
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A6058 

Name: Feldspathic basalt 

Megascopic description: Lt brown color, unvesicular . Common plagioclase 
phenocrysts, less abundant mafic phenocrysts 

Coordinates : 111°40 1 48"\·J - 35°20 1 04"N 
Township: W central portion, sec 35, R?E, T23~, Humohreys Peak 7.5 1 

quad, Coconino Co., AZ 
Locality: 11,820 foot contour, near lowest point in the saddle between 

Humphreys Peak and Agassiz Peak 

Field relations: Associated with the "Core Ridge" feeder system for 
the San Francisco stratovolcano, stratigraphically low in the 
volcanic pile 

Age: Pleistocene 

Reference: Robinson (1913), '~olfe et ~· (in oreparation) 
Minerals: 

15% Plagioclase, oheno, subh, lath-like and equant, some 
embayment, An62 

2% Olivine, ~pheno, subh, 100-400 ~. iddingsite rims 
10% Olivine (?), grdmass, anh, 10 ~. reddish color due to 

oxidation 
10% Pyroxene(?), grdmass, anh, embedded in a plagioclase-glass 

matrix 
10% Oxides, grdmass, blocky, 10 ~. embedded in a plagioclase

glass matrix 
35% Plagioclase, grdmass, irregularly shaped wedges and laths, 

-;, ]0 ~ 

10% Glass, brown color, largely devitrified 

Texture: Variable concentrations of oxide relative to plagioclase give 
this rock a streaked appearance. Under low power the thin 
section has a texture quite reminiscent of a hyalophitic 
andesite. 

Comment: Petrographically this rock is similar to many andesites. 
However, an unpublished chemical analysis (Wolfe and Moore, 
written communication) indicates that it is a feldspathic basalt. 
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A6060 

Name: Olivine basalt 
Megascopic description: A med gray, somewhat vesicular basalt, which 

contains olivine phenocrysts and rare plaCJioclase phenocrysts 
Coordinates: 109°21 1 22 11 W - 34°15 1 13 11 N 
Township: Nll 1/4, sec 23, TlON, R28E, Lyman Lake 7.5• quad, Apache Co., 

AZ 

Locality: Just W of U.S. 180-666, 9 mi N of Springerville and 5 mi S 
of Lyman Lake 

Field relations: From a squeeze-up in a morphologically very fresh flow 
Age: Holocene? 

Reference: Geologic r1ap of Arizona (Hilson et ~., 1969) 

Minerals: 

1% Augite, pheno, euh but rounded, 2 mm, pale brown color, B+, 
2V""60 

15% Olivine, pheno and ~pheno, subh-euh, 0.1-1 mm 
35% Pla~ioclase, ~pheno and grdmass, euh laths and anh, 20-500 ~ 

25% Pyroxene and olivine, grdmass, elongate-equant microlites, 
30 ~ 

20% Oxides, grdmass, blocky, 20 ~ 

5% Vesicles, round, 200 ~ 

Tr Glass (?) 

Texture: A very fine grained groundmass. 
Comment: Although the fine grained groundmass is difficult to deal \'lith, 

I would tentatively classify this as an olivine augite basalt. 
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A6062 

Name: Olivine-augite diabase 
Megascopic description: A lt gray volcanic rock distinguished by its 

dikytaxitic texture. Hand specimen contains brownish 
(iddinqsitized) olivine phenocrysts and microphenocrysts of 
plagioclase 

Coordinates: 110°09 1 11 11 ~!- 34°06 1 22 11 N 

Township: Central N 1/2, sec 7, T8N, R21E (unsurveyed), Showlow 15• quad, 
Navajo Co., AZ 

Locality: Intersection of Corduroy Creek and U.S. 60, W side of bridge, 
near BM5856 

Field relations: 
Age: K/Ar 11.8 ± 
Reference: McKay 
~1i nera 1 s: 

Flow in the Corduroy Creek drainage 
0. 6 my U1cKee and ~1cKee, 1972) 
(1972), Shakel (1976) 

10% Vesicles, angular in sha~e, 0.3-0.8 mm, bounded by crystal 
faces, some plagioclase laths actually extend into voids 

15% Olivine, subh-anh, 0.1-3 mm, partially altered to iddingsite, 
no reaction rims 

28% Augite, anh, 0.5 mm, interstitial to plagioclase, but 
commonly partially enclosing or including plagioclase laths, 
lt brown color with a sliqht purple (?) tint, B+, 2v~so 

35% Plagioclase, lath-like, subh, ~ 2 mm long, An64 
2% Glass, 100 ~. devitrified cryotocrystalline material in 

angular well-defined intertices 
10% Oxides, blocky to interstitial, 100 ~ 

Tr Clay, found lining some vesicles 
Texture: Uniformly coarse grained. Dikytaxitic. Locally ophitic. 
Comment: This is a diabase which should probably be classified in the 

olivine augite basalt category. 



427 

A6063 

Name: Olivine basalt 

Megascopic description: A dark gray, unvesicular, aphanitic volcanic 
rock containing olivine p~enocrysts ~1 ~m in size 

Coordinates: 111°27'51"\~- 33°55'41"N 

Township: Eastern part, N boundary, sec 30, T?N, R9E, Reno Pass 7.5' 
quad, Maricooa Co., AZ 

Locality: SW of Iron Dike and approximately 400 m S of Arizona 87 

Field relations: A columnar jointed dike 

Age: Late ~1iocene (?)or Pliocene(?) 

Reference: Geologic ~1ao of Arizona (1·/ilson et ~·, 1969) 
!'.linerals: 

5% Olivine, pheno and ~pheno, euh-anh, 0.1-3 mm, so~e embay
ment, minor resorption 

1% Augite, pheno, euh but rounded corners, 2 mm, B+, 2V~60, 
unpleochroic, pale brown 

35% Augite, grdmass, euh, elon~ate, 200 ~. pale brown or 
green in color 

15% Oxides, grdmass, blocky, 10-70 ~. opaque 

5% Olivine, grdmass, subh, 70 ~. clear 

40% Plagioclase, grdmass, laths, 20-100 ~ in length, An56 

Tr Glass, interstitial pockets, 20 ~ 

Tr Alteration, ferromagnesium hydrous minerals, anh, 30 ~. 
associated with cracks 

Texture: Fine grained groundmass. Trachytic, intergranular texture 

Comment: This rock is somewhat transitional between olivine-augite 
basalt and feldspathic basalt categories. 
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A6064 

Name: Olivine-augite diabase 

Megascopic description: A med gray basalt distinguished by abundant 
brown, iddingsitized olivine phenocrysts and a network of small, 
almost microsconic vesicles 

Coordinates: 111 °24 1 59"\1- 34°19 1 17"N 
Tovmship: SE 1/4, sec 3, TlPl, R9E, Pine 15 1 quad, Gila Co., AZ 
Loca 1 ity: Buckhead r.1esa, "'4 mi S of Pine, AZ on Arizona 87 

Field relations: Mesa capping flow 

Aae: Late ~1i ocene (?) or Pliocene (?) 

Reference : Geologic Map of Arizona (Wilson et ~., 1969) 
Minerals : 

10% Olivine, subh-anh, 0.1-2 ~m, in part (and occasionally 
totally) altered to iddingsite 

30% Augite, anh, poikilitic-ophitic, 0. 2-1 mm, pale brown-green
gray color, B+, 2V"'60 

10% Oxides, euh-anh blocks, 100 ~ 

10% Glass, interstitial, 100 ~. heavily dusted with oxide 
microlites 

25% Plagioclase, laths, 0.5 mm, An60 
25% Vesicles, often angular, with crystal faces often defining 

boundaries, 0.4 mm 

Texture: Uniformly coarse grained. Both ophitic and dikytaxitic 

Comment: The abundance of olivine and clinopyroxene in this rock relative 
to plagioclase indicates that this is an olivine-augite diabase. 
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C7001 

Name: Olivine basalt 

Megascopic description: A med gray, aphanitic volcanic rock. Contains 
large (~ 1 mm) olivine (largely oxidized) and plagioclase pheno
crysts and a few vesicles 

Coordinates: ll6°24'00"vJ- 34°10'31''N 
Township: NW 1/4, sec 14, T1N, R5E, Joshua Tree 15' quad, San Bernardino 

Co. , CA 

Locality: ~100m W of Lucerne-Yucca Valley Rd (Calif. 27), 4~ mi N of 
Yucca Valley 

Age: Late Pliocene (?) or Early Pleistocene (?) 

Reference: ~ibblee (1967) 
Minerals: 

2% Olivine, pheno, suhh, 0.4-2 mm, slightly to almost totally 

3% 

1% 

10% 

25% 
15% 

40% 

2% 
10/ to 

1% 

Tr 

Texture: A 

altered to iddingsite and opaque oxides 

Plagioclase, pheno, subh, usually lath-like, 0.5-2 mm, often 
in aggregates of several crystals 

Auqite, pheno, subh, 2 mm, pale green-brown color, shiller 
structure, 8+, 2V~6o 

Olivine, grdmass, subh-anh, 30-150 ~. almost totally converted 
to iddingsite 

Augite, grdmass, subh, 50 ~. pale green color 
Oxides, grdmass, anh, blocky, 50 ~ 

Plagioclase 
0xides, weathering, red-orange color 

CC, weathering, found in vesicles 

Vesicles, round 0.8 mm 

Apatite, grdmass, acicular, ~so ~ in len~th 

felted texture. Inter']ranular 
Comment: This rock is transitional between a feldspathic and an olivine

aug; te bas a 1t. 
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NM7005 

Name: A 1 ka 1 i ne-o 1 i vine basalt 

Megascopic description: A med gray basalt containing small olivine pheno
crysts and plagioclase microphenocrysts. Abundant but very 
sma 11 ves i c 1 es 

Coordinates: 108°17 1 21"\tJ- 31 °55 1 20"\,J 

Township: N boundary, NE 1/4, sec 32, T27S, R14W, Hachita 15 1 quad, 
Grant Co. , N~1 

Locality: SW corner of mesa, ~2 mi E of Hachita on New Mexico 9 

Field relations: Basalt capping a low mesa 

Age: Quaternary (?) 

Reference: Geologic t,laD of ~lev-1 ~1exico (Dane and Bachman, 1965) 
~Inerals: 

5% Olivine, ~pheno, subh-anh , 0.5 mm, iddingsite rims, some 
embayment and rounding 

35% Titanaugite, grdmass, anh, ~ 30 ~. lt brown color with a 
purplish tint, often found partially including plagioclase 
1 aths, B+, 2V~6o 

30% Plagioclase, grdmass, euh, elongate laths, 4QO ~ in length, 
An 55 

5% Olivine, grdmass, subh, 50-200 ~. partially oxidized 

15% Oxides, grdmass, subh-anh, blocky to elongate, 50 ~ 

5% Glass, interstitial, 30 ~. brownish color, spotted appearance 

5% Vesicles, irregular in shape, ~ 300 ~ in size 

Texture : Abundant, small vesicles give this rock almost a dikytaxitic 
texture. Ophitic and intersertal textures are also present. 

Comment: Obviously, an alkaline and mafic rock. It might be either an 
alkaline-olivine basalt or a basanitoid . 
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NM7007 

Name: Alkaline-olivine basalt 
Megascopic description: A med gray, basically unvesicular basalt 

containing fresh olivine ~henocrysts. The sparkly anpearance 
of this rock in the sunlight suggests that plagioclase micro
phenocrysts are present. This sample contains rare, centimeter 
sized, coarse grained inclusions of gabbroic character. 

Coordinates: 10JC59'27"W- 32°55'11 11 N 
Township: NW 1/4, sec 16, T16S, R11W, San Lorenzo 15' quad, Grant Co., NM 
Locality: Mesa on NW side of East Canyon, E of Rio Mimbres Cafe, and 

~4~ mi N of Mimbres 
Field relations: Basalt cappinq a deeply dissected mesa. Stratigraphically 

near the top of the Gila Conglomerate 

Age: K/Ar 6.29 ± 0.41 my (Elston et ~., 1973) 
Reference: El stan et ~· (1973), Elston et ~· (1976), Fodor (1978) 
Minerals: 

3% Olivine, pheno, subh, rounded corners, ~3 mm, very thin 
iddingsite rims 

1% Augite, pheno, anh, 0.5-1 mm, ~reen cores and purple rims, 
probably derive from mafic inclusion 

15% Olivine, grdmass, subh, 100-200 ~. slight oxidation, no 
reaction rims 

301, Titanaugite, grdmass, anh, purplish-brown color 
10% Oxides, grdmass, anh, 50-100 ~ 

30% Plagioclase, grdmass, long laths, 500 ~ in length, An54 

10% Vesicles, irregular in shape, ~100 ~ 
1% Glass, interstitial, 30 ~. pale brown in color, spotted 

texture 
Texture: Almost ophitic in some local areas 
Comment: This rock has the petrographic characteristics of an alkaline 

olivine basalt or a basanitoid. A chemical analysis by Fodor 
(1978) supports this conclusion. 

Inclusion: A larae inclusion in this rock is made up of 1-3 mm sized, 
anhedral grains of hypersthene, clinopyroxene, and plagioclase. 
It also contains smaller, less abundant oxide crystals and some 
reddish oxidation along grain boundaries. 
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W·17008 

Name: Olivine basalt 

Megascopic descriotion: A black basaltic rock with rather small ( ~ 1 mm) 
phenocrysts of olivine and plagioclase. It contains infrequent 
but large (~1 em) vesicles. 

Coordinates: 107°30' 08"H - 32°58'48"~1 

Township: NW 1/4, sec 30, R7W, T15S, Hillsboro 15' quad, Sierra Co., NM 

Locality: Flow on S~ side of volcano, 2 mi N of ~ew Mexico 180, 5 mi 
E of Yi 11 sboro 

Age: ~uaternary (?) 

Reference: Geologic Map of New Mexico (Dane and Bachman, 1965) 
Minerals: 

5% Olivine, pheno, subh, rounded, ~1 mm, iddinasite rims 

20% Plagioclase, ~pheno, laths, 500 ~ long, An58 

20% Plagioclase, grdmass, laths and microlites, An45 

30% Oxides, grdmass, blocky, 50 ~ 

20% Olivine, grdmass, anh, 50~. partially oxidized 

10% Clinpyroxene, ~rdmass, anh, 20 ~ 

Tr Glass, interstitial 

1% Vesicles, elongate but rounded, 1 em in length 
Tr Calcite, weatherings, lines the borders of some vesicles 

Texture: Intergranul ar but fine grained 

Comment: The most notable thing about this rock is its abundant concen
tration of oxides. There is little to suggest either an alkaline 
or tholeiitic nature. 
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NM7009 

Name: Basanitoid 

Megascopic description: A med gray, aohanitic volcanic rock with pheno
crysts of olivine and microphenocrysts of plagioclase. Contains 
quartz xenoliths. Apparently unvesicular but small,nearly micr~ 
scopic voids are present. 

Coordinates: 106°52'26"W- 33°31'08"N 
Township: Unsurveyed township, Val Verde 15' quad, Socorro Co., NM 

Locality: Bat caves, ~ 1 mi SW of volcano, Jornada del Muerto volcanic 
field 

Field relations : Sample from a collapsed lava tube 
Age: Quaternary 

Reference: Geo 1 ogi c Map of Ne1-; Me xi co (Dane and Bachman, 1965), Ueber 
(1963) 

~~i nera 1 s: 

5% Olivine, pheno, subh, ~4 mm in size, completely fresh 

35% Plagioclase, ~pheno, elongate laths, 0.1-1.5 mm long, An54 
20% Titanaugite, grdmass, anh, 50-300 ~. interstitial to but 

sometimes partially including plagioclase laths, pronounced 
purple tint 

15% Olivine, grdmass, subh-anh, 100 ~. no reaction rims 
10% Oxides, grdmass, anh, blocky to skeletal 
3% Glass, interstitial, ~ 70 ~.contains abundant micolites 

12% Vesicles, irregular in shape, 200 ~ 

1% Quartz, xenocryst, 3 mm inclusion composed of anh, 0.8 ~~ 
sized quartz crystals, rimmed by a clinopyroxene-glass 
reaction rim, conspicuously embayed 

Texture: Plagioclase laths are oriented randomly in the thin section 
Interstitial to these are glass, oxide, and titanaugite. Vesicles 
are small and irregular in shape but a little too large relative 
to groundmass grains to be interstitial. Thus the texture is 
not quite dikytaxitic. 

Comment: Petrographically, this rock is nearly identical to other 
Quaternary alkaline basalts from the southwestern United States . 
The occurrence of large monomineralic quartz megacrysts is 
extraordinary and not easily explained. 
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N ~17010 

Name: Basanitoid 

Megascopic description: A med gray basalt. About 20% vesicles, ranging 
in size from 1 em to microscopic, which give the rock a dikytaxitic 
appearance. Olivine and plagioclase phenocrysts are abundant 
but sma 1 L 

Coordinates: 106°54'21"!,1- 33°30'26"N 

Township: Unsurveyed township, Pedro Armenda Grant, Val Verde 15' quad, 
Socorro Co. , N~1 

Locality: Prominent S facing flow front, abutting a large closed 
depression, ~~ mi E of Hackberry Well on dirt road 

Field relations: Morphologically this is a very fresh (Holocene?) flow 
Age: Quaternary 

Reference: Geologic Map of Mew Mexico (Dane and Bachman, 1965), Weber 
(1963) 

Minerals: 
2 ~~ Olivine, pheno, euh-subh, 0.5-1.5 mm 

Tr Plagioclase, pheno, ahn, equant, 1.5 mm, wormy cores 
35% Plagioclase, ~pheno and grdmass, laths, 0.2-1 mm long, 

twinned, An59 
15% Olivine, grdmass, subh, 70-400 ~. no reaction rims 
25% Titanaugite, grdmass, anh and usually interstitia 1, 

purplish tint 
7% Oxides, grdmass, skeletal and interstitial, anh, 70 ~ 

3% Glass, interstitial, 30 ~ 

13% Vesicles, round holes, 2 mm in size; and irregular shaped 
voids, 200-400 ~ in size 

Texture: Large, randomly oriented plagioclase laths dominate the ground
mass texture. Interstitial to these are pyroxene, oxides, 
glass, and vesicles (dikytaxitic texture). 

Comment: Like rocks from the Potrillo volcanic field to the south, 
this is an alkali olivine basalt or a basanitoid. The occurrence 
of wormy plagioclase megacrysts in this rock is unusual; sieve
textured plagioclase is normally found in basaltic andesites, 
which tend to be silica rich. 
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Nt~7011 

Name: Tholeiitic basalt 

Megascopic description: A med gray basalt. Contains 5-10% 1 mm-sized 
vesicles and more, nearly microscopic holes. Abundant but 
usually small olivine and plagioclase phenocrysts. 

Coordinates: 105°54 1 51 11 W- 33°41 1 03'1N 
Township: NW 1/4, SW 1/4, sec 21, R10E, T10S, Carrizozo 15• quad, 

L i nco 1 n Co. , ~IM 

Locality: Collapse depression N of U.S. 380 from Valley of Fire State 
Park, ~6 km NE of Carrizozo 

Field relations: Morphologically a very young flm-J 
Age: Recent 

Reference: Geologic Map of New Mexico (Dane and Bachman, 1965), Weber 
(1964) 

~1i nera 1 s: 

3% Olivine, pheno and ~pheno, euh-subh, 0.5-2 mm, 2V~85 

7% Olivine, grdmass, subh, 100 ~. no reaction rims 
30% Plagioclase, ~pheno and grdmass, elongate laths, 100-500 ~. 

An 58 
40% Glass/oxides, interstitial, 100 ~.nearly black because of 

oxide dust 
20% Vesicles, round holes 1 mm in size, and irregular shaped 

voids, 150 ~ in size 
Texture: Intersertal and dikytaxitic 
Comment: The abundance of glass in this rock prohibits an accurate 

petrological classification. However, chemical analyses on the 
Carrizozo basalt (Renault, 1970; and Weber, 1964) indicate that 
it is tholeiitic in composition. 

Additional note: Leeman (1970) reported a 87 SrjB6Sr ratio of .7053 for 
a sample from the Carrizozo flow. 
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NM7012 

Name : Basalt 

Megascopic description: A med gray volcanic rock characterized by 
abundant, mm-sized plagioclase phenocrysts and smaller, less 
common olivine phenocrysts. Contains some megascopic vesicles . 

Coordinates: 106°42 • 39"~1 - 35°08 1 24"N 
Township: SE 1/4, NE 1/4, sec 34, T11N, R2E, Los Griegos 7.5• quad, 

Bernallilo Co., NM 
Locality: Highest point at tip of a promontory cliffs t~ of Albuquerque 

Age: K/Ar 0.19 ± 0.04 my (Bachman et ~·, 1975) 
Reference: Geologic Map of New Mexico (Dane and Bachman, 1965) 
~1inerals: 

10% Plagioclase, oheno, subh, lath-like, 1-3 mm, occasionally 
in glomeroporphyriticaggreQates, An72 

5% Olivine, 11pheno, subh, 200-700 11, very slight iddingsite 
alteration 

10% Olivine, grdmass, anh-subh, 100 11, thin iddingsi t e rims, 
no apparent reaction 

20% Clinopyroxene, grdmass, anh, 100 11, very pale brown, B+, 
2V'\,50-60 

25% Plagioclase, grdmass, lath-like, 100 11 long, An54 
15% Vesicles, mostly small (200 11) and irregular in shape 
5% Oxides, grdmass, anh, 70 11 

10% Glass, interstitial, almost opaque because of oxide dust 
Texture: Approaching a dikytaxitic texture. Intersertal, intergranular, 

and ophitic textures are found locally. Plagioclase laths are 
ori~nted randomly. 

Comment: Pla9ioclase phenocrysts usually occur in rocks containing 
abundant groundmass plagioclase. Both characteristics have been 
used to distinguish feldspathic basalts (high alumina basalts, 
and hawaiites) from more mafic rocks. This sample has plagio
clase phenocrysts but a rather plagioclase-poor groundmass. 
It is not easily fit in the Chapter 5 classification scheme. 
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NM7013 

Name: Andesite 

Megascopic description: A lt gray, aphanitic, aphyric, unvesicular 
volcanic rock. Contains various inclusions, including some of 
gabbroic texture. 

Coordinates: 106°47 1 04"N - 34 o47 1 06"1~ 

Township: Unsurveyed township, San Clemente Grant, Dalies 7.51 quad, 
Valencia Co., Nt1 

Locality: Tip of SE lobe, Cerro de Los Lunas, "-'0.6 mi E of I-25 
Age: K/Ar 1.12 ± 0.04 my (Bachman et ~·, 1975) 

Reference: Geologic Map of New Mexico (Dane and Bachman, 19~5) 

~1inerals: 

1% Hypersthene, ll pheno, subh, ::;:0.8 mm, pink-green pleochroism, 
B-, 2V"-'50 

Tr Olivine, grdmass, anh, 100-300 )1, partial resorption, 2V"-'90 
Tr Quartz, megacryst, anh, 1 mm, surrounded by clinopyroxene 

corona 

Tr Clinopyroxene, llPheno, subh, 0.5 mm, pale green, 2+, 2V"-'60 
Tr Biotite, "pheno," anh, 0.9 mm, almost completely replaced 

by opaque oxides 

60% Plagioclase, llPheno-grdmass, lath-like 70-500 ~. An50 

5% Oxides, llpheno, pseudomorphs after biotite, 200-800 ll• 
opaque 

3% Oxides, grdmass, blocky, 30 l1 

7% Hypersthene and clinopyroxene, grdmass, anh, 100 l1 

17% Vesicles, amoeboid in shape, 200 ~ 

2% Ghosts, granular regionals characterized by minute oxide 
and pyroxene (?) grains 

5% Glass, crptocrystalline material interstitial to feldspar 
laths 

Texture: Pilotaxitic texture . The abundance of microscopic vesicles in 
this rock is notable. 

Comment: The abundance of plagioclase, the texture, the occurrence of 
biotite and hypersthene all indicate that this rock is an andesite. 

Inclusion: A gabbroic inclusion in this rock is approximately 6 mm in 
size. It contains anhedral grains of hypersthene~ clinopyroxene, 
plagioclase, biotite, and oxides. Disaggregation of similar 
inclusions could give rise to the ''phenocryst'' phases observed in 
the rest of the rock. 
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NM7014 

Name: Alkaline-olivine basalt 

Megascopic description: Dark gray basalt containing abundant, fresh 
olivine phenocrysts. About 10% vesicles 

Coordinates: 106°50 1 43 11 ~! - 34 °49 1 27 11 N 
Township: Sec 21, T7N, R1E (unsurveyed), San Clemente Grant, Dalies 

7.5 1 quad, Valencia Co., NM 

Locality: Front of flow, E of Sandia (site) and ~700 m N of New Mexico 
6, ~5~ mi E of Los Lunas 

Field relations: ~1orphologically a very youthful flow 
'.l.ge: Quaternary 

Reference: Bachman et ~· {1975) 
Minerals: 

2% 

10/ 
/0 

30% 

Olivine, pheno, subh, 1.5 mm, some embayment, 2V~85, 
include oxides 
Plagioclase, pheno, euh, elongate laths, ~1 mm, zoned, 
twinned, An66 
Plagioclase, ~pheno-grdmass, laths, 100-400 ~. An66 

8% Olivine, grdmass, subh, 70 ~. very slight oxidation, no 
reaction rims 

25% Titanaugite, ~rdmass, anh, interstitial to plagioclase, 
70 ~. purple-brown color 

15% Oxides, grdmass, anh, interstitial, commonly acicular, 
70 ~ in length 

10% Glass, interstitial, brown color, spotty texture, sometimes 
lining larger vesicles 

10% Vesicles, irregular shape, 200 ~ 

Texture: Intersertal. Locally dikytaxitic. Plagioclase laths randomly 
oriented. 

Comment: The titanaugite in this rock would indicate that it is an 
alkaline olivine basalt. 
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NM7015 

Name: Basaltic andesite? 

Megascopic description: A med gray basalt containing a few small (~ 1 
mm) olivine phenocrysts. ~1egascopically, this rock is unvesicular, 
containing only a few mm sized vesicles. However, there are 
numerous near microscopic voids in this rock, hinting at a 
dikytaxitic texture. 

Coordinates: 108°37 1 02"\·./- 33°49 1 29"N 

Township: SE 1/4, NE 1/4, sec 33, T5S, R17\l, Squirrel Sprin']S Canyon 
7.5• quad, Catron Co., NM 

Locality: S side of mesa, S of New Mexico 12 at Apache Creek 

Age: K/Ar 0.9 ± 0.2 my (Bikerman, 1972) 

Reference: Elston~~· (1976) 
r~i nera 1 s: 

10/ 
10 Olivine, pheno, anh, 1 mm, unoxidized, 2V~85 

Olivine, ~pheno, euh-subh, 200 ~. very slight iddingsite 
alteration 

Tr Plagioclase, pheno, rounded, 2 mm, wormy texture 

35% Clinopyroxene, grdmass, anh, 100-400 ~. brownish color, 
occasionally include plagioclase laths 

10% Vesicles, irregular in shape, 0.1-0.8 mm in size, not 
quite interstitial 

30% Plagioclase, grdmass, euh-subh, elongate and equant laths, 
200 ~ in length, An59 

5% Oxides, grdmass, discrete, angular grains, 30-100 ~ 

10% Glass, interstitial, 20 ~. pale brown color spotted texture 

Texture: Somewhat coarse grained. Locally ophitic and dikytaxitic. 
Intersertal. 

Comment: The oresence of \'lormy olagioclase is one of the characteristics 
used to identifv basaltic andesites. However, this rock is 
quite rich in mafics and the term may not be appropriate. 
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C7021 

Name : Andesite 

Megascopic description: Black, unvesicular, aphanitic volcanic rock 
possessing abundant, mm sized plagioclase laths 

Coordinates: ll9°35 1 03" l~ - 3JC01 1 33"N 

Township: SE corner, sec 29, R22E, TlOS, Millerton Lake 15 1 quad, 
Fresno Co. , CA 

Locality: Table Mountain, ~1~ mi NW of Marshal Station 

Fields relations: Table Mountain basalt of the San Joaquin 
Age: K/Ar 9.5 ± 0.3 my (Dalrymple, 1963) 

Reference: Dalrymple (1963); Geologic Map of California, Mariposa Sheet 
(Strand, 1967) 

t~i nera 1 s: 

2m~ Plagioclase, subh-anh, often lath-like 1 mm, zoned, embayed, 
An 58 

10% Augite, grdmass, anh, 100 ~. B+, 2V~40-60 

20% Glass, interstitial, 30 ~ . brown to nearly opaque, bubbly 
texture 

35% Plagioclase, grdmass, subh-anh, equant and lath-like, 
50-100 ~. ~An45 

15% Oxides, grdmass, blocky, 30 ~ 

Tr Hydrous minerals, fine grained alteration of interstitial 
glass 

Texture: Intersertal to hyalophitic. 
Comment: The abundance of plagioclase, dearth of mafic minerals, and 

the hyalophitic texture would indicate that this rock is an 
andesite rather than a basalt. 
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APPENDIX D: SAMPLE AGE, CHEMISTRY AND ISOTOPE RATIOS 

Arguments presented in Chapter 4 suggest that sample age and 

chemical composition are not the factors most useful in characterizing 

the major Pb isotopic variations observed in late Cenozoic volcanic 

rocks from the southwestern United States. This does not mean that 

sample age and chemistry are unimportant; there are at least two lines 

of evidence that suggest that isotopic differences between older, calc-

alkaline volcanic rocks and younger, often alkaline basalts do indeed 

exist, and that further work on the older, silicic volcanic rocks 

would be of substantial scientific value. 

For instance, there are suggestions that older, calc-alkaline 

rocks tend to have higher 208Pb; 204Pb and 207Pb; 204Pb ratios than their 

younger basaltic counterparts. To illustrate this, Table D.l tabulates 

data on samples having high 208Pb; 204Pb ratios (208Pb; 204Pb 2 39.0). 
. 208 204 A disporportionate number (15 or 21) of these h1gh Pb/ Pb rocks 

are relatively old and relatively felsic. Inspection of this table 

also indicates that the majority of these high 208Pb;204Pb rocks also 

have relatively high 207Pb;204Pb ratios. Figure 6.2 also shows that 

older, calc-alkaline volcanic rocks from the Basin and Range province 

display a tendency for higher 207Pb; 204Pb ratios. Calc-alkaline rocks 

from volcanic arcs also exhibit this tendency (Figure 6.1). Under-

standing the reason for this behavior might help us understand the 

petrogenesis of the calc-alkaline suite, as well as the Tertiary volcanic 

and tectonic history of the western United States. 
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Strontium isotopic studies also seem to argue for a connection 

between sample age, chemical composition, and isotopic attributes. 

For example, Scott et ~· (1969) have concluded that "Cenozoic volcanism 

in the Great Basin is characterized by outward migration of volcanic 

centers from a centrally located core region, and a gradational decrease 

. th . . t. 1 S 87;s 86 t. . th d . d . . 1n e 1n1 1a r r ra 10 w1 ecreas1ng age an 1ncreas1ng 

distance from the core, a progressive change from calc-alkalic core 

rocks to more alkalic basin margin rocks." In detail this conclusion 

does not appear to be completely true, for there are basaltic rocks 

with young ages and high 87sr;86sr ratios outside the Scott et ~· 

(1969) core region (Hedge and Noble, 1971). However, in a general way 

this phenomenon of older rocks having calc-alkaline chemistries and 

high 87sr;86sr seems to extend beyond the limits of the great Basin. 

Bikerman and Damon (1966), for instance, have found that basaltic ande-

site to tuffaceous volcanic rocks, ranging from 14-70 my in age, in the 

Roskruge Mountains of south-central Arizona have very radiogenic 87sr;86sr 

ratios (> .701) while a late Pliocene basalt from the same area has a 
87sr;86sr = .7038. Strontium data on the Mogollon-Datil voicdnic 

province of southwestern New Mexico also seem to indicate a correspondence 

between sample age, composition, and initial strontium ratio (see 

Bikerman, 1976; Elston, 1976). Basaltic andesites, andesites, quartz 

latites, and rhyolites from the Mogollon-Datil region, which are 

between 20 and 40 my in age, have 87sr;86sr ratios between .706 and 

.730. Younger (~15 my) basalts from the same area appear to have 
87sr;86sr ratios between .703 and .704. It may also be noted that 



445 

lead and strontium data from the San Juan volcanic field of Colorado 

may exhibit time-dependent isotopic variations (Lipman et ~·, 1978). 

Lead, for example, appears to be relatively unradiogenic in the earliest, 

andesitic volcanics, rather more radiogenic in the tuffaceous rocks of 

intermediate age, and again less radiogenic in the late stage basalts 

from the volcanic field. These data suggest that it would be fruitful 

to deal in more detail with the isotopic properties of older calc-

alkaline volcanic rocks from the southwestern United States. Unfortunately, 

this report was not able to give sufficient attention to this problem. 



AP
PE

ND
IX

 
E:

 
CH

EM
IC

AL
 

AN
AL

YS
ES

 
AN

D 
N0

RM
S 

T
ab

le
 

E
.1

a:
 

O
li

v
in

e-
au

g
it

e 
b

as
al

ts
 f

ro
m

 
th

e 
S

ou
th

w
es

te
rn

 C
ol

or
ad

o 
P

la
te

au
 

Sa
m

pl
e 

A
60

21
 

A
60

31
 

A
60

63
 

A
60

60
 

A
40

27
 

A
60

62
 

A
60

23
 

A
40

29
 

A
60

64
 

C
he

m
ic

al
 
A
n
a
l
~
s
e
s
 

Si
02

 
44

.6
 

44
.7

2 
45

.8
9 

45
.9

8 
46

.1
 

47
.4

0 
48

.2
 

50
.0

 
50

.3
9 

T
i0

2 
2.

34
 

1.
 9

4 
2.

16
 

2.
39

 
1.

3 
1.

 5
3 

1.
 9

1 
1.

 2
7 

1.
 0

3 
A

lz
03

 
14

.8
 

11
.8

7 
15

.9
5 

15
.0

6 
14

.2
 

14
.5

6 
14

.4
 

15
.6

 
14

.5
2 

Fe
20

3 
2.

97
 

5.
39

 
1.

71
 

8
.9

 
4.

99
 

3.
 7

7 
2.

1 
5.

47
 

Fe
O 

8.
38

 
10

. 1
2 

6.
05

 
9.

39
 

2.
0 

6.
63

 
7.

38
 

8.
91

 
5.

87
 

M
nO

 
.2

0 
.1

9 
.2

2 
.2

3 
.1

9 
.2

0 
.2

1 
M

90
 

9.
23

 
12

.9
7 

6.
18

 
8.

97
 

6.
3 

7.
83

 
8.

7 
9

.0
 

7.
06

 
Ca

O 
11

.5
9 

12
.1

7 
10

.3
0 

9.
81

 
12

.7
 

9.
86

 
10

.3
 

9.
6 

9.
36

 
Na

zO
 

3.
59

 
2.

42
 

3.
07

 
3.

17
 

2.
7 

3.
16

 
3.

3 
2.

9 
2.

74
 

Kz
O 

1.
10

 
1.

 2
3 

1.
 5

0 
1.

 1
7 

.6
7 

.7
9 

.8
 

. 5
 

1.
 3

6 
Pz

O
s 

.5
8 

.6
7 

1.
 2

0 
.6

2 
.3

5 
.4

4 
.2

2 
.8

9 
H

20
+ 

.2
6 

. 7
4 

.2
9 

.5
9 

.7
5 

.2
0 

.1
6 

.6
2 

H
20

-
.2

8 
16

 
.3

0 
.4

1 
2.

08
 

.0
6 

.2
7 

.3
7 

.j:
:>

 

C0
2 

.4
4 

3.
3 

<.
06

 
<

.0
5 

.j:
:>

 

T
ot

al
 

10
0.

36
 

98
.1

1 
99

.7
8 

99
.0

8 
99

.1
9 

10
0.

25
 

99
.5

8 
10

0.
73

 
99

.8
9 

0
)
 

B
ar

th
 N

ig
gl

i 
C

at
io

n 
N

or
m

s1 

Q
 

O
r 

6.
48

 
7.

31
 

9.
14

 
6.

98
 

4.
30

 
4.

80
 

4.
75

 
2.

94
 

8.
23

 
Ab

 
9.

99
 

4.
26

 
24

.3
3 

20
.7

9 
19

.9
3 

28
.2

8 
27

.0
6 

25
.8

7 
25

.2
0 

An
 

20
.9

8 
18

.0
2 

26
.1

2 
23

.6
6 

25
.9

3 
24

.1
4 

22
.2

2 
27

.9
0 

23
.8

9 
Ne

 
13

.3
0 

10
.5

7 
2.

46
 

4.
78

 
3.

37
 

.5
3 

1.
 6

2 
Co

x 
26

.0
8 

34
.2

1 
15

.0
2 

17
.1

3 
30

.5
8 

19
.0

6 
20

.9
7 

14
.3

9 
16

.9
7 

O
px

 
13

.1
6 

16
.0

8 
01

 
16

.3
6 

20
.7

3 
14

.9
3 

20
.1

0 
11

.0
5 

17
.7

9 
17

.5
0 

11
.3

5 
5.

01
 

M
t 

2.
35

 
2.

17
 

2.
40

 
1.

81
 

2.
20

 
2.

44
 

2.
29

 
2.

18
 

2.
36

 
Il

 
3.

25
 

2.
 7

2 
3.

10
 

3.
36

 
1.

 91
 

2.
19

 
2.

67
 

1
. 7

6 
1.

47
 

Ap
 

1.
 2

1 
2.

50
 

1.
 3

1 
.7

3 
.7

5 
.9

2 
.4

6 
.7

9 

P
la

g.
 

A
n.

 
67

.7
 

89
.9

 
51

.8
 

53
.2

 
56

.5
 

46
.0

 
45

.1
 

46
.5

 
48

.7
 

R
ef

. 2
 

3 
4 

6 
6 

2 
6 

3 
3 

6 
R

ef
. 

N
o.

 
NM

21
3 

gr
n-

8 
PA

3 
NM

80
1c

 
Nl

v1
54

5 
A

re
a3

 
SF

 
S

t.
 

G.
 

T
 

~J
~1

 
T

 
WM

 
SF

 
SF

 
T

 
Na

m
e4

 
B

as
. 

A
nk

 
AO

B 
AO

B 
AO

B 
AO

B 
AO

B 
OT

 
OT

 



T
ab

le
 

E
.1

b:
 

F
el

ds
pa

th
ic

 b
as

al
ts

 o
f 

th
e 

S
ou

th
w

es
te

rn
 C

ol
or

ad
o 

P
la

te
au

 

Sa
m

pl
e 

A
40

31
 

A
60

14
 

A
60

22
 

A
60

30
 

U
50

17
 

A
60

58
 

A
60

25
 

U6
03

2 
A

40
28

 

C
he

m
ic

al
 
A
n
a
l
~
s
e
s
 

Si
0 2

 
47

.4
2 

50
.0

5 
50

.5
 

50
.5

 
50

.7
1 

5?
..

8 
53

.8
 

53
.4

5 
53

.8
 

Ti
O

? 
2.

40
 

2.
13

 
1.

 6
4 

1.
85

 
2.

05
 

1.
 5

6 
1.

6 
1.

64
 

1.
5 

Al
20

3 
16

.9
4 

15
.0

4 
18

.3
 

15
.0

 
16

.7
5 

18
.7

 
15

.8
 

14
.2

5 
15

.0
 

Fe
20

3 
4

.q
s 

2.
51

 
3.

0 
3.

89
 

1.
8 

3.
0 

3.
17

 
3.

55
 

Fe
O 

6
.9

3 
6.

41
 

6.
66

 
11

.2
5 

5
.6

7 
7.

3 
6.

6 
5.

20
 

6.
9 

M
nO

 
.1

8 
.1

9 
.1

7 
.2

1 
.1

4 
.1

0 
.2

3 
.2

4 
M

gO
 

5.
99

 
6.

75
 

5.
1 

7.
35

 
6.

99
 

3.
9 

6
.7

 
7.

24
 

6
.6

 
Ca

O 
8

. 7
1 

9.
14

 
8.

1 
8

.1
5 

7.
 7

2 
8.

1 
8

.4
 

8.
00

 
8.

2 
Na

20
 

3.
64

 
3.

75
 

3.
9 

4.
10

 
4

.1
9 

4.
2 

3.
1 

3.
62

 
2.

85
 

K 2
0 

1.
13

 
2.

03
 

1
.3

 
1.

 3
2 

1.
46

 
1.

4 
1.

4 
1.

 9
6 

.6
2 

P 2
0~

 
.5

2 
.2

9 
.5

8 
.2

5 
.2

7 
.4

7 
.3

2 
.0

9 
H 2

0 
.5

2 
.5

8 
. 4

1 
.3

2 
.6

4 
.4

1 
.6

1 
H 2

o-
.3

1 
.6

5 
.1

9 
.6

5 
.2

8 
.6

3 
.2

3 
C0

2 
.1

1 
<.

05
 

.0
2 

.0
4 

<.
05

 
+::

> 

T
ot

al
 

99
.7

8 
99

.5
2 

99
.8

5 
99

.5
2 

10
0.

86
 

10
0.

17
 

10
0.

9
3 

10
0.

12
 

10
0

.7
3 

+::
> 

-..
.J

 

B
ar

th
-N

ig
gl

i 
N

or
m

1 

Q
 

1.
03

 
5.

16
 

O
r 

6.
79

 
12

.1
3 

7.
73

 
7.

75
 

8
.5

4 
7.

86
 

8.
29

 
11

.6
0 

3.
 72

 
Ab

 
31

.0
5 

28
.1

7 
35

.2
5 

32
.8

1 
37

.1
8 

36
.7

1 
27

.9
0 

32
.5

5 
26

.0
0 

An
 

27
.0

3 
18

.4
3 

28
.7

9 
18

.6
0 

22
.3

7 
17

.3
6 

25
.1

3 
16

.8
8 

26
.7

4 
Ne

 
1.

 3
3 

3.
53

 
2 .

3
3 

.0
4 

1.
 3

3 
Cp

x 
10

.8
0 

20
.4

2 
6.

28
 

17
.3

8 
9.

08
 

10
.8

0 
10

.8
5 

15
.0

0 
11

.2
0 

Op
x 

6.
96

 
21

.5
9 

15
.7

0 
22

.6
8 

01
 

16
.0

1 
11

.8
3 

9.
46

 
16

.1
7 

16
.6

9 
16

.0
1 

2.
96

 
M

t 
2.

48
 

1.
87

 
2

.0
1 

2.
39

 
2.

71
 

2.
48

 
1.

 9
9 

1.
72

 
2.

19
 

I1
 

3.
40

 
3.

00
 

2.
30

 
2.

57
 

3.
89

 
3.

40
 

2.
23

 
2.

29
 

2.
12

 
Ap

 
1.

11
 

.6
1 

1.
22

 
1

. 5
6 

1.
11

 
.9

9 
1

. 3
2 

.1
9 

Pl
ag

. 
An

. 
46

.5
 

39
.5

 
45

.0
 

36
.2

 
48

.3
 

46
.5

 
47

.4
 

34
.1

 
50

.7
 

R
ef

. 2
 

3 
6 

3 
4 

6 
3 

2 
6 

2 
R

ef
. 

N
o.

 
Av

g 
o

f 
8 

MN
30

7 
GW

17
&

 
SF

05
4&

 
PR

2 
MM

1&
 

A
re

a
3 

G\
B

2 
SF

02
1 

M
N3

 
SF

 
SF

 
SF

 
S

t.
 

G.
 

S
t.

 
G

. 
SF

 
T

 
St

. 
G

. 
T

 
N

am
e4

 
Ha

w 
Ha

w 
HA

B 
Ha

w 
Ha

w 
HA

B 
HA

B 
HA

B 
QT

 



T
ab

le
 

E
.1

c:
 

B
as

al
ti

c 
an

d
es

it
es

-r
h

y
o

li
te

s 
fr

om
 

th
e 

S
ou

th
w

es
te

rn
 C

ol
or

ad
o 

P
la

te
au

 

B
as

al
ti

c 
A

nd
es

it
es

 
A

nd
es

it
es

, 
D

ac
it

es
, 

R
h
~
o
l
i
t
e
s
 

Sa
m

pl
e 

A
40

33
 

U
50

16
 

A
40

30
 

.11
.60

Z6
 

A
50

14
 

A
60

53
 

A
60

18
 

A
60

54
 

A
60

15
 

C
he

m
ic

al
 
A
n
a
l
~
s
e
s
 

S
i0

2 
50

.2
6 

5?
..9

 
56

.8
 

58
.7

7 
59

.3
 

58
.8

 
62

.8
2 

64
.1

 
72

.8
 

T
i0

2 
1.

72
 

1
.8

 
.9

5 
1.

03
 

.9
8 

1.
4 

.6
2 

.6
6 

.0
4 

Al
2
0

3 
15

.8
1 

16
.6

 
14

.9
 

14
.7

9 
16

.6
 

16
.9

 
15

.4
2 

16
.5

 
13

.9
 

Fe
2
0

3 
4.

 7
7 

2.
5 

3.
46

 
1

.8
 

1.
4 

.9
2 

2.
1 

.5
7 

Fe
O 

5.
18

 
8

.0
 

4.
1 

3.
44

 
4.

9 
5.

6 
3.

69
 

2.
79

 
.4

8 
M

nO
 

.2
0 

.1
3 

.1
2 

.1
0 

.1
4 

.1
0 

.1
3 

.0
4 

M
gO

 
5.

97
 

6.
3 

5.
3 

5.
09

 
3.

9 
2.

8 
2.

54
 

1
.3

 
.1

2 
Ca

O 
8.

30
 

7.
3 

7.
6 

6.
46

 
6

.4
 

5.
3 

4.
28

 
3.

1 
.8

7 
Na

2
0 

3.
69

 
4

.3
 

3.
7 

3.
73

 
3.

8 
5.

1 
4.

27
 

5.
8 

4.
4 

K 2
0 

1.
 2

7 
1.

82
 

2.
4 

2.
06

 
2.

3 
2.

4 
3.

27
 

3.
2 

4.
1 

P2
0~
 

.4
8 

.4
8 

. 5
1 

.2
1 

.4
 

.2
7 

.2
9 

.0
5 

H 2
0 

.5
5 

.6
2 

.6
8 

.4
4 

.9
1 

. 3
4 

2.
4 

H 2o
-

.4
6 

.4
2 

.4
4 

.2
5 

.2
9 

.1
2 

.2
2 

C0
2 

.0
2 

.0
4 

<.
05

 
.0

4 
.0

 
.0

1 
T

ot
al

 
10

0.
05

 
99

.0
2 

99
.9

2 
10

0.
12

 
10

0.
02

 
10

0.
24

 
99

.4
4 

10
0.

43
 

10
0.

00
 

.p
. 

.p
. 

B
ar

th
-N

ig
gl

i 
N

or
m

s1 
co

 

Q
 

3.
56

 
7.

26
 

7.
47

 
3.

 7
2 

11
.5

2 
8.

04
 

27
.6

2 
O

r 
7.

60
 

10
.7

1 
14

.2
8 

12
.3

0 
13

.5
5 

13
.9

8 
19

.6
1 

18
.7

4 
24

.9
1 

Ab
 

33
.5

5 
38

.4
6 

33
.4

7 
33

.8
5 

34
.0

2 
45

.5
4 

38
.9

2 
51

.6
3 

40
.6

3 
An

 
23

.1
3 

20
.5

5 
17

.1
0 

17
.7

3 
21

.3
9 

16
.1

1 
13

.4
6 

9.
47

 
4.

10
 

Ne
 

Di
 

12
.4

3 
12

.4
3 

14
.1

9 
9.

41
 

7.
12

 
5.

98
 

5.
04

 
3.

12
 

Hy
 

14
.0

1 
1.

 9
2 

13
.7

0 
15

.6
7 

13
.2

6 
10

.5
4 

9.
02

 
6.

49
 

1.
49

 
01

 
3.

84
 

11
.7

3 
~1

t 
2.

05
 

1.
 7

0 
1.

 3
6 

1.
 4

1 
1.

 3
9 

1.
46

 
.9

8 
.9

9 
.2

2 
Il

 
2.

43
 

2.
50

 
1.

33
 

1.
45

 
1.

 3
6 

1.
88

 
.8

8 
.9

1 
.5

7 
Ap

 
.9

7 
1.

 0
1 

.9
3 

.4
4 

.7
9 

.5
7 

.6
0 

.1
1 

P
la

g.
 

A
n.

 
40

.8
 

34
.8

 
33

.8
 

34
.4

 
38

.6
 

26
.1

 
25

.7
 

15
.5

 
9.

17
 

R
ef

. 2
 

3 
6 

4 
4 

6 
3 

3 
3 

1 
3 

R
ef

. 
N

o.
 

SG
40

 
GW

17
& 

NM
88

8 
SF

01
7-

t
~
M
1
0
8
1
A
 

SF
01

5 
W

75
P2

3 
GW

32
 

SF
02

0 
A

re
a4

 
WM

 
S

t.
 

G.
 

SF
 

T
 

SF
 

SF
 

SF
 

SF
 

SF
 



F
oo

tn
ot

es
 f

or
 T

ab
le

 
E.

1 

1 N
or

m
s 

w
er

e 
ca

lc
ul

at
ed

 a
ss

um
in

g 
Fe

O
/F

eO
 +

 F
e 2o

3 
=

 0
.8

0,
 

un
le

ss
 

th
e 

m
ea

su
re

d 
va

lu
e 

o
f 

th
is

 
pa

ra
m

et
er

 

ex
ce

ed
ed

 
0.

80
, 

in
 w

hi
ch

 
ca

se
 t

he
 m

ea
su

re
d 

va
lu

e 
w

as
 

us
ed

. 

2 R
ef

er
en

ce
s:

 
1 

=M
oo

re
 e

t 
~·
 

(1
97

5)
; 

2 
=M

cK
ee

 a
nd

 A
nd

er
so

n 
(1

97
1)

; 
3 

=
E

. 
W

ol
fe

 a
nd

 
R.

 
M

oo
re

 
(w

ri
tt

en
 c

om
m

un
ic

at
io

n)
; 

4 
=

 L
ee

m
an

 
(1

97
4)

; 
5 

=
 B

es
t 

an
d 

B
ri

m
ha

ll 
(1

97
4)

; 
6 

=
 t

h
is

 w
or

k,
 

A
.R

. 
M

cB
irn

ey
, 

an
al

y
st

. 

3 A
re

a:
 

S
F

=
 S

an
 

F
ra

nc
is

co
 v

ol
ca

ni
c 

fi
el

d
; 

S
t.

 
G

. 
+

S
t.

 
G

eo
rg

e 
ar

ea
; 

T
 =

T
on

to
 s

ec
ti

on
 o

f 
H

ay
es

 
(1

96
9)

, 
an

 
ar

ea
 a

lo
ng

 
th

e 
m

ar
gi

n 
o

f 
th

e 
C

ol
or

ad
o 

P
la

te
au

 
in

 c
en

tr
al

 
A

ri
zo

na
; 

I.JM
 =

 H
hi

te
 M

ou
nt

ai
ns

. 

4 N
am

e: 
B

as
 

=
 b

as
an

it
e;

 A
nk

 
=

 a
nk

ar
im

it
e;

 
AO

B 
=

 a
lk

al
i 

o
li

v
in

e 
b

as
al

t;
 O

T 
=

 o
li

v
in

e 
th

o
le

ii
te

; 
Ha

w 
ha

w
ai

it
e;

 
HA

B 
=

 a
lu

m
in

a 
b

as
al

t;
 Q

T 
=

 q
ua

rt
z 

th
o

le
ii

te
. 

-+
» 

-+
» 

\.
0

 



T
ab

le
 

E.
2a

: 
Q

ua
te

rn
ar

y 
b

as
al

ts
 f

ro
m

 
B

as
in

 a
nd

 
R

an
ge

 
ar

ea
s 

(e
xc

lu
di

ng
 S

ou
th

er
n 

N
ev

ad
a}

 

Sa
m

pl
e 

NM
4D

15
 

NM
4D

16
 

N
5D

24
 

A4
DD

5 
A4

DD
3 

NM
4D

44
 

C4
D

22
 

C4
D

25
 

A3
DD

8 
A

3D
38

 

C
he

m
ic

al
 

A
na

ll
se

s 
Si

D
2 

43
.2

3 
44

.1
7 

44
.6

6 
45

.3
6 

45
.7

7 
46

.4
9 

47
.2

4 
47

.5
5 

48
.D

1 
48

.2
2 

T
i0

2 
2.

D
5 

2.
24

 
2.

33
 

2.
56

 
2.

26
 

2.
01

 
2.

33
 

2.
 7

1 
2.

36
 

2.
22

 
Al

2
0

3 
14

.4
1 

15
.8

9 
15

.3
5 

15
.7

8 
15

.7
2 

16
.9

2 
16

.1
1 

16
.3

8 
17

.D
D

 
17

.D
2 

Fe
2
0

3 
3.

39
 

3.
D

D
 

4.
24

 
6.

1D
 

3.
D

7 
?.

. 7
1 

2.
52

 
4.

76
 

Fe
D 

1D
.3

4 
9.

95
 

7.
92

 
7.

86
 

6.
38

 
5.

26
 

7.
34

 
7.

84
 

7.
86

 
6.

54
 

M
nO

 
.1

9 
.1

8 
.2

1 
.2

0 
.1

9 
.2

5 
.1

9 
.2

D
 

.1
7 

.1
9 

M
gD

 
9.

81
 

9.
26

 
8.

96
 

8
.7

4 
7.

16
 

5.
71

 
7
.
4
~
 

6.
4D

 
4

.7
6 

4.
67

 
Ca

D 
11

.D
D

 
10

.2
7 

10
.4

0 
9.

D
8 

8.
79

 
8.

16
 

9.
26

 
8

.4
1 

10
.3

1 
8.

66
 

Na
2
D

 
2.

1D
 

2.
69

 
3.

67
 

3.
55

 
4.

44
 

4.
62

 
4.

D
4 

4
.4

6 
3.

62
 

3.
49

 
K 2

D
 

1.
18

 
1.

43
 

1.
 8

4 
1.

 9
7 

2.
3D

 
2.

23
 

1.
 7

5 
2.

11
 

1.
 5

4 
1.

 5
8 

P 2
0~
 

.6
5 

.5
5 

1.
 D

5 
.6

D
 

.5
9 

.7
2 

.6
1 

.8
8 

H 2
D

 
. 1

6 
.6

5 
.4

5 
.4

1 
.5

7 
.5

3 
.4

7 
H 2

D-
.D

4 
.3

2 
.6

3 
.5

3 
.1

1 
.7

6 
.8

1 
T

ot
al

 
99

.3
2 

96
.0

6 
99

.8
9 

99
.6

2 
99

.3
8 

99
.2

9 
99

.4
4 

1D
D

.3
4 

1D
D

.D
5 

99
.5

1 

B
ar

th
-N

ig
gl

i 
C

at
io

n 
N

or
m

s1 
+:

> 

Q
 

U
1

 
0 

O
r 

7.
36

 
8.

 7
1 

10
.8

3 
11

.6
9 

13
.6

8 
13

. 3
D 

1D
.3

1 
12

.4
4 

9.
26

 
9.

6D
 

Ab
 

10
.5

5 
11

.6
2 

8.
75

 
14

.8
2 

16
.4

4 
19

.3
4 

20
.8

5 
22

.8
6 

26
.5

2 
32

.2
5 

An
 

27
.7

7 
27

.8
8 

19
.9

2 
21

.4
1 

16
.3

0 
19

.0
8 

20
.6

1 
18

.4
2 

26
.0

6 
26

.8
8 

Ne
 

5.
63

 
7.

93
 

14
.4

5 
10

.3
2 

15
.2

3 
13

.5
8 

9.
20

 
1D

.2
7 

3.
94

 
Cp

x 
23

.7
5 

19
.6

fi
 

21
.8

1 
16

.1
8 

16
.5

7 
14

.3
4 

17
. 1

D 
14

.8
3 

17
.5

6 
9.

13
 

Op
x 

3.
 7

7 
Dl

 
19

.6
1 

18
.7

9 
17

.3
2 

18
.5

8 
15

.2
D

 
13

.9
1 

15
.2

4 
13

.7
1 

9.
82

 
1D

.9
1 

M
t 

2.
32

 
2.

 1
8 

2.
33

 
2.

26
 

2.
 1

9 
2.

32
 

3.
D

1 
2.

19
 

2.
2D

 
2.

38
 

Il
 

3.
D

1 
3.

22
 

3.
23

 
3.

58
 

3.
17

 
2

.8
3 

4.
55

 
3.

 7
7 

3.
35

 
3.

18
 

Ap
 

1.
 3

5 
1.

 1
6 

2.
21

 
1.

 2
7 

1.
 4

3 
1.

 5
0 

1.
 3

0 
1.

89
 

P
la

g.
 

A
n.

 
72

.5
 

7D
.6

 
69

.5
 

59
.1

 
49

.8
 

49
.7

 
49

.7
 

44
.6

 
49

.6
 

45
.4

6 

R
ef

.2 
2 

2 
6 

1 
1 

1 
4 

5 
1 

1 
R

ef
. 

N
o.

 
D

O
T-

7 
D

O
T-

4 
LC

-9
 

A
vg

 o
f 

6 
N

am
e3

 
AP

B 
AP

B 
AO

B 
AO

B 
TB

 
Ha

w 
AO

B 
TB

 
Ha

w 
Ha

w 



T
ab

le
 

E
.2

a 
(c

on
ti

nu
ed

) 

Sa
m

pl
e 

C
50

11
 

NM
70

08
 

NM
40

10
 

N
30

29
 

NM
40

07
 

NM
70

09
 

NM
70

10
 

C
50

10
 

NM
70

05
 

C5
00

1 

C
he

m
ic

al
 

A
na

li
se

s 

S
i0

2 
48

.4
2 

48
.6

3 
48

.8
0 

49
.0

3 
49

.2
4 

49
.2

4 
50

.2
6 

50
.2

6 
50

.4
6 

52
.2

7 
T

i0
2 

2
.4

1 
2.

03
 

1.
 9

4 
1.

 5
3 

1.
 7

9 
1.

 7
3 

1.
62

 
1.

 6
6 

1.
45

 
2.

82
 

Al
2
0

3 
16

.5
2 

16
.0

3 
15

.8
6 

15
.4

4 
16

.0
9 

16
.4

3 
15

.8
0 

16
.7

4 
14

.4
0 

14
.5

5 
Fe

2
0

3 
3.

10
 

5.
34

 
2.

35
 

1.
 8

2 
2.

76
 

2.
71

 
1.

45
 

4.
27

 
2.

1 
Fe

O 
7.

94
 

6.
67

 
8.

68
 

6.
04

 
8.

10
 

7.
75

 
6.

84
 

6.
93

 
7.

11
 

6.
99

 
Mn

O 
.2

1 
.2

3 
.1

5 
.2

2 
.2

2 
.2

3 
.2

5 
.1

8 
.2

5 
.1

9 
M

gO
 

5.
62

 
5.

 7
2 

9.
48

 
8.

01
 

7.
33

 
7.

06
 

6.
14

 
5.

89
 

7.
33

 
5.

52
 

Ca
O 

9.
06

 
8.

52
 

9.
73

 
9.

96
 

9.
14

 
9.

71
 

8.
19

 
9.

97
 

9.
10

 
8.

54
 

Na
2
0 

3.
 7

7 
4.

10
 

3.
10

 
2.

93
 

3.
41

 
3.

70
 

3.
49

 
3.

70
 

3.
09

 
3.

42
 

K 2
0 

1.
 2

4 
1.

 7
0 

1.
 5

8 
1.

 7
9 

1.
 3

7 
1.

 9
5 

1.
 3

4 
1.

 3
0 

.7
5 

1.
10

 
P 2

0~
 

.5
1 

.5
3 

.5
8 

.4
4 

.5
3 

.4
8 

.7
8 

.3
5 

.5
6 

H 2
0 

.4
4 

.2
2 

. 3
6 

.2
7 

.4
7 

.2
6 

.4
3 

.2
6 

.9
9 

H 2
o-

.3
6 

. 3
4 

.4
3 

.3
4 

.8
2 

.3
5 

.5
4 

.4
1 

1.
 0

1 
T

ot
al

 
99

.6
0 

10
0.

06
 

99
.3

2 
98

.6
7 

99
.5

6 
10

0.
58

 
98

.7
0 

99
.8

3 
99

.2
3 

10
0.

09
 

B
ar

th
-N

ig
gl

i 
C

at
io

n 
N

or
m

s1 
-+

'> 
Q

 
3,

41
 

C
J1

 

O
r 

7.
44

 
10

.1
3 

9.
28

 
10

.7
3 

8.
14

 
11

.5
4 

8.
06

 
7.

73
 

4.
52

 
6.

68
 

Ab
 

32
.0

3 
28

.8
0 

21
.5

7 
26

.3
0 

30
.3

9 
29

.6
0 

31
.9

0 
33

.4
5 

28
.3

1 
31

.5
7 

An
 

24
.9

0 
20

.5
0 

24
.4

7 
24

.0
4 

24
.7

1 
22

.5
2 

26
.7

0 
25

.4
2 

23
.6

9 
21

.7
0 

Ne
 

1.
 4

2 
5.

00
 

3.
61

 
.2

3 
.2

5 
2.

21
 

Cp
x 

13
.9

1 
14

.9
1 

18
.7

1 
17

.7
9 

14
.4

2 
10

.7
1 

9.
17

 
15

.4
1 

16
.0

4 
14

.4
8 

Op
x 

11
.1

9 
.7

3 
18

.4
5 

14
.9

7 
01

 
13

.4
7 

14
.2

24
 

17
.8

4 
15

.7
5 

16
.7

5 
17

.7
2 

7.
63

 
11

.7
6 

3.
79

 
M

t 
2.

33
 

2.
47

 
1.

84
 

1.
 7

6 
1.

 9
1 

2.
19

 
2.

02
 

1.
 5

3 
2.

38
 

1.
 9

5 
Il

 
3.

41
 

2.
85

 
2.

67
 

2.
16

 
2.

51
 

2.
41

 
2.

30
 

2.
33

 
2.

06
 

4.
04

 
Ap

 
1.

08
 

1.
 1

2 
1.

23
 

.9
3 

1.
11

 
1.

 0
2 

1.
 6

4 
.7

5 
1.

 2
0 

P
la

g.
 

A
n.

 
43

.7
 

41
.5

8 
53

.1
 

47
.8

 
44

.9
 

43
.2

 
45

.6
 

43
.2

 
45

.6
 

40
.7

 

R
ef

. 2 
1 

1 
2 

1 
1 

1 
1 

1 
1 

1 
R

ef
. 3N

o.
 

PO
T-

24
 

Na
m

e 
Ha

w 
Ha

w 
AO

B 
AO

B 
Ha

w 
AO

B 
HA

B 
Ha

w 
HA

B 
HA

B 



T
ab

le
 

E
2.

b:
 

P
li

oc
en

e 
an

d 
o

ld
er

 v
ol

ca
ni

c 
ro

ck
s 

fr
om

 
B

as
in

 
an

d 
R

an
ge

 
ar

ea
s 

(e
xc

lu
di

ng
 S

ou
th

er
n 

N
ev

ad
a)

 

Sa
m

pl
e 

N
30

27
 

C
70

01
 

N
30

16
 

C
60

02
 

A
60

04
 

N
50

26
 

C
40

20
 

A
30

41
 

A
JG

09
 

N
30

23
 

A
60

05
 

C
he

m
ic

al
 
A
n
a
l
~
s
e
s
 

S
i0

2 
47

.8
 

49
.3

1 
49

.8
5 

51
.2

7 
51

.6
8 

52
.7

1 
53

.1
6 

53
.5

3 
56

.2
1 

56
.6

2 
59

.8
3 

T
i0

2 
1.

 0
3 

2.
28

 
1.

80
 

1.
46

 
1.

10
 

1.
 2

8 
1.

 5
1 

1.
14

 
1.

 2
3 

1.
 3

2 
1.

08
 

Al
2
0

3 
16

.7
 

15
.6

6 
16

.2
9 

15
.4

3 
16

.5
7 

16
.6

7 
18

.1
8 

16
.5

2 
16

.9
8 

14
.4

1 
17

.2
4 

Fe
2
0 3

 
2.

0 
5.

30
 

8.
92

 
4.

70
 

3.
16

 
3.

87
 

3.
14

 
4.

61
 

2.
88

 
2.

45
 

2.
51

 
Fe

O 
7.

35
 

5.
55

 
1.

49
 

3.
79

 
5.

15
 

4.
28

 
5.

05
 

5.
05

 
4.

74
 

ti
.8

6 
3.

44
 

Mn
O 

.1
8 

.2
4 

.2
1 

.2
1 

.1
6 

.2
0 

.1
2 

.1
7 

.1
6 

.2
2 

.1
2 

M
gO

 
9.

1 
5.

76
 

5.
11

 
6.

26
 

6.
02

 
3.

42
 

2.
38

 
4.

90
 

3.
07

 
4.

16
 

2.
34

 
Ca

O 
11

.7
 

9.
38

 
10

.3
0 

8.
13

 
9.

90
 

8.
06

 
8.

47
 

8.
33

 
6.

61
 

8.
58

 
4.

90
 

Na
2
0 

2.
1 

3.
86

 
2.

99
 

3.
32

 
3.

 1
2 

3.
63

 
3.

49
 

3.
47

 
3.

91
 

2.
99

 
4.

80
 

K 2
0 

.2
6 

1.
 3

4 
1.

 0
9 

2.
53

 
1.

 3
2 

1.
 8

7 
1.

85
 

2.
01

 
2.

98
 

1.
 6

6 
2.

17
 

P2
0~
 

.3
7 

.4
7 

.6
4 

.5
5 

.3
8 

.5
5 

.4
0 

.4
3 

.6
8 

.4
5 

.7
6 

H 2
0 

.4
5 

.4
2 

.3
1 

.8
2 

.6
1 

1.
 4

8 
1.

49
 

.5
3 

.5
5 

.2
3 

.5
3 

H 2
o-

.2
4 

.7
8 

.4
7 

.8
5 

.8
9 

.6
4 

.4
0 

.8
7 

.7
1 

.4
1 

.5
5 

T
ot

al
 

99
.2

9 
10

0.
35

 
99

.4
7 

99
.3

2 
10

0.
06

 
98

.6
6 

99
.6

7 
10

1.
56

 
10

0.
71

 
10

0.
 ~
6
 

10
0.

?.
7 

+:
> 

B
ar

th
-N

ig
gl

i 
C

at
io

n 
N

or
m

s 
(.

J1
 

N
 

Q
 

2.
37

 
3.

70
 

.0
7 

3.
17

 
8.

39
 

8.
46

 
O

r 
1.

 5
5 

8.
02

 
6.

63
 

15
.2

8 
7.

91
 

11
.5

1 
11

.3
0 

11
.9

2 
17

.7
6 

9.
98

 
12

.9
0 

Ab
 

19
.0

7 
32

.0
0 

27
.6

3 
30

.4
8 

28
.4

') 
33

.9
7 

32
.4

0 
31

.2
7 

35
.4

2 
27

.3
3 

43
.3

7 
An

 
35

.7
9 

21
.7

5 
28

.6
3 

20
.1

8 
27

.7
0 

24
.6

8 
29

.2
9 

23
.6

6 
20

.1
7 

21
.3

9 
19

.2
2 

Ne
 

1.
 8

8 
Di

 
17

.0
7 

17
.8

5 
15

.7
3 

13
.9

1 
15

.6
7 

10
.6

1 
9.

17
 

12
.0

0 
6.

75
 

15
.1

7 
.2

0 
Hy

 
12

.1
0 

15
.1

6 
6.

08
 

14
.5

0 
12

.0
8 

9.
37

 
16

.6
1 

12
.0

0 
12

.9
4 

11
.5

1 
01

 
10

.4
9 

12
.0

7 
.1

8 
9.

07
 

1.
 7

4 
M

t 
1.

 9
7 

2.
23

 
2.

09
 

1.
 7

5 
1.

 7
3 

1.
 7

3 
1.

 7
4 

1.
 9

7 
1.

 5
7 

1.
 9

7 
1.

 2
2 

11
 

1.
45

 
3.

22
 

2.
58

 
2.

08
 

1.
 5

5 
1.

 8
6 

2.
17

 
1.

 5
9 

1.
 7

3 
1.

 8
7 

1.
 5

1 
Ap

 
.5

1 
1.

00
 

1.
 3

9 
1.

18
 

.8
1 

1.
20

 
.8

6 
.9

0 
1.

43
 

.9
6 

1.
60

 

P
la

g.
 

A
n.

 
65

.2
 

40
.5

 
50

.9
 

39
.8

 
49

.3
 

42
.0

8 
47

.5
 

43
.1

 
36

.3
 

43
.9

 
30

.7
 

R
ef

. 
7 

1 
1 

1 
1 

1 
3 

1 
1 

R
ef

. 
N

o.
 

A
vg

 o
f 

2 
J-

1 
Na

m
e 

OT
 

Ha
w 

H
A8

 
HA

B 
HA

B 
A

nd
 

An
d 

An
 

A
nd

 
An

d 
An

d 



T
ab

le
 

E
.2

c:
 

B
as

al
ts

 f
ro

m
 

S
ou

th
er

n 
N

ev
ad

a 
an

d 
ne

ig
hb

or
in

g 
re

gi
on

s 
in

 C
al

if
o

rn
ia

 

Sa
m

pl
e 

N
50

24
 

C
40

25
 

C
50

09
 

C
30

13
 

N
60

40
 

C
30

14
 

N
50

23
 

N
60

36
 

N
60

34
 

C
he

m
ic

al
 
A
n
a
l
~
s
e
s
 

S
i0

2 
44

.6
6 

47
.5

5 
47

.8
1 

48
.8

3 
50

.8
7 

52
.3

0 
53

.9
4 

54
.1

9 
55

.3
9 

T
i0

2 
2.

33
 

2.
 7

1 
2.

17
 

1.
 2

7 
2.

22
 

1.
 2

6 
1.

 7
8 

1.
 3

4 
1.

 5
1 

Al
2
0

3 
15

.3
5 

16
.3

8 
16

.6
8 

14
.5

2 
16

.8
7 

14
.8

4 
15

.0
4 

16
.6

0 
16

.2
6 

Fe
20

3 
3.

39
 

2.
 7

1 
6.

92
 

3.
87

 
1.

 3
5 

4.
51

 
2.

92
 

2.
49

 
2.

47
 

Fe
O 

7.
92

 
7.

84
 

4.
68

 
5.

17
 

7.
86

 
3.

33
 

6.
44

 
4.

34
 

6.
47

 
M

nO
 

.2
1 

.2
0 

.2
2 

.1
9 

.2
2 

.2
1 

.2
1 

.1
8 

.2
4 

M
gO

 
8.

96
 

6.
40

 
5.

33
 

9.
29

 
5.

25
 

5.
60

 
5.

27
 

4.
 7

2 
4.

69
 

Ca
O 

10
.4

0 
8.

41
 

8
.0

1 
11

. 1
0 

8.
31

 
7.

75
 

8.
29

 
7.

04
 

7.
74

 
Na

20
 

3.
67

 
4.

46
 

3.
62

 
2.

57
 

3.
58

 
2.

85
 

3.
52

 
3.

51
 

3.
07

 
K 2

0 
1.

84
 

2.
11

 
1.

89
 

1.
46

 
1.

 9
5 

4.
24

 
1.

 3
1 

4.
13

 
1.

 5
6 

P2
0.

¥ 
.6

5 
.7

2 
.6

1 
.6

0 
1.

 2
7 

1.
 1

3 
.5

8 
.6

8 
.4

1 
H 2

0 
.1

6 
.5

7 
1.

18
 

.4
5 

.4
3 

.6
2 

.2
1 

.3
1 

.2
3 

H 2
0-

.0
4 

.1
1

 
.7

2 
.4

4 
.6

8 
.6

7 
. 3

6 
. 3

9 
.3

5 
T

ot
al

 
99

.8
9 

10
0.

34
 

99
.8

4 
99

.7
6 

lC
JO

. 3
6 

99
.3

1 
99

.8
7 

99
.9

2 
10

0.
39

 
+:

> 
B

ar
th

-N
ig

gl
i 

C
at

io
n 

N
or

m
s 

U
1

 
w

 
qt

z 
3.

36
 

6.
47

 
or

th
 

10
.8

3 
12

.4
4 

11
.4

9 
8.

67
 

11
.5

78
 

25
.6

0 
7.

85
 

24
.4

7 
9.

32
 

al
b

 
8.

75
 

22
.8

6 
30

.6
6 

23
.2

0 
32

.3
1 

26
.1

6 
32

.0
5 

31
.6

1 
27

.8
8 

an
 

19
.9

2 
18

.4
2 

24
.3

9 
23

.9
1 

24
.3

4 
15

.5
2 

21
.6

8 
17

.4
1 

26
.2

9 
ne

ph
 

14
.4

5 
10

.2
7 

1.
68

 
di

op
 

21
.8

1 
14

.8
3 

9.
93

 
22

.0
2 

7.
01

 
13

.0
0 

12
.9

5 
10

.5
4 

7.
88

 
hy

p 
.0

3 
12

.5
8 

6.
67

 
16

.4
1 

4.
21

 
17

.2
8 

ol
 

17
.3

2 
13

.7
1 

15
.0

2 
17

.2
7 

4.
46

 
7.

2
4 

7.
06

 
m

gt
 

2.
33

 
2.

19
 

2.
40

 
1.

86
 

1.
 9

5 
1.

 6
1 

1.
 9

6 
1.

 4
1 

1.
88

 
i l

m
 

3.
23

 
3.

 7
7 

3.
11

 
1.

 7
8 

3.
11

 
1.

 7
9 

2.
51

 
1.

87
 

2.
18

 
ap

a 
1.

 3
5 

1.
 5

0 
1.

 3
1 

1.
 2

6 
2.

67
 

2.
41

 
1.

 2
3 

1.
43

 
.8

7 

P
la

g.
 

A
n.

 
69

.5
 

44
.6

 
44

.3
 

50
.8

 
43

.0
 

37
.2

 
40

.4
 

35
.5

 
48

.5
 

R
ef

. 
6 

5 
1 

1 
1 

1 
1 

1 



F
oo

tn
ot

es
 

fo
r 

T
ab

le
 

E
.2

 

1 N
or

m
s 

w
er

e 
ca

lc
u

la
te

d
 a

ss
um

in
g 

Fe
0/

Fe
2o

3+F
e0

 
=

 .
80

, 
un

le
ss

 
th

e 
m

ea
su

re
d 

va
lu

e 
of

 t
h

is
 

pa
ra

m
et

er
 

ex
ce

ed
ed

 
.8

0,
 

in
 w

hi
ch

 
ca

se
 t

he
 m

ea
su

re
d 

va
lu

e 
w

as
 

us
ed

. 

2 R
ef

er
en

ce
s:

 
1 

=
th

is
 w

or
k,

 
A

.R
. 

M
cB

ir
ne

y,
 

an
al

y
st

; 
2 

=
R

en
au

lt
 

(1
97

0)
; 

3 
=

H
aw

ki
ns

 
(1

97
0)

; 
4 

=
 

Sm
ith

 a
nd

 
C

ar
m

ic
ha

el
 

(l
9

6
9

);
 5

 =
W

is
e 

{1
;9

69
); 

6 
=

S
co

tt
 a

nd
 

T
ra

sk
 

(1
97

1)
; 

7 
=M

cK
ee

 
an

d 
M

ar
k 

(1
19

71
).

 

3 R
oc

k 
na

m
es

: 
AP

B 
=

al
k

al
in

e 
p

ic
ri

te
 b

as
al

t;
 A

OB
 

=
al

k
al

in
e 

o
li

v
in

e 
b

as
al

t;
 T

B 
=

 t
ra

ch
y

b
as

al
t;

 H
aw

= 

ha
w

ai
it

e;
 H

AB
 

=
h

ig
h

 a
lu

m
in

a 
b

as
al

t;
 O

T 
=

o
li

v
in

e 
th

o
le

ii
te

; 
A

nd
= 

an
d

es
it

e.
 

+=
> 

(.
J1

 

+=
> 




