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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/204Pb < 18.7), locally exhibit large variations in isotopic ratio,

206pb/204

Pb diagram. Basin and Range type samples are characterized by
206, ,204

and define linear arrays (secondary isochrons) on a Pb-

207Pb/204

relatively radiogenic leads (18.7 < Pb/“""Pb < 19.6) and, comparatively,

a uniformity of isotopic composition in local areas. Southern Nevada

206, /20451, < 18.5), appear to

leads are somewhat unradiogenic (18.2 <
display a local uniformity in isotopic composition, and lie off the
Colorado Plateau secondary isochrons. Literature sources indicate that
southern Nevada basalts are a]éo characterized by relatively high
875r/805r 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 1ithosphere. A rough but
apparently significant correlation between the chemical and lead isotopic
compositions of CP basalts suggests that the mantle of the continental
lTithosphere may be crudely "stratified" 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
isTand and volcanic arc settings, suggesting a correspondence between
BR volcanic source regions and "oceanic" mantle. Within the Basin and

Range province 206y, ,204

Pb/~"'Pb 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



by CP type leads. This may possibly indicate thata large body of "oceanic"
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 AT gy 204

Pb/™""'Pb
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
"fundamental, west-trending, transverse crustal boundary" (Eaton, 1975)
which demarcates the northern and southern partions of the Basin and
Range province. The Basin and Range - Colorado Plateau isotopic province
boundary approximately follows the Mesozoic-early Tertiary Cordilleran
foreland thrust belt and the 1imit of late Cenozoic normal faulting.

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

to the boundary between tectonically unstable, "orogenic" areas of the
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Basin and Range province and Pacifib border regions, and the more stable
"platform" 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 Precambrien basement.
These areas were presumably underlain originally by "old" mantle
belonging to the continental lithosphere. The inferred presence of BR
type, "oceanic" 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 Geochemical Study

The geologic development 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 Mesozoic 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 helts range from 1610 to 1740 my in age. A slightly younger
episode (1410-1465 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 Timit 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 Tate 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 magmatismand 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 Tine between Paleozoic platform 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.
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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,
19775 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 Tocation, 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 dianir, 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 way consistent
with the Atwater (1979) plate tectonic predictions. Lipman and others
(1972) have also shown a regular but discontinuous areal variation of
the KZO 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



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, llyoming,
Colorado, and Mew Mexico had a range of lead isotopic compositions
distinct from that characterizing volcanics from Washington, Cregon,

206, ,204

and California. The Rocky Mountain region yielded Pb ratios

208, ,204

Pb/

in the range 16.6 to 18.8 and Pb/“""'Pb ratios in the range 37.1

to 38.8. Volcanic rocks in Yest Coast states consistently gave more
206Pb/204 208,, ,204

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

radiogenic values with Pb = 18.8 and Pb/™""'Pb 2 38.6. Doe
the source regions of magmas is implied by this data." Although he
considered a number of possible explanations, he preferred the hypothesis
that the Tead 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

206Pb/20

a
but variable rock Pb ratios in the range 16.2-18.8 for ‘Pb and



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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208, ,204

36.5-39.9 for Pb/™""Pb. 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 D6y, p204

207Pb/204

Pb/~" "Pb versus
Pb diagram. These "isochrons" have slopes which correspond
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 IT is located in central and northern Nevada; it contains

206, ,204

very radiogenic rock leads with Pb/=" 'Pb values between 19.1 and

2
19.7, and “%8pb/2%b values between 38.9 and 40.3. Contrasting with

206p,, 208, 207, ,204

the long, linear Pb/ Pb/™"'Pb arrays of Area I, Area II
"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." 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/204

Pb ratios between 38.2 and 39.1.

Zartman (1974) inferred that the lead characteristics of his
three areas were determined by the nature of the local basement rocks.
Volcanic sources in Area I, which is underlain 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 1ies in the heart of

the Cordilleran geosyncline. Zartman has proposed that Area II volcanics
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were derived from "isotopically homogenized miogeosynclinal rocks eroded
from the adjacent Precambrian sialic upper crust." 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 and 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 divergent inter-
pretations for some key aspects of the problem nertaining 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 United States. These include the sample's
location in the western United States, its ace,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

204Pb

expect isotopic compositions to be proportionately richer in
the greater a sample Tlocality's distance from the coast. One might

also expect lines of equal isotopic ratio to approximately parallel

the continental margin. And, if the Lipman et al. (1972) hypothesis is '
correct, one might anticinate a discontinuity in isotopic composition
corresponding to the locus of their second, inland subduction zone.

On the other hand, if lead isotonic 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 samnles coming from areas underlain by 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
séhp]e 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 chemical
composition. Silicic vitric tuffs tend to be more susceptible to
ground water interaction than more mafic, crystalline volcanics, and
thus more susceptible to the import of externally derived elements.
Noble and Hedge (19€9) 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
vitric 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,

87

or even a high Sr/868r ratio by itself, can be useful in detecting

the presence of contamination.
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CHAPTER 2: AMALYTICAL ERRORS

2.1 Summary

lihole rock Tead isotopic compositions were determined by mass
spectrometry on Pb extracted from powdered rock samples by volatili-
zation, and purified by conventional dithizone procedures in a contam-
ination controlled laboratory. Pb, U, and Th concentrations were
determined by isotope dilution. Extraction of concentration samples
involved HF-HNO4-HC10, acid dissolution, Ba(NO3)2 coprecipitation,
dithizone extraction for Pb, and anion exchange column extraction for
U and Th.

The largest error in the Pb isotonic 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 (v3 q) 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 £0.03% of the isotopic ratio. Total
composition errors are estimated to be <0.07% (1 o) 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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s 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 isotonic 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,
multinle layers of clean plastic hags were used to protect samoles 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 npb). Since the isotopic comnosition of the Shatterbox
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contaminant has been well determined, and the amount of contamination
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 o 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 nossible to determine the blank comnosition accurately enough
to apply a correction to sample isotopic ratios. It is possible,
however, to estimate the magnitude of blank derived erraor. This was
done for each sample assuming the blank Pb derives randomly from the
same statistical population as that of the samples. The errars so
calculated are always substantially smaller thaii the statistical errors

associated with the mass spectrometric measurements. This result is
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to be expected from the fairly low blank concentration to sample con-
centration ratios, which are usually =0.05%, and the similarity between

blank and sample isotopic compositions.

2.3.2. Mass spectrometer errors and reoroducibility

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 206p,, 204 206Pb/207

2065, 208, o tios.

Pb/™""Pb, Pb, and
Inaccuracies in the determination of silica gel discrimination
factors, which convert measured ratios to "absolute" 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 isotopic 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%,ver unit mass difference. This number is
similar to, but perhaps a trifle Tower than the 1.0-1.7% values 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

207Pb/206

for the Pb 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 o, calculated from the variances of individual

runs. That is,

N(N-1)

1
Z(l/ci

)2

where o 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 isotopit
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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.

206, ,204 206, ,207

A second test, which compared Pb/"" 'Pb and Pb/~""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 composition and concentration ratios exceeded that
explainable by statistical error. In cases where one of the runs2 had

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

Iack (1967) discusses the use of the I parameter statistical test.

251gna1 instability frequently occurred in concentration runs taken
during one three month period. It was very rare 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

) 206py,/204p;, 206p;,,207py, 2065y, /2080, Yield
vol. 18.113 + .008 1.1685 + .0004 .48186 + .00011 87%
vol. 18.113 + .006 1.1675 + .0006 .48195 + ,00027

Vol . ** 18.134 + ,006 1.1671 + .0003 .48185 + ,00009 71%
vol.** 18.115 + .007 1.1681 + .0N05 71%
vol. avqg. 18.119 + .0N5 1.1678 + .0003 .48189 + .00003

vol. 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 samnle.
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critical value at the 95% confidence level. Of the remaining 22 samples,

206 204Pb i 206Pb/207

only four samples showed differences in either Pb/ 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 coming from
counting statistics rarely make an observable contribution to the

total imprecision.

2.3.3. Correction for in situ radioactive 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 reauired 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 (u < 25). Consequently, the correction
for in situ decay is not large. Corrections would normally be <0.1%

206, ,204 207,,.,204

for the Pb/"" "Pb ratio, insignificant for the Pb ratio,

208Pb/204

samples would, however, require more significant corrections. But

Pb/
and <0.04% for the Pb ratio. The few Miocene and 0Oligocene
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.



27

2.4 Errors in Pb, U, and Th Concentration Measurements

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 o ~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 contribute to the imprecision of
concentration data, but blank levels would not have a noticeable effect.

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

is quite adequate.
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CHAPTER 3: SAMPLES AND DATA

3.1 Sampling Design

The major aim in sample collection has been to establish the
regional variation of lead isotopic characteristics in Pliocene and
Quaternary basalts from the southwestern portion of the United States.
The southwestern United States was picked for investianation because of
its accessibility, the importance of understanding its tectonic and
volcanic history, as well as the abundance of vnublished geologic
reports and dearth of previous lead studies on the area. Basaltic
samples were preferred because their chemistrv makes them more likely
candidates for mantle derivation, and thus more useful in investigating
mantle source reqion characteristics. Young samples were emphasized
because they are less susceptible to weathering and in situ radioactive
decay corrections. However, isotopic comnositions of older,Miocene and,
very rarely, 0Nligocene volcanics have been measured in several instances
in order to check for any major variation of isotonic characteristics
with age, and to heln fill in the regional isotopic patterns where
younger rocks were not available. In addition, a number of more
silicic rocks - andesites, dacites, and rhyo]ites - were collected
from the San Francisco volcanic field to check for petrologic and
chemical correlations with isotove 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 denendent isotopic variations. Intrusive rocks, mineralized

or not, were completely neglected in sampling.



29

Figure 3.1. Sample localities. Circles are samples analyzed in this
work. Squares are localities of late Cenozoic volcanics on which
published lead isotopic data are available. Three digit numbers are
sample numhers abbreviated by deleting the first digit (a letter
denoting state) and the third digit (always a zero). For example,
C3006 is abbreviated 306. Sinale digit numbers prefixed by a B are
samples collected by i.J. Baldridge from the Rio Grande rift. One
digit numbers by squares are data references, 1 = Doe (1967); 2 = Doe
et al. (1969); 3 = Doe (1970); 4 = Church and Tilton (1973);

5 = Zartman and Tera (1973); 6 = Rye et al. (1974); 7 = Doe and

Delevaux (1973); 8 = Lipman et al. (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 geomorphological

criteria. Other, unattended numbers represent K/Ar dates.
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Figure 3.3. Classification of samnles 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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Figure 3.3
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3.2 Samples

Table 3.1 is a brief tabulation of descriptive 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 map 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

206, ,204 208Pb/

b1,/ 204

Pb ratios range from 16.98 to 19.61; Pb

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

Figure 3.4,

15.40 and l5573. -This variation in lead isotopic compositionnear]y spans
the range displayed by all modern terrestrial leads (see Doe, 1970).
Table 3.3 shows the averages of the isotope ratios quoted in

206Pb/204

Pb = 38.33) are rather

Table 3.2. The average values quoted in this table ( Pb =

207, ,204 208, ,204

18.57, Pb/™" "Pb = 15.55, and Pb/

similar to estimates of the average modern terrestrial lead. For

example, this laboratory has found common lead contamination to be

206 Zqub, ?07Pb/204Pb,

well represented by 18.6, 15.6, and 33.0 for Pb/

and 208, ,204

Pb/”"7Pb ratios, respectively. Vollmer (1977) has estimated

the average isotopic composition of the crust-mantle system to

be 200p,/204p, - 18 6, 207p,,20% = 15 54. while Stacey and Kramers
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FIGURE 3.4: ISOTOPE RATIO HISTOGRAMS

No.
(a. Distributien ef 206y, /2040, ratios
No.
20
(b. Distribution of 2061’1)/ 7Pb ratios
1.10 1.20 1.30
- (c. Distribution of 2%#b/2%pb ratios
0.46 0.48 0.5
20
1 (d. Distributisn ef 207?5/2“5 ratios
ol Fore s i - 3 2 .'.‘.u
15.4 15.5 15.6 15.7
30
- 20 (e. Pistribution of 2081’1:/204?1) ratios
10
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Table 3.3: Isotope Ratio Averages

Ratio Mean Standard Standard
Deviation Deviation
as Percent
206py, /2045, 18.57 0.58 3.15%
206,207, 1.194 0.034 4.00%
206py, 2085 0.4843 0.010 2.12%
2075y, 2045, 15.55 0.07 0.449%
208p 2045, 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
Chapter 2 (<0.1% errors). Thus, variations in the measured isotopic
ratios are real; they cannot be attributed to analytical error.

Lead concentrations vary from approximately 2 pnm 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 ppm. 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: GEMERAL 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 isotonic 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 systematics that will be identified.

4.2 Relationships between Sample Age, Chemistry, and Isotopic

Properties

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 nroverties - 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
samnles are consistently the most radiogenic. Nor are themore 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 Pb/~""Pb analyses on a number of basaltic,

intermediate, and silicic volcanics from the southwest. Basalts exhibit

206, ,204

roughly the same range in Pb/™" "Pb as the more silicic rocks. If

206pb/204

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

basalts from a local area have high (or low) Pb ratios, so
southern Nevada have unradiogenic ratios like their tuffaceous counter-
parts. The basalts from north-central Mevada 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 same 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 Mevada 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 isotonic composition are pres-
ent even when rocks of the same age and petrogranhic characteristics are
compared. Fiaure 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

206Pb/204

as a whole exhihit a variation in Pb several hundred times
that of analytical error. Factors independent of sample age and

chemical composition must be responsible for this variation.”

*| ater sections (i.e. Section 5.8, Section 6.3, and Appendix D) consider
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Figure 4.1. A plot of sample 5102 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 al. (1974), Doe and
Delevaux (1973), and Doe (1970). Horizontal lines show the probable
error associated with S1'02 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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204Pb ratios on Cenozoic volcanic

Figure 4.2. Ages and whole rock 206Pb/
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 al. (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 filled, 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 MNew Mexico. The data include

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

The Tead 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.

206, ,204 208

pb/20%1p and 204

The systematic change of Pb ratios

Pb/

from area to area is diagrammatically displayed in Figures 4.4 and 4.5.
2
206Pb/_04

order trend surface analysis of

Figure 4.4a shows Pb ratio isopleths derived from a second

206, 20

a4
Pb/™" 'Pb 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 206, ,204

208,, ,204

Pb/~"'Pb ratios greater than 19.0 and

Pb/~" 'Pb ratios greater than 38.8 are common in California, northern

2

Nevada, and southwestern Arizona. Average values of 06Pb/204Pb and

208Pb/204

Pb 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 relationshin between samnle age, chemical composition,
and isotopic ratios. They suqgest that there is evidence for correla-
tions between these variables, even if these correlations do not appear
to be most significant in explaining the lead isotopic variations ob-
served in the southwestern United States as a whole.
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Figure 4.5h
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Figure 4 5.
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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-
206, ,204 208Pb/204

perhaps better approximations of the regional trends. But these

contoured Pb/~" "Pb and Pb ratio isopleths, which are
diagrams, too, neglect some attributes which distinguish Colorado
Plateau and Basin and Range samples, and qloss over the special charac-
teristics and complexities of data from southern Nevada and southern

New Mexico.

4.4 Major Provincial Isotopic 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.

206, ,204 208, ,204

Contrasts in the magnitudes of Pb/™""Pb and Pb/=""'Pb ratios are

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

Basalts with characteristics typical of Basin and Range samnles have

206Pb/204 8Pb/204

Ph = 18.7 and 20 Pb = 38.5. On the other hand, Colorado

206, ,204 208, ,204

Plateau samples usually have Pb/“" "Pb < 18.7 and Pb/"""Pb < 38.5.

The general decrease in radiogenic character toward the Plateau is

illustrated by Figure 4.6, where 206Pb/204

Pb values are plotted 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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206, ,204

Figure 4.56.  The variation in Pb/~" 'Pb as a function of sample

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

208, ,204

Similar trends are also expressed in the Pb/~" 'Pb data for the same

area.
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Figure 4.6.
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Figure 4.7
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206, ,204

the average and Tower limit of CP Pb/™" 'Pb ratios are considerably

less than the average and lower 1imit 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

206, ,204

Plateau, on the other hand, show a much wider range in Pb/™" "Pb

208, ,204

and Pb/™""Pb ratios. For example, data from the San Francisco

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

206, ,204

diameter, shows a 7% variation in Pb/"" "Pb, and a 4% variation in

208Pb/204Pb ratios. Samples from the Mohave desert, a Basin and Range

20 204 208,,.,204

region roughly 150 by 300 km in size, give '6Pb/ Pb and Pb/~" 'Pb

ratios which display only a 1% variation.

207, ,204

Total Pb/ Pb variation in local areas on the Colorado

207,,. ,204

Plateau is also greater than the variation of Pb/™" 'Pb in Tocal

204

areas of the Basin and Range province. However, fora given 2‘()6Pb/ Pb

207, ,204

ratio, the corresponding Pb/™""'Pb ratio can be predicted within

207 5. ,204

+0.1-0.2% for CP samples. Basin and Range Pb/"""'Pb values have a

206P 204

0.5-1.0% variation at a given b/™""Pb ratio. This suggests a useful

criterion for discriminating between CP and BR behavior - Conlorado Plateau

206, ,204,, 207, ,204

type data describe well-defined linear arrays on a Pb/=" "Pb-"""Pb/~""Pb

(a-g) 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 P]ateaﬁ
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, o-g8 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 Mevada and the Mohave-Sonoran desert of

206, ,204

southern California and southwestern Arizona (Fig. 4.9). The Pb/~" "Pb

(a) and 207 204Pb (

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 comparative homogeneity of lead isotopic compositions is
considered good evidence for BR style isotopic systematics, even in
transitional or special areas where isotopic ratios approach Tow values
otherwise characteristic of the Colorado Plateau. Alternately, extended
Tinear arrays on o-g 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,
Tinear o-~B arrays. More than 95% of the data identified as Colorado
Plateau type Tie, within 20 analytical error (~0.14% of each isotope
ratio), either on the "isochron" defined by the Flagstaff data or the

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

lTinear 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 reqression

206, ,204, 207

line on the Pb/~" "Pb- Pb/204Pb plot has a slope of 9.093 +0.006,

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

208py,204py,_206p,, 20451 1ogression has a stope 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 D in Figure 4.7). This area is roughly

centered about St. George, Utah. Error bars indicate a 9.1% error. The

207,, ,204,, 206, ,20

4
Pb/~" 'Pb-"""Pb/” " 'Pb regression line has a slope of 0.098 +0.007,

corresponding to a secondary isochron age of 1600 +130 my. The

208, ,204

Pb/™" "Pb 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 (sauares). Error bars indicate a 0.1% error. Area C in Figure

shows the sample Tocalities 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 al. (1974). Filled

circles denote analyses performed for this work.
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Figure 4.9b
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206, ,204,, 207, ,204

describe a fairly restricted linear field on the Pb/"" "Pb-"""Pb/~" 'Pb
diagram. 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
Tines 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, otherwise typical Basin and Range data points fall on the
CP isochrons. Consequently, the occurrence of data points (especially
radiogenic ones) on the CP isochrons does not necessarily reauire
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, Mevada (Rye gt al.,
1974) - an area in the Basin and Range nrovince - is radiogenic and
fills a small, unelongated area on an o-g diagram. In contrast, Tead
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-8
diagram, as do leads from other mining districts bordering on the
Colorado Plateau in Utah (see Stacy et al., 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 work 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 206Pb/204pb_207 204

Pb/~" "Pb regression line calculated on data from the
western marcin 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, Mew 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 nrovinces.

206 204pb_207Pb/204Pb covariance, Figure 4.8 shows

a positive correlation between 208Pb/204 206p, ,204

Besides a Pb/

Pb and Pb/™" 'Pb 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

208Pb/204Pb i 206,, ,204

Pb/~""Pb data points from a single straight line is
more than analytical errors allow. In comnarison, the Basin and Range
data of Figure 4.9 exhibit a less pronounced covariance between

208Pb/204Pb i 206Pb/204

Ph, 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 al. (1961). This diagram shows the relative proportions of

206 207 208

Pb, Pb and Pb 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 al. (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) growth curve. Colorado Plateau data,
on the other hand, 1lie to the left or "old" lead side of the Stacey

and Kramers-Tatsumoto et al. modern "geochron." Also, the bulk of the
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Figure 4.11a.  Triangular diagram showing the relative pronortions of
206pp,, 297pp, and 2%pp, assuming 2%%pb + 2%7pb + 298py = 1.0, Point

PL shows the locus of primordial lead - the isotopic composition of lead
4.57 by ago (Tatsumoto et al., 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 4.11b.

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 disnlay 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 typical 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 4.11b
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Figure 4.12a
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Figure 4.12b
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Figure 4.12c
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Figure 4.12d
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Figure 4.12e
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208

CP data appears to lie toward the Pb 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 roughly parallel to the
modern terrestrial growth curve. The variations expressed in CP data

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

207 208

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

localities appear to be elongated in a different direction on the
diagram. Populations of BR data tend to point roughly toward primordial
lead and to be nernendicular to the modern terrestrial growth curve.

208Pb fraction appears to be most pronounced

207 206

Thus the variation in the

while variations in the proportions of the Pb and Pb 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
New Mexico. Another group comes from the southern Great Basin of
southern tlevada 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 southwestern New
Mexico (Area G in Figure 4.7). Figure 4.13 indicates that these

samples display a rather extended range in 206Pb/204

Pb - from 18.86 to
17.89. This large range would normally be suggestive of an affinity
to the Colorado Plateau style of data. However, the data do not
describe a well-defined linear array on a a-g8 diagram, and are in this
way similar to BR tyne data. Most of the samnles (8 of 11) have

206Pb/204Pb ratios below 18.7 - below that considered normal for BR

203 204Pb ratios below the

data. Ten of the eleven samples have Pb/
38.3 lower limit for BR type samples. None of the southeastern Arizona
samples fall on the two 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 Mew Mexico 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 Mew Mexico (Area G in Figure 4.7). Circles

are New Mexico data points and triangles are Arizona data points. Filled
symbols are data points 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 4.14
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The difficulty in classifying these New Mexico samples can also
be observed on a 206Pb-207Pb—208Pb triangular diagram (Fig. 4.14).

A1l 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 NM7005 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 Mexican samples are taken independently, and NM7005
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
BR and CP type data, just as the physiographic 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 ratios less

than 18.7, the lower 1limit of normal BR type data. On the other hand,

203Pb/ZOAPb values above the 38.5 "upper

206Pb/204pb

eight of these samples have
1imit" for CP samples. The data show a variability in

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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fall near the CP reference isochrons, but seven do not. On a triangular
diagram the southern MNevada (SM) 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 categories.
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 typnical of its physiographic
setting. This area is found along the margin of the Colorado Plateau
in central Arizona, with many of the questionable data points from an
area between the physiographic boundary and what is sometimes considered
the structural boundary of the Plateau (see Area F in Fiqure 4.7 for
location). As far as a and g data are concerned, these samples appear
to be more or less typical of CP type rocks. There are one or two
samples which are more radiogenic (e.qg., 206Pb/204Pb = 19.4) than is
normal for CP tyne 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 apnear 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 apnear to display BR type
systematics. In addition, "Basin and Range" 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 geographic
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 from 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 tyve 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 isotonic behavior
can be displayed, it is first necessary to establish a set of criteria
which distinguish, samp]e by samp]e; the two tynes 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 and Range type devending on the

value of the sample's 206Pb/204

Pb 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

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

their Pb/
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

208Pb/204

ignores Pb 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 (1958), 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 nopulation
sets.

In calculating a function which would discriminate CP and BR
tyoe data, analyses from the southwestern Colorado Plateau (snecifically
the regions surrounding 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 MNevada, southern California, and southwestern Arizona. The
variables considered potentially the most useful in classifying the

2 4
“O6Pb/20'Pb ratio, the 208y, ,204

the difference between the measured 207Pb/zqub ratio and the B pre-

two data sets were the Pb/~" "Pb ratio, and

dicted by the Colorado Plateau "isochron." The discriminant function

calculated by the Davis procedure is:

F o= 137.47 - 7.180a - 1.0148 - 0.0586y

where o = measured 206Pb/204Pb ratio
§ = measured 208Pb/204Pb ratio
y = |(B-A-Ba)/o|; B being the measured 207Pb/204Pb ratio; A

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

data (A = 13.951, B = 0.084828); o = the estimated standard
deviation of CP data from the CP isochron. For samples run
with the silica gel procedure ¢ = 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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popu1ation 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 pooulation has a mean of -4.86
with a standard deviation of 2.48.

Rather than strictly classifying each sample into only BR and
CP categories, it would be useful to specially denote those samples
having F values near zero. These samples would be the ones having
transitional characteristics and the ones most likely to be misclassified.
1]ith this in mind the classification scheme shown 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 "Basin and Range" 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 shown in Figure 4.19. A 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.

O0f 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

206, ,204

Plateau. Despite low Pb/”" 'Pb ratios, samples from this region
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208,, ,204 87

Pb and - Sr/86$r ratios, and a and B ratios which

have high Pb/
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 isotonic 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 extrapolation 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 nublished 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]ished 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 analogous to Area II and/or Area IIl 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

206, ,204 208, ,204

19.7 for Pb/=""Pb and 38.9 to 40.3 for

2

Pb/ Pb, while Area III

leads range from 18.7 to 19.4 in 290ph 2%} and 38.2 to 39.1 for

208Pb/204

Pb. Figure 4.4 shows, however, that a number of data points
from the Greét Basin of Mevada - 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 southwest 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 al. (1964), Leeman (1974),
and Peterman et al. (1970). The lead province boundaries of Zartman

(1974) (hatched pattern) are shown for comparison.
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Figure 4,20
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Rio Grande rift have Teads 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 the crust. Zartman has
jndicated 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 unequivocai 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 levada.

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 4.5,
the Teads from this area show properties not typical of CP type data.
Consequently, it is this report'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)
Tead 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 Teast 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 1ikely to be derived
from mantle source regions and probably experience in many cases little
interaction with crustal rocks. Consequently, basalt leads would be
1ikely 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 different 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 the igneous rock source regions. Modifi-
cations of source region characteristics in time might well be mirrored
in modifications of the lead isotopic characteristics of the derivative

igneous rocks.
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Divergences between the two lead province descriptions might
also be attributed to deficiencies in the coverage provided bv 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-
nolation 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, however,
that the distribution of Zartman's data allows him to separate his
Area 1 into two parts: Area Ia with ~2.7 by isochrc: ages, and Area 1b
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 systematics.

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 ISOTNPIC 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 01igocene‘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 geouraphic
localities of these and other volcanic fields mentioned in the text).
In comparison, late Cenozoic volcanism associated with the Colorado
Plateau has been dominantly basaltic in nature. The Mt. Taylor volcanic
field of west-central Mew 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 Tate 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. Althouah 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 al. (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 i-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,
jn 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 preliminary attempt was made to apnly the classical petro-
graphic descriptions of Kuno (1950) for Japanese basalts to the mafic
volcanics of the Colorado Plateau. This attemnt did not meet with
great success. Kuno used the presence or absence of olivine reaction
rims, olagioclase compositions, the occurrence of titanaugite, and the
appearance of alkali feldspar or silica minerals as late crystallizing
around 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 hynersthene, or those in
which olivine and orthooyroxene 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 range An50 to An65, with only a few
exceptions. Furthermore, titanaugite anpears to be very rare in
Colorado Plateau basalts (only two of the more than forty Colorado
Plateau basalts examined here appear to contain titanaugite), although
alkaline basalts with normative nepheline are not uncommon. Moreover,
mesostasis silica phases 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 opnaque glass. It is
difficult, therefore, to classify many Colorado Plateau basalts as either
alkaline or subalkaline solely on petrogranhic grounds.

It is possible, however, 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." Consequently, this renort has somewhat modified
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. 0livine-augite
(0A) 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 or calcium-poor clinonyroxene, or phenocrysts of
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plagioclase. Many olivine-augite basalts havesubophitic textures - an
jndication of the abundance of clinopyroxene relative to feldspar in
the groundmass. In contrast, feldspathic basalts often have trachytic
or nilotaxitic textures, reflecting 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 usually
smaller and considerably less abundant than those in OA basalts.
Plagioclase phenocrysts occur with some frequency in feldspathic
basalts, and orthopyroxene or calcium-poor clinonyroxene may be present
(usually as groundmass phases) with or without groundmass olivine or
augite. Basaltic andesites are qenerally similar to feldspathic
basalts in their petrographic characteristics, but contain reacting
quartz and "wormy" plagioclase megacrysts. "Yormy" plagioclases

appear to be oligoclase-andesine crystals (Best and Brimhall, 1974)
containing mihute 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.

A1l three types of basaltic rocks (olivine-augite basalt,
feldspathic basalt, and basaltic andesite) 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 southwestern
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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 types. For example, the area around St. George, 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,

1913; Moore et al., 1976).

5.3.2. Chemical description of Colorado Plateau basalts

Chemical analyses were available for the majority of samples
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 categorize 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 Anpendix
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 compatible with the conclusions of several
authors (e.g., McKee ana Anderson, 1971; Lowder, 1973; Wenrich-Verbeek,
1974, and Hausel and Nash, 1977) who have emphasized the transitional
calc-alkalic (or tholeiitic) to alkalic 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.
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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 Tow Si0, concentrations (<50%), A1,05 concentrations from
14 to 16%, Na20+K20 usually <4.5% and average Mg0 contents somewhere
around 8.5%. Feldspathic basalts, on the other hand, usually have
si0, contents between 50 and 54%, A1203 concentrations sometimes as
high as 18%, Na20+K20 concentrations tynically =4.5%, and average Mg0
concentrations around 6.3%. Basaltic andesites show a wide range in
8102 contents from 51-59%; A1203 values are usually around 15-16%,
Na20+K20 contents are usually about 6%, as are Mg0 concentrations.

In addition, Table 5.1 indicates that olivine-augite basalts
correspond to relatively mafic, "undifferentiated" volcanic rocks:
basanite, ankaramite, alkali olivine basalt, and olivine tholeiite.
Basalts petrographically labelled as feldspathic may represent somewhat
more "differentiated" categories. Those feldspathic basalts lacking
orthopyroxene are categorized as hawaiites (alkaline, sodic 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 calied a
hawaiite, and a fourth was noor enough in silica to be called a high
alumina basalt.

It is also interesting to note from Table 5.1 that 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-g Diagrams

One distinctive feature of the Colorado Plateau lead data set

is that it generates linear arrays on a 206, ,204

207, ,204

Pb/"""Pb (a) versus

Pb/“" 'Pb (B) diagram (see Fiqure 4.8 and 4.10). Two models may

be called on to explain this behavior. First, the linear arrazys 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 time T; 2) at time T this system chemically frac-
tionated into a number of subsystems having different u values; and,
3) since T each subsystem has evolved separately as a closed system to
its own, distinctive isotopic composition. In this model the slope
of the regression line through the Colorado Plateau o-g data can be
used to calculate the differentiation age, T.

The alternate hypothesis is that the linear arrays on the

206Pb/204 207, ,204

Pb-“""Pb/“""Pb 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 case the position of a data noint

on the a-g 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 y 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.

b 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 1130 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 netrogenetic
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-g data appear to lie on a single straight line within
analytical error. On the Colorado Plateau as a whole data points seem
to fall on one of two very similar lines. This restricts potential
mixing end-members to an extremely limited nortion of the a-g diagram.
It is difficult to understand how two unrelated mixing components
could be so restricted in their isotopic compositions over an area as
large as the southwestern Colorado Plateau (some 400,000 kmz). One
obvious way of getting mixing components with acceptably limited
isotopic compositions ove} a region of such a size is to derive them
from two systems with 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-B
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 Tikelihood that contamination

is an active petrogenetic nrocess on the Colorado Plateau, and to
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206, ,204 207, ,204 206, ,204

Figure 5.2 Pb/=""Pb - Pb/~"'Pb and Pb/™"'Pb -

208Pb/204Pb diagrams for the San Francisco volcanic field, showing

rock type and silica content of each sample, O0AB = 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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jnvestigate 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 isotonic nroperties 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.q., 206Pb/204

Pb = 17.6) but so does a basaltic rock from the same
area. Thus, volcanic rocks with different chemical compositions can
have the same isotopic compositibns. Furthermore, an andesite and a

206Pb/204Pb = 18.1) which are just

dacite from another area have leads (
about average for the field. Thus rocks with similar chemical compo-
sitions can have different isotopic compositions. 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 different chemical and different but related isotopic
compositions participating; or mixing is not the only acéive petrogenetic
process, but acts together with other procasses, such as crystal

fractionation, to produce the observed range 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 O0livine-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-augite 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 breclude significant

87

sialic contamination. The Tow Sr/86Sr ratios (.7030-.7040) reported

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 ferspathic
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)

206, ,204 207,,.,204 208, ,204

has Pb/=""Pb = 16.98, Pb/™""Pb = 15.40, and Pb/™" "Pb = 36.54 -
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values dramatically below those of any OA basalt. And while the 0A
basalts have SiO2 <50 weight percent, the other Colorado Plateau volcanics
have S1'O2 contents ranging from 47% to 73%. Making 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 isotovic compositions. Whole rock analyses by Ludwig (1974) and
Silver (personal communication) indicate that these crystalline rocks

almost always have €06, 204

Pb/~"'Pb ratios 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 uﬁradiogenic 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-g 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 xenocrysts 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 al., 1974; Laughlin et al., 1974; and Nichols et al., 1971) have
concluded that these partially resorbed crystals are high pressure pheno-
crysts which have become unstable at Tower pressures. Others, notably
Doe et al. (1969) and Lipman et al. (1978), have argued that these
quartz and feldspar crystals are xenocrysts derived from lower crustal
"granitic" rocks, concluding that basalts with xenocrysts are contaminated
while those without them are primitive. Those writers favoring no
contamination generally cite strontium isotopic evidence (e.g., Tow
87Sr/86Sr ratios compatible with mantle derivation and comparable to
ratios of non-xenocrystic basalts) and experimental studies (Cohen et al.,
1967; Green and Ringwood, 1968) to support their conclusions. On the
other side of the question, Doe et al. (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 "xenocrysts." They also observed
that "xenocryst" and groundmass plagioclase separates from a single
rock are significantly different in their lead isotonic compcsitions,
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 poteptia]]y 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 Fiqure 5.3 shows,
basaltic andesites are commonly less radiogenic than the seemingly
primitive, non-xenocrystic OA basalts, in agreement with the Doe et al.
(1969) data. However, the unxenocrystic feldspathic basalts are 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 unradiogenic 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

(206Pb/204Pb or 87Sr/86Sr) and the X-coordinate (5102, K50, Mg0, Pb,

or Sr concentration, or 208pp/204

Pb/“"7"Pb). 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 example, by crystal frac-
tionation) would give rise to-a horizontal trend on each of these
diagrams - isotopic composition would not change in resnonse to changed
concentrations of the chemical components.

Figure 5.4, 55, and 5.6 sugqgest 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 SiO2 and more radiogenic in lead than the other
volcanic rocks. Figure 5.5 suggests that the OA basalts tend to be
richer in Mg0 than the other Colorado Plateau volcanics. Figure 5.6
indicates that OA basalts have KZO concentrations overlapping those of
other rock types, but which are in general lower than many of the other
tynes 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

206, ,204

Pb/“""Pb, and to have leads that are more or less intermediate in
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Figure 5.4
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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 Tow Pb concentrations, as they have high and low
206Pb/204Pb ratios. This diagram suqgests 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 pom 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/865r ratios range from .7026 to .7069, although all
but one of the thirty-three data points have 87Sr/868r <.7050. This
range in 87Sr/865r is similar to that exhibited by oceanic basalt
samples (Peterman and Hedge, 1971). There does not appear to be a
significant correlation between the 87Sr/865r ratio and strontium
concentration. It is perhaps worth special note that the three andesite,

87

dacite, and rhyolite samples have Sr/865r ratios comparable to those

of the basalts.
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Figure 5.7
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Figure 5.8
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Figure 5.9 appears to indicate that there is an inverse corre-

206, ,204 87

lation between Pb/~" 'Pb and Sr/86Sr for Colorado Plateau rocks.

However, it might be noted there does not appear to be any systematic
206Pb/20

. . . ; 4
difference in the strontium concentrations of high ‘Pb and low

87 206, ,204

Sr/86Sr rocks compared to Tow Pb and high 87Sr/865r rocks.

Pb/

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 5102, KZO’ and Pb concentrations,
but Tower in !g0. 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 rocks 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 p values than the OA sources, 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

87

be consistent with their slightly higher Sr/865r 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 discussing 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 5102 content (73%) of the
only rhyolite analyzed in this report would indicate that the OA basalt
component (<50% 3102) makes up a very small fraction of the vock. 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 possibtle contaminants which could be added to
an olivine-augite basalt (samples A6021 or A5023 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
(+80%) must be made up of the silicic "contaminant." If the olivine-
augite basalt component makes up as much as 40% of the mixture, the
Mg0 concentration of the silicic end-member must be less than zero.

This is clearly unreasonable. Because the silicic mixing end-member is



165

6°9 G/0°S 81 99°'Y 88°v Gy ylL
61°¢ ¥2°¢ 26°1 LL°1 [9°1 62°1 n
0°¢¢ JAVAL 6°¢1 §°01 90°6 €e'¢ qd
ovt 85V LLS 1€9 ?¥9 69. m;m
i == i = 0¢> 0¢> mnm
G £ g2°¢ A 8¢°2 B 6%
AR LE"L C1°9 8r°g 1°9 6G°€ ommz
96°61- 61l ¥~ L0°T 0L°¢E 8¢9 69 11 oed
[1°€¢- [6°9- LS°T- €l G.°¢ €2°6 0B
GG 01~ ge” G6°¢ 9/°9 85°9 ¢'11 Ged
AT 56702 €81 L 6°91 8" T €01y
96°¢- - 1L 21°1 9¢€°1 72904 Nowk
G 111 G0°08 2°89 £€°29 889 9t wmowm
6€°9¢ LG°9¢ 1/4°9¢€ LE8°9¢ 9%6°9¢€ TGE 8¢ aawom\nmmom
I¥°61 €y gl A7ANR 1A 84t 41 §66-°91 nawom\naﬁom
1A JRANAL 6€° L1 097 /1 28G° L1 12/.°81 naqom\namom
10¢.° Gg9ocL- 8vuL” 0L ¢voL” geoL” m;mow\gmmw
20 =4 0 =4 9°0 = 4 8°0 = 4 €909V 1209V "ON o|dwes
Nu:wcoasou pulLjeuLwezuo) 320y Jaqusuwpul
pajeuLwejuo) 3lLeseg vo
uotjeinojed bulxiy °z°g dLqel

I



166

*(6°G uUOLID9S 99S) SOLIeA 9d020SL pea| woul psjeindje)
*S3|dWes 3204 UL SaN|BA PaAnses)y

"] XLpusddy ulL pa3SL| S4B eIERpP [ROLWAYD A0S S3I4NOS

"(G/61) S400)] pPue SULY00J4F WOAJ USYE] UD3G SARY RIRD QY pPuR uUS

*2URULWRIUOD JO UOL3ORJS JybLam 3y3 St 4

9
g
b
€
4

"JUBULWLRIUOD B34 ® 404 9[qLSSodwl 40 A[3L|un 84@ ydLym elep paje|nd|ed saziseydws m:w:_ﬁxmnczﬁ

LS ¥ FARR"" LS°G 96°5 6¢°9 9°01 @n
99°¢ ¢L’E 9L"E 6L°€ 18°€ L6 € my
€0°9 L L 01°6 €01 €11 9°te maa#om\:wmm
16°1 ve"2 L5°2 €L°2 £€8°2 ov°¢ m:mmm\shmmm
¢'0 =4 v'0 =4 9°0 = 4 8°0 = 4 €509v 1209V "oN 9| dueg
juauodwo) buljeuLieiuo) %00y JAaquawpu]
% Pa3 eU LWL U0Y 31BSRg Y0

(panutuod) z°g alqel



167

562 yz°2 26" 1 £2*1 [9°1 62°1 N
£h°22 59" /1 6°21 501 90°6 557 qd
802 L6€ SbS 029 799 208 oS

o = = = 0z> 2> i
90°9 T cpe 8L°2 8e°2 g 0%
€6 8/ €9 9°g 1°g c°g o%en
£ 9- 52 2- €6°1 20" 82°S €01 0e)
1= 11°9- 71~ 92°1 G1*Z I 061
- 96" €2'Y /875 $8°9 82701 084
€122 59°02 [5°8T C5~11 6°91 7T €01y
920" bg 66° 221 9¢° T 16°1 oLL
978 59"/ £8°59 29" 19 84°85 2°8p qmo*m
19°9¢ £9°9¢ [1°9€  198°9¢ Sv6°9€ bE6° L€ 94,55/ 9g07
e ph°ST Sp ST G9°GI 85%°ST $05°S1 9d,0,/9d, o
e /1 b LT Ly L1 26" 11 286°ST 8vz°8l 94, 5,/ %g42
1604 90, 6v0L° 2v0L° 2H0L" SE0L" 4S50/ o
=4 #%0=4 90=4 SO=4 £500Y €269y ‘0N 3Ldwes

1UBUOAWOY) bULIRULWEIUO) 320y A2quiBWpU]
¢ psleulWRlu0)  3[eseg 0

uotjeLno(ed BULXly €°G 9Lqel

I



168

“JURULWRIUOD PS4 ® U04 3[qLSSOdWL 40 A[3)LLUN 34 YOLYM B PaR|ND|BI SIZLSeydws

*J XLpudddy UL pPaduUsudidd 4R °IRp |BOLWBYD 3(dWes J404 S3D4NOS

*S9|dwes 204 UL S3N[BA padnsesy

"(6°G UOL}DSS 99S) SOL}eA 9d0JOSL ped| WOJL P3}R[NI[B)

‘g dwes Jenotided SLYy} 40} PaWNSSE S43M SUOLIBUJUSIUOD Y] pue f} “qy

L
9
S
1

"(G/6T) S400) puR SULY00Jg UOJ} US}PJ USSQ 3ARY BIEP WNLPLGNU pue E:rp:oxpmm

"3URULLRIUOD JO UOL3OBUAS4 2YBLaMm SL 4

é
buLut4apun._
L

£v°g 65§ 98°G 60°9 62°9 £8°8 Nn

19°¢ G9°¢ 2L°E LL°€ 18°¢ 91"y my

v6°9 £L°L AN £°01 1e°1 v€ ve @Qaqom\:mmm

91°2 v€°2 L1572 €L°2 £8°2 ov°¢€ Dwmm\ckumm

GE"g L0°G 8t 99"y 85"t SeY ul

2°0 = 6 = 4 9°0 = 8°0 = £509Y £209y "ON a|duwes
Juauodwo) buljeuLweiuo) 300y J4aquisupul
pajeutueluo) 1Leseg o

(panuLjuod) ¢°g a|qel



169
(apparently) required to make up the major portion of the mixture, the
composition of this end-member remains remarkably 1ike that of the
andesitic mixture. For example, 5102 = 59% for the andesite and 62% for
the calculated silicic mixing component. Similarly the silicic end-
member has an 87Sr/865r ratio much Tike 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 mixing component seem required to closely resemble that of
the mixture, the intermediate rock itself. DBecause the intermediate
volcanics of the southwestern Colorado Plateau have different chemical
and isotonic 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
producing 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
208U/204Pb ratios actually measured in the rocks themselves. For the
A6053 sample in Table 5.2 the calculated p value is 6.1 while the
measured 238U/204Pb is 10.6, almost twice the calculated u. Similarly
the calculated « value (3.8) apnears to be significantly different from

. 232Th/23

RPh ratio actually measured in this sample (2.8). These
observations suggest that trace elements in the andesite have been
fractionated relative to a (presumably more mafic) source, perhans by
a process 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 suggest that a differentiation process like crystal fractionation
rather than mixing is involved in the genesis of the more evoived
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 (A5014) from Strawberry Crater has a
very similar isotonic 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 narrow range in
Jead isotopic composition (see Fiqures 5.4, 5.5, and 5.6). These results
would appear to imply a consanguinity between rocks deriving from the
same volcanic vent, even though they may have erunted tens of thousands
of years apart and are very different in their chemical compositions.
The chemical diversity and isotopic similarity of volcanic roccks coming
from the same locality would be consistent with the generation of inter-
mediate rocks by fractional crystallization, auite possibly from a
parent magma similar to a feldspathic basalt.

It also anpears unlikely that a contamination process is
directly responsible for generating the feldspathic basalts of the
southwestern Colorado Plateau. The feldspathic 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

I

between their chemical and isotopic compositions (see Figures 5.4-5.6).
For example, the most radiogenic feldspathic basalt (and the second
most radiogenic sample on the southwestern Colorado Plateau) is also
the most silica rich with 53.8% 5102. The least radiogenic feldspathic
basalt, which is also the least radiogenic Colorado Plateau sample, is
the one next richest in silica with 53.5% 5102. These observations
would tend to discourage the idea that contamination plays a major part
in the petrogenesis of the feldspathic basalts.

If contamination were involved in feldspathic basalt genesis,

it appears that the contaminating material would tend to have chemical
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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-auqgite basalt magma to make a feldspathic basalt
mixture. Because the feldsnathic and OA basalts both have basaltic
chemistries, the mixing comnonent also tends to have a basaltic nature.
Mixing a 1:1 mixture of 0A basalt (with 47% 5102) with a contaminant
to make a feldspathic basalt (with 51% SiOZ) requires that the contam-
inant has only 55% 5102. Similarly, feldsnathic basalts in general

87Sr/868r ratios rather like those of their more mafic

seem to have
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/863r of .7035 for the hawaiites and .7039 for
the basanites of the St. George area; hawaiite strontium concentrations
average 600 ppm for the hawaiites and ~800 pom for the basanitoids.

As a consequence of these similarities, the strontium isotopic compo-
sition of a calculated mixing comnonent 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 "mixture." The lead jsotonic
composition of the feldspathic basalt, therefore, tends to approximate
that of the contaminant.

The mixina calculations shown in Tables 5.4, 5.5, and 5.6 were

performed to get a more quantitative estimate of the chemical and
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isotopic properties of contaminants that might potentially be involved
in making feldspathic basalts. It was found that chemical constraints
(1ow Mg0 and high A1203) 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 occur it would seem that the contaminating material would
tend to have a chemical and isotopic composition rather similar to those
of the "mixed" 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 place, 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 compositiong. However, a study of xenoliths from a Colorado
Plateau kimberlite (McGetchin and Silver, 1972) presents evidence that
"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 Tower 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., grawulites) from other areas.

Studies by Moorbath et al. (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 al. (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 amphibolite facies rocks

238,204
e

hav U/~ 'Pb ratios usually less than 3, but rarely as high as 6.

Although thorium is also depleted in high grade metamorphic

232Th/238U

rocks, it often appears to be enriched relative to uranium.
ratios published by Gray range from 5.5 to 12.0, while the Th/U ratios
measured by Heier and Thoresen (1971) run from 5 to 12 also. For com-
parison, typical Th/U values in igneous rocks are usually around 4.
Granulite facies rocks typically display very radiogenic 87Sr/865r

87Sr/865r ratios

ratios. Spooner and Fairbairn (1970) neasured the
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

87

et al. (1971) and Taylor (1975) report Sr/86Sr ratios for high grade

metamorphic rocks between .710 and .340. However, Holland and Lambert's

) 87Sr/868r data on the Lewisian aneisses of Scotland are low with

(1975
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 u
values, and granulite facies rocks are known to have low u's. However,

if one does a quantitative calculation of the source region u values

implied by the Colorado Plateau data (Section 5.9), one finds that only
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one Colorado Plateau rock has a u less than 5.0. Several feldspathic
basalts have u's around 7 and 8, one has a u of approximately 11. In
constrast, the "u" values actually measured in granulitic rocks were
most commonly less than 4.0, and were very seldom greater than 6.0.
Similarly, the « values calculated for Colorado Plateau lead data

232Th/238U data was seen to range

87

range from 3 to 5. The granulite
from about 5 to about 12. In addition, the Sr/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 Tower 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 Tower 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 previously, the chemical compositions and 87Sr/863r 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 basalt magmas at depths often as great as the base of the crust.
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This would seem to suggest that the magmas from which the cumulates
were crystallized were originally generated .l even greater depths -
in the mantle.

If Colorado Plateau volcanic rocks are derived from the mantle,
the diversity in isotonic composition exhibited by these rocks, as well
as the rough but apparently significant correlation between chemical
and isotopic properties, presumably relates to the isotopic heterogeneity
of the mantle which underlies the Colorado Plateau. It should be
emphasized 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 reduction
in u. It is also important that Colorado Plateau volcanics apoear to
exhibit an ancient, Precambrian time signature which 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 appears 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 lithosphere.
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5.9 Calculation of u and «

Tha 206Pb/204pb_207 208, ,204

Pb_ZOGPb/204Pb

Pb/2%%b and 298pp,

regression lines defined by Colorado Plateau data can be used to cal-

culate volcanic source region u and « values. An "average" k value

208, 204, 206, ,204

can be calculated directly from the slope of the Pb Pb

Pb/ Pb/

regression line, if one assumes a constant « for all volcanic sources
and utilizes the secondary isochron age determined from the Colorado

Plateau a-B8 regressions. The slope of the Flagstaff-Prescott

208, ,204, 206, ,204

Pb/~" Pb-"""Pb/~" "Pb regression is 0.991; this implies a « of

3.39. The St. George data give a Slope of 1.33, which gives a « of

4.56. However, there is some scatter around the Colorado Plateau

208, ,204, 206, ,204

Pb/~ " 'Pb-"""Pb/~ " 'Pb regressions. Consequently, the uniform «

assumption may not be entirely correct, and the two « 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/204Pb, 207Pb/

208, ,204

204Pb,

and Pb/“"'Pb at the beginning of the second stage of Tead 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
nossible 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 inferred
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

206, ,204 207, ,204

feldspars from the Colorado Plateau have initial

and 208Pb/204

Pb/™""Pb, Pb/~""Pb,
Pb ratios 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 al. (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/204

Pb ratios
between 15.20 and 16.20. The minimum o 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 ratios than most of the feldspar data. In addition, the

growth curve for average terrestrial lead preferred by Stacey and

207, ,204

Kramers (1975) also gives a 1.5 by Tead with a somewhat higher Pb/“ " "Pb
ratio than the Colorado Plateau a-g 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

o 206, ,204 207, ,204 208, ,204

Pb Pb/~""Pb Pb/~" "Pb

Feldspar 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 15.29 35.0
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 whole
rock lead isotopic compositions of Precambrian granites from the
Colorado Plateau and neighboring areas (L.T. Silver and colleagues,

in preparation).
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Figure 5.10
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Tables 5.8 and 5.9 show the u and « 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 u around 20% higher and values of « around 30% lower than the Stacey
and Kramers 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 u and « 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
and Kramers (1975) was designed to more closely approximate the obviously
complex growth history of terrestrial leads.

The p values of Tables 5.8 and 5.9 show a considerable degree
of variation. The lowest u is around 4 while the highest values are
around 12. Stacey and Kramers (1975) estimated the average terrestrial
u 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 Toss 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 explain this U/Pb depletion. The a-g 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. F]agstaff—Prescott u and « values, assuming a 1.5 by source

age

Measured Measured

My Ky 238U/204Pb pl ) 232Th/238U
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 35 9.93 3.19 3.27 4.77
A4030 9.70 .80 19.55 3.65 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 R F -- 3.87 4.27 --
A6018 9.83 .92 -- 3.47 3.66 --
A6021 13.23 11.32 24.65 3.78 3.98 3.40
A6022 .05 5.18 10.85 3.71 4.00 3.92
A6023 10.86 8.95 -~ 3.90 4.17 --
A6925 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
5.0, +2 .21 +2.21 28 .
*Subscrint 1 refers to model 1 which uses Pb/204Pb = 15.41,
207py,/2040p = 15,239, and 298pb/20%b = 34.7 for the initial lead isotopic
composition. Subscript 2 refers to model 2 which uses 206Pb/ Pb = 15.934,
207p1,/20401, = 15.286, and 28pb/2%%pb = 35.1 for the initial lead

isotopic composition.



191

Table 5.9. St. George u and « values, assuming
a 1.6 by source age*

¥ H2 s | iy
A5006 11.42 9.80 4.22 4.53
Us5016 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 8.39 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
206p),,204py, - 15,34, 207pp 0% = 15.24,
208py,/204pp = 34.7 for an initial lead
isotonic composition. Subscript 2 refers to
model 2, which uses 206Pb/204Pb = 15.93,
207p1,/20%y, = 15.29, and 2%pb/20%pb = 35.1
for an initial lead isotopic composition.

and
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This coincidence seems to imply a genetic relationship between 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 «'s tend to be, on the whole, higher
than the 3.87 average terrestrial value propnosed by Stacey and Kramers
(1975). The St. George data set, in particular, is characterized by
higher than normal «'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 denleted in U, the v data may indicate only that Th has been
denleted only to a somewhat smaller degree than uranium.

There appears to be little correspondence between the u value
calculated from a sample's lead isotope ratios and its 238U/204Pb
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 238U/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 "u." The data
in Figure 5.12 suggest no clearcut relationship between U/Pb enrichment
and the major element chemistry of a sample. O0livine 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 al. (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 suggest 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 o-8 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

207, ,204

isochron and is displaced toward slightly higher Pb/~" Pb values.

The magnitude of this displacement is not great; the difference in
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207Pb/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 c&n also be noted that the St. George and Flagstaff-Prescott
data qgroups seem to display a somewhat different range in their absolute

206, ,204

isotope ratios. For example, St. George Pb/~" "Pb ratios range from

17.0 to 18.5 with an average value of 17.95. The Flagstaff-Prescott

206y, ,204

Pb/=" 'Pb lead data range from 17.5 to 19.0 with an average value

of 18.2. This different range of 200pb/204

Pb/™" b 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

206Pb—207Pb~-208Pb triangular diagram.

area data can also be seen on a
Figure 4.12a shows that St. George data and Flagstaff-Prescott data

seem to describe comnletely distinct fields on the triangular diagram.
The St. George data field appears to have a different orientation, or

direction of elongation, froem 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
Ho. A No.. A
A4027 -.101 5016 .260
A4028 -.036 us017 .106
A4029 -.918 A5019 1.44
A4080 -1.16 U5020 .0N2
A4031 -.736 us5022 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 A6N30 1.57
A6023 -.330 A6031 -.178
A6053 .318 u6032 .182
A6058 -1.12 B
X1 = ,7781

N2 = 15
B Sl = ,7896
X2 = -,5101
32 = ,7076

A = the standardized deviation from the a-8 regression

defined from all Colorado Plateau data. MNumerically,
A= g -[(13.961 + o - .084828)]/(.0162).

X, - X
- )
.- 4.55
172
Sp(ml +N1)/
%y g

The appropriate critical value of t 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 anpears similar in position and orientation
to the Area H data of Figure 4.14, although perhaps a bit richer in
the 206Pb component.

Data from northern-most New Mexico (Doe et al., 1969 and this
work) and the San Juan volcanic field of southern Colorado (Lipman
et al., 1978) describe a data field on the triangular diagrah (see
Figure 4.12e) different from that defined hy central MNew Mexico data,
but rather similar to that of the Flagstaff-Prescott area. It is

interesting to note that late Pliocene basalts from northern Mew Mexico

fall into the same field as the 30+ my old intermediate volcaaic 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 trjangd]ar diagram.

Instead one would suspect that a Colorado Plateau data field's
position and origntation 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 of 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 « 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
growfh 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 1imply a source « of approximately 4.6, while the Flagstaff-
Prescott « is approximately 3.4.) On the other hand, it seems difficult
to explain the difference between the Flagstaff-Prescott data and data
from central Mew 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
ages calculated for different areas of the Colorado Plateau. The
Flagstaff-Prescott secondary isochron age is 1.50 + 0.13 by, while the
St. George isochron age is 1.60 + 0.13 by. Lipman et al. (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
jsotopic 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 geographic 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 qroupings used here are not somewhat arbitrary.
For example, data from near the margin of the Colorado Plateau in
central 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 trianqular diagram.

5.11 Correlation between Chemical and Isotopic Composition: Impli-

cations for Source Region Heterogeneity

The wide range in lead isotopic composition found in Colorado

Plateau volcanic rocks sdqgests 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
jsotopic 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
of 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 "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 9.1% HZO
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 Tead isotopic composition somewhat different from
that exhibited by the hawaiites and high alumina basalts. Moreover,
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 Tead 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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Figurs 5.13: After Green (1971). A petrogenetic grid in
which basalts are regarded as the partial melting products of
pyrolite containing 0.1% HZO’ The numbers found with each basalt
type indicate the normative olivine content of the basaltic melt
at its depth of origin. The dashed 1ines 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 melting
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 al. (1969) place somewhere about

80-100 km in depth on the basis of their seismic refraction study.
Thus, the isotopic difference between OA basalts and "differentiated"
Colorado Plateau volcanics might 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
sur%ace would have been more subject to previous episodes of magma
extraction during the formation of the crust, 1400-1800 my agou, 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 which 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.

9..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 al. (1969) viéw
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



210

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 materiaT, one might expect to
find 1ithic fragments as well as isolated crystals in the basaltic
andesi tes.

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
1iqdidus phase, for the partial melting of source regions having com-
positions appropriate for making basa]tic.andesites. High pressure
experimental melting studies on basalts (e.g., Cohen et al., 1967;
Green and Ringwood, 1968) indicate that clinonyroxene (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 quartz stability fields. Quartz
becomes increasingly stable at higher pressures while plagioclase
becomes unstable at high pressures. Wyllie (1971) has indicated that
crystalline quartz 1is in equilibrium with partially hydrated
quartz ecloqgite melts only at pressures above 17-20 kb, although the
dry andesite melts studied by Green (1972) had stable quartz at some-
what Tower pressures (=10 kb). On the other hand, experimental studies
on basaltic systems (see Ringwood, 1975) indicate that nlagioclase
becomes progressively more sodic at higher pressures 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 a]sb found that increasing the water content
of the system depressed the plagioclase stability field to even lower
pressures. later has a similar effect in basaltic systems, according
to the diagrams published 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 plagio-
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 hynothesis seems to be compatible with the isotopic

similarity of basalts, basaltic andesites, and more silicic volcanic

rocks from the southwestern Colorado Plateau. Mixing of a basalt with

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 hasaltic 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 isolated crystals without associated lithic

fragments seems cdnsistent with the rhyolite existing as a magma

rather than as a solid rock. The silica variation diagrams of Moore

et al. (1976) may also have a bearing on the problem. In plots of

$i0, versus Ca0 and Mg0 (Figure 5.14) the basaltic andesites describe

a linear trend somewhat displaced from the curved trend defined by

the other vo]canié rocks. This basaltic andesite 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 Descrintions of Basin and Range Basalts

Leeman and Rodgers (1970) petrographically examined and chem-
ically analyzed apnproximately 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
tholeiitic.

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
basalts from a nqmber 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

* 3 3 -
Olivine crystals are, however, commonly altered in part to iddingsite.
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usually indicate anorthite contents around An5O-An65 (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. 1In 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 graineq. Mafic (olivine-augite) basalts are not difficult
to find although fe]dspar»rich "trachybasalts" (feldspathic basalts)
are perhaps more common.

In most cases it is difficult to judce on netroaraphic grounds
whether a particular sample is alkalic or subalkalic in character.
Olivine is nearly ubiquitous in these Tertiary rocké, and although
iddingsite alteration is common, reaction rims have yet to be observed.
This Tack 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, A6905, N6028, and N6034). A1l 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
"xenocrysts" 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 Arizona (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

Mevada (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 sample from
southeast 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 Descripntion 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 study with samples
on which major element analyses had been published, chemical data were
taken from the literature. Table 6.1 tabulates the petrologic classi-
fication of the chemiéa] analyses listed in Appendix E according to
the procedures proposed by Irvine and Baragar (1971).

Several inférences 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
descrintions of th Quaternary basalt samples. Petrographically,
NM7005 and NM7010 are'a1ka]i—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 tuv 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 hypcthesized
shift from calc-alkalic to alkalic basalt volcanism may relate to the
Lipman et al. (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 }iming 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 MNevada, and therefore appear relevant to a hypothesis put
forward by McKee and Mark (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/865r ~ ,706) relative to normal, oceanic

(87Sr/865r ~ ,704). Sample N3027 was collected some 40 miles

tholeiites
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 Basin 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 }n this
report as well as thé 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

have Pb/204

Pb ratios (~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 MNevada
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 sodic 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 sodic 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,
Califbrnia 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-sodic 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

2064, ,204 207,, ,204

distinguishable ranges in Pb/

208

Pb. Furthermore, Pb/~" "Pb values,

and to some degree A

Pb/~" 'Pb 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-g 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

207,, ,204

highest Pb/“"'Pb ratios (data field #1) is defined by two Oligocene

andesite and dacite samples. The data fields displaying relatively Tow
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207, ,204

Pb/““'Pb 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

207Pb/204

intermediate Pb ratios. For example, in Nevada a Quaternary

207, ,204

basanite (N5024) has a relatively low Pb/“""Pb ratio, Pliocene and

Miocene, generally calc-alkaline basalts and andesites have distinctly

207, ,204

higher Pb/~""Pb 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

207,,. ,204

have higher Pb/"""Pb 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

206, ,204

ranges in Pb/““"Pb. Data points on all Arizona samples (data fields

206, ,204

#6 and #9) have relatively unradiogenic Pb/“"7Pb values, while data

from central and northern Nevada (#1, #3, and N5024) seem to display a

206, ,204

more ‘radiogenic range of <" °Pb/“" Pb.

208, ,204

Figure 6.1b, a diagram that displays Pb/~" 'Pb 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 somewhat less discrimination

between young basalts and older, calc-alkaline volcanic rocks if one

208, ,204 207, ,204

compares Pb/~" 'Pb ratios rather than Pb/"~"'Pb ratios. For example,

the Quaternary alkaline basalts from the Mohave desert (black diamonds

208, ,204

in Figure 6.1b) have Pb/" " 'Pb ratios similar to many of the older
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calc-alkaline samples. And one old subalkaline sample from southern

208,,.,204

Arizona has a Pb/™" 'Pb 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/865r ratios (Peterman et al., 1970) which would seem to preclude
sialic contamination. Quaternary basalts from southern New Mexico also

87Sr/865r ratios

have very mafic chemistries and apparently display low
(Leeman, 1970). The rocks of both areas are characterized by ultra-
mafic xenoliths of possible mantle origin. One is drawn to the con-

206pp,,204p), gifferences between the rocks

clusion that the consistent Pb/
of tHe two areas are not the result of crustal contamination, but rather
reflect primary heterogeneity in the mantle source regions of these

rocks.

07,,. ,204

One might, however, hypothesize that the higher i Pb/~" "Pb
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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206 207, ,204

alkaline rocks display Pb/204Pb ratios comparable to and

Pb/™" "Pb
ratios higher than alkaline basalts quite possibly of mantle origin.
This suggests that the "contaminant" in each of these areas is similar,

207y, 4204 2065, 20851 40 the mantle

high in Pb but comparable in
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-
ozoic 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 rocks 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
Cenozoic. 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

207, ,204

an obvious correlation between Pb/~" 'Pb and chemical composition.

Both basalts and andesitic volcanic rocks can be seen to have similar

207, ,204

Pb/~" 'Pb ratios. Alkaline basalts from the Nevada-California border

(data field #5 in Figure 6.1) display a range in 207Pb/204Pb similar to
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 heterogeneity 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 6.2b
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Figure 6.3a
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Figure 6.3b
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206Pb/ZO4Pb ratios in this diagram

run from approximately 18.0 to well above 20.0; 207Pb/204

island and continental) arc rocks.
Pb 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-

206, ,204 207Pb/204 208, ,204

genic Pb/~" "Pb, Pb, and Pb/~""Pb ratios. Arc data,

in particular, exhibit an inclination towards higher &0, 204

Pb/"" "Pb

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 Tleads.
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
oceahic/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-g 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,
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Figure 6.4
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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 Tocally well
stirred. In contrast, volcanic source regions in the continental 1itho-
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 "oceanic" mantle. Strontium
ratios on basalts from areas characterized by BR leads are generally

87Sr/863r usually around .704 and almost always

unradiogenic, with
below .706. DNata from the southern Cascades (Peterman et al., 1970a),

the Mohave desert (Peterman et al., 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 "oceanic" 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 Ca]ifornié (San Quintin). eyg values on these basalts range from
4.6 to 6.7. These values are similar to those of oceanic island basalts,
but Tower 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
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 "oceanic" or "island arc" 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/204Pb ratios on this area's volcanic rocks are anomalously Tlow

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

206, ,204

have Pb/ Pb = 18.7. On the other hand, southern Nevada data

points do not 1lie on the Colorado Plateau reference isochrons, do not
define a linear array themselves on an a-g diagram, and appear to
exhibit 1ittle local variation in isotope ratio (see Figure 4.15).
They cannot, therefore, alternatively be considered CP type data.

208, ,204

Figure 4.15 also indicates Pb/~" 'Pb ratios on volcanics from this

anomalous area are comparable, even perhaps somewhat higher than those

of basalts from surrounding areas - in spiteof their Tower 206py, ,204

Pb/"""Pb
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/865r
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 al., 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

206P

between b/204Pb and 87Sr/865r 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 sug-
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

206, ,204

appears to coincide rather well with the area exhibiting Tow Pb/~" "Pb

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 Tow 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 ﬁhe southern 1imit of a dense concentration of metal mining districts."”

Others have noted other differences between the southern and
northern parts of the Great Basin. Wright (1976) has indicated that
the tectonic style characterizing north-central Nevada is difierent
from that found in southern Nevada. Southern Mevada, he conciuded, 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 1imit 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 & 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.

87Sr/865r ratios of southern Nevada basalts

(1) The high
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
major changes in 87Sr/86Sr ratios. Hedge and Noble (1971) estimated

that crustal material would have to make up 60% of the contaminated

rock in order to change an original 87Sr/868r 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/868r ratios. The opposite would be expected were crustal contami-
nation occurring. Nor did Hedge and Noble (1971) find a positive
correlation between 87Sr/865r 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

206pb/204

between 18.2 and 18.5. A similarly narrow range is found in 87Sr/865r

of SN basalts appear to be remarkably uniform. Pb ratios vary
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, 1ike 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/865r = ,707 from
material that was originally isotopically similar to oceanic mantle.

Furthermore, the relatively unradiogenic 206, ,204

238U/204Pb)

region. Even if a final stage p = 0.0 is assumed for the SN basalt

Pb/ Pb lead ratios of

SN basalts imply low u ( values in the SN basalt source
source, it would take 600 my to develop the difference between Mohave
desert and SN lead ratios. More reasonable estimates of source region
u and Rb/Sr values indicate that times greater than a billion years
are necessary for SN source regions to establish their isotopic
peculiarities.

87Sr/865r ratios indicate that SN source regions have

(3) High
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

8

basalt would have an 7Sr/863r 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.

206, ,204

The Tower Pb/“""Pb 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 Teads have large future
model ages, indicating that sometime in their history their source
region u'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 u - only that their enrichment in
uranium relative to lead has been less than many Basin and Range and

oceanic island source regions.

The 208Pb/204

Pb 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 in k in

order to keep 232Th/204

Pb = (u-x) values relatively constant. Thus,
the isotopic ratios of SN basalts indicate relative increases in Rb/Sr
and « and a decrease in u 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/868r 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,
238U/204

8.9). For comparison, most Basin and Range basalts have lead concen-

trations between 2 and 3 ppm and their measured 238U/204Pb ratios

respectively) and somewhat low measured Pb ratios (7.6 and

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 Tow 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

87

having much effect on the source region's Sr/86Sr ratios.

(5) SN data do not imply a basalt derivation from ordinary

87Sr/868r ratios (.7060-.708) of SN basalts are

oceanic mantle. The
higher than most of the more radiogenic values found in oceanic basalts
(v.7060). Most of the Tead 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 Tithosphere.
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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?).
"Ordinary" mantle protected from plate tectonic processes for 1500 my
or so might conceivably have the right Rb/Sr, u, and « 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 "in New Mexico
the mutual boundary of the Colorado Plateau and the Mexican Highland...
is probably not clear." Furthermore, the thickness of the crust
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 lTow in the gravity profile running from
Texas to the Pacific coast (Ramberg et al., 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 High]ands‘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
Plateau 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, exterds 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 al., 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 "offset" 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 Tower 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
gg'gl., 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

87Sr/865r ratios of nepheline normative

compositions. They report that
basalts are uniformly low (.7028-.7044). Hypersthene basalts, on the
other hand, exhibit a fairly wide range of isotopic ratios - many

hypersthene basalts having 87Sr/865r < ,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 6.7). These include

206, ,204p, . 18.0). Data

rather unradiogenic data points (e.g., with
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/204

206Pb/204Pb values below 18.0. Second, large

Pb ratios below
18.6 and four have
variations are found in samples from the same Tocal 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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206 204P

from the Isleta volcano - range from 17.7 to 19.0 in Pb/ b. 1In
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 1lie consistently on one isochron
or the other. For example, the sample from Los Lunas lies between
the isochrons, the one from Isleta 1lies 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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radiogenic leads. The 206Pb/204Pb ratios 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,

206, ,204

in proportion to the extremely high values of Pb/

207

Pb, these are

204

perhaps not quite as high as one might expect. Pb/™" "Pb ratios

tend to lie somewhat to the low side of the CP reference isochrons

208Pb/204Pb data are not drastically higher than

206, ,204

(Figure 6.8), and

one would expect for a CP sample having an equivalent Pb/~" "Pb

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-g diagram.
Thus the 1leads 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; tc the south
the rift zone consists of a number of parallel basins separated by
intrarift horsts.

The southern extent of BR Teads 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 Tack 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 ccntinental
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 "oceanic" mantle. The basalts from the Rio Grande rift south of

Las Cruces (the Potrillo volcanic field) have leads indistinguishable
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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 Tlithosphere and
oceanic mantle.

The inferred presence of "oceanic" mantle under one section
of the rift zone presents several problems. For example, one has to
consider how this isolated "island" 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 Tow velocity zone which, geophysical studies seem to suggest, is
at considerably shallower depths (~90 km). The petrologic properties
of rift basalts suggeét that at lTeast some of these basalts equilibrated
at even shallower depths of 40-50 km. This seems to imply a penetration
or upwelling of asthenospheric ("oceanic") 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 "plumes" 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 (590-400 km) underlying the rift. Both the
heat flow and geomagnetic data might be explained if deep, hot mantle
were being transported to shallower depths. The gravity data of Ramberg
and others (1978) also appear to be consistent with "a deep upwarp of
the mantle that results in crustal attenuation." 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

206, ,204

unradiogenic Pb/

87

Pb ratios (18.2-18.5) and relatively radiogenic
Sr/865r ratios (.7060-.7080). The high strontium concentrations and
the uniformity of Pb and Sr isotopic data found in the basalts of this
province indicate that sialic contamination is probably not rzsponsible
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
Tower crust.

Basalts from the Colorado Plateau are characterized by variable
but commonly unradiogenic lead ratios (206Pb/204

206, /204, 207

Pb as low as 17.0)

204 206, ,204

which define linear arrays on Pb/~" "Pb-

208Pb/204

Pb/~" 'Pb and
Pb 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 prcbably

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-B8 regression that has a slightly greater slope than
data from another region, or one area may be characterized by slightly

higher 208Pb/204 206Pb/204

Pb ratios at equivalent Pb 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/204

Pb 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 within the BR isotopic
province appear to exhibit seemingly distinct ranges in isotopic com-

position. In addition, there appears to be a variation in a7 oy, 1204

Pb/~" "Pb
within local areas of the Basin and Range province which is dependent
on sample age and chemical-petrologic affinity. Older (Pliocene and

207,,.,204

Miocene), calc-alkaline volcanics seem to have higher Pb/™" "Pb

208Pb/204Pb) than Quaternary

ratios (and to a lesser degree, higher
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 siqi]ar 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 history of extensive Phanerozoic orogenic activity.



277

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
(v40 km?), tend to have less radiogenic leads than olivine and clino-
pyroxene rich basalts, which seem to come from deeper in the mantle
(v60-80 km). This suggests that the continental lithosphere underlying
the Colorado Plateau may be isotopically zoned or "stratified," 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 tha 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 "nodules." 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 domains
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 p 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 Precambrian mantle
prior to formation of the 1lithosphere. Such studies might also allow
a detailed examination of the pattern of 1lithosphere formation and
Precambrian continental accretion in the southwest.

Different regions within the Basin and Range province also
appear to exhibit distinguishable 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
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and Ranges may be laterally homogeneous for distances measurir/g up to
several hundred kilometers, but somewhat more heterogeneous when 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 206p, ,204

Pb/™ " "Pb 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

207Pb/204

Tower 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 generated

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



282

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 heterogeneities.
For example, it is possible to hypothesize that the mantle bereath
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 BR and 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

207, ,204 206Pb/204

Pb at a given

Pb value. BR leads
206,, ,204

limited range in Pb/~" 'Pb at a given

207p,,,204 Pb value.

show a much greater range in Pb/ Pb/
Consequently, mixing radiogenic, BR type leads with unradiogenic, CP
leads would give rise to mixing "triangles" rather than the lipear
arrays characteristics of CP volcanic fields. Similar "mixin¢" 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 énd BR type lTeads. 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 "oceanic" 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 al. (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 al. (1969) also indicate that the Tow velocity zone (LVZ)
beneath the Colorado Plateau has its roof at somewhat greater depths,
70-100 km. Petrologic evidence also suggests that some CP magmas 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 ("oceanic") 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.
“Oceanic" mantle is presumed to lie beneath the coastal regions and
much of the Basin and Range province. Continental 1ithosphere is
interpreted to 1ie 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 iie
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
magmas by overlying 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
1ithosphere 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.
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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, "orogenic" 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 "platform."*

The boundary between basically stable and fundamentally 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 1ike the Great Plains, and unstable platform, like the Rocky
Mountains and Colorado Plateau.
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