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Abstract. Late Jurassic dioritic plutons from the Bristol
Lake region of the eastern Mojave Desert share several
geochemical attributes with high-alumina basalts,
continental hawaiite basalts, and high-K arc andesites
including: high K,O concentrations; high Al,O; (16—
19 weight %); elevated Zr/TiO,; LREE (light-rare-earth-
element) enrichment (La/Ybgy = 6.3-13.3); and high Nb.
Pearce element ratio analysis supported by petrographic
relations demonstrates that P, Hf, and Zr were conserved
during differentiation. Abundances of conserved elements
suggest that dioritic plutons from neighboring ranges
were derived from similar parental melts. In the most
voluminous suite, correlated variations in elemental con-
centrations and (37Sr/%6Sr); indicate differentiation by
fractional crystallization of hornblende and plagioclase
combined with assimilation of a component characterized
by abundant radiogenic Sr. Levenberg-Marquardt and
Monte Carlo techniques were used to obtain optimal
solutions to non-linear inverse models for fractional crys-
tallization-assimilation processes. Results show that the
assimilated material was chemically analogous to lower
crustal mafic granulites and that the mass ratio of contam-
inant to parental magma was on the order of 0.1, Lack of
enrichment in 80 with differentiation is consistent with
the model results. Elemental concentrations and O, Sr,
and Nd isotopic data point to a hydrous REE-enriched
subcontinental lithospheric source similar to that which
produced some Cenozoic continental hawaiites from the
southern Cordillera. Isotopic compositions of associated
granitoids suggest that partial melting of this subcontin-
ental lithosphere may have been an important process in
the development of the Late Jurassic plutonic arc of the
eastern Mojave Desert.
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Introduction

Petrogenetic studies of Mesozoic plutons have revealed a
wealth of information about the geochemical develop-
ment of crust and underlying mantle in the Mojave Desert
region (e.g. Miller et al. 1990). The majority of studies have
focused on plutons of Cretaceous age (cf. Fox and Miller
1990). Comparatively few petrogenetic studies have been
conducted on the older Jurassic intrusives in the region.
The dearth of Jurassic studies exists in part because plu-
tonic rocks of this age typically are affected by sodium
metasomatism and consequently yield limited petrogene-
tic information (Fox and Miller 1990).

In this paper we present results of an analysis of the
geochemical evolution of a Late Jurassic dioritic pluton
from the Bristol Lake region of the Mojave Desert (Fig. 1).
The primitive composition of this mafic pluton relative to
surrounding granitoids and the paucity of metasomatism
permit identification of differentiation processes and pos-
sible source rocks. Similarities in elemental and isotopic
compositions suggest that the neighboring more altered
Late Jurassic diorites of the region may have originated
by the same processes clucidated by this study of the
unaltered pluton.

Results show that the Bristol Lake diorite parental
melts were derived from a hydrous LREE-¢nriched sub-
continental lithosphere and evolved by combined frac-
tional crystallization and assimilation of mafic lower
crust. Compartson with Sr and Nd isotopic compositions
of other Jurassic plutons from the eastern Mojave Desert
region suggests that interaction between continental crust
and subcontinental lithosphere may have been an import-
ant process during this time period. Magma generation in
the subcontinental lithosphere is consistent with sugges-
tions that the eastern Mojave Desert was part of a zone of
protracted extensional tectonic activity during the Jurassic.

Analytical methods
Whole-rock elemental concentrations

Whole-rock analyses were performed on an automated wavelength
dispersive X-ray fluorescence spectrometer at the University of
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Southern California. Volatile loss on ignition was determined from
weight loss of oven-dried powders (110°C) following heating in a
muffle furnace at 1000°C. Major elements were analyzed using
30 mm diameter fused discs prepared with a Li,- O-2B,0; -1i,CO,
-La,0; flux [ollowing the methods described by Norrish and
Hutton (1969) and Harvey et al. (1973). Mass-absorption corrections
were applied iteratively using the coeflicients of Heinrich (1964).
Trace-element analyses were performed on 30 mm briquettes of
sample-cellulose mixtures using Rh-target Compton scattered peaks
for matrix corrections. The majority of samples were ground to 200
mesh in agate. Samples ground in tungsten carbide showed signific-
ani Ta contamination but no detectable Nb contamination. Pre-
cision of major-element determinations is 1% (1o) or better. Pre-
cision of trace-element analyses varies from 1% for Rb and Sr to
15% for HE.

Oxygen isotopes

Oxygen was extracted from ~ 15 mg splits of whole-rock powders
and mineral separates with BrF in sealed Ni reaction vessels at
560°C using a modification of the technique described by Clayton
and Mayeda (1963). Samples were loaded in a dry box. Low-
temperature pre-fluorination was used to remove adsorbed H,O.
Liberated O, was converted to CO, by reaction with a resistance-
heated graphite rod in the presence of platinum.

Isotope ratios were measured on a Nuclide 3-60 RMS dual-
collector gas-ratio mass spectrometer at Purdue University. Values
are reported in standard per mil deviations (3) from V-SMOW
(Vienna Standard Mean QOcean Water). Replicate analyses of the
NBS-28 quartz standard during this study yielded a mean
3120y _smow Of 9.7 + 0.2 per mil and manometrically measured
yields of 98 to 100%.

Strontium and Nd isotopes

Whole-rock Sr and Nd isotope determinations were made using
100 mg splits of sample powder dissolved with standard HF, HNO,,
and HCI dissolution techniques. A mixed **°Sm-!3°Nd spike was
added for isotope-dilution determination of Sm and Nd concentra-
tions. Rb and Sr concentrations were obtained with X-ray fluore-
scence spectrometry. St and rare-carth elements were separated on
ion-exchange columns using standard methods.

Sr and Nd isotopic abundances and concentrations of Sm and
Nd were measured on the Finnigan MAT 261 single-collector and
Finnigan MAT 262 multiple-collector solid-source mass spectro-
meters housed at the U.S. Geological Survey, Branch of Isotope
Geology in Menlo Park. Measured isotopic ratios are precise to
0.1% or better. [sotopic data for Sr are normalized to 2°Sr/®¥Sr
= 0.1194. Isotopic data for Nd are normalized to '*Nd/**Nd
= (.7219. Replicate analyses of NBS-987 yielded an average meas-
ured 878r/%°Sr of 0.71027 with an external precision of =+ 0.00002.
Replicate analyses of USGS BCR-1 gave an average measured
143N d/144Nd of 0.512633 with an external precision of + 0.000010.

Uranium-lead geochronology

Zircon dissolutions and U-Pb separations were performed using a
modification of the method described by Krogh (1973). Aliquotes of
dissolved sample were spiked with a mixed 2*3U-2%¥Pb tracer for
isotope dilution determinations of U and Pb concentrations.
Isotope ratios were measured on the MAT 261 mass spectro-
meter at Menlo Park. Analytical precision for zircon 2°6Pb*/238U
and 2°7Pb*¥/2*5U is 4+ 1% (2a). Dates and uncertainties were
calculated according to procedures described by Ludwig (1980).
Common Pb correction for the diorite was obtained from the mean
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composition of feldspar Pb from several sampled Mesozoic plutons
from the Granite Mountains and adjacent ranges (Wooden et al.
1988). The mean values are 20°Pb/?°“Pb = 18.34, 2°7Pb/2%4Pb
= 15.63, and 2°%Pb/24Pb = 39.00.

Lithologies and ages of plutons
Granite Mountains

Coarse to medium-grained biotite-hornblende diorites and quartz
diorites from the Granite Mountains comprise the most voluminous
of the Bristol Lake mafic plutons and are the primary focus of this
study (Fig. 1). Two non-magnetic zircon fractions from the Granite
Mountains pluton were analyzed. The larger fraction ( + 102 pum) is
low in U (207 ppm) and is internally concordant, yielding a date of
155 Ma (Table 1, Fig. 2). The smaller size fraction ( — 63 um} is
richer in U (513 ppm) and is internally discordant (Fig. 2), yielding
206pp* /2381 and 2°7Pb*/233U dates of 149.7 + 0.2 and 151.2
+ 0.5 Ma, respectively (Table 1). The 2°7Pb*/296Pb* date of 175.2
+ 7.6 Ma indicates that discordancy in the U-rich zircons is the
result of both Pb loss and a minor component of inheritance. The
low U concentration of the + 102 pm concordant fraction indicates
that loss of Pb in these zircons was negligible. The 155 Ma concor-
dant date is therefore indicative of the crystallization age.

The complete suite spans from hornblende gabbro to grano-
diorite (I.U.G.S classification of Streckeisen 1976) but diorites pre-
dominate. Mutually intrusive relationships between coarser-grained
diorite and microdiorite are characteristic and the suite as a whole
comprises an autolithic migma. All samples with the exception of
GR-002 (Table 1) were collected from the Bull Canyon localities
(Fig. 1) on the western side of the range. GR-002 is a partially
sheared sample mineralogically similar to the Bull Canyon diorites
exposed on the eastern side of the range near Cottonwood Wash.

All of the diorites consist of Pl (plagioclase) + Hbl (hornblende)
+ Bt (biotite) + Qtz (quartz) + Kfs (K-feldspar) in approximate
descending order of abundance (mineral abbreviations after Kretz
1983). Accessory phases include Cpx (clinopyroxene) + Spn (sphene}

+ Ap (apatite) + Fe-Ti Spl (spinel) + Zrn (zircon). Secondary min-
erals include trace abundances of uralitic amphibole, chlorite, epi-
dote, and granular sphene. Plagioclase and hornblende form a
subophitic-like texture in coarse-grained diorites, indicating simul-
taneous crystallization early in the subliquidus history. Apatite and
zircon occur as large interstitial subhedra and euhedra and rarely as
inclusions in biotite, suggesting late-stage crystallization.

Clinopyroxene is found as sparse inclusions in hornblendes of
the more mafic samples. Inclusions of clinopyroxene in quartz grains
which are in turn poikilitically enclosed in hornblende cores are
visible in electron backscatter images (Young 1990). A complete
description of the mineral chemistry and conditions of emplacement
of the diorites from the Granite Mountains is given by Young (1990).

Bristol Mountains
Medium to fine-grained biotite-hornblende dioritic rocks petrogra-

phically similar to those in the Granite Mountains are exposed in
the nearby southern Bristol Mountains (Fig. 1). Fox and Miller

Table 1. U-Pb isotopic data for sample GR-036 zircons
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Fig. 2. Concordia plot of zircon fractions from diorite
sample GR-036. Error ellipses depict 26 uncertainties

(1990) have described the petrography, geological setting, and
whole-rock geochemistry of these rocks and inferred a Middle to
Late Jurassic crystallization age. The Bristol Mountains mafic plu-
tonic suite differs from that in the Granite Mountains by its greater
clinopyroxene content. In addition, the Bristol Mountains diorites
are intermingled with contemporaneous felsic plutons and have been
locally extensively albitized (Fox and Miller 1990). Samples collected
for this study contain more secondary chlorite than the Granite
Mountains diorites but lack obvious minerological signs of albitiz-
ation. A single sample from the northern Bristol Mountains (sample
NBR-001) is a biotite-hornblende diorite xenolith collected from
within a Late Cretaceous (?) granodiorite pluton (Fig. 1).

Providence Mountains

Miller et al. (1985) and Fox and Miller (1990) described medium-
grained biotite-hornblende dioritic rocks exposed in the southern
Providence Mountains (Fig. 1). The diorites are spatially related to
Middle Jurassic felsic intrusives, but their precise crystallization age
is now known. Thin sections from the pluton were examined as part
of this study but no additional data have been collected to date.

Composition characteristics

Major-element data from this study (Table 2, Fig. 3) and
from Fox and Miller (1990) demonstrate that the major-
element compositions of the diorite plutons from the
Bristol, Granite, and Providence Mountains are broadly
similar, Multiple discriminant analysis (MDA, see
Le Maitre 1982) was used quantitatively to assess the
degree of compositional similarity of the plutons. Dis-
criminant functions consist of N — 1 (N is the number of

Fraction U ppm Pb ppm 206pp* /238y Date (Ma)® 207pp*/2337U  Date (Ma)® 207pp*/206Ph*  Date (Ma)
— 63 513.2 14.0 0.0234903 149.7 £ 0.2 0.160574 151.2 £ 0.5 0.0495777 1752+ 7.6
+ 102 207.3 6.0 0.0242445 1544 £ 0.2 0.164514 154.7 + 0.5 0.0492139 1580 + 7.3

2 A(33%U) = 1.55125 x10" ° year !
b A(235U) = 9.8485 x10™ O year !
¢ Pb* = radiogenic Pb
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Table 2. X-ray fluorescence analyses of diorites from the Bristol and Granite Mountains

Sample GRO002® GRO06* GRO16* GR022* GR032* GR035* GRO036* GRO04° GRO07° GRO09° NBROO1¢ BROOI® BRO02®
Weight per cent oxides

Si0, 49.46 58.23 58.15 5297 50.19 59.76 49.08 53.04 58.90 51.28 50.28 49.70 49.83
TiO, 1.60 0.94 1.25 1.03 0.98 1.04 1.23 1.22 095 1.34 1.49 1.51 1.48
AL O, 17.92 16.31 17.04 18.20 17.77 18.96 16.67 17.16 17.72 18.14 16.86 16.74 16.93
FeO 10.22 741 6.42 7.76 8.13 7.52 9.85 8.33 5.35 9.03 9.34 9.42 9.34
MgO 4.23 3.00 2.70 4.67 597 4.69 5.74 4.76 2.59 444 543 5.78 6.05
MnO 0.14 0.14 0.14 0.14 0.14 0.14 0.16 0.15 0.14 0.17 0.15 0.16 0.17
CaO 10.22 6.06 5.19 7.46 10.31 11.20 11.34 7.54 5.79 8.02 8.95 9.14 9.23
Na,O 4.09 3.27 3.88 3.63 3.13 3.18 2.82 325 428 375 3.33 2.75 291
K,O 0.33 3.08 2.83 1.88 1.05 0.90 0.95 201 2.18 1.59 143 1.64 1.45
P,0; 0.26 0.35 0.68 0.37 0.24 0.28 0.14 042 0.29 0.37 023 0.40 0.36
LO, 0.65 0.68 122 1.29 1.44 0.81 1.23 1.31 1.47 1.00 1.75 1.89 1.74
Total 99.12 99.46 99.48 99.39 99.33 99.49 99.22 99.18 99.64 99.40 99.24 99.12 99.50
Parts per million

Rb 5 102 62 45 31 18 20 70 49 43 57 61 45

Sr 811 557 685 852 711 782 707 627 845 655 498 562 553
Ba 181 1,198 1,793 1,496 289 361 322 1,076 1,132 840 608 623 1,113
Ga 22 19 20 20 18 19 19 19 23 21 19 19 18

Y 26.3 31 43.1 301 25.5 24.6 259 34.2 14.8 313 27.5 3235 319
La 34 60 82 50 19 25 19 53 29 28 21 32 34
Zr 262 242 315 212 98 128 81 226 185 171 101 159 143
Hf 6.6 5.6 7.7 49 - 34 - 4.7 45 42 - - -

Nb 10.3 18.1 19.1 13.7 11.0 10.2 10.5 16.6 9.5 14.1 13 143 134
Cr 41 22 20 71 134 122 96 89 135 15 103 119 117
Ni 31 27 6 51 68 45 54 49 9 12 45 48 58
Th 9.3 70 - 29 - - 4.1 6.1 35 - 53 42
Pb 9 19 16 13 11 12 11 14 12 10 10 11 10

— Indicates below detection limit

* Bull Canyon coarse-grained diorite, Granite Mountains
® Eastern Granite Mountains coarse-grained diorite

¢ Bull Canyon microdiorites, Granite Mountains

4 Northern Bristol Mountains

¢ Bristol Mountains

groups) eigenvectors derived from sums-of-squares matri-
ces such that the ratio of the inter-group to the intra-
group mean sum of squares is maximized. As part of the
MDA analysis Rao’s R statistic was used to test the null
hypothesis that the groups of diorite major-element ana-
lyses from the three ranges are samples of the same
population. A value of R greater than the F statistic
indicates that the groups represent distinct populations at
the specified confidence level. In this case the null hypoth-
esis is rejected. The strength of the evidence against the
null must be evaluated, because rejection of the null does
not prove that the populations are distinct (Bhattachar-
yya and Johnson 1977, p. 179).

Separation among the data for the three diorite plu-
tonic suites is evident from MDA. The resulting R value of
3.68 is slightly greater than the value of 2.10 for F at the
95% confidence level for these data (i.e., the significance
probability is near 5%), indicating that the major-element
compositions of the three plutons are different at this
confidence level. We interpret the 5% significance prob-
ability as evidence that the separation among the three
groups is not large, however. Justification for this inter-
pretation and further evidence against large differences in
major-element chemistry comes from a x? test (see
Le Maitre 1982, p. 153 for explanations) which shows that

one of the two discriminant functions is statistically mean-
ingless. The MDA results show that the diorite plutons
from the Bristol, Granite, and Providence Mountains are
similar, but not identical, in their major-element
chemistry.

The trace-element data for the Bristol Lake diorites
define broadly regular trends when plotted against weight
per cent SiO, (Fig. 4). Statistical comparison of the trace-
element data in Table 2 and those of Fox and Miller (1990)
was not performed because the same elements were not
analyzed in the two studies and because unknown sys-
tematic errors between laboratories are more likely to be
important for trace-element data than for major elements.
The trends in Fig. 4 are, however, consistent with the
results of the major-clement statistical test in showing that
the Bristol Lake diorites are similar in their elemental
concentrations but not identical.

Compositions for the basaltic diorites ( < 53% SiO,)
straddle the CIPW normative enstatite-diopside-albite
plane in the basalt tetrahedron, suggesting olivine thol-
eiite to quartz tholeiite affinities. Leedey chondrite-nor-
malized rare-earth patterns for representative samples
from the Granite Mountains pluton are similar to high-
alumina basalts from the Aleutian arc (Kay et al. 1982)
and high-K andesites (Gill 1981), having steeply negative
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Fig. 3
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slopes for LREE (light-rare-earth elements) and flat slopes
for H (heavy) REE (Fig. 5). The average compositions of
the basaltic diorites are similar to high-alumina basalts
but have higher La, Zr, Nb, and Th concentrations than
average Aleutian high-alumina basalt (HAB of Brophy
and Marsh 1986). Elevated high-field-strength-element
(HFSE) concentrations relative to oceanic basalts ally the
basaltic diorites with continental hawaiite basalts (trans-
itional alkali-tholeiites) found in Cenozoic volcanic fields
of southern Nevada and continental volcanic arcs world-
wide (Fig. 6; Vaniman et al. 1982; Farmer et al. 1989). The
andesitic diorites are similar to high-K basaltic andesite
but the average is higher in large-ion-lithophile elements
(LILE), HFSE, Cr, Ni, and K, and lower in Ca than
average high-K basaltic andesite defined by Gill (1981).
The elevated HFSE abundances in the diorites are con-
sistent with their high alkali contents (Pearce and Norry
1979). Fomation of alkali-HFSE-silicate complexes may
have contributed to the elevated HFSE in the diorites and
late crystallization of zircon by increasing the solubility of
HFSE-rich phases (Collins et al. 1982).

Pearce element ratio analysis
Theory

Pearce element ratios {Russell and Nicholls 1988; Ernst
et al. 1988; Nicholls 1988; Pearce 1968) were used to
determine which, if any, of the compositionally similar
diorites from the Bristol Lake region are comagmatic and
to elucidate the causes of the trends in Figs. 3 and 4.
Pearce element ratios are cation ratios in which a
conserved element, Z, is the denominator. The conserved
element for a suite of rocks is one for which the absolute
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abundance (extensive quantity) remained the same
throughout the processes responsible for the variations in
chemical composition. In the case of differentiation by
crystallization, Z would be an incompatible element with
a bulk partition coefficient less than approximately 0.1
(Ernst et al. 1988). Formulated in this fashion, Pearce
element ratios are free from both the spurious correlations
induced by formation of ratios and correlations produced
by the closure inherent in weight-fraction data (see Chayes
1971).

Ernst et al. (1988) advocate normalizing Pearce
element ratios by multiplying by the molecular propor-
tion of the Z element in a reference sample (Z,). A corol-
lary of this procedure is prescribed by the equation:

Z,JZ; = (ZF|T3)NTE/ZF)
=(T¥/T3) for Z} = 2% 1)

where Z; is the molecular proportion of the conserved
element Z for the ith sample, the star symbol designates
absolute quantities, and TF and T¥ are the total weights
of sample i and the reference sample, respectively. Equa-
tion 1 shows that the ratio Z,/Z, is numerically equivalent
to the weight fraction of sample i relative to the reference
sample when the element Z is conserved. When the refer-
ence sample is chosen as the most primitive sample in a
suite or rocks representing liquids related by differenti-
ation, Z,/Z; is equivalent to the F parameter used in trace-
element modeling (cf. Minister etal. 1977, Eq. 6). Equation
1 was used in this study to compare estimates of F
obtained from Pedrce element ratios to values derived
from trace-element modeling, providing a measure of
internal consistency.



Comagmatic tests

The 95% confidence interval for non-zero intercepts on all
Pearce element ratio plots of geochemically distinct nu-
merators with P as the denominator (e.g., Fig. 7) indicate
that P was a conserved element during differentiation of
the Bristol Lake diorite magmas (Nicholls 1988). Restric-
tion of Ap crystallization to late stages, as suggested by its
interstitial occurrence, explains the conservation of P.
Plots analogous to Fig. 7 using Hf, Zr, and La show that
these elements were also largely conserved and are con-
sistent with petrographic observations suggesting late-
stage crystallization of Zrn and Ap. The ratios Hf: P and
La: P for diorites from the Granite Mountains and Bristol
Mountains are constant within 3o uncertainties. Statist-
ical overlap among the conserved element ratios is con-
sistent with derivation of the Bristol and Granite Moun-

Granite Mountains dioritoids
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intercept = -0.022
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Fig. 7. Normalized Pearce element ratio plots of diorite whole-rock
compositions from the Granite and Bristol Mountains. The Bristol
Mountains plot includes data from Fox and Miller (1990). Error
bars indicate 3o precision uncertainties in analyses. Note statist-
ically significant non-zero intercepts of best-fit lines
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tains diorites from similar parental magmas (Russell and
Nicholls 1988).

Differentiation trends

Variations in major-element concentrations in igneous
rocks are reflected in variable modes irrespective of the
specific differentiation processes involved. Pearce element
ratios were employed to elucidate the degree to which
different minerals contributed to the observed chemical
trends in the Granite Mountains diorites. Linear combi-
nations of cation variables were used to construct nu-
merators corresponding to specific mineral stoichiome-
tries (complex numerators of Ernst et al. 1988) for this
purpose. Pearce element ratio data transformed into com-
plex numerators are proportional to absolute molar
abundances of phases relative to the initial mass 7% (cf.
Eq. 1). Numerators corresponding to phases involved in
the differentiation process should correlate significantly
with one another and F.

The abundant Hbl in the diorites required formulation
of complex numerators specific to this study. The P:K
cation ratios for all but one of the samples of the suite are
identical within 3c uncertainties and the anomalous
sample deviates only slightly from the others (3.1c), indic-
ating that K was nearly conserved. Therefore, addition or
subtraction of the K-rich phases Bt and Kfs could not
have been important in determining the chemical vari-
ability of the diorites. Since Bt, Kfs, Zrn, and Ap crystal-
lized late in the paragenctic sequence and did not contrib-
ute to the differentiation of the diorites, it is also unlikely
that late-crystallizing quartz (an interstitial phase) could
have been an important factor. The remaining phases
which may have influenced the composition trends are
Hbl, Cpx, Pl, and Spn. Linearly independent variables
representing molar abundances of Hbl, Cpx, P, and Spn,
were computed from the variables (Ca + Na), (Fe + Mg),
(Si+ Al), and Ti using standard linear algebraic tech-
niques. Sums of geochemically similar cations were used
as variables to reduce the influence of variations in phase
composition on the results. Mineral compositions were
taken from average microprobe analyses collected from
representative samples of Granite Mountains diorite
(Young 1990).

Strong correlations between Hbl, P1, and F computed
from Eq. 1 suggest that both phases were likely to have
been important factors in the differentiation process
(Fig. 8). Sample Gr-036 was used as the reference sample
for computing F based on its primitive composition
(Table 2). No correlation between Spn and F is evident in
the data. The data yield a poor correlation between Cpx
and F but this result was shown to be inconclusive be-
cause the relative influences of Hbl and Cpx are not easily
distinguished using Pearce element ratios. This ambiguity
was demonstrated by testing the reliability of the norm
transformation on fictive random dioritic rock composi-
tions generated with algorithms similar to those described
by Nicholls (1988). Fictive compositions were generated
by randomly varying the modal proportions of Cpx or
Hbl, P, Kfs, Qtz, Bt Spl, and Spn. Limits on the ranges in
modal proportions were set to correspond with typical
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Granite Mountains dicritoids

0.1 . S

008l  Xhbl = 0.54 ]
Xplag = Q.46
r = +0.944
@
Loosf
c
o
e] 1
c
20.04 N
0.02 - «‘
O \_AL .
0 0.2

Piagioclase

Fig. 8. Pearce element ratio plot of Granite Mountains coarse-
grained diorites illustrating the importance of plagioclase and horn-
blende in influencing whole-rock compositions. The Plagioclase and
Hornblende axes are proportional to the moles of plagioclase and
hornblende, respectively, for each sample relative to the initial mass
of the system. The variables are: Plagioclase = 0.277 (Si+ Al)
— 0447 (Fe + Mg) — 0.106 (Ca + Na) — 0.170 (Ti); Hornblende
=0.106 (Si-+ Al}+ 0.213 (Fe + Mg) — 0426 (Ca + Na) + 0.319
(Ti). Derivation of these parameters is described in the text. X,,, and
X 10 are the weight fractions of Hbl and Pl derived from the slope of
the best-fit line through the data, solid line (see text)

dioritic rocks. The absolute quantity of Ap was held
constant (but not the modal proportion) to simulate con-
servation of P. The norm transformation applied to the
fictive data showed that the complex numerators used in
this study are effective in discriminating among the rela-
tive importance of Pl, Hbl, and Spn of variable composi-
tion. However, the tests showed that the effects of vari-
ations in Hbl and Cpx could not be reliably distinguished.

The molar Hbl/P1 ratio involved in the differentiation
of the Granite Mountains diorite magma is given by the
slope of the best-fit line in Fig. 8 (see Ernst et al. 1988, for a
discussion). After correction for specific gravities and
molar volumes, the slope in Fig. 8 yiclds weight fractions
of Hbl and PI of 0.54 and 0.46, respectively.

Fractional crystallization inverse models

Correlations on Pearce element ratio diagrams show that
the diorite samples from the Granite Mountains are re-
lated, but the process of differentiation is not revealed.
Steeply negative linear trends in log Cr-log Hf diagrams
and analogous plots of compatible (ordinate) and incom-
patible (abscissa) elements suggest that fractional crystal-
lization was the dominant differentiation process (Co-
cherie 1986). The steep linear trends require that the rocks
comprise either the solid cumulates or the solidified li-
quids produced during fractional crystallization. The data
are not consistent with significant mixing between solid

residue and liquid because on such log-log plots gently
sloping curves convex away from the ordinate would
result from this process (e.g., Fig. 1 of Cocherie 1986).
Since there is no clear field or petrographic evidence that
the rocks are dominated by cumulates (e.g., primary
layering), we conclude that their compositions are repres-
entative, albeit imperfect, of liquids related by fractional
crystallization. Accordingly, models presented below
which describe the fractional crystallization process rely
upon whole-rock elemental concentrations as estimates of
liquid compositions. Errors attributable to deviations
from liquid compositions typical of plutonic rocks were
reduced by modeling many elements simultaneously and
including average rock compositions in the calculations.

Inverse modeling of the fractional crystallization pro-
cess relating the Granite Mountains samples was used to
derive the possible weight fractions of fractionating solids
and the weight fractions of melt represented by each
sample. The results of the models based on trace elements
are in rough agreement with the results of the major-
element Pearce element ratio analysis.

The familiar equation for perfect fractional crystalliza-
tion is:
Cj=CiFPi-1 2
where Cj is the concentration of element j in the fraction-
ated liquid, C! is the concentration in the original liquid, F
is the weight fraction of liquid remaining, and D/ is the
bulk distribution coefficient for element j. Barca et al.
(1988) noted that F and D! are not independent para-
meters. They reformulated Eq. 2, yielding:

3

) ) (ZiyiKij/ By 1)
= cz,(l —Zm)

where F has been replaced by 1 — Z,y,, y; is the mass of
phase i in the fractionating solid relative to the initial
mass, and K; ; is the solid-liquid partition coefficient of
element j for solid i. The F and the bulk distribution
coefficient are related through the y; terms. The reformul-
ation of Barca et al. permits simultaneous solution for
both the mass fraction of liquid and the mass fractions of
the fractionating minerals given K; ;and CJ/C{ for numer-
ous elements. Use of multiple elements in this fashion
reduces the influence of individual partition coefficients
and compensates for random deviations from pure liquid
compositions. As in any trace-element modeling, the signi-
ficant uncertainties in partition coefficients limits the ac-
curacy of the results.

Inverse modeling based on Eq. 3 is a standard optim-
ization problem in which the parameter to be minimized
is:

WX) = 1723 (X)) 0]

where f(X) is given by

) (Eiyi Ky j/Ziyi— 1) )
fj=C£<1—Zyi) - 5

and X is the vector [y,,¥,,...]. The Levenberg-
Marquardt descent method (Marquardt 1963) was used in
this study to find X corresponding to minimum (X). This
algorithm is a modification of a least-squares method



(damped least-squares) which alleviates problems arising
from ill-conditioning by treating (X) as a convex func-
tion. The derived vector X provides the best estimate of F
and the relative masses of fractionating phases capable of
explaining the input data.

Total rare-earth abundances (£REE) in the diorites
increased during differentiation (Fig. 5), indicating that
the accessory phases Ap, Zrn, and Spn were not important
in the fractionating solid assemblage. The incompatible
behavior of P, Zr, Hf, and La during differentiation was
demonstrated with Pearce element ratio analysis and sup-
ports this conclusion. For these reasons, the accessory
phases were not included in the optimization modeling.

Various combinations of REE, LILE, and HFSE were
subjected to optimization. Preferred partition coefficients
used in this study are listed in Table 3. Partition coeffic-
ients were taken from the literature and reflect inter-
mediate and basaltic bulk compositions. Best-fit solutions
using pairs of rocks (Table 4) were obtained using sample
GR-036 as the common parental melt. GR-036 is the least
evolved of the sampled diorites from the Granite Moun-
tains. Models failed to converge when Bt was included as
a fractionating phase, in agreement with the results of the
Pearce element ratio analysis. Assemblages composed of
Pl + Hbl or Pl + Cpx vyielded the best solutions (e.g.,
Table 4). Lack of convergence in some models based on Pl
+ Cpx and generally higher sums of squared errors rela-
tive to models based on Pl + Hbl favor hornblende over
pyroxene as the dominant fractionating mafic phase.
Optimal solutions for each rock pair suggest fractionation
of approximately 0.7 to 0.8 weight fraction of Hbl (Xyy,)
in the assemblage P1 + Hbi (Table 4). An average optimal
fractional crystallization model based on REE, LILE, and
HFSE was computed using the mean composition of the
basaltic members of the diorite suite as the parent and the
mean of the andesitic members as the derivative melt
(Table 4). Average compositions reduce the dependence of
the results on deviations from liquid compositions by
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Table 3. Solid/liquid partition coefficients used in model
calculations

Element Bt Hbl Cpx P*
La 0.03 0.27 0.08 0.14
Ce 0.04 0.34 0.34 0.14
Nd 0.03 0.19 0.60 0.08
Sm 0.03 091 0.90 0.08
Eu 0.03 1.0 0.90 0.32
Yb 0.18 097 1.0 0.07
Lu 0.04 0.89 0.84 0.08
Rb 33 0.25 0.04 0.10
Sr 0.12 0.57 0.14 18
Ba 6.4 0.31 0.07 0.23
Zr 0.60 0.50 0.10 0.01
Y 0.03 1.0 0.50 0.03
Nb 1.0 0.80 1.10 0.01

2 Sources: Henderson (1982); Nicholls and Harris (1980); Pearce and
Norry (1979)

individual rocks. The results of the average model give an
Xum of 0.66 in the assemblage Pl + Hbl, and an F of 0.34.
The indicated ratio of Hbl to Pl is similar to that derived
from Pearce element ratios (cf. Fig. 8).

The bulk distribution coefficients for Zr and La for the
average model are 0.33 and 0.22, respectively. Pearce
element ratios described above suggest that these elements
were conserved (i.e., they were highly incompatible). The
deviations from perfectly incompatible behavior implied
by the model D, would impart errors on the order of 30%
(at intermediate values for F) to Pearce numbers calcu-
lated with Zr or La as the Z element (Ernst et al. 1988).

Rare-earth clements yielded the largest F values for
each sample relative to GR-306, HFSE gave intermediate
F values, and LILE + REE indicated the smallest F
values, The different element groups produced total ran-
ges in F on the order of 0.2 per rock pair. The F values for

Table 4. Optimum fractional crystallization model results based on La, Rb, Sr, Ba, Zr, Nb, and Y for selected samples from Table 2 and the
average Granite Mountains basaltic and andesitic diorite compositions

Individual sample models®

Average model °

Parent Model differentiates Parent Model diff-
erentiate
GR-036 GR-035 GR-032 GR-022 GR-006 GR-016 GR-002 < 53% Si0, > 53% SiO,
La® 19 18 (25) 12 (19) 59 (50) 75 (60) 49 (82) 16 (34) 22 51 (56)
Rb 20 50 (18) 3231 65 (45) 83 (102) 137 (62) 42 (5) 29 68 (82)
Sr 707 318 (782) 838 (711) 1,030 (852) 906 (557) 1,184 (685) 743 (811) 763 770 (621)
Ba 322 697 (361) 490 (289) 930 (1,496) 1,143 (1,198) 1,808 (1,793) 621 (181) 617 1,345 (1,496)
Zr 81 217 (128) 112 (98) 191 (212) 242 (242) 339 (315) 146 (262) 130 268 (278)
Nb 10 4 (10) 13(11) 21 (14) 24 (18) 16 (19) 16 (10) 11 19 (19)
Y 26 68 (25) 28 (26) 32 (30) 39 (31 39 (43) 34 (26) 27 38 (37)
X8t 1.0 0.88 0.85 0.76 0.82 0.70 - 0.66
Xpy 0.0 0.12 0.15 0.24 0.18 0.30 - 0.34
F 1.0 0.34 0.55 0.22 0.17 0.10 0.40 1.0 0.34

®Liquid compositions representing the best fit to indicated rock samples

Numbers in parentheses are measured sample values from Table 2

® Liquid composition representing best {it to average Granite Mountains diorites with Si0, > 53 wt% (model differentiates) based on a parent
of average granite Mountains diorite with SiO, < 53 wt% (parent). Parentheses give actual average values for comparison with model

¢ Concentrations in parts per million
9Weight fractions in fractionating solid assemblage
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the seven coarse-grained diorite samples obtained by op-
timization of the elements Sr, Rb, Ba, Zr, Y, Nb, and La,
and the F values for the same samples obtained from
Pearce eclement ratio analysis (i.e., Eq. 1) are compared in
Fig. 9. Atlow F, Pearce element ratios yield systematically
higher F values than trace-element modeling by approx-
imately 0.1 to 0.2. The relative values of F obtained from
the two methods are in agreement, however, as shown by
the linear correlation coefficient of 0.98. The correlation in
Fig. 9 is striking in view of the abundant sources of
uncertainty in the two independent methods used to
obtain F.

Rubidium-strontium isotopes

The Sr isotopic data for the mafic plutons from the
Granite and Bristol Mountains collected as part of this

r=z+0.984

0.5

F trace elements

(PO/PJ

Fig. 9. Comparison of relative weight fractions of magma
represented by samples of coarse-grained diorite from the Granite
Mountains derived from trace-element models of fractional crystal-
lization and Pearce elemental ratios (Eq. 1). Dashed line shows 1 to 1
correlation, Solid line illustrates linear regression

Table 5. Sr isotope data for Bristol Lake diorites

study are presented in Table 5. No data are available for
the Providence Mountains diorites. The data show con-
siderable scatter on a Rb-Srisochron diagram. (37Sr/3%8r),
of the Granite Mountains coarse-grained diorites from
Bull Canyon correlate with all indicators of differentiation
(Fig. 10). The microdiorites from the suite generally scatter
irregularly about the systematic trends defined by coarse-
grained diorites. If the variable initial Sr isotopic ratios in
the dioritic rocks were inherited from partial melting of a
heterogeneous source, more scatter in isotope ratio-
element plots would be expected because multiple paren-
tal melts with distinctive differentiation histories would
have resulted.

Simple binary mixing produces a linear relationship
between (37Sr/28Sr) and 1/Sr. Data for the coarse-grained
diorites from the Granite Mountains define a linear array
on a (37Sr/86Sr), — 1/Sr diagram, suggesting that these
data can be explained by two-component mixing. How-
ever, the companion-plot method of Langmuir et al
(1978) demonstrates that binary mixing is not the best
explanation for covariations in Sr isotopes and elemental
abundances in the Granite Mountains data. Plots of the
initial Sr isotopic values against elemental ratios should
delineate hyperbolic curves with curvatures defined by the
ratio of the denominators if simple binary mixing applies.
These same data will define a straight line when the
isotope ratio and the ratio of the denominators from the
original plot are used as axes. The Granite Mountains
data define non-linear smooth curves on companion plots.
For example, only 67% (corresponding to a linear correla-
tion coeflicient of 0.83) of the variability between
(37Sr/%5Sr); and Zr/%5Sr can be explained by a linear
relationship. The correlation coeflicient is significant,
judging from comparison with the null correlation coef-
ficient of 0.12 (calculated according to Chayes 1971), but is
not sufficiently high to be consistent with simple mixing
alone. Moreover, simple mixing between end-members
represented by pairs of diorite samples produces virtually
straight lines in elemental-isotope ratio diagrams in con-
trast to the observed curved trends (Fig. 10), and petro-
graphic evidence indicative of magma mixing (e.g., norm-
ally and reversely zoned crystals of a single mineral, cf.
Wyers and Barton 1989) is not present in the dioritic
rocks.

Sample Rby/Sr® 87Rb/#5Sr (7St/*%S1),ce  Age (Ma) (®7S1/2%Sr)®
GR-036 0.0289 0.0836 0.70704 155 0.70686
GR-035 0.0229 00663 0.70764 155 0.70749
GR-032 0.0440 0.1272 0.70765 155 0.70737
GR-022 0.0523 0.1513 0.70817 155 0.70784
GR-016 0.0904 02616 0.70876 155 0.70818
GR-002 0.0060 00174 0.70779 155 0.70775
GR-009 0.0656 0.1897 0.70726 155 0.70684
GR-007 0.0578 0.1673 0.70885 155 0.70848
GR-004 0.1112 03218 0.70830 155 0.70759
BR-001 0.1081 03128 0.70889 155 0.70820
BR-002 0.0819 0.2370 0.70863 155 0.70811
NBR-001 0.1141 0.3301 0.70770 155 0.70697

?Based on X-ray fluorescence analyses
®Initial value based on Agy, = 1.42 x107 ' year !
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Fig. 10. Concentrations of Si0,, Zr, Nb, and the normalized Pearce element ratio (Fe'*™®! + Mg)/P versus (37Sr/%°Sr), for the coarse-grained

diorites and microdiorites from Bull Canyon, Granite Mountains

The success of the fractional crystallization models in
explaining the trace elemental trends of the diorites and
the lack of evidence for simple magma mixing suggests
that variable (7Sr/%6Sr), in the Granite Mountains diorite
suite is the product of assimilation and fractional crystal-
lization. Because variability in trace-element concentra-
tions can be explained largely by fractional crystallization
alone, the extent of assimilation must have been compara-
tively small.

Assimilation inverse model

In theory, isotope ratios and elemental concentrations of
rocks comprising melts related by combined fractional
crystallization and assimilation (AFC) can be used to
constrain the relative rates of assimilation and crystalliza-

tion, the average assimilated composition, the composi-
tion of the parental melt, and the proportions of possible
fractionating minerals. Recovery of this information in-
volves minimization of a function analogous to Eq. 4
where [;(X), the difference between predicted and observed
elemental and isotopic compositions j, are evaluated with
AFC model equations (¢.g., DePaolo 1981). In practice,
solutions which best fit the measured data are difficult to
obtain because the AFC model equations are highly non-
linear and include numerous unknown parameters. Gra-
dient-related methods (e.g., the Levenberg-Marquardt
method, cf. Minister et al. 1977) when applied to these
equations can yield local minima and proving that the
answer obtained is the best fit to the data (the global
minimum) is difficult. In order to avoid some of these
pitfalls, we applied a simple Monte Carlo (iterative ran-
dom search) technique (Press 1968) to derive the relative
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rate of assimilation and contaminant characteristics
which best explain the Granite Mountains diorite data.

The AFC model equations of DePaolo (1981) were
used in the Monte Carlo calculations to predict magma
isotope ratios and element-weight concentrations. Data
for samples GR-036 and GR-022 were taken as represent-
ative of the parental and evolved melts, respectively. The
calculations therefore only model that portion of the
magmatic evolution represented by these samples. The
fractionating assemblage was assumed to be Pl + Hbl in
accord with the major- and trace-element modeling pre-
sented above. The unknown parameters to be fitted in-
cluded the rate ratio of assimilation to crystallization (r),
the weight proportions of fractionating Pl and Hbl (X ,,),
the weight fraction of remaining melt (F), the Sr isotopic
ratio of the contaminant, and the concentrations of Sr, Rb,
La, Y, Ba, Zr, and Nb in the assimilated material. Random
draws were made for each parameter and the predicted
melt (37Sr/%%Sr), and elemental concentrations corres-
ponding to these parameters were compared with those of
sample GR-022. After a prescribed number of iterations
the parameters which produced the best fit to the meas-
ured data were returned by the program.

Initially, all of the fit parameters were allowed to vary
within physically meaningful yet liberal limits (e.g., F =
0—1, Sr=0-4,000 ppm). Since (3’Sr/®¢Sr), increases
with fractionation in the diorite suite (Fig. 10), the assimil-
ate ®7Sr/%6Sr was constrained to be greater than the
maximum diorite value of 0.70848. The bounds defined
the feasible space to be searched. After numerous trial
Monte Carlo runs the search space could be condensed,
resulting in refinements of the solutions and reductions in
computer time. For example, all solutions gave propor-
tions of fractionating Pl and Hbl similar to the inverse
fractional crystallization models. As a result, the total
space to be searched was limited by setting Xy, equal to
0.66, the value obtained from the trace-element modeling
of average compositions. Similarly, the F values derived
from fractional crystallization modeling and Pearce ele-
ment ratios were considered to be roughly indicative of the
AFC model results because values obtained with the
former independent methods agreed to within + 0.2 (Fig.
9) and because very large amounts of assimilation re-
quired to alter F significantly were deemed unlikely be-
cause of the success of the fractional crystallization mo-
dels. Initial Monte Carlo runs invariably showed that F
values within + 0.2 of the previously determined values
could not be obtained unless the assimilate had 37Sr/®6Sr
less than 0.7200 and Sr concentrations greater than about
1,000 ppm. The search therefore was limited further by
adopting 1,000 ppm as the minimum for the assimilate Sr
concentration and 0.7110 as the assimilate %7Sr/3°Sr
where the latter represents values between the minimum
required by the data and the maximum suggested by trial
runs. The limits on feasible assimilate parameters were
checked with forward AFC calculations.

The total error (Eq. 4) encountered during one of the
Monte Carlo searches is shown in Fig. 11 as a function of r
and F. The shape of the error surface is characteristic of all
of the searches and shows that the diorite data are not
compatible with a high r rogether with a high F. The
optimal solution corresponds to an 1 of 0.10 4+ 0.05 and an

LOOKING FROM 50 DEGREES ABOVE SURFACE

y(x)
(£ error)

Fig. 11. Perspective view of typical error surface for inverse AFC
model discussed in text. Sum of errors Y(X) is plotted in coordinates
of r (rate of assimilation relative to crystallization) and F (weight
fraction of remaining magma). Sharp peak near r = 1 results from
the r — 1 denominator term in the AFC model equation of DePaolo
(1981). The shape of the surface demonstrates the incompatibility of
high r together with high F in modeling the diorite data

F of 0.30 + 0.04 where the uncertainties are 1o derived
from ten searches of the same feasible space. The optimal r
and F give a value of 0.08 for the ratio of the mass of
assimilate to the mass of parental magma (Farmer and
De¢Paolo 1983).

The AFC inverse model predicts that the assimil-
ated material had the following elemental concentra-
tions: Sr = 1,500 ppm (1,000-1,500 ppm), Rb = 18 ppm
(18-200 ppm), La =20ppm (20-60 ppm), Y = 6 ppm
(1 — 15 ppm), Ba > 1,000 ppm (1,000-2,500 ppm), Zr =
200 ppm (80-300 ppm), and Nb =2 ppm (1-11 ppm).
The numbers in parentheses are the ranges for which
individual F values, as determined for each element using
forward calculations, vary from 0.3 to 0.6 (cf. optimal F of
0.3 and Pearce element ratio F of 0.4). The significant
ranges in permissible concentrations illustrate the insensi-
tivity of the calculations to the precise assimilate composi-
tion and are the result of broad valleys in the element-
error surfaces caused by the low rate of assimilation in the
model. The low r and nearly unit Sr bulk distribution
coefficient impart the potential for large variations in Sr
behavior. For example, the decrease in Sr with (37Sr/36Sr),
exhibited by the most fractionated sample (GR-016) rela-
tive to the model parent, in contrast to the increasing
trend defined by the other samples, can be explained by
less than 17% more Pl in the fractionating assemblage
(Fig. 12). The sensitivity of Sr behavior to PI/Hbl means
that the data in Fig. 12 are adequately explained by either
differences in PI/Hbl occurring persistently throughout
fractionation, yielding a range in Sr-(37Sr/2°Sr); slopes, or
changes in Pl/Hbl during fractionation, resulting in re-
versals in Sr-(378r/26Sr), trends (Fig. 12; ¢f. DePaolo 1981).
The possible origins of the assimilate predicted by these
calculations are discussed below following description of
the O isotope data.
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Fig. 12. (37Sr/34Sr); vs St plot comparing Granite Mountains coar-
se-grained diorites, sofid circles; and microdiorites, crosses, with
AFC melt paths. Rate ratio of assimilation to fractional crystalliza-
tion () and assimilate composition were derived from optimal
solutions to the inverse problem described in the text. Numbers in
parentheses are F values indicated by Pearce element ratios. Bulk
distribution coefficients for Sr (D) correspond to the indicated
weight fractions of Pl in the fractionating assemblage Pl + Hbl. A
two-stage AFC melt path defined by a change in fractionating
PI/Hbl is depicted by the open arrow

Oxygen isotopes

Whole-rock %0 (§'#OWR) for diorites from Bull Canyon
area of the Granite Mountains range from 6.5 to 7.6 per
mil. Diorites from the Bristol Mountains and the single
diorite sample from the eastern Granite Mountains have
lower 8180 of 4.7 to 5.7 per mil (Table 6). Two samples
from the Bristol Mountains are anomalously low relative
to typical unaltered igneous rocks. Although the Bristol
Mountains samples show no obvious signs of alteration in
hand specimen, they generally contain more chlorite
(principally after biotite) than the diorites from the Bull

Table 6. Oxygen isotope data for Bristol Lake diorites

Sample 3180y _gmow (per mil)
GR-036-WR 6.5
GR-036-Qtz* 9.4
GR-036-PI” 6.6
GR-036-Hbl® 5.9
GR-035 7.0
GR-032 7.3
GR-022 7.1
GR-016 7.1
GR-006 7.6
GR-002 5.7
GR-009 7.0
BR-001 53
BR-002 5.8
NBR-001 4.7

*Qtz = quartz separate
Pl = plagioclase separate
¢Hbl = hornblende separate.
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Canyon area. This together with the fact that the eastern
Granite Mountains rock is deformed leads us to conclude
that the low 350 values from outside of the Bull Canyon
area are the result of interaction with meteoric or evolved
meteoric water-rich fluid at moderately high temperatures
at the level of emplacement. Fox and Miller (1990) at-
tributed #O depletion in similar diorites from the Bristol
and Providence Mountains to post-magmatic interaction
with meteoric water. The single sample of sheared diorite
from the eastern Granite Mountains occurs near the
Providence Mountains complex and apparently has been
similarly affected.

The low 820 of the most primitive sample (GR-036)
relative to the consistent values of the other diorite sam-
ples from Bull Canyon suggests possible enrichment in
180 during differentiation (Fig. 13). Closer scrutiny, how-
ever, demonstrates that the lower 380 of sample GR-036
is the result of minor subsolidus alteration. Mineral separ-
ates from sample GR-036 yicld a Ag,_py (8'%0q,
— 880y,) of 3.5 per mil (Table 6), corresponding to a
temperature of ~ 650°C (Bottinga and Javoy 1975). The
Qtz-Hbl fractionation and indicated equilibration tem-
perature are typical of unaltered plutonic rocks (cf. Shich
1985; Taylor 1987) and demonstrate 20 values for these
minerals record subsolidus cooling with no discernible
post-magmatic (i.e., hydrothermal) alteration. Values of
Ay -p and Ap_yy, yield discordant temperatures (Ang,)
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- 2‘9 T A, =-0.08
z _ ‘
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Fig. 13. Whole-rock and mineral separate 810 vs F for Granite
Mountains diorites from Bull Canyon compared with calculated
fractional crystallization and AFC evolutionary melt paths based on
the fractionation factors of Muehlenbachs and Kushiro (1974) and
model equations of DePaolo (1981) and Taylor and Sheppard
(1986). The dashed bracket shows the whole-rock 820 of the most
primitive diorite sample (GR-036) corrected for subsolidus altera-
tion (see text). Solid-liquid fractionations (Ag_.;) correspond to
indicated weight fractions of Pl in the fractionating assemblage Pl
+ Hbl. Black arrows correspond to the two-stage AFC melt path
depicted in Fig. 12 for an assimilate §'%0 of 10.0 per mil. Stippled
and hachured patterns delimit ranges in fractional crystallization and
AFC melt paths, respectively, emanating from possible initial melt
compositions discussed in the text. Subscript, Assim, designates
assimilate parameters
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of 290 to 320°C (Matsuhisa et al. 1979) and ~ 800°C
(Bottinga and Javoy 1975), respectively. Analytical un-
certainties and uncertainties in equilibrium isotopic frac-
tionation factors cannot account for the discrepancy.
Plagioclase apparently has undergone 120 depletion from
an equilibrium 8'20 value of 7.4 to 7.9 per mil (based on
equilibrium temperature recorded by Ag, -y, and frac-
tionation calibrations cited above) to the measured value
of 6.6 per mil. The occurrence of Pl with disequilibrium
8180 coexisting with Qtz and Hbl which are in isotopic
equilibrium with one another is characteristic of moder-
ately hydrothermally altered plutonic rocks and reflects
the greater rate of '80/*50 exchange between Pl and fluid
relative to the other minerals (Gregory et al. 1989). Mass-
balance constraints and modal abundances dictate that
518OWR for this rock prior to feldspar alteration was 7.2 to
7.6 per mil, or 0.7 to 1.1 per mil higher than the present
value (Fig. 13). The corrected §'80WR for GR-036 is
identical to the other diorites within analytical uncertain-
ties. The range for the corrected value shown in Fig. 13
reflects the large uncertainties inherent in the calculation.
Correction for subsolidus alteration in the primitive di-
orite sample demonstrates that variations in magmatic
3180 are not resolvable in the Bull Canyon diorite suite.

Nominally magmatic and uniform §*3O"® in the Bull
Canyon suite suggests that these rocks have not been
severely affected by subsolidus 180/'%0 exchange, but the
fact that minor 30 depletion occurred in one of the
samples indicates that any magmatic trends in 8'20 that
may have been present may well have been perturbed or
erased.

The Granite Mountains diorite magmatic 8O values
of 7.0 to 7.6 per mil are compatible with the AFC evolu-
tion derived from elemental and Sr isotopic data and are
within 0.5 per mil of the parental magma value. These
conclusions are demonstrated by evaluating the effects of
both fractional crystallization and assimilation on the
diorite melt 80/1°0. For this purpose the fractionation
factors between Pl and basaltic melt (L) and between
enstatite (En) and L obtained by Muehlenbachs and
Kushiro (1974) for magmatic temperatures of 1,000° can
be used if it is assumed that Ay, —, =~ Ag, . The opposite
signs and similar magnitudes of Ag,,_; and Ap,_; combine
to yield an effective solid-liquid '®0O/'°O fractionation
(Ag_p) of ~ 0.0. The fractional crystallization melt paths
for subequal Pl and Hbl therefore are consistent with the
Granite Mountains coarse-grained diorite 8'8OWY® if the
Pl-corrected whole-rock value for the primitive sample
GR-036 is used (Fig. 13). The data are also consistent with
the optimum AFC model if the assimilate 'O was no
greater than 10 per mil and not significantly less than 7 per
mil (Fig. 13). If the uncorrected 8'*G"® for the primitive
sample is used, an assimilate 8180 of 10 to 17 per mil is
permitted by the data (Fig. 13). Scatter in whole-rock
380 on the order of 0.5 per mil is expected for AFC melt
paths produced by varied PlI/Hbl. For example, the two-
stage AFC path involving an increase in PI/Hbl suggested
by the (37Sr/%%8r); and Sr data (Fig. 12) produces a small
shift from increasing to decreasing 8180 with crystalliza-
tion (black arrow, Fig. 13). As discussed above, it is
unlikely that such small magmatic variations in 8'8O are
discernible in these rocks.

In summary, the constant 880 (within uncertainties)
of the Bull Canyon diorites prior to subsolidus alteration
requires that any material assimilated during crystalliz-
ation must have been similar to the diorite magma in
180/1%0 or only moderately enriched in *20. The com-
bined effects on magmatic 880 caused by fractional crys-
tallization of Pl and Hbl and/or low rates of assimilation
of moderately *30 enriched material are < 0.5 per mil
(Fig. 13). The 380 for the diorite parental magma is
therefore no lower than 6.5 and no greater than about
8.0 per mil with the most probable value being close to
7.2 per mil.

The assimilate

The essential features of the material assimilated by the
Granite Mountains diorite magma are a high Sr concen-
tration of 1,000 to 1,500 ppm, low Rb/Sr between 0.01 and
0.2, 87Sr/3¢Sr of about 0.7090 to 0.7200, and §'%0 of
approximately 7 to 10 per mil. These characteristics con-
strain the origin of the assimilate but do not a priori
correspond to assimilated rocks because of the potential
for variable degrees of partial melting, multiple wall-rock
minerologies, and variations in ambient P-7-fluid condi-
tions (DePaolo 1981).

The moderate '%O of the assimilate precludes addi-
tion of mature metasedimentary rocks (Fig. 13). The as-
similate also does not resemble the average crust of pre-
dominantly Proterozoic age (Farmer and DePaolo 1984)
at the present-day level of exposure. Thirty samples re-
presenting a variety of Proterozoic rocks from the eastern
Mojave Desert region (Wooden and Miller 1990; Wooden
and Miller, unpublished) yield an average Sr concentra-
tion of 246 ppm, an average Rb/Sr of 0.42, and an average
87Sr/8%Sr corrected to 155 Ma of 0.7293. None of these
values are consistent with the model assimilate. In addi-
tion, a contaminant derived from partial melting would
have an even higher Rb/Sr unless P! ubiquitous in the
presently exposed crust were entirely consumed.

The model assimilate does resemble present-day ex-
posures of Mesozoic mafic lower crust in the southern
Cordillera. Barth et al. (1991) described a sequence of
mafic granulites representing lower crust from the San
Gabriel Mountains of southern California. The mafic
granulites are similar to the calculated assimilate in their
high Sr, with an average of 614 ppm and ranging up to
1,044 ppm, average Rb/Sr of 0.04, and average Zr concen-
trations of 155 ppm. Concentrations of Ba, Nb, and Y are
also comparable. Similarity between the mafic granulites
and model assimilated material, especially in their high Sr
and unusually low Rb/Sr, suggests that the best candidate
for the assimilate is a mafic lower crustal granulite. The 7
to 10 per mil range of permissible 580 for the added
material is consistent with assimilation of lower crustal
granulites based on the data of Harmon and Fowler
(1990) showing a mean §'%0 of 7.1 + 0.8 per mil and a
range of 5.9 to 8.6 per mil for lower crustal granulite
xenoliths from Arizona. .

The ca. 0.7090 minimum 37Sr/%6Sr of the diorite as-
similate is greater than the average Mesozoic San Gabriel
granulite value of 0.7076 (Barth et al. 1991), suggesting the



presence of an older component in the assimilated
mafic lower crust compared to the San Gabriel
granulites. A younger average age for the San Gabriel
complex is consistent with independent evidence
indicating that some of its mafic plutonic protoliths post-
date intrusion of the Bristol Lake diorites (Barth et al.
1991).

Samarium-neodymium isotopes

The Nd isotopic data for dioritic and associated granitic
plutons in the Bristol Lake region analyzed in this study
are summarized in Table 7. The initial gy, values relative
to chondrite uniform reservoir (CHUR) for the least evol-
ved dioritic samples are among the least negative plutonic
values obtained to date from the Mojave Desert region.
These data bear upon the source of the diorites but are at
present too few for inclusion in AFC models.

Source reservoirs

The isotopic data for the Granite Mountains diorites
provide constraints on sources of the parental magma.
Low 880 and the relatively positive gyq point to a mantle
or mafic lower-crustal source. Possible end-member isoto-
pic reservoirs which may have contributed to the parental
magma by partial melting or assimilation include sub-
oceanic mantle reservoirs (including asthenosphere and
subducted MORB), subcontinental lithospheric mantle,
and lower and middle to upper crust of dominantly Pro-
terozoic age. Fields delimiting the radiogenic isotopic
character of these reservoirs corrected to an age of 155 Ma

suboceanic mantle
reservoirs

10

subcontinental

/§ : lithosphere
ok o _cHR_ |
iy
= -
Z F
- - Granite Mins.
-10F E. Mojave
i urassic plutons
: middle-upper
220 I A T T O U Y T I A
0.705 0.710 0.715 0.720

*7sr /% 5r)
155 Ma

Fig. 14. Time-corrected £y4(t) and ®7Sr/36Sr, isotopic reservoirs for
diorite plutons in the Bristol Lake region. Derivations of fields are
presented in the text. The initial isotopic compositions of Jurassic
diorites from the Granite and Bristol Mountains (@), associated
Late Jurassic-earliest Early Cretaceous sphene granite and porphyr-
itic monzogranite from the Granite Mountains (Young 1990, x),
and the field for eastern Mojave Desert Jurassic plutons (Wooden,
unpublished) are shown for comparison
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are shown in Fig. 14. Uncertainties in age on the order
100 Ma do not affect significantly positions of plotted
values of ey4(t) or (37Sr/%®Sr), in Fig. 14.

Suboceanic mantle sources in Fig. 14 are represented
by modern oceanic basalts [MORB (mid-ocean-ridge
basalt), OIB (ocean-island basalt), White and Hoffman
19821. The field for subcontinental lithosphere is defined
by the Cenozoic continental alkali basalts of the Sierra
Nevada Province described by Mengzies et al. (1983). Men-
zies et al.; Musselwhite et al. (1989), and Farmer et al.
(1989) have argued that these lavas were emplaced during
incipient rifting of the southern Cordilleran continental
crust, and are therefore likely to represent melts derived
from a subcontinental lithosphere isolated since the early
Middle Proterozoic. The localities from which these data
were obtained lie within the region yielding Sm-Nd model
ages of 2.0 to 2.3 Ga defined by Bennett and DePaolo
(1985), as does the Bristol Lake region (cf. Musselwhite et
al. 1989). The inferred subcontinental material is charac-
terized by low Sm/Nd and high Rb/Sr relative to CHUR
and the Sr-isotopic uniform mantle reservoir (UR) defined
by DePaolo and Wasserburg (1976) (Fig. 14), and may be
a sub-Moho “lower crust” or mantle keel (e.g., DePaolo
1981) with geochemical properties distinct from typical
mantle. The Sr isotope data of Menzies et al. (1983) have
been corrected to an age of 155 Ma using Rb/Sr = 0.036
based on typical enriched peridotites (e.g. Brophy and
Marsh 1986). The corresponding Nd isotope data have
not been corrected for age because of the uncertainty in
the precise extent of LREE enrichment but such correc-
tions would be small. A change in gyy of — 0.1in 155 Ma
corresponds to an enrichment factor fg, g (defined by
DePaolo and Wasserburg 1976; see Table 7) relative to
CHUR of —0.026. The continental crust isotopic re-
servoir was defined using data for Proterozoic rocks in the
eastern Mojave Desert region (Bennett and DePaolo
1987; Davis et al. 1982; Wooden and Miller, unpublished).
The lower-crustal subfield in Fig. 14 is based on the
premise that this portion of the crust was depleted in Rb
during high-grade metamorphism (DePaolo 1981; Barth
et al. 1991).

The position of the diorite samples relative to the
reservoirs defined above in gy, (t) — (37Sr/%%8r); space
suggests several possibilities for their source (Fig. 14). The
simplest interpretation is that the diorite parental magma
was derived from subcontinental lithosphere enriched in
LREE and Rb. The diorites lie just outside the margin of
this field with respect to radiogenic Sr, possibly reflecting
assimilation of small amounts of ancient crustal material
as suggested by AFC modeling of the suite. Kyser et al.
(1982) cite evidence that subcontinental lithosphere is
characterized by 580 higher than typical MORB values
of 5.7 4+ 0.3 per mil and is probably near 7.0 per mil
Unaltered diorite 8'80 values of about 7.2 per mil are
consistent with this lower continental lithosphere value in
view of the small degree of oxygen isotope fractionation
expected during partial melting (Taylor and Sheppard
1986). The low Hf/Ba and Zr/Ba ratios of the basaltic
diorites are also consistent with the inferred source in that
these attributes were considered by Farmer et al. (1989)
and Ormerod et al. (1988) to be diagnostic of basalts
derived from subcontinental lithosphere.
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Table 7. Nd isotope data for Bristol Lake diorites and granites

Sample Sm ppm Nd ppm 478m/144Nd MING/MNA et Tsmma” age (Ma) ¢g°

GR-036 493 21.64 0.1382 0.512211 — 84 - 0.2974 155 - 172
GR-006 7.04 38.05 0.1180 0.512141 - 9.7 — 0.4001 155 —8.1
GR-004 8.28 42.64 0.1174 0.512103 — 104 — 04032 155 — 88
BR-001 6.27 29.24 0.1296 0.512257 —74 —0.3411 155 — 6.1
GR-018¢ 8.17 49.11 0.1206 0.512157 - 94 — 03869 142 - 80
GR-030¢ 7.59 43.78 0.1048 0.512118 —10.1 — 04672 142 — 84
GR-023¢ 11.69 62.47 0.1131 0.512054 — 114 — 04250 142 -99

ag is the deviation in parts per 10* from the CHUR mantle reservoir where (**3Nd/***Nd)c,ur(t) is calculated from present-day

(“3Nd/ 4 Nd) = 0.512638 and (147Sm/ **Nd)%yue = 0.1967

® Fractionation factor fg,,ng defined as (*#7Sm/***Nd),, ppse/**”Sm/* **Nd)cpor — 1
1

*Initial value based on Ag, = 6.54 x107!? year~
4 Granitic plutons from the Granitc Mountains shown in Fig. 1
Descriptions of plutons given by Young (1990)

The Sr and Nd isotopic data for Late Jurassic granite
and monzogranite plutons analyzed from the Bristol Lake
region are similar to the diorites (Fig. 14). Isotopic data for
210 Ma to 150 Ma dioritic and granitic plutons from the
Mojave Desert of southeastern California as a whole
(Wooden unpublished) define an array between the fields
for subcontinental lithosphere and continental crust in
Fig. 14. The array suggests that mixing between these
isotopic reservoirs may have been an important process
during Jurassic pluton formation in the region. Genera-
tion of magmas in the subcontinental lithosphere implies
extension of the crust (Lum et al. 1989; McDonough 1990)
and is consistent with the proposal by Busby-Spera (1988)
that the eastern Mojave Desert was a zone of protracted
intra-arc extension during this time period.

Source lithology

The low Mg number {molecular 100[Mg/(Mg + Fe)]} of
51 for the least fractionated members of the diorite suite
preclude equilibration with a mantle source containing
olivine or orthopyroxene (e.g. Frey et al. 1978). Vaniman
et al. (1982) showed that fractionation of amphibole can
explain low Mg numbers and low Ti concentrations of
evolved hawaiite magmas compositionally similar to the
Bristol Lake diorites relative to their parental magmas.
The prominent role of Hbl in the evolution of the diorites
therefore suggests that the primitive compositions identi-
fied in this study are themselves derivatives of an unseen
parent. Since the true parental melt apparently is not
exposed, the major residual phases of its source can be
only loosely constrained.

The high water contents indicated by early crystalliza-
tion of hornbiende suggest that the source was hydrous.
The LREE- and Rb-enriched lithosphere was thus appar-
ently metasomatized. Schulze (1989) found that the bulk
abundance of eclogite in subcontinental lithosphere is
probably small (i.e, < 1% by volume). For these reasons,
the favored lithology for the source rock of the diorite
parental magmas of the Bristol Lake region is a hydrous
LREE-enriched peridotite. Van Kooten (1981), Vaniman
et al. (1982), and Menzies et al. (1983) discussed the

evidence for a hydrous mica or amphibole-bearing garnet-
clinopyroxene source for the lavas used to model the
isotopic composition of the subcontinental lithosphere in
the eastern Mojave Desert.

The incompatible behavior of Zr (Table 3) allows the
Zr concentration of the primitive diorite samples to be
used as maximum concentrations for the actual parental
melt. With this in mind the data suggest that Zrn was not
a residual phase following partial melting of the sub-
continental lithospheric source. For example, a reason-
able near-liquidus temperature of 1,000°C (e.g., Russell
and Nicholls 1985) would require a melt Zr concentration
of 507 ppm for Zrn saturation compared with only
81 ppm for the primitive sample GR-036 (Watson and
Harrison 1983, 1984). Undersaturation in Zr could have
resulted in resorption of entrained zircons during the
assimilation process and is consistent with the paucity of
inherited Zrn evidenced in the U-Pb isotope systematics.

Conclusions

Late Jurassic dioritic rocks from the Bristol Lake region
share several geochemical attributes with high-alumina
basalts, high-K arc andesites, and continental hawaiite
basalts. The 155 Ma diorite pluton from the Granite
Mountains evolved by combined assimilation and frac-
tional crystallization of hornblende and plagioclase. A
Monte Carlo method for obtaining optimum inverse solu-
tions to the AFC model equations of DePaolo (1981)
indicates that the assimilate resembled ancient lower crus-
tal mafic granulites and that the mass ratio of assimilated
crust to parental magma was on the order of 0.1. Lack of
enrichment in %0 during differentiation is consistent
with these model calculations.

Oxygen, Sr, and Nd isotopic data and trace-element
concentrations point to a subcontinental lithospheric
source for the Granite Mountains diorite parental
magma. The source was composed of metasomatized hyd-
rous peridotite enriched in light-rare-earth elements and
Rb. Diorites from neighboring ranges may have been
derived from similar sources. Comparison with Sr and Nd
isotopic compositions of other plutons from the eastern



Mojave Desert suggests that continental lithosphere may
have been an important component of Jurassic pluton
generation in the region. Emplacement of magmas derived
from the subcontinental lithosphere into the crust is con-
sistent with suggestions that the eastern Mojave Desert
was part of a zone of protracted intra-arc extension during
the Jurassic.
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