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Abstract

Flows, dikes, and remnant constructional features of ultramafic inclusion-bearing alkaline
basalts, well known from the central Mojave, are also present near its southern boundary
with the San Andreas fault at Fry and Ruby Mountains. Ultramafic inclusions from these
localities are predominantly spinel lherzolites and harzburgites. A single, 200-gram garnet
websterite inclusion found at Fry Mountain is only the second one reported in alkaline basalt
from the western United States. All ultramafic inclusions from these localities exhibit tectonic
textures and are believed to be accidental fragments of upper mantle material incorporated
into basanite melts at temperatures between 950 and 1200°C and pressures between 9 and 23
kbar. Inclusion-bearing basaltic volcanism in the Fry and Ruby Mountain areas occurred
between 6 and 10 million years ago, whereas comparable volcanism in the central Mojave
beyond the transpressional tectonism of the San Andreas fault has continued into the Quater-

nary.

Introduction

Studies of ultramafic inclusions provide crucial input for
models concerning the thermal structure of the upper
mantle and the origin of alkaline basaltic melts. Compo-
sitional data on the coexisting minerals in these inclusions
can be used to estimate the pressure and temperature con-
ditions of their source regions. Ultramafic inclusions from
the central Mojave Desert of California have been exten-
sively studied (e.g., at Dish Hill by Wise, 1966 and 1969;
Wilshire et al,, 1971 and 1980; Wilshire and Trask, 1971;
and at the Cima volcanic field by Katz and Boettcher,
1980). This paper presents petrologic data and thermo-
barometric calculations for a suite of ultramafic inclusions
from two new localities near the southern margin of the
Mojave Desert. These may represent the oldest occurrences
of ultramafic inclusion-bearing alkaline basalts in the
Mojave Desert. The Fry Mountain locality is of particular
significance because a garnet websterite inclusion found
there is only the second such described from alkaline ba-
salts in the western United States.

Geologic setting

Fry Mountain (34°30'N, 116°43'W) and Ruby Mountain
(34°16'N, 116°40'W) are the two most prolific ultramafic
inclusion localities within an approximately 1000 square
kilometer area of predominantly inclusion-free alkaline ba-
saltic volcanism in the south central Mojave Desert and
adjacent San Bernardino Mountains (Fig. 1). At these
localities, ultramafic inclusions, ranging in size from 1 to 12
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cm, occur within both flows and the exposed feeder dikes
which have intruded Mesozoic plutonic rocks. Cinder
cones, common in central Mojave ultramafic inclusion
localities, are rare and where present (e.g., at Fry Moun-
tain) are deeply dissected (see Neville, 1982 and Neville and
Chambers, 1982 for detailed descriptions of field relations.)

Alkaline basalts in the Fry and Ruby Mountain areas
are older than those of the central Mojave. Radiometric
age determinations on alkaline basalts from the area shown
in Figure 1 range from 6 to 9 m.y. (Peterson, 1976; Ober-
lander, 1972). One inclusion-bearing flow at Fry Mountain
has been dated by K/Ar at 8.94+0.2 m.y. The oldest flows
in the central Mojave are very late Miocene (7.6 m.y. in the
Cima Field according to Dohrenwend et al., 1984), al-
though inclusion-bearing volcanism has been active until at
least the late Pliocene: Katz and Boettcher (1980) report a
carbon 14 date of 330480 years on charcoal from a Cima
flow.

Basalt and megacryst petrography and chemistry

The alkaline basalts from Fry and Ruby Mountains are
markedly uniform in their petrographic characteristics.
These rocks are fine-grained and sparsely phyric; micro-
phenocrysts generally comprise less than 15% of the mode
and include olivine (0.75 mm) and lesser titaniferous augite
(0.50 mm). Pilotaxitic groundmass minerals include olivine,
clinopyroxene, plagioclase, Fe-Ti oxides, apatite, and in
some samples phlogopite. Deuteric zeolites (natrolite and
analcite?) occur interstitially in the groundmass, in micro-
fractures, and in vesicles. Megacrysts found in flows which
contain ultramafic inclusions include: (1) strained anhedral
olivine (up to 3.5 cm) at Fry Mountain; (2) translucent,
white anorthoclase (Ab,3Or,;An,s) at Ruby Mountain;
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Fig. 1. Ultramafic inclusion localities in the south-central
Mojave Desert and adjacent San Bernardino Mountains. The
inset map in the upper right shows the location of other major
Mojave Desert alkaline basalt localities including: Amboy Crater
(A), Cima Dome (C), Dish Hill (D), Malapi Hill (M), and Pisgah
Crater (P). Generalized geologic units shown include: pre-Tertiary
basement (stippled), late Tertiary ultramafic inclusion-absent alka-

line basalts (diagonal rule), late Tertiary ultramafic inclusion-
bearing alkaline basalts (solid black), and alluvium (white).
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and black, vitreous, conchoidally fractured (3) clinopyrox-
ene and (4) kaersutite (both up to 5 cm) at both Fry and
Ruby Mountains. Kaersutites typically exhibit some traces
of cleavage whereas clinopyroxene megacrysts do not.

Whole rock, major element analyses of basalts (minus
inclusions if present) were determined by atomic absorp-
tion and X-ray fluorescence spectroscopy (see Neville, 1982
for analytical procedures). Representative analyses are pre-
sented in Table 1. According to the classification of Wise
(1969), all of the basalts analyzed are basanites (i.c., with
Si0, < 46 wt.%, normative nepheline > 5%, and K,0 >
1.5 wt.%.) The alkali variation diagram of Figure 2a dem-
onstrates the limited SiO, compositional variation of the
basalts from Ruby and Fry Mountains (closed circles) as
well as other petrographically similar inclusion-bearing
and inclusion-free basalts from localities depicted in Figure
1. As can be seen in Figure 2a, alkali basalts from younger,
central Mojave Desert localities (open symbols) are gener-
ally more SiO,-rich. A better discriminant for dis-
tinguishing these two suites of alkaline basalts is their
TiO,-MgO relationships (Fig. 2b). The basalts of the Fry
and Ruby Mountain suite are generally enriched in TiO,
and MgO with respect to the basalts of the Central Mojave
suite.

Basalts of the Fry and Ruby Mountain suite are compo-
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sitionally identical, excluding inclusions, whether they are
inclusion-bearing or inclusion-free. However, basalts which
contain relatively high modal abundances (approximately
5%) of kaersutite and clinopyroxene megacrysts are
TiO,-poorer than basalts with lesser megacryst contents.

Inclusion petrography

Thirteen ultramafic inclusions from Fry Mountain and 26 from
Ruby Mountain were analyzed modally, with 400-500 points
counted on each sample. Modal compositions of these samples,
shown in Figure 3, indicate that lherzolite and subordinate harz-
burgite are the most common inclusion types. Additional identi-
fied ultramafic lithologies comprise singular occiitrences of garnet
websterite (Fry Mountain), olivine websterite (Ruby Mountain),
and amphibole-olivine websterite (Fry Mountain). All of the spinel
lherzolite and harzburgite inclusions have petrographic character-
istics of the Cr-diopside series of Wilshire and Shervais (1975).

Spinel lherzolite inclusions (Fig. 4) are composed of a mosaic of
anhedral forsteritic olivine (1.0 to 3.0 mm), anhedral to subhedral
enstatite (1.0 to 3.5 mm, colorless with common clinopyroxene
exsolution lamellae approximately 2 microns thick), anhedral di-
opside (0.5 to 1.0 mm and colorless, with rare orthopyroxene ex-
solution lamellae), and anhedral brown to green spinel (0.5 to 1.0
mm), which comprises up to 3% of the total mode. Texturally,
spinel lherzolites are porphyroclastic (Pike and Schwarzman,
1977), and characterized by kinked or strained porphyroclasts set

Table 1. Composition of alkaline basalts from Fry and Ruby
Mountain, California

Fry Mountain Ruby Mt.
FMA-2 FMA-6 FMG-32 FMCS-31 FMCS-32 FMG-34 RM-3 RM-20
$10, 44.19 44,89 43.14 43.80 42.82 44,10 44,65 45.26
T40, 3.66  3.43  3.22 3.54 3.69 3.19 2,59  2.61
Al,04 15.16 15.78 14.39 16.65 14,23 14,38 15.92 15.99
Fe0 11.94 10.47 10.97 11.34 12.66 11.09 12.64 12,54
MnO 0.20 0.19 0.18 0.19 0.21 0.18 0.22  0.21
Mgo 7.28 8.32 11.58 9.97 7.98 11.40 7.92  7.96
Ca0 8,62 7.94 8.93 9.57 9.02 9.03 8.46  8.40
Naj0 3.99  4.14 3,31 4.16 3.33 3.26 4.36 4,42
K50 1.70 2,20 1.81 0.76 2.07 1.88 1.63  1.64
LOX 1.99  1.57 1.42 0.51 2.00 0.87 2.36  1.63
Total 98.73 98.93 98.95 100.49 98,01 99.38  100.75 100.66
CIPW Norm

Q —_— - — — - —_— —_ -
or 10.42 13.39 10.9% 4.50 12.78 11.31 9.82 9.82
ab 13.83 12,22 5.20 10.97 7.55 6.79 11.78 12.78
an 19.09 18.33 19.58 24.41 18.49 19.31 19.22 19.17
ne 11.40 12.95 12.71 13.19 11.83 11,50 14,03 13.53
o 10.29  8.92 10.43 9.29 11.49 10.54 9.57  9.42
di en 6.68 6.42 7.93 6.78 7.58 8.01 5.93  5.93
fs 3.60  2.50 2.50 2,52 3.91 2.53 3.64  3.48

en e ] == == - == == —

hy fs = — = = - e - =
fo 8.89 10.89 15.80 11.49 9.73 15.22 10.39 10.32
ol fa 5.93  5.36 6.15 7.69 6.48 6.21 7.84 7.79
mt 2.68 2,34 2.44 2.46 2.87 2.44 2,78 2.75
11 7.19  6.69 6.27 6.72 7.30 6.15 5.00 5.01
total 100.00 100.01 t00.00 100.02 100.01 100.00 100.00 100.00
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Fig. 2. Major element compositional variations of alkaline ba-
salts from the Fry and Ruby Mountain area, in comparison to
younger, Central Mojave Desert alkaline basalts. (A) Na,O
+ K,O versus SiO,. The dashed line separates fields of alkaline
and subalkaline basalts (Irvine and Barager, 1971). Dashed line
encloses field for basanites from the Fry and Ruby Mountain
areas. (B) TiO, versus MgO relationships. Symbols are the same
as in (A).

in a finer-grained (<2 mm) “matrix” of recrystallized unstrained
and nonrecrystallized strained grains. Olivines exhibit strain fea-
tures such as undulatory extinction and kink banding; ortho-
pyroxenes commonly exhibit undulatory extinction and bent (210)
cleavage planes. The strain bands in olivine and orthopyroxene
generally divide single grains into two or three zones having differ-
ent optical orientations (Fig. 4d). Clinopyroxene exhibits minor
strain features and spinel exhibits little.

Harzburgites possess the same mineralogic and textural features
as the spinel lherzolites but contain less than 5% modal clinopy-
roxene. In the samples studied, brown spinel is a common access-
ory (0.5-2 modal %).

A single 200 gram garnet websterite inclusion (sample FMCN-
2) was discovered in the Fry Mountain field. Modally this nodule
consists of 36% garnet, 33% orthopyroxene, 28% clinopyroxene,
3% spinel. Orthopyroxene and clinopyroxene are anhedral to sub-
hedral with average grain sizes of 1.0 to 1.5 mm. The ortho-
pyroxenes have a faint brownish tint and well developed (210)
cleavage. Clinopyroxenes are colorless and have poorly developed
cleavage. Exsolution is rare in both pyroxenes. Garnet and spinel
occur as irregular, anhedral blebs interstitial to the larger pyrox-
ene crystals (Fig. 4a). Garnet grains have brownish rims, which in
crossed polarized light appear to be composed of a radially fi-
brous aggregate; microprobe analysis indicates these rims are
compositionally identical to the garnet. Green spinel is intimately
associated with the garnet, since every spinel grain is completely
or partly enclosed by an aggregate of garnet grains. A single, large
(10 mm), subhedral garnet crystal was observed in one thin section
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(Fig. 4a). Hand sample examination suggests such large crystals
are rare. Strain features in this sample are limited to undulatory
extinction and lesser bent cleavage planes within some pyroxene
crystals.

A single porphyroclastic olivine websterite inclusion was found
at Ruby Mountain. It contains approximately 18% forsteritic oli-
vine, 60% enstatite, 21% diopside, and 1% brown spinel. The
average grain size is 1.5 mm. Exsolution lamellae are not present
in either of the two pyroxenes. Undulatory extinction is prevalent
within olivine and orthopyroxene, less obvious in clinopyroxene,
and not seen in spinel.

A single 400 gram amphibole-bearing inclusion (sample
FMCN-1) discovered at Fry Mountain has a mode of 22% oli-
vine, 50% clinopyroxene, 14% orthopyroxene, and 14% amphibo-
le. Olivine (1-2 mm) is anhedral, generally ovoid, and exhibits
undulatory extinction. Anhedral light green clinopyroxene (1-2
mm) is twinned and exhibits irregular, wormy exsolution of ortho-
pyroxene. Orthopyroxene (0.75-2.5 mm) is faint pleochroic brown
to colorless and has well developed (210) cleavage, anhedral to
subhedral crystal form, and lamellae of exsolved clinopyroxene.
Amphibole is pleochroic (dark yellow-brown to faint yellow), sub-
hedral, and poikilitically encloses orthopyroxene, clinpyroxene,
and olivine. Microprobe analyses (Table 4) indicate that this am-
phibole is kaersutite. Strain textures are uncommon in this
sample, and although olivine and orthopyroxene display some
undulatory extinction, the sample does not have a pervasive tec-
tonite fabric. Rather, it is texturally dominated by the large poiki-
litic amphibole and smaller poikilitic orthopyroxene and clinopy-
roxene. Optically continuous amphibole poikilocrysts of dimen-
sions 25 mm x 30 mm enclose clinopyroxene, orthopyroxene, and
olivine (Fig. 4b). Recrystallized (?) orthopyroxene (non-strained,
no exsolution lamellae) encloses ovoid olivine crystals as does
some clinopyroxene. Several grains of partly resorbed, strained,
orthopyroxene occur throughout the sample and are apparently
relict crystals.

In addition to the ultramafic inclusions described above, grani-
toid inclusions are also commonly observed in basalts from Fry
and Ruby Mountains. They were presumably derived from local
Mesozoic plutons. No other types of inclusions were identified.

® RUBY MOUNTAIN INCLUSIONS
© FRY MOUNTAIN SPINEL LHERZOLITE
a FRY MOUNTAIN HORNBLENDE
OLIVINE WEBSTERITE

Ay S
;;—L/o OLHERZOLITE
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RIT
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Fig. 3. Mineral modes of ultramafic inclusions from Fry and
Ruby Mountains. Classification after the 1.U.G.S. Subcommission
on the Systematics of Igneous rocks (1973).
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Fig. 4. Ultramafic inclusions in basanites from Fry Mountain. (A) Garnet websterite (FMCN-2) with large garnet in upper left of
photograph, although most garnets form as small rims on green spinels which are interstitial to larger pyroxenes; (B) Amphibole
(kaersutite) olivine websterite (FMCN-1) with large kaersutite poikilocryst enclosing olivine and pyroxenes; (C) Spinel lherzolite
(FMCS-7) with typical porphyroclastic textures described in text; (D) Spinel lherzolite (FMCS-3) with strain features in olivines that
have been accentuated by oxidation. Abbreviations: olivine = ol; garnet = ga; spinel = sp; clinopyroxene = cpx; orthopyroxene = opx.

All photographs taken in plane-polarized light.

Inclusion mineral compositions

Minerals from six selected ultramafic inclusions were
analyzed: four spinel lherzolites (i.., samples RMA, RMD,
FMCS-3, FMCS-7), the garnet websterite (FMCN-2), and
the amphibole olivine websterite (FMCS-1). Analyses were
performed on a MACS5 model SA3 electron microprobe
operated at 15 kV and 5-50 nA sample current. Data were

reduced using real time Bence-Albee matrix corrections
employing the alpha factors of Albee and Ray (1970). Rep-
resentative analyses of pyroxenes, olivines, spinels, garnets,
and amphiboles from these samples are presented in Tables
24,

Clinopyroxenes are diopsidic and exhibit little compo-
sitional variability in Mg/(Mg + Fe) (Table 2 and Fig. 5).
Compositions in spinel lherzolite are Engg 53 Wo0,,_43, in
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Table 2. Representative compositions of pyroxenes from ultramafic inclusions and xenocrysts of Fry and Ruby Mountains

Ruby Mountain

Fry Mountain

RMA RMA RMD RMD rM24B27 PMCS-1  FMCS-1 FMCN-2 FMCN-2 FMCS-3  FMCS-3  FMCS-7 FMCS-7 FMB™*
510, 51.75 53.63 52.42 54,36 47.52 51.25 53.77 50.43 52.98 52.33 55.43 52.23 54.83 47.80
T10, 0.56 0.15 0.45 0.12 1.81 1.04 0.46 0.42 0.07 0.34 0.08 0.49 0.10 1.70
Al,04 7.13 5.11 5.15 3.82 9.20 5.53 4.34 9.12 7.75 5,90 4.27 7.22 4.72 8.01
Cry04 0.71 0.38 0.78 0.38 0.00 0.59 0.10 0.32 0.19 0.95 0.44 0.70 0.26 0.01
Fe0® 3.16 6.46 2.79 9.49 8.72 5.78 11.42 3.60 7.93 2.87 6.26 2.85 6.21 10.32
Mg0 14.93  31.44 15.11  30.75 12.64 15.31 29.92  14.45 31.25 15.97 33.52 15,01 32.73 11.45
Ca0 18.96 0.94 20.34 0.79 17.64 19.57 1.25 21.16 0.73  20.14 0.81 19.45 0.74 19.09
Na,0 1.95 0.14 1.90 0.22 1.74 1.28 0.09 0.53 0.02 0.98 0.05 1.36 0.07 1.70
MnO 0.14 0.13 0.08 0.18 = 0.11 0.25 0.07 0.12 0.07 0.13 0.06 0.12 -_
Total 99.29 98.38 99.02 100.11 99.27 100.46 101.60 100.10 101.04 99.55 100.99 99.37 99.78 100.07

Forwula Proportions Based On 4 Cations

si 1.877 1.886 1.908 1.899 1,755 1.859 1.866 1.833 1.819 1.902 1.892 1.900 1.896 1.768
Ti 0.015 0.004 0.012 0.003 0.050 0.028 0.012 0.012 0.002 0.009 0.002 0.013 0.004 0.048
Al 0.305 0.212 0.221 0.158 0.401 0.236 0.178 0.391 0.314 0.253 0.172 0.310 0.193 0.351
Cr 0.021 0.011 0.023 0.011 = 0.017 0.003 0.009 0.005 0.027 0.012 0.020 0.007 ==
Fe 0.096 0.190 0.085 0.277 0.269 0.176 0.332 0.110 0.228 0.087 0.179 0.087 0.180 0.321
Mg 0.807 1.649 0.820 1.602 0.696 0.828 1.548 0.783 1.600 0.865 1.706 0.814 1.687 0,621
Ca 0.737 0.035 0.794 0.030 0.698 0.761 0.047 0.824 0.027 0.785 0.030 0.758 0.027 0.777
Na 0.137  0.009 0.135 0.015 0.125 0,090 0.007 0.037 0.00Ff 0.070 0.004 0.096 0.005 0.123
Mn 0.004 0.004 0,002 0,005 - 0.003 0.008 0.002 0.004 0.002 0,004 0.002 0.004 —

*: All Fe calculated as FeO.
t: Ruby Mountain clinopyroxene megacryst.
Rk Fry Mountain clinopyroxzene megacryst.

the amphibole olivine websterite (FMCS-1) are close to
En,cWo,, and in the garnet websterite average
En;,Wo,,. Al,O; contents for diopsides range from 5.2 to
7.4 wt.% in lherzolites, average 5.5 wt.% in amphibole
olivine websterite, and are 9.1 wt.% in garnet websterite.
Orthopyroxenes are Mg-rich with compositions Engs_gq
(Table 2 and Fig. 5). Mg-Fe partitioning between enstatite
and coexisting olivine is essentially 1:1 for both peridotite
inclusions and amphibole olivine websterite and is 1:1 be-
tween orthopyroxene and clinopyroxene except for spinel
lherzolite inclusion RMD. Alumina contents of enstatites
in periododite inclusions range from 3.1 to 5.8 wt.% and in
garnet websterite alumina averages 7.8 wt.%. Although
clinopyroxene exsolution was observed in several samples,

;DSIO:, E‘.uS|O3

CaFe  CaMaSiz0 CaFe

&

/ & GARNET WEBSTERITE
/ © SPINEL LHERZOLITE
= HORNBLENDE OLIVINE
WEBSTERITE
o MEGACRYSTS

FeSiO3

MgSiOz MgSiO3

Fig. 5. Quadrilateral compositions of pyroxenes from in-
clusions and megacrysts from Fry (A) and Ruby (B) Mountains.
Tie lines connect compositions of coexisting orthopyroxene and
clinopyroxene used in geothermometric calculations.

it could not be analyzed due to the small width of lamellae.
Al,0, contents of coexisting spinel and either enstatite or
diopside exhibit a positive linear relationship as noted by
Carswell (1980) and Brown et al. (1980). Clinopyroxene
megacrysts are either titaniferous augites or titaniferous
salites (Enzg 4, W036 43, Fig. 5). All clinopyroxene mega-
crysts are higher in Al Ti, and total Fe and lower in Mg,
Cr, and Ca than clinopyroxenes from spinel lherzolite.
Charge balance considerations require that virtually all
iron in pyroxenes from both inclusions and megacrysts be
divalent.

Olivines (Table 3) from 3 of the 4 lherzolite nodules have
a restricted Mg/(Mg + Fe) compositional range between
Fogo 3 and Fogq ;. Inclusions RMD and FMCS-1 (am-
phibole olivine websterite) contain olivines whose compo-
sitions are close to Fog,. Both RMD and FMCS-1 exhibit
textures (e.g., RMD pyroxenes exhibit spongy border zones
and FMCS-1 contains poikilitic amphibole) which imply
partial re-equilibration at P-T conditions different than
the conditions of initial formation.

Spinels exhibit significant compositional variability in Cr
and Al (Table 3). In lherzolites, Cr,0; ranges from 8.4 to
19.2 wt.% and Al,O, from 45.5 to 59.9 wt.%. Spinels in
garnet websterite average 3.5 wt.% Cr,0, and 64.1 wt.%
Al,0,. Mg and Fe content varies also, but not as much as
Cr and Al Trace amounts of Mn occur in the tetrahedral
sites of most spinels. The compositions of spinels in terms
of Cr x 100/Cr + Al) and Mg x 100/(Mg + Fe**) are
illustrated in Figure 6. Irvine (1967) has defined a field for
spinels from ultramafic nodules in alkaline volcanics and
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Table 3. Representative compositions of olivines and spinels from Fry and Ruby Mountain inclusions

Olivines Spinels

RMA RMD FMCS~-1 FMCS-3 FMCS-7 RMA RMD FMCM-2  FMC5-3 FMCS-7
810, 40.46  39.50 39.13  40.93  40.99 0.13 0.17 0.13 0.14 0.18
Ti0, 0.01 0.01 0.03 0.00 0.00 0.14 0.09 0.03 0.12 0.11
Al,04 0.00 0.00 0.00 0.00 0.00 58.02 46.20 63.94 53.15 59.92
Cry04 0.00 0.00 0.03 0.04 0.00 9.18 19.65 3.52 13.35 8.45
rFeol 10.15 16.85 15.92 9.39 92.89 10.63 17.84 11.69 14.25 11.24
MgO 48,28 43,43 43,12 50.56 50.36 19.89 15.29 20.09 20.45 21.26
Ca0 0.07 0.07 0.09 0.08 0.07 0.00 0.00 0.00 0.00 0.00
MnO 0.18 0.29 0.23 0.15 0.13 0.11 0.28 0.05 0.02 0.11
NiO 0.45 0.37 0.23 0.43 0.42 S - ™= = e
Total 99.60 100.52 98.78 101.58 101.86 98.10 99.52 99.45 101.48 101.27

Formula Proportions Based On 3 Cations

si 0.9988 0.9961 1.0011 0.9843 0.9846 0.0033 0.0047 0.0032 0.0036 0.0044
Ti 0.0001 0.0002 == = 0.0027 0.0018 0.0005 0.0023 0.0021
Al - —= - —_— 1.7915 1.5084 1.9136 1.6213 1.7831
Cr e — 0.0006 0.0007 0.1901 0.4304 0.0707 0.2731 0.1686
Fe 0.2095 0.3554 0,3407 0.1890 0.1988 0,2329 0.4132 0.2483 0.3085 0.2373
Mg 1.7771 1.6328 1.6448 1.8126 1.8037 0.7768  0.6314 0.7606 0.7887 0.8004
Ca 0.0017 0.0019 0.0024 0,0020 0.0020 == = - oy -
Mn 0.0038 0.0061 0.0050 0.0030 0.0026 0.0024  0.0064 0.0010 0.0005 0,0022
Ni 0.0088 0.0074 0,0048 0.0082 0.0082 = = 3 — -
Fo 89.3 81.8 82.6 90.4 89.9

1: Total Fe calculated as FeO.

kimberlites, and most spinels plot within this field. The
only exceptions are in one lherzolite nodule (FMCS-7) and
the garnet webseterite (FMCN-2). The spinels are compo-
sitionally similar to those in peridotite at Cima Dome and
Dish Hill and to spinel in the Dish Hill garnet clinopyroxe-
nite (Fig. 6).

Garnets in the garnet websterite (FMCN-2) are
PygssAl 3Gry, (Table 4). The garnets exhibit negligible
zoning or differences in composition whether they occur as
discrete grains or as rims on spinel. The garnets from this
inclusion are compositionally similar to those in the Dish
Hill garnet clinopyroxenite (ie, Pyg;Al,;Gr,,, Shervais
and others, 1973) except that the Fry Mountain garnets
contain 1 wt.% less Al,O, and about 1 wt.% more MgO.

Kaersutite poikilocrysts comprise approximately 14% of
the mineral mode of inclusion FMCS-1 from Fry Moun-
tain. Cognate megacrysts of kaersutite from Ruby Moun-
tain (Table 4) have lower MgO and Na,O, slightly lower
Cr,0,, and higher K,O and total iron. The Dish Hill vein
amphibole in peridotite (Wilshire and others, 1971) is
almost identical in major element composition to the am-
phibole in sample FMCS-1.

Thermobarometry

The pressure-temperature crystallization conditions of
ultramafic inclusions can be estimated or at least bracketed
by assuming equilibrium partitioning of cations among
coexisting minerals. Numerous reliable geothermometers
are available, although geobarometers (particularly for
spinel lherzolites) are limited. Since compositional zoning
within minerals from individual inclusions from Ruby and

Fry Mountains is minimal, the compositions presented in
Tables 2—4 were used in all calculations.

The most commonly used geothermometers are based on
Fe/Mg partitioning between coexisting clinopyroxene and
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Fig. 6. Cr/(Cr + Al) versus Mg/(Mg + Fe* *) compositional re-
lationships of spinels in ultramafic inclusions from Fry and Ruby
Mountains and other Mojave Desert localities. Dashed line en-
closes the approximate field of spinels in peridotite inclusions and
kimberlites as defined by Irvine (1967).
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Table 4. Representative compositions of garnet and amphibole
from Fry Mountain websterite inclusions and amphibole
megacrysts from Ruby Mountain

Garnet Amphibole

FMCN-2 FMCS-1 r2DB!
510, 42.56 40.69 39.88
Ti0, 0.13 4.96 5.04
41504 23.98 13.61 13.44
Cry04 0.47 0.17 0.23
Fe0? 9.23 8.30 13.86
Mg0 19.35 15.05 10.70
Ca0 5.35 10.80 10.43
MnO 0.31 .10 .14
K20 — 1.32 1.85
Na,0 = 3.02 2.77
Total 101.38 98.04 98,34

8 Cations 15 Cations (Minus Na,K)

Si 2.9898 6.0045 6.0695
i1} 0066 +5511 5777
Al 1.9868 2.3678 2.4126
Cr .0261 0194 .0279
Fe «5423 1.0250 1.7649
Mg 2.0275 3.3118 2.4290
Ca «4025 1.7074 1.7005
Mn L0184 .0129 0177

KX =
Na -

«2482
.8701

.3595
.8191

1 megacrysc
2: Total Fe as Fe0

orthopyroxene. Table 5 presents the result of calculations
based on the methods of Mori (1977), Wells (1977), and
Wood and Banno (1973) for six Fry and Ruby Mountain
ultramafic inclusions. Calculated temperatures for individ-
ual inclusions generally have a 200°C scatter; the Mori
geothermometer yields the highest estimates and the Wells
method the lowest. The temperatures range from a mini-
mum 934°C (Wells geothermometer on RMD) to a maxi-
mum of 1255°C (Mori geothermometer on FMCS-1). For
any one particular method, however, temperatures calcu-
lated for the entire suite do not vary by more than 75°C.
All of the calculated temperatures are similar to or lower
than the 1200-1300°C liquidus temperatures estimated for
basanitic melts at pressures between 25 and 30 kbar, with
H,O contents between 2 and 7 wt.% (Green, 1973). Thus
all the inclusions probably equilibrated at comparable tem-
peratures, not far removed from those of the source regions
of their basanitic melt hosts.

Geobarometric estimates for ultramafic inclusions are
predominantly based on Al,O; solubility in ortho-
pyroxenes (e.g., MacGregor, 1974). Unfortunately, the
alumina isopleths within the spinel field are not particu-
larly pressure sensitive (see Hertzberg, 1978, Fig. 6). Mini-
mum pressures for Ruby and Fry Mountain inclusions,
calculated using Hertzberg’s (1978) equation 31, are ap-
proximately 36 kbar, which is unreasonably high for spinel
lherzolites.

Recently, a geobarometer based on calcium content of
olivine coexisting with orthopyroxene and clinopyroxene
was suggested by Finnerty and Rigden (1981). They dem-
onstrated a method that produces petrologically reason-

NEVILLE ET AL.: ULTRAMAFIC INCLUSIONS IN ALKALINE BASALTS

able results when temperatures are calculated using the
method of Wells (1977). Olivines in ultramafic inclusions
from Fry and Ruby Mountain range from 0.06 to 0.13
wt.% CaQ, thus yielding a pressure range of 19-28 kbar by
assuming a mean CaO content of 0.08 and a possible tem-
perature range of 930-1000°C.

Maximum pressures of stability for spinel lherzolite in
the CMAS system have been experimentally delineated by
a number of workers (e.g. MacGregor, 1965; O’Hara et al.,
1971; Newton, 1978; and O’Neill, 1981). Recently, O’Neill
(1981) has experimentally investigated the effects of Cr,O,
on the spinel-garnet transition. At a given isotherm, in-
creasing Cr,O5-content of spinel will dramatically increase
the equilibrium pressure for the reaction: spinel + ortho-
pyroxene = garnet + olivine. Assuming 1000°C for the
equilibrium temperature of the Fry and Ruby Mountain
inclusions, the range in Cr,O; content of spinels (3.5 to
19.7 wt.% Cr,0j,, Table 3} yields equilibrium pressures of
18-23 kbar. If FeO contents of inclusion olivines (which
average Fo,,) are accounted for, these pressures are low-
ered to approximately 15-20 kbar (O’Neill, 1981, Fig. 5).

The Fry Mountain garnet websterite must also have
equilibrated at pressures below 20-23 kbar if the observed
assemblage of orthopyroxene, clinopyroxene, spinel, and
garnet is stable. The spinel-garnet transition in peridotites
is defined by the reaction: spinel + orthopyroxene =
garnet + olivine (O’Neill, 1981). Thus in the model system,
MgO-Si0,-Al,0;, the three phase sub-assemblage of or-
thopyroxene + garnet + spinel is stable on the lower
pressure (and/or higher temperature) side of this reaction,
for bulk compositions (such as websterites) that are MgO-
depleted with respect to lherzolites or harzburgites. Re-
connaissance calculations based on a combination of esti-
mated modes and mineral compositions indicate that the
garnet websterite (FMCN-2) inclusion has significantly
lower (MgO/(MgO + Al,0; + SiO,X=0.26) than does a
representative spinel lherzolite inclusion (e.g, FMCS-3
with mode of 46% olivine, 38% orthopyroxene, 13% clin-
opyroxene, and 3% spinel, and MgO/(MgO + Al,O; +
Si0,) = 043) from the same locality. The temperature
estimates (Table 5) do not indicate that the garnet web-
sterite inclusion equilibrated at significantly different con-
ditions than the spinel lherzolites from Fry Mountain.
Therefore, we suggest that the garnet websterite inclusion

Table 5. Equilibration temperatures for ultramafic inclusions
from Fry and Ruby Mountains, based on various two pyroxene
geothermometers

Mori (1977) Wells (1977) Wood & Banno (1973)

RMD 1188 £ 35 934 £ 70 1009 % 60
RMA 1178 + 35 952 + 70 1053 £ 60
FMCS-7 1220 ¢ 35 984 = 70 1085 £ 60
FMCS-3 1233 £ 35 1003 £ 70 1102 £ 60
FMCS-1 1255 ¢+ 35 992 + 70 1037 + 60
FMCN-2 1197 £35 955 = 70 1041 + 60
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most likely derived by recrystallization of a more alumi-
nous, less MgO-rich protolith than did the spinel lherzo-
lites, but apparently under similar conditions, temperatures
between 950 and 1200°C and pressures below 23 kbar. Fur-
ther evidence for a relatively low pressure origin of the
garnet websterite inclusion is indicated by garnet-
orthopyroxene barometry (equation 5 of Harley and
Green, 1982), which yields equilibrium pressures of ap-
proximately 10 kbar.

All of the ultramafic inclusions found at Fry and Ruby
Mountains are interpreted to be accidental upper mantle
fragments as indicated by their tectonite textures, mineral
assemblages, and thermobarometry. The kaersutite-bearing
olivine websterite inclusion is also interpreted to be an
accidental upper mantle fragment that has been subjected
to mantle metasomatism (e.g., Wilshire et al., 1980; Boett-
cher and O’Neil, 1980). The depth to the mantle in the
Mojave and adjacent San Bernardino Mountains is esti-
mated to be between 30 and 35 km (Hadley and Kanamori,
1977). Thus, minimum pressures for mantle-derived in-
clusions are between 8.5 and 10.0 kbar, consistent with the
barometric calculations and the plagioclase-spinel transi-
tion (Green and Hiberson, 1970).

Garnet websterite

Garnet-bearing peridotite has been classified as a distinct
nodule group, the garnetiferous ultramafic group, by Wil-
shire and Shervais (1975); according to them this inclusion
type does not belong to the Cr-spinel series. Garnet peri-
dotite is extremely rare in basaltic rocks and when present
is thought to represent accidental upper mantle fragments
(Shervais et al,, 1973). It is believed that the garnet web-
sterite collected at Fry Mountain is only the second garnet-
bearing inclusion in basalt to be found in the western
United States, the first being a garnet clinopyroxenite dis-
covered at Dish Hill (Shervais et al,, 1973). Other garnet
peridotite discoveries in the western United States have
been confined to kimberlite hosts in the Colorado Plateau
region (e.g., Helmstaedt and Doig, 1975).

The garnet websterite of Fry Mountain and the garnet
clinopyroxenite of Dish Hill have dissimilar modal compo-
sitions (Fig. 3). Orthopyroxene, garnet, and spinel are en-
riched in the Fry Mountain inclusion relative to the Dish
Hill inclusion. Mineral compositions, however, do not
differ significantly.

Texturally, these two inclusions share some common fea-
tures: (1) both exhibit tectonic deformation textures; (2)
garnet occurs mainly as reaction rims on spinel and as
subordinate distinct grains; and (3) recrystallization tex-
tures are present. Important textural dissimilarities are: (1)
grain sizes differ greatly between the two and (2) exsolution
features are prevalent throughout the Dish Hill sample and
are rare in the Fry Mountain inclusion.

To explain its deformation and recrystallization textures
Shervais et al. (1973) interpreted the Dish Hill garnet clin-
opyroxenite as an accidental inclusion derived from the
upper mantle. They believe that garnet formed in the Dish

Hill sample by subsolidus reaction between clinopyroxene
and spinel and by exsolution from clinopyroxene. The
garnet websterite from Fry Mountain is also an accidental
upper mantle fragment, but lacks textural indications of
recrystallization by the reaction mechanisms postulated for
Dish Hill.

Alkaline basaltic volcanism of the Mojave Desert

region

The outcrop characteristics, bulk chemical composition,
and mineralogy of the basalt province that includes the Fry
and Ruby Mountain localities resemble those of the other
late Cenozoic, alkaline basalts farther north in the Mojave
Desert. The entire set of Mojave occurrences is in turn
correlative (Glazner, 1981; Katz and Boettcher, 1980), with
the late Cenozoic alkaline volcanism of the Basin and
Range province (Leeman and Rogers, 1970; Best and Brim-
hall, 1974)—a tectonic setting characterized by high heat
flow and a thinning crust. In both the Basin Range and
Mojave Desert provinces, magmas appear to have been
generated at depths ranging from 40 to 60 km by no more
than 20% partial melting of a peridotite mantle (Leeman
and Rogers, 1970).

The MgO-Si0,-TiO, contents, the tectonic setting and
the detailed age distributions do, however, reveal signifi-
cant differences between the basalts that bear inclusions at
the Fry and Ruby Mountain localities and their counter-
parts to the north in the Central Mojave. The Fry and
Ruby Mountain basalts are relatively primitive (i.e., some-
what richer in MgO) and this may reflect changes in the
pressures, temperatures, or compositions of source regions
for the alkaline basaltic magmas during the last 10 m.y.
Available age determinations indicate that the alkaline ba-
saltic volcanism in the Fry and Ruby Mountain area began
no more than 10 m.y. ago and ceased approximately 6 m.y.
ago. The latest age assessments for alkaline basalts in the
Central Mojave (Dohrenwend et al., 1984) indicate that the
volcanism began approximately 6 m.y. ago and has contin-
ued into historic time.

The Fry and Ruby Mountain localities are part of a
basalt province that is preserved in the eastern San Ber-
nardino Mountains and immediately adjacent basins. This
part of the Transverse Ranges belonged to the Mojave
Block until the onset of a late Cenozoic, transpressional
uplift (Sadler, 1982) that was probably a response to the
local orientation of the San Andreas fault. Although the
most spectacular uplift, associated with thrust faults, ap-
pears to have occurred 2-3 m.y. ago, Sadler and Reeder
(1983) argue that the 4-6 m.y. inception of basin formation
at the sites of later thrust faulting is the first record of
transpressional tectonics. One experimental model of trans-
pressional uplift (Bartlett et al, 1981) indicates a
mushroom-like cross section with a deep, tapered “root”
zone. The local termination of alkaline basalt volcanism in
and near the San Bernardino Mountains and its northward
shift coincident with the onset of transpressional effects
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may be evidence of “root” zone influences as deep as 40-60
km—the likely depth of magma genesis.
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