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Abstract

Olivine-r ich spinel-peridoti te xenoli ths from basanitoid f lows and pyroclastics, Black Rock
Summit, Nevada, contain pecul iarly Cr-r ich orthopyroxenes (average lVo CrzO') and low-Ca
chromian cl inopyroxenes ( I  5- l87o CaO).

Electron probe analyses, including a scan across an orthopyroxenite veinl ike structure in
one sample, reveal that there are signif icant composit ional variat ions within megacrysts and
pyroxenes of peridoti te xenoli ths over distances of only a few mil l imeters. These variat ions
lead to large apparent gradients in pressure and temperature when calculated by current
methods and plotted on the widely-used P-T diagrams of Maccregor (1974) and Boyd (1973).
The chemical variat ions in the scanned specimen are systematic and thus are not due to
analyt ical error, but probably are caused by metasomatic and other reactions in the source
areas of the ultramafic rocks. The presence of these variat ions brings into question the
assumptions upon which current petrogenetic grids are based, and strongly suggests that the
interpretat ion of P-T curves as fossi l  geotherms is premature.

Introduction

Clinopyroxene megacrysts and spinel-facies per-
idotite xenoliths collected from Black Rock Summit,
Nevada (Trask,  1969) are o l iv ine-r ich.  Many conta in
a distinctive bottle-green pyroxene that resembles
neither the apple-green (Cr-diopside) nor the black
(Al-augite) pyroxene-bearing spinel-facies peridotite
xenoliths at the same location. The bottle-green pyrox-
enes have been distinguished in peridotites at a num-
ber of other localit ies in the United States (H.G.
Wilshire, personal communication, 1974).

The collection of xenoliths from Black Rock Sum-
mit consists predominantly of small rounded frag-
ments with an average diameter of 27 mm, although
some are angular, and a few appear to have broken
along a preferred direction producing a tabular
shape. Xenolith textures range from unsheared al-
lotriomorphic-granular types with relatively large
grain-size (up to 2 mm) to highly-sheared mylonites
of very fine grain-size. Most allotriomorphic-gran-
ular  xenol i ths conta in zones of  inc ip ient  granulat ion,
especially at grain boundaries.

Megacrysts are single and twinned pyroxenes of
comparable size to the xenoliths. None of those stud-
ied is a mineral aggregate, nor is any found attached

to ultramafic host rocks. The megacrysts have
rounded shapes, are rimmed by border zones of in-
cipient melting, and are usually surrounded by host
lavas of alkalic basalt. These large crystals contain
strain lamellae, and zones of granulation are concen-
trated along the lamellae.

Compositions of rocks and minerals

Of about 80 bottle-green peridotite xenoliths in this
collection from Black Rock Summit, most were iden-
tif ied as wehrlite and only four samples as lherzolite,
based on the appearance ofthe pyroxenes in the field.
In thin section, much of the presumed clinopyroxene
has low birefringence and small extinction angles
(3-12") ,  but  opt ic-ax is  f igures y ie ld posi t ive 2Vs of
about 60o. Several thin sections contain a few pyrox-
ene grains with higher birefringence and slightly
larger extinction angles. In eight rock sections se-
lected for electron probe analysis, the larger propor-
tion of pyroxenes has very low calcium content
(l-2Vo CaO) compositionally resembling enstatite.
High-calc ium c l inopyroxene (17- l8To CaO) is  ex-
tremely scarce. In addition, several rocks that ap-
peared to contain two pyroxenes (based on birefrin-
gence and extinction angles), in fact have only one
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pyroxene, either high-or low-calcium. By these analy-
ses, the eight rock sections were redefined as lherzo-
lite (4), wehrlite (2), and harzburgite (2).

The analytical results reveal that low-calcium pyrox-
enes in the rocks have a high chrome content (about
lvo Cr2Os, Table l), which apparently produces the
bottle-green color and the unusual optical properties.
Based on the chemical compositions, these minerals
wil l here be referred to as orthopyroxene. These or-
thopyroxenes have alumina contents that vary from
2.2-6.2 percent in rocks with coexisting clinopyrox-
ene, but are constant at about 3 percent in harzburg-
ite xenoliths (Table l). Clinopyroxenes are small
and scarce in all lherzolite nodules. The clinopyrox-
enes in xenoliths and megacrysts all have calcium
contents lower than the diopside range (CaO
18.6-15.57o) (F ig.  I  )  and conta in 1.5-1.2 percent
CrrOr. Figure I shows that the analyzed clinopyrox-
enes in wehrlites have lower calcium and the
megacrysts higher calcium contents than clinopyrox-
enes in lherzolite.

The four lherzolites have modal compositions of

Ftc.  l .  Composi t ions of  coexist ing pyroxenes in lherzol i tes.
Symbofs: fherzolite A-A, lherzolite B-O, lherzolite C-l l,
lherzol i te D-O (Table l ) ;  Area Z-composi t ion of  pyroxenes
from wehrlites, Area M-composition of megacrysts.

olivine ) orthopyroxene ) clinopyroxene. One of
the four (lherzolite C, Table 1), does not contain
spinel in the section, and another (lherzolite B, Table
I ) appears to be an olivine-rich harzburgite with a
veinlike concentration of orthopyroxenite. This
"vein" contains large clumps of spinel and a few tiny
clinopyroxene grains. This specimen also has a grain
of pigeonite (CaO - 5Vo, see 9: Figs. l, 2A; and

Table 3) in the center of the olivine-rich portion.

Figure 2 is a graph of an electron probe traverse
across orthopyroxene and spinel grains of lherzolite
B.  F igure 2A shows that  the composi t ional  var iat ions
in the pyroxenes of this rock are systematic across the
"vein" and into the harzburgite; the largest composi-
tional gradients occur in the area transitional be-
tween pyroxenite and harzburgite. Spinels (Fig. 28)
show a typical variation in Cr2O3 and AlrO' (Wilshire
and Shervais,  1975),  but  chromium and a luminum in
the orthopyroxenes do not have the expected inverse
relation. This is diff icult to explain unless some un-
completed mass transfer of ions is frozen into the
sample. This type of relation has been found in some
amphibole veins from peridotite (C. E. Meyer, per-
sonal  communicat ion.  1975).  The o l iv ines in  the
lherzolites have lower forsterite contents (Foro-Fo'.)
compared to most lherzolites, and have litt le varia-
tion within samples (e.g., there is no variation in
olivine compositions across the traverse of or-
thopyroxenes in Fig. 2,A). Spinels, however, vary
greatly in alumina and chrome contents between xe-
noliths (18-44Vo Al2O3, 50-20Vo CrzOa; see Table 2).

Of the two wehrlites (olivine ) clinopyroxene)
and two harzburgites, one (wehrlite A,Table 2) con-
tains spinel. Both wehrlites are mylonitized. Wehrlite
A (Table l ,  F ig.3)  has a large var iat ion of  Ca-content
in the clinopyroxene (Table I ). Since the xenolith is
small and the content of clinopyroxene is very small
and spatially concentrated (clustered within a dis-
tance of I cm) in the wehrlites, even the smaller
variation of Ca-content in wehrlite B is significant
(F ig.  3) .  I t  seems unl ike ly  that  th is  var iat ion could be
due to cumulate fractionation processes.

The lack of spinel in some of the rocks is thought
not to be significant in terms of phase relations. The
samples are so small that only one thin section can be
made from most of the xenoliths, and spinel grains
are not abundant in any of the rocks (except lherzo-
lite B). Thus, all the samples are treated here as
spinel-facies rocks.

Calculation of pressure and temperature
Boyd (1973),  Nixon and Boyd (1973) and MacGre-

gor  and Basu (1974) have used composi t ional  data

COMPOSITION OF COEXISTING
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from pyroxenes in xenoliths, in conjunction with ex-
perimental data from idealized systems, to construct
pressure-temperature curves that they interpret as
ancient geotherms. These curves are thought to repre-

T,rrn l r  2.  Spinel  composi t tons
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sent pressure and temperature conditions of equil ib-

rium crystall ization or recrystall ization for the xeno-

lith's pyroxene phases at various levels of the mantle,

sampled by the host basalt or kimberlite. Wilshire

and Jackson (1975) presented data which indicate

that problems exist in this approach. Data collected

in this research present similar problems.

According to the method of plotting "geotherm"

diagrams, temperatures for a rock are determined

from the Di-En solvus, and thus depend on the Ca-

content of clinopyroxenes in equil ibrium with or-

thopyroxene (Davis and Boyd,  1966;  Ross and Hueb-

ner, 1976), while pressures are determined from the

Al-content of the orthopyroxene, and may be cor-

rected for CrzO, and Na (Boyd, 1973; Wood and

Banno,  1973;  Akel la  and Boyd,  1974;  MacGregor,

1974;  Wood,  1914;  Merc ier  and Carter ,  1975).  Be-

cause determining pressures by this method requires

that the rocks contain two pyroxene phases, wehr-

l ites, harzburgites, and megacrysts may not be used

to construct geotherms. Figure 3 is a plot of Ca-Mg

ratio us. minimum temperature for wehrlites and cli-

nopyroxene megacrysts (data, Table 1), using the

Longifudinol distonce (mm)
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TlsI- r  3.  Microprobe analyses (matr ix  corrected) of  phases
l is ted in Tables l ,  2;  F igures l -4
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Frc. 3. Ca-Mg ratio uJ temperature for megacrysts and clino-
pyroxenes from wehrlites (Davis and Boyd, 1966 solvus). Symbols:
wehrl i te l- ! ,  wehrl i te B-O; megacryst l-O, megacryst
B-f, megacryst C-A, megacryst D-V.

solvus of Davis and Boyd (1966). l t  demonstrates

that composit ional variat ions within a xenoli th can

profoundly affect the calculated temperatures. The
values in Figure 3 show an apparent minimum tem-
perature spread of 20' between analyzed points in
one megacryst and 40o in another. The temperature
change occurs between points that are no more than I
mm apart in either case.

Calculated temperatures for lherzolites seem to
show significant variations also, but there are so few
clinopyroxenes that statistical proof of significance is
not possible (Table l). Many more orthopyroxenes
are identif iable, and their AlrOr variations were used
to calculate pressures, using the petrogenetic grid of
MacGregor (1974). The systematic chemical varia-
tions shown in Figure 2Acreate apparent differences
in calculated pressures (Figure 4), which reveal a
spread in pressure of 2000 to 7000 bars for three
xenoliths; the 7000-bar difference occurs over a dis-
tance of 3 mm. In addition, only six of the twenty-one
calculated values plot within the field of spinel stabil-
ity, though this is uncorrected for the variation in
spinel compositions. The large spread in pressure
values occurs in the transition zone of the orthopy-
roxenite "vein" (points 5-7, Fig. 24; point 7 is
marked in F ig.  4) .

Discussion

Low-calcium clinopyroxenes in the analyzed
lherzolite xenoliths from Black Rock Summit pro-
duce high calculated temperatures which, combined
with relatively low alumina contents in orthopy-
roxene, put the pressure and temperature of equil i-
bration for these rocks into the high-7, high-P garnet
peridotite facies region, according to MacGregor's
(1974) petrogenetic grid. Even if the discrepancy be-

tween expected equil ibrium conditions and actual
pyroxene compositions can be remedied by account-

ing for coexisting spinel compositions, it is sti l l  im-
possible to construct a geotherm from rocks which

contain significant apparent pressure and temper-
ature variations within a single thin section. Calcu-
lated temperature gradients of as much as 40o/mm

found in single megacrysts and of 10'/mm in single

rock sections suggest that even larger apparent varia-

tions might be observed, could the entire source te-
gion be sampled. The apparent pressure gradient of I

kbar/mm in plotted pressure values from lherzolites

substantiates this inference and suggests strongly that

these rocks are not equil ibrated, and at least in the
veined rocks, classic equil ibrium was never reached.
The systematic chemical changes in lherzolite B sug-
gest that the calculated P-T variations in that rock

may be due to mass transfer of ions in an open

system, rather than to real variations of pressure and

temperature. Since the bulk composition of a system

is a major factor contfoll ing the composition of
phases crystall izing in that system, the high chro-
mium contents of orthopyroxenes in these rocks in-

dicate that an unusual bulk compositon may have

contributed to the failure of current petrogenetic
grids to define conditions of formation using ideal-

ized systems.

Conclusion

The complexity of natural systems renders diff icult

any comparison with simplif ied model systems. While
it is necessary to study the complex systems by using

t0 rs 20 25 30 35 40 45
P (tbor)

Frc.  4 Plot  of  calculated pressures and temperatures f rom co-

exist ing pyroxenes in lherzol i tes (P-I  gr id of  MacGregor,  1974;

plot ted f rom values in Table l ) .  Symbols:  lherzol i te,4-A,  lherzo-

l i te B-O, lherzol i te C-L] ,  lherzol i te D-O.

F
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approximate compositions so that conditions can be
controlled and variables kept to a manageable num-
ber, drawing far-reaching conclusions on such bases
is hazardous. Data presented by Wilshire and
Shervais (1975) and Wi lsh i re and Jackson (1975),  as
well as the present work, indicate that published P-Z
grids and corrections are preliminary steps in defin-
ing the conditions of formation of natural rocks, and
much more remains to be understood about variable
bulk compositions as well as varying temperature and
depth of formation before evolution of natural sys-
tems can be more accurately defined. These data in-
dicate that the compositional variations within a
single small xenolith could be as great or greater than
the variations in a collection of xenoliths. Calculated
pressure-temperature variations derived from a given
xenolith collection must be interpreted cautiously:
l ines drawn through such points on a P-T plot may
not be real fossil geotherms, but may actually be
a r t i f ac t s  o f  compos i t i ona l  changes  and  d i s -
equil ibrium in the source region.
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