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Abstract Orthopyroxene porphyroblasts zoned to inte-
riors abnormally low in Al and Cr and containing nu-
merous inclusions of olivine occur in some spinel
peridotite xenoliths from the Colorado Plateau. Rims of
these orthopyroxene grains contain 2.5±3.0 wt% Al2O3,
consistent with equilibration in spinel peridotite at
temperatures near 850 °C, but interiors contain as little
as 0.20 wt% Al2O3 and 0.04 wt% Cr2O3. The Al-poor
compositions are inferred to have equilibrated in chlo-
rite peridotite, before porphyroblast growth during
heating and consequent reactions that eliminated talc,
tremolite, and chlorite. The distinctive orthopyroxene
textures are inferred to have formed during reaction of
talc and olivine. Rare intergrowths of orthopyroxene
plus diopside are attributed to olivine-tremolite reaction.
Al and Cr have gradients at grain rims that appear little
modi®ed by di�usion, but divalent elements are almost
homogeneous throughout the porphyroblasts. Judging
from the relative gradients, di�usion of Ca was at least
100 times faster than that of Al and Cr at the temper-
atures near and below 850 °C. Di�usion of Al and Cr
was most e�ective along subgrain boundaries, and along
these boundaries it appears to have been at least ten
times faster than within the lattice: di�usion along such
boundaries may be a dominant mechanism for re-
equilibration of orthopyroxene at low mantle tempera-
tures. Orthopyroxene with similar low Al and Cr occurs
in chlorite peridotite xenoliths from the Navajo ®eld,
300 km east of the Grand Canyon localities, and in
spinel peridotite xenoliths from the Sierra Nevada,
500 km west across the extended Basin and Range
province. Chlorite peridotite may therefore have been a
signi®cant minor component in much of the mantle
lithosphere of western North America, although evi-
dence for it would be erased at the higher temperatures

recorded by xenoliths from the Basin and Range.
Chemical changes during hydration may have been im-
portant in the evolution of these mantle volumes, and
the case for addition of Sr is particularly strong. Dehy-
dration reactions during heating could have in¯uenced
patterns of extension and crustal magmatism.

Introduction

Unusual textures and Al-poor compositions of ortho-
pyroxene in spinel peridotite xenoliths from the Grand
Canyon ®eld provide insights into how the mantle
evolves and how pyroxenes re-equilibrate. Host rocks
for these xenoliths are basaltic ¯ows and cinder cones of
the Colorado Plateau in northwestern Arizona at about
36°15¢N, 113°15¢W (Best and Brimhall 1974; Hamblin
1994; Wenrich et al. 1995). The xenoliths are from three
localities described by Best (1970): Vulcan's Throne,
Toroweap ¯ow, and Mt. Emma. Reconstructions of the
xenolith histories are of particular signi®cance because
of the tectonic setting of these rocks. The Colorado
Plateau is thought to have been above a shallow sub-
duction zone during part of Cenozoic time (Dickinson
and Snyder 1978; Severinghaus and Atwater 1990), and
the xenolith studies help to clarify what processes were
important there and above other subduction zones.

Orthopyroxene in some of these xenoliths occurs in
large grains that contain numerous small inclusions of
olivine and that are set in a granoblastic matrix (Best
1974a). Riter and Smith (1996) found that the large
orthopyroxene grains in two samples are zoned from
rims with 2.5±3.1 wt% Al2O3 to interiors with as little as
0.40 wt%, a remarkably low value for mantle xenoliths;
they suggested that the zonation at least in part recorded
heating, and that the low-Al interiors may have formed
in a di�erent mineral assemblage. Alibert (1994) sug-
gested that these xenoliths are from mantle depleted by
Proterozoic melting and later metasomatized by both
melts and aqueous ¯uids, and she noted that an aqueous
¯uid could have caused Si-enrichment and consequent

Contrib Mineral Petrol (1997) 127: 391±404 Ó Springer-Verlag 1997

D. Smith (&) á J.C.A. Riter
Department of Geological Sciences (C1100),
University of Texas, Austin, TX 78712, USA

Editorial responsibility: T.L. Grove



growth of large orthopyroxene grains. Spurred by the
discovery of orthopyroxene yet lower in alumina
(0.20 wt% Al2O3) than any analyzed by Riter and Smith
(1996), we have investigated the zonation to reconstruct
the histories of these rocks, the processes of mantle
metasomatism, and the processes by which low-Al or-
thopyroxene forms and re-equilibrates.

Characteristics of spinel peridotite xenoliths
from the Grand Canyon ®eld

Textural overview

Best (1974a) grouped the xenoliths into three textural types (G, M,
and P), and Alibert (1994) added additional details. The Type-G
(for granoblastic) xenoliths are predominately equigranular mosaic
to allotriomorphic granular, in the terminology of Pike and Sch-
warzman (1977). Even in Type-G rocks, however, many grains of
orthopyroxene are larger than those of other minerals, and some of
these rocks are transitional to types M or P, which are character-
ized by texturally unusual porphyroblasts of orthopyroxene. Type-
M (for megacrystals) samples contain large turbid orthopyroxene
grains up to 1 cm in diameter, with the turbidity in part due to ®ne
oriented rods of spinel; rims of orthopyroxene megacrysts and
matrix grains are clear. Type-P (for prismatic, poikiloblastic) rocks
contain relatively clear orthopyroxene in prisms and blades elon-
gate parallel to c and up to 25 mm in length; the elongate grains
contain abundant inclusions of olivine (Fig. 1). Textures of many
samples can be unambiguously assigned to one of these 3 types, but
yet other rocks have transitional characteristics. Pargasite was
present in some xenoliths of each type before eruption, although in
many samples it is now represented only by aggregates of glass,
pyroxene, olivine, and spinel.

Textures of Type-P rocks

Orthopyroxene anomalously low in Al has been found only in in-
teriors of large grains in Type-P rocks. Anhedral olivine inclusions
are abundant in these large pyroxene grains (Fig. 1), and some of
the inclusions are in swarms with common optical orientations. In

some swarms with diameters near 1 mm, the inclusions are ``dust-
like,'' near 0.01 mm diameter. Other olivine inclusions have di-
ameters up to 1 mm and irregular outlines that appear due to re-
sorption. Inclusions other than olivine are not abundant in these
porphyroblasts, except for tiny grains of glass (?) concentrated on
irregular planes. Equant spinel inclusions occur in orthopyroxene
rims but were not observed in low-Al interiors. Rare clinopyroxene
inclusions are not shaped like lamellae. At the ends of some elon-
gate orthopyroxene grains and approximately parallel to their long
dimensions (c axes), ``®ngers'' of orthopyroxene extend into oli-
vine-rich matrix (Fig. 2).

Clinopyroxene porphyroblasts with inclusions of olivine are
present in some rocks but are much less common than those of
orthopyroxene. The absence of exsolution lamellae is a noteworthy
feature of Type-P orthopyroxene porphyroblasts and clinopyroxene
grains. However, Best (1974a, p 231) described a ``very few nod-
ules... where two-pyroxene intergrowths//(100) are conspicuously
present... believed to represent extensive unmixing from subcalcic
clinopyroxenes''; we did not observe these rare intergrowths.

Olivine, orthopyroxene, and clinopyroxene in matrices of the
Type-P rocks are typically equigranular, but spinel occurs both in
anhedral grains up to about 1 mm in diameter and in clusters of
much smaller grains. These clusters are up to 2 mm in diameter and
contain spinel grains typically less than 0.1 mm diameter inter-
grown with and included in larger olivine. Although some clusters
contain pyroxene, the association with olivine distinguishes them
from spinel-pyroxene clusters attributed to garnet-olivine reaction
by Smith (1977). Amphibole and its decompression products are
less common than in the other two rock types, and they were not
observed in VT19, the sample studied in most detail.

Overview of mineral compositions

Minerals in 18 Cr-diopside spinel peridotite xenoliths have been
analyzed by electron probe (Riter, work in preparation), and Best
(1974 a,b) and Alibert (1994) have published additional analyses.
Except for the low-Al orthopyroxene interiors, compositions are
similar to those from other localities. Olivine in most Grand
Canyon samples is in the range Fo92 to Fo90, more depleted than
the mean of Fo89 reported by Wilshire et al. (1988) for Cr-diopside
peridotites from the western United States. Clinopyroxenes are
more depleted in TiO2 (typically 0.02 to 0.10 wt%) and Na2O
(typically 0.1 to 0.7 wt%) than those from representative Basin and
Range localities described by Galer and O'Nions (1989) and

Fig. 1 Photomicrograph of
part of an orthopyroxene
porphyroblast in rock VT19
with the orthopyroxene at ex-
tinction (crossed polarizers);
most of the many inclusions are
olivine, and olivine is also the
most abundant mineral in the
matrix around the porphyro-
blast. Best (1974a, Fig. 1B) has
also illustrated this distinctive
texture. Long dimension of ®eld
is 6 mm
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Wilshire et al. (1991). The interstitial pargasite has 0.1±0.5 wt%
TiO2, although more titaniferous amphibole occurs in veins and
glass pockets and in other xenolith types (Best 1974b; Alibert 1994).

Trace element abundances and isotope ratios of clinopyroxene
and amphibole have been measured by Alibert (1994) and Riter
and Smith (1993). The clinopyroxene analyses of Alibert (1994)
have a remarkable range of epsilon-Nd values from+1 to +147,
but much smaller relative variation in 87Sr/86Sr, from 0.7038 to
0.7047. Alibert (1994) noted that high Sr/Nd (up to 540) also
characterizes some of these pyroxenes. Riter and Smith (1993)
separated clinopyroxene from xenolith VT19, the rock in which
was found the least aluminous orthopyroxene; the acid-washed
separate has 87Sr/86Sr = 0.704635 and epsilon-Nd = 14.4 and
falls within the unusual trend determined by Alibert (1994).

General temperature-pressure constraints

Temperatures in the range 800±1000 °C are recorded by pyroxene
rims based on a variety of thermometers (Riter and Smith 1996) and
by olivine-spinel pairs based on the algorithms of Ballhaus et al.
(1991). Temperatures from two-pyroxene thermometry reported by
Alibert (1994) for compositions without textural context fall in the
similar range 710±1010 °C. Pressure are constrained only by the
depth of the Mohorovicic discontinuity at about 45 km (»1.2 GPa)
(Wolf and Cipar 1993; Zandt et al. 1995; Parsons et al. 1996) and by
the transition of spinel to garnet peridotite, placed from xenolith
studies at about 60 km depth (»1.7 GPa) by Ionov et al. (1993).

Compositional characterization
of low-Al orthopyroxene and inclusions

Electron probe analyses were made using a JEOL733
electron probe at 15 kV and beam currents of 40 to
60 nA, and most x-ray peaks of minor and trace ele-
ments were counted for 40 s. The precisions established
by 7 analyses of one orthopyroxene point over a ten-
month period are 0.47 � 0.02 (1s) wt% Al2O3,
0.040 � 0.009 wt% Cr2O3, and 0.42 � 0.02 wt% CaO.
Secondary standards, including synthetic enstatite and
NBS glass K412, were analyzed to ensure accuracy.

Orthopyroxene grains zoned from rims of normal Al
contents to interior domains containing less than

0.9 wt% Al2O3 have been identi®ed in three Type-P xe-
noliths from Vulcan's Throne. The lowest alumina in
orthopyroxene, 0.20 wt% Al2O3, was found during
analysis of one zoned porphyroblast in VT19 (Fig. 2), a
rock ®rst characterized by Riter and Smith (1996). The
bulk composition of rock VT19 (Table 1) is appropriate
for depleted peridotite, as are calculated abundances of
clinopyroxene (5 wt%) and spinel (2 wt%). Analyses of
points in rock VT19 are grouped in probable equilibrium
assemblages in Table 2. Rim orthopyroxene appears id-
entical in composition to that in matrix grains, and so
one assemblage is represented by the analyses of matrix
olivine, spinel, and clinopyroxene and either of two oc-
currences of orthopyroxene, one in the matrix and one at

Fig. 2 Optically continuous
orthopyroxene of a porphyro-
blast in rock VT19 shaded
according to wt% Al2O3. Lines
are the paths of the 4 electron
probe traverses in Fig. 4. The
contours were de®ned by these
traverses and by many
additional analyses. Inclusions
of olivine are shown schemati-
cally, and small olivine
inclusions within this grain are
much more numerous than
illustrated; many are visible in
the corresponding photomicro-
graph (Fig. 1)

Table 1 Bulk composition and calculated mode of Grand Canyon
spinel peridotite VT19

Oxide Wt%a

SiO2 45.08
TiO2 0.01
Al2O3 1.86
Cr2O3 0.40
FeO (total) 7.29
MnO 0.11
MgO 43.96
CaO 1.20
Na2O 0.08
K2O 0.00
P2O5 0.02
NiO 0.30

Mineral Wt% modeb

Olivine 64
Orthopyroxene 29
Clinopyroxene 4.5
Spinel 1.8

aXRF analysis by Washington State University GeoAnalytical
Laboratory (total to 100)
bCalculated using mineral analyses and the procedure of LeMaitre
(1981)

393



a porphyroblast rim (Analyses 1±5). Another assemblage
consists of an inclusion of clinopyroxene and nearby
orthopyroxene in a porphyroblast interior (Analyses 6,
7); that clinopyroxene is distinct in composition from

matrix grains (Fig. 3a). Spinel inclusions were not ob-
served in orthopyroxene with less than 2.6 wt% Al2O3,
and grains included in orthopyroxene of that alumina
content are more Cr-rich than matrix spinel (Fig. 3b). An
assemblage consisting of a spinel inclusion, intergrown
olivine, and adjacent host orthopyroxene is represented
by Analyses 8, 9, and 10. The inclusion assemblage rec-
ognized in the least aluminous orthopyroxene (Analysis
11) consists only of olivine like that elsewhere in the rock
and one bleb of Fe-Ni sul®de. Minerals in the two other
Type-P xenoliths with low-Al orthopyroxene are similar
to those in VT19, although the lowest Al2O3 values found
in orthopyroxene in these rocks were 0.78 wt% and 0.89
wt%; less aluminous orthopyroxene may be present, as
the large and irregularly zoned grains were characterized
by relatively few traverses.

Zonation of a VT19 porphyroblast

The Al-zonation of the analyzed porphyroblast in VT19
was de®ned by over 550 quantitative analyses for 8 or
more elements and by two qualitative X-ray maps.
Zonation of the porphyroblasts is de®ned with the best
precision by analyses for Al (Fig. 2), but contours based
on Cr are of similar shape. Spinel grains within the
porphyroblast and some near it are also shown in Fig. 2,
because Al and Cr contents of orthopyroxene can be
determined by the reaction

Mg2Si2O6 opx �MgAl2O4 spinel

�MgAlAlSiO6 opx �Mg2SiO4 olivine �1�
and by a similar reaction involving Cr (Witt-Eickschen
and Seck 1991).

The porphyroblast is elongate parallel to the c axis,
and large volumes relatively enriched in Al and Cr are at

Table 2 Electron probe analyses at points in minerals of Grand Canyon xenolith VT19 and of orthopyroxene from two other localities
(na = not analyzed)

Rock VT19 VT19 VT19 VT19 VT19 VT19 VT19 VT19 VT19 VT19 VT19 M-16 N71-GN
Point T7 T1 541 T2 DS3 3 511 543 468 470 474 S11 3 E12
Texture Matrix Matrix Matrix Matrix Rim Interior Included Interior Included Included Interior Rim by

chlorite
Mineral Ol Spinel Cpx Opx Opx Opx Cpx Opx Spinel Ol Opx Opx Opx

Analysis 1a 2 3 4 5 6 7 8 9 10 11 12b 13c

SiO2 40.9 0.03 53.3 57.0 55.5 57.6 54.4 55.4 0.02 41.1 58.1 58.5 57.2
TiO2 na 0.06 0.06 0.04 na na 0.04 na 0.08 0.00 0.02 0.04 0.00
Al2O3 0.00 51.4 2.17 3.10 3.12 1.01 0.80 2.59 41.2 0.00 0.20 0.07 0.10
Cr2O3 0.00 16.0 0.28 0.26 0.28 0.08 0.09 0.32 25.9 0.03 0.04 0.11 0.02
FeO 8.16 12.0 1.93 5.37 5.48 5.37 1.85 5.45 14.3 8.32 5.25 7.06 7.47
MnO 0.10 0.07 0.06 0.12 0.14 0.11 0.06 0.11 0.12 0.10 0.15 0.24 0.50
MgO 51.1 19.9 17.6 35.0 34.8 35.0 18.5 34.7 18.0 50.2 36.2 35.1 34.7
CaO 0.03 0.00 24.2 0.40 0.45 0.38 23.9 0.43 0.01 0.03 0.36 0.10 0.06
Na2O 0.00 0.00 0.10 0.00 0.00 0.00 0.08 0.00 0.00 0.00 0.00 0.00 0.02
NiO 0.38 0.35 na 0.09 na na na na 0.27 na 0.09 na na
Sum 100.7 99.8 99.7 101.4 99.8 99.5 99.7 99.0 100.0 99.8 100.4 101.2 100.1

aAnalyses 1 through 10 are grouped in probable equilibrium assemblages.
bAnalysis 12 is of orthopyroxene from Big Creek, California (Dodge et al. 1988) (L.C. Calk, personal communication 1996).
c Analysis 13 is of orthopyroxene in contact with chlorite from Green Knobs, New Mexico and was plotted and discussed by Smith (1979);
Rodden and Shimizu (1993) also characterized rock N71-GN and presented electron and ion probe analyses of clinopyroxene in it.

Fig. 3a, b Alumina and chrome contents of spinel and clinopyroxene
grains in rock VT19. Compositions of grains within the interior of the
orthopyroxene porphyroblast contrast in composition to those
included in the grain rim and in the matrix of the rock
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each end. Al-Cr-rich volumes are thinner at sides of the
elongate grain, as documented by the traverses in Fig. 4.
A thin internal layer enriched in Al and Cr was ®rst
noticed on an X-ray map and assumed to be an artifact,
because of its linearity and narrow width, but traverses
across this layer con®rm the presence of a linear band,
about 1000 lm long, relatively enriched in Al and Cr but
not in Ca. Peaks for Al and Cr on traverses across the
band, as in representative traverse path BB¢ (Figs. 2, 4),
are about 100 lm wide at the base and several tens of
lm near crests. This band coincides with a subgrain
boundary de®ned by a subtle change in optical extinc-
tion, and it extends into the porphyroblast from a high-
Al margin containing a spinel inclusion. Orthopyroxene
in contact with spinel inclusions is slightly enriched in Cr
and Al relative to surrounding orthopyroxene, and
gradients extend 50 to 100 lm from the inclusion con-

tacts. Olivine inclusions are distributed throughout the
porphyroblast (Fig. 1), and no relationship was dis-
cerned between the positions of these inclusions and the
zonation. No gradients of Ca or any other element were
observed to be related to the two clinopyroxene inclu-
sions.

The distribution of the divalent elements Ca, Mg, Fe,
Mn, and Ni is much more homogeneous. Concentra-
tions of Fe, Ni, and Mn appeared identical in rim and
lowest-Al orthopyroxene, and slight gradients of Mg are
opposite to those of Al. In most of the grain, Ca also is
nearly homogeneous at about 0.43 wt% CaO (Fig. 4).
The least aluminous orthopyroxene contains as little as
0.36 wt% CaO, however, and the CaO gradients and
correlation with Al2O3 shown in the 2000 to 4000 lm
interval of Traverse DD¢ in Fig. 4 were con®rmed by
reanalysis.

Fig. 4 Partial results of elec-
tron probe analyses along the 4
traverse paths shown in Fig. 2.
The precisions of these data (1s)
are similar to sizes of data
points for Al2O3 and Cr2O3 and
slightly larger than those for
CaO. Reproducibility of these
data was con®rmed by replicate
analyses; in particular, the dip
in CaO at about 3300 lm on
traverse DD¢ was con®rmed by
data acquisition on two days
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Genesis and evolution of the low-Al orthopyroxene

Possible changes during and after magma ascent

Changes that followed xenolith entrainment in the host
magma must be delineated before earlier histories can be
reconstructed. Cr-rich rims on some spinel grains are in
sharp contact with homogeneous spinel interiors, and
interstitial glass was observed adjacent to several of
them. These Cr-rich rims probably formed by reactions
with late-stage melts too late to be modi®ed by di�usion.
Orthopyroxene adjacent to rimmed spinel in one ex-
ample contains 4 wt% Al2O3 and is zoned over 90 lm to
2.3 wt% Al2O3, and such gradients may have have
formed during magma ascent. Other Al and Cr gradients
may have been modi®ed during the relatively high
temperatures accompanying ascent, with di�usion dis-
tances of less than the gradients of 50 to 100 lm mea-
sured about rimmed spinel grains. The homogeneity of
orthopyroxene in many xenoliths is evidence that the
pronounced gradients in other grains were not produced
after incorporation in the host magma.

Alternative origins of low-Al orthopyroxene

The low-Al orthopyroxene in porphyroblast interiors
must have formed at conditions unlike those recorded by
typical spinel peridotite xenoliths (Fig. 5a). Three hy-
potheses for formation of the low-Al orthopyroxene,
each with distinct implications for mantle histories, will
be evaluated here: (1) equlibration in a spinel peridotite
assemblage but at temperatures unusually low for
mantle xenoliths, (2) equilibration in an assemblage with
garnet, (3) equilibration in an assemblage with chlorite
and other hydrous minerals. These three hypotheses are
appropriate for typical peridotite compositions, like that
of rock VT19 (Table 1). Hypotheses appropriate for
unusual and di�erent compositions are not considered,
although low-Al orthopyroxene has been reported from
such mantle xenoliths as mica-amphibole-ilmenite-
diopside rock (Dawson and Smith 1977) and chromite
wehrlite (Rudnick et al. 1994).

Equilibration of matrix phases plus orthopyroxene
rims establishes the ®nal mantle conditions common to
the three alternative histories. Temperatures have been
calculated for rock VT19 using analyses in Table 1, with
a pressure of 1.5 GPa assumed as necessary. Two-py-
roxene thermometers yield 860 °C (Wells 1977) and
780 °C (Brey and Kohler 1990). The Ca-in-orthopy-
roxene thermometer of Brey and Kohler (1990) yields
880 °C, and the correlated Al-Cr-in-orthopyroxene
thermometer of Witt-Eickschen and Seck (1991) yields
870 °C. An olivine-spinel temperature is 840 °C by
Ballhaus et al. (1991). The general concurrence estab-
lishes mantle equilibration near 850 °C for rock VT19.
Calculated temperatures for the other two rocks in
which low-Al orthopyroxene was found are similar, and

so all are in the cooler part of the 800±1000 °C interval
established for Grand Canyon xenoliths by Riter and
Smith (1996).

Slow di�usion rates in pyroxene at low temperatures
constrain hypotheses for how the orthopyroxene
evolved. Pyroxene in Type-P xenoliths does not contain
exsolution lamellae, yet such lamellae are common in
pyroxene cooled slowly to below 800 °C from magmatic
temperatures. Di�usion rates of Al and Cr are less than
for divalent cations, and Smith and Barron (1991) found
that these elements di�used over maximum distances of
several hundred lm during slow mantle cooling below
800 °C. Hence, if temperatures much below 800 °C are
required to form the low-Al orthopyroxene, it could
have equilibrated by recrystallization but not by
di�usion.

Fig. 5a, b Comparisons of the low-Al orthopyroxene in VT19 with
that in other xenoliths of spinel and garnet peridotite. Data sources
are as follows. San Carlos, Frey and Prinz (1978), Hervig et al. (1986),
Galer and O'Nions (1989). Cima, Wilshire et al. (1991) and H.G.
Wilshire (personal communication 1993). Big Creek, California,
Mukhopadhyay and Manton (1994) and L.C. Calk (personal
communication 1996). Representative garnet peridotite xenoliths are
those from South Africa and the Colorado Plateau analyzed by Smith
and Boyd (1992). Enstatite unusually low in Al is in garnet peridotite
xenoliths from the Udachnaya kimberlite, Russia analyzed by Sobelev
(1977) and F. R. Boyd (personal communication 1995)
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Evaluation of the spinel peridotite hypothesis

Calculation of the conditions required to stabilize such
low-Al orthopyroxene in spinel peridotite depends upon
calibration of the orthopyroxene-olivine-spinel equilib-
rium (reaction 1). Witt-Eickschen and Seck (1991) have
developed an empirical calibration relating Al and Cr in
orthopyroxene of spinel peridotite to equilibration
temperature, but they recommend application only to a
restricted compositional range. Although that range
encompasses the Al contents of all but the most Al-poor
pyroxene in these rocks, it does not extend to the low Cr
contents common in the porphyroblast interiors. Ap-
plication to all the porphyroblast compositions yields
~870 °C for aluminous rims to ~660 °C for the lowest-Al
interior, but the temperatures below about 800 °C are
based on compositions outside the recommended range.
Hence, the hypothesis that the low-Al orthopyroxene
formed in a spinel peridotite assemblage requires con-
ditions substantially cooler than about 800 °C, but the
calculated temperatures near ~660 °C may not be accu-
rate.

The hypothesis that all the orthopyroxene composi-
tions equilibrated in a spinel peridotite assemblage is not
attractive for several reasons. First, the low-Al interiors
are distinctly lower in Al and Cr than the orthopyroxene
of almost all other spinel peridotite xenoliths (Fig. 5a).
Second, no spinel inclusions have been found within the
low-Al orthopyroxene, although locally they are com-
mon near porphyroblast rims. Finally, heating of a
spinel peridotite assemblage does not explain the dis-
tinctive textures of these rocks.

Evaluation of the garnet hypothesis

Orthopyroxene in garnet peridotite is less aluminous
than in spinel peridotite at the same temperature, and
hence the low-Al orthopyroxene might have formed in
the garnet facies. Ozawa and Takahashi (1995) described
orthopyroxene zoned from Al-poor interiors (>1.5 wt%
Al2O3) to Al-rich margins (~4 wt%) in the Horoman
peridotite complex, and they deduced that the zonation
recorded upward emplacement of peridotite from garnet
to spinel facies. A prior history in the garnet facies is
plausible for the Grand Canyon xenoliths for at least
two reasons. First, Alibert (1994) suggested that rare-
earth element abundances in clinopyroxene established
that the rocks were residues from partial melting in the
garnet facies. Second, Smith (1977) described spinel-
pyroxene clusters in xenoliths from elsewhere on the
Colorado Plateau and suggested that these textures
formed by decompression of garnet peridotite.

Calculation of conditions required to stabilize low-Al
orthopyroxene in garnet peridotite depends upon cali-
brations of garnet-orthopyroxene equilibria. The low
alumina contents are below the ranges of experimental
calibrations, but the following results provide qualitative
constraints. For orthopyroxene with 0.20 wt% Al2O3

(Analysis 11, Table 1) and plausible garnet composi-
tions, the thermobarometer of Harley (1984 a, b) yields
660 °C at 3.1 GPa and 900 °C at 4.5 GPa. These cal-
culated temperature-pressure pairs are at least 100 °C
cooler than geotherms derived from typical xenolith
suites of cratonic kimberlites (Finnerty and Boyd 1987).

Recrystallization of cool garnet peridotite perhaps
could have produced the low-Al orthopyroxene in the
Type-P xenoliths, because the mantle of the Colorado
Plateau appears to have been unusually cool in part of
Cenozoic time (Riter and Smith 1996). The hypothesis is
not attractive, however, because it does not explain the
distinctive textures. In addition, orthopyroxene in most
garnet peridotite xenoliths contains in excess of 0.7 wt%
Al2O3 and 0.10 wt% Cr2O3 (Fig. 5b). Boyd (personal
communication 1996) reported that lowest orthopyrox-
ene alumina in his extensive data ®les for garnet
peridotite xenoliths is 0.36 wt% Al2O3, and that ortho-
pyroxene contains 0.25 wt% Cr2O3; the sample is a
garnet harzburgite xenolith from the Udachnaya kim-
berlite, Russia, and the orthopyroxene composition is
similar to that of another Udachnaya xenolith described
by Sobolev (1977) (Fig. 5b). Thus, garnet peridotite
xenoliths with low-Al-Cr orthopyroxene like that in
VT19 are uncommon or nonexistent. Orthopyroxene in
garnet peridotite of the ultrama®c complex in the Dabie
Mountains, China, has similar low Al and Cr contents
(Fig. 6a), and these compositions have been attributed
to equilibration with garnet at high pressure, but the
peridotites also retain evidence of a multistage evolution
including retrograde alteration and formation of chlorite
and other hydrous minerals (Zhang et al. 1995). Equil-
ibration of orthopyroxene with chlorite is an alternative
mechanism to produce low Al, as discussed in the fol-
lowing section.

The preferred hypothesis: dehydration
of chlorite-talc peridotite

The low-Al-Cr contents of orthopyroxene in rock VT19
are essentially identical to some of pyroxene equilibrated
with chlorite in metamorphosed alpine ultrama®c rocks
(Evans and Trommsdor� 1974; Pfeifer 1987) (Fig. 6a).
Orthopyroxene similar in Al and Cr to that in VT19 also
occurs intergrown with chlorite in xenoliths from the
Navajo ®eld of the central Colorado Plateau: examples
occur both as euhedral laths in chlorite-rich xenoliths
(Smith 1995) and as clear rims of grains zoned to more
Al-rich interiors (Analysis 13, Table 1) within hydrated
garnet peridotite described by Roden and Shimizu
(1993). The orthopyroxene in VT19 di�ers from these
chlorite-assemblage examples most clearly in higher Ca
content (Fig. 6b).

Furthermore, dehydration reactions (Fig. 7) provide
mechanisms to produce the distinctive textures of the
Type-P xenoliths. The postulated assemblage in which
the low-Al orthopyroxene formed includes olivine and
these hydrous phases: chlorite (clinochlore), tremolite,
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and talc. The following dehydration reactions in the
simple system H2O-CaO-MgO-Al2O3-SiO2 are pertinent.
talc+forsterite = enstatite+water

2Mg3Si4O10�OH�2 � 2Mg2SiO4 � 5Mg2Si2O6 � 2H2O �2�
tremolite + forsterite = diopside + enstatite + water

2Ca2Mg5Si8O22�OH�2 � 2Mg2SiO4

� 4CaMgSi2O6 � 5Mg2Si2O6 � 2H2O �3�
clinochlore = forsterite + enstatite + spinel + water

Mg5Al2Si3O10�OH�8
�Mg2SiO4 �Mg2Si2O6 �MgAl2O4 � 4H2O �4�

Anthophyllite, present in alpine ultrama®c rocks, is not
stable at mantle pressures (Fig. 7). Antigorite, a com-
mon mineral together with tremolite and chlorite in the
hydrated Navajo xenoliths (Smith 1979), would have
required yet lower temperatures at pressures near
1.5 GPa and may or may not have been present.

Distinctive textures of Type-P xenoliths may be re-
lated to each of these reactions. The de®nitive texture
consists of orthopyroxene porphyroblasts containing
numerous inclusions of partly resorbed olivine but
without exsolution lamellae of spinel or clinopyroxene
(Figs. 1, 2). Orthopyroxene growth produced at the ex-
pense of olivine by reactions 2 and 3 could be respon-
sible for the texture. The clusters of spinel anhedra
intergrown with and included in larger olivine grains
could be formed as products of reaction 4. Olivine and
spinel would be produced by reaction 4 at higher tem-

peratures than orthopyroxene growth during breakdown
of talc and tremolite (Fig. 7). Hence, the absence of
spinel inclusions in low-Al orthopyroxene is consistent
with the hypothesis that the pyroxene core grew within
the stability ®eld of chlorite. The uncommon two-py-
roxene intergrowths in Type-P xenoliths were considered
by Best (1974a) to be of particular importance in doc-
umenting the thermal histories of this group, because
they were thought to be evidence of unmixing during
cooling of subcalcic clinopyroxene formed near 1400 °C.
These two-pyroxene intergrowths instead are probably
produced by reaction of tremolite plus forsterite (reac-
tion 3) during heating near or below 800 °C. A low-
temperature genesis for the two-pyroxene intergrowths
is more consistent with their depleted compositions, as
Na2O and TiO2 were below detection limits ( < 0.1
wt%) in the subcalcic pyroxene parent reconstructed by
Best (1974a). In contrast, subcalcic clinopyroxenes in
high-temperature xenoliths typically have Na2O and
TiO2 contents >1.4 and >0.15 wt%, respectively
(Nixon and Boyd 1973). Moreover, formation of all
pyroxene grains at low temperatures is consistent with
the absence of clinopyroxene exsolution lamellae within
the large enstatite porphyroblasts.

The chlorite content and a minimum for the water
content of the hydrated equivalent of peridotite VT19
can be calculated from the bulk composition (Table 1).
Conversion of all spinel by reaction 4 creates about
8 wt% chlorite in the rock, corresponding to 1.0 wt%
water. Partial conversion of enstatite to talc by reaction
2 would incorporate an additional but unconstrained
quantity of water, as would the formation of amphibole.

Fig. 6a, b Low-Al orthopyroxene in xenoliths and ultrama®c com-
plexes. Data sources are as follows: (1) Grand Canyon xenolith VT19
(Analysis 11, Table 1); (2) Chlorite-rich xenoliths MR-P1 andMR-P2,
Navajo ®eld (Smith 1995); (3) Rim in contact with chlorite, Navajo
®eld xenolith N71-GN (Analysis 13, Table 1) (other data in Roden
and Shimizu 1993); (4) Big Creek, California peridotite xenolith M-16
(Analysis 12, Table 1, L.C. Calk, personal communication 1996)
(other data in Dodge et al. 1988); (5) Alpine chlorite-talc peridotites
(Evans and Trommsdor� 1974; Pfeifer 1987); (6) Hydrated garnet
peridotite, Dabie Mountains, China (Zhang et al. 1995)

Fig. 7 Univariant dehydration curves (water and forsterite in excess)
in the system CaO-MgO-Al2O3-SiO2-H2O calculated with program
THERMOCALC v. 2.3 (dataset of June 11, 1994) of Powell and
Holland (1988) and Holland and Powell (1990). The antigorite-out
curve was calculated by the reaction for chrysotile with an activity of
0.5, as suggested by Will et al. (1990); all other phases are at unit
activity. Anthophyllite is abbreviated as anth. Reactions 2, 3, and 4 are
discussed in text
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Pressure-temperature curves calculated for the simple
system (Fig. 7) are useful guides to approximate condi-
tions for these dehydration reactions. Antigorite and talc
stabilities have been recently investigated by Bose and
Ganguly (1995) and by Ulmer et al. (1994), and the new
results are broadly consistent with those in Fig. 7, but
di�erent by temperatures of up to about 50 °C in the
pressure range of interest. No attempt has been made to
decide optimum positions for these reactions or to apply
corrections for solution e�ects. The ¯uid phase liberated
during dehydration reactions could have been diluted by
introduced carbon dioxide, as carbon dioxide inclusions
that appear primary are present in orthopyroxene of a
Type-G xenolith. The postulated amphibole may have
contained signi®cant Al and Cr, as pargasite occurs in
Type-G rocks. Spinel would have been stabilized by Fe
and Cr to temperatures below the dehydration of clin-
ochlore. Although the absence of compositional con-
straints on these phases makes calculation of precise
dehydration temperatures impractical, the range span-
ned by the model reactions at 1.5 GPa, about 650 °C to
850 °C, plausibly includes conditions in which the tex-
tures and compositions evolved.

Because chlorite is stable in cool hydrous mantle
(Fig. 7), the low-Al-Cr orthopyroxene could not have
formed in equilibrium with hydrous ¯uid and aluminous
spinel. McInnes (1996) has described veins containing
®brous low-Al orthopyroxene (0.3 wt% Al2O3) and Cr-
rich spinel in peridotite xenoliths from subarc mantle
near Papua New Guinea, and he attributed vein for-
mation to in®ltration of hydrous ¯uid. Although Cr-rich
spinel probably occurred together with chlorite during
parts of the evolution of the Grand Canyon xenoliths,
only relatively aluminous spinel remains (Fig. 3), and no
spinel was observed in the Al-poor pyroxene interiors.

Inferences from compositional gradients
in orthopyroxene porphyroblasts

Formation of Al and Cr gradients in orthopyroxene

Compositional gradients can be used to constrain in-
terpretations of porphyroblast growth and re-equilibra-
tion. Interpretations of gradients of slow-di�using
elements such as Al and Cr in other pyroxene occur-
rences remain in question. Anovitz (1991) suggested that
gradients of Al in orthopyroxene formed during growth
may persist in granulite facies metamorphism and
cooling, even for histories reaching maximum tempera-
tures of 900 °C. Other interpretations of zonation in
granulite facies rocks are that Al in orthopyroxene cores
may not have ``su�ered substantial re-equilibration''
during cooling (Fitzsimons and Harley 1994, p 568) but
that Al in orthopyroxene rims may re-equilibrate to
temperatures as low as about 700 °C (Pattison and Be-
gin 1994). Smith and Barron (1991) concluded that
Al-gradients in orthopyroxene formed and were frozen
in during slow mantle cooling from about 800 °C to

650 °C and that Cr-gradients were frozen in at some-
what higher temperatures. The temperature of 850 °C
calculated for equilibration of matrix minerals in rock
VT19 is thus in the range in which di�usion might or
might not be e�ective in erasing gradients of Al and Cr
dependent upon the time available. The three Type-P
rocks in which low-Al orthopyroxene was identi®ed all
have calculated temperatures below 900 °C, and the
absence of low-Al orthopyroxene from higher-tempera-
ture rocks is a plausible result of annealing.

The steep gradients of Al and Cr in the VT19
porphyroblast (Fig. 4) establish that di�usion of these
elements perpendicular to c could have been e�ective
only over maximum distances of a few hundred lm after
porphyroblast formation. Gradients of Al and Cr par-
allel to c extent over distance of at least 1000 lm,
although the irregular c-terminations of the porphyro-
blasts make precise measurements of uncertain signi®-
cance (Fig. 2). Gentler gradients parallel to c are
consistent with suggestions that di�usion in orthopy-
roxene is fastest in the c direction (Ganguly and Tazzoli
1994; Ozawa and Takahashi 1995). These gradients of
Al and Cr may have formed by growth of orthopyrox-
ene, however, and so the gradients only constrain max-
imum distances over which di�usion could have been
e�ective. Other than the Al and Cr gradients within 100
lm of some spinel inclusions, only the pronounced Al-
Cr enrichment along a subgrain boundary (Traverse
BB¢, Figs. 2, 4) provides unequivocal evidence for
transport of Al and Cr within the porphyroblast. The
gradients of Al and Cr from interior to rim thus prob-
ably record primarily changing conditions during
porphyroblast growth; in the preferred interpretation,
that growth would occur as a result of dehydration re-
actions as peridotite was heated from within the stability
®elds of chlorite and other hydrous phases into the
spinel peridotite facies.

The distinctive compositions of spinel and clinopy-
roxene inclusions in the VT19 porphyroblast (Fig. 3) are
additional evidence that the low-Al interior orthopy-
roxene was formed at conditions di�erent from those
recorded by the matrix minerals. The included clinopy-
roxene is much lower in Al and Cr than matrix grains,
and the Al and Cr could have been extracted from the
inclusion into surrounding orthopyroxene during heat-
ing, or the relative purity of the included clinopyroxene
could be retained from when it grew. Because of the
uncertain histories of the clinopyroxene and spinel in-
clusions, no interpretations have been based on their
distinctive compositions.

Implications for rates of di�usion and re-equilibrium

The homogeneity of Ca relative to Al and Cr is of par-
ticular interest, because both Ca and Al in orthopyrox-
ene are sensitive indicators of temperature in the
assemblage orthopyroxene-clinopyroxene-olivine-spinel.
In the VT19 porphyroblast, low-Al orthopyroxene

399



contains almost as much Ca as the relatively aluminous
rim (Fig. 4), and it is also more calcic than the ortho-
pyroxene of chlorite peridotite that is comparably low in
Al (Fig. 6b). The rim and interior CaO values of about
0.43 and 0.37 wt% (Fig. 4) correspond to temperatures
of 868 °C and 836 °C at 1.5 GPa by the pyroxene
thermometer of Brey and Kohler (1990). The accuracies
of these temperatures may depend upon compensating
e�ects of minor element substitutions in orthopyroxene
(Brey and Kohler 1990), and Ca-Al-Mg interactions in
pyroxenes are complex (Nickel et al. 1985). It is possible
that the Ca-Al correlation at low Al in the porphyro-
blast (Traverse DD¢, Fig. 4) was determined by a cou-
pled CaAlAlSiO6 substitution. If so, then the
porphyroblast may be equilibrated for all divalent ele-
ments. Such equilibration in the presence of gradients of
Al and Cr is consistent with the relatively faster di�u-
sivities inferred for divalent elements in orthopyroxene
(Opper and Seck 1989; Anovitz 1991; Witt-Eickschen
and Seck 1991; Witt-Eickschen et al. 1993; Fitzsimons
and Harley 1994; Pattison and Begin 1994). If the dif-
fusion rate of Ca can be adequately represented by that
calculated for Fe-Mg interdi�usion (Ganguly and Taz-
zoli 1994), then an appropriate di�usion coe�cient is
near 5 ´ 10)21 m2 s at 850 °C, and Ca in the orthopy-
roxene could be substantially homogenized by di�usion
in about 10 million years (Riter and Smith 1996).

The relative homogeneity of divalent elements is of
value in inferring constraints on Al and Cr mobilities,
because no measurements are available for Al or Cr
di�usion in pyroxene cooler than 850 °C. Judging from
the gradients preserved in the VT19 porphyroblast
(Fig. 4), maximum di�usion distances for Al were on the
order of about 100 lm, whereas minimum distances for
Ca were greater than 1000 lm. Presuming that di�usion
distance is proportional to

������
Dt
p

where D is a di�usivity
and t is time, then Ca di�usion appears to have been
at least 100 times faster than that of Al and Cr in
VT19 orthopyroxene. Opper and Seck (1989) compared
gradients of Al, Cr, and Ca in orthopyroxene of
peridotite xenoliths heated in the mantle from about
900 °C to 1050 °C and concluded that relative di�usion
rates of Ca-Al-Cr were as 1.0:0.25:0.22 averaged over
that temperature history. If the Al and Cr concentra-
tions within the VT19 porphyroblast were determined by
chlorite and spinel equilibria, then Al and Cr gradients
formed in the growing crystal may have been much
steeper than those of Ca, and hence comparisons of
gradients may not yield valid comparisons of di�usivi-
ties. Nonetheless, it is likely that the di�usion of Ca was
much faster relative to that of Al and Cr below 850 °C
than at the higher temperatures investigated by Opper
and Seck (1989), Witt-Eickschen and Seck (1991), and
Witt-Eickschen et al. (1993).

Irregularities in zonation of Al and Cr in the
porphyroblasts are attributed in part to the existence of
high-di�usion paths. The length/width aspect of the
enriched zone depicted in Fig. 2 establishes that trans-
port of Al and Cr along a subgrain boundary was at

least an order of magnitude faster than perpendicular to
it within the lattice. Evidence for such relatively rapid
transport along subgrain boundaries in orthopyroxene
has also been noted by Ozawa and Takahashi (1995),
and di�usion along the boundaries may be a dominant
mechanism for re-equilibration of Al and Cr in ortho-
pyroxene at temperatures below 850 °C.

Relationships between xenolith types
at the Grand Canyon localities

The three types of spinel peridotite xenoliths appear to
have some history in common, as porphyroblasts with
olivine remnants occur in each. Moreover, Alibert (1994)
found high Sr/Nd in Type-P, Type-G, and transitional
xenoliths. Textural annealing is apparent even in Type-P
xenoliths, as some porphyroblasts appear to have partly
disaggregated to form smaller bordering grains. Further
development of these annealed textures within Type-P
rocks could lead to the more equigranular textures of
Type-G and Type-M rocks, as is consistent with the
transitional characteristics of many samples. Departures
from this common history are documented not only by
textural di�erences but also by these additional features
described by Best (1974a): Type-G rocks typically yield
hotter temperatures than Type-P rocks, have more
abundant amphibole, and contain pyroxenes with higher
Na and Fe/Mg. Hence, Type-G rocks must have been
subsequently enriched as well as heated, if all protoliths
of the three xenolith types once had identical composi-
tions and identical low temperatures. The enrichment
could have been by hydrous silicate melts, subsolidus
aqueous solutions, or both (Best 1974a, 1975), and Best
(1974b) proposed that the pargasite in these rocks
formed by reaction of ¯uid, spinel, and diopside. Even
though some protoliths may have lost tremolite during
heating, pargasite could either have been retained in
Type-G rocks or formed later. The rods of spinel that
characterize orthopyroxene porphyroblasts in Type-M
rocks may have exsolved during later cooling.

Implications for mantle evolution

Regional extent and implications
of chlorite-peridotite mantle

The mantle below the Colorado Plateau may preserve a
better record of mid-Cenozoic and earlier processes than
below the Basin and Range and Rocky Mountains, be-
cause these bordering provinces have been more a�ected
by younger magmatism and deformation. The record
begins with Proterozoic accretion of peridotite like that
in ocean lithosphere (Roden et al. 1990; Roden and
Shimizu 1993; Alibert 1994). Mantle hydration appears
to have been recorded by chlorite and tremolite in
peridotite xenoliths from the Navajo ®eld, about 300 km
to the east (Smith 1979, 1995), as well as by the textures
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and low-Al orthopyroxene in the Grand Canyon rocks.
The presence of mantle su�ciently cool to stabilize
chlorite and talc below the Plateau is consistent both
with thermobarometry of xenoliths (Riter and Smith
1996) and with mantle geotherms calculated for Lar-
amide low-angle subduction (Spencer 1996). Because
mantle between the Navajo and Grand Canyon localities
is likely to have been equally cool, mantle hydration may
have been widespread below the Colorado Plateau. The
hydration is unlikely to be volumetrically important now
below the province, however, because velocites of P-
wave velocities in the uppermost mantle of the Plateau
are appropriate for anhydrous peridotite (7.8 ± 8.1 km/s:
Beghoul and Barazangi 1989; Wolf and Cipar 1993;
Parsons et al. 1996). The hydrated peridotite xenoliths of
the Navajo diatremes may have formed only along deep
shear zones associated with monoclines (Smith and Levy
1976). The Grand Canyon xenolith localities are on and
near faults (Hamblin 1994), and perhaps these faults
also extend down into the mantle and are associated
with hydration. Local hydration of the mantle may
contribute to isostatic compensation of some of the
uplifts within the Plateau, in addition to the variations in
crustal thickness discussed by Parsons et al. (1996).

Some of the few other spinel peridotite xenoliths with
orthopyroxene comparably low in Al (Fig. 5a) are in
Miocene volcanic rocks near Big Creek, California in the
Sierra Nevada (Dodge et al. 1988), about 550 km west of
the Grand Canyon ®eld across the extended Basin and
Range province. Orthopyroxene in one Big Creek
peridotite xenolith contains as little as 0.07 wt% Al2O3

and 0.10 wt% Cr2O3 (Analysis 12, Table 1; L.C. Calk,
personal communication 1996). In another,``...large
needle-like to bladed porphyroblasts of orthopyroxene
are set, without any preferred orientation, in a ®ner-
grained allotriomorphic groundmass of olivine, clino-
pyroxene and spinel,'' and core and rim analyses of these
grains contain 0.34 and 1.30 wt% Al2O3, respectively
(Mukhopadhyay and Manton 1994, p 1421 and their
Table 2A). These Al and Cr contents also are likely to be
diagnostic of orthopyroxene equilibration with chlorite
rather than spinel (Fig. 6a), although chlorite has not
been observed in these rocks; perhaps the chlorite was
consumed during heating. Thermometry based on the
orthopyroxene rim composition in Big Creek sample
BC8 with low-Al orthopyroxene yields temperatures
near 770 °C by the methods of Brey and Kohler (1990)
and Witt-Eickschen and Seck (1991).

The Basin and Range province lies between the lo-
calities in the Sierra Nevada and the Colorado Plateau,
and so similar hydration plausibly once occurred in the
mantle there. Peridotite xenoliths from the Basin and
Range province typically record temperatures more than
100 °C hotter than the xenoliths containing low-Al or-
thopyroxene (Riter and Smith 1996). By analogy to the
sequence of textures and zonation observed in the Grand
Canyon xenolith suite, neither chlorite nor low-Al or-
thopyroxene would be preserved in the hotter Basin-
and-Range samples. Dehydration of peridotite during

heating can result in transfer of water into the lower
crust, as discussed by Bucher-Nurminen (1990). The
chlorite-talc assemblages inferred here would dehydrate
at temperatures cooler than the ~850 °C recorded by
rock VT19, substantially below the hydrous peridotite
solidus near 1000 °C (Green 1973), but water transferred
to the crust could reduce crustal strength and perhaps
trigger crustal melting. Such localized ¯uid transfer
could have in¯uenced the present pattern of incipient
disruption of the westernmost Colorado Plateau de-
scribed by Wenrich et al. (1995), and it might have in-
¯uenced early patterns of extension in the Basin and
Range.

Consequences and processes of hydration

Compositional changes in addition to hydration are
probable during reaction of peridotite and water.
Schneider and Eggler (1986) experimentally determined
the composition of aqueous ¯uid equilibrated with
peridotite at 750 °C, 1.5 GPa. Fluid in these experiments
contains about 3 wt% solute dominated by Si and with
only minor Mg, and so addition of Si and reaction of
olivine to form orthopyroxene or talc should occur
during mantle hydration, as noted by Alibert (1994).
Xenolith VT19 (Table 1) is not exceptionally rich in
orthopyroxene compared to other spinel peridotite xe-
noliths, however, and so major silici®cation did not oc-
cur. One trace element likely added is Sr. Roden et al.
(1990) noted that tremolite in a Navajo peridotite xe-
nolith has high Sr/Nd (160). Alibert (1994) found that
some clinopyroxene separates from both Type-P and
Type-G xenoliths have Sr/Nd >200, and she suggested
Sr was introduced in an aqueous ¯uid. The interpretat-
ion of added Sr is strengthened by the high bulk rock
Sr/Nd value of 240 for Sierra Nevada peridotite
xenolith BC8 that contains low-Al orthopyroxene (Mu-
khopadhyay and Manton 1994). Sr addition is also
consistent with the nearly constant 87Sr/86Sr in the
Grand Canyon suite, as observed by Alibert (1994).

The source of water responsible for the inferred hy-
dration is unclear and the timing of the hydration is not
well-de®ned. Smith (1979, 1995) noted indirect evidence
that chlorite-bearing assemblages in Navajo xenoliths
formed in the Cenozoic, but he also noted that the water
could have been introduced into the mantle at an earlier
time and later remobilized. Subduction of serpentinized
mantle, as discussed for metamorphosed alpine per-
idotites by Scambelluri et al. (1995), may have provided
the water. The water also could have been derived from
the subduction in late Mesozoic and early Cenozoic time
discussed by Dickinson and Snyder (1978) and Sever-
inghaus and Atwater (1990). Just as summarized for arc
magmas by Hawkesworth et al. (1993), Sr contributed
from multiple sources could produce the 87Sr/86Sr values
of ~0.70497 in clinopyroxene from the Grand Canyon
xenoliths (Alibert 1994; Riter and Smith 1993), 0.70497
in tremolite from a Navajo xenolith (Roden et al. 1990),
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and 0.70647 for Sierra Nevada rock BC8 (Mu-
khopadhyay and Manton 1994).

The history of the inferred ¯uid is not well-con-
strained by oxygen fugacities recorded by the Grand
Canyon xenoliths. The oxygen fugacity calculated for
VT19 is 0.1 log units more oxidizing than the fayalite-
magnetite-quartz (FMQ) bu�er, based on the calibra-
tion of Ballhaus et al. (1991), a pressure of 1.5 GPa, and
a temperature from the thermometer of Witt-Eickschen
and Seck (1991). This fugacity is in the range 0.3 � 0.3
log units more oxidizing than the FMQ bu�er calculated
by Alibert (1994) for other Grand Canyon xenoliths.
These values are in the more oxidizing part of the range
de®ned by Ballhaus (1993) for peridotite xenoliths con-
taining aluminous spinel, although they are less oxidized
than some xenoliths from above current subduction
zones (Brandon and Draper 1996). The oxidation state
of the ¯uid may have been regulated by interactions
during ascent to the upper part of the mantle wedge.

Conclusions

The distinctive orthopyroxene compositions low in Al
and Cr formed in equilibrium with chlorite, although the
xenoliths now are chlorite-free spinel peridotite. Dis-
tinctive orthopyroxene textures formed as a consequence
of olivine-talc reactions during heating. The rare ortho-
pyroxene-clinopyroxene intergrowths described by Best
(1974a) are attributed to olivine-tremolite reaction, not
to exsolution from high-temperature subcalcic clinopy-
roxene. Clusters of spinel grains within olivine and py-
roxene were produced by chlorite breakdown. The
compositional gradients of Al and Cr within orthopy-
roxene record growth of the porphyroblasts during
heating and dehydration. Metasomatic e�ects of the
hydration that formed the chlorite peridotite are not
well-de®ned, but one e�ect appears to have been addition
of Sr, leading to the high Sr/Nd in clinopyroxene also
attributed by Alibert (1994) to aqueous metasomatism.

Di�usion rates ofAl andCr relative to rates of divalent
elements in orthopyroxene are constrained by the pre-
served gradients. Mn, Fe, and Ni are nearly homoge-
neous, and the observed minor variations of Ca and Mg
may be caused by coupling with Al. The di�usion rate of
Ca appears to have been at least 100 times that of Al and
Cr below ~850 °C, a di�erence substantially greater than
that at higher temperatures deduced by Opper and Seck
(1989). Re-equilibration of Al and Cr by di�usion is best
recorded along a subgrain boundary that acted as a high-
di�usion path; movement of Al and Cr along this boun-
dary was probably at least an order of magnitude faster
than within the orthopyroxene lattice. Re-equilibration
along such paths is likely to dominate re-equilibration of
Al and Cr in orthopyroxene at low mantle temperatures.

Because textures and compositional gradients are
transient at normal mantle temperatures, the complex
histories of continental lithosphere are di�cult to doc-
ument. The evidence for a chlorite peridotite protolith is

clearest in Type-P spinel peridotite xenoliths with
equilibration temperatures below 900 °C. In other spinel
peridotite xenoliths from the same ®eld but with higher
equilibration temperatures, similar compositional gra-
dients were not found, although vestiges of the textures
remain in many. Most of the Grand Canyon spinel
peridotite xenoliths thus may have had a common his-
tory as chlorite-facies peridotite, although that history is
now partly obscured by di�usion, recrystallization, and
metasomatism. Chlorite peridotite may have been
equally signi®cant elsewhere in the mantle of western
North America, because peridotite xenoliths with low-Al
orthopyroxene and high Sr/Nd occur in two other lo-
calities: one is the Navajo ®eld about 300 km to the east,
and the other is the Sierra Nevada, about 500 km to the
west across the extended Basin and Range province.
Chlorite peridotite may still be a signi®cant minor
component in cooler parts of the mantle of the Colorado
Plateau, but xenoliths from the mantle of the Basin and
Range provinces have higher equilibration temperatures
than Colorado Plateau samples (Roden and Shimizu
1993; Riter and Smith 1996), and chlorite peridotite and
the evidence for it would be destroyed at such high
temperatures. Dehydration of similar peridotite in the
mantle of the Basin and Range could have in¯uenced
patterns of extension and crustal magma generation.
The Grand Canyon xenoliths may thus provide unusual
documentation of complexities of mantle histories that
are typically obscured by subsequent events.
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