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Abstract Upper mantle xenoliths from Wikieup, AZ,
provide abundant evidence for magmatic modi®cation
of the uppermost mantle beneath the Transition Zone
between the Colorado Plateau and the southern Basin
and Range province. Upper mantle lithologies in this
xenolith suite are represented by spinel peridotite, we-
hrlite, plagioclase peridotite, and Al-augite group pyr-
oxenites. Isotopic data for these xenoliths yield relatively
uniform values and suggest a common petrogenesis. Al-
augite-bearing gabbro and pyroxenite xenoliths from
this locality are interpreted to have formed by crystal
fractionation processes from parent alkali basalts similar
to the Wikieup host basalt. Mineral and whole rock
compositions show consistent trends of increasing in-
compatible element contents (Fe, Al, Ca, Na, K, LIL,
and LREE), and decreasing compatible element con-
tents (Mg, Cr, Ni) from spinel peridotite to wehrlite to
plagioclase peridotite to the host basalt composition.
These compositional trends are interpreted as resulting
from varying degrees of magma-mantle wall rock in-
teraction as ascending ma®c magmas in®ltrated upper
mantle peridotite. Small degrees of melt in®ltration re-
sulted in slightly modi®ed spinel peridotite compositions
while moderate degrees metasomatized spinel peridotite
to wehrlite, and the highest degrees metasomatized it to
plagioclase peridotite. Whole rock compositions and
clinopyroxene, plagioclase, and whole rock isotopic data
suggest that the in®ltrating magmas were the same as
those from which the gabbros and pyroxenites crystal-
lized, and that they were alkalic in composition, similar
to the Wikieup host alkali olivine basalts. Relatively

uniform 143Nd/144Nd for the mineral separates and
whole rocks in spite of the signi®cantly wide range in
their 147Sm/144Nd (0.71±0.23 in clinopyroxene) suggests
that the Wikieup xenoliths including gabbro, pyroxenite,
peridotite, wehrlite, and plagioclase peridotite, are all
relatively young rocks formed or metasomatized by a
relatively recent magmatic episode.

Introduction

Geophysical data for the southern Basin and Range
Province and the Transition Zone to the Colorado Pla-
teau show high elevations, high geothermal gradient,
and abnormal seismic velocities in the uppermost litho-
spheric mantle (Humphreys and Deuker 1994a,b; Sass
et al. 1994), all of which may be indicators of magmatic
modi®cation of the upper mantle. Studies of actual
mantle samples from beneath the Basin and Range and
the Transition Zone indicate a complex variety of rock
types (e.g., Frey and Prinz 1978; Menzies et al. 1985;
Roden and Shimizu 1993; Wilshire et al. 1988, 1991).
The e�ects of magmatic activity and magmatic under-
plating on the Basin and Range lower crust and the
crust-mantle boundary have been discussed by several
authors (McGuire 1994; Wilshire 1990; Wilshire et al.
1988, 1991); however, few studies have documented the
e�ects of magmatic activity on the uppermost mantle
beneath the Transition Zone.

Abundant xenoliths of upper mantle and lower
crustal material are found in basaltic vents near Wi-
kieup, Arizona, in the Transition Zone between the
Colorado Plateau and the southern Basin and Range
Province. Studies of gabbroic xenoliths from this locality
provide evidence for a thin, <2-km thick, crust-mantle
transition zone formed by underplating of ma®c mag-
mas (McGuire 1994). The present study examines the
elemental and isotopic characteristics of the upper
mantle xenolith suite from Wikieup, which includes
abundant composite xenoliths, and numerous ma®c and
ultrama®c xenoliths bearing evidence of magmatic
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modi®cation of the upper mantle beneath Wikieup as-
sociated with magmatic underplating of the crust.

Description

The xenoliths were erupted in two basaltic vents, designated WK1
and WK2, located about 5 km apart, west of the town of Wikieup,
Arizona (Fig. 1). The vents were erupted through fanglomerates on
the eastern ¯anks of the Hualuapai Mountains, in the Transition
Zone between the Colorado Plateau and the southern Basin and
Range Province. The host basalts are alkali olivine basalts and have
been dated, by K-Ar, at 5.3 Ma (Wilshire 1990). Wikieup xenoliths
range in size from several centimeters diameter to about 20 cm
diameter; those used in the present study measured at least 2±3 cm
in their minimum dimension and up to 10 cm in their maximum
dimension. Xenolith lithologies collected at Wikieup include gab-
bronorite, olivine gabbro, Al-augite group and Cr-diopside group
pyroxenites, Cr-diopside group spinel peridotites, plagioclase
peridotite, wehrlite, and megacrysts of anorthoclase, olivine, spinel,
Al-augite, and Cr-diopside. Large numbers of xenoliths at Wikieup
are composites of peridotite or wehrlite wallrock and gabbro or
pyroxenite veins. Composite xenoliths of gabbro veins in gabbro or
pyroxenite wall rock are also found. Although the Wikieup locality
is underlain by Proterozoic-aged middle and lower crust (Anderson
1989), Proterozoic crustal rocks are notably absent from the
xenolith suite with the possible exception of a small charnockite
xenolith (WK1-48) which is included in the present study for
comparison.

Wikieup Cr-diopside group spinel peridotite xenoliths contain
olivine, green clinopyroxene, brown orthopyroxene, and spinel.
Spinel is black in hand sample and red-brown in thin section.
Modal mineral contents vary and samples range from lherzolite to
harzburgite and dunite; dunite is common. All are medium-grained
with allotriomorphic-granular texture.

A large number of wehrlite xenoliths have been collected from
Wikieup, and are distinguished from the spinel peridotites de-
scribed above by their black spinel and pyroxenes. The wehrlites
consist primarily of 40±70% modal olivine, and 30±60% modal
aluminous clinopyroxene. Spinel is black both in hand sample and
in thin section, and varies from a few modal percent to as much as
20% in one sample. Orthopyroxene is usually entirely absent, and
when present is no more than 5% of the mode. The wehrlites are
medium-grained, with allotriomorphic-granular texture.

Wikieup plagioclase peridotite xenoliths have highly variable
modes: olivine varies from 15 to 70%, aluminous clinopyroxene
from 15 to 60%, plagioclase from 2 to 30%; orthopyroxene is rare
and never more than 5%. All samples contain a few percent spinel,
and trace amounts of phlogopite and kaersutite are observed in
some samples. Many of these samples are technically classi®ed as
``gabbronorite'' or ``olivine gabbbro'' due to their high plagioclase
and low olivine content; however, they exhibit compositional and
textural features that distinguish them from the gabbroic xenoliths
at Wikieup, and were initially identi®ed as plagioclase peridotite in
the ®eld. These samples will be referred to as ``plagioclase perido-
tite'' in this paper to distinguish them from the gabbroic xenoliths.

The plagioclase peridotite xenoliths are medium-grained, and
most exhibit allotriomorphic-granular texture. Several are foliated,
ranging from slight foliation to xenoliths with obvious banding of
olivine-rich, pyroxene-rich, and plagioclase-rich layers and lenses.
The foliation and mineral banding is quite distinct from the uni-
form appearance of the gabbro xenoliths. Clinopyroxene is black in
hand sample, and brown in thin section; spinel is black in both
hand sample and thin section. Plagioclase is commonly optically
zoned, and often exhibits overgrowth rims surrounding euhedral or
subhedral cores. Plagioclase grains tend to occur clumped together
in lenses or ``stringers,'' and are rarely observed in grain-to-grain
contact with spinel or olivine. Plagioclase-olivine contacts exhibit
reaction rims of orthopyroxene separating the plagioclase and
olivine, and olivines are rounded and resorbed at these contacts;
this texture is not observed in the gabbro samples.

Al-augite group pyroxenites are dominated by clinopyroxenites
with modes of 95±99% aluminous clinopyroxene, up to 5% or-
thopyroxene, 2% or less spinel, and trace olivine or plagioclase.
Grain size varies from medium to coarse. Medium-grained samples
have allotriomorphic-granular textures suggesting recrystallization
and textural re-equilibration. Coarse-grained samples have por-
phyroclastic texture with up to 2 cm clinopyroxene porphyro-
clasts. Some large clinopyroxene porphyroclasts have exsolved
orthopyroxene, but medium-grained clinopyroxene is unexsolved.

The gabbro xenoliths are described in detail by McGuire (1994).
In brief, they are spinel-bearing gabbronorites and olivine gabbro.
Pyroxenes and spinel are aluminous, and olivine is moderately Mg-
rich (Fo69±79). Whole rock and mineral compositions suggest the
gabbros formed by fractional crystallization from an alkalic ma®c
parent magma. Thermobarometry indicates crystallization at about
30 km depth, in the uppermost mantle or lowermost crust beneath
Wikieup, and re-equilibration to temperatures of 900±1050 °C
(McGuire 1994). Estimated compressional seismic velocities (Vp) of
the gabbro samples are 6.4 to 7.2 km s)1, corrected for temperature
and pressure (McGuire 1994). McGuire (1994) concluded, on the
basis of petrologic data and comparison with geophysical data for
the Wikieup area, that the gabbros formed by basaltic underplating
during extension-related magmatism, and are samples from a thin,
<2-km thick, transition zone at the crust-mantle boundary be-
neath the Transition Zone between the Colorado Plateau and the
Basin and Range.

Charnockite xenolith WK1-48 is a medium-grained, granular
texture rock and is composed of quartz, orthoclase, plagioclase,
orthopyroxene, ilmenite, and glass. The feldspars are perthite and
antiperthite, both containing coarse exsolution lamellae of the
complimentary feldspar. The glass occurs in rounded pools that
mimic grain shapes which suggests that it formed as the result of
complete melting (perhaps transport related). Small, equant grains
of orthopyroxene line many of the glass pools apparently resulting
from either incongruent melting of a pre-existing phase to form
glass plus orthopyroxene, or reaction of melt with surrounding
minerals to form orthopyroxene.

Analytical methods

Analytical data for the gabbroic xenoliths and one host basalt
sample are presented by McGuire (1994). Mineral compositions of
Wikieup spinel peridotites, wehrlites, plagioclase peridotites and
pyroxenites were determined by electron microprobe using the

Fig. 1 Map of Arizona showing the location of Wikieup and nearby
geophysical pro®les, Consortium for Continental Re¯ection Pro®ling
Arizona 5 (COCORP AZ5) and the Paci®c to Arizona Crustal
Experiment (PACE)
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JEOL 8600 Superprobe at the Texas Center for Superconductivity,
University of Houston. Analytical conditions were 15 kV acceler-
ation voltage, 20 nA beam current, focused beam, 40 s count times
except 20 s on Na. Matrix correction was done by Tracor Northern
ZAF. Natural and synthetic mineral standards were used for cali-
bration. Representative mineral compositions are given in Tables 1
to 5. Errors are approximately �1±2 relative% on major elements,
and �5±10 relative% on minor elements. All phases were found to
be homogeneous, within error, except for slight zonation in pla-
gioclase in the plagioclase peridotite samples.

Four spinel peridotite, two wehrlite, three plagioclase perido-
tite, three aluminous pyroxenite xenoliths, the charnokite xenolith,
and two samples of Wikieup host basalt were analyzed for whole
rock major, trace and rare earth element contents. Basalt and
weathering rinds were removed by sawing, and samples were cru-
shed and powdered in a tungsten-carbide ring mill. Owing to the
possibility of contamination from the ring mill, Nb and Ta data
may be suspect. All but one of these samples were analyzed at
Washington State University using inductively-coupled plasma
mass spectroscopy (ICP-MS; analyst C. Knaack) and standard
X-ray ¯uorescence (XRF; analyst D. Johnson). A number of ele-
ments were measured by both methods and the results agree well.
Results are given in Tables 6 and 7. Analyses reported XRF results
for major elements and Y, Sc, V, Zr, Sr, Zn, Cu, Ni, Cr, Rb, Ga,
and ICP-MS results for rare earth elements (REE) and Ba, Th, Nb,
Hf, Ta, U, Pb, Cs. Two samples, WK1-16a and WK2-13, were
analyzed at University of Houston by inductively-coupled plasma
spectroscopy (ICP), using a Thermo Jarrell Ash ICP spectrometer
and methods described by Norman et al. (1989).

Isotopic ratios of Sr, Nd, and Pb and elemental concentrations
for Rb, Sr, Sm, Nd, U, and Pb by isotope dilution have been
measured on plagioclase and clinopyroxene mineral separates as
well as on whole rocks of alkali basalt and charnockite (Table 8).
Sample preparation and column chemistry have followed standard
procedures outlined in Mukasa et al. (1987) and Reisberg and
Zindler (1986). Isotopic measurements have been carried out on
VG Sector thermal ionization mass spectrometers at the University
of Michigan. The Pb isotopic compositions and all isotope dilu-
tions for elemental concentrations have been determined in static
mode while the Nd and Sr isotopic compositions have been de-
termined multidynamically. Pb ratios have been corrected for mass
fractionation using a factor of 0.11 percent per atomic mass unit
(amu) based on replicate analyses of the National Institute of
Standards (NIST) sample NBS-981. The correction for U concen-
tration runs is 0.10 percent per amu based on replicate analyses of
NIST U standard U-500. The La Jolla Nd standard yields
143Nd/144Nd values of 0.511842 � 10, and the NIST Sr standard
NBS-987 87Sr/86Sr values of 0.710246 � 12. Nd ratios have been
normalized to 146Nd/144Nd of 0.721900, and Sr ratios to 86Sr/88Sr
of 0.119400. Errors on concentrations range from 0.1 percent to

about 0.9 percent with U concentrations having the largest. Mea-
sured blanks are 100 pg for Pb, 20 pg for Nd, 25 pg for Sr, 15 pg
for Sm and 15 pg for U.

Results

Mineral compositions

Compositions of spinel, pyroxene, olivine and feldspar
are shown in Tables 1±5 . Spinel peridotite mineral
compositions are similar to those reported for Cr-diop-
side group peridotites from other localities, with the
exception that the olivine (Fo83 to Fo87) is more iron-
rich than typical for Cr-diopside group peridotites from
the southwestern United States (e.g., Mg# 0.85±0.93;
Frey and Prinz 1978; Wilshire et al. 1988, 1991). We-
hrlite mineral compositions are transitional between
expected compositions for Cr-diopside and Al-augite
group peridotites. Spinels have Mg# similar to the Wi-
kieup Cr-diopside group spinel peridotites, but Cr/
(Cr + Al) ratios are lower (Fig. 2). Pyroxenes have
higher Al and Ti contents than the spinel peridotites,
but, lower Cr2O3 and Mg# (Fig. 2). Wehrlite olivines are
Fo76 to Fo83, more Fe-rich than the spinel peridotite
olivines.

Plagioclase peridotite mineral compositions are lower
in Mg and Cr and higher in Al and Fe than the wehrlites,
and similar to the Al-augite group pyroxenites and the
gabbroic xenoliths. Spinel in plagioclase peridotites has
Cr/(Cr + Al) ratios of 0.02 to 0.03. Pyroxenes are
similar in composition to the Al-augite group pyrox-
enites and the gabbros (Fig. 2). Olivines are Fo76 to
Fo79, similar to olivine in the olivine gabbros. Plagio-
clase is about Ab43±46, An50±54, Or2±4, more Na-rich than
in the gabbros. Zoning measured on single plagioclase
grains shows slight normal zoning with grain rims more
sodic than grain centers by only 1 to 2% Ab.

Mineral compositions in the Al-augite group pyrox-
enites are nearly indistinguishable from those of the
Wikieup gabbroic xenoliths. Spinels are Al-rich with

Table 1 Wikieup mantle xenolith spinel compositions

Sample no. Spinel peridotite Wehrlite Plagioclase peridotite Al-augite pyroxenite

WK1-34 WK2-1a WK1-3 WK1-8 WK2-60 WK1-24 WK1-43 WK1-63 WK1-130 WK1-49

SiO2 0.03 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.05
Al2O3 32.48 40.69 55.88 52.37 44.95 59.91 57.58 60.99 63.24 56.95
FeO 19.06 23.17 17.64 21.85 26.40 20.20 19.28 18.93 18.16 20.51
MgO 14.60 14.59 17.87 15.76 13.52 17.86 17.76 16.79 18.23 16.38
MnO 0.22 0.21 0.15 0.17 0.22 0.15 0.15 0.14 0.11 0.16
TiO2 0.85 0.92 0.37 0.34 0.87 0.39 0.25 0.45 0.24 0.52
Cr2O3 32.64 20.58 7.79 9.54 13.97 1.38 6.30 2.60 0.12 5.39
CaO 0.00 0.00 0.00 0.01 0.01 0.01 0.00 0.00 0.01 0.01
NiO 0.21 0.26 0.37 0.24 0.24 0.27 0.28 0.26 0.19 0.27

Total 100.09 100.42 100.06 100.26 100.18 100.18 101.60 100.16 100.30 100.23

Cr/(Cr+Al) 0.40 0.25 0.09 0.11 0.17 0.02 0.07 0.03 0.00 0.06
Mg # 0.58 0.53 0.64 0.56 0.48 0.61 0.62 0.61 0.64 0.59
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Table 2 Wikieup mantle xenolith clinopyroxene compositions

Sample no. Spinel peridotite Wehrlite Plagioclase peridotite Al-augite pyroxenite

WK1-29 WK2-1a WK1-3 WK1-8 WK1-23 WK1-16a WK1-24 WK1-63 WK1-4 WK1-49

SiO2 51.96 50.98 49.92 50.66 48.54 48.32 49.65 49.29 48.07 48.58
Al2O3 4.62 5.07 6.84 6.05 7.20 8.43 7.36 7.49 8.53 7.46
FeO 4.00 3.92 4.85 5.38 6.40 6.40 6.15 6.32 7.66 5.84
MgO 16.11 14.64 14.64 14.43 14.00 13.31 14.21 13.89 12.80 14.23
MnO 0.11 0.09 0.12 0.14 0.15 0.16 0.16 0.15 0.18 0.14
TiO2 0.64 0.94 1.17 0.91 1.81 2.06 1.21 1.50 1.55 1.16
Cr2O3 1.03 0.78 0.48 0.55 0.35 0.17 0.11 0.19 0.00 0.40
CaO 21.02 22.99 21.53 21.78 21.12 20.73 20.96 20.77 19.84 21.14
Na2O 0.94 0.89 0.70 0.69 0.79 0.91 0.91 0.98 1.01 0.65

Total 100.44 100.31 100.25 100.58 100.34 100.47 100.68 100.59 99.64 99.59

En 0.48 0.44 0.45 0.44 0.43 0.42 0.43 0.43 0.41 0.44
Fs 0.07 0.07 0.08 0.09 0.11 0.11 0.11 0.11 0.14 0.10
Wo 0.45 0.50 0.47 0.47 0.46 0.47 0.46 0.46 0.45 0.46
Mg # 0.88 0.87 0.73 0.75 0.71 0.67 0.71 0.70 0.65 0.71

Table 3 Wikieup mantle xenolith orthopyroxene compositions

Sample no. Spinel peridotite Wehrlite Plagioclase peridotite Al-augite pyroxenite

WK1-29 WK2-34 WK1-3 WK1-8 WK1-70 WK1-1a WK1-43 WK1-63 WK1-5a WK1-49

SiO2 55.58 55.53 53.95 54.24 54.34 52.61 53.68 53.06 51.54 52.51
Al2O3 3.12 2.55 4.69 4.18 4.65 5.47 5.14 5.50 5.77 5.02
FeO 8.44 7.63 10.09 11.29 9.52 13.63 10.79 13.22 14.85 12.18
MgO 31.57 32.57 29.78 29.04 30.26 26.71 28.82 27.59 25.53 28.23
MnO 0.18 0.18 0.20 0.22 0.22 0.26 0.23 0.25 0.28 0.23
TiO2 0.21 0.19 0.29 0.22 0.20 0.31 0.21 0.28 0.43 0.27
Cr2O3 0.53 0.52 0.25 0.20 0.33 0.09 0.22 0.09 0.00 0.21
CaO 1.07 1.04 0.94 0.74 0.95 1.06 1.01 1.02 1.22 0.95
Na2O 0.06 0.06 0.03 0.03 0.07 0.06 0.06 0.06 0.07 0.04

Total 100.74 100.26 100.21 100.16 100.53 100.21 100.170 101.09 99.68 99.64

En 0.85 0.87 0.82 0.81 0.83 0.76 0.81 0.77 0.73 0.79
Fs 0.13 0.11 0.16 0.18 0.15 0.22 0.17 0.21 0.24 0.19
Wo 0.02 0.02 0.02 0.01 0.02 0.02 0.02 0.02 0.03 0.02
Mg # 0.87 0.88 0.84 0.82 0.85 0.78 0.83 0.79 0.75 0.81
Wells T (°C)a 993 980 960 926 982 971 992 949 969 960

aWells (1977)

Table 4 Wikieup mantle xenolith olivine compositions

Sample no. Spinel peridotite Wehrlite Plagioclase peridotite

WK1-29 WK1-34 WK2-1a WK2-26 WK1-3 WK1-23 WK1-28 WK1-1a WK1-24 WK1-63

SiO2 39.99 40.22 39.47 39.86 39.76 38.72 39.98 38.17 39.11 38.71
FeO 13.28 12.32 15.92 14.63 16.00 22.06 17.41 22.42 19.59 21.00
MgO 46.73 47.14 44.96 45.63 44.85 40.04 43.57 39.55 41.78 40.45
MnO 0.18 0.17 0.21 0.21 0.21 0.29 0.22 0.30 0.28 0.30
CaO 0.08 0.08 0.11 0.08 0.09 0.10 0.09 0.10 0.09 0.13
NiO 0.28 0.35 0.26 0.30 0.32 0.11 0.24 0.15 0.18 0.18

Total 100.54 100.28 100.92 100.71 101.22 101.30 101.51 100.69 101.04 100.76

Fo 0.86 0.87 0.83 0.85 0.83 0.76 0.82 0.76 0.79 0.77
Fa 0.14 0.13 0.17 0.15 0.17 0.24 0.18 0.24 0.21 0.23
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Cr/(Cr + Al) ratios of 0.001 to 0.06. Pyroxenes are
aluminous with low Cr contents. Olivines in the gabbros
are Fo70 to Fo79 and plagioclase anorthite contents
range from An50 to An70.

Geothermometry, using the Wells (1977) two pyrox-
ene thermometer, indicates equilibration temperatures
of 925±990 °C (Table 3) with no signi®cant di�erences

in temperature between any of these rock types. This
temperature range is well within the 900±1050 °C range
estimated for the Wikieup gabbro xenoliths (McGuire
1994). Pressures can not be calculated from the Wikieup
mineral assemblages, but can be estimated using the
calculated temperatures and a geotherm projected for
the known surface heat ¯ow in the region. Equilibrium
geotherms for the regional surface heat ¯ow of 90±
100 mWm)2 (Sass et al. 1994), place the mantle xeno-
liths (925±990 °C) at about 25 to 35 km depth. Geo-
physical models for the area estimated the depth of the
crust-mantle transition to be 27±30 km depth. This
suggests the Wikieup mantle xenoliths originated in the
uppermost mantle near or within the crust-mantle
transition zone. This depth range is compatible with the
absence of garnet and the presence of plagioclase in the
peridotites and pyroxenities at the estimated tempera-
tures.

Whole rock compositions

Whole rock major element compositions (Table 6) show
a continuous range; MgO contents are highest in spinel
peridotites, slightly lower in wehrlites and, in plagioclase
lower yet peridotites, with Al-augite group pyroxenites
containing the lowest Mgo concentrations of the ultra-
ma®c rocks. Gabbro MgO contents vary widely and
overlap with plagioclase peridotites and Al-augite pyr-
oxenites. The host alkali basalts have MgO contents
(9.1±10.2 wt%) overlapping with the lower end of the
range for gabbro xenoliths, but falling below the values
for the pyroxenites. Whole rock MgO contents show
correlations with mineral compositions. Forsterite con-
tent and whole rock wt% MgO are positively correlated
(Fig. 3) for all Wikieup xenoliths. Likewise, spinel and
pyroxene Cr contents are positively correlated, and Al
contents are negatively correlated, with whole rock
MgO. Whole rock MgO correlates positively with whole
rock concentrations of compatible elements such as Cr,
Ni, and is inversely correlated with Si, Ca, Al, Ti, and
incompatible elements such as Na, K, P, Rb, Y, Sr, Hf,
Th, Pb and the REE elements (Fig. 4). Compatible ele-
ment (Mg, Cr, Ni) concentrations are higher, and in-
compatible element (Sr, Ca, Zr, Na, K, P, Rb, U, Pb,
Cs, Th, REE) concentrations are lower, in the gabbros
and pyroxenites than in the host alkali olivine basalt
(Table 7).

Rare earth element patterns are generally ¯at or
slightly light rare earth element (LREE) enriched and
their abundances correlate with rock type and major
element composition (Fig. 5). The spinel peridotite
samples, with the highest MgO contents, have the lowest
REE abundances; the wehrlites have the second lowest
REE abundances, and plagioclase peridotite, and the Al-
augite pyroxenites have the highest values.

Gabbro REE abundances overlap those of the pyr-
oxenites and plagioclase peridotites. All gabbro REE
patterns, and one of the plagioclase peridotite samples,

Table 5 Wikieup plagioclase peridotite feldspar compositions (na
not analyzed)

Sample no. WK1-1a WK1-16a WK1-24 WK1-63

SiO2 53.86 56.21 54.01 54.50
Al2O3 29.50 27.59 29.06 29.12
FeO 0.16 0.58 na 0.21
MgO 0.03 0.19 na 0.02
CaO 11.14 9.12 10.95 10.88
Na2O 4.89 5.95 5.11 5.12
K2O 0.42 0.60 0.44 0.46

Total 100.01 100.25 99.57 100.31

Ab 0.43 0.52 0.46 0.45
An 0.54 0.44 0.50 0.53
Or 0.02 0.04 0.04 0.03

Fig. 2 Cr and Al cation contents of Wikieup mantle xenolith spinels
and pyroxenes. Open square Cr-diopside group spinel peridotite, ®lled
square wehrlite, ®lled triangle plagioclase peridotite, open circle Al-
augite group clinopyroxenite, stippled ®eld gabbros (from McGuire
1994)
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exhibit slight positive Eu anomalies (Eu/Eu* of 1.1±1.9),
and samples with greater Eu anomalies have higher REE
abundances and lower MgO contents. Wehrlite and
plagioclase periodtite REE patterns exhibit slight
``spoon-shaped'' patterns with the normalized La
abundance greater than Ce, and abundances increasing
from Ce to Eu (Fig. 5). This ``spoon-shaped'' REE
pattern is observed in peridotite mantle xenoliths and
peridotite massif samples from other localities around
the world, and is generally considered to be indicative of
metasomatic alteration of mantle peridotite (Navon and
Stolper 1987; Takazawa et al. 1992). Host alkali olivine
basalt REE patterns are strongly LREE enriched and
exhibit higher abundances than any of the xenoliths.
McGuire (1994) demonstrated that the gabbro REE
patterns are compatible with formation of the gabbros
by varying degrees of crystal fractionation from a ma®c
magma with a REE pattern similar to the host alkali
basalt.

Isotopic compositions

Elemental concentrations of U, Pb, Rb, Sr, Sm and Nd
by isotope dilution and isotopic compositions of Sr, Pb
and Nd are presented in Table 8 and plotted on dia-
grams in Figs. 6 to 9. The concentrations of Pb, Rb and
U are particularly low in the pyroxene separates, but at
least for Pb, reasonably high in the plagioclase separates
and whole-rock samples. The amount of Pb that is due
to the procedural blank for the plagioclase analyses is
between 0.5 and 4.0% of the total sample and in whole
rocks between 0.3 and 1.0 percent, both contrasting with
the values of up to 27% for the blank Pb in pyroxene
samples. For pyroxene, therefore, we are reporting Pb
isotopic data only for the analysis in which the blank Pb
is only 3% of the total sample. Blanks of 20 and 25 pg
for the analyzed Nd and Sr, respectively, are small
compared to the total amount of sample in each case,
and therefore, all values we have measured are reported
and are considered to be robust.T
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Fig. 3 Bulk rock Mg# versus olivine forsterite content. Symbols as in
Fig. 2

57



Covariation diagrams in Figs. 6a and 6b show that
the Pb isotopic compositions of Wikieup alkali basalts
are fairly uniform, but that plagioclase mineral separates
from the gabbroic xenoliths cover a relatively wide range
that overlaps with the data for all other rock types. The
Pb data for all rock types de®ne a small cluster that
straddles the Northern Hemisphere Reference Line
(NHRL) but is skewed toward more radiogenic
207Pb/204Pb and 208Pb/204Pb values. This cluster falls
within the ®eld for Basin and Range basalts, but also
overlaps with the ®elds for the Colorado Plateau xeno-
liths and Transition Zone basalts. Charnockite sample
WK1-48 with a granulitic texture has considerably less
radiogenic 206Pb/204Pb, but similar 207Pb/204Pb and
208Pb/204Pb., It falls in the ®eld for Kilbourne Hole
granulites only in the 208Pb/204Pb versus 206Pb/204Pb
diagram (Fig. 6b).

The 143Nd/144Nd versus 87Sr/86Sr covariation dia-
gram in Fig. 7 shows these ratios to be remarkably
uniform for all Wikieup samples. This is in spite of the
fact that corresponding 147Sm/144Nd values for the
samples, even of the same mineral type, cover a signi®-
cantly wide range (Fig. 8). There is no overlap in
147Sm/144Nd values for the gabbro pyroxene and pla-
gioclase mineral separates on the diagram and this is
because of di�erences in partition coe�cients for Sm
and Nd between the two minerals and a common pa-
rental magma (e.g., Drake and Weill 1975; Green 1994).
143Nd/144Nd values for all clinopyroxene-plagioclase
mineral pairs are indistinguishable with analytical er-
rors, but for 87Sr/86Sr mineral pairs in plagioclase
peridotite WK1-24 and gabbro WK1-22 exhibit some
inexplicable non-equilibrium. Charnockitic sample

WK1-48 has considerably more radiogenic Sr and less
radiogenic Nd compared to the rest of the Wikieup xe-
noliths (Fig. 7), and also falls below the ¯at trend de-
®ned by all other Wikieup samples on the 143Nd/144Nd
versus 147Sm/144Nd diagram in Fig. 8. It has Sm/Nd
model ages, based on depleted mantle evolution (TDM)
and bulk silicate earth evolution (TCHUR), of 1240 Ma
and 896 Ma, respectively.

Fig. 4 Selected bulk rock major and trace elements plotted against bulk rock MgOwt%. Symbols as in Fig. 2;®lled diamonds Wikieup host
alkali olivine basalts

Fig. 5 Whole rock rare earth abundances, normalized to chondritic
values of Evensen et al. (1978). Symbols as in Fig. 4
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Discussion

The relatively uniform isotopic compositions of the
Wikieup xenoliths suggest a common petrogenesis for
these rock types. Mineral and whole rock compositional
trends are consistent with this hypothesis. Furthermore,

the ¯at trend on the 143Nd/144Nd versus 147Sm/144Nd
diagram (Fig. 8) indicates lack of radiogenic Nd growth,
and therefore that the samples are all very young. The
observed composition trends and similarly in isotopic
values suggest that the Wikieup xenoliths are related
either (a) by crystal fractionation from a magma similar
to the host alkali basalt to produce the sequence of rock

Fig. 6 a 207Pb/204Pb versus 206Pb/204Pb and b 208Pb/204Pb versus
206Pb/204Pb covariation diagrams on which the data for xenoliths and
host lavas from Wikieup are compared to the ®elds for xenoliths and
basalts from localities in the Basin and Range (Bradshaw et al. 1993;
Farmer et al. 1989; Kempton et al. 1990, 1991; Menzies et al. 1985)
and Colorado Plateau (EsperancË a et al. 1988; Kempton et al. 1991;
Smith et al. 1994) provinces as well as the Transition Zone (Kempton
et al. 1991) and the Rio Grande rift (Johnson and Thompson 1991;
Perry et al. 1987; Reid et al. 1982; Roden et al. 1988). The mantle
endmembers DMM, EM I, EM II and HIMU are from Zindler and
Hart (1986), and the northern hemisphere reference line (NHRL) is
from Hart (1984). Symbols on the diagram are also used in Figs. 7±9.
Note that there are no Pb isotopic data for clinopyroxene in Al-augite
pyroxenite, gabbro or wehrlite, but that symbols are included in the
legend because of the Nd and Sr data plotted in Figs. 7 and 8

Fig. 7 143Nd/144Nd versus 87Sr/86Sr diagram showing the remarkable
uniformity of Wikieup xenoliths and lavas when compared to ®elds
for other localities in the Basin and Range province, Transition Zone
and Rio Grande Rift. Symbols and data sources as in Fig. 6

Fig. 8 Sm-Nd isochron diagram showing the ``zero-age'' trend
de®ned by mineral separates from nearly all Wikieup xenoliths and
the host lavas; only a charnockite sample of lower crustal origin falls
below this trend. See text for discussion. Symbols as in Fig. 6

61



types observed in this xenolith suite, or (b) by a partial
melting processes with partial melting of the peridotites
producing the basalts, gabbros and pyroxenites, or (c)
these rocks may be related by a melt in®ltration and
metasomatism process with in®ltration of ma®c magma
and rock/magma interactions producing the observed
compositional trends and equilibration of isotopic val-
ues. The isotopic data themselves are unable to distin-
guish between these three models, and the petrographic
and compositional data must be examined instead.

Crystal fractionation

The Wikieup gabbros are considered to have formed by
crystal fractionation from an alkalic magma similar in
composition to the Wikieup host alkali olivine basalt
(McGuire 1994). The mineralogy and compositions of
the Wikieup Al-augite group clinopyroxenite xenoliths
are also consistent with an origin by fractional crystal-
lization, at high pressure, from an alkali magma. The
observed compositional trends and similar isotopic val-
ues might be interpreted as a crystal fractionation trend
suggesting that all the Wikieup xenoliths are comag-
matic and formed by crystal fractionation from a mag-
ma similar to the host basalt. However, the olivine-rich
mineralogy of the spinel peridotities and wehrlites is
inconsistent with crystal fractionation from alkali basalt
at high pressure. Numerous composite xenoliths at Wi-
kieup indicate all these lithologies coexisted in time and
space. Composite xenolith structure repeatedly shows
spinel peridotite, wehrlite, and plagioclase peridotite to
be the mantle wallrock into which pyroxenite and ga-
bbro veins have been intruded, but the wallrock types
are not found in veining intrusive relationships with each
other at Wikieup. This physical evidence suggests that
Wikieup spinel peridotite, wehrlite, and plagioclase
peridotite xenoliths represent mantle wallrock litholo-
gies, and only pyroxenite and gabbro at this locality
have originated by crystal fractionation from magmas in
the upper mantle.

Partial melting

While similarities in isotopic compositions for the per-
idotites and gabbros could be used to argue in favor of
melting having produced the latter from the former, the
petrographic data show that there is not a simple partial
melting relationship to tie the two genetically. The
veining relationships observed in Wikieup composite
xenoliths consistently show the gabbro and pyroxenite
parent magma to be intrusive into the peridotite, and
thus not derived from the peridotite. Olivines in the
peridotites are more Fe-enriched than is commonly the
case for Cr-diopside group peridotites. This suggests
that melts from which the gabbros formed were out of
chemical equilibrium with the peridotites, and are re-
sponsible for introducing the Fe enrichment.

Melt in®ltration and metasomatism

The Wikieup xenolith compositional trends may repre-
sent mixing lines between spinel peridotite mantle wall-
rock and a ma®c magma which has intruded and
interacted with the mantle wallrock, causing metaso-
matism and altering its composition to varying degrees.
Those samples closest in composition to the spinel
peridotite (i.e., wehrlite) have experienced less interac-
tion with the in®ltrating magma and those compositions
(i.e., plagioclase peridotite) closer to the compositions of
the basalt and its cumulates (pyroxenite and gabbro)
have experienced a greater degree of interaction and
metasomatic alteration. The slight variation in spinel
peridotite compositions lies along the plagioclase
peridotite-wehrlite-spinel peridotite compositional
trends, and taken with the iron-rich olivine compositions
of the peridotites, suggests that the spinel peridotites
themselves have experienced a small degree of cryptic
metasomatic modi®cation.

The observed mineralogy suggests that magma in®l-
tration and reaction with spinel peridotite caused the
reaction of primary Cr-rich orthopyroxene and Cr-
diopside to Cr-Al-bearing augite; the greater the degree
of reaction, the lower the Cr and higher the Al content
of the resulting clinopyroxene (Fig. 2). Spinel reacted,
decreasing the Cr/(Cr + Al) ratio (Fig. 2) with in-
creasing degree of metasomatism. Olivine compositions
are increasingly iron-rich with increasing degree of re-
action (Fig. 3). The plagioclase peridotites are nearly
identical in whole rock and mineral composition to the
gabbro cumulates, implying that they are the most re-
acted samples and had the highest metasomatic ¯uid/
rock ratios, whereas the wehrlites may have formed
under conditions of lower metasomatic ¯uid/rock ratio.
The isotopic signatures of Wikieup samples, therefore,
are the result of mutual exchange between melts in
transport through and in reaction with mantle litho-
sphere.

Assumptions have to be made in order to deploy
binary mixing equations (e.g., Langmuir et al. 1978;
DePaolo 1981) to calculate the degree of interaction
between the melt and the various mantle rocks. We have
assumed that an alkali basaltic melt with 147Sm/144Nd of
0.14, 143Nd/144Nd of 0.51300, and Sm and Nd concen-
trations of 3.1 and 13.5 ppm, respectively, comprises one
end member, and that an average continental spinel
lherzolite (McDonough 1990) with 147Sm/144Nd of 0.26,
143Nd/144Nd of 0.51300, and Sm and Nd concentrations
of 0.3 and 1.5 ppm comprises the other. We estimate
that 40 to 60% of the Sm and Nd in the mantle rock
clinopyroxenes is melt-derived. While these minimum
and maximum values broadly correspond with the least
and most reacted rocks, as determined from petrologic
criteria, they do not represent the actual melt to rock
ratio.
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Characteristics of the in®ltrating magma

All compositional trends for the Wikieup plagioclase
peridotite and wehrlite suggest that the metasomatic
¯uid responsible for their formation was an alkalic ma®c
magma similar in composition to the Wikieup host al-
kali olivine basalt. Isotopic compositions suggest that a
common source is likely for both the Wikieup host alkali
basalt and the alkalic magmas responsible for crystalli-
zation of the gabbros and pyroxenites and for in®ltra-
tion and metasomatism of the Wikieup upper mantle.
The evidence for lack of radiogenic Nd growth (Fig. 8)
indicates that the samples are very young. Crystalliza-
tion of gabbro and pyroxenite within magma-®lled
mantle veins, and wallrock metasomatism by in®ltrating
magma, probably occurred shortly before the samples
were excavated and transported to the surface. The
magmas responsible for vein formation and wallrock
metasomatism formed early in the same magmatic epi-
sode that generated the magmas transporting the Wi-
kieup xenoliths to the surface.

The 143Nd/144Nd versus 147Sm/144Nd diagram
(Fig. 8) shows that crustal contamination of the Wi-
kieup magmas was at best minimal. In fact, the
143Nd/144Nd versus 206Pb/204Pb covariation diagram
(Fig. 9) shows that the samples lie close to the ®eld for
normal mid-ocean ridge basalt (N-MORB), and are
displaced only minimally toward the data point for the
charnockite, near the EMI endmember (Zindler and
Hart 1986) composition, though it could also be argued
that this feature was acquired in the mantle lithosphere.

The Pb isotopic compositions of the Wikieup alkali
basalts and gabbroic and peridotitic xenoliths
(Figs. 6a,b) resemble those of the basalts erupted
through thinned lithosphere of the Basin and Range
province. In this regard, they are di�erent from other
Transition Zone basalts which de®ne a ®eld elongated
toward EMI or DM on the Pb covariation diagrams in
Figs. 6a and 6b, and toward EMI on the 143Nd/144Nd
versus 206Pb/204Pb diagram in Fig. 9; they are di�erent
also from the Geronimo metacumulate xenoliths studied
by Kempton et al. (1990). Sr and Nd isotope ratios fall
within the range of values reported for peridotite xeno-
liths from the Geronimo Volcanic Field (Menzies et al.
1985). All three ®gures also show that charnockite
sample WK1-48 has Pb and Nd isotopic characteristics
similar to EMI, and is therefore a good candidate for the
material variably incorporated into magmas derived
from a MORB-type source to produce the elongated
®elds for the Transitional Zone basalts. Wikieup sam-
ples have very little if any EMI contamination likely to
reside in the lower crust, and instead might have devel-
oped their small isotopic variability entirely within the
mantle.

Conclusions

The petrographic and compositional data from Wikieup
mantle xenoliths is most consistent with a model of
magmatic modi®cation of upper mantle peridotite by
intruding and in®ltrating alkali magmas similar to and
possibly related to the Wikieup host alkali olivine basalt.
Varying degrees of magma-peridotite interaction have
produced modi®cation ranging from only slight Fe-en-
richment of peridotite olivine compositions to reaction
of Cr-rich pyroxenes to produce Al-rich clinopyroxene
and a wehrlite mineral assemblage, to high degrees of
magma-peridotite reaction producing plagioclase per-
idotites. Major, trace, and rare earth element trends are
all compatible with such a hypothesis, and the uniform
isotopic composition of these rock types supports a
common petrogenesis.

Isotopic signatures of the Wikieup basalts and xe-
noliths have Nd and Sr isotopic ratios in the range of
values known for both Transition Zone and Basin and
Range basalts, and similar to values reported for Basin
and Range and Rio Grande Rift mantle xenoliths. Lead
isotopic values more closely resemble Basin and Range
values than Transition Zone values. Similarities between
host basalt isotopic ratios and those of the mantle xe-
noliths suggests that, even at slight degrees of magma-
peridotite interaction, isotopic exchange occurred and
peridotite isotopic values were modi®ed.

Interaction between ascending ma®c magmas and the
Transition Zone upper mantle produced signi®cant
modi®cation of the upper mantle. Mineral assemblages
have changed, and major, trace element, and isotopic
compositions are modi®ed. Changes in mineral assem-
blage and mineral compositions may have signi®cant

Fig. 9 143Nd/144Nd versus 206Pb/204Pb diagram showing the small
variations in Nd compared to Pb, closeness of the data points to the
MORB ®eld and the dissimilarity of the Wikieup xenoliths and basalts
to the majority of the Transition Zone basalts, which trend toward the
EM I endmember. BSE is bulk silicate earth. Symbols and data
sources as in Fig. 6
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impacts on seismic properties of the upper mantle in this
region. Modi®cation of olivine to more Fe-rich compo-
sitions will lower seismic velocity of upper mantle
peridotite (Chung 1971). Introduction of plagioclase,
modi®cation of pyroxene compositions from Cr-rich
pyroxenes to Al-rich augite, and increase of the pyrox-
ene/olivine modal ratio may also lower density and
contribute to lower seismic velocity (Christensen and
Fountain 1975; Kumazawa 1969). The Wikieup xeno-
liths demonstrate mineralogic and compositional modi-
®cations consistent with the modelled, lower than
normal, seismic velocities in the uppermost mantle in
this region. Magmatic intrusion and in®ltration in the
Transition Zone upper mantle may also contribute to
elevated geothermal gradient, increased heat ¯ow, and
higher elevations by heating and lowering density of the
lithospheric mantle.
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