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Abstract Upper mantle xenoliths from the southern
Rio Grande rift axis (Potrillo and Elephant Butte) and
flank (Adam’s Diggings) have been investigated to
determine chemical depletion and enrichment pro-
cesses. The variation of modal, whole rock, and min-
eral compositions reflect melt extraction. Fractional
melting is the likely process. Fractional melting calcu-
lations show that most spinel peridotites from rift axis
locations have undergone <5% melting versus 7-14%
melting for xenoliths from the rift shoulder, although
the total range of fractional melting overlaps at all
three locations. In the rift axis, deformed (equigranular
and porphyroclastic texture) spinel peridotites are
generally characterized by significantly less fractional
melting (2-5%) than undeformed (protogranular)
xenoliths (up to 16%). This difference may reflect
undeformed xenoliths being derived from greater
depths and higher temperatures than deformed rocks.
Spinel peridotites from the axis and shoulder of the
Rio Grande rift have undergone mantle metasomatism
subsequent to melt extraction. Under the rift shoulder
spinel peridotites have undergone both cryptic and
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patent (modal) metasomatism, possibly during sepa-
rate events, whereas the upper mantle under the rift
axis has undergone only cryptic metasomatism by al-
kali basaltic magma.

Introduction

Investigations of the deep-seated xenoliths of ultra-
mafic rock in alkaline basalts, kimberlites, and the
lamprophyre clan, have been important for under-
standing the physical state, chemical composition, and
mineralogy of the upper mantle since isotopic and mi-
croanalytic instrumentation became widely available in
the 1970s (Brown and Mussett 1981; Maalge and Aoki
1977). Even though volcanic materials associated with
continental rifting provide a window into the physical-
chemical state of the mantle (e.g., Wendlandt et al.
1995), xenoliths in rift zones, compared with other
tectonic zones, have not been systematically studied to
understand upper mantle composition and properties or
mantle processes related to plate movements (Bonatti
et al. 1986; Nixon 1987; Witt-Eickschen and Seck 1987;
Gamble et al. 1988; Zipfel and Worner 1992).
Xenolith occurrences in the Rio Grande rift that
were included in this study are Potrillo and Elephant
Butte, located within the rift axis, and Adam’s
Diggings, located 100 km west of the rift axis (Fig. 1).
Xenolith-bearing alkaline basaltic lavas were emplaced
near Adam’s Diggings, western New Mexico, on the
western margin of the Rio Grande rift between about
13 and 6 Ma (Baldridge et al. 1991). Xenoliths from
Elephant Butte, located within the rift axis, occur in
basanitic and alkali basaltic lavas comprising an
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Fig. 1 The xenolith study areas in relation to the Rio Grande
rift. Stars indicate sampling sites. After Baldridge et al. (1984)

extensive Quaternary volcanic field dated younger
than 5 Ma (Warren 1978; Warren et al. 1979; Bachman
and Mehnert 1978). Xenoliths were collected from
three sampling sites, the Walnut Canyon, Black Mesa,
and Red CIliff flows. The Potrillo Volcanic Field is a
large occurrence of basanitic and alkali basaltic lavas
and cinder cones that lies within the axis of the Rio
Grande rift in southernmost New Mexico. Kilbourne
Hole, Hunts Hole, and Potrillo Maar are volcanic
maars within the Potrillo Volcanic Field. Kilbourne
Hole, the location of xenoliths for this study, contains a
larger variety of crustal and mantle xenoliths [associ-
ated with basanitic lavas dated at 80(=10) ka] than the
other maars (Bussod and Williams 1991).

In a previous study, Kil and Wendlandt (2004)
investigated spinel peridotite xenoliths from these
three occurrences to determine pre-eruptive pressure
and temperature conditions, xenolith textural attri-
butes and extraction depths, and thermal history of the
upper mantle. They documented a sequence of three
different texture types, from protogranular through
porphyroclastic to equigranular, with decreasing depth
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of origin and increasing shear deformation: Proto-
granular, porphyroclastic, and equigranular textured
spinel peridotites originate at depths greater than 48,
48-42, and 42-26 km, respectively, at Potrillo, from
greater than 38, 38-36, and 36-29 km, respectively, at
Elephant Butte, and porphyroclastic texture spinel
peridotites from Adam’s Diggings originate at depths
between 39-60 km. Based on xenolith textures and
extraction depths, Kil and Wendlandt (2004) inferred
the lithosphere-asthenosphere boundaries to be 48, 38,
and ~60 km for Potrillo, Elephant Butte, and Adam’s
Diggings, respectively. Given this framework for the
physical state of the mantle under the southern Rio
Grande rift, the current investigation involves studies
of xenoliths from these three locations to understand
the chemical evolution of the mantle underlying the
Rio Grande rift.

Analytical method

Glass beads were prepared from whole-rock powders
for analysis using laser ablation-inductively coupled
plasma mass spectrometry (LA-ICPMS) and EPMA
(Nicholls 1974; Fedorowich et al. 1993; Stix et al.
1995). To avoid contamination, at least 0.5 cm of the
outer xenolith surface that may have contained host
basalt or weathering products was rejected. The
remaining material was crushed in a steel mortar and a
split was ground in an agate mill for whole-rock anal-
yses. Glass beads were prepared using the following
procedure: (1) 0.5 g of sample and 1.0 g of flux, con-
sisting of 6.0 parts Li,B4O5, 0.7 parts Li,CO3, and 3.3
parts LiOH-5H,0, were weighed into disposable 10 ml
polycarbonate titration cups. (2) Powers were mixed
and transferred to graphite crucibles. (3) The graphite
crucibles were placed in a high temperature furnace
and the temperature was slowly increased to avoid
rapid decarbonation and dehydration of Li,CO3; and
LiOH-5H,0. (4) Graphite crucibles were maintained
at 1,120°C for 1 h with gentle slurrying every 10 min to
hasten the melting and homogenize the melt compo-
sition. (5) Graphite crucibles were subsequently re-
moved and allowed to cool rapidly to room
temperature. Line scans of glass beads for selected
elements using EPMA and LA-ICPMS documented
homogeneous compositions.

Major, minor, and trace element concentrations in
the glass beads were subsequently obtained using
EPMA and LA-ICPMS. A CAMECA MBX micro-
probe at Colorado School of Mines was used to
determine major element and selected minor element
whole rock and mineral compositions. Glass bead
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whole-rock compositions were analyzed with 15 kV
acceleration voltage, 15 nA beam current, and 50 pm
beam size. Cr, Mn, Ni glass and basalt glass standards
were used to minimize matrix effects. Count times
were 20-40 s for major elements and 40-100 s for
minor elements. All glass beads were analyzed in
triplicate and the average taken. The concentrations of
reported major element oxides are 1-3% relative
uncertainty (two sigma). Two samples, spinel lherzolite
(89EB19) and host rock (KB168), were analyzed by
XRF at New Mexico Institute of Mining and Tech-
nology in Socorro, New Mexico, for normalization of
EPMA whole-rock analyses. All elements analyzed by
both methods are well matched (Kil 2002).

Mineral compositions were analyzed with the same
EPMA and analytical conditions except for a 2-3 um
beam diameter. Olivine, orthopyroxene, and clinopy-
roxene grains were handpicked and analyzed sepa-
rately, and small size spinel and phlogopite grains were
analyzed in the thin section. Details of mineral ana-
Iytical methods and results of mineral analyses are
presented in Kil and Wendlandt (2004).

The LA-ICPMS at the United States Geological
Survey (USGS) in Lakewood, Colorado, was used to
determine trace element whole-rock and clinopyrox-
ene compositions. Clinopyroxene grains were hand-
picked and analyzed separately. The LA-ICPMS is
equipped with a Nd:YAG laser (266 nm UV laser;
CETAC LSX-200) and Perkin-Elmer ELAN 6000 I1C-
PMS (Lichte 1995; Ridley and Lichte 1998). The
Nd:YAG laser was operated at 20 Hz and 50 um spot
size. All samples were analyzed in triplicate and the
average taken. The USGS GSE standard was used for
standardization. Clinopyroxene and whole-rock anal-
yses were normalized to calcium contents, determined
by EPMA. The concentrations of trace elements
(above the 1 ppm) and rare earth elements (above the
0.1 ppm) are 1-4 and 2-20% relative uncertainty (2
sigma), respectively.

Petrography

Modal compositions of xenoliths were determined by
point counting, using a variable grid spacing chosen to
minimize counting errors (Solomon 1963). Investigated
samples from all locations are spinel lherzolite and
spinel harzburgite and texturally classified as proto-
granular, porphyroclastic, and equigranular based on
the percentage of neoblasts and grain size (Kil and
Wendlandt 2004): Protogranular rocks are coarse
grained (grain size greater than 1 mm); porphyroclastic

rocks contain over 50% small polygonal neoblasts (0.1
0.4 mm) amid larger porphyroclasts; and equigranular
rocks are completely recrystallized and fine grained
(grain size less than 1 mm). Textures ranging from
protogranular through porphyroclastic to equigranular
with kink banding of olivine, triple junctions with
angular grain boundaries, and neoblastic olivine and
orthopyroxene, indicate a dynamic evolution of mantle
under the Rio Grande rift involving lithosphere
attenuation and asthenosphere upwelling.

Only porphyroclastic spinel peridotites that have
undergone an intermediate amount of deformation
occur at the Adam’s Diggings site on the rift shoulder.
Phlogopite is present in the spinel harzburgites at this
location and interpreted as having grown prior to
deformation based on the presence of undulatory
extinction and kink banding in the grains. The devel-
opment of pyroxene exsolution lamellae prior to
xenolith ascent to the surface indicates that the mantle
experienced a cooling event (Kil and Wendlandt 2004).
The sharp boundaries of olivine xenocrysts in the host
basalt and between xenoliths and host basalt imply that
xenoliths ascended rapidly from mantle to surface.

Representatives of all three texture types are found
in spinel peridotites from the rift axis locations (Ele-
phant Butte and Potrillo). Geothermobarometry re-
sults in Kil and Wendlandt (2004) and a website (http://
www.my.netian.com/~ywkil) indicate that equigranular
xenoliths from the rift axis (Elephant Butte and Pot-
rillo) have undergone extreme deformation at rela-
tively low temperatures and shallow depths, whereas
protogranular xenoliths from the rift axis have under-
gone only slight deformation at relatively high tem-
peratures and greater depths. Intermediate deformed
porphyroclastic xenoliths from the rift axis originate at
intermediate temperatures and depths. These three
textural types are believed to be produced by extension
and asthenospheric mantle upwelling along the rift axis
as proposed by Baldridge et al. (1995). There are no
hydrous minerals occurring in xenoliths from the rift
axis sites. Pyroxene exsolution lamellae, observed in
both undeformed (protogranular texture) and de-
formed (porphyroclastic texture) xenoliths at the Ele-
phant Butte and Potrillo localities, document that rift
axis xenoliths also underwent a cooling event prior to
ascent to the surface (Kil and Wendlandt 2004). Rapid
xenolith ascent rates are inferred from the absence of
textural evidence of xenolith-magma interactions and
diffusion modeling of Ca composition gradients at rims
of olivine grains that suggests short duration heating
events associated with xenolith transport (Kil and
Wendlandt 2004).
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Geochemistry
Whole-rock geochemistry

Representative whole-rock analyses of xenoliths are
given in Table 1. Xenoliths from Adam’s Diggings,
Elephant Butte, and Potrillo are characterized by
extensive variation in MgO from 38 to 45, 39 to 44, and
37 to 45 wt%, respectively (Fig.2). SiO, and FeO

(total) contents decrease slightly with increasing MgO
content, but there is scatter to these trends. CaO,
Al,O3, and TiO; contents also decrease with increasing
MgO as would be expected for removal of a basaltic
component (Frey and Green 1974, Griffin et al. 1998).
The scatter of low Na,O and K,O contents may be
explained by analytical uncertainty, migration of vol-
atile elements caused by the EPMA electron beam,
volatilization from the graphite crucible during prep-

Table 1 Major element analyses (Wt%) of representative Rio Grande rift xenoliths and xenolith host rocks

Sample rock ADTMI1-1 ADTM6 ADTM7 ADTMI18 ADTM27 ADTM34 EBBB2 EB4-1 89EB19 EBBMI1-2
name location Sp-Lh Sp-Lh Sp-Ha Sp-Ha Sp-Lh Sp-Ha Sp-Ha  Sp-Lh  Sp-Lh Sp-Lh
texture AD PO ADPO ADPO ADPO AD PO AD PO EBPR EBPR EBPO EBPO
SiO, 45.52 45.38 47.13 44.62 45.37 44.78 44.23 43.01 44.74 44.33
TiO, 0.06 0.07 0.07 0.14 0.20 0.02 0.01 0.03 0.08 0.01
ALO3 3.15 3.38 2.74 1.44 2.87 2.05 1.74 2.94 297 3.66

FeO 8.36 8.51 7.25 7.28 8.49 8.14 8.60 10.76 8.34 8.13
MnO 0.13 0.25 0.18 0.14 0.16 0.11 0.11 0.02 0.13 0.12
MgO 40.52 39.72 38.14 44.96 39.87 42.97 44.13 42.05 41.32 41.14
CaO 2.11 2.76 3.35 1.09 2.70 1.98 1.27 3.35 2.41 2.37
Na,O 0.28 0.21 0.54 0.28 0.52 0.20 0.37 0.47 0.22 0.33

K,O 0.06 0.01 0.04 0.04 0.09 0.05 0.04 0.03 0.03 0.03
P,0s5 0.04 0.06 0.04 0.05 0.06 0.05 0.03 0.03 0.06 0.06
Total 100.24 100.35 99.48 100.05 100.31 100.36 100.53 102.69  100.30 100.17
Mgi# 0.90 0.89 0.90 0.92 0.89 0.90 0.90 0.87 0.90 0.90
Sample rock EBBM1-16 EBBM2-1 EBBB1 EBBB4 89EB23 EBBB5 EBW-2 KBI10 KB12 KB16
name location  Sp-Lh Sp-Lh Sp-Lh Sp-Lh Sp-Lh Sp-Ha Sp-Ha Sp-Lh Sp-Lh Sp-Lh
texture EB PO EB PO EBPO EBPO EBEQ EBEQ EBEQ PTPR PTPR PTPR
SiO, 44.57 45.39 44.85 45.03 4424 44.57 45.71 44.46 44.50 44.34
TiO, 0.10 0.12 0.08 0.09 0.07 0.02 0.17 0.17 0.04 0.09
AL O; 3.72 4.46 391 3.92 3.16 2.87 6.22 4.71 1.49 2.68
FeO 8.38 8.47 7.41 8.67 8.95 7.65 9.82 8.65 8.16 7.82
MnO 0.17 0.17 0.06 0.12 0.13 0.13 0.20 0.07 0.18 0.13
MgO 41.33 38.85 39.98 38.87 41.45 42.22 33.59 38.37 4470 42.52
CaO 2.52 2.99 2.96 3.37 2.24 2.05 5.27 3.82 1.18 213
Na,O 0.33 0.44 0.28 0.32 0.42 0.29 0.66 0.44 0.17 0.37
K,O 0.03 0.01 0.05 0.03 0.02 0.00 0.00 0.03 0.04 0.04
P,0Os 0.04 0.04 0.05 0.04 0.05 0.02 0.13 0.07 0.01 0.04
Total 101.18 100.93 99.64 100.45 100.73 99.83 101.79 100.83 100.46 100.17
Mg 0.90 0.89 0.91 0.89 0.89 0.91 0.86 0.89 0.91 0.91
Sample rock KB4 KB41 KB18 KB35 ADTM109 EBBM1-47 KB167 KB168
name location Sp-Lh Sp-Ha Sp-Lh Sp-Ha Host rock Host rock Host rock Host rock
texture PT PO PT PO PT EQ PT EQ AD EB PT PT

Si0, 44.37 4413 44.49 45.61 43.06 48.29 46.60 45.48
TiO, 0.13 0.15 0.11 0.12 2.85 1.82 211 1.99

Al O3 4.66 425 412 411 10.67 16.63 14.27 14.84
FeO 8.66 8.51 8.18 10.02 14.40 10.22 11.37 11.32
MnO 0.09 0.19 0.12 0.21 0.25 0.27 0.19 0.17
MgO 37.28 40.54 40.32 37.95 14.93 7.91 10.32 11.77
CaO 2.96 2.61 2.55 3.05 10.00 8.62 9.07 10.55
Na,O 2.12 0.44 0.38 0.27 2.50 3.47 331 2.35
K,O 0.05 0.04 0.01 0.02 0.52 0.80 1.32 1.19
P,0s 0.03 0.07 0.01 0.03 0.21 0.42 0.19 0.34
Total 100.35 100.93 100.29 101.39 99.40 98.45 98.74 100.00
Mgt 0.88 0.89 0.90 0.87 0.65 0.58 0.62 0.65

AD Adam’s Diggings, EB Elephant Butte, PT Potrillo, Sp-Lh spinel lherzolite, Sp-Ha spinel harzburgite, PR protogranular, PO

porphyroclastic, EQ equigranular
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aration of the glass bead at 1,100°C, or metasomatic
processes (Xu et al. 2000). Clinopyroxene modal per-
centage also decreases with increasing MgO content.
This reduction, coupled with CaO and Al,Oj contents
of spinel lherzolites from the three sites that are gen-
erally less than 3 wt% and 3.5 wt%, respectively, sug-
gests that the upper mantle under these xenolith
locations has undergone one or more depletion events.

Primitive mantle-normalized REE patterns for spi-
nel peridotites from the rift shoulder (Adam’s Dig-
gings) display LREE enrichment (Fig. 3a) and those
from the rift axis (Elephant Butte and Potrillo) display
mostly flat and LREE-depleted patterns (Fig. 3b, c).
Different textural types do not display significantly
different patterns in the Potrillo samples, but unde-
formed rocks (protogranular texture) from Elephant
Butte are more enriched in LREE than deformed
rocks (porphyroclastic and equigranular textures. The
host rocks from the three sites display very similar
normalized REE patterns.

Trace elements in clinopyroxenes

Trace element and REE compositions of clinopyrox-
enes are summarized in Table 2. Trace elements prefer

the larger sites of clinopyroxene relative to the octa-
hedral sites of orthopyroxene, olivine, and spinel, thus
clinopyroxenes are the main carriers of REE, Ti, and
Zr in spinel peridotite (Nagasawa et al. 1980; Stosch
1982). Typically, abundances of these elements de-
crease in the order -clinopyroxene > orthopyrox-
ene > olivine > spinel. All spinel peridotite xenoliths
from Adam’s Diggings are characterized by porphyr-
oclastic textures and clinopyroxenes are strongly en-
riched in LREE (Fig. 4).

REE compositions of clinopyroxenes are used to
recognize metasomatism affecting spinel peridotites
from the rift axis (Elephant Butte and Potrillo) as
shown in Fig. 5. For xenoliths from Elephant Butte
(Fig. 5a), primitive mantle-normalized clinopyroxene
(La/Yb), ratios progressively increase with increasing
depth of xenolith equilibration. Among the three tex-
ture types, xenoliths with protogranular texture display
the highest LREE/HREE ratios and appear to be the
only spinel peridotites at this location to have under-
gone metasomatic enrichment (Fig. 5¢). Deformed
spinel peridotites (porphyroclastic and equigranular),
with low LREE/HREE ratios, are interpreted as hav-
ing undergone melt extraction without subsequent
metasomatism (Fig. 5c). For xenoliths from Potrillo,
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Fig. 3 a-c Primitive mantle-normalized REE abundances for
spinel peridotite xenoliths and host rocks from a Adam’s
Diggings, b Elephant Butte, and ¢ Potrillo. Primitive values are
from Hofmann (1988). ADTM109, EBBM1-47, KB167, and
KB168 are host rocks. Dot lines are undeformed rocks
(protogranular texture), and solid lines are deformed rocks
(porphyroclastic and equigranular textures)

the primitive mantle-normalized clinopyroxene (La/
Yb), ratio does not increase with depth indicating that
metasomatism is not related to textural type (Fig. 5b).
Chondrite-normalized LREE compositions of clino-
pyroxene are variably enriched or depleted, and also
do not systematically correlate with xenolith textural
type (Fig. 5d). Roden and Shimizu (1993) recognized
similarly variable REE compositions for clinopyroxene
in spinel peridotite xenoliths from both Colorado Pla-
teau and Basin and Range locations. They interpreted
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LREE-depleted clinopyroxenes to be residues of par-
tial melting and LREE-enrichment to be the product
of interaction with alkaline magmas or metasomatic
fluids.

Xenolith depletion by melt extraction

Partial melting and extraction of basaltic components
from the mantle has likely occurred multiple times,
resulting in chemical depletion of the upper mantle.
Roden et al. (1988) argued that spinel lherzolite at
Kilbourne Hole (Potrillo) differentiated from the
primitive mantle as much as 1 billion years ago. Vol-
canic activity related to the Oligocene to Recent evo-
lution of the Rio Grande rift has continued this
depletion process. Therefore, mantle depletion by melt
extraction as discussed below includes both pre- and
syn-rifting events.

Whole-rock and mineral chemical compositions and
mineral modes document this depletion process. Evi-
dence of depletion includes decreasing bulk rock CaO,
Al O3, and TiO; contents, and decreasing clinopyrox-
ene modal percentages with increasing MgO (Fig. 2).
Clinopyroxene/orthopyroxene ratios decrease with
decreasing clinopyroxene abundance (Fig. 2), which
indicates that the depletion process involved partial
melting, because clinopyroxene is the principal mineral
consumed during partial melting of spinel lherzolites to
produce basaltic magmas. Olivine modal percentages
increase with melt extraction and Mg is more enriched
than Fe in residual olivine and other major minerals in
spinel lherzolite because Fe is relatively incompatible.
Therefore, increasing olivine modal percentages with
increasing olivine Mg/(Mg + Fe) is strong evidence of
mantle depletion (Fig. 2).

Recognizing that clinopyroxene dominates bulk
distribution coefficients for incompatible elements in
spinel peridotite, the rare earth elements in clinopy-
roxene can be used to model batch and fractional
melting. The equations for batch melting and fractional
melting are

Cepr/Co = DCPX/[DCPX X Xepx x (1 =F) +F] )
and
Cepr/Co = (1 — F)1/PereXep) =1 o

respectively (Norman 1998), where C.py is the con-
centration of an element in residual clinopyroxene, C,
is the concentration of the element in the initial bulk
composition of the source, assumed to be the compo-
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Table 2 Trace and rare earth element analyses (ppm) of clinopyroxene from Rio Grande rift xenoliths

Sample rock AD1-1 ADI1-2 ADTM6 ADTM7 ADTM8 ADTM10 ADTMI12 ADTMI13 ADTM18 ADTM27 ADTM34
name location Sp-Lh  Sp-Lh  Sp-Lh Sp-Lh Sp-Lh Sp-Lh Sp-Lh Sp-Lh Sp-Ha Sp-Ha Sp-Lh
texture AD PO AD PO ADPO ADPO ADPO ADPO ADPO ADPO ADPO ADPO ADPO
Sr 268.6 229.7 116.3 397.8 221.8 122.4 424.7 389.6 5224 305.9 636.4
Y 6.0 4.7 8.9 6.8 7.9 4.9 8.9 83 23.0 12.8 5.0

Zr 3.8 31 13.6 3.8 22 1.8 26.4 39.1 97.5 759 3.8

La 13.7 10.5 9.3 22.0 11.6 53 134 15.9 35.1 12.1 26.4

Ce 39.9 26.2 14.8 31.4 25.6 6.8 55.4 54.8 92.4 45.0 542

Pr 34 2.3 13 2.3 2.6 0.5 6.6 6.5 13.9 5.4 4.7

Nd 10.4 6.3 3.6 52 8.1 1.6 249 20.8 65.0 22.1 11.3
Sm 1.2 1.1 0.9 0.7 0.7 0.3 38 35 10.3 3.6 1.0

Eu 0.3 0.3 0.3 0.3 0.3 0.1 1.1 1.0 3.0 1.4 0.3

Gd 0.7 0.7 1.1 1.0 0.5 0.5 22 1.8 8.4 3.4 0.7

Tb 0.2 0.1 0.3 0.2 0.2 0.1 0.3 0.3 1.1 0.5 0.2

Dy 1.2 0.5 1.6 1.5 1.3 0.9 1.9 1.6 53 2.8 1.0

Ho 0.3 0.2 0.4 0.2 0.3 0.3 0.4 0.4 1.0 0.5 0.2

Er 0.7 0.6 14 1.0 1.0 0.9 13 0.9 2.6 1.6 0.8

Tm 0.1 0.0 0.2 0.2 0.1 0.1 0.1 0.1 0.3 0.2 0.1

Yb 0.6 0.5 12 0.8 1.0 0.9 0.9 0.8 1.7 0.9 0.8

Lu 0.1 n.d. 0.1 0.1 0.2 0.1 0.1 0.2 0.3 0.2 0.1

Hf n.d. n.d. 0.3 n.d. 0.1 0.2 0.1 0.3 1.6 1.7 n.d.
Sample rock  ADTM37 89EB18 EBBB2 EB4-1 EB6-4 89EB17 89EB19 89EB24 90EB1 EBBMI1-2 EBBMI1-16

name location Sp-Ha Sp-Lh Sp-Ha  Sp-Lh  Sp-Ha  Sp-Lh Sp-Lh Sp-Lh Sp-Ha  Sp-Lh Sp-Lh
texture AD PO EBPR EBPR EBPR EBPR EBPO EBPO EBPO EBPO EBPO EB PO
Sr 467.0 26.9 196.7 95.4 67.7 32.7 16.8 33.8 51.7 19.1 52.6

Y 22.3 6.0 2.4 12.4 14.9 17.0 14.6 16.1 15.7 13.7 15.9

Zr 273.8 154 31.8 19.4 28.8 19.0 11.9 18.6 20.6 12.2 239

La 19.7 0.4 74 3.4 1.1 0.2 0.1 0.2 0.6 0.1 0.4

Ce 63.8 21 12.9 7.5 45 1.5 0.8 1.5 22 1.0 2.5

Pr 8.1 0.4 1.6 1.0 0.9 0.5 0.4 0.5 0.5 0.3 0.7

Nd 36.8 32 7.6 5.6 6.1 41 21 4.0 3.6 32 4.7

Sm 8.7 1.1 n.d. 1.5 1.8 1.5 1.1 14 1.5 1.1 1.7

Eu 2.8 0.4 0.4 0.6 0.6 0.7 0.5 0.7 0.7 0.4 0.5

Gd 6.1 1.7 n.d. 2.0 2.5 2.6 1.9 22 22 1.9 25

Tb 1.0 0.3 n.d. 0.5 0.5 0.4 0.4 0.5 0.5 04 0.5

Dy 4.6 1.5 n.d. 2.4 33 3.8 3.0 39 35 29 3.6

Ho 1.0 0.3 0.2 0.5 0.7 0.7 0.7 0.6 0.7 0.5 0.8

Er 2.7 0.9 0.4 1.5 21 23 22 2.5 23 2.0 23

Tm 04 0.1 n.d. 0.2 0.3 0.3 0.3 0.3 0.3 0.2 0.3

Yb 14 0.5 0.5 1.1 1.6 1.7 1.6 1.7 1.7 1.7 1.9

Lu 0.1 0.1 0.1 0.2 0.3 0.2 0.3 04 0.3 0.2 0.3

Hf 3.6 0.5 0.8 0.5 1.0 1.0 0.5 0.8 0.7 0.2 0.8
Sample rock EBBM2-1 EBBB1 EBBB4 EBBBS5 EB6-2RI EBW-1 EBW-2 KB3 KB10 KB12 KBI16
name location Sp-Lh Sp-Lh Sp-Lh Sp-Lh Sp-Ha Sp-Ha Sp-Lh Sp-Lh  Sp-Lh  Sp-Ha  Sp-Lh
texture EB PO EBPO EBPO EBEQ EBEQ EBEQ EBEQ PTPR PTPR PTPR PTPR
Sr 61.7 20.2 36.4 2.6 511 29.6 19.7 342 48.0 1244 74.4
Y 16.9 15.6 172 14.1 11.1 14.7 20.9 16.5 143 32 13.7
Zr 28.8 15.1 19.3 4.8 16.4 15.1 12.5 17.0 211 11.1 25.6
La 0.5 n.d. 0.2 0.1 0.5 0.3 0.2 1.1 0.8 4.7 0.9
Ce 33 1.0 1.0 0.4 3.0 1.5 0.5 25 35 9.3 35
Pr 0.8 0.2 0.3 n.d. 0.5 0.5 0.2 0.6 0.8 1.2 0.8
Nd 5.6 3.6 2.8 1.8 3.6 32 39 33 6.0 31 4.6
Sm 1.8 1.3 13 0.9 1.2 1.1 1.0 1.4 1.9 12 1.6
Eu 0.7 0.6 0.7 0.3 0.6 0.5 0.8 0.6 0.6 0.3 0.6
Gd 2.4 2.5 2.4 1.5 1.6 25 1.7 23 2.8 n.d. 22
Tb 0.6 0.2 0.5 0.4 0.3 0.4 0.7 0.4 0.6 0.2 0.5
Dy 32 23 3.1 3.1 23 3.0 2.1 33 29 0.6 3.1
Ho 0.8 0.8 0.8 0.7 0.5 0.6 0.8 0.6 0.6 0.2 0.6
Er 2.4 1.5 2.4 22 1.3 22 34 22 2.5 n.d. 2.1
Tm 0.3 0.2 04 0.2 0.2 0.4 0.3 0.4 0.3 n.d. 0.3
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Table 2 continued

Sample rock EBBM2-1 EBBB1 EBBB4 EBBB5 EB6-2RI EBW-1 EBW-2 KB3 KB10 KB12  KBI16
name location Sp-Lh Sp-Lh Sp-Lh Sp-Lh Sp-Ha Sp-Ha Sp-Lh Sp-Lh ~ Sp-Lh  Sp-Ha  Sp-Lh
texture EB PO EBPO EBPO EBEQ EBEQ EBEQ EBEQ PTPR PTPR PTPR PTPR
Yb 1.9 2.3 1.7 1.5 13 21 2.8 21 1.5 0.4 12
Lu 0.3 0.1 0.3 0.4 0.2 0.2 0.4 0.3 0.3 0.1 0.2
Hf 0.9 0.4 0.6 0.4 0.6 0.5 0.8 0.6 0.7 0.5 0.8
Sample rock KB25 KB57 KB4 KB14 KB41 KB52 KB18 KB35 KB56
name location Sp-Lh Sp-Lh Sp-Lh Sp-Lh Sp-Lh Sp-Lh Sp-Lh Sp-Lh Sp-Ha
texture PT PR PT PR PT PO PT PO PT PO PT PO PT EQ PT EQ PT EQ
Sr 54.0 343 125.1 37.4 29.2 88.0 27.9 71.9 39.6
Y 15.9 9.1 16.5 155 14.0 13.9 15.3 12.1 14.4
Zr 235 7.5 283 183 14.9 16.2 13.0 15.7 24.0
La 0.6 0.8 3.6 0.4 0.2 2.7 0.5 22 1.2

Ce 3.1 33 17.8 n.d. 1.5 9.7 1.8 11.1 5.6

Pr 0.8 0.5 35 0.5 0.4 1.5 0.5 1.6 1.1
Nd 53 3.0 20.1 3.8 3.8 7.5 39 7.3 7.2
Sm 1.8 0.9 5.0 1.2 15 1.5 14 1.8 1.8
Eu 0.7 0.4 1.4 0.7 0.6 0.8 0.7 0.8 0.7
Gd 24 1.6 41 21 2.0 1.9 2.7 1.9 29

Tb 0.5 0.3 0.6 0.5 0.5 0.5 0.5 0.4 0.5

Dy 35 2.1 42 3.6 2.4 2.7 33 22 3.0
Ho 0.7 0.3 0.7 0.6 0.6 0.7 0.7 0.5 0.6

Er 23 1.5 2.3 22 22 2.1 22 1.7 21
Tm 0.3 0.2 0.3 0.3 0.3 0.3 0.3 0.2 0.3

Yb 1.6 1.1 2.0 1.7 1.9 1.8 1.5 12 2.0

Lu 0.3 0.2 0.3 0.3 0.3 0.4 0.2 0.2 0.3

Hf 0.8 0.5 1.3 0.8 0.5 0.8 0.7 0.6 1.2

AD Adam’s Diggings, EB Elephant Butte, PT Potrillo, Sp-Lh spinel lherzolite, Sp-Ha spinel harzburgite, PR protogranular, PO

porphyroclastic, EQ equigranular

sition of the mantle before the continental crust
formed (primitive mantle value; Hofmann 1988), D
is the distribution coefficient for the element between
clinopyroxene and basaltic melt (Kelemen et al. 1993;
Halliday et al. 1995), X is the fraction of clinopy-
roxene in primitive mantle spinel peridotite (assumed
to be 0.2; Fig. 2), and F is the weight fraction of melt
produced. The assumption of C, to be that of primitive

1000 Adam's Diggings

=

o

o
L

Clinopyroxene / Chondrite
=

la Cc Pr Nd Sm Eu Gd To Dy H E Tm Yb Lu
Fig. 4 Chondrite-normalized REE compositions for clinopyrox-

enes from Adam’s Diggings’ spinel peridotites. Chondrite values
are from Sun and McDonough (1989)
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mantle is reasonable but not unique, given the long,
complex, and unknown history of the upper mantle.
Accordingly, the results of the melting models are
illustrative but similarly non-unique.

Rift shoulder (Adam’s Diggings)

Normalized whole-rock and clinopyroxene REE com-
positions for Adam’s Diggings spinel lherzolites
(Figs. 3, 4, respectively) are characterized by LREE
enrichments, suggestive of mantle metasomatism (dis-
cussed later) following melt extraction. This argument
follows from comparison of observed clinopyroxene
incompatible element compositions with those pre-
dicted for residual clinopyroxene following batch or
fractional melting (Fig. 6). Either of these melting
processes would result in clinopyroxene having pro-
nounced depletions in most incompatible elements,
although fractional melting would be more efficient
than batch melting in removing the most incompatible
elements. Consequently, less incompatible elements, Y
and Yb, were used to determine the degree of partial
melting and to distinguish between batch melting and
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fractional melting processes. As shown in Fig. 7a, b,
the batch-melting model requires unreasonably high
amounts of partial melting, up to and exceeding 30%
(e.g., McKenzie 1985; McKenzie and O’Nions 1991), to
explain the observed Y and Yb. By the same reasoning,
spinel lherzolites from Adam’s Diggings could have
undergone 7-14% fractional melting. Phlogopite-
bearing spinel harzburgites (ADTM18, ADTM27 and
ADTM 37) are strongly REE-enriched, including Y
and Yb (Fig. 7a, b), and could not be used to constrain
the degree of partial melting.

Rift axis (Elephant Butte and Potrillo)

In contrast to Adam’s Diggings, xenoliths from Ele-
phant Butte and Potrillo are not noticeably enriched in
LREE (Fig. 3), however clinopyroxene in protogran-
ular textured xenoliths from Elephant Butte and in
occasional xenoliths from all three texture groups at
Potrillo show elevated LREE (Fig. 5). These observa-

tions are consistent with the results of batch and frac-
tional melting models based on (La/Yb), versus Lan
contents of clinopyroxenes from these two locations
(Fig. 7c, e). Recognizing that these simple models can
only approximate complex chemical relations resulting
from melting (perhaps occurring multiple times) and
provide very qualitative explanations of melting pro-
cesses, fractional melting models best describe the
data, particularly those samples having low (La/Yb),
or requiring excessively large degrees of batch melting.
Samples of undeformed (protogranular texture) rocks
from Elephant Butte and occasional samples repre-
senting all texture types from Potrillo (Fig. 7c, e,
respectively) deviate from fractional melting models
[higher (La/Yb),] due to LREE enrichment, as noted
above.

Only Y and Yb were used to determine the degree
of partial melting for comparison with Adam’s Dig-
gings (Fig. 7d, f). Fractional melting calculations show
that most spinel peridotites from both rift axis loca-
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Fig. 6 a-b Comparison of trace element compositions predicted
for residual clinopyroxene having undergone partial melting
(dash lines) with analyzed primitive mantle-normalized clinopy-
roxene compositions (solid lines): a batch melting (1, 5, 10, 20,
and 50%; dashed lines), and b fractional melting (1, 5, 10, and
20%; dashed lines)

tions have undergone <5% melting, although the total
range of fractional melting at Potrillo and Elephant
Butte is similar to that for Adam’s Diggings. Unde-
formed (protogranular) and deformed (porphyroclastic
and equigranular) rocks from Elephant Butte are
characterized by similar ranges of fractional melting.
Deformed (equigranular and porphyroclastic texture)
spinel peridotites from Potrillo are characterized by
significantly less fractional melting (2-5%) than
undeformed xenoliths (up to 16%). This difference
may reflect undeformed xenoliths being derived from
greater depths and higher temperatures (and higher
recrystallization rates) than deformed rocks (Kil and
Wendlandt 2004). Thus, even though the current sur-
face expression of volcanic materials is greater along
the rift axis than on the rift shoulder, calculations
suggest comparable amounts of melting for the two
regions. The range of melting, however, may be more
restricted for rift shoulder (Adam’s Diggings) xenoliths
and lower degrees of fractional melting are indicated
for deformed peridotites from Potrillo. These results
are consistent with models that upper mantle depletion
started prior to rifting in the Proterozoic and that the
upper mantle under the Rio Grande rift has undergone
multiple extraction events from the primitive mantle.

@ Springer

Xenolith enrichment by mantle metasomatism

Mantle metasomatism generally refers to an enrich-
ment process involving incompatible elements, e.g., K,
Rb, Sr, Ba, LREE, Ti, Nb, Zr, P, U, and Th (Roden
and Murthy 1985). Mantle metasomatism can be sub-
divided into two types (Dawson 1984): (1) patent
metasomatism (modal metasomatism) is characterized
by mineralogical changes, including introduction of
hydrous (amphibole, phlogopite) and/or anhydrous
minerals (zircon, apatite, rutile, crichtonite-series
minerals); and (2) cryptic metasomatism is character-
ized by compositional enrichment without the intro-
duction of new minerals. A useful, but not exact,
indicator of cryptic metasomatism for the Rio Grande
rift occurrences is xenoliths or mantle clinopyroxenes
having normalized (La/Yb), > 1. Spinel peridotites
from Adam’s Diggings display both patent and cryptic
metasomatism, and those from Elephant Butte and
Potrillo (rift axis) display only cryptic metasomatism.

Metasomatic agent

Metasomatic agents in the upper mantle are generally
considered to be of three types: silicate magma, car-
bonatite magma, and H,O-CO, fluid. Carbonatite
metasomatism characteristically results in distinctive
petrographic, whole rock, and trace element geo-
chemical changes primarily involving clinopyroxene
(Yaxley etal. 1991; Roden and Shimizu 1993).
Wehrlite xenoliths, produced by interaction between
carbonatite magma and upper mantle lithologies,
have not been reported from the Rio Grande rift, and
there are no known carbonatite occurrences in the
Rio Grande rift (Yaxley et al. 1991; Roden et al.
1988; Baldridge 1979). Accordingly, CaO/Al,O5 ratios
of spinel peridotites from the three sites are generally
characterized by lower CaO/Al,O3 ratios than wehr-
lites (Yaxley et al. 1991). Carbonatites have signifi-
cantly lower Ti/Eu than primitive mantle values
(Hofmann 1988), yet Ti/Eu in lherzolite from the
three sites are greater than the primitive mantle
values (Fig. 8). Because partial melting does not
change Ti/Eu whole-rock compositions, these Ti/Eu
suggest that metasomatism agents in the upper man-
tle under the Rio Grande rift are not likely to include
carbonatitic magma.

Wyllie (1977) and Menzies et al. (1985) have argued
that large amounts of CO, can be released by basaltic
and other alkalic magmas at low pressure. CO,-rich
fluids associated with silicate melts have been shown to
strongly fractionate LREE (Wendlandt and Harrison
1979), suggesting a mechanism for LREE enrichment
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Cpx from phlogopite-bearing spinel harzburgite. Spinel harz-
burgites could not be used to determine the degree of melting
because of metasomatic modification. Comparison of partial

by CO,-rich fluids. However, Hamilton et al. (1989)
suggest the alternative interpretation that REE are
preferentially partitioned into the silicate melt. Also,
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Fig. 8 Log Ti (ppm) versus Ti/Eu for spinel peridotites from the
three localities. The /ines indicate primitive mantle values for Ti
and Ti/Eu from Hofmann (1988). Symbols are as summarized in
Fig. 2
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melting models for La, and (La/Yb), contents of clinopyroxene
in spinel peridotites from ¢ Elephant Butte and e Potrillo. Dash
line indicates batch melting (1-50%) and solid line indicates
fractional melting (1-5%). Strongly LREE-enriched protogran-
ular rocks show a deviation from the fractional melting line.
Comparison of fractional melting models for Y, and Yb,
contents of clinopyroxene in spinel peridotites from d Elephant
Butte, and f Potrillo. Symbols for Fig. 6¢c, d, e, f are as
summarized in Fig. 2

Menzies and Hawkesworth (1987) suggest that melt is
a more efficient metasomatic agent than fluids, because
the high reactivity of H,O-CO, fluids in hydration and
carbonation reactions and partial melting limits fluid
mobility. For these reasons, therefore, metasomatic
agents in the upper mantle under the Rio Grande rift
are likely to be silicate magma rather than fluids and
carbonatite magma.

Elephant Butte and Potrillo

Assuming that metasomatic enrichment was caused
by entrapment of metasomatizing silicate melt react-
ing with primary peridotite minerals, trace element
distribution coefficients between xenolith clinopyrox-
ene and silicate melt can be used to identify compo-
sitional attributes of the metasomatic agent.
Concentrations of components in the hypothetical
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silicate melt metasomatic agent are determined using
the following equation:

Csilicate melt — Ccpx/Dcpx/silicate melt» (3)

where Cgilicate meir and Cepy are concentrations of an
element in the hypothetical silicate melt and clinopy-
roxene, and D yysiticate melc 18 the distribution coeffi-
cient for an element between clinopyroxene and
silicate melt.

Calculated silicate melt compositions for the proto-
granular texture rocks at Elephant Butte utilize dis-
tribution coefficients between clinopyroxene and alkali
basalt melt (Dcpy/aikali basalt meit) because the host rock
of Elephant Butte is alkali basalt. D (distribution
coefficient) values are influenced by pressure, tem-
perature, and phase compositions, therefore, the cal-
culations used D cpy/aikali basalt mele Values from Nicholls
and Harris (1980) which were determined for upper
mantle conditions of 1,080°C and 15 kb. Values of Ccpx
used in Eq. 1 were obtained by LA-ICPMS analysis as
part of this research. Subsequently, hypothetical (cal-
culated) silicate melt compositions were compared to
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Fig. 9 a-d Comparison of REE compositions for hypothetical
melt (symbols) and alkali basalt host rock for a Elephant Butte
spinel peridotites with protogranular texture, b Potrillo proto-
granular spinel peridotites, and ¢ Potrillo porphyroclastic and
equigranular spinel peridotites. Dcpy/alkali basalt melt at 1,080°C
and 15 kb from Nicholls and Harris (1980) were used to calculate
the hypothetical melts for Elephant Butte and Potrillo spinel
peridotites. d Comparison of REE compositions for hypothetical
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actual host rock analyses (alkali basalt) to test whether
the metasomatism source for protogranular spinel
peridotites could be alkali basalt melt. In Fig. 9a, the
calculated hypothetical silicate melt composition
compares well with the host rock composition (alkali
basalt). Beccaluva et al. (2001) suggested that com-
plete chemical rehomogenization of a 1 mm clinopy-
roxene requires a time span of 4.8-16 ka, based on
diffusion models for clinopyroxene. Therefore, the
metasomatic agent for protogranular rocks at Elephant
Butte could have been similar to the host rock melt and
may be related to this melt or to earlier alkali basaltic
magmatism. As shown in Fig. 5a, primitive mantle-
normalized clinopyroxene (La/Yb), ratios increase
with increasing depth of equilibration for Elephant
Butte xenoliths. This trend suggests that the proto-
granular texture xenoliths at this location experienced
metasomatic enrichment (Fig. 5a) whereas xenoliths
with deformed texture (porphyroclastic and equigran-
ular) have undergone melt extraction without sub-
sequent metasomatism (Fig. Sa, c).

Hypothetical silicate melt calculations for Potrillo
xenoliths (Flg 9b’ C)? again USiIlg DCpx/Alkali basalt melt
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melt (symbol) and basanite host rock compositions (this study
and sample Z6.6.12(2) of Baldridge et al., 1991) for Adam’s
Diggings spinel peridotites. DcpyBasanite melt at 1050°C and 15 kb
from Adam and Green (1994) were used to calculate the
hypothetical melts for Adam’s Diggings spinel peridotites.
Chondrite values are from Sun and McDonough (1989). Host
rock data are from Kil (2002)
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values for conditions of 1,080°C and 15 kb (Nicholls
and Harris 1980), support the conclusion that all three
textural types at this location have undergone meta-
somatism by the host rock melt and/or alkali basaltic
magmatism preceding the entrainment of mantle
xenoliths by the host magma. This conclusion is based
on the similarity of the calculated hypothetical silicate
melt composition with the host rock composition (al-
kali basalt). Metasomatism in xenoliths from Potrillo is
not related to textural type (Fig. 5b, d).

Adam’s Diggings

The hypothetical silicate melt at Adam’s Diggings was
calculated using distribution coefficients between clin-
opyroxene and basanite (Dcpybasanite mett) from Adam
and Green (1994), which were determined for upper
mantle conditions of 1,050°C and 15 kb. In Fig. 9d,
compositions of chondrite-normalized hypothetical
silicate melts derived for xenolith clinopyroxene using
(Eq. 3), agree with host rock compositions (basanite)
for HREE, but display much higher LREE than the
host rocks. The HREE signatures for these harzburg-
ites (Fig. 9d) may be explained by enrichment pro-
cesses involving the host rock or unrecognized earlier
basanitic magmatism. The enriched LREE signatures,
however, require an additional or alternative enrich-
ment event.

Early cryptic metasomatism

A possible source for the early LREE-enrichment is
melt derived from small degrees of partial melting of
pyroxene- and phlogopite-bearing peridotite (e.g.,
Carlson and Nowell 2001), perhaps associated
with the period of extensive volcanic activity that
occurred from approximately 37 to 20 Ma in or near
the Rio Grande rift. Minette magmas, derived by
melting of phlogopite-bearing mantle, formed shallow
intrusives on the Colorado Plateau at this time
(Vaniman et al. 1985) and may be related to the
early metasomatism recorded in the Adam’s Diggings
xenoliths. One manifestation of this early igneous
activity occurred at approximately 25-30 Ma at
Cerros de las Mujeres, New Mexico, located 25 km
northwest of Adam’s Diggings (Vaniman et al. 1985).
The Cerros de las Mujeres minettes display very
high chondrite-normalized La/Yb ratios (about 60;
Vaniman et al. 1985) possibly related to small de-
grees of partial melting. Accordingly, REE enrich-
ment in Adam’s Diggings xenoliths could have been
produced by interactions involving mantle and melts
of this type.

Patent (modal) metasomatism

Phlogopites in xenoliths from Adam’s Diggings are
deformed and, thus, believed to have formed at some
undetermined time prior to incorporation in host ba-
salt. The introduction of phlogopite into spinel peri-
dotites results from reaction between potassium-rich
fluid or melt and magnesium-rich minerals within the
phlogopite stability field (Sato et al. 1996). A possible
source of potassium to form phlogopite at Adam’s
Diggings may be the subducted Farallon oceanic plate,
which was overridden by the North American conti-
nent beginning approximately 140-100 Ma ago (late
Jurassic and Cretaceous period) and continuing until
about 50 Ma ago. Johnson et al. (1996) emphasized the
importance of melt infiltration related to ancient sub-
duction processes to explain the presence of hydrous
phases in xenoliths from Cenozoic rifts. Alternatively,
the metasomatic phlogopite may have been produced
by the same minette metasomatic event that resulted in
enrichment of clinopyroxene in LREE and other
incompatible trace elements. A number of studies,
however, have concluded that the appearance of
phlogopite typically indicates a distinct metasomatic
event from that resulting in LILE enrichment in clin-
opyroxene (Menzies et al. 1987; O’Reilly and Griffin
1988; Johnson et al. 1996). In the rift axis (Elephant
Butte and Potrillo), phlogopite is absent because of the
breakdown of phlogopite during rift-related partial
melting or, alternatively, phlogopite was never present.

In summary, there may be as many as two or three
metasomatic events at Adam’s Diggings. The simplest
explanation for the observed patent and cryptic meta-
somatism involves the interaction of xenolith mantle
with deep-sourced potassic minette magmatism during
early rifting. Alternatively, the patent metasomatism
and the LREE enrichment of clinopyroxene may be
decoupled and involve patent (modal) metasomatism
before rifting caused by mixing MORB-type mantle
and hydrous fluids from subducted slabs that were
enriched in alkalis and LILE (old subducted slabs),
followed by metasomatism involving a minette-type
melt composition during early rifting (Oligocene).
Whether or not this minette event was followed by
metasomatism involving basanitic magmatism, similar
in composition to the host rock, cannot be proven or
dismissed.

Discussion (Upper mantle evolution)

A model for upper mantle (spinel lherzolite stability
field) evolution under the southern Rio Grande rift
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axis and rift shoulder can be proposed that is based
on interpretations of major and trace element whole-
rock and mineral compositions. Particular emphasis is
placed on types and distributions of texture types,
pressure and temperature conditions of origin of
xenoliths (Kil and Wendlandt 2004), and mantle
depletion and enrichment events relative to the for-
mation of the Rio Grande rift, i.e., prior to rifting
(greater than 37 Ma), early rifting (Oligocene to
middle Miocene; 37-15 Ma), and late rifting (middle
Miocene to Holocene; 15-0 Ma). An assumption of
this model is that there was no significant North
American plate movement during the late rifting
period, when xenoliths were transported to the
surface.

Prior to rifting (greater than 37 Ma)

Chemical and isotope data for volcanic rocks and
mantle xenoliths from southwestern USA, including
the Rio Grande rift, indicate that the upper mantle was
heterogeneous at this time with MORB-type and OIB-
type (old subducted slab) mantle components (Frey
and Prinz 1978; Roden et al. 1988; Menzies et al. 1987;
Mattery et al. 1985; Kyser and Rison 1982; Leeman
1982). The timing of partial melting events is not well
constrained but upper mantle under the Rio Grande
rift has undergone multiple extraction events from
more than 1 billion years (Roden et al. 1988) to pres-
ent. The maximum degree of partial melting, indicated
by less incompatible elements (e.g., Y and Yb) is
comparable for the rift axis (Elephant Butte and Pot-
rillo) and the rift shoulder (Adam’s Diggings). How-
ever, along the rift axis, most spinel peridotites and, in
particular, porphyroclastic and equigranular textured
spinel peridotites apparently experienced smaller de-
grees of partial melting relative to rift shoulder peri-
dotites. This difference may be a consequence of
varying extraction depths for textural types from dif-
ferent locations.

From about 140 Ma years ago, the oceanic Farallon
plate, coming from the west, subducted beneath the
North American continental margin. During this peri-
od, the first enrichment process recognized in this study
may have occurred (MM1 in Fig. 10a), involving the
reaction of a potassium-enriched metasomatic agent
(perhaps from an old subducted slab) with a depleted
MORB-type mantle to produce phlogopite. The depth
and lateral extent of this metasomatic event is not
known, however, the recognition of subduction-related
volcanism in the Rio Grande rift, southern New Mex-
ico (McMillan et al. 2000), provides support for this
metasomatic agent. Alternatively, this first enrichment
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process may be related to magmatic processes occur-
ring during the early stage of rifting (as discussed
previously).

Early rifting (Oligocene to middle Miocene;
37-15 Ma)

A clear explanation of the rifting mechanism for the
Rio Grande rift, i.e., active or passive (Sengor and
Burke 1978), has not been forthcoming. By whatever
mechanism, however, the lithosphere was attenuated
by asthenospheric upwelling during the Oligocene to
middle Miocene (Fig. 10b). There are two magmatic
pulses in the Rio Grande rift (Baldridge et al. 1980):
an early pulse (late Oligocene—early Miocene) and a
later episode (middle Miocene-Holocene). During the
early pulse, magmatism associated with tectonic
extension (rifting) began about 37 Ma, became wide-
spread after 30 Ma, and waned from 20 to 15 Ma
(Aldrich et al. 1986). Volcanic activity mainly oc-
curred along the rift axis and 80% of all southern rift
volcanics were erupted during this period (Bussod
and Williams 1991). There are no known mantle
xenolith suites in the central and southern part of the
Rio Grande rift associated with volcanic activity
during this period.

During rifting, deformation textures developed in
the mantle under the Rio Grande rift. The brittle
lithosphere was more easily deformed than the
asthenosphere. The hotter and more attenuated mantle
along the rift axis (Elephant Butte and Potrillo) pro-
duced three textural types. Heating promoted mineral
growth (recrystallization), whereas extensive strain,
related to asthenospheric upwelling, promoted mineral
deformation. Therefore, the lowest temperature equi-
granular texture rocks (most deformed rocks) origi-
nated in the uppermost part of the lithosphere near the
crust, whereas the highest temperature protogranular
texture rocks (most recrystallized rocks) originated at
greater depths. Intermediate temperature porphyro-
clastic textured rocks originated at intermediate depths
(Kil and Wendlandt 2004).

The methods utilized to define the boundary be-
tween lithosphere and asthenosphere, including seis-
mic data, chemical data, and isotopic data, indicate that
the boundary is currently located near the base of the
crust along the Rio Grande rift axis (Perry et al. 1987,
Baldridge et al. 1995). This boundary closely corre-
sponds to that for the depths of origin of undeformed
(protogranular) and deformed (porphyroclastic and
equigranular) rocks. Protogranular texture rocks were
not found on the rift shoulder (Adam’s Diggings), but
these rocks could have existed at depths greater than
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Prior to rifting (greater than 37 Ma)
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Fig. 10 a—c A schematic history of lithosphere evolution in the
Rio Grande rift. MM1, MM2 and MM3 are first, second, and
third mantle metasomatic events, respectively. a Prior to rifting
(greater than 37 Ma), temperature distributions based on
44 mWm™ geotherm (Pollack and Chapman 1977), b Early
rifting (37-15 Ma), and ¢ late rifting (15-0 Ma). The boundary of
the phlogopite stability field is based on Sato et al. (1996)

about 60 km at the time of eruption (Kil and Wend-
landt 2004).

The phlogopite stability field changed as the litho-
sphere thinned, commensurate with changing pressure
and temperature conditions (Fig. 10b). Prior to rifting,
phlogopite was stable at depths shallower than about
190 km (44 mW/m?, Sato et al. 1996). After rifting
commenced, however, the phlogopite stability field
evolved with changing geothermal gradients. By
15 Ma, phlogopite was stable in the mantle under
Adam’s Diggings only at depths shallower than about
61 km (18.5 kb) at 1,125 °C (Wendlandt and Eggler
1980).

Partial melting under the rift shoulder may have
been triggered by the dehydration melting of hydrous

minerals, amphibole and perhaps phlogopite, to form
alkaline series rocks, including minettes (Wendlandt
and Eggler 1980), whereas decompression melting is
the primary mechanism for melt generation in the rift
axis (Fig. 10b). The second episode of mantle metaso-
matism (MM2), giving rise to LREE and other incom-
patible element enrichments in clinopyroxene and,
possibly, crystallization of phlogopite on the rift
shoulder, involved a minette-type melt with high LREE
contents (Fig. 10b). There is no evidence of MM2
metasomatism along the rift axis during this period.

Late rifting (middle Miocene to Holocene;
15-0 Ma)

After early Miocene, the mantle under the southern
Rio Grande rift broadly started cooling (Bussod and
Williams 1991) with resulting development of reequil-
ibration textures in minerals. Evidence of earlier high
temperature conditions followed by cooling include
exsolution lamellae of orthopyroxene in clinopyroxene,
and vice versa, and slightly changing Al contents of
porphyroclastic orthopyroxene cores relative to neob-
lastic rims (Kil and Wendlandt 2004). The temperature
difference between initial equilibration and subsequent
cooling was larger in deformed rocks (porphyroclastic
and equigranular textures) than in undeformed rocks
(protogranular texture) in the rift axis.

During the later phase of magmatism (middle Mio-
cene—Holocene) in the Rio Grande rift, volcanic activ-
ity was generally associated with the northeast trending
Jemez Lineament, extending from the San Carlos vol-
canic field in eastern Arizona to the Raton-Clayton
volcanic field of northeastern New Mexico (Perry et al.
1987; Fig. 1). The melts that erupted away from this
lineament in the southern Rio Grande rift, therefore,
likely formed as independent, isolated batches by local
thermal perturbations. During this period, localized
alkaline magmas at Adam’s Diggings, Elephant Butte,
and Potrillo brought mantle xenoliths to the surface at
12.6, 2.9 Ma, and 80 Ka, respectively. Mantle metaso-
matism (MM3) involving the host melts or melts of
similar composition (alkali basalt and basanite mag-
mas) modified xenolith compositions from the rift axis
and possibly those from the rift shoulder (Fig. 10c). The
phlogopite stability field during late rifting was similar
to that during the early rifting period (Fig. 10c). Partial
melting at Adam’s Diggings may have been triggered by
phlogopite dehydration (Fig. 10c).
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