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Abstract—Metaigneous xenoliths with granulite facies assemblages from the Pliocene Elephant Butte volcanic field basalts 
flows were derived from the lower crust. Protolith compositions are inferred to be diorite and granite based on mineralogy and 
color index. The metadiorite has orthopyroxene (opx) compositions of En68–En55 and plagioclase compositions of An48–An45, 
whereas the metagranite has opx compositions of En55–En30 and plagioclase compositions of An40–An35. Augite is also more 
magnesian in the metadiorite relative to the metagranite. A 40Ar/39Ar date on the host basalt is 2.71 ± 0.06 Ma. Cathodolumi-
nescence imaging indicates that xenolith zircons have both oscillatory zoned cores as well as altered cores and low-U rims. The 
core dates are complicated by high common Pb and discordance, but the best core ages from the four samples dated are 1664 ± 
14 Ma, 1452 ± 32 Ma, ~1450 Ma, and 1432 ± 14 Ma. The core age of 1664 Ma is similar to other dates from Mazatzal province 
basement, and the ~1450 Ma dates from the remaining samples is similar to other dates from surface exposures of granites that 
are part of the ~1.4 Ga granite-rhyolite province. These dates indicate that ~1.4 Ga granites are found at all depths of the crust 
indicating a significant volume of ~1.4 Ga granite in the crust. The rim dates for two samples are similar at 9.8 ± 1.7 Ma and 
11.0 ± 2.2 Ma. A combined age using three samples is 10.4 ± 1.1 Ma. This age is coeval with the Selden basalt flow >60 km 
to the south and coincides with the onset of extension and magmatism following a 8 m.y. hiatus. The lack of surface flows at 
10 Ma at Elephant Butte suggests that mantle derived magmas provided heat to the lower crust, possibly by underplating, but 
that extension was not yet significant enough to allow magmatism to occur. Volcanism at 2.7 Ma at Elephant Butte brought up 
the xenoliths and was facilitated by extension in the transfer zone between two offset north-striking and west-dipping normal 
faults. The Miocene zircon rim ages in Proterozoic xenoliths provide indirect evidence for the onset of extension-related heat-
ing of the lower crust in the absence of surface eruptions.

Introduction

Crustal xenoliths have long been recognized as a way to glean 
valuable information about the composition, age, and conditions 
of the lower crust (e.g., Kay and Kay, 1981; Hanchar et al., 1994). 
Zircons from crustal xenoliths can reveal multiple episodes of 
igneous and metamorphic growth (Hanchar and Rudnick, 1995), 
and using cathodoluminescence (CL) images of the zircons to 
guide spot dating using SHRIMP (sensitive high-resolution ion 
microprobe) is a powerful method to determine the U-Pb ages of 
these different episodes.

In the southern Rio Grande rift (Fig. 1; Chapin, 1971), rift-
related magmatism over the last ~30 m.y. has been used to evalu-
ate the relationship between magmatism and extension (e.g., 
Seager et al., 1984; Mack, 2004), and mafic volcanism has been 
used to evaluate the evolution of the mantle beneath the rift (e.g., 
Perry et al., 1987; McMillan et al., 2000). The total volume of 
erupted material since 10 Ma is relatively small, and this may 
correlate with the modern slow spreading rate determined using 
geophysical data (Berglund et al., 2012).

Whereas exposed Proterozoic crust along the Rio Grande rift 
and adjacent fault blocks can be evaluated in context, xenoliths 
provide direct sampling of otherwise unobservable lower crust. 
These rocks may be part of the source rocks for 1.4 Ga granitic 
magmatism or they may be themselves part of the 1.4 Ga igneous 
event. Other igneous or metamorphic events may be recorded in 
zircon growth within the xenoliths.

The goal of this paper is to provide new ages of the host basalt 
and from lower crustal granulite facies xenoliths and use them to 

better understand the composition of Proterozoic crust as well as 
to determine the ages of subsequent crustal events including the 
history of magmatism in the Rio Grande rift.

FIGURE 1. Location map of south-central New Mexico showing the 
distribution of Precambrian rocks and Neogene volcanic fields. Also 
shown is the outline of the Rio Grande rift (Chapin, 1971). After Bal-
dridge (2004). KH=Kilbourne Hole.
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Regional Geology

The Fra Cristobal Mountains and Cutter Sag areas (Fig. 2) are 
part of the Mazatzal province that consists of igneous basement 
of likely arc origin that ranges in age from 1.7–1.6 Ga and have 
juvenile isotopic geochemical signatures (Karlstrom et al., 2004). 
The Mazatzal orogeny began around 1.65 Ga and records the 
accretion of the Mazatzal province to the Yavapai province along 
a NE-trending suture near the New Mexico-Colorado border 
(Karlstrom and Bowring, 1988; Amato et al., 2008). Rock types 
within the largest exposure of Mazatzal province crust in southern 
New Mexico, the Burro Mountains, include amphibolite, gabbro, 
orthogneiss, metarhyolite, and metasedimentary rocks including 
schist and quartzite (Amato et al., 2008; 2011).

Granitic plutons and rhyolites ranging in age from 1,490–
1,340 Ma are found in a wide belt across North America (Ander-
son, 1989; Anderson and Morrison, 2005; Amato et al., 2011). 
These have been referred to as “A-type” granites. In the Burro 
Mountains, these plutons include granodiorite and granite; they 
intruded at 1470–1460 Ma (Amato et al., 2011). New U-Pb dates 
from the Caballo Mountains are presented in Amato and Becker 
(thiseguidebook) and indicate magmatism at around 1480 Ma.

The Rio Grande rift is a narrow continental rift that extends 
>1,000 km from central Colorado to west Texas (Wilson et al., 
2005a). The onset of extension is proposed to have coincided 
with eruption of the ~35 Ma tuffs of the Bell Top Formation 

(McMillan et al., 2000), although others have suggested that 
this magmatism was related to subduction that accompanied the 
Laramide orogeny and that rifting began later (Henry and Price, 
1986). Mafic volcanism in southern New Mexico began with the 
eruption of the Uvas basaltic andesites at ~28–26 Ma and this 
event was interpreted by Seager et al. (1984) as reflecting the 
onset of rifting. Regardless of the actual beginning of rifting, this 
initial stage continued until about 18 Ma (Seager et al., 1984).

The second stage of rifting and magmatism began after a 10 
m.y. hiatus. This phase began with the eruption of the Selden 
basalt (Fig. 1) at 9.6 Ma (Seager et al., 1984) and resulted in Basin 
and Range style block faulting (Keller et al., 1991). Other Neo-
gene basalt flows erupted from ~5–2 Ma, including the ~3–2 Ma 
basalts of the Elephant Butte volcanic field that are part of this 
study (see summary in Mack, 2004). Holocene basalt eruptions 
(Fig. 1) include the 20,000 year old eruption at the Kilbourne 
Hole maar within the Potrillo volcanic field (Anthony and Poths, 
1992), and the ~5000 year old Carrizozo flow (Dunbar, 1999).

The Kilbourne Hole locality (Fig. 1) has a diverse suite of both 
mantle and crustal xenoliths, including garnet granulites from the 
lower crust indicating depths of ~28 km (Padovani and Carter, 
1977; Scherer et al., 1997). SHRIMP dating of zircons from these 
xenoliths yielded a wide range of ages (Archean to Phanerozoic) 
with multiple ages around 75 Ma, 35 Ma, 26 Ma, 5.5 Ma, and 2.7 
Ma (Liati and Gebauer, 2002). Xenoliths at Potrillo maar yielded 
U-Pb zircon ages of 1.07 Ga and 26 Ma (Li et al., 2004) and have 
been used to construct a geologic and seismic profile of the crust 
beneath the southern Rio Grande rift (Hamblock et al., 2007). 
The xenoliths from the Elephant Butte field have not previously 
been dated.

Geology of the Fra Cristobal Mountains 
and Cutter Sag

The Cutter Sag area, where the Elephant Butte volcanic field 
is located, lies between the Fra Cristobal Mountains, the Caballo 
Mountains, and the Elephant Butte Reservoir (Fig. 2). The study 
area is part of the privately owned Armendaris Ranch. Previous 
geologic studies of the area include Kelley and Silver (1952), 
Thompson (1955a, b), Nelson and Hunter (1986)G. H. and Loz-
insky (1986). Mack and Seager (1995) interpreted Cutter Sag 
as a transfer zone between synthetic normal faults of the Rio 
Grande Rift and that this faulting was responsible for the abun-
dant basaltic volcanism. These basalts form the Elephant Butte 
volcanic field. One basalt from about 10 km SSW of the study 
area was previously dated with a K-Ar whole-rock date of 2.1 ± 
0.4 Ma (2σ uncertainty), and another sample from 15 km NNE 
of the study area yielded a K-Ar date of 2.9 ± 0.3 Ma (Bach-
man and Mehnert, 1978). Warren et al. (1979) analyzed the geo-
chemistry of various xenoliths in the Pliocene basalts just east of 
Elephant Butte Reservoir and discovered lherzolite, pyroxenite, 
two-pyroxene granulite, biotite granite, and megacrysts of clino-
pyroxene, olivine, plagioclase, and spinel. These were inferred to 
originate from depths of 29–36 km at ~900-1100 °C for granulite 
and pyroxenite and 36 to >42 km at 1100–1200 °C for lherzolite 
(Warren et al., 1979).

FIGURE 2. Simplified geologic map of the Elephant Butte volcanic field 
flows and vents. The previously published K/Ar dates shown are from 
Bachman and Mehnert (1978). Distribution of volcanic rocks is from 
Google Earth and Harrison and Cather (2004).
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Methods

All samples were collected from a basalt flow at the drainage 
at UTM 13S, 302750E, 3678590N (datum WGS84). They were 
generally from within the lowest part of the lowest flow that over-
lies Cretaceous sandstone.

Mineral compositions were investigated at the New Mexico 
Institute of Mining and Technology using a Cameca SX-100 elec-
tron microprobe with 3 wavelength dispersive (WD) spectrome-
ters. Samples were examined using backscattered electron (BSE) 
imagery, and selected particles were quantitatively analyzed. Ele-
ments analyzed include F, Na, Mg, Al, Si, P, S, Cl, K, Ca, Ti, 
Cr, Mn, Fe, Sr and Ba. An accelerating voltage of 15 kV and 
probe current of 20 nA was used with the exception of analyses 
of glass which utilized a 10 nA probe current. Peak count times 
of 20 s were used for all elements with the exception of F (40 s 
(amph); 60 s (glass)), Cl (40 s), S (30 s), Sr (60 s), and Ba (60 
s). Background count times were one half the peak count times. 
A point beam (1 mm) was used for analyses of amphibole, pyrox-
ene and Fe oxide (Table 1). A slightly defocused beam was used 
for analyses of feldspar (10 mm), glass and carbonate (20 mm) 
to avoid losses due to sodium volatilization (Nielsen and Sig-
urdsson, 1981) (Table 2). Standard reference materials, including 
feldspars, amphiboles and Fe-Ti oxides were run as unknowns in 
each analytical session to monitor calibration accuracy and inter-
run reproducibility. Data reduction was undertaken using a ZAF 
procedure. 

The host basalt was dated by the 40Ar/39Ar incremental-heating 
method at the New Mexico Geochronology Research Laboratory. 
The samples were irradiated in a machined aluminum tray at the 
U.S. Geological Survey TRIGA reactor in Denver, Colorado. The 
neutron flux monitor was the Fish Canyon Tuff sanidine (FC-2) 
with an assigned age of 28.02 Ma (Renne et al., 1998). The 
analyses were performed on a Mass Analyzer Products 215-50 
mass spectrometer on line with an automated all-metal extraction 
system. Flux monitors and samples were step-heated by a 50 watt 
Synrad CO2 laser. J-factors were determined by laser-fusion of 
six single crystals from each of six radial positions around the 
irradiation tray. Decay constants and isotopic abundances were 
from Steiger and Jäger (1977), and the plateau age errors are 
based on Taylor (1982). Other details of the analytical methods 
are in the footnote to Table 3.

U-Pb geochronology (Table 4) was carried out using the 
SHRIMP-RG (sensitive high-resolution ion microprobe reverse 
geometry) at the Stanford–U.S. Geological Survey Ion Probe 
Facility. Beam diameter was 30 mm. All errors reported in the 
text are at 2σ, but the ages on individual spot ages are reported 
at 1σ in the text and tables. Details of the SHRIMP methods are 
in Amato et al. (2008). Analyses of young (<20 Ma) zircons indi-
cated high concentrations of common Pb. For these analyses, we 
used the technique of calculating 206Pb/238U model ages based on 
the intercept of a regression line on a Tera-Wasserberg concor-
dia diagram (e.g., Schmitt et al., 2003; Schmitt and Hulen, 2008) 
fixed to a modern common Pb composition in which 207Pb/206Pb 
=0.82 ± 0.02 (Sanudo-Wilhelmy and Flegal, 1994). Other U-Pb 

data are shown on conventional concordia diagrams, relative 
probability plots, and weighted mean plots (Ludwig, 2008). Most 
samples were relatively small, yet yielded a surprisingly large 
number of zircons, with some samples yielding >100 individual 
zircon grains.
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Samples Dated

Xenolith samples are all granulite facies metamorphic rocks 
based on the presence of two pyroxenes and the absence of 
hydrous minerals such as biotite or amphibole. The samples 
include AR-1, which is approximately 6 cm by 5 cm and con-
sists of quartz, K-feldspar with exsolution lamellae, plagioclase, 
orthopyroxene, and clinopyroxene (Fig. 3). Clinopyroxene is 
restricted to a <1 mm wide vein running through the xenolith 
(Fig. 4). It is unclear whether this vein is related to the host basalt 
magma or if it is an older feature. The crystals are equant with 
polygonal shapes Fig. 4). The rock has a strong foliation of alter-
nating dark and light minerals. Sample AR-2 is approximately 4 
cm by 3 cm; a thin-section was not made because of its small size, 
but macroscopic evaluation indicates the presence of quartz, feld-
spar, and pyroxene. The rock has a weak foliation. Sample AR-3 
is approximately 3 cm by 2 cm and is leucocratic with quartz, 
microcline, plagioclase, orthopyroxene, and clinopyroxene. The 
sample has a weak foliation. Additional phases identified using 
electron microprobe include ilmenite, apatite, titanomagnetite. 
Sample AR-4 is approximately 4 cm by 5 cm and consists of pla-
gioclase clinopyroxene, orthopyroxene, and quartz. No zircons 
were recovered from this sample. The sample has a weak folia-
tion. Sample AR-5 is approximately 3 cm by 5 cm and is leuco-

cratic with quartz, plagioclase, clinopyroxene, and zircon. The 
sample has a weak foliation.

The host basalt (sample AR-8) has phenocrysts of olivine 
with iddingsite cores, clinopyroxene, and orthopyroxene with a 
groundmass of microlite plagioclase and Fe-Ti oxides. Vesicles 
are present, as are clusters of fine pyroxene and olivine inter-
preted as microxenoliths of mantle origin. Zircons are visible in 
thin section.

Geochemistry and Mineral Textures

Two samples were analyzed on the electron microprobe for 
mineral compositions and textures. Sample AR3 has a texture 
that is a fine symplectic intergrowth of plagioclase and orthopy-
roxene (Fig. 5). Sample AR4 has orthopyroxene crystals with a 
composition of En62 found in the core with a rim that has reacted 
to a symplectic intergrowth of orthopyroxene (En66) and clino-
pyroxene (generally En47Fs36Wo17) (Table 1). The orthopyroxene 
from sample AR-03 ranges from En30 to En55, whereas the opx 
from sample AR-04 is more magnesian, ranging from En55 to 
En68. This pattern of more magnesian compositions is observed 
also from clinopyroxenes, with sample AR-03 having compo-
sitions ranging from En20Fs48Wo32 to En34Fs27Wo39 and sample 
AR-04 having cpx compositions ranging from En37Fs21Wo43 to 
En46Fs16Wo38. Plagioclase compositions in sample AR-03 are 
~An35-An40 whereas those from sample AR-04 are around An45-
An48 (Table 2).

FIGURE 3. Photographs of hand samples of xenoliths before they were 
crushed for geochronology. Samples include (A) AR-1; (B) AR-2; (C) 
AR-3; (D) AR-5. Sample AR-4 had no zircons and was not photo-
graphed. Scale in A–C is in cm.

FIGURE 4. Scanned images of thin sections from xenoliths. Samples 
include (A) AR-1; (B) AR-3; (C) AR-4; (D) AR-5. Sample AR-2 not cut 
for a thin section. Width of each area imaged is approximately 1.5 cm.
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Geochronology Results

We obtained a 40Ar/39Ar date on the host basalt (sample 05AR-
8). The sample dated was a groundmass concentrate representa-
tive of the whole-rock without phenocrysts. Eight heating steps 
were analyzed and the lowest-temperature step was younger and 
not used in the age calculation (Fig. 6; Table 3). The remaining 
seven steps yielded a weighted mean age of 2.71 ± 0.06 Ma (error 
is quoted at 2σ; MSWD=2.7). This plateau age is within error 
of the isochron age of the sample (2.74 ± 0.08 Ma) that had a 
40Ar/36Ar intercept at 294 ± 4, a value that is within error of the 
atmospheric ratio of 295.5.

Zircons from the xenoliths have a range of textures. As shown 
on cathodoluminescence (CL) images, in which bright zones in 
CL indicate low U and dark zones indicate high U, most grains 
have cores with different CL intensities than the rims. Cores in 

FIGURE 5. Scanning electron microscope back-scattered electron 
images and mineral compositions of plagioclase (An) and orthopyrox-
ene (En) from (A) sample AR-3, showing symplectic intergrowth of pla-
gioclase and orthopyroxene; and (B) sample AR-4, showing symplectic 
intergrowth of orthopyroxene and clinopyroxene. Mineral abbreviations: 
il, ilmenite; opx, orthopyroxene; cpx, clinopyroxene; mt, magnetite; pl, 
plagioclase; q, quartz; 
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sample AR-1 (Fig. 7) range from unzoned (grains 1, 18, 22), have 
oscillatory zonation (grains 5, 21, 23), or have extremely complex 
zoning (grains 10, 11, 24, 28). Some cores from sample AR-2 
(Fig. 8) are unzoned (grains 1, 17) but generally have oscillatory 
zonation (grains 5, 10, 12, 13). The cores from sample AR-5 (Fig. 
8) are bright in CL and are surrounded by a thin, dark CL zone. 
The rims of all of the samples are low U and are typically ~20-40 
mm in width. We dated both rims and cores from each sample 
except AR-3, which only yielded one zircon (Fig. 8).

The rim dates from these zircons (Fig. 9) had U concentrations 
ranging from ~16 ppm to ~450 ppm and all had high amounts of 
common Pb, with the percentage of 206Pb that was common rang-
ing from ~5% to ~70% (Table 4). For these dates, which were 
<20 Ma, we used the Tera-Wasserburg concordia intercept ages. 
The dates using the measured U-Pb ratios were 9.8 ± 1.7 Ma for 

sample AR-1 and 11.0 ± 2.2 Ma for sample AR-5. The Tera-Was-
serburg intercept age using the combined data from three samples 
(AR-1, AR-2, and AR-5) is 10.4 ± 1.1 Ma. If the 238U/206Pb ages 
corrected for common Pb are used, the weighted mean of all three 
samples is 10.3 ± 1.0 Ma.

Two zircons yielded Phanerozoic ages. Sample AR-1 had a 
238U/206Pb date from the rim of  96 ± 2 Ma but the CL image indi-
cates that the beam may have overlapped part of the core of the 
grain, which would make this an average age of two zones with 
different ages. The other analysis, from sample AR-5, appears to 
be entirely within the rim zone, and yields a 238U/206Pb date of 20 
± 1 Ma, but a date on the opposite tip of the same grain was 9 ± 
3 Ma, so we suggest that both of these dates may be problematic.

The core ages from all of the samples were Proterozoic. The 
total age range for the cores is ~1250 Ma to ~1700 Ma (n=25). 
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When plotted on a relative probability distribution diagram, 
which takes into consideration the total number of ages as well 
as their uncertainties, the main peaks are at 1430 Ma, 1480 Ma, 
and 1665 Ma. 

Many analyses had high common Pb and high U concentra-
tions and most are discordant, with some that are only 14% con-
cordant. Th/U was generally low. Three analyses have Th/U of 
0.8-1.2, and about half of the total analyses are >0.4, generally 
consistent with typical values of ~0.5 or greater for this ratio 
in igneous zircon (Hoskin and Schaltegger, 2003). The remain-
ing analyses have Th/U <0.4 and this is typical of metamorphic 
zircon growth. In the ages from 1700–1400 Ma, there is a weak 
correlation between decreasing age and decreasing Th/U. For 
ages younger than 1400 Ma, the Th/U slightly increases with 
decreasing age. Numerous analyses with excessive reverse dis-
cordance and high common Pb were discarded.

Discussion

Although bulk compositions for the xenoliths were not ana-
lyzed because they were too small and the entire sample was 

crushed for zircon extraction, the protolith compositions can 
be approximated based on mineralogy and abundance of mafic 
minerals. The most mafic sample is AR-4. This sample is likely 
a diorite based on the >50% mafic mineral content, the lack of 
K-feldspar, and the presence of plagioclase + quartz. A mafic to 
intermediate composition is also indicated by the lack of zircon 
and the more Mg-rich pyroxene and more Ca-rich plagioclase 
relative to sample AR-3. Samples AR-1, AR-2, and AR-3 are 
felsic as indicated by the presence of K-feldspar in addition to 
plagioclase and quartz, and this assemblage suggests that the pro-
tolith was likely a granite. None of the samples had garnet, thus 
precluding the estimation of the pressures at which the xenoliths 
resided prior to eruption (e.g., Lee et al., 1993). However, the 
mineralogy is consistent with felsic to intermediate igneous pro-
toliths that have resided at lower crustal pressure and temperature 
conditions prior to entrainment in the host basalt.

The new date of basalt magmatism at 2.71 ± 0.06 Ma from the 
Elephant Butte field is generally consistent with previous K-Ar 

FIGURE 6. 40Ar/39Ar (A) age spectra and (B) isochron from the 
groundmass concentrate from sample AR-8, the host basalt. Errors are 
quoted at 2s. MSWD is the mean square of weighted deviates.

FIGURE 7. Cathodoluminescence images of zircons from sample AR-1. 
Analytical spot size and location is approximated by the circles on each 
image. Scale bar beneath each image is 100 mm. Lighter parts of each 
image indicate lower U concentrations than the darker areas. Grain 5 has 
a line drawing that shows two zones from within the core, an unzoned 
section (1a) with a dark inclusion, and an oscillatory zoned section (1b), 
surrounded by two outer layers, zone 2 and a thin zone 3 that was too thin 
to date with a 30 mm beam diameter.
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dates suggesting a range of 3-2 Ma for the lava flows (Bachman 
and Mehnert, 1978). This new date is more precise than previous 
work and further dates on other flows would provide a reliable 
duration of magmatism at this eruptive center. These dates would 
then help constrain the timing of extension within the Cutter Sag 
transfer zone (Mack and Seager, 1995).

The ages of the zircon cores within the xenoliths, though gen-
erally imprecise, confirm ages determined from the Proterozoic 
rocks exposed on the surface in southern New Mexico, particu-
larly those in the nearby Caballo Mountains. (Amato and Becker, 
thiseguidebook). The few ages around 1660 Ma are representa-
tive of Mazatzal province crust (Karlstrom et al., 2004; Amato et 
al., 2008; 2011), but it is unclear if these ages are xenocrystic zir-
cons within ~1.4 Ga granite protoliths or if the rocks themselves 
are actually 1.6 Ga in age. Sample AR-5 has the most precise date 
in this age range, at 1664 ± 14 Ma, but the other four analyses 
from the same sample have 207Pb/206Pb ages ranging from 1525–
1260 Ma all with large uncertainties. The possibilities for this age 
range include: (1) the protolith is sedimentary and the zircons are 
detrital, with a depositional age younger than ~1.25 Ga; (2) the 
protolith is igneous, with an intrusive age of ~1.25 Ga and inher-
ited zircons in the 1.6–1.4 Ga age range; (3) the protolith is igne-
ous with an intrusive age of 1.66 Ga and the imprecise, younger, 
highly discordant ages represent Pb-loss events or mixed ages 
between growth zones. Based on the single, precise, nearly con-
cordant 1.66 Ga analysis, we suggest that the protolith age was 
1664 ± 14 Ma and that the other ages are not significant.

Similar issues with discordance and possible Pb-loss likely 
affect sample AR-2. This sample has one zircon at 1716 ± 262 Ma 
but the low precision precludes interpretation as it could be part 
of either the Mazatzal province basement or the ~1.4 Ga suite. 

The other four grains have 207Pb/206Pb dates ranging from 1.45–
1.35 Ga and thus this protolith is likely a granite associated with 
the ~1.4 Ga suite. The 207Pb/206Pb ages of this sample decrease 
with increasing discordance, suggesting Pb-loss events that have 
occurred long before the present, thus adding to the complexity 
of the interpretation.

Sample AR-3 had only one analysis, and although it is 
reversely discordant, the precise 1432 ± 14 Ma age is probably 
the crystallization age of the protolith.

Sample AR-1 had the most zircon analyses and many had 
similar issues as the others with strong discordance. A weighted 
mean of all of the data is 1446 ± 38 Ma but a high MSWD (8.5) 
indicates that these dates comprise multiple populations. The zir-
cons with ages between 1.5–1.3 Ga yield an age of 1452 ± 32 Ma 
(MSWD=2.1), and if this is the intrusive age of the protolith, as 
we suggest, then the older zircons would be inherited grains and 
the younger zircons would reflect Pb loss. 

Together, it appears that one of the xenoliths represents ~1.65 
Ga Mazatzal age crust, and the other four samples are represen-
tative of the ~1.45 Ga granitic intrusive suite that makes up the 
majority of the exposed Proterozoic basement in southern New 
Mexico. Given that (1) the crustal thickness in this part of New 
Mexico is 30–35 km thick (Keller et al., 1979; Wilson et al., 
2005b); (2) granulite xenoliths were inferred to originate from 
29-36 km depth based on geothermometry (Warren et al., 1979); 
and (3) ~1.45 Ga granites are common in surface exposures of 
Proterozoic rock, the total volume of ~1.4 Ga granites in the 
lower, middle, and upper crust in the southern Mazatzal province 
is impressively large.

The rim ages from the xenolith zircons suggest significant 
heating occurred in the lower crust around 10 Ma. This age was 
determined using both the Tera-Wasserburg intercept age using 
ratios uncorrected for common Pb as well as the 238U/206Pb ages 
corrected for common Pb. Both techniques yield dates of about 
10.5 ± 1 Ma. This is the same age as the renewed onset of Rio 
Grande rifting and magmatism following a ~10 m.y. hiatus 
(Seager et al., 1984). The only known magmatism in the southern 
Rio Grande rift of this age is the Selden basalt, dated using the 
K-Ar method at 9.6 Ma. This flow is 80 km south of the study 
area and 65 km south of the southernmost Elephant Butte volca-
nic field lava flows. Thus, it appears that upwelling mantle heat-
ing associated with rifting at 10 Ma did not everywhere yield 
surface flows, but the heating was sufficient to grow new zircon 
over older cores within the samples that were incorporated into 
erupted basalts at 2.7 Ma. Perhaps this heating was caused by 
basaltic melts that underplated the crust but did not ascend to 
the surface because the amount of extension at this latitude was 
insufficient to create pathways to the surface, whereas the 2.7 Ma 
rifting within the Cutter Sag transfer zone did allow voluminous 
basaltic volcanism to occur.

Conclusions

Xenoliths with the Elephant Butte volcanic field are granulite-
facies metamorphic rocks with protoliths that include both ~1.65 
Ga Mazatzal province crust and ~1.45 Ga granites that are part 

FIGURE 8. Cathodoluminescence images of zircons from samples 
AR-2, AR-3, and AR-5. Analytical spot size and location is approxi-
mated by the circles on each image. Scale bar beneath each image is 100 
mm. Lighter parts of each image indicate lower U concentrations than the 
darker areas.
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FIGURE 9. Geochronology data shown on weighted mean plots and standard concordia plots, created using Isoplot 3.6 (Ludwig, 2008). Tera-Wasser-
burg concordia plots for samples (A) AR-1, (B) AR-5, and (C) combined data from AR1, AR2, and AR5. (D) weighted mean of the 238U/206Pb ages 
corrected for common Pb. (E) conventional concordia diagram for two analyses; (F) Relative probability distribution diagram for all Proterozoic ages; 
and (G) conventional concordia diagram for all Proterozoic ages, showing extensive discordance.
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of a continent-wide suite of felsic magmatism. Zircons from the 
xenoliths have cores with both oscillatory zonation and others 
with textures suggesting extreme alteration. These cores gener-
ally have high common Pb and ages that are highly discordant. 
Zircon rims have low U, high common Pb, and U-Pb SHRIMP 
dating suggest that they grew at 10 ± 1 Ma. We suggest that heat-
ing at this time was caused by mantle upwelling that accompanied 
renewed extension at 10 Ma after an 8 m.y. hiatus. This extension 
and heating did not result in surface eruptions, although eruption 
of the Selden basalt >65 km to the south was coeval. Eruptions 
at 2.71 ± 0.6 Ma, based on 40Ar/39Ar dating of the host basalt, 
occurred in a transfer zone of the Rio Grande rift that allowed 
basaltic magmas to ascend to the surface where they lie uncon-
formably on Cretaceous sandstones.
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