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ABSTRACT 

 Lunar Crater Volcanic Field (LCVF), a Quaternary volcanic field in central Nevada, is 

characterized by alkali basalts that host megacrysts of clinopyroxene, amphibole and olivine as 

well as mafic and ultramafic xenoliths.  The Group II xenoliths present at LCVF offer insight in to 

the complex magmatic processes at play beneath the volcanic field, as well as providing context 

for Tertiary and Quaternary volcanism in the western United States.  Petrologic and 

geochemical analysis of these xenoliths and the constituent phases are consistent with genesis 

from a magma enriched in Ti and Al.  High modal abundance of amphibole, as well as the 

presence of anomalously OH and Cl rich apatite within the xenoliths could be attributed to 

melting of a source rock enriched in water and chlorine.  The geochemistry of xenoliths at LCVF 

is similar to that of subduction driven magmatism observed at island arcs and convergent 

margins but occurs well inland. Mantle enrichment by the dehydration of the shallowly 

subducted Farallon plate and subsequent melting of this enriched mantle allows for and is 

consistent with the hydrous xenoliths and the anomalous apatite hosted within them. 
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1.0 INTRODUCTION AND GEOLOGIC CONTEXT 

 

 The Lunar Crater Volcanic Field (LCVF) is located in central Nevada in northern Nye 

County (Figure 1.0) and is considered part of the Great Basin region of the Basin and Range 

Province of Western North America.  The Great Basin is the northwestern portion of the Basin 

and Range Province and is bordered by the Sierra Nevada Mountains to the west, the Snake 

River Plain to the north, the Colorado Plateau to the east, and the Mojave Desert to the south.  

The topography of the Great Basin is consistent with that of the greater Basin and Range and 

exhibits NE-SW trending mountain ranges separated by flat valleys (basins).  This topography is 

the result of crustal extension that results in steeply dipping normal faults that meet basal 

detachment faults at a depth of 10-20km (Hamilton, 1987).  The Great Basin has been 

characterized by crustal extension and thinning since the Oligocene (Allmendinger et al., 1987). 

The LCVF is located in the central portion of the Great Basin, is about 80 km long and 20 km 

wide, and forms a north-northeast trending group of group of cinder cones, maars, and basaltic 

lava flows between the Reveille and Pancake Ranges (Scott and Trask, 1971).  Easy Chair 

Volcano, the subject of this study, is near the center of the field just south of U.S. Highway 6, 

has a 40Ar/39Ar age of approximately 140 kya (Heizler, 2013), and forms a 2.5 km long ridge that 

rises to a maximum height of 240 m above the valley floor (Valentine and Cortes, 2013).  Easy 

Chair Volcano exhibits a maar on the southern flank called Easy Chair Crater (Figure 1.1). 
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Figure 1.0: Location of Lunar Crater Volcanic Field (LCVF).  Map Data © Google, INEGI 



 

3 

 

Figure 1.1: Satellite image of LCVF.  Image © Google. 
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The lavas that comprise the flows around Easy Chair Crater are primarily alkalic in composition 

and contain mafic and ultramafic xenoliths originating at the interface of the lower crust and 

upper mantle as well as amphibole, pyroxene, feldspar and olivine megacrysts (Scott and Trask, 

1971).  The majority of xenoliths observed in the southwestern US fall within the Group I and 

Group II categories.  Group I xenoliths have metamorphic textures, are olivine-dominated and 

characterized by Cr-rich pyroxenes and olivine with Mg # = 0.86-0.91.  Group II xenoliths have 

Ti- and Al- augite as a key phase, have cumulate textures, and the silicates are more Fe-rich (Mg 

# = 0.62-0.78) (Menzies et al., 1987; Frey & Prinz, 1978).  

  Work on the geochemical composition of both Group I and Group II xenoliths, as well as 

geothermometry and geobarometry, was performed on samples from the Easy Chair basalt 

flow by John Norris (1996).   The xenoliths described by Norris (1996) consist of several Group I 

xenoliths composed primarily of olivine and clinopyroxene as well as many Group II xenoliths of 

more variable modes but with major phases including amphibole, clinopyroxene (with some 

showing orthopyroxene exsolution lamellae), olivine, and spinel group minerals with a few 

samples containing plagioclase as well.  Interestingly at least one sample (S-1) shows exsolution 

of single spinel grains into two distinct phases, a hercynite-rich phase and a magnetite-rich 

phase.   

 Geothermometry done by Norris as well as work by Roden & Shimizu (1993) and Smith 

(2000) yielded relatively high temperatures (1230-1290°C) of equilibration in some Group I 

xenoliths compared to temperatures (840-1080°C) estimated for Group I xenoliths from 

elsewhere in western North America.  A possible explanation for these higher equilibrium 

temperatures in the LCVF Group I xenoliths is an elevated geotherm, which could be due to the 
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presence of a mantle plume at the time of volcanic activity  (Smith, 2000; McKenzie and Bickle, 

1988).   

 Further evidence of mantle plume activity at LCVF is presented in Saltus and Thompson 

(1995).  They posit that an observed topographic rise between southern Nevada and central 

Nevada observed along longitude 116° (LCVF is located along 116°) indicates the presence of an 

underlying mantle plume.  Seismic evidence presented in Saltus and Thompson (1995) 

alongside the topographic data shows that simple crustal isostasy could be responsible for at 

most 50% of the observed change in elevation.  However, although the Battle Mountain High 

region of high heat flow is near the LCVF, the field itself lies in a region of relatively low heat 

flow for the Basin and Range Province (Figure 1.2).  The possible explanation for low observed 

heat flow at LCVF is twofold.  One, the heat flow data in Figure 1.2 was obtained from existing 

wells in Nevada (Figure 1.3).  Note the lack of wells in the area surrounding LCVF.  Lack of data 

from this area makes published heat flow estimates not verified by actual heat flow 

measurements.  Two, Saltus and Thompson (1995) suggest that because Basin and Range Uplift 

is relatively recent (<20 Mya) that there has been insufficient time for the heat signature of a 

relatively young and/or deep heat source (i.e. mantle plume) to be recorded as surface heat 

flow.   

 The focus of this thesis is on Group II xenoliths from Easy Chair Crater collected by 

Deborah Hassler and John Norris.  New mineral analyses are combined with data from Norris 

(1996) to constrain petrogenesis as well as pressure and temperature of equilibration of the 

Group II xenoliths.  Additionally, the chemical composition of apatite in the Group II xenoliths 

was determined.  Apatite (Ca5(PO4)3(OH,F,Cl)) is a key accessory mineral in the upper mantle 
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where it is an important repository of phosphorous and halogens (Smith et al., 1981).   The 

halogens Cl and F are essential components of natural apatites, and they, especially Cl, are 

thought to be important components of the fluids responsible for mantle metasomatism 

(Patiño Douce et. al. 2011). Differences in the relative abundance of these components within 

apatites, while not simply related in absolute abundance to halogen content within the parental 

melt/fluid, can provide insight into the fluid/melt compositions (O’Reilly & Griffin, 2000). For 

example, apatites with higher Cl amounts could be a signature of a contribution from 

subducted lithosphere (Patiño Douce et. al. 2011).  In summary, in this thesis, the petrology, 

and geothermometry, as well as apatite compositions in Group II xenoliths are used to 

constrain the present state of the upper mantle/lower crust beneath the LCVF. 
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.   

   Figure 1.2: Heat flow in the Western U.S. From Dulfield & Sass (2003)  
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Figure 1.3: Wells used to determine heat flow in Nevada. From Sass et al. (2005)  
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2.0 ANALYTICAL METHODS 

 

2.1 Samples 

 Deborah Hassler and John Norris collected the xenoliths used in this thesis at Easy Chair 

Crater, Lunar Crater Volcanic Field (LCVF), Nevada during July 1990 and June 1993.  Further field 

data was collected in the fall of 2014 by the author of this thesis.  New analytical data obtained 

during 2013-2014 are combined with bulk-rock major and trace element data as well as mineral 

composition data from the thesis by John Norris (1996): Geochemistry of Mafic and Ultramafic 

Xenoliths From the Easy Chair Crater Basalt Flow, Lunar Crater Volcanic Field, Nevada. 

 

2.2 Methods 

 Norris analyzed major phase and oxide compositions with a JEOL JXA 8600 electron 

microprobe at the University of Georgia.  These analyses were performed using an accelerating 

voltage of 15kV and an electron beam current of 15-20nA.  The target spot size was 5 

micrometers for plagioclase analyses, and 1 micrometer for pyroxenes, olivines, amphiboles 

and spinels (Norris 1996). 

 Mineral composition analyses for olivine, pyroxene, amphibole, spinel and sulfide in 

2014 at the University of Georgia were performed using a JEOL JXA 8600 electron microprobe, 

an accelerating voltage of 15kV and an electron beam current of 10nA.  The target spot size was 

1 micrometer.  Mineral grains were qualitatively identified using a Bruker 5010 Silicon Drift 
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Detector energy dispersive X-ray (EDS) detector controlled by a Bruker Quantax energy 

dispersive analysis system.  Quantitative analyses were performed with wavelength dispersive 

spectrometers (WDS) automated with Advanced Microbeam, Inc. electronics and Probe for 

EPMA software, using 10-second count times, and natural and synthetic mineral standards.  

Analyses were calculated using Armstrong’s (1988) Phi-Rho-Z matrix correction model.  

Backscattered electron images (BEI) were acquired using imaging software from the Quantax 

analysis system. 

 For apatite analysis the analytical methods of Patiño-Douce et al. (2011) and Sarafian et 

al. (2013) for electron microprobe (EMP) analyses were followed. Typical operating conditions 

were a 15 kV accelerating voltage and a 5 nA beam current. Spot size was a defocused 5-

micrometer beam.  Eleven elements (P, Ca, Fe, Na, Mg, S, Sr, Y, Ce, F, and Cl) were measured in 

apatite.  Fe+2, Sr, Y and the REE (Ce is the most abundant REE) substitute for Ca in apatite and S 

substitutes for P.  Analyzing for these elements helps insure proper stoichiometric totals as well 

as fully characterizing the composition of apatite.  The following synthetic and natural 

standards were used for EMP analyses: 

P, F: Wilberforce apatite, Ca: Durango apatite, Fe: fayalite, Na: plagioclase, Mg: olivine, S: 

pyrite, Sr: SrTi, Y: Y2O3, Ce: CeO2, Cl: Chlorapatite  

 

2.3 Apatite Analytical Screen 

 Accurate microprobe analysis of apatites can be complicated by migration of F (Stormer, 

et al. 1993) as well as complex ionic substitution in the P and Ca sites of apatite.  In order to 

minimize impact of F migration, halogens were analyzed first (Sarafian et al. 2013).  The 
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analytical screen for apatites proposed by Patiño-Douce et al. (2011) was used to reject poor 

analyses as outlined in the following. Oxide weight percent analyses must total between 98.5 

and 100.5%.   Analyses were normalized to 25 oxygens (one formula unit).  Totals for the Ca site 

(Ca, Y, Ce, Sr, and Fe) must be between 9.7 and 10.1 cations and the P site (P, S in this case 

though Si and As also substitute for P) must total between 5.8 and 6.1 cations.  The X-site 

(home of the volatiles) must total less than 2.05 anions.  
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3.0 RESULTS 

3.1 Xenolith population 

 

  Independent surveys of the xenolith population were conducted at a lava flow 

emanating from the north side of Easy Chair Crater.  Xenolith counts were performed in situ at 

two locations where smooth exposures facilitated the xenolith counts (Figure 3.0). A total of 

194 xenoliths were examined.  Length and width measurements were made on all counted 

xenoliths.  These measurements were tabulated and an outcrop area was calculated for each 

lithology.  Xenolith counts and calculated area are presented in Table 3.0.  Observed xenoliths 

were categorized into three primary lithologies: gabbro, pyroxenite/amphibolite, and 

peridotite.  Samples with significant plagioclase were categorized as gabbro. Samples with 

significant olivine were categorized as peridotite.  Samples composed primarily of pyroxene or 

amphibole were grouped together as pyroxenite/amphibolite.  Pyroxenite/amphibolite was the 

most abundant xenolith type observed.  Gabbro, while observed in less abundance than 

pyroxenite/amphibolite occupied the most area amongst the three observed xenolith groups.  

Peridotite was significantly less abundant than either gabbro or pyroxenite/amphibolite. 

Table 3.0: Xenolith population count and area 
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Figure 3.0:  Xenolith count sites on Easy Chair Crater.  Satellite Image © Google. 
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3.2 Petrographic Descriptions  

S-1 Amphibolite (75% amp, 10% cpx, 10% ol, 5% plag/sp) 

Large grains of amphibole (2-10mm) poikilitically enclose anhedral clinopyroxenes (0.1 to 

4mm), sub- to anhedral olivines (1-2mm) and anhedral spinels (0.5-1.0mm). Olivines and 

pyroxenes are unzoned.  Clinopyroxenes show exsolution lamellae of orthopyroxene and 

inclusions of amphibole and spinel.  Some spinels show exsolution into pleonaste/magnetite 

pairs. Small amounts of interstitial plagioclase are present. 

X-1 Clinopyroxenite (30% amp, 35% cpx, 30% ol, 5% plag/sp) 

Phaneritic rock consisting primarily of sub- to anhedral clinopyroxenes (0.5-2.0mm) and olivines 

(0.5-2.0mm). Clinopyroxenes show exsolution lamellae of orthopyroxene and inclusions of 

amphibole (Figure 3.1). Olivines and pyroxenes are unzoned.  Olivines are rimmed with 

amphibole.  Amphibole also appears interstitially.  Spinels occur as inclusions in amphiboles.  

Small amounts of interstitial plagioclase are present. Apatite is subhedral and appears at 

amphibole grain boundaries (Figure 3.2). 

S-4 Gabbro (30% amp, 30% cpx, 20% ol, 15% plag/sp) 

Phaneritic rock consisting primarily of sub- to anhedral clinopyroxenes (0.2-1.0mm) and sub- to 

anhedral olivines (0.2-1.0mm).  Olivines and pyroxenes are unzoned. Clinopyroxenes show 

exsolution lamellae of orthopyroxene and inclusions of amphibole. Amphibole appears 

interstitially and as large (up to 5mm) subhedral grains poikilitically enclosing olivine and 

clinopyroxene. Spinel grains are enclosed by or occur along amphibole edges. Plagioclase is 

interstitial.   
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Figure 3.1:  Photomicrograph of clinopyroxene with amphibole exsolution in sample X-1. 
Top image in plain-polarized light, bottom image with crossed nicols. 
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Figure 3.2: BSE (Backscatter Electron) image of apatite grains (AA & BB) in sample X-1.  
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90ECC118 Clinopyroxenite (30% amp, 40% cpx, 20% ol, 10% plag/sp)  

Phaneritic rock consisting primarily of grains of sub- to anhedral clinopyroxenes (1-2mm), 

anhedral (1mm) and interstitial amphibole, and anhedral olivines (0.5-2.0mm).  Olivines and 

pyroxenes are unzoned.  Clinopyroxenes show exsolution lamellae of orthopyroxene and 

inclusions of amphibole.  Sub- to anhedral spinels (0.1-0.5mm) are enclosed by amphibole. 

Small amounts of interstitial plagioclase are present. 

AF-1 Clinopyroxenite (40% amp, 50% cpx, 10% sp) 

Large (2-7mm) anhedral clinopyroxenes along with large (1-6mm) sub- to anhedral amphiboles. 

Olivines and pyroxenes are unzoned.  Amphibole also appears as inclusions and lamellae within 

clinopyroxenes. Subhedral spinels are enclosed by amphibole.  Some spinels show two distinct 

phases in reflected light. Very small amounts of interstitial plagioclase are present. 

AF-2 Amphibolite (60% amp, 25% cpx, 5% ol, 10% sp) 

Primarily large (2-8mm) sub- to anhedral amphiboles with sub- to anhedral clinopyroxenes (0.5-

2mm) and some anhedral olivines (0.2-0.5mm).  Olivines and pyroxenes are unzoned.  

Amphibole also appears as inclusions and lamellae within clinopyroxenes and inclusions within 

olivine (Figure 3.3).  Spinels/oxides are enclosed by amphibole. 
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Figure 3.3: Photomicrograph of sample AF-2.  Amphibole (colored phase) inclusions and 
lamellae in clinopyroxene (lighter phase).  Thin-section shown at two orientations to highlight 
pleochroism of inclusions. 
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X-6 Clinopyroxenite (35% amp, 35% cpx, 25% ol, 5% sp) 

Phaneritic rock consisting of grains of anhedral olivine (0.5-1.5mm) sub- to anhedral pyroxenes 

(0.5-1.5mm) and anhedral amphibole (0.5-3.0mm).  Olivines and pyroxenes are unzoned.  

Olivine is highly fractured and altered to iddingsite at grain boundaries and in fractures.  

Pyroxenes show lamellae of amphibole.  Amphibole is interstitial and relatively dark in plain 

polar light.   

X-8 Clinopyroxenite (10% amp, 45% cpx, 40% ol, 5% sp) 

Phaneritic rock consisting of grains of anhedral olivine (0.5-1.5mm) and sub- to anhedral 

pyroxenes (0.5-2.0mm) and anhedral amphibole (0.5-3.0mm).  Olivines and pyroxenes are 

unzoned.  Olivine is highly fractured and altered to iddingsite at grain boundaries and in 

fractures.  Pyroxenes show lamellae of amphibole.  Amphibole appears interstitially and 

encloses some spinels. 

S-6 Host Basalt/Gabbro xenolith (10% amp, 45% cpx, 30% ol, 15% plag/sp) 

Thin section includes host basalt and a gabbro xenolith. The basalt consists of vesicular glass 

with some small (<0.5mm) subhedral phenocrysts of plagioclase and pyroxene.  Remainder of 

the slide (gabbro) is a phaneritic rock consisting of grains of subhedral olivine (1-3mm), 

anhedral plagioclase (1-2mm) and small amounts of altered pyroxene (0.5mm).  Olivines and 

pyroxenes are unzoned.  Olivine is extensively altered to iddingsite at grain boundaries and in 

fractures.  Plagioclase appears interstitially.  Relic pyroxene grains include amphibole and 

oxides and show evidence of alteration. 
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F-2 Amphibolite (50% amp, 20% cpx, 20% ol, 10% plag/sp) 

Phaneritic rock consisting primarily of sub- to anhedral coarse-grained amphibole (2.0-12.0 

mm).  Anhedral clinopyroxene (0.5-3.0 mm) and sub- to anhedral olivine (≈1.0mm) are present 

in approximately equal amounts enclosed poikilitically by amphibole. Olivines and pyroxenes 

are unzoned.  Clinopyroxene exhibits exsolution lamellae and inclusions of amphibole and 

orthopyroxene.  Spinel (0.1-1.0mm) appears as inclusions in amphibole.  Small amounts of 

interstitial plagioclase are present. Apatite is subhedral and appears at grain and vesicle 

boundaries (Figure 3.4). 

 

 

Figure 3.4: BSE image of apatite grain (B) in sample F-2.  
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EC-3 Amphibolite (45% amp, 40% cpx, 5% ol, 10% sp/plag) 

Large (>1cm) anhedral amphiboles poikilitically enclose sub- to anhedral clinopyroxenes (0.5-

1.0mm) and anhedral olivines (0.5-1.0mm).  Olivines and pyroxenes are unzoned.  Pyroxenes 

show some exsolution lamellae of orthopyroxene. Amphibole shows reaction rims of a very 

fine-grained oxide.  Amphibole also encloses relatively large (>0.1mm) spinels that show 

inclusions of ilmenite in backscatter electron (BSE) images (Figure 3.5). 

 

Figure 3.5: BSE image of Hercynite grain (B1) with inclusion of Ilmenite (B2) in sample EC-3 
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3.3 Mineral Chemistry 

 Norris (1996) initially analyzed the major mineral phases (olivine, pyroxene, amphibole, 

plagioclase, oxides) in many of the samples.  Major mineral phases in several samples not 

studied by Norris as well as those major mineral phases left unanalyzed in the samples studied 

by Norris (1996) were further analyzed in this study.  Additionally apatite was observed to be 

abundant in samples X-1 and F-2 and was analyzed for major elements as well as volatiles (F, 

Cl). 

 

3.3.1 Pyroxenes 

 All analyses are presented as oxide wt. % and cations were normalized to 6 oxygens 

(Table 3.1).  As noted by Norris (1996), most pyroxenes are diopsides using the classification of 

Morimoto et al., (1988)(Figure 3.6). Sample EC-3 contains two clinopyroxenes one a diopside, 

the other is a Fe-rich augite.  In backscatter electron images (BSE) it can be seen that the augite 

appears as small grains at the borders of larger diopside grains as well as in smaller grains in 

which lathes of augite and diopside alternate (Figure 3.7). Analyzed pyroxenes are Al-rich, Ti-

rich , modestly rich in Na, with Mg#s (Mg/Mg+Fe in cation units) ranging from 47.9-62.6. 
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Figure 3.6:  Representative pyroxene analyses plotted on the Wo-En-Fs triangle.  Analyses from 
Norris (1996) in red. Figure after Morimoto (1988). 
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Figure 3.7: EC-3 Grain 1, BSE image. Points A&B are diopside, C&D are augite. 
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Table 3.1: Representative Analyses of Pyroxene 
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3.3.2 Amphiboles 

 All amphibole analyses are presented on an oxide wt. % basis and cations were 

normalized to 23 O+OH basis.  Cation sites were filled and classified using the methodology of 

Leake (1997).  All observed amphiboles are classified as kaersutite (Ca ≥ 1.50, Na+K ≥ 0.50, Ti ≥ 

0.5 based on 23 O+OH; Leake, 1997).  These amphiboles are Al- and Ti-rich and have no 

detectable Cl or F with Mg#s between 50.9-53.3. 

 

Table 3.2: Representative analyses of amphiboles 
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3.3.3 Olivine 

All olivine analyses are presented on an oxide wt. % basis and cations are normalized to 4 

oxygens. Olivines are Ni-poor and are relatively rich in Fe with Mg#s between 54.9-60.2.  An 

exemplar olivine grain from sample X-1 is shown in Figure 3.8. 

 

Table 3.3: Representative analyses of olivine 
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Figure 3.8:  Olivine grain B from sample X-1. Also note the apatites (Ap) grains AA & BB.  
Detailed view in Figure 3.2. 
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3.3.4 Oxides 

All oxide analyses are presented as oxide wt. %.  Cations were normalized to 4 oxygens for 

spinels and to 3 oxygens for ilmenite.  Fe 3+ was calculated from charge balance.  In sample S-1 

blebs of magnetite occur in a host hercynite-spinel (“pleonaste”) grain consistent with 

exsolution of magnetite from hercynite (Turnock and Eugster, 1962; Smith and Roden, 1981). 

 

 

Table 3.4: Representative analyses of oxides 
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Figure 3.9: Oxide from Sample S-1 showing spinel exsolution. The larger grain (A1) is hercynite, 
the brighter areas (A2, A3, A4) are magnetite.  
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3.3.5 Apatite 

 Representative apatite analyses from two xenoliths X-1 and F-2 (Figures 3.2 & 3.4), are 

presented in Table 3.4, and atomic proportions of F-Cl-OH are plotted in figure 3.10 along with 

those of apatite analyses from O’Reilly & Griffin (2000) who reported analyses from Group I 

(Type A apatites) and Group II (Type B apatites) xenoliths. Multiple analyses were performed on 

each grain and unsatisfactory analyses subsequently culled using the criteria outlined in Patiño-

Douce et al. (2011).  Stoichiometric OH was calculated by difference. My analyses for F-2 

overlap well with those from the same sample published by Patiño-Douce et al. (2011) as well 

as those categorized as Apatite B by O’Reilly & Griffin (2000).  The apatites from X-1 plot as 

more OH- and Cl-rich than those of F-2.  Sr values in apatites from both X-1 and F-2 are 

comparable to each other and fall within the range for Apatite B of O’Reilly and Griffin (2000). 

Ce and Y values in both X-1 and F-2 apatites were mostly below detection limits. 
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Table 3.5: Representative analyses of apatite 
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Figure 3.10: Chlorine, F and OH (calculated) in analyzed apatites compared to type A & B apatites 
from O’Reilly & Griffin (2000)  
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4.0 DISCUSSION 
 
4.1 Nature of LCVF Group II Xenoliths 
 

 This thesis focuses on those xenoliths from Easy Chair Crater that are pyroxene- or 

amphibole-dominated and as such can be classified as Group II xenoliths, using the 

nomenclature of Frey and Prinz (1978) or Al-augite xenoliths using that of Wilshire and Shervais 

(1975).  For the purposes of this thesis, I will use the nomenclature of Frey and Prinz (1978) who 

describe Group II xenoliths as a clinopyroxene-dominated assemblage of Al-rich, Ti-rich 

clinopyroxene, olivine, kaersutite (Ti-rich amphibole), and spinel +/- orthopyroxene, magnetite, 

plagioclase, illmenite, and apatite.  These xenoliths commonly, but not always, exhibit poikilitic, 

cumulate textures. Similarly, Wilshire and Shervais (1975) define Al-Augite xenoliths as 

characterized by Al-, Ti-rich augite, comparatively Fe-rich olivine and orthopyroxene, and Al-rich 

spinel. Clinopyroxenes analyzed in this thesis are compared to clinopyroxenes of the Group I and 

Group II xenoliths from San Carlos, AZ in figure 4.0 (Frey and Prinz, 1978).  The Lunar Crater 

clinopyroxenes, while predominantly classified as diopside due to high Ca and Mg content, have 

the high Al contents that are typical of Group II, Al-augite xenoliths; moreover their TiO2 

contents (1.18-2.66 wt. %) are similar to the range in TiO2 content (0.89-1.68 wt. %) of 

clinopyroxene in the San Carlos Group II xenoliths. Lunar Crater xenolith amphiboles are 

kaersutite as is typical of Group II xenoliths. Additionally, spinels are Fe-rich and Cr-poor.  

Mineralogy and texture in Easy Chair pyroxenite/amphibolite xenoliths are nearly identical to 

those described for Group II xenoliths in Frey and Prinz (1978).  Easy Chair Group II xenoliths 
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differ from those described by Frey and Prinz in modal abundances:  Easy Chair Group II 

xenoliths have more amphibole, indicating an origin from a relatively hydrous melt (Figure 4.1).  

Group II xenoliths in general are thought to be derived from near the crust-mantle interface as 

high-pressure crystal accumulations from an alkali basaltic melt (Menzies et al. 1987).  For Lunar 

Crater group II xenoliths in particular, isotopic constraints indicate a source similar to the host 

alkaline magmatism (Menzies et al. 1987). 

 

Figure 4.0:  Cr2O3 vs. Al2O3 in clinopyroxene. Representative pyroxenes (red circles) from Easy 
Chair Crater xenoliths plotted on a figure from Frey and Prinz (1978).  Dashed field encloses 
Group II xenoliths from Eifel, Germany (Aoki and Kushiro, 1968). 
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Figure 4.1: Modal composition of Easy Chair Crater Group II xenoliths from this thesis (in red) 
compared to samples from Frey and Prinz (1978).  Diagram from Frey and Prinz (1978) 
 

 Wilshire and Shervais (1975) suggest that not all Group II xenoliths should be considered 

cumulate in origin, especially olivine-rich examples, because they can lack obvious cumulate 

textures.  However, for the xenoliths analyzed in this study, the poikilitic nature of the interstitial 

kaersutite (Wager et al., 1960), and the widely varying modal proportions implies that these 

Group II xenoliths are cumulates and the kaersutite represents the intercumulate melt present 

during the last stages of crystallization (Frey and Prinz, 1978). If so, the relatively high modal 

abundance of this interstitial high-Ti amphibole suggests that the melt responsible was high in 

water, alkalis, and Ti.  Bergman et al. (1981) examined a Group II Lunar Crater wherlite cut by a 
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vein of kaersutite.  Bergman (1981) thought that the kaersutite vein was from a relatively 

primitive melt emplaced in a wherlite that formed from crystallization of a more differentiated 

magma.  This magma that is similar to the melt proposed by Bergman (1981) is slightly more 

evolved as shown by the lower Mg# of the kaersutite from the xenoliths analyzed for this thesis 

(Figure 4.2). 

 

Figure 4.2: Comparison of Easy Chair amphiboles in Group II xenoliths from this thesis to those of 
Bergman (1981).  Bergman analyses in black.  Shown are amphiboles from AF-1 (red symbol), S-1 
(blue symbol), X-1 (green symbol) and F-2 (cyan).  Figure from Leake et al. (1997) 
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4.2 Geothermometry 

 
The Group II xenoliths in this thesis are comprised primarily of olivine, clinopyroxene, 

amphibole, and spinel.  Orthopyroxene was observed as exsolution lamellae within some 

analyzed clinopyroxenes, but at a scale that precluded accurate microprobe analysis.  Because of 

this lack of coarse orthopyroxene, geothermometers that rely on orthopyroxene/clinopyroxene 

phase relations were not applicable.  The QUILF equilibria program of Andersen et al. (1993) was 

utilized because it includes thermodynamic models for olivine, clinopyroxene, and spinel, as well 

as orthopyroxene. The amphibole present in the samples was not considered in these models.  

For the assemblages present in the analyzed samples the QUILF program utilized the following 

equilibria:   

Olivine - Pyroxene 

Mg2SiO4 + (cpx)Fe2Si206 = Fe2SIO4 + (cpx)Mg2Si206 

Fe2SiO4 + (cpx)CaFeSi206 = CaFeSiO4 + (cpx)Fe2Si206 

Mg2SIO4 + CaMgSi206 = CaMgSIO4 + (cpx)Mg2Si206 

Mg2Si04 + (cpx)Fe2Si206 = Fe2SiO4 + (cpx)Mg2Si206 

Silicate – Oxide 

Fe2SiO4 + 2MgFe204 = Mg2SiO4 + 2Fe304 

Fe2Si206 + 2MgFe204 = Mg2Si206 + 2Fe304 

Fe2Si206 + 2MgFe204 = Mg2Si206 + 2Fe304 

Fe2SiO4 + 2MgTiO3 = Mg2Si04 + 2FeTiO3 

Fe2Si206 + 2MgTi03 = Mg2Si206 + 2FeTiO3 
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Two Oxide 

Fe304 + FeTiO3 = Fe2TiO4 + Fe203 

Observed olivine, clinopyroxene, spinel and in one case illmenite compositions from group II 

xenoliths taken from Norris (1996) and from analyses in this thesis were entered into the QUILF 

program.  Resulting temperatures were calculated for a range of assumed pressures:  1kbar, 

5kbar, 10kbar, and 15kbar because the mineral assemblages do not uniquely constrain pressure 

(Table 3.5).  These pressures can be converted to depths by assuming average density of 

continental crust as 2850 kg/m3 (Christensen and Mooney, 1995) and utilizing the equation P= 

g*ρ*h, where g is gravitational acceleration, ρ is crustal density, and h is depth.  Uncertainty 

reported by the QUILF program for each temperature increased as pressure increased.  Most 

xenoliths exhibit a positive correlation between depth and calculated temperature except 

samples S-1 and EC-3 (Figure 4.3).  Temperatures estimated by QUILF equilibria of the LCVF 

Group II xenoliths tend to be in excess of 800° C.  The significance of the high temperatures 

estimated from the QUILF equilibria is uncertain.  Group I xenoliths from LCVF yield even higher 

calculated temperatures (Roden & Shimizu, 1993; Smith 2000).  However, composite spinel 

grains in Group II xenolith S-1, a sample with a pleonaste/magnetite exsolution pair, have 

compositions consistent with exsolution at low temperatures.  Exsolution of an aluminous spinel 

and magnetite is known to occur at low temperatures from the work of Turnock and Eugster 

(1962) and was observed in a relatively Fe-rich xenolith from the Navajo Volcanic Field (Smith 

and Roden, 1981).  The exsolution provides an independent constraint on temperatures of 

equilibration, and points to a low temperature of equilibration (≈500oC, Fig. 4.4). This 
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temperature possibly represents the final equilibration temperature of the xenolith prior to 

incorporation in the host basalt.  

 

Table 4.0: QUILF temperatures at various depths 

 

Figure 4.3:  Calculated QUILF temperatures, depth (km) vs. temperature(°C), at 3.6, 18, and 36 
km. 
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Figure 4.4:  Exsolution of spinel pair in sample S-1. Figure modified from Turnock and Eugster 
(1962) 
 

 EC-3 is a sample that contained illmenite and pleonaste and the QUILF algorithm also 

yields a relatively low temperature (≈500°C) for all depths. The equilibria magnetite + ilmenite = 

ulvospinel + hematite utilized by QUILF is based on the work of Buddington and Lindsley (1964).  

The compositions of these phases when in equilibrium are dependent on oxygen fugacity and 

temperature; for this equilibrium, experimental data shows that for a given temperature an 

increase in the oxygen fugacity results in a decrease in the amount of TiO2 in the magnetite and 

an increase in amount of Fe2O3 of the ilmenite (Buddington and Lindsley 1964). The Ilmenite in 

sample EC-3 is very near end-member Ilmenite (96 mole%) and the co-existing pleonaste is very 

low in TiO2 (2 mole% ulvospinel).  At these near endmember compositions, the geothermometer 

is nearly independent of oxygen fugacity. 
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 Because the calculated temperatures of sample EC-3 and S-1 are independent of 

assumed pressure an absolute depth can be inferred from published geotherms for the area 

provided that such a steady state geotherm is applicable to the Lunar Crater area.  Plotting 

sample EC-3 and S-1 on the average Basin and Range extensional geotherm of Lachenbruch and 

Sass (1978) gives a depth of 15km.  The remainder of the samples plotted far to the right of the 

geotherm (at much higher temperatures) indicating that if 15km is a valid depth of equilibration 

for the bulk of observed samples then the geotherm for Lunar Crater is much higher or was 

perturbed perhaps due to magmatism (Figure 4.5).  Alternatively, the relatively high 

temperatures may be closing temperatures reflecting ending of chemical communication 

between minerals as temperature fell.  In this case only those assemblages with ilmenite or 

titanium poor spinel (i.e. EC-3, S-1) are capable of recording the lowest and presumably final 

temperatures of equilibrium.  For comparison, assuming that the calculated equilibria 

temperatures record ambient temperatures in the lower crust/upper mantle just before the 

xenolith was incorporated in the host basaltic magma, the samples are plotted along the 

geotherm in Figure 4.6.  If this assumption is valid, then the xenoliths were derived over a range 

of depths from ≈15 km to ≈45 km 
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Figure 4.5: Calculated QUILF temperatures of LCVF Group II xenoliths plotted along with 
representative Group I xenolith LCVF temperatures (Roden & Shimizu, 1983) Geotherm of 
Lachenbruch and Sass (1978).  Figure adapted from Saltus and Thompson (1995).  
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Figure 4.6: Calculated QUILF temperatures of LCVF Group II xenoliths plotted along with 
representative Group I xenolith LCVF temperatures (Roden & Shimizu, 1983) plotted along basin 
and range geotherm of Lachenbruch and Sass (1978).  Figure adapted from Saltus and Thompson 
(1995).  
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4.3 Significance of Apatite 
 
Apatite textures can give insight into magmatic conditions.  Stubby (roughly equant in 

dimension) apatite generally forms in a fluid saturated melt, and acicular apatite generally 

precipitates from a fluid or melt during quenching (Wyllie et al. 1962).  Apatites in both samples 

X-1 and F-2 are comparatively stubby (Figures 3.2 & 3.4), are not acicular, and as such are 

consistent with crystallization from a fluid-saturated magma and not precipitation from a 

supercritical fluid. 

 The apatites in xenoliths X-1 and F-2 are very different from each other in terms of 

volatile composition.  Apatites analyzed in xenolith X-1 are OH-dominated (OH>F+CL) with 

relatively high Cl/F (Figure 3.9).  The apatite in X-1 is unusually Cl-rich for apatite from a Group II 

xenolith, and is somewhat similar to apatite A (metasomatic) of O’Reilly and Griffin (2000) in its 

Cl and OH content.  Type A apatite is usually associated with Group I xenoliths.  In contrast, 

apatites in xenolith F-2 plot along the F-OH join with highly variable F/OH, but little Cl.  The 

apatite in both X-1 and F-2 have similar Sr concentrations and Sr/FeO ratios to Apatite B 

(magmatic) of O’Reilly and Griffin (2000; Figure 4.7). 
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Figure 4.7: Strontium and FeO abundances in apatites from samples X1 and F2.  Figure adapted 
from O’Reilly & Griffin (2000) 

 
 Sr values for the host basalt at LCVF range from 510 ppm to 970 ppm, (Kargel, 1987).  An 

interesting observation is that the highest Sr concentration (970 ppm) in Kargel (1987) is in 

basalt sampled at Easy Chair Crater.  The partitioning of Sr between apatite and melt can be 

used to infer the Sr concentration in the parental melts of the apatites in xenoliths X-1 and F-2.  

The partition coefficient DX is the mass concentration of element X in apatite divided by the 

concentration of X in the melt.  Partition coefficients for Sr partitioning between apatite and 
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melt were experimentally determined by Watson and Green (1981).  Their results suggest DSr  

apatite/melt values of 1.1 for basanite melts at a temperature of 950°C and 1.4 for basanite 

melts at a temperature of 1080°C are appropriate.  Table 4.1 shows calculated melt Sr 

concentrations based on these partition coefficients and the measured Sr content of the 

apatites.  The calculated melt values range between 665 ppm and 1923 ppm and are similar to 

that for the Easy Chair Crater basalt.  In a survey of geochemical data for continental basalts 

Farmer (2004) found a range of Sr concentrations of 300-3000 ppm with an average value of 

around 900 ppm.  Moreover, Sr is typically high in alkaline basalts (≈500-2000 ppm; Clague & 

Frey, 1982), and thus the calculated Sr content points to an alkalic parent magma similar to that 

of the host lava.  

Table 4.1: Calculated Sr in melts in equilibrium with Easy Chair Crater xenolith apatites 

 
 
 Apatite A (metasomatic) has been shown to have a higher range of Sr concentrations 

than Apatite B (magmatic), 4800-22300 ppm vs. 2400-8300 ppm (O’Reilly and Griffin, 2000), and 

Sr partitions into fluid more readily than melt or minerals (Brenan et al., 1995).  Given that the Sr 

concentrations in the apatites in xenoliths X-1 and F-2 are relatively low compared to 

metasomatic apatites, it is likely that these apatites formed by crystallization from a silicate 

melt. 
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 Patiño Douce et al. (2011) noted that F-apatite has the greatest thermal stability, and in 

fact endmember fluorapatite is the common igneous apatite (Piccoli and Candela, 2002).  Both 

the apatite in X-1 and F-2 are atypical for magmatic apatites because they are OH-rich.  The 

variability that I observed in F/OH contents in apatite from F-2 was first reported in Patiño 

Douce et al. (2011). This variability in F/OH composition is curious given the relatively small size 

(≈4 cm) of the xenolith and as discussed in Patiño Douce et al. (2011) could be due to heating of 

the xenolith during magma ascent, which caused an OH-rich apatite to dehydrate.  If so, the 

original apatite in F-2 may be approximated by the analyzed apatite grain with the highest OH 

content.  

 The origin of apatite in X-1 is intriguing because of its high Cl and OH contents.  Again, X-1 

is a Group II xenolith (high Al, Ti), which most commonly contains Apatite B (Low Cl; O’Reilly and 

Griffin 2000).  Was the original apatite Cl- and OH-rich or was an originally F-rich magmatic 

apatite enriched in Cl and OH by an OH- and Cl- rich fluid that metasomatized the host rocks?  

For the latter to be possible a F-rich magmatic apatite would have to encounter a Cl- and water-

rich (but relatively Sr-poor) metasomatic fluid.  If the apatite in xenolith X-1 was originally Cl- 

and OH rich, a possible origin for this apatite is crystallization from a hydrous magma enriched in 

Cl, either generated by melting of a Cl-rich rock or one that incorporated a high-Cl fluid that was 

liberated from a Cl-rich source.   

 Apatites in xenolith X-1 are more enriched in Cl than is typical for Group II xenoliths and 

are more OH-rich in general.  The relatively high OH values in these Easy Chair Crater xenolith 

apatites as well as the predominance of amphibole is indicative of genesis from a relatively 

hydrous magma.  Partition coefficients of hydrogen in apatite obtained from experimental work 
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by Boyce et al. (2010) and McCubbin et al. (2010) can be used to estimate amount of water in 

the initial melt. Note that results from experimental partition coefficients for volatiles in apatites 

should be considered a rough estimate at best and are only applicable for qualitative 

comparison (Sarafian et al., 2013).  A DOH of 0.4 is an average experimental value for 

apatite/melt obtained by Boyce et al. (2010).  Using this partition coefficient with average 

calculated OH contents in apatites from samples X-1 and F-2, I estimate average water contents 

of the equilibrium melts to be approximately 1.3-2.8% wt% H2O (Table 4.2). 

Table 4.2: Estimates of melt H2O from apatite compositions. 

 

 The calculations indicate that the melt that crystallized the apatite in xenolith X-1 could 

have been more hydrous than that responsible for the apatite in xenolith F-2.  Hamilton et al. 

(1964) determined experimentally that the solubility of water in a basaltic melt is 9.4 wt% at 

1100°C and 6 kbar and shows increasing solubility as pressure increases.  The qualitative 

estimates of water content in the parental magma(s) for Easy Chair Group II xenoliths are well 

below that of saturation as determined by Hamilton (1964).  This finding does not preclude a 

role for of a supercritical fluid but does allow for all the water to be dissolved in the melt.   

 The apatite in xenolith X-1 is relatively devoid of F and enriched in Cl and OH.  In systems 

where a silicate melt and a hydrous fluid exist at equilibrium, F preferentially partitions into the 

melt and Cl into the fluid (Patiño-Douce et al., 2011; Carroll and Webster, 1994; Mathez and 

Webster, 2005), thus the parental rock would have to be very Cl-rich to produce apatites with Cl 
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concentrations similar to those in the apatite of xenolith X-1 (Cl in X-1 apatite is ≈1.0 wt%).  Low-

pressure (500 bar) experiments by Mathez and Webster (2005) show that to produce apatites of 

1.0 wt% Cl composition, a melt of at least 1.0 wt% Cl is needed.  It should be noted that this 

relation is complicated by the fact that melt Cl solubility is strongly dependent on melt 

composition (Mathez and Webster, 2005), but it can be stated qualitatively that a Cl-enriched 

magmatic apatite requires a Cl-rich melt which necessitates either a Cl-rich source rock or 

incorporation of a Cl rich fluid into an existing melt. 

 Shallow, subhorizontal, subduction of the Farallon plate from the mid-Cretaceous to the 

late Eocene resulted in compression, crustal shortening, and uplift of large regions in the 

southwest (e.g., Sangre de Cristos Mountains) during the Laramide orogeny; the subsequent 

falling away of the slab caused an influx of athenospheric mantle beneath the continental 

lithosphere and a transition from compression to the extensional tectonics we see now in the 

Basin and Range Province (Dickinson & Snyder, 1978; Humphreys, 1995). Slab-derived melts or 

fluids resulting from the subduction of the Farallon plate could be responsible for enrichment of 

lithospheric mantle in Cl and H2O resulting in a source rock capable of producing a melt 

consistent with the OH-enrichment observed in the apatites from xenolith F-2 and the Cl- and 

OH-enrichment observed in the apatites from X-1.    

 Altered oceanic crust and sediments have high Cl contents (Rowe & Lassiter, 2009), and it 

has been shown that many arc and backarc lavas are enriched in Cl relative to other 

incompatible elements due to devolatilization of subducted oceanic crust into the mantle wedge 

(Wade et al., 2006).  It follows that volatile abundance (Cl, H2O) can be elevated in magmas 

derived from mantle metasomatized by subducted oceanic crust.  Work by Rowe and Lassiter 
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(2009) quantified this by analyzing melt inclusions in basalts from the Rio Grande Rift (RGR).  The 

RGR is thought to mark the eastern end of subhorizontal Farallon plate subduction (Lawton and 

McMillan, 1999) and presumably the mantle beneath the RGR could be subject to enrichment by 

devolatilization of oceanic crust.  Because Ba and Sr are more fluid-mobile than Nb and Nd, the 

ratio of Ba to Nb and Sr to Nd have been used to provide evidence of fluid enrichment of 

lithospheric mantle (Lee, 2005).  In xenolith X-1 the whole-rock Ba/Nb is 14.4 and in xenolith F-2 

it is 31.6 (Norris, 1996).  These values fall within the range (≈10-35) for RGR melt inclusions 

analyzed by Rowe & Lassiter (2009).  Published values of Ba/Nb for MORB are low (≈7; Rowe & 

Lassiter, 2009).  Published Ba/Nb values for alkali basalts thought to result from decompression 

melting of convecting mantle with little crustal input range from 7-11 at Potrillo Volcanic Field in 

New Mexico (Thompson et al., 2005), 7-12  at the Geronimo volcanic field in New Mexico 

(Kempton et al., 1990) and less than 15 at the Zuni-Bandera volcanic field, also in New Mexico 

(Rowe & Lassiter, 2009).  Wolff et al. (2005) in a study of Jemez volcanic field basalts and related 

basement rock, reported that exposed Precambrian basement and crustal xenoliths in the 

western US have elevated Ba/Nb ratios (> 30) thus, high Ba/Nb in RGR basalts and presumably in 

other Western basalts (i.e. LCVF) could also be indicative of continental crust contamination of a 

melt.  Wolff et al. (2005) also stated however, that the same Precambrian basement has 

relatively low Sr/Nd ratios (< 10) whereas RGR melt inclusions from a Cl enriched source have 

higher Sr/Nd ratios averaging from 10-30.  LCVF basalts have Sr/Nd ratios of 15-25 (Bergman, 

1982, Kargel, 1987), in the same range.  Rowe and Lassiter (2009) plotted Ba/Nb, Sr/Nd, and Cl/K 

all vs. Cl/Nb and were able to differentiate between crustal contamination and subduction-

related metasomatism and attributed the Cl enrichment observed in RGR basalts to the 
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influence of fluids from subducted oceanic lithosphere.  Currently no whole rock or melt Cl data 

exists for LCVF and consequently, a full comparison of trace element ratios is impossible.  Thus 

the possibility of crustal contamination as a source for Ba enrichment of the parental magma to 

the LCVF xenoliths is not precluded.  However, the modal abundance of amphibole and the Cl 

and OH enrichment of apatite within LCVF xenoliths suggest that hydrous and Cl-rich fluids were 

present during magma formation possibly derived from the Farallon plate. 
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5.0 CONCLUSION 
 
Group II xenoliths analyzed in this thesis are very hydrous as evidenced by the ubiquity and 

abundance of amphibole and the nature of the included apatites.  This OH enrichment in two 

xenolith apatites along with the Cl enrichment in one of theses apatites could be the effect of 

fluids liberated from the subducted Farallon plate.  Relatively high Ba/Nb and Sr/Nd of LCVF 

lavas are also consistent with a role for such a fluid in their petrogenesis.  

  Relatively high temperatures of equilibration in Group I xenoliths may be the 

signature of a perturbed geotherm related to subduction related magmatism or even a plume 

that helped to dehydrate the subducted slab, metasomatizing the lithospheric mantle and 

providing a source rock for the alkali basalts and associated hydrous xenoliths observed at LCVF.  

However, geothermometry for the Group II xenoliths indicate a range of temperatures of 

equilibration.  This observed range could be attributed to the fact that the closing temperatures 

of the geothermometers used are dependent on the mineralogy of the assemblage in a given 

rock.  Those xenoliths that contain exsolved spinel pairs or ilmenite (e.g. S-1, EC-3) are capable of 

recording the lowest temperatures of equilibrium, in this case ≈500°C.  These lower temperature 

assemblages are pressure independent and could exist at a range of depths but presumably 

reached equilibrium along the local geotherm.  

  To truly prove the importance of the inferred fluid enrichment of the source rocks 

as well as the source of melt generation at LCVF further work is necessitated.  For example, 

more apatite volatile analyses, as well as whole-rock or melt inclusion Cl analyses could help 
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prove the influence of a Farallon-derived fluid in the petrogenesis of the LCVF.  Local heat flow 

measurements and more precise geobarometry could produce a geotherm that explains the 

metasomatic and magmatic sequence of events that resulted in LCVF. 
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