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Abstract; Lower Crustal Xenoliths of the southern Sierra Nevada: A major element 
and geochronological investigation, Adrienne Grant 

The continental crust is a chemically distinct geochemical reservoir of the 

bulk silicate Earth that has formed near continuously over the last 4 billion years and 

is preserved by its intrinsic buoyancy relative to its oceanic counterpart. Rare earth 

element patterns imply that continental crust is formed at subduction zone settings 

and yet the primary melts produced by flux melting of the mantle here are basaltic in 

composition. An additional process is necessary to differentiate these melts to the Si-

rich character of continental crust.  The models proposed for differentiation includes 

fractional crystallization and partial melt extraction, which differ greatly in the 

resulting lower crustal compositions and the timing of formation relative to Si-rich 

melts. Here we propose that the investigation of the lower crust composition and 

timing provides one way to distinguish between these two mechanisms.  A study was 

undertaken to characterize lower crustal xenoliths that are inferred to be related to 

granitoid plutons from the Southern Sierra Nevadas; the Dinkey Creek and Red Lake 

granodiorites specifically.  Thirteen lower to mid-crustal xenoliths were analyzed for 

major element chemistry and U-Pb geochronology.  We suggest that the broad range 

in chemistry seen in these lower crustal xenoliths can only be derived by the multiple 

steps and continuous evolution of fractional crystallization. The ages of these 

xenoliths record magmatism contemporaneous with the upper crustal granitoid 

plutons.  The mafic lower crustal rocks yield zircon U-Pb dates that are younger than 

their upper felsic counterparts. This is interpreted to reflect a difference in 
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temperature and crystallization sequence anticipated for mafic and felsic bodies.  A 

summary is developed for the genesis of these plutons and their corresponding mafic 

cumulate, leading to the generation of crust matching current bulk continental crust 

estimates.
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Introduction 

The Earth is unique in the fact that it has a bimodal elevation profile due to 

two dominant types of crust.  There is oceanic and continental crust and they vary 

most significantly in their chemistry and density.  The oceanic crust is basaltic, more 

dense and ~10 km thick, while the continental crust is andesitic in composition (e.g. 

~60% SiO2), more buoyant and ~40 km thick (Christensen & Mooney, 1995).  Their 

density difference is the dominant control on elevation and it also affects their 

tectonic properties.  When the two types of crust meet at a convergent margin, the 

buoyancy of the continental crust prevents subduction, and explains the antiquity of 

continental crust, while the younger oceanic crust gets pushed below and recycled 

into the mantle (Taylor & McLennan, 1985).  The setting of ocean subduction results 

in arc magmatism, expressed at the surface as volcanic arcs and beneath as sub-arc 

felsic batholiths. Here, peridotitic mantle undergoes melting as a result of volatile 

addition, which reduces the melting point of peridotite. Continental crust, like most 

igneous rocks, is formed by partial melts from the mantle (Rudnick, 1995).  On the 

basis of rare earth element (REE) chemistry, among other things, continental crust is 

implied to form in subduction zones (Jagoutz and Keleman, 2015).  In subduction 

zones, melts are formed by flux melting from fluids coming off of the subducted slab, 

as well as decompression melting in the mantle wedge (Grove et al., 2003; Annen et 

al., 2005). These melts, like in most other settings, are mafic in character.  The bulk 

continental crust itself is not mafic though, and it remains uncertain how it reaches 
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~60% SiO2 (Tatsumi and Eggins, 1995, Jagoutz, 2010).  The two possible 

mechanisms proposed for the development of Si-enriched liquids from basalts are 

partial melting and fractional crystallization. Partial melting involves a secondary 

heat source being imposed on already solidified basalt/amphibolite, where its excess 

heat begins to melt the least refractory components of primary subduction zone melts 

(Annen et al., 2005).  Fractional crystallization is a fundamental concept in geology 

that involves crystallization from a melt where crystals are continuously being 

removed from the melt, changing its composition (Wilson, B.M., 1989).  Following a 

summary by Jagoutz and others (2009), experimentally generated high pressure 

partial melting of a natural amphibolite and found that partial melting creates a 

bimodal chemical pattern with restricted major element compositions for residues and 

melts (Wolfe and Wyllie, 1994)(Figure 1).  Fractional crystallization of hydrous 

basalts at high pressure creates melt compositions similar to partial melting, but its 

cumulate compositions differ strongly from partial melting residues, displaying a 

wider range of compositions in a “zig-zag” shape  (Jagoutz et al., 2009) (Figure 2). 

This occurs as new minerals begin to form within the crystallization sequence, each 

of which incorporates cations and silica in variable amounts.  Another way in which 

these models differ is their timing.  Partial melting models require that a previously 

emplaced and cold lower crust undergoes partial melting during a later heating event. 

The age of this earlier crust could potentially be far older than the upper crustal 

plutons (Annen et al., 2005).  As partial melting progresses, the very first melts will 

be the most felsic and progressively become more mafic (Gill, 1981).  With fractional 
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crystallization, the lower crust and upper crust will be generally contemporaneous 

with mafic cumulates forming first and the most Si-enriched rocks crystallizing last 

(Jagoutz et al., 2009).  

 

 

 
 
 
Figure 1.  Experimental results for melt compositions generated by partial melting of hydrous basalts at 

high pressure. 

)
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Figure 2. Experimental results for melt compositions generated by fractional crystallization of hydrous 
basalts at high pressure.  Note the large range of values for cumulate compositions 

 
 
 
 The most obvious differences between processes are seen in the cumulate and 

restite compositions and their ages, therefore that is what needs to be investigated to 

determine which process is occurring.  These rocks are the complement to the upper 

crustal plutons and consequently make up the lower crust.  This makes the lower crust 

the key to determining whether partial melting or fractional crystallization is the 

dominant process. Unfortunately, the inaccessibility of the lower crust make its study 

and characterization challenging (Rudnick and Fountain, 1995).  Exposed granulite 

terranes were once thought to be representative of the lower crust but a major tectonic 



	 5	

event is required to bring these to the surface and they are chemically more similar to 

evolved melts (Bohlen et al. 1985, Rudnick  & Fountain, 1991).  The only other 

windows to the lower crust are volcanically entrained xenoliths from basalts or 

kimberlites.  These xenoliths are applicable to studies of bulk composition and 

petrologic processes but they are of limited value for investigating contact 

relationships or volumetric abundances (Rudnick & Taylor, 1987).  A benefit of 

xenolith-derived zircon is that it has resided at high temperatures and pressures that 

anneal out most radiation damage, reducing lead loss and discordance (Hanchar & 

Rudnick, 1995).   

 To determine the processes that contribute to continental crustal generation we 

did a number of things.   First, a suite of xenoliths of varying compositions 

representing the lower to middle crust was obtained, as well as samples of their 

complementary upper crustal plutons.  Categorization of their major element 

properties illuminates the processes by which they were formed and evolved, and if 

they are complementary to the upper crustal granitoids.  Zircon U-Pb dating of this 

suite of rocks can determine if they are indeed linked in time and will delineate the 

timescales of lower and upper crustal generation and how they may be related.   

 

Geologic Background 

 The Sierra Nevada Mountain range lies west of the Basin and Range province, 

forming one of North America’s westernmost mountain ranges, spanning 400 miles 

north to south.  The Sierra Nevadan arc was active from ~200 to 80 Ma, during the 
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subduction of the Farallon plate under the North American plate. This resulted in the 

construction of the extensive Sierra Nevada batholith that has been exhumed by 

faulting and is now exposed at the surface. The batholith shows compositional 

changes from west to east, with gabbros and diorites to the west and then increasing 

in silica, becoming predominantly granodiorite in the east (Bateman, 1992). In the 

latest Cretaceous slab flattening and mantle lithosphere removal began the process of 

exhumation, with steeper slab dips and slab segmentation in the Central Sierra 

Nevada causing less uplift (Saleeby et al., 2003).  This, as well as the more recent 

uplift (5-10 Ma), brought up the batholith, exposing rocks as deep as 25-30 km at the 

southern end, creating an oblique section through the batholith (Saleeby, 1990). This 

cross section can be extended to depths over 100 km by lower crustal and mantle 

xenoliths of known depths from the Huntington Lake region (Figure 3).  

 

 

Figure 3. General map of the Sierra Nevada with expanded local map of study area 
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The main study site is located in the northeast corner of the Huntington Lake 

quadrangle (Bateman and Wones, 1972).  In this area, there are 2 large felsic plutons, 

Dinkey Creek at 104 Ma and Red Lake at ~90 Ma (Stern et al., 1981).  The Dinkey 

Creek pluton exhibits a strong concentric zonation, with an equigranular rim and 

megacrystic core, whereas Red Lake is not zoned, purportedly due to early expulsion 

of volatiles (Noyse, 1983). Studies within these and nearby plutons have aimed to 

characterize the range of mafic magmatic enclaves (MMEs) observed within their 

felsic hosts (Barbarin, 2005). A small population of these MMEs demonstrate 

cumulate texture and have been interpreted to be cumulates that were disrupted and 

entrained by the granite.   

Xenoliths brought up by Miocene volcanism are our window to the lower 

crust of this region (Dodge et al. 1986, Mukhopadhyay and Manton 1994, Ducea and 

Saleeby 1998a). Dodge (1986) describes these xenoliths at 2 sub-sites, one in Big 

Creek and the other at the top of Chinese Peak in ~10 Ma basalt flows (Figure 3). The 

Big Creek xenoliths suites are dominated by eclogite and garnet granulites, with less 

abundant peridotites and feldspathic granulites, and rare pyroxenites (Dodge et al., 

1986).  The China Peak xenoliths are dominantly pyroxenites and feldspathic 

granulites, with rare peridotites (Dodge et al., 1986).   There is a distinct lack of 

garnet within the China Peak xenolith suite and this has been inferred to indicate that 

these rocks experienced pressures of no more than 10 kb (Green and Ringwood, 

1967; Ito and Kennedy, 1971).  All of these rocks are silica-undersaturated, indicating 

that the lower crust in this region is mafic-ultramafic (Dodge and Bateman, 1988).   
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Methods 

 Samples were newly collected in Big Creek and from the China Peak 

mountain resort, while previously collected samples were borrowed from the Frank 

Dodge collection at the Smithsonian. Fist sized separates were crushed in a shatterbox 

and separated both magnetically and with heavy liquids. Zircon crystals were picked 

from these grain separates, mounted in epoxy and polished to expose their cores for 

imaging.  Imaging was done on the scanning electron microscope (SEM) at Stanford 

University. Cathodoluminescence (CL) imaging illuminates chemical variation in the 

crystal that is not visible otherwise and can screen for metamorphic or igneous zoning 

patterns (Hanchar & Rudnick, 1995) that enable selection of acceptable spots for laser 

ablation.  Laser ablation inductively coupled plasma mass spectrometry (LA-ICPMS) 

analyses were done on selected grains, using the U/Pb system, to determine rough 

ages and to interpret core and rim ages within crystals.  Rock chips from new samples 

and selected Smithsonian samples were also sent for X-ray Fractionation (XRF) 

whole rock major element geochemistry to ALS Global, where they were crushed, 

fused and analyzed.  Previous geochemical analyses from the literature (collected 

from EarthChem; Dodge et al. 1986, Ducea and Saleeby 1998a, Mukhopadhyay and 

Manton 1994, Sisson et al 1996, Ducea 2002, Lee et al, 2006) are also utilized in the 

interpretation presented here.  
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Results 

Igneous textures were widely seen in the zircon CL images and these zones 

were used to establish the analysis spots so igneous crystallization ages were yielded. 

Two populations can be determined for 15-CP-01 by CL zones.  One has thick 

detailed igneous growth zones in which many layers are bright and some show 

resorptive edges.   The other population is darker and less detailed, with CL dead rims 

and/or mantles and cores (Figure 4).  Granodiorite sample 15-CP-03 has more 

abundant resorptive boundaries between growth zones and some very dark CL cores 

(Figure 6, inset CP-03).  Sample 15-CPX-02 showed dominantly indistinct dark zones 

in CL, with minor vaguely igneous cores and dominant bright metamorphic rims 

(Figure 6, inset CPX-02).  The tonalite 15-CPX-03 showed dominantly igneous 

zoning with some CL dead cores and some evidence of multiple igneous events.  

Another tonalite, 15-CPX-04, is similar to 15-CPX-03 except there are much thicker 

and more predominant metamorphic rims (Figure 5).  The diorite 15-CPX-05 zircon 

grains predominantly displayed cores with igneous growth zones and thicker, very 

bright metamorphic rims (Figure 6, inset CPX-05).  The pyroxenite sample 15-CPX-

06 was dominantly bright and igneous but showed evidence of metamorphism and 

resorption between igneous events (Figure 6, inset CPX-06 shows complex zones). 

Amphibolite 116478-0023 displayed pervasive metamorphic rims with dark to bright 

igneous cores as well as metamorphically altered cores (Figure 6, inset 0023). Garnet 

granulite 116478-0027 was composed of mostly CL bright, indistinctly zoned grains 

with minor darker igneous cores (Figure 6, inset 0027).  Gabbro 116478-0238 
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displayed rare igneous cores with metamorphic rims and was mostly composed of 

complex or indistinct zoning.  Granulite 116478-0296 was predominantly indistinct 

dark grey in CL with minor bright metamorphic rims and CL dead cores (Figure 6, 

inset 0296).   

 

Figure 4.  Cl populations of 15-CP-01.  Detailed igneous zones on the left and dull, darker 

zones on the right 

 

 

Figure 5.  Representative CL photomicrographs of tonalite samples 15-CPX-03 and 15-CPX-

04, left and right respectively. 
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Here we report the error-weighted mean 238U-206Pb zircon dates were 

calculated from laser ablation data. The amphibolite from Big Creek, 116478-0023, 

has a zircon age of 100.57±0.93 Ma.  Also from Big Creek, 116478-0027, a garnet 

granulite was dated at 96.5±1.2 Ma.  116478-0238, a gabbro from Big Creek, has 

zircons that are 95.3±1.3 Ma. 116478- 0296, a granulite from China Peak, has a 

zircon age of 96.4±1.3 Ma.  The Dinkey Creek granodiorite adjacent to an aplite dike 

was dated at 100.60±0.78 Ma.  The equigranular phase of the Dinkey Creek 

granodiorite 15-CP-03 has a mean zircon age of 102.31±0.49 Ma.  Sample 15-CPX-

02 is hard to determine a lithology for, as it looks like it was once a fine-grained 

pyroxenite but has been overprinted with quartz veins and metasomatised. It has a 

zircon crystallization age of 95.8±2.1 Ma.  Sample 15-CPX-03 is a tonalite from 

China Peak.  This sample has a bimodal size distribution of zircon but their ages are 

indistinguishable, both coming in at around 102 Ma.  15-CPX-04 is another tonalite 

from China Peak that yields a bimodal age distribution that correlates with zircon 

size.   The large zircon grains are 94.4±1.2 Ma and the small are 100.1±1.1 Ma.  A 

diorite from China peak, sample 15-CPX-05, has a zircon age of 96±1.8 Ma. At 

89.1±1.8 Ma, sample 15-CPX-06 is a pyroxenite and the youngest dated sample.    

The rocks analyzed comprise an age range of ~89 – 102 Ma (Figure 4).  Most age 

populations analyzed show an expansive age range and no statistically significant 

weighted mean population with mean standard widths of deviation (MSWDs) of 1.6 

to 24. The overall trend observed indicates that the more mafic xenoliths are the 

youngest while the granites and felsic xenoliths are the oldest.  



Figure 6. Compiled weighted mean plot of zircon dates from selected samples
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The samples analyzed span a range of compositions from clinopyroxenite to 

monzogranite and the XRF data can further determine rock types.  The Mg # 

(Mg/Mg+FeT) is used as a differentiation index.  These Mg# values show a large 

spread vs SiO2 with each lithology slightly clustered.  Age vs compositional 

differentiation indices was also plotted to illuminate age progression and 

differentiation.  The samples came from both Big Creek and China Peak, which have 

different aged plutons, and no pattern was immediately recognizable.   

Figure 7.  Mg# versus wt% SiO2. Combined literature data and new results (Dodge et al. 1986, Ducea 
and Saleeby 1998a, Mukhopadhyay and Manton 1994, Sisson et al 1996, Ducea 2002, Lee et al, 2006). 
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Figure 8.  Minimum and maximum sample age versus wt% SiO2 (pink) and Mg# (green).  New data 
only. 

Discussion 

Cathodoluminescence imaging reveals structures that are otherwise invisible 

in normal optical microscopy such as compositional zoning of the elements Zr, Si, Hf, 

P, Y, REEs, U and Th (Hanchar and Rudnick 1995, Corfu et al., 2003).  The types of 

zoning seen in CL can indicate the crystallization environment, with metamorphic 

and igneous growth zones looking distinctly different, while the overall morphology 

can distinguish crystallization speed (Mattinson et al. 1996, Corfu et al., 2003).  

Diffusion of the trace elements in the zircon crystal structure that control CL is 

incredibly slow, allowing for multiple crystallization events occurring over 
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geologically long time periods to be preserved in a single crystal (Cherniak et al., 

1997a).  

The deeper xenolith samples were significantly more CL active than the 

granites or shallower xenoliths.  Per Hanchar and Rudnick (1995), this is likely due to 

longer times at depth and/or pressure that would anneal damage and allow CL to be 

more distinct.  Pervasive CL-bright rims and overgrowths (Figure 7) are interpreted to 

indicate a metamorphic event at some point after initial crystallization age.  The 

occurrence of metamorphic cores and alteration is not surprising, as the western 

margin of North America was tectonically active in the late Mesozoic and early 

Cenozoic. The zircon CL images that demonstrate multiple igneous events often have 

resorptive boundaries between them.  This may indicate magma chamber processes, 

such as re-equilbration with the melt, but may also be indicative of inherited cores 

sourced from the melt or wallrock.  Inherited cores have been noted in Sierra Nevada 

plutons by multiple studies (Coleman et al. 2004, Saleeby et al. 1987) and 

geochronologic analyses of different CL zones can substantiate this.  Overall, the 

zoning seen is a good indicator that we are definitely looking at igneous, and not 

metamorphic, rocks.  Many	of	the	historically	collected	xenolith	samples	were	

designated	metamorphic	rock	names.		A	further	look	into	trace	elements	could	

give	proof	of	igneous	origin,	but	the	CL	and	thin	section	textures	are	a	good	start.		

There	is	some	evidence	of	metamorphism	in	the	thin	sections	(minor	Ostwald	

ripening,	reaction	textures	related	to	metasomatism)	but	overall	the	textures	are	

indicative	of	igneous	origin.	
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Figure 9.  CL images showing zircons with metamorphic rims and overgrowths 

Figure 10.  Cumulate textures in sample 116478-0027, a “hornfels” collected by Dodge (1986) 

Big Creek xenoliths tend to be younger than their pluton, while China Peak 

xenoliths tend to be older with both xenolith suites occupying the same age range 

between ~90 and ~104 Ma.  The tonalite samples that showed bimodal size 

populations, 15-CPX-03 and 15-CPX-04, produced very similar ages for both.  The 

small zircons were likely trapped as mineral inclusions, inhibiting their size, or the 

large ones just grew quicker within the resolvable scale.  There is a slight trend of 
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mafic rocks being the youngest with the most felsic rocks crystallizing later.  This 

may be due to sampling bias, as our granites are from the older pluton and our most 

mafic xenolith is from the younger.  It is also possible that this is simply due to 

crystallization depth.  As the mafic cumulates reside at depth, while the Si-enriched 

melts ascend, ambient temperatures around each lithology will be different.  This will 

likely affect cooling rates, potentially slowing the mafic crystallization rates enough 

to allow the felsic rocks to crystallize first.  As well, zircon crystallization properties 

will have zircon crystallizing at a later stage in the mafic rocks, whereas zircon is an 

early crystallizing phase in felsic rocks.  

This is strong evidence in support of fractional crystallization.  It seems that 

the progressive lithological phases are cogenetic, at least in time.  With no significant 

jumps in time along the series of progressive Si-enrichment, the age pattern is 

consistent with fractional crystallization models (Winter, 2001).  With repetitive 

basaltic sills underplating the crust, magmatic activity was likely constant, with lulls 

in between large pluton building pulses (Annen et al., 2005; Coleman et al., 2004).  

There is a strong presence of ~95 Ma dates that doesn’t attribute to any exposed 

pluton.  This observation implies that there could be a ~95 Ma pluton that stalled 

lower than the current surface or that this melt didn’t evolve to as high Si content.  

Melts coming from progressive sills should be of similar chemistry but there’s 

enough variation in water content in typical basalts that regular variability could have 

produced a deeper stalling melt (Barclay & Carmichael, 2004; Coleman et al., 2004,).   
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The fact that many of the xenoliths are younger than their plutons is not 

entirely surprising; Rudnick and Gao (2003) noted that this was common.  It must 

also be considered that these ages are zircon crystallization ages and different 

minerals crystallize out at different stages of solidification.  Zirconium must saturate 

in the melt for zircon to crystallize. In addition, zircon formation displays a 

dependence on the composition of the magma, where for any given Zr concentration, 

a mafic melt will form zircon at lower temperatures compared with a more felsic 

composition (Hanchar & Watson, 2003).  The bulk composition zircon saturation 

temperatures predicted for many Sierran xenoliths are below 600 C, temperatures at 

which the rock is entirely solid. And yet zircons are present within these mafic 

restite/cumulates. This likely reflects the concentration of zirconium within a slowly 

cooling melt—an observation that seems to point to fractional crystallization as the 

process by which mafic lower crust is generated. Additionally, the geotherm has been 

seen to have a large influence on crystallization and differentiation (Annen et al. 

2005).  Melt viscosity depends strongly on dissolved H2O and temperature, and when 

melts reach H2O saturation, the water exsolves from the melt and crystallization 

progresses much faster.  The loss of water increases viscosity, prohibiting further 

ascent.  Annen and others (2005) address this in detail and interpret it as the 

overriding factor for controlling where each composition resides in the crust.  The 

geotherm also influences whether lower crustal partial melting will contribute.  If the 

crust is thick enough that the amphibolite liquidus is crossed, the lower crust, if 

fertile, can contribute partial melts (Jagoutz, 2010). Many models of continental crust 
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formation also require a modicum of assimilation to acquire certain chemical traits 

(DePaolo, 1981, Annen et al., 2005).  Sisson et al. (2005) took samples from sheeted 

mafic sills in the Sierra Nevada region, typifying mafic liquids present during 

batholith growth, and experimentally recreated high pressure crystallization from 

these melts without specifying whether these melts were primary or partial melts of 

existing rocks.  High K granites, similar to average upper continental crust, were 

created proving that continental crust can be derived solely from these sources.  

Ratajeski et al. (2005) experimentally derived felsic melts from partial melting of 

hydrous gabbroic rocks from the Onion Valley complex.  These experimentally 

derived melts matched felsic plutons in the Sierra Nevada.  In this experiment though, 

only the evolved melts were studied and not the remaining cumulates or restites.  As 

shown in figures 2 and 3, partial melting and fractional crystallization both generate 

fairly similar felsic melts but substantially different cumulate and restite 

compositions.  This study creates an attractive premise but must be looked at deeper.  

 Figure 8 shows Mg# vs SiO2 for xenoliths and granitoids in our study region 

and the xenoliths occupy a large range of Mg# similar to that modeled for fractional 

crystallization.  This large range of chemistries is caused by repeated crystallization 

events where the melt is continuously being segregated from its crystal mush.  This 

segregation inhibits equilibrium crystallization as the melts and the solids are no 

longer in contact. Therefore the melt chemistry evolves as certain minerals take 

different elements out of the system, starting with Mg and Fe and other compatible 
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elements.  The data points show an expansive spread that could only be produced by 

multiple steps of crystallization and melt evolution/segregation.  

One problems with the fractional crystallization model is the necessary highly 

volumetric complementary mafic cumulate to the upper crustal granitoids (Annen et 

al, 2005).  Bulk crust compositions require this to be removed and seismographic 

imaging shows that this is not present below the Sierra Nevada batholith in this region 

(Zandt et al., 2004).  A method of removal or delamination is thus needed to account 

for its absence.  If the source of the basalt is underplating sills at the base of the crust 

(Annen et al., 2005), this becomes more congruent with the proposed model, as the 

most mafic cumulates can very easily eclogitize or use their inherent density disparity 

to delaminate and sink into the mantle. Müntener and Ulmer (2006) interpreted that 

~12% trapped liquids is sufficient to stabilize dense ultramafic cumulates and 

delamination will not occur until after a substantial period of cooling.  This is 

congruent with extensive Pliocene uplift in the region ~70 Ma after intrusion. 

Wernicke et al. (1996), interpreted their seismic experiments as proof of an absent 

large crustal root.  The observed high elevations thus necessitate and underlying 

buoyant low-density mantle.  Boyd et al., (2004) have used teleseismic events to 

tomographically model the crust below the Sierras and they appear to have imaged an 

eastward-tilting block of approximately 30% garnet and 70% pyroxene that is in the 

process of delaminating from the crust. This is supported by changing chemistry in 

the xenoliths brought up by Neogene basalts, as sometime after 10 Ma, the xenoliths 

begin to demonstrate fertile mantle compositions (Lee et al., 2001).  Disparities in the 
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crust-mantle Mohorovic discontinuity also infer a downwelling “drip” of dense lower 

crust that has foundered away (Zandt et al., 2004).  Zones where the Moho is 

obscured or broad have also been linked to fractional crystallization of ultramafic 

cumulates at depth (Müntener & Ulmer, 2006).   

As the subduction of the Farallon plate progressed, dehydration reactions off 

the descending slab fluxed the overlying mantle and some decompression melting in 

the mantle wedge generated basaltic melts that formed sills or ponded at the base of 

the crust.  These basaltic melts partially crystallized, leaving behind an ultramafic 

cumulate while the remaining melt began to ascend due to density and viscosity 

contrasts.  Due to a variety of factors, these melts stalled in the upper crust where they 

crystallized and formed the extensive Sierra Nevada batholith.  Later volcanism 

brought up pieces of this lower crust as xenoliths.  Subduction proceeded until there 

were no more melts being created.  Much later in time, ~70 My, as the newly 

generated lithosphere cools and all the melt has solidified, the density contrast 

increases to a critical point and the lower crustal mafic cumulates begin to founder 

back into the mantle.  This process and its counter-flow replaced the dense cumulates 

with more buoyant asthenosphere, and along with extension in the Western US 

operating between ~25-10 Ma, created uplift and exhumed these plutons to where we 

see them today.   This basalt evolution generating felsic melts, paired with the loss of 

the mafic cumulate, allows the crust to reach an expected bulk andesite composition.   
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Conclusion 

 Major element patterns in the Sierra Nevada xenoliths strongly support a 

fractional crystallization origin.  A near continuous suite of compositions between 

mafic and felsic end members is also of note.  Age relationships do not irrefutably 

discount partial melting, but their progression in time to more Si-enriched rocks is not 

inconsistent with fractional crystallization models.  This provides a solid baseline for 

application of this model as the modern generator of continental crust. Consequently, 

we have a foundation for greater understanding of crustal evolution through time and 

how the current heterogeneous felsic continental crust was generated.  A more 

thorough examination of the sample dates with a higher precision method may give 

deeper insight into magmatic timescales within the cumulates and trace element 

analysis could be used to further delineate the petrogenetic processes at work.   
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Appendix 1.  Major Element XRF data for analyzed samples



Appendix 2.  Brief thin section description of selected samples
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Appendix 3. 206Pb-238U Age summary tables for samples interpreted 

 

116478-0023 
  filename 206/238 age 2SE 

11623_9.FIN2 101.8 2.9 
11623_10.FIN2 114.1 3.6 
11623_11.FIN2 98.1 3.4 
11623_17.FIN2 101.1 2.5 
11623_20.FIN2 93.9 2.7 

 

116478-0027 
 filename 206/238 age 2SE 

11627_1.FIN2 96.2 3.6 
11627_4.FIN2 94.1 3.6 
11627_7.FIN2 93.1 3 
0027_3.FIN2 101.3 2.6 
0027_8.FIN2 93.8 3.7 
0027_16.FIN2 93.1 8.7 

 

116478-0238 
  filename 206/238 age 2SE 

116238_2.FIN2 94.6 2.5 
116238_3.FIN2 99.2 3 
0238_5.FIN2 95.3 2.4 
0238_8.FIN2 93.1 2.7 

 

116478-0296 
 filename 206/238 age 2SE 

116296_2.FIN2 92 2.5 
116296_6.FIN2 97.2 2.1 
116296_9.FIN2 97.6 2.4 
0296_16.FIN2 101.2 3.8 
0296_17.FIN2 107.5 5.1 

 

 



	 26	

15-CP-01 
  filename 206/238 age 2SE 

CP-01_32.FIN2 96.3 2.4 
CP-01_10.FIN2 98 1.9 
CP-01_28.FIN2 99.2 2 
CP-01_13.FIN2 100.8 2.5 
CP-01_25.FIN2 101.6 2.5 
CP-01_9.FIN2 103.1 1.6 
CP-01_19.FIN2 103.2 2 

 

 

15-CP-03 
  filename 206/238 age 2SE 

CP-03_10.FIN2 98.7 2 
CP-03_9.FIN2 99.2 1.3 
CP-03_5.FIN2 103.2 1.8 
CP-03_12.FIN2 108.4 1.5 

 

 

15-CPX-02 
  filename 206/238 age 2SE 

CPX-02_11.FIN2 94.2 2.9 
CPX-02_13.FIN2 97.6 3 
CPX-02_14.FIN2 105.5 2.8 

 

 

15-CPX-03L 
  filename 206/238 age 2SE 

CPX-03L_42.FIN2 97.8 2.2 
CPX-03L_29.FIN2 99.2 2.4 
CPX-03L_41.FIN2 101.7 2.5 
CPX-03L_39.FIN2 101.9 3.1 
CPX-03L_31.FIN2 102.2 2.2 
CPX-03L_15.FIN2 103.6 2.2 
CPX-03L_35.FIN2 104.8 2.9 
CPX-03L_6.FIN2 109.6 3.1 
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15-CPX-03S 
  filename 206/238 age 2SE 

CPX-03_4.FIN2 99.6 2.1 
CPX-03_3.FIN2 101.4 2 
CPX-03_2.FIN2 102.4 2 
CPX-03_5.FIN2 103.8 2.4 
CPX-03_8.FIN2 105.9 2.8 
CPX-03_13.FIN2 106.6 2.7 

 

15-CPX-04L 
  filename 206/238 age 2SE 

CPX-04L_17.FIN2 85.3 2.9 
CPX-04L_23.FIN2 89.8 2.9 
CPX-04L_32.FIN2 93.4 5.1 
CPX-04L_12.FIN2 93.9 3.3 
CPX-04L_22.FIN2 95.6 3.2 
CPX-04L_2.FIN2 99.2 3.6 
CPX-04L_10.FIN2 99.2 3 
CPX-04L_18.FIN2 101.4 3.2 

 

15-CPX-04S 
  filename 206/238 age 2SE 

CPX-04_7.FIN2 97.3 2.3 
CPX-04_13.FIN2 100 2.7 
CPX-04_19.FIN2 100.3 2.4 
CPX-04_14.FIN2 100.9 2.5 
CPX-04_9.FIN2 101.8 3.1 
CPX-04_5.FIN2 108.8 2.9 

 

15-CPX-05 
  filename 206/238 age 2SE 

CPX-05_2.FIN2 99.4 2.9 
CPX-05_6.FIN2 93.9 2.3 

 

15-CPX-06 
  filename 206/238 age 2SE 

CPX-06_5.FIN2 87.3 3.4 
CPX-06_1.FIN2 89.8 2.1 
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