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ABSTRACT

Plutons offer an opportunity to study the extended history of magmas 
at depth. Fully exploiting this record requires the ability to track changes in 
magmatic plumbing systems as magma intrudes, crystallizes, and/or mixes 
through time. This task has been difficult in granitoid plutons because of low 
sampling density, poorly preserved or cryptic intrusive relationships, and the 
difficulty of identifying plutonic volumes that record the contemporaneous 
presence of melt. In particular, the difficulty in delineating fossil magma reser-
voirs has limited our ability to directly test whether or not high-SiO2 rhyolite 
is the result of crystal-melt segregation. We present new high-​precision U-Pb 
zircon geochronologic and geochemical data that characterize the Miocene 
Searchlight pluton in southern Nevada, USA. The data indicate that the pluton 
was built incrementally over ~1.5 m.y. with some volumes of magma com-
pletely crystallizing before subsequent volumes arrived. The largest increment 
is an ~2.7-km-thick granitic sill that records contemporaneous zircon crystalli-
zation, which we interpret to represent a fossil silicic magma reservoir within 
the greater Searchlight pluton. Whole-rock geochemical data demonstrate that 
this unit is stratified relative to paleo-vertical, consistent with gravitationally 
driven separation of high-SiO2 melt from early-formed crystals at moderate 
crystallinity. Zircon trace-element compositions suggest that our geochrono-
logic data from this unit record most of the relevant crystallization interval 
for differentiation and that this process occurred in <150 k.y.

■■ 1. INTRODUCTION

High-SiO2 rhyolite (≥75 wt% SiO2) is commonly considered to form through 
differentiation of moderately silicic melts (e.g., dacite) in upper-crustal res-
ervoirs (e.g., Hildreth, 1981; Bachmann and Bergantz, 2004; Lipman and 
Bachmann, 2015). This process requires the physical separation of early-formed 
crystals from residual, high-SiO2 melt and implies that erupted rhyolites are 
genetically linked to granitoid cumulates. This hypothesis is supported by: 

(1) phase-​equilibria modeling of high-SiO2 rhyolites, which indicates that they 
are generated at upper-crustal pressures (≤3 kbar; Gualda and Ghiorso, 2013); 
(2) geophysical evidence for granitic batholiths beneath many large, silicic vol-
canic centers (e.g., Lipman and Bachmann, 2015); and (3) an explanation of the 
compositional Daly gap seen in many volcanic sequences through preferential 
melt extraction at moderate crystallinity (Dufek and Bachmann, 2010). Never-
theless, global geochemical data sets suggest compositional parity between 
volcanic and plutonic rocks (Keller et al., 2015; Glazner et al., 2018) and have 
been used to question whether any granitoids represent cumulates. Addi-
tionally, tests of the temporal relationships between high-SiO2 rhyolites and 
potential cogenetic plutons have also provided variable evidence for (Deering 
et al., 2016; Rioux et al., 2016) and against (Mills and Coleman, 2013) a genetic 
connection. Consequently, the origin of high-SiO2 rhyolite through upper-
crustal differentiation remains questioned (e.g., Lundstrom and Glazner, 2016).

The process of crystal-liquid separation can be tested within an individ-
ual pluton through the use of highly incompatible and compatible elements. 
Highly compatible elements can track accumulation of early-​formed crystals, 
while incompatible elements will track the location of late-stage residual melt. 
This approach has been used at the regional scale to argue for generation of 
high-SiO2 rhyolite through crystal-liquid separation (Lee and Morton, 2015). 
However, studies that have used a similar approach to document the relative 
movement of residual melt and early-formed crystals within individual plutons 
have provided more equivocal results, with some studies finding no evidence 
for segregation of residual melt (Putnam et al., 2015) and others finding evi-
dence for geochemical stratification (Kamiyama et al., 2007; Hartung et al., 
2017; Schaen et al., 2017; Floess et al., 2019; Tavazzani et al., 2020; Schaen et 
al., 2021). These studies are particularly promising because this information 
can be used to better evaluate the types of magmatic processes that occur 
within an individual magma reservoir, as well as the conditions necessary 
for them to occur.

One challenge to leveraging the plutonic record to study the magmatic 
processes relevant to volcanism is the difficulty in identifying fossil magma 
reservoirs, which we define as plutonic volumes that record the coeval pres-
ence of melt. Early studies of granitoids frequently treated batholiths as big tank 
magma chambers (e.g., Bateman and Chappell, 1979). However, improvements 

GEOSPHERE, v. 18, no. 3

https://doi.org/10.1130/GES02439.1

12 figures; 1 set of supplemental files

CORRESPONDENCE:  mpeddy@purdue.edu

CITATION:  Eddy, M.P., Pamukçu, A., Schoene, B., 
Steiner-​Leach, T., and Bell, E.A., 2022, Constraints 
on the timescales and processes that led to high-SiO2 
rhyolite production in the Searchlight pluton, Nevada, 
USA: Geosphere, v. 18, no. 3, p. 1000–​1019, https://
doi​.org​/10.1130​/GES02439.1.

Science Editor:  Shanaka de Silva
Guest Associate Editor:  Guilherme Gualda

Published online 24 March 2022

Received 2 April 2021
Revision received 22 December 2021
Accepted 11 February 2022

© 2022  The Authors

This paper is published under the terms of the 
CC‑BY-NC license. Michael Eddy https://orcid.org/0000-0003-0907-5108

GEOSPHERE

Downloaded from http://pubs.geoscienceworld.org/gsa/geosphere/article-pdf/18/3/1000/5610258/1000.pdf
by guest
on 12 December 2022

https://pubs.geoscienceworld.org/geosphere/pages/geosthemes
http://geosphere.gsapubs.org
https://orcid.org/0000-0003-0907-5108
https://doi.org/10.1130/GES02439.1
mailto:mpeddy@purdue.edu
https://doi.org/10.1130/GES02439.1
https://doi.org/10.1130/GES02439.1
https://www.geosociety.org/pubs/openAccess.htm
https://www.geosociety.org/pubs/openAccess.htm
https://www.geosociety.org
https://orcid.org/0000-0003-0907-5108
http://geosphere.gsapubs.org


1001Eddy et al.  |  Rhyolite production in the Searchlight plutonGEOSPHERE  |  Volume 18  |  Number 3

Research Paper

in geochronologic techniques have shown that this interpretation is not appli-
cable over many large-scale intrusive complexes (e.g., Coleman et al., 2004; 
Matzel et al., 2006; Michel et al., 2008; Memeti et al., 2010; Tappa et al., 2011; 
Davis et al., 2012; Frazer et al., 2014; Samperton et al., 2015; Shea et al., 2016). 
Instead, the current view of granitoids is that they are emplaced in discrete 
increments that can either mix to build increasingly large magma reservoirs 
or solidify before the next magmatic pulse arrives (e.g., Annen et al., 2015). 
Much research over the past decade has been focused on modeling the rela-
tionship between emplacement rate and magma reservoir size (Annen, 2009; 
Gelman et al., 2013; Karakas et al., 2017) coupled with geochronologic studies 
of large batholiths. Yet, a near 1:1 relationship between the number of inferred 
increments from high-precision geochronologic data and the number of sam-
ples analyzed suggests that the sampling density in most plutonic complexes 
is rarely high enough to identify the vertical or lateral extent of an individual 
magmatic pulse or an amalgamated magma reservoir (Schoene et al., 2015). 
There are only a few examples where overlapping high-precision U-Pb zir-
con crystallization ages have been used to delineate the extent of a possible 
fossil, silicic magma reservoir (Matzel et al., 2006; Eddy et al., 2016; Rioux et 
al., 2016; Ratschbacher et al., 2018; Schaen et al., 2021), hindering our ability 
to use the geometry and geochemistry of these features to study magmatic 
processes. Here we present a combined geochemical and geochronologic 
study focused along a single paleo-vertical transect of the Miocene Search-
light pluton in southern Nevada, USA, with sample spacing of ~100 m. The 
results enable us to identify a fossil silicic magma reservoir within the larger, 
incrementally assembled intrusive complex, assess its longevity, and use 
geochemical gradients within the reservoir to explore potential mechanisms 
for silicic magma differentiation.

■■ 2. THE SEARCHLIGHT MAGMATIC SYSTEM

The Miocene Searchlight pluton is exposed in the footwall of the east-dip-
ping Dupont Mountain detachment fault in southern Nevada (Fig. 1). Movement 
on this fault has exposed a nearly continuous mid- to upper-crustal section of 
Proterozoic basement, Cretaceous granite, the Miocene Searchlight pluton, and 
Miocene volcanic and sedimentary rocks (Bachl et al., 2001; Faulds et al., 2001; 
Zuza et al., 2019). Aluminum-in-hornblende barometry from the Searchlight 
pluton suggests emplacement pressures ranging from 300 MPa close to the 
Dupont Mountain detachment fault in the east to 100 MPa in the west. The 
pressures are consistent with the map distance from the roof of the pluton 
to each sample, suggesting that the section has been rotated ~90° (Bachl et 
al., 2001). Detailed geologic mapping of the Searchlight area (1:24,000-scale 
mapping simplified in Fig. 1) by the Nevada Bureau of Mines provides excellent 
control on the structural, stratigraphic, and intrusive relationships between 
rock units in this area.

The Searchlight pluton (SLP) is separated into three map units: (1) an upper 
unit of quartz monzonite to granite (Upper SLP), (2) a granitic middle unit 

that includes a capping sill of high-SiO2 granite (Middle SLP), and (3) a quartz 
monzonite lower unit (Lower SLP). These units were originally interpreted 
to represent the upper solidification front, segregated high-SiO2 melt, and 
granitic cumulate of a fossil silicic magma chamber, respectively (Bachl et al., 
2001). This interpretation is consistent with previously collected whole-rock 
geochemical data that suggest a common differentiation path for these rocks 
(Bachl et al., 2001) and geochemical modeling that showed that the compo-
sitions are compatible with silicic cumulates and extracted melt (Bachl et al., 
2001; Gelman et al., 2014). Nevertheless, these interpretations are in conflict 
with sensitive high-resolution ion microprobe (SHRIMP) U-Pb zircon data 
presented in meeting abstracts; these data suggest the magmatic system 
was emplaced over a period of 1–1.5 m.y. (e.g., Cates et al., 2003; Miller et 
al., 2006), which would be toward the upper end of modeled melt residence 
times for upper-crustal, silicic magma reservoirs (Annen, 2009; Gelman et al., 
2013; Karakas et al., 2017). The apparent longevity of the system, as inferred 
from SHRIMP U-Pb zircon geochronology (e.g., Cates et al., 2003; Miller et al., 
2006), as well as additional field observations and geochemical measurements, 
have led to a more nuanced view of the Searchlight pluton that suggests it 
was incrementally emplaced (e.g., Miller et al., 2006; C. Miller and G. Gualda, 
2017, personal commun.). However, the treatment of the Searchlight pluton 
as a singular fossil magma reservoir has persisted in the literature (Gelman 
et al., 2014; Bachmann and Huber, 2016). The last major magmatic input into 
the Searchlight pluton was the intrusion of gabbroic melt into the Middle SLP 
(Bachl et al., 2001). The gabbro is most voluminous and best exposed in the 
southern part of the pluton (Fig. 1).

■■ 3. METHODS

To better understand the emplacement history of the Searchlight pluton and 
to identify individual magma reservoirs within it, we dated 117 zircon crystals, 
or fragments of crystals, from ten samples using chemical abrasion–isotope 
dilution–thermal ionization mass spectrometry–trace-​element analysis (CA-ID-
TIMS-TEA) U-Pb zircon geochronology and obtained 79 zircon trace-element 
analyses via secondary ion mass spectrometry (SIMS), 13 whole-rock major- 
and trace-​element measurements via inductively coupled plasma–optical 
emission spectroscopy (ICP-OES) and inductively coupled plasma–mass spec-
trometry (ICP-MS), and 48 whole-rock trace-element measurements made in 
the field using a portable X-ray fluorescence (pXRF). We focused on a transect 
parallel to paleo-vertical because many shallow-level plutons are incrementally 
built by stacked sills (Walker et al., 2007; Michel et al., 2008; Miller et al., 2011; 
Eddy et al., 2016), and most of the processes proposed for segregating high-
SiO2 rhyolite from upper-crustal magma reservoirs are gravitationally driven 
(e.g., Bachmann and Bergantz, 2004). The samples from the main transect 
include both the Lower and Middle SLP. Two additional samples were collected 
from the Upper SLP in different areas because this unit is not present along 
the main transect (Fig. 1).
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Figure 1. Geologic map and cross sections of the Searchlight magmatic system simplified from Faulds et al. (2002a, 2002b, 2006) and Hinz et al. (2009, 2012). Locations of U-Pb zir-
con geochronology samples are shown with stars.
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3.1 Zircon CA-ID-TIMS U-Pb Geochronology

Individual zircon grains, or fragments of individual zircon grains, were dated 
from selected samples using U-Pb chemical abrasion–isotope dilution–thermal 
ionization mass spectrometry (CA-ID-TIMS) geochronology to place high-preci-
sion constraints on the timing of magma emplacement, residence, and eruption 
throughout the Searchlight magmatic system. Zircon crystals were separated 
from each sample using standard methods and annealed at 900 °C for 60 h. 
Individual zircon grains, or fragments of zircon grains removed from grain 
mounts, were then loaded into 200 μl Teflon™ capsules with 100 μl 29 M HF 
and 25 μl of 30% HNO3. The capsules were then loaded into a Parr dissolution 
vessel and held at 215 °C for 12–13 h. This initial digestion is modified from 
the chemical abrasion method of Mattinson (2005) and is designed to prefer-
entially dissolve parts of the zircon that have accumulated significant radiation 
damage and may have undergone Pb-loss. After chemical abrasion, the zircon 
crystals were repeatedly rinsed with clean H2O, HCl, and HF and spiked with 
the EARTHTIME 205Pb-233U-235U isotopic tracer (Condon et al., 2015; McLean et 
al., 2015). The zircon grains were then dissolved in 100 μl of 29 M HF held at 
215 °C for 48–60 h. The resulting solutions were dried down and converted to 
chloride form by dissolving the fluoride salts in 50–75 μl of 6N HCl at 185 °C for 
~12 h. After conversion to chloride, the solutions were dried down, dissolved in 
75 μl of 3N HCl, and loaded onto 50 μl columns for anion exchange chromatog-
raphy using AG1-X8 resin and an elution scheme modified from Krogh (1973).

The purified U-Pb aliquots were dried down with 25 μl of 0.5M H3PO4 and 
then loaded onto outgassed, zone-refined rhenium filaments with Merck silica 
gel. Both Pb and U were analyzed on the IsotopX Phoenix thermal ionization 
mass spectrometer (TIMS) at Princeton University. Pb was analyzed by peak 
hopping between 204Pb, 205Pb, 206Pb, 207Pb, and 208Pb on a Daly photomultiplier. 
Typical beam strengths ranged between 101–105 kcps for the Pb isotopes, and 
a Daly dead-time correction of 28.9 ns was used based on runs of the National 
Bureau of Standards (NBS) 982 Pb isotopic standard at varying intensities. 
Instrumental fractionation of Pb was corrected using an α of 0.18 ± 0.08 (2σ, 
%/amu), which represents the average α calculated using the known ratio of 
202Pb/205Pb in 293 zircon samples run with the EARTHTIME 202Pb-205Pb-233U-235U 
isotopic tracer (Condon et al., 2015; McLean et al., 2015) at Princeton Univer-
sity. Uranium was measured statically as UO2 on a set of Faraday detectors, 
and instrumental mass dependent fractionation was corrected using the aver-
age measured 233U/235U for each run, the known 233U/235U in the EARTHTIME 
205Pb-233U-235U isotopic tracer (Condon et al., 2015; McLean et al., 2015), and 
assuming a zircon 238U/235U of 137.818 ± 0.045 (2σ; Hiess et al., 2012). We assume 
that the measured common Pb (Pbc) in each analysis is derived from laboratory 
contamination and does not represent Pbc incorporated in the zircon grains 
during crystallization. This assumption is supported by the similarity of Pbc 
masses (0.15–1.28 pg) in unknown samples and in procedural blanks. Therefore, 
we correct for Pbc using the isotopic composition (206Pb/204Pb = 18.63 ± 0.64, 
2σ; 207Pb/204Pb = 15.79 ± 0.46, 2σ; 208Pb/204Pb = 38.54 ± 0.76, 2σ) of 31 procedural 
blanks that were run at Princeton University between 2017 and 2019.

A correction for initial secular disequilibrium in the 238U-206Pb decay chain, 
due to the preferential exclusion of Th relative to U during zircon crystallization, 
was done using a ratio of Th and U zircon/melt partition coefficients (fThU = 
DTh/DU) of fThU = 0.34 for high-SiO2 rocks and fThU = 0.28 for dacites, granodiorite, 
and monzodiorite. These fThU values are derived from corresponding zircon rim 
and glass trace-element analyses from a dacite and high-SiO2 rhyolite sampled 
from the Searchlight magmatic system (Claiborne et al., 2018). The resulting 
ages and isotopic data are presented in Table S11. Some of the dated zircon 
grains were removed from grain mounts that had been imaged using cath-
odoluminescence (CL). CL images of these grains are presented in Figure S1.

3.2 Zircon Trace-Element Analyses

The TIMS-TEA (trace-element analysis) approach that we employ here 
permits the direct measure of the trace-element composition of the same vol-
ume of zircon dated by ID-TIMS using solution ICP-MS (Schoene et al., 2010; 
Samperton et al., 2015). However, some elements are difficult to measure 
using this method due to low abundance (e.g., Ti). To circumvent this problem, 
we have used a multi-technique approach to constrain zircon geochemistry, 
link it to magmatic processes and temperatures, and test the efficacy of the 
TIMS-TEA method.

In situ trace-element measurements were made using secondary ion mass 
spectrometry (SIMS) at the University of California at Los Angeles (UCLA). 
All zircon crystals analyzed by SIMS were first mounted and CL-imaged at 
Princeton University using a FEI XL30 filament emission gun (FEG) scanning 
electron microscope (SEM) with a Gatan miniCL detector. Analyses of Ti, Y, 
REE, Hf, Th, and U were conducted at UCLA using a CAMECA ims1270 ion 
microprobe using a 15 nA O-primary beam focused to ~30 μm to generate 
secondary ions, with a −100V energy offset to suppress molecular interfer-
ences (e.g., Bell et al., 2016). Instrumental mass fractionation and relative 
sensitivity factors were determined using repeat analyses of the National 
Institute of Standards and Technology (NIST) 610 glass, and peak stripping for 
remaining isobaric interferences was done offline. A secondary correction for 
Ti measurements was done using repeat measurements of the 91500 zircon 
reference material (Wiedenbeck et al., 2004). The location of each analysis is 
presented in Figure S1 (footnote 1). Analyses were screened to ensure that 
they represent zircon and were excluded if there was evidence for the anal-
ysis incorporating an inclusion via: (1) visual evidence from the CL image; 
(2) a chondrite-​normalized REE pattern that deviates significantly from that 
expected in zircon (e.g., Hoskin and Schaltegger, 2003); or (3) clear enrichment 
in Ti beyond what is normally observed in zircon (i.e., Harrison et al., 2007). 
The resulting data set is presented in Table S2 (footnote 1), and CL images of 
the analyzed zircon grains are presented in Figure S1.

1 Supplemental Material. Figures and tables. Please visit https://doi.org/10.1130/GEOS.S.19163798 
to access the supplemental material, and contact editing@geosociety.org with any questions.
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We utilized the TIMS-TEA method (Schoene et al., 2010; Samperton et 
al., 2015) to measure the trace-element composition of the same volume of 
zircon analyzed for U-Pb CA-ID-TIMS geochronology. These measurements 
were made at Princeton University on the wash solution produced during 
anion exchange column chemistry used to separate U and Pb for CA-ID-TIMS 
geochronology, because this solution contains the trace-element content 
of the dissolved zircon. This wash solution was collected, dried down, and 
converted to 1 ml 3% HNO3 + 0.2% HF + 1 ppb In. It was then measured on 
a Thermo-Fisher iCAP quadrupole ICP-MS using a Teledyne-Cetac ASX-100 
autosampler. Measured elements include Zr, Hf, Sc, Y, Nb, Ta, REE, and In (used 
as an internal standard). A dilution series of a synthetic zircon solution was 
used to generate a concentration-intensity calibration curve over the range of 
concentrations observed in most zircon TIMS-TEA analyses. Reproducibility 
was assessed using a homogeneous solution of Plešovice zircon (Sláma et al., 
2008) and a solution with known Zr and Hf concentrations. Measurements of 
procedural blanks were monitored for laboratory trace-element contamination. 
Unknowns, procedural blanks, and the standard Plešovice solution were run 
in batches of 30 before a new concentration-intensity curve was generated. 
Between each analysis, the autosampler was rinsed and flushed with 3% 
HNO3 + 0.2% HF for 60 s to ensure that there was no contamination between 
samples. Solution measurements were converted to zircon concentrations 
by assuming that all of the measured trace elements substitute for Zr4+, such 
that Σ = Zr + Hf + Sc + Y + Nb + Ta + REE = 497,646 ppm. The results from the 
analyses are presented in Table S1. Procedural blanks show no significant 
laboratory trace-element contamination. Repeat runs of the Plešovice zircon 
solution show good reproducibility for rare-earth elements heavier than Nd 
(Fig. S2 [footnote 1]).

3.3 Whole-Rock Geochemistry

Samples selected for whole-rock major- and trace-element analyses were 
first trimmed to remove weathered portions and sanded to remove saw marks. 
Aliquots with masses between 1 and 2 kg were then sent to a commercial 
geochemical laboratory (Activation Laboratories Ltd. in Ancaster, Ontario, Can-
ada) for crushing, rotary splitting, and powdering. Five grams of the resulting 
homogenous powder were fused using a mixture of lithium metaborate and 
lithium tetraborate and dissolved in 5% HNO3 containing an internal standard. 
Major elements were analyzed by solution ICP-OES on either a Thermo Jarrell-​
Ash ENVIRO II ICP or a Varian Vista 735 ICP and calibrated using certified 
reference materials. Trace elements were analyzed from the solution using 
a Perkin Elmer Sciex ELAN 6000, 6100, or 9000 ICP-MS. The results of these 
whole-rock analyses are presented in Table S3.

Additional whole-rock trace-element measurements were made in the 
field using the factory-calibrated SciApps Soil application on a SciApps X350 
pXRF. X-rays were generated using an Au anode operating for 20 s at 50 kV 
for Ba and 20 s at 40 kV for Rb and Sr. The analyzed area for each sample 

is ~8 mm in diameter with a penetration depth of <1 cm. To account for the 
small analysis area relative to the grain size in the Searchlight samples, we 
averaged 25 measurements from randomly selected spots for each unknown. 
In heterogeneous materials, such as coarse-grained granitoids, we do not 
expect the distribution of results to be Gaussian and therefore calculated the 
concentration and associated uncertainty using 104 unweighted bootstrap 
means. In the few samples where concentrations of the desired elements 
were extremely low and could not be measured, we used 0.5 of the reported 
detection limits.

The pXRF measurements were made under different environmental condi-
tions over the course of many days. To monitor and correct for instrumental 
drift, we analyzed the same granitic powder before each sample and applied 
a linear correction factor to the unknown. Variation in the analyses included 
periods that could be attributed to analytical scatter (e.g., Rb on field day 4; 
Fig. 2) and periods that seem to show secular drift of up to ~10% over a few 
hours (e.g., Sr and Ba on field day 3; Fig. 2). Future studies using this method 
should carefully evaluate whether this correction is beneficial. However, we 
applied it to the data collected in this study given the periods of apparent 
secular drift. A final, empirical correction for matrix effects and/or the effects 
of analyzing irregular surfaces was done by calibrating our results relative to 
hand samples with known elemental concentrations. The calibration curves 
are linear (Fig. 3) and provide a simple correction for these effects. Long-term 
reproducibility can be assessed using analyses of hand sample SL17-08, which 
were completed throughout the study and demonstrate that our approach 
reproduces the concentration of Rb, Sr, and Ba to within ~10% of the refer-
ence values (Fig. 4). The importance of the drift and empirical correction can 
be assessed using Figure 4. The effect of the drift correction is variable. The 
empirical correction for matrix effects does not make a significant difference 
in the results for Rb and Ba but significantly improves the accuracy of the 
measured Sr concentrations. This relationship is due to the pXRF consistently 
underestimating Sr concentrations (Fig. 3). The results of the pXRF study are 
reported in Table S4 (footnote 1).

■■ 4. RESULTS

4.1 Zircon U-Pb Geochronology

Our U-Pb zircon geochronology is shown in Figure 5 as a rank-order plot of 
206Pb/238U dates as well as a probability density plot using all of the dated zircon 
grains from the Lower, Middle, and Upper SLP. The data set spans ~1.5 m.y. 
and is in a good agreement with the duration of pluton construction as inferred 
from U-Pb zircon SHRIMP dates (Cates et al., 2003; Miller et al., 2006), but the 
higher precision on our dates permits us to interrogate intra- and inter-sample 
age dispersion at a higher resolution. Collectively, samples from the Lower 
and Upper SLP contain zircon grains that crystallized between ca. 17.50 and 
16.25 Ma (Fig. 5A). However, no single sample contains zircon dates that span 
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Figure 2. Concentrations of Sr, Rb, and 
Ba determined using portable X-ray 
fluorescence (pXRF) on a homogenous 
granitic powder that was repeatedly 
analyzed over the course of the study. 
The results are shown as a percent dif-
ference from the initial analysis. This 
powder was analyzed prior to every 
unknown in order to provide a drift 
correction and shows variation of up to 
~15% over the course of a single field 
day (shown as vertical gray bars). Some 
periods of time show secular changes 
that are consistent with instrumental 
drift (e.g., field day 2 for Sr and Ba) and 
other periods show variation that is 
more consistent with analytical scatter 
(e.g., field day 4 for Rb).

Figure 3. Empirical calibration curves between portable X-ray fluorescence (pXRF) output using drift-corrected results from the factory-​built soil mode calibration 
and inductively coupled plasma mass spectrometry (ICP-MS) data from the same samples. The linear relationships were used to correct for any systematic bias in 
the pXRF data that might arise from matrix effects for unknowns without accompanying ICP-MS data.
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that full range. All four samples from the Middle SLP yield zircon 206Pb/238U 
dates between 16.25 and 16.10 Ma with two outliers from the Middle SLP leu-
cogranite (SL17-17: Fig. 5A) that are several 100 k.y. older. We interpret these 
outliers to be recycled from older parts of the magmatic system and ignore 
them in our subsequent discussion of the duration of zircon crystallization.

Most of the dated samples show minor age dispersion beyond what is 
expected from analytical uncertainty. Age dispersion is increasingly recog-
nized in high-precision U-Pb zircon geochronology (e.g., Rioux et al., 2012; 
Schoene et al., 2012; Wotzlaw et al., 2013; Samperton et al., 2015) and can 
represent analytical uncertainties that are underestimated or age dispersion of 
geological significance. We rule out the former possibility because natural and 
synthetic zircon reference materials are reproducible to within 0.03%–0.10% 
in the Princeton University geochronology lab (Eddy et al., 2019; Schoene et 
al., 2019) and discuss the potential geological sources of age dispersion in 
our samples in section 5.2.

To quantify the age dispersion within each sample, we randomly sampled 
the Gaussian uncertainty interval of a sample’s oldest and youngest grains 
and found the absolute value of the difference. This approach is functionally 
the same as finding the difference between the oldest and youngest grain. 
However, random sampling and imposing the constraint of a positive age 
difference help quantify the duration and its associated uncertainty when the 
two dates have overlapping analytical uncertainties. The results of this anal-
ysis are shown in Figure 5B and show that the dated zircon grains from most 
samples record 100–150 k.y. of resolvable age dispersion, with the exception 
of SL17-6 from the Upper Searchlight pluton, which shows up to 300 k.y. of 
age dispersion, and the high-SiO2 leucogranite of the Middle SLP (SL17-17), 
which shows <100 k.y. of age dispersion (Fig. 5B).

4.2 Zircon Trace-Element Analyses

Figure 6 shows trace-element cross plots comparing SIMS and TIMS-TEA 
zircon trace-element data for several indices of magmatic differentiation: 
Eu/Eu* as a record of feldspar crystallization, Dy/Yb as a record of amphi-
bole or titanite crystallization, Ti as a proxy for temperature in zircon (Ferry 
and Watson, 2007), and Hf concentration as an index of magma differentia-
tion (Claiborne et al., 2006). All of these relationships are well understood, 
and their general relationship with time can be predicted a priori for simple 
closed-​system crystallization behavior. However, more complex open-​system 
behavior, such as magma mixing, thermal perturbations due to injection 
of new magma, or convective mixing of crystals from different parts of the 
magma reservoir, will complicate these relationships. Zircon compositions 
from the Middle SLP correspond to the expected trends for a differentiating 
magma with negative covariance between Hf and DyCN/YbCN, Eu/Eu*, and Ti 
(Fig. 6). Zircon compositions from the Lower and Upper SLP show the same 
relationships. However, they do not record a coherent relationship between 
Hf and Eu/Eu*. Overall, the SIMS and TIMS-TEA measurements show the 
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Figure 4. Reproducibility of portable X-ray fluorescence (pXRF) measurements of Sr, Rb, and 
Ba from a single hand sample (SL17-08) that was repeatedly measured over the course of 
the study. The black lines represent the reference values for these elements as determined 
by inductively coupled plasma mass spectrometry (ICP-MS) and the gray box represents 
10% deviation from these reference values. Raw output from the pXRF is shown as white 
circles, concentrations from drift-corrected data are shown as gray circles, and data cor-
rected for both drift and matrix effects are shown as black circles with the full associated 
uncertainty. Most of our corrected measurements are within 10% of the reference value, 
giving us confidence in our approach to using the pXRF on coarse-grained granitoids.
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same range of elemental concentrations. However, the SIMS measurements 
extend to compositions expected to crystallize from more evolved magma 
(lower Eu/Eu*, lower DyCN/YbCN, lower Ti, and higher Hf), which is likely a 
consequence of the fact that TIMS-TEA analyses integrate a larger volume 
from each grain.

One advantage of the TIMS-TEA approach is that geochemical measure-
ments can be paired with high-precision U-Pb dates. Figure 7 shows 206Pb/238U 
dates plotted relative to Eu/Eu*, Dy/Yb, and Hf for selected samples, and the 
same plots for all of the dated samples are presented in Figure S3. Some sam-
ples show simple relationships that are compatible with monotonic cooling 
(e.g., SL19-89: Fig. 7), but many show no clear geochemical trends with time 
(e.g., SL17-07; Fig. 7) or trends opposite of those expected for a monotoni-
cally cooling magma reservoir (e.g., SL17-09; Fig. 7). We discuss the potential 
reasons for these differences in section 5.2.

4.3 Whole-Rock Geochemistry

Our whole-rock geochemical data are presented in Tables S3 and S4 
(footnote 1) and shown in Figure 8. The dated samples span the full compo-
sitional range of granitoids within the Searchlight pluton, with the exception 
of the highest SiO2 end-member compositions for the Lower and Upper SLP 
(Fig. 8). Compositions of the Middle SLP plot as a linear array on the quartz-​albite-​
orthoclase (Qz-Ab-Or) ternary with one end of the array terminating near the 
0.1 GPa H2O-saturated minimum and trending toward the Ab-Or join (Fig. 9). The 
array shows some scatter between our data and the data from Bachl et al. (2001). 
However, the data from our sampling transect is linear and has a clear relationship 
between each sample’s composition and its depth below the roof of the pluton. 
Samples at the top of the Middle SLP plot on the 0.1 GPa minimum, and samples 
from deeper in the section plot progressively closer to the Ab-Or join (Fig. 9).
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Figure 6. Comparison of zircon DyCN/
YbCN, Eu/Eu*, and Hf compositions 
measured by secondary ion mass spec-
trometry (SIMS) and thermal ionization 
mass spectrometry–trace-element 
analysis (TIMS-TEA) as part of this 
study. Despite integrating much larger 
volumes of zircon, the TIMS-TEA data 
encompass most, but not all, of the 
values seen in the SIMS data (see text 
for discussion of this limitation). Plots 
of Ti versus Hf are also shown. Ti-in-zir-
con scales with temperature (Ferry and 
Watson, 2007) and Hf-in-zircon gener-
ally increases with increased magma 
differentiation (Claiborne et al., 2006; 
Colombini et al., 2011). Comparing the 
range of Hf concentrations measured via 
TIMS-TEA to the paired Hf-Ti concentra-
tions measured by SIMS suggests that 
the TIMS-TEA data records all but the 
lowest temperature evolution of these 
magmas.
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Figure 7. Selected plots of samples 
showing the expected relationships 
between zircon geochemistry and time 
(SL19-89), no relationship between zir-
con geochemistry and time (SL17-07), 
and unexpected relationships between 
zircon geochemistry and time (SL17-
09) in our thermal ionization mass 
spectrometry–trace-element analysis 
(TIMS-TEA) data set. The lack of a rela-
tionship between chemistry and time 
in SL17-07 can be reconciled by noting 
there is little resolvable age dispersion 
in this sample. The unpredicted results 
in SL17-09 are attributed to a complex 
emplacement history. The same plots 
are shown for every sample that was 
dated in this study in Figure S3 (text 
footnote 1).
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Rare-earth element (REE) diagrams from the Lower and Upper SLP show 
slight Eu anomalies (0.6 < Eu/Eu* < 1) and a general enrichment in light REE 
over heavy REE (Figs. 10 and 11). Rare-earth element diagrams for the Middle 
SLP show variable depletion in the middle REE (MREE), with samples showing 
low to moderate depletion in MREE relative to samples of the Lower and Upper 
SLP and samples of leucogranite showing marked depletion of MREE (DyCN/YbCN 
< 1.5). The Eu anomalies for samples of the Middle SLP range from those sim-
ilar to the Lower and Upper SLP to significantly more negative (Eu/Eu* < 0.5). 
The magnitude of the Eu/Eu* anomaly within the Middle SLP is related to 
SiO2 content with the exception of the sample with the lowest SiO2, while the 
Lower and Upper SLP shows no clear relationship between SiO2 and Eu/Eu* 
(Fig. 10). However, all three map units show a negative correlation between 
Dy/Yb and SiO2 (Fig. 10).

The results of our chemostratigraphic study of the Searchlight pluton are 
shown on Figure 12. They show that concentrations of Rb, Sr, and Ba in the 
Lower SLP do not systematically vary relative to paleo-vertical, with the excep-
tion of a zone of elevated Ba corresponding to the presence of potassium 
feldspar megacrysts (Fig. 12). A major break in Ba and Sr concentrations exists 
between the Lower and Middle SLP (Fig. 12), whereas Rb concentrations remain 
constant across that boundary (Fig. 12). Within the Middle SLP, Sr, Ba, and Rb 
concentrations are constant through the lower part of the unit but systemat-
ically change toward lower (Ba, Sr) or higher (Rb) concentrations toward the 
top (Fig. 12).
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Figure 8. Comparison between the whole-rock SiO2 (wt%) and MgO (wt%) from 
the Bachl et al. (2001) data set and the samples analyzed in this study from the 
Searchlight pluton (SLP). Our samples span most of the compositional range that 
was identified in previous studies.

Figure 9. CIPW norms from samples of the Middle Searchlight pluton (SLP) 
plotted on the Qz-Ab-Or ternary. All data are projected onto the system us-
ing the correction for normative An from Blundy and Cashman (2001). The 
samples are color coded relative to their position beneath the  roof of the 
pluton. Whole-rock data from the Middle SLP presented in Bachl et al. (2001) 
are shown as gray circles for comparison. The data from this study define a 
linear array that terminates at the 0.1 GPa minimum for the haplogranitic 
system. We interpret this array to represent a mixing line between a feld-
spar-dominated silicic cumulate and residual, minimum melt. The ratio of 
silicic cumulate relative to residual melt increases with depth, which we 
interpret to represent in situ differentiation of a silicic parent melt due to 
gravitational processes.
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Figure 11. Chondrite-normalized, rare-earth element (REE) plots for whole-rock compositions reported in Bachl et al. (2001; dashed lines) and 
this study (solid lines) for the Middle (A) and Lower and Upper Searchlight pluton (SLP) (B). Note that the samples of the high-SiO2 leucogranite 
show marked depletion in middle REE that is best explained by extraction of this melt from source that was crystallizing titanite (e.g., Bachmann 
and Bergantz, 2008; Glazner et al., 2008; Colombini et al., 2011).
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■■ 5. DISCUSSION

5.1 Construction of the Searchlight Pluton

Our U-Pb zircon geochronology indicates that the studied parts of the 
Searchlight pluton were constructed over ~1.5 m.y., with the Lower and Upper 
SLP constructed between 17.50 and 16.25 Ma and the Middle SLP constructed 
between 16.25 and 16.10 Ma (Fig. 5A). Since most samples from the Lower and 
Upper SLP show only minor inter-sample overlap in zircon dates, we interpret 
these parts of the pluton to have been emplaced incrementally. The size and 
geometry of these increments remain unknown because our sampling density 
is not high enough to delineate these features within the Lower and Upper 

SLP. However, geochemical and textural observations indicate at least two 
age domains within our sampling transect.

In our study area, the oldest sample is SL17-09. It was collected from a thin 
(<10-m-thick) screen between large xenoliths (>>10 m in thickness and length) 
that form a semi-continuous zone across the pluton (Fig. 1). So, while this 
sample represents an early intrusion within the Searchlight magmatic system, 
it does not appear to be volumetrically significant within our sampling tran-
sect. Below the xenolith zone, a single sample (SL17-08) was found to contain 
zircon crystals dated between 16.90 and 16.75 Ma (Fig. 5A). The whole-rock 
trace-element geochemistry of this zone is variable (Fig. 12) and is texturally 
distinct from the potassium feldspar megacryst-bearing Lower SLP above the 
xenolith zone. Thus, this area likely represents emplacement of one or more 
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Figure 12. The magmatic stratigraphy 
of the Lower and Middle Searchlight 
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on portable X-ray fluorescence (pXRF) 
and inductively coupled plasma mass 
spectrometry (ICP-MS) data for Sr, Ba, 
and Rb. A major geochemical break 
between the Lower and Middle SLP 
suggests that there was little interac-
tion between these two units despite 
a gradational contact over ~10–20 m in 
the field. Within the Lower SLP, there 
is limited geochemical variation. How-
ever, there is significant variation in 
the Middle SLP whereby compatible Sr 
and Ba are enriched near the bottom, 
and incompatible Rb is enriched near 
the top. This stratification is parallel to 
paleo-vertical and is consistent with 
gravitationally driven differentiation 
in this unit. To aid in visualization of 
the geochemical trends, a four-point 
running mean is shown as a solid line. 
The 95% confidence interval (shaded 
region) of the running mean was esti-
mated by randomly resampling from 
the analytical uncertainty of each point, 
recalculating a four-point running mean 
for each draw, and finding the 2.5% and 
97.5% lower and upper bounds of the 
running means. ICP-OES—inductively 
coupled plasma–optical emission spec-
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increments of magma. Above the xenolith zone, we have zircon dates from 
two samples (SL17-10 and SL19-90) that show some overlap in the age range 
16.45–16.25 Ma (Fig. 5A). This part of the Lower SLP also contains abundant 
potassium feldspar megacrysts (cm-scale) and is texturally and geochemi-
cally distinct (see Ba in Fig. 12) from the underlying and overlying parts of the 
intrusive complex. This zone may also represent one or more increments of 
magma emplaced into the Lower SLP.

The four dated samples from the Middle SLP contain zircon grains that 
represent a narrow range of dates between 16.25 and 16.10 Ma (Fig. 5A), with 
substantial inter-sample overlap. These overlapping zircon dates indicate 
that this unit contained melt contemporaneously within our sampling tran-
sect. This unit is also geochemically and texturally distinct from the adjacent 
Lower SLP, as there is a break in whole-rock trace-element concentrations at 
the boundary between the Middle and Lower SLP, and the Middle SLP lacks 
megacrystic potassium feldspar (Fig. 12). The preservation of this geochemical 
discontinuity is interesting, because the youngest zircon from the Lower SLP 
overlaps in age with the oldest zircon from the Middle SLP (Fig. 5A), and the 
boundary between these two units appears gradational over 10–20 m. These 
observations suggest that parts of the uppermost Lower SLP were not com-
pletely solid prior to the emplacement of the Middle SLP. Nevertheless, the 
break in whole-rock geochemistry at the contact between these two map units 
(Fig. 12) indicates that any zone of mixing and homogenization was limited to 
the very top of the Lower SLP.

Importantly, our new geochronologic data challenge previous interpreta-
tions and studies that treated the entire Searchlight pluton as a coherent, fossil 
magma reservoir containing a roof solidification front (Upper SLP), extracted 
residual melt (Middle SLP), and silicic cumulates (Lower SLP) (Bachl et al., 2001; 
Gelman et al., 2014). Rather, our geochronologic data show that the Lower 
and Upper SLP were constructed incrementally over ~1.25 m.y. and that some 
increments of magma had completely crystallized prior to the emplacement 
of others. The preservation of a geochemical break between the uppermost 
Lower SLP and the Middle SLP in our sampling transect further suggests that 
the Lower SLP had largely crystallized prior to emplacement of the Middle SLP. 
These interpretations are consistent with those made following the publica-
tion of Bachl et al. (2001) from field, geochemical, and geochronologic data 
(Miller et al., 2006; C. Miller and G. Gualda, 2017, personal commun.). While 
these data preclude the originally proposed genetic relationship between the 
Lower, Middle, and Upper Searchlight pluton (Bachl et al., 2001; Gelman et 
al., 2014), our data show contemporaneous zircon crystallization over a wide 
area of the Middle SLP, indicating this portion of the pluton likely represents 
a fossil magma reservoir.

5.2 Melt Residence within the Searchlight Pluton

Most of our dated samples exhibit some degree of age dispersion beyond 
that expected from analytical considerations alone. We exclude the possibility 

that this dispersion is an analytical artifact based on the excellent reproduc-
ibility of synthetic and natural U-Pb reference materials in the Princeton 
geochronology laboratory (Eddy et al., 2019; Schoene et al., 2019). Potential 
sources of geological scatter might include incorporation of xenocrysts or 
antecrysts (Miller et al., 2007) or in situ zircon crystallization over timescales 
greater than our analytical resolution. In our analyses of zircon from the Search-
light pluton, we did not encounter any obvious inherited zircon cores in the 
form of distinct CL textures (Fig. S1 [footnote 1]) or any discordant U-Pb dates. 
Consequently, we posit that the magmas that built the pluton were intruded 
above their zircon saturation temperatures (e.g., Miller et al., 2003) and con-
tain limited antecrysts and xenocrysts. Indeed, the only obvious antecrysts 
are two zircons from the Middle SLP leucogranite that are substantially older 
than the rest of the grains from that sample (Fig. 5A). For the rest of the sam-
ples, we interpret the age dispersion to record part of the interval between 
zircon saturation and the solidus. This duration is ~150 k.y. for most of the 
samples but ~300 k.y. for one sample of the Upper SLP and ~50 k.y. for the 
Middle SLP leucogranite (Fig. 5B). These durations should be considered min-
imum estimates for the duration of magma emplacement and crystallization, 
because (1) it is impossible for zircon to record the interval of time that the 
magma spent at temperatures above zircon saturation; (2) there is difficulty 
in sampling small domains that grew at low melt fractions; and (3) there is 
a tendency for low-n geochronologic data sets to underestimate duration 
when the analytical precision is small relative to the duration of interest (e.g., 
Glazner and Sadler, 2016).

Figure 6 demonstrates that our zircon trace-element data set contains com-
positional trends that are consistent with magmatic differentiation. We can 
leverage the relationships between these data to assess how well the ID-TIMS 
dates record the temperature interval over which zircon crystallized. For exam-
ple, the Hf content of zircon grains analyzed via TIMS-TEA corresponds to the 
majority of the high- and medium-temperature portions of the Ti versus Hf 
curve (Fig. 6), suggesting that our TIMS-TEA data set is only missing the low-
est temperature portion of the zircon crystallization sequence. Temperatures 
calculated from Ti-in-zircon thermometry (Ferry and Watson, 2007), using 
reasonable values of aSiO2 = 1 and aTiO2 = 0.7 for a late-stage silicic melt that 
is saturated with quartz and titanite (Hayden and Watson, 2007; Colombini et 
al., 2011), suggest that the TIMS-TEA data set is missing the temperature inter-
val between the solidus and ~718 ± 32 °C. Experimental data suggest that the 
haplogranitic solidus at 0.2 GPa is between 680 °C and 712 °C for aH2O = 1.0 
and 0.70, respectively (Ebadi and Johannes, 1991), indicating that the missing 
temperature interval is likely small. Although, the amount of time spent near 
the solidus is difficult to estimate due to significant crystallization of silicic 
melts at this temperature and the buffering effect that the associated release 
of latent heat has on a magma reservoir’s temperature (e.g., Huber et al., 2009).

It is also difficult to constrain the interval of time that the magmas within 
the Searchlight pluton spent at temperatures above zircon saturation, because 
zircon saturation temperatures can be spurious when calculated from granitoid 
compositions that do not represent liquid compositions (Barnes et al., 2019). 
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Colombini (2009) noted the presence of zircon in trachyandesitic, trachydacitic, 
low-SiO2 rhyolites, and high-SiO2 rhyolites in the overlying, and broadly coeval, 
Highland Range volcanics, suggesting that zircon saturated fairly early within 
the Searchlight magmatic system. These observations are further supported by 
Ti-in-zircon temperatures from the volcanics that range from 900 °C to 700 °C 
(Colombini et al., 2011). Similar Ti-in-zircon temperatures can be calculated 
from the data set presented in Figure 6 and Table S2 (footnote 1) using the 
same activities as Colombini et al. (2011): aSiO2 = 1 and aTiO2 = 0.7. However, 
while the near-solidus temperatures from these data sets are likely reliable, the 
higher temperatures should be considered maximums because zircon likely 
saturated prior to quartz and titanite within the Searchlight magmatic system. 
Nevertheless, we consider it unlikely that initial cooling above zircon saturation 
would result in long periods of unrecorded time for two reasons. First, mag-
mas with low crystallinity will more easily convect and cool faster (Huber et 
al., 2009). Secondly, the preservation of a break-in whole-rock geochemistry 
at the boundary between Lower and Middle SLP suggests that, despite some 
overlap in zircon 206Pb/238U dates in samples across this boundary, the two units 
did not efficiently mix and homogenize. This observation places a limit on how 
long the magmas that formed the Middle SLP could have been assembling 
at temperatures above zircon saturation and indicates that this missing time 
interval is not resolvable within our analytical precision of ~<100 k.y.

We conclude that our zircon TIMS-TEA data sets for each sample record 
most of the temperature interval over which zircon crystallized. We estimate 
that we are missing up to 100 k.y. of magma residence prior to zircon satura-
tion and an unconstrained amount of time at temperatures near the solidus. 
Our data support the conclusions of previous studies that have shown that 
whole-grain CA-ID-TIMS U-Pb zircon data sets will capture the same duration 
as carefully selected grain fragments (Samperton et al., 2015) and that mean-
ingful age-temperature-compositional curves can be derived from such data 
sets (Samperton et al., 2017). Overall, our data suggest that increments of 
magma within the Searchlight pluton contained melt for periods of at least 
50–300 k.y. Thermal modeling estimates upper-crustal residence times of 
silicic magmas to 104–106 yr depending on the emplacement rate, the ther-
mal maturation of the system (e.g., Annen, 2009; Gelman et al., 2013), and 
the local geotherm (Karakas et al., 2017). Hydrothermal circulation above 
magma reservoirs will cause much faster cooling (e.g., Glazner, 2020) but is 
frequently ignored in thermal models. Extensive evidence for hydrothermal 
activity above the Searchlight pluton exists in the form of mineralized veins 
and highly altered host rock (Callaghan, 1939), suggesting that this process 
likely played an important role in modulating melt residence within this system.

Interestingly, only a few samples show temporal trends in zircon composi-
tions that are compatible with monotonic cooling (e.g., SL19-89; Fig. 7). Instead, 
many show no clear geochemical trends with time (e.g., SL17-07; Fig. 8) or 
trends opposite to those expected for a monotonically cooling magma res-
ervoir (e.g., SL17-09; Fig. 7). We propose two possible explanations for the 
absence of the predicted geochemical trends with respect to time in many of 
our samples. (1) Our dates are simply not precise enough to identify the trends 

in some samples. For example, in many of our samples, the age dispersion 
is equal to (SL17-07; Fig. 7), or only slightly higher than (SL17-08, -10, -11, -17, 
SL19-88, -90; Fig. S3 [footnote 1]), the expected dispersion from analytical 
uncertainty, and any temporal trends in geochemical data may be obscured. 
(2) Complex emplacement processes led to a history of magma composition 
and temperature that does not reflect monotonic cooling at the hand-sample 
scale. Recycling of antecrystic zircon grains that integrated different time inter-
vals of crystallization within a magma batch or convective mixing of zircon 
grains from parts of the magma reservoir with different thermal histories would 
further act to complicate any expected trends in zircon chemistry with time 
(Fig. 7). In this case, integrating large volumes of each crystal might produce 
mean dates and trace-element concentrations that obscure rapid changes 
in melt temperature and composition (e.g., Kent and Cooper, 2018). In the 
future, smaller subsampling combined with high-precision geochronology 
may better elucidate these complex trends. Ultimately, we prefer a combina-
tion of these two explanations for our data from the Searchlight pluton. For 
example, the reproducible relationships between Hf, Eu/Eu*, and DyCN/YbCN 
in Middle SLP zircon compositions (Fig. 6) suggest that temporal trends in 
zircon compositions in samples SL17-07, SL17-11, and SL17-17 are obscured 
by geochronologic data that are imprecise relative to the duration of magma 
cooling and crystallization. On the other hand, the lack of a clear relationship 
between Eu/Eu* and Hf in Lower and Upper SLP zircon compositions (Fig. 6), 
along with the absence of clear temporal trends, or unexpected temporal 
trends (Fig. 7), suggests that these parts of the pluton may record a compli-
cated cooling and crystallization history.

5.3 Differentiation within the Searchlight Pluton

A variety of processes have been proposed for crystal-liquid separation in 
silicic magma reservoirs including crystal settling (e.g., Tuttle and Bowen, 1958; 
Bachmann and Bergantz, 2004; Lee and Morton, 2015), compaction (Bachmann 
and Bergantz, 2004), doubly diffusive boundary layers (Huppert and Sparks, 
1984), solidification front instabilities (Marsh, 2002), and extraction through 
dikes (Eichelberger et al., 2006; Bartley et al., 2018; Glazner et al., 2020). Here 
we focus on those most commonly discussed in the current literature—crystal 
settling and compaction (Bachmann and Bergantz, 2004; Lee and Morton, 
2015; Bachmann and Huber, 2019)—which can also occur in the presence of a 
widespread gas phase (i.e., filter-pressing; Sisson and Bacon, 1999).

Melt fraction plays an important role in determining how crystal settling 
and compaction operate. At high melt fractions, crystals can sink freely and 
efficiently (Bachmann and Bergantz, 2004). However, this process is likely 
disrupted by convection while the magma’s melt fraction is high and its 
bulk viscosity is relatively low (Shaw, 1965). On the other hand, compaction 
can occur at low melt fractions through viscous deformation of a crystalline 
framework (e.g., McKenzie, 1987). The timescales required for this process are 
compatible with the lifespans of some plutonic complexes (e.g., Bachmann 
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and Bergantz, 2004). Yet, there is little microstructural evidence within upper-
crustal granitoids for viscous compaction (Holness, 2018). Instead, crystal 
liquid separation is thought to occur over a discrete melt extraction window 
between the initial development of a loose crystalline framework and rheo-
logical lock-up of the magma. The precise boundaries of this melt extraction 
window remain uncertain. Experimental data suggest that rigid crystalline 
frameworks can form in basalts at crystallinities as low as 25% (Philpotts et al., 
1998), while eruptions of crystal-rich dacite suggest that silicic magmas do not 
reach complete rheological lock-up until 40%–50% crystallinity (Hildreth, 1981).

The processes that occur within the melt extraction window are complex 
and may involve the formation of fragile, stress-bearing crystalline lattices that 
can later collapse as conditions within the magma reservoir change (Bergantz 
et al., 2017). Mechanical rotation of grains into more efficiently packed config-
urations during collapse, termed micro-settling (Bachmann and Bergantz 2004) 
or mechanical compaction (Holness 2018), ultimately helps reduce porosity 
and expel residual melt upward. Importantly, since the driving force of this 
process is gravity, it should result in the development of a geochemical gra-
dient parallel to paleo-vertical that reflects the distribution of early-formed 
crystals and residual melt. In the following sections, we separately discuss 
the record of this process within the Middle SLP and Lower and Upper SLP.

5.3.1 Middle Searchlight Pluton

The narrow range of zircon dates within the Middle SLP, at least within 
our sampling transect, indicates that this unit contained melt simultaneously 
between 16.25 and 16.10 Ma and that it could represent an ~2.7-km-thick 
fossil magma reservoir. Our geochemical data demonstrate that this unit is 
stratified with respect to paleo-vertical, suggesting gravity played a major 
role in its differentiation (Figs. 9 and 12). Compatible elements in feldspar 
(Sr and Ba) show moderate concentrations (~200 ppm Sr and ~500 ppm Ba) 
in the bottom of the unit and a change toward extremely low concentrations 
(close to zero ppm) at the top. Rubidium, which is largely incompatible in 
silicic melts, is uniformly near 100 ppm through the bottom of the unit but 
gradually increases to 200 ppm toward the top. These results are consistent 
with accumulation of early-formed crystals near the bottom of the unit and 
increased residual melt near the top. The samples from the top of the unit, 
including its leucogranite cap, also plot near the 0.1 GPa haplogranitic mini-
mum, while those from deeper in the Middle SLP form a linear array toward 
increasingly feldspar-rich compositions. The former is interpreted to repre-
sent the composition of melt extracted from a quartz- and feldspar-bearing 
crystalline mush at the emplacement depth (Fig. 9). The latter reflects an 
increasing fraction of early-formed feldspar with depth. These trends are 
similar to those inferred to exist in the silicic magma reservoirs that feed 
zoned ignimbrites (Hildreth, 1981).

We can use the geochemistry of the extracted high-SiO2 magma (leuco
granite capping the Middle SLP) to place constraints on the state of the magma 

reservoir during the segregation process. First, the leucogranite has a compo-
sition equivalent to the haplogranitic minimum at the emplacement depth of 
the Middle SLP, indicating that the parent melt was saturated in both quartz and 
feldspar prior to segregation. Second, whole-rock REE diagrams for Middle SLP 
samples show that the high-SiO2 leucogranite is distinctly depleted in MREE 
relative to samples of the underlying granite and quartz monzonite (Figs. 10 
and 11). This relationship implies that the high-SiO2 melt was removed from a 
source that was crystallizing titanite (Bachmann and Bergantz, 2008; Glazner et 
al., 2008; Colombini et al., 2011). Colombini et al. (2011) did a comprehensive 
study of titanite in rhyolite erupted from the Searchlight magmatic system 
and demonstrated that it began to crystallize in these magmas after zircon 
saturation and at relatively low temperatures (<755 °C). It is therefore likely 
that segregation of the high-SiO2 leucogranite from the rest of the Middle SLP 
did not occur until fairly late in its magmatic history. Third, there is no clear 
field evidence for the leucogranite’s extraction from the underlying granite and 
quartz monzonite through dikes (e.g., Eichelberger et al., 2006, Bartley et al., 
2018; Glazner et al., 2020), and the smooth geochemical gradients between 
the leucogranite and underlying units (Fig. 9 and 12) are inconsistent with an 
intrusive relationship between the two. In combination, these observations 
require the magma reservoir had the following properties when melt was seg-
regated: (1) it had cooled and crystallized enough to have reached the granitic 
minimum at the emplacement level (680 °C to 712 °C at 2 kbar for aH2O = 1 
and 0.7, respectively: Ebadi and Johannes, 1991); (2) it was saturated in titanite 
(<755 °C, Colombini et al., 2011); and (3) it had not reached the threshold for 
rheological lockup (>25 vol% and <55 vol% crystals: Vigneresse et al., 1996; 
Philpotts et al., 1998).

Our constraints require moderate crystallinity at the granitic minimum 
and provide further support for models in which the majority of crystallization 
occurs near the solidus in dacitic to rhyolitic magmas (e.g., Huber et al., 2009; 
Gelman et al., 2013). They are also consistent with extraction and segregation 
of residual melt by a gravitationally driven process. The depth-​dependence 
of compositions within the Middle SLP is particularly consistent with melt 
segregation via compaction. Yet, we are aware of no evidence within the 
Middle SLP, or most other upper-crustal granitoid plutons (Holness, 2018), for 
compaction via viscous deformation of a crystalline framework. Instead, we 
suggest that this process occurred via depth-dependent repacking of crystals 
(e.g., Bachmann and Huber, 2019).

As discussed above, CA-ID-TIMS-TEA U-Pb zircon geochronology will not 
record magma residence prior to zircon saturation and the difficulty of sampling 
small growth domains means that our data will also miss an unconstrained 
period of magma residence at near-solidus temperatures. Despite these limita-
tions, we can use our constraints on the state of the magma reservoir during 
segregation of high-SiO2 magma in concert with our zircon geochronology 
to determine the timescales over which differentiation and melt segregation 
occurred. In particular, if zircon saturated prior to titanite in all of the magmas 
within the Searchlight magmatic system (Colombini et al., 2011), then it is likely 
that our U-Pb data set for the Middle SLP includes a period of time prior to 
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melt extraction. Similarly, most crystallization-temperature curves for H2O-
rich silicic melts predict that rheological lockup will happen at temperatures 
slightly above the solidus (Huber et al., 2009; Gelman et al., 2013; Hartung et 
al., 2019). Since our TIMS-TEA data indicate that the analyzed zircon from the 
Middle SLP include some grains that record near-solidus temperatures, we 
think it is likely that the dates encompass this rheological boundary. These 
constraints suggest that the observed zircon age dispersion in the Middle 
SLP provides a maximum duration for high-SiO2 melt extraction and that this 
process occurred in <150 k.y. within the longer >200–250 k.y. evolution of the 
Middle SLP magmatic reservoir.

5.3.2 Lower and Upper Searchlight Pluton

Whether crystal-liquid separation occurred within any of the intrusions that 
incrementally built the Lower and Upper SLP is difficult to determine. Textural 
and geochemical heterogeneity within the Lower and Upper SLP can be used 
to infer that increments were much smaller than the Middle SLP magma reser-
voir. These units were emplaced earlier within the magmatic system’s history, 
when cooling rates should have been highest. Nonetheless, the inferred lon-
gevity of melt within the Lower and Upper SLP is similar to or longer than that 
of melt within the Middle SLP based on zircon U-Pb age dispersion (Fig. 5B). 
Thus, these magmas likely did not rapidly quench in the upper crust and may 
have had enough time to differentiate. Yet, we find no systematic variation in 
the concentration of Sr or Rb with respect to paleo-vertical in our sampling 
transect of the Lower SLP (Fig. 12). The lack of any systematic paleo-vertical 
geochemical trends suggests several possibilities: (1) the individual magma 
increments that built this unit did not differentiate due to gravitationally driven 
processes; (2) differentiation occurred at length scales that were too small to 
be captured by our sample spacing of 100–200 m; or (3) that any extracted 
melt was mixed into subsequent intrusive pulses or erupted. We explore these 
possibilities below.

If the magmas that built the Lower and Upper SLP did not undergo crys-
tal-liquid separation within the upper crust, then their compositions might 
reflect melts extracted at depth and frozen at the emplacement level. If so, 
the bulk of the SiO2 variability in the Searchlight magmatic system would 
reflect deep crustal magmatic processes, and only the Middle SLP would 
have differentiated in the upper crust. This is a similar interpretation to that of 
Coleman et al. (2012) for granitoids within the Tuolumne Intrusive Suite, where 
they found evidence for limited differentiation within km-scale sills (similar to 
the Middle SLP) but attributed most geochemical variation within the larger 
batholith to magmatic processes in the lower crust. It is also similar to the 
conclusions drawn by Lee and Morton (2015), who attributed two distinct dif-
ferentiation trends in Harker diagrams of plutonic rock compositions from the 
Peninsular Ranges Batholith to lower-crustal processes (~45–70 wt% SiO2) and 
upper-crustal differentiation of silicic melts (~70–77 wt% SiO2). However, the 
magmas that crystallized to form the Lower and Upper SLP were presumably 

more mafic than the parent magma for the Middle SLP and should have more 
efficiently undergone gravitationally driven differentiation due to crystalliza-
tion of a larger volume of dense, mafic minerals and a lower melt viscosity. 
Therefore, it is difficult to reconcile the lack of systematic vertical geochemical 
variation in the Lower SLP (Fig. 12) with the apparent longevity of melt within 
each dated sample (Fig. 5B).

Another possibility is that the magmas that built the Lower and Upper SLP 
differentiated but any extracted melt was either erupted or mixed into subse-
quent pulses of magma. Mixing is certainly possible between the uppermost 
Lower and Middle SLP, where the age difference between the units is small 
(Fig. 5A). We interpreted the preservation of a geochemical break between 
these units (Fig. 12) to indicate that the uppermost Lower SLP was behav-
ing rigidly when the Middle SLP was emplaced. However, this interpretation 
does not preclude mixing a melt-rich cap from this part of the Lower SLP into 
the Middle SLP. Indeed, Ba concentrations in the uppermost Lower SLP (up 
to ~3000 ppm: Fig. 12) are higher than trachyandesite and trachydacite lava 
compositions (~1500 ppm) in the overlying Highland Range volcanics and may 
indicate accumulated alkali feldspar relative to potential parent melts. Our geo-
chronologic data are not dense enough to determine if adjacent increments 
of the Lower and Upper SLP are close in age outside of our main sampling 
transect. If so, progressive mixing might be a viable explanation for the lack 
of clear gravitationally driven differentiation trends within these units. Subtle 
isotopic differences between the plutonic units (Bachl et al., 2001) may offer 
a next step in testing this hypothesis.

Eruption of extracted, residual magma from the Lower and Upper SLP pro-
vides a final potential explanation for the apparent absence of differentiation 
in these units. In this case, future studies of the Highland Range volcanics can 
compare eruptive compositions with age-equivalent parts of the pluton to 
assess whether they are complementary. However, the absence of clear zones 
of extracted residual melt within these plutonic units would suggest that any 
eruptions were either very efficient or subsequently obscured through further 
intrusion and mixing.

■■ 6. CONCLUSIONS

High-precision U-Pb zircon geochronology shows that the Middle SLP 
simultaneously contained melt over a large area and that it represents a fossil 
magma reservoir that was extant for ~200 k.y. Geochemical gradients with 
respect to compatible and incompatible elements within this reservoir are 
parallel to paleo-vertical and suggest that it differentiated due to gravitation-
ally driven processes. The longevity and geochemical structure of the Middle 
SLP is compatible with the inferred structure of the magma reservoirs that 
source high-SiO2 rhyolite eruptions and offers a unique opportunity to study 
the processes that occur in these systems at depth. We infer that melt segre-
gation occurred through mechanical rearrangement of crystals at moderate 
crystallinity, and that this process occurred over a short interval (<<150 k.y.) in 
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the longer history of the Middle SLP magma reservoir. The Lower and Upper 
SLP predate this fossil magma reservoir and were incrementally emplaced. 
Compositions from these units appear to represent melts that have under-
gone very little upper-crustal differentiation with compositions reflective of 
magmatic processes in the deep crust or that represent the products of in situ 
differentiation over a much smaller scale than the Middle SLP. If differentia-
tion did occur in these units, any extracted residual melt was either efficiently 
erupted or mixed subsequent increments of magma within the pluton.
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