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A B S T R A C T

The mineralogical and geochemical composition of sands across arid to semi-arid landscapes can be used to
evaluate the nature of their source lithologies. Once these characteristics are established, these sands have the
potential to be implemented as background reference materials in environmentally-focused studies (e.g., mine
waste pollution). Tonopah, Nevada is an economically disadvantaged town with a long history of silver mining.
Tonopah and surrounding areas with similar histories are also examples of significantly understudied regions
with respect to several environmental concerns.

Sands sampled in this study are part of a star-shaped dune system ~15 km north of Tonopah. They are
medium-grained and are very well sorted: arithmetic mean grain size from 263 to 335 µm. From Quartz –
Feldspar – Lithic (QFL) classification the sands are feldspathic litharenites to weakly litharenitic. Powder X-ray
diffraction and polarized light microscopy observations identify quartz, ordered calcian albite, and sanidine as
the dominant minerals with rarer calcite, magnesian calcite, and amphibole. Scanning electron microscopy
indicates grains have a range of textural maturity, with rhyolitic and basaltic lithic grains present. From bulk
elemental chemistry, sands are geochemically akin to that of Earth’s bulk upper continental crust, are quartz-
rich, formed in arid to semi-arid climates, and were derived from a felsic igneous province (or provinces).

The origin of these sands is further investigated by comparing bulk major elemental signatures to the com-
position of global, regional, and local dune systems, in addition to local and regional bedrock. Regionally,
Tonopah sands are compositionally similar to those of the Mojave Desert dune fields (e.g. Cadiz) and distinct
from those of the Algodones and Parker dunes of California and Arizona respectively. Consistent with source
inferences for the Cadiz, Danby, and Dale lake sands of the Mojave Desert, Tonopah sands are inferred to be
derived from chemically evolved provinces. For Tonopah, derivation from the local, Micoene-aged, andesite-
dacite-rhyolite suites is inferred.

Through comprehensive characterization of the Tonopah sands a geogenic background composition for the
region, and an important reference material for future environmental investigations, has been established.

1. Introduction

Globally, sand dune systems are important ecosystems and common
geomorphological features across continental landscapes (e.g.,
Lancaster, 2013; Hugenholtz et al., 2012). On more local and regional
scales, these dynamic systems are integral to sediment transportation
and depositional pathways (e.g., Kocurek and Lancaster, 1999;
Lancaster et al., 2015) and can therefore be used to investigate the
origin (and nature) of particulate matter across arid to semi-arid areas
(e.g., Kasper-Zubillaga and Zolezzi-Ruiz, 2007, Fig. 1a).

The state of Nevada (the “Silver State”) has a long history of mining
with extensive silver (and gold) exploration dating back to 1858 at the
Comstock Lode which later developed into the United States’ first major
silver mine (e.g., Bastin, 1922; USGS, 2014, Perry and Visher, 2015). As
of 2017, according to the Nevada Commission on Mineral Resources
(NCMR, 2017), 63 major mines across the state are in operation today
with a total of 14,118,926 ounces of silver and gold produced in 2017
(for a total value of $7.2 billion). The town of Tonopah, NV (Fig. 1a,b)
has existed since c. 1900 as a result of the discovery of silver ore. While
silver mining operations experienced a minor revival in the 1980s,
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sfignfificant exploratfion ceased affter World War II.

Overall, despfite extensfive hfistorfic and actfive mfinfing operatfions, fin

addfitfion to mfilfitary finstallatfions and nearby preserved lands fin central

Nevada, envfironmental finvestfigatfions off metal pollutfion are lfimfited.

One crucfial component off conductfing meanfingfful metal pollutfion as-

sessments fis findfing approprfiate envfironmental comparfison materfials.

The large star dune system fin the Tonopah Crescent Dunes system re-

presents one such potentfial refference materfial. Prevfious work fin-

vestfigatfing sand dune sedfimentology fin Nevada fis lfimfited wfith prfior

studfies ffocusfing on the Wfinnemucca Dunes fin Humboldt County

(northwest Nevadac. 260 mfiles north off Tonopah;Pepe, 2014), Sfilver

Peak, fin Esmeralda County (south-central Nevadac. 35 mfiles southwest

Ffig. 1.(a) Locatfion off map off the study area, Tonopah, NV, shown fin relatfion to other studfied dune fields off the western US. Arrows summarfize drfifft dfirectfion and

potentfial. Solfid cfircles mark locatfion off wfind statfion locatfions. Map modfified ffromMuhs et al. (2003) and Muhs (2017). Outlfine off the Great Basfin (dashed blue) and

Mojave Desert (dashed purple) shown to hfighlfight the locatfion off the field area relatfive to other well-studfied dune fields across the desert regfion off the western US.

Tonopah fis located fin the Great Basfin, fin south-central Nevada to the south off the Tofiyabe Mountafin Range. The star-shaped dune system (known locally as Tonopah

Crescent Dunes) whfich fis the ffocus off thfis study lfies ~15 km to the north–north-west off the town off Tonopah and ~2 km dfirectly east off Crescent Dunes Solar Energy

Plant (see panels b, c). An Off-Road Vehficle Park exfists to the north off Bfig Dune whfich fis the specfific ffocus off thfis study (see panels d, e). (For finterpretatfion off the

refferences to colour fin thfis figure legend, the reader fis refferred to the web versfion off thfis artficle.)
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of Tonopah, Nickling et al., 2002; Walker, 1999; McKenna Neuman
et al., 1997) in addition to Nellis Dunes in Clark County (southern
Nevada, c. 125 miles southeast of Tonopah c. 20 miles northeast of Las
Vegas; McLaurin et al., 2011; Goossens and Buck, 2010). Most notably,
recent work at the Nellis Dune Recreational Area has indicated arsenic
as a human exposure concern (Keila et al., 2018; Goossens et al., 2015;
Goossens et al., 2012; Soukup et al., 2012). Compared to other areas in
the U.S. such as adjacent California, Nevada has had comparatively few
investigations of metal pollution whether that pollution originated from
mine waste or other sources. There has been some work in the area of
atmospheric dispersal of tungsten and cobalt pollution in Fallon, Ne-
vada by Sheppard et al. (2012) and Sheppard et al. (2007) with several
studies focusing on mercury derived from mine waste and related ac-
tivities (Eckley et al., 2011; Custer et al., 2007; Cizdziel et al., 2003;
Henny et al., 2002; Engle et al., 2001; Miller et al., 1998; Miller
et al.,1996). In addition, several investigations over the last two dec-
ades have focused on the origin and impact of multiple metals as pol-
lutants (or recorders of human activity: Sims et al., 2013; Adhikari
et al., 2011; Sims, 2010; Yang et al., 2003; Heyvaert et al., 2000). In
Nevada specifically, other pollution-oriented studies include that of
Donato et al. (2007) who investigated cyanide pollution and Kersting
et al. (1999) who investigated plutonium.

Tonopah Crescent Dunes (as they are locally known) are located
approximately 15 km to the northwest of Tonopah, approximately 2 km
west of the San Antonio Mountains, and approximately 1 km east of the
Crescent Dunes Solar energy project (Fig. 1b,c). This sand body may
therefore be an appropriate environmental reference material for future
metal pollution studies of Tonopah because is it geographically re-
moved from the town by the San Antonio Mountains, but is still part of
the same regional geologic setting. In addition to investigating the
nature and origin of these sands, and providing a broad environmental
reference material for the region (including a geochemical reference for
environmental study of metal pollution); a comparative material for
climate and geochronology studies across the region (Fig. 1a) will also
be provided.

2. Materials and methods

2.1. Samples and setting

Sand samples from the large star dune (the largest dune of the
Tonopah Sand dune system), just to the east of the Crescent Dunes Solar
energy project solar facility (Fig. 1c-e) were collected in late March of
2019 in plastic bags and vials. Samples were taken approximately
4–5 m from ground level on the leeward side of the dune. At the time of
sampling, the dune face was striking N20E. This dune has approxi-
mately 25 m of relief, is steep, and is separated from the dune field used
as a recreational vehicle park by approximately 1 km (Fig. 1c,d). With
respect to prevailing wind direction across the region, wind roses are
presented in Supplementary Fig. 1. From Tonopah Airport, the closest
wind station for which data is available, the prevailing wind direction is
to the north. Regional wind directions are summarized in Fig. 1a for
comparison.

2.2. Grain size analysis

Grain size analysis was conducted using 8-inch brass mechanical
sieves. Approximately 100 g of sand was used for each analysis.
Samples were sieved using a Gibson shaking device using standard sizes
between 5.6 mm and 38 µm. Mass retained in each sieve was recorded
to the thousandth of a gram. Grain size data was processed with the
excel-based program Gradistat.

2.3. Microscopy

Ten slides were prepared commercially by Spectrum Petrographics

as round 1-inch diameter epoxy plugs and were polished for electron
beam analysis. Samples were analyzed using a Leica polarized light
microscope at magnifications from 10X to 50X. Images were captured
using a 20MP Leica digital camera.

For scanning electron microscopy (SEM) analysis, selected samples
were investigated by mounting grains on carbon sticky tabs on 1 cm
diameter aluminum stubs. Selected petrographic slides were further
investigated by mounting slides on an aluminum frame and then fixing
the slide with carbon tape. Samples were investigated using a Zeiss VP
35 Field emission SEM operated in variable pressure mode with N2 used
as the compensating gas at the Center for Advanced Microscopy and
Imaging (CAMI) at Miami University. A Bruker energy dispersive
spectrometer (EDS) was used for elemental characterization of in-
dividual grains.

2.4. X-ray diffraction

A SPEX 8000 mini mill using a tungsten carbide ball and vial was
used to produce powders for X-ray diffraction. Powder X-ray diffraction
data was obtained using a Siemens D-5000 housed in the Geology
Department at the University of Cincinnati. The instrument uses Cu Kα
radiation and scan parameters of 0.02-degree step size over a range of
5–60 degrees 2θ were used.

2.5. X-Ray fluorescence (XRF) and inductively coupled plasma-mass
spectrometry (ICP-MS)

Samples were prepared by first milling sands in a SPEX 8000 mini
mill using a tungsten carbide ball and vial. Approximately 1.00–1.10 g
of powder was used for loss on ignition (LOI) calculations at 950 °C.
Sample powders were then prepared by first mixing 0.50 g of sample
with 7.75 g of lithium borate bromide flux. Sample powders were them
mixed thoroughly by hand for 3 min in a glass vial and the mixed
powder was then placed in a platinum crucible and then in a Katamax
fused pellet machine. Samples were then cycled to a temperature of
1050 °C over a period of 14:30 including cooling. Melt was then poured
at the end of the cycle into a platinum pan to cast the pellet.

X-ray fluorescence analyses were performed using a Rigaku
Supermini 200 wavelength-dispersive XRF spectrometer at the
University of Cincinnati. Samples were analyzed under vacuum and
referenced to internal standards. Data reduction was completed using
Rigaku’s ZSX software. The Supermini 200 analyzes for elements be-
tween fluorine and uranium, and reported data are processed with LOI
values. Elements lighter than fluorine were not analyzed.

A subset of samples (one from the start, middle, and end of the
sample transect) were sent to the Peter Hooper GeoAnalytical Lab at the
University of Washington for bulk trace elemental analysis via ICP-MS.
Not all 10 samples were sent for analysis due to associated costs. For
trace elements sample preparation, a combined fusion-dissolution
procedure was implemented. Samples were fused with Li2B4O7 in a 1:1
ratio prior to a sequence of dissolution steps in HNO3-HF-
HCLO4 ± H2O ± H2O2. Samples were analyzed using an Agilent 4500
ICP-MS with long-term precision reported at better than 5% (RSD) for
the rare earth elements and 10% for the other reported trace elements.

2.6. Reflective spectroscopy

Plastic 100 mm petri dishes were painted with flat black spray paint
and allowed to dry for several days. Samples dishes were then filled to a
depth of approximately 5 mm in thickness. Samples were measured
with an ASD FieldSpec 4 High Resolution spectroradiometer with a five-
degree foreoptic attachment at a distance of 10 cm and were illumi-
nated with an ASD Illuminator reflectance lamp with a 70-watt quartz-
tungsten-halogen light source in an otherwise dark room. Spectra were
measured from 350 to 2500 nm with a 3 nm resolution in the VNIR
(350–1000 nm) and an 8 nm resolution in the SWIR (1000–2500 nm).
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White reference calibration with SpectralonTM was performed prior to
the commencement of data collection and every 15 min after. Ten
spectra were averaged to give a single representative spectrum.
Averaged spectra were splice corrected using a splice correct gap value
of 1 in order to correct for minor gaps at detector crossover.

3. Results

3.1. Grain size analysis

A summary table of the descriptive statistics and accompanying
grain size characteristics for each sample is presented in Table 1. With
respect to grain size characteristics the sand samples classify as
medium, are very well sorted, with 90% being classified as unimodal.
Arithmetic mean values varied from 263 to 335 µm. Sorting values
varied from 53.3 to 90.1, skewness from 0.485 to 1.524, and kurtosis
from 3.152 to 8.553. Using the descriptive terminology of Folk and
Ward, 80% of the samples have symmetrical skewness, 20% have
coarse skewness and with respect to kurtosis, 70% are mesokurtic and 3
are leptokutic. The mode for 90% of samples is 275 µm and 231 µm for
the remaining 10%. D90/D10 values vary from 1.646 to 2.145. There is
a modest positive linear correlation with skewness and increasing
grains size with r2 = 0.51 and p < 0.001. This tentatively implies that
coarser grains exhibit better sorting than finer grains. The arithmetic
values reported here, as well as geometric and logarithmic values. All
other values or descriptors are reported in Table 1.

3.2. Light microscopy

Supplementary Fig. 2 summarizes these general characteristics as
observed under the polarized light microscope at 10× magnification.
Grains and lithics are predominantly rounded to subrounded with >
95% of the individual mineral grains being quartzofeldspathic in

nature. Fig. 2 highlights the nature of grains which make up the re-
maining < 5% and the textures commonly observed in the lithic clasts.
The remaining < 5% of grains are dominated by mafic phases; biotite,
amphibole (Fig. 2 a-c) and rarer clinopyroxenes (Fig. 2c). Minor opaque
phases (likely oxides; magnetite ± ilmenite) are also present with
rarer accessory zircon also observed and shown included in a plagio-
clase feldspar in Fig. 2d. Rhyolitic clasts are fine-grained predominantly
characterized by quartz and alkali feldspar (Fig. 2e-f). Basaltic clasts
range from near-holocrystalline (Fig. 2f-h) to hyalocrystalline (Fig. 2i)
but all are characterized by plagioclase feldspar, often displaying lath-
like habits, and clinopyroxene (± glass). The presence of these lithics,
bimodal with respect to their likely bulk silica contents (rhyolitic vs.
basaltic), is entirely consistent with the regional geology where ex-
tensive rhyolitic and basaltic flows associated with upper Tertiary (late
Oligocene and Miocene-aged) magmatic activity dominate the recent
volcanic record (Seibert et al., 2019). Point counting of between 600
and 700 grains per sample sand reveals that 70% of the sands can be
classified as feldspathic litharenites, based on the relative proportions
of Quartz – Feldspar – Lithic (QFL). This is illustrated in the QFL ternary
plot in Fig. 3a. The remaining three samples can be classified as li-
tharenites, although several samples plot near the boundary between
these two lithological fields. The proportion of feldspar within the
samples varies from 10% to 20% whereas the proportion of lithics
varies from 20% to 40% at corresponding variance in the proportion of
quartz from 40% to 60%. The feldspathic component includes both
plagioclase and alkali feldspar with the lithic components characterized
by both mafic and felsic lithologies, which are basaltic and rhyolitic in
nature. Also shown in Fig. 3a are the QFL properties of the Winnemucca
Dune Complex to the north of Tonopah in NW Nevada, one of the most
comprehensively characterized dune fields in the state (Pepe, 2014). As
shown, the Winnemucca sands can also be classified as Feldspathic li-
tharenites/litharenites although are notably quartz-poor and lithic-rich
in comparison to those sampled at Tonopah. As noted in Pepe (2014)Ta
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several sampled sands ffrom Wfinnemucca are 100% composed off lfithfics.

Broadly these sands are domfinated by volcanficlastfic materfials e.g. tuffs

and pyroclastfic deposfits, fin addfitfion to metamorphfic rock ffragments,

and are finterpreted to relect derfivatfion ffrom mfineralogfically and

composfitfionally varfiable source regfions, fincludfing metamorphfic base-

ment terranes. Metamorphfic rock ffragments fin the Tonopah sands are

Ffig. 2.Summary off sand dune clast mfineralogy and mafic phases. (a) Bfiotfite (bt) and Amphfibole (amp) grafins shown fin PPL, (b) fin XPL. Plagfioclase ffeldspar (plg)

and quartz (qtz) also findficated. (c) Ffine-grafined ffelsfic figneous clasts (rhyolfitfic) characterfized by qtz and ffsp. (d) In XPL, rhyolfitfic clasts surroundfing a basaltfic clast

characterfized by plg and cpx. (e)–(ff) PPL and XPL respectfively: coarser-grafined basaltfic lfithfic clast domfinated by plg wfith < 20%, glass absent. (g) In PPL, fine-

grafined glassy basaltfic clast wfith mficrolfites off plg, and mfinor opaque phases (lfikely oxfides). (h) In PPL, demonstrated occurrence off cpx as an findfivfidual grafin, shown

here alongsfide qtz and amp. (fi) Zfircon present as an accessory phase wfithfin sampled grafins, here shown wfithfin a plg grafin at ~50 fin length (fin XPL).

Ffig. 3.(a) Ternary Quartz-Feldspar-Lfithfics dfiagram classfiffyfing the 10 sampled sands as Feldspathfic lfitharenfites – lfitharenfites wfith several samples plottfing rfight at

the boundary between the two classfificatfions. The Wfinnemucca Dune Complex ffrom NW Nevada fis the largest dune field fin Nevada and lfies ~260 mfiles north off

Tonopah. It fis one off the ffew other dune fields ffrom the state off NV that has been prevfiously studfied, and fis shown here ffor comparfison (data ffromPepe, 2014). For

dfiscussfion see text. (b) Ternary Quartz-Alkalfi Felspar-Plagfioclase dfiagram comparfing the Tonopah Crescent Dune to dune fields across the western US (seeFfig. 1a)

ffor dune field locatfions). Data ffromMuhs et al. (2003); Lancaster et al. (2015); Muhs (2017); Muhs et al. (2017). Volcanfic and plutonfic equfivalent rock types ffrom

Streckefisen (1976, 1978).
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absent.Ffig. 3b compares the relatfive abundance off Quartz – Alkalfi

Feldspar – Plagfioclase (QAP) off the sampled Tonopah sands to local and

regfional dune fields ffrom across the western US (Ffig. 1a). As shown, the

mfineralogfical composfitfions off dune fields across thfis regfion fis varfiable.

Regfionally, proportfions off Q and P are consfistently greater than that off

A, whfich fis also the case ffor the Tonopah sands. In comparfison, the

Tonopah sands are not as mature as the relatfively quartz-rfich sands off

the Algodones and East Mesa dunes off southern Calfiffornfia, the Parker

dunes off Arfizona, or the Sand Hfills off Nebraska but are dfistfinctly more

mature than the sands off the San Nficolas Island dunes, Calfiffornfia and

the Wray dune field off Colorado. The nearby Kelso dunes off Calfiffornfia

(Ffig. 1a) are also, predomfinately, less mature fin comparfison. The clo-

sest sands ffor comparfison to Tonopah finFfig. 3b are the Owens Lake

dune fields off eastern Calfiffornfia, ~85 mfiles southwest off Tonopah

(Lancaster et al., 2015). The Tonopah sands are also A-poor over a

narrow range (~10–20%) but exhfibfit less Q-P varfiabfilfity.

3.3. Relectfive spectroscopy

Relectfive spectra off sands show lfittle varfiatfion and representatfive

spectra are provfided finFfig. 4. All spectra have adsorptfion ffeatures at

~1400 nm, ~1900 nm and ~2210 nm. The absorptfion ffeatures at

~1400 nm and ~1900 nm are assocfiated wfith water and the presence

off OH groups. The adsorptfion ffeature at ~2210 nm fis assocfiated wfith

Al-OH groups, finterpreted as orfigfinatfing ffrom the lfikely alteratfion off

ffeldspar mfinerals and glass. The broad ramp fin the vfisfible portfion off the

spectra fis consfistent wfith the bulk Fe content. Feature assfignments are

based onHunt et al. (1971; 1973). These spectra are consfistent wfith

sfilficate mfineral-rfich composfitfions off the sands.

3.4. Scannfing electron mficroscopy

Representatfive SEM fimages off grafin mounts off sand samples are

presented finFfig. 5wfith accompanyfing EDS spectra. Grafins have a

range off textural maturfity and usfing thePowers (1953)scale ffor all

SEM fimages classfificatfions are as ffollows: 8% very angular, 14% an-

gular, 14% subangular, 20% subrounded, 20% rounded and 25% well

rounded. There fis a populatfion off lfithfic grafins that tends to be larger

than others wfith common dfiameters befing between 700 and 400 µm,

however smaller lfithfic grafins (< 400 µm) are more common. Lfithfic

grafins commonly have varfiable chemfical spectra domfinated by sfilfica,

alumfinum, firon, magnesfium wfith lesser amounts off potassfium, calcfium

and manganese. Some lfithfics however have substantfial amounts off

calcfium and fit fis possfible that these may be grafins that are fintergrown

wfith sofil carbonate. Fe-Tfi oxfides, whfich are finterpreted as filmenfite, are

common fin lfithfic grafins and vary fin average dfiameter ffrom approxfi-

mately 20 to 250 µm. Zfircon fis also observed as a common finclusfion fin

lfithfic grafins and zfircons observed are commonly 30–50 µm fin dfiameter

as observed or exposed fin the grafins. Thfis fis consfistent wfith observa-

tfions vfia polarfized lfight mficroscopy (Ffig. 2d). Off partficular note, there

were no sulfides, sfilver, electrum lake, or arsenfic-bearfing mfinerals

observed at scales permfitted by efither the lfight mficroscope or SEM

(100 s off µm to the sub-mficron).

3.5. Powder X-ray dfiffractfion

Mfinerals fidentfified by X-ray dfiffractfion fin sand samples finclude

quartz, ordered calcfian albfite, sanfidfine, calcfite, and magnesfian calcfite

(Ffig. 6). Mfinerals were fidentfified usfing the computer program Jade and

PDF cards. Quartz was fidentfified usfing PDF card # 00-046-1045 usfing

the major relectfions and d-values off d(1 0 1) = 3.3435 Å,

d(1 0 0)= 4.2550 Å, and d(1 1 2)= 1.8120 Å. Ordered calcfian albfite was

fidentfified usfing PDF card #00-041-1480 usfing the major relectfions

and d-values off d(0 0 2) d(2̄0 2)= 3.1817 Å,

d(2̄0 1)

= 3.1973 Å,

= 4.0314 Å, and d(2 0 0)= 3.6537 Å. Sanfidfine was fidentfified

usfing PDF card # 00–025-0618 usfing the major relectfions and d-values

off d(2 2 0) d(2̄0 2)= 3.3300 Å, = 3.2800 Å, d(0 0 2)
d(1̄1 2)

= 3.2300 Å,

d(1̄3 0)= 3.4600 Å, d(2̄0 1)= 3.7900 Å, = 4.2400 Å, and the

lesser relectfions and d-values off d(1 1 0) = 6.6500 Å, d

(0 2 0)= 6.5200 Å, and d(0 0 1)6.4500 Å. Calcfite was fidentfified usfing

PDF card # 00–047-1743 usfing the major relectfions and d-values off

d(1 0 4) d(1 1 3̄)= 3.0355 Å, d(1 1 6̄)= 2.2846 Å, and = 1.8753 Å.

Magnesfian calcfite was fidentfified usfing PDF card # 00-043-0697 usfing

the major relectfions and d-values off d(1 0 4) = 3.0042 Å,

d(1 1 3)= 2.2625 Å, and d(0 1 8)= 1.8892 Å.

3.6. X-ray luorescence: bulk elemental composfitfions

Table 2reports the bulk major element oxfide data ffor the 10 sam-

pled sands. Also shown are the maxfimum and mfinfimum abundances ffor

each wt% oxfide, the average abundance off each wt% oxfide, and thefir

assocfiated standard devfiatfions.Table 3reports the bulk trace element

data ffor 3 selected sands, one ffrom the start off the samplfing transect,

one fin the mfiddle, and one at the end (TSD 1, TSD 5, and TSD 10). Also

reported finTable 3are the bulk trace element composfitfions off Earth’s

crustal geochemfical reservofirs (the upper, mfiddle, lower, and bulk

contfinental crust ffromRudnfick and Gao, 2003).

Ffig. 7a summarfizes the bulk major oxfide abundances off each sam-

pled sand (normalfized to 100%). The abundances off these major oxfides

fin Earth’s crustal reservofirs are also shown ffor comparfison. Sampled

sands are domfinated by wt% SfiO2and wt% Al2O3whfich combfined

comprfise ~90% off the sand’s major element composfitfion, consfistent

wfith the abundance off quartz and ffeldspar observed vfia lfight mficro-

scopy, SEM, and XRD.Ffig. 7b summarfizes the relatfive abundance off the

remafinfing major oxfides (normalfized to 100%). As shown, wt%. K2O,

Na2O, and CaO domfinate the remafinfing bulk chemfical sfignature

(~80% off total remafinfing), wfith wt% Fe2O3and MgO present at the

ffew wt% level (Ffig. 7a). Collectfively, these sfignatures are consfistent

wfith the abundance off ffeldspar and the presence off mafic mfinerals efi-

ther as findfivfidual grafins or as basaltfic lfithfics as noted earlfier. From

Ffig. 7b, wt% TfiO2fis the next most abundant major element oxfide,

consfistent wfith the presence off filmenfite and/or rutfile. When compared

to Earth’s crustal reservofirs, the bulk composfitfions off the sampled sands

are geochemfically sfimfilar to the upper contfinental crust, although are

slfightly more sfilfica rfich (by 3–9 wt%). The fferromagnesfian component

off the sampled sands fis also lower than fin any off the bulk crustal re-

servofirs, whereas the alkalfic component fis hfigher (wt% Na2O + K2O).

Ffig. 7c summarfizes the wt. CaO vs. wt% K2O characterfistfics ffor sampled

sands and nearby by dune fields ffor whfich comparfison data was

avafilable (Zfimbelman and Wfillfiams, 2002; Muhs et al., 2017). Wfith

respect to wt% CaO, Tonopah sands are sfimfilar to the Cadfiz, Danby,

Ffig. 4.Representatfive relectfive spectra off samples 1–5 showfing major ab-

sorptfions ffeatures at ~1400 nm, ~1900 nm and at 2210 nm. Absorptfion ffeature

assfignments are based onHunt et al. (1971; 1973).
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and Dale lake sands off Calfiffornfia to the south (seeFfig. 1a) and overlap

the hfigher CaO sands off the Parker dunes fin Arfizona. The Algodones

and East Mesa dunes whfich are ffurther to the south (also fin Calfiffornfia,

seeFfig. 1a) are notably more CaO rfich, consfistent wfith thefir QAP

characterfistfics summarfized finFfig. 3b. Sands ffrom the Brfistol Trough

and Clarks Pass area off Calfiffornfia; ~20–30 km northwest and west

respectfively off the Cadfiz and Danby dunes (Zfimbelman and Wfillfiams

2002) are sfimfilarly as enrfiched fin wt% CaO as the Calfiffornfia Algodones

and East Mesa dunes but exhfibfit sfimfilar wt% K2O composfitfions to those

off Tonopah. FromFfig. 3c the Algodones and East Mesa dunes off Calfi-

ffornfia and the Parker dunes off Arfizona are composfitfionally sfimfilar and

dfistfinct ffrom the other sands shown wfith respect to wt% K2O compo-

sfitfions: consfistently < 3 wt%. Thfis fimplfies a common orfigfin and a

source dfistfinct ffrom other sands across Calfiffornfia and Nevada shown fin

Ffig. 3c, despfite spatfial proxfimfity (Ffig. 1a). Thfis source fis lfikely Col-

orado rfiver sedfiments as prevfiously suggested finMuhs et al. (1995)and

Zfimbelman and Wfillfiams (2002). The relatfive proportfions off major

element oxfides fin sampled sands and Earth’s crustal reservofirs are

summarfized finFfig. 7d,e. InFfig. 7d, bulk SfiO2/Al2O3vs. bulk K2O/Na2O

fis shown, alongsfide crustal reservofirs. Agafin, sampled sands are shown

to be the most geochemfically sfimfilar to Earth’s upper contfinental crust

wfith very sfimfilar SfiO2/Al2O3sfignatures at ~4.5–5 and slfightly hfigher

K2O/Na2O sfignatures at 1.2–1.7 (compared to 0.9 ffor the UCC). In

Ffig. 7e, bulk Na2O/CaO vs. bulk Fe2O3/MgO fis shown, hfighlfightfing the

hfigher, but also varfiable, Fe2O3/MgO ratfio fin sampled sands (2.1–4.8)

at a Na2O/CaO ratfio off 1.25–1.75 ((hfigher than all crustal reservofirs).

Wfith respect to the varfiatfion fin Fe2O3/MgO, the sands cluster finto two

groups, one at Fe2O3/MgO values between 2 and 3, and one between 4

and 5. Thfis fis finterpreted to represent varfiable contrfibutfions ffrom ba-

saltfic lfithfic components and the varfiable presence off filmenfite.

Insupplementary Ffig. 3a the general relatfionshfip between grafin sfize

and bulk wt% SfiO2fis summarfized, where sands wfith larger average

Ffig. 5.Representatfive scannfing electron mficro-

scope fimages off subangular to subrounded sand

grafins. Grafins exhfibfit a range off textures and types.

The upper two panels show lfithfic ffragments whfich

are common and offten have firon oxfides or firon tfi-

tanfium oxfides present (brfight grafins). The K, Sfi, Al

and mfinor Mg and Fe off the center grafin fin the top

fimage are consfistent wfith a rhyolfite clast. The

upper center fimage and correspondfing EDS spectra

shows that the Fe-Tfi oxfide fis consfistent wfith filme-

nfite. The lower central fimage fis finterpreted as a

rare sfilficficlastfic – carbonate grafin domfinated by

calcfium carbonate. A poorly expressed rhombohe-

dral cleavage fin the lefft center off the fimage sug-

gests the calcfium carbonate mfineral fis calcfite.

Zfircons are also common accessory mfinerals fin

lfithfic ffragments as shown fin the lower fimage and

correspondfing EDS spectra. Rectangular grafins ob-

served throughout the SEM fimages are finterpreted

as sanfidfine crystals, and larger moderately rounded

grafins are commonly quartz. Well-rounded grafins

are comparatfively uncommon.
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grafin sfizes are hfigher fin bulk wt% SfiO2. Thfis fis finterpreted as the

coarser grafined sands contafinfing hfigher proportfions off quartz (and

rhyolfitfic lfithfic clasts).Supplementary Ffig. 3b and 3c hfighlfight the co-

varfiance off SfiO2wfith K2O, and Al2O3wfith Fe2O3respectfively. These

are finterpreted as relectfing the varfiable presence off quartz and alkalfi

ffeldspar and the varfiable presence off mafic components (e.g. basaltfic

lfithfics whfich contafin clfinopyroxene and plagfioclase ± magnetfite, ±

filmenfite).

InFfig. 8a the bulk trace element, specfifically the bulk rare earth

element (REE), composfitfions off the sampled Tonopah sands are sum-

marfized. InFfig. 8a, the chondrfite-normalfized REE abundances off the

sands (fin red) are shown alongsfide Earth’s crustal geochemfical re-

servofirs (fin grey). Consfistent wfith finfferences ffrom major element oxfide

composfitfions, sampled sands are geochemfically sfimfilar to the bulk

composfitfion off the upper contfinental crust wfith sfimfilar degrees off lfight

rare earth element enrfichment exhfibfited. The depletfion fin mfiddle and

heavy rare earth elements fis however slfightly more extreme fin the

sampled sands when compared to crustal reservofirs wfith lower Eu-Lu

chondrfite normalfized values. The sands geochemfical sfimfilarfitfies to the

upper crustal reservofir fis also demonstrated by thefir sfimfilar LREEN/

MREENratfios (as findficated by LaN/SmN) at > 4. The REE finter ele-

ment varfiatfion off the sands wfith respect to the MREEs and HREEs are

sfimfilar to those off all crustal reservofirs, wfith DyN/LuNat 1.2–1.4. From

Muhs (2017)the finterelement ratfios off K/Rb and K/Ba were shown to

be relfiable fidentfifiers off (geographfically) dfistfinct North Amerfican dune

fields. InFfig. 8b finterelement ratfios (K/Ba vs. K/Rb) are used to com-

pare and contrast trace element characterfistfics off regfional dune fields to

those at Tonopah whfich exhfibfit K/Ba ffrom 26 to 31 and K/Rb ffrom 342

to 358. Usfing these composfitfional parameters, the Cadfiz, Danby, and

Dale sands off Calfiffornfia are composfitfionally sfimfilar to those off Tonopah

and have sfimfilar K/Ba ratfios to lower range off the Brfistol Trough and

Clark’s Pass (see also,Ffig. 7c). The Algodones dunes off Calfiffornfia are

agafin dfistfinct wfith notably hfigher K/Ba ratfios (> 50) and hfigher K/Rb

(> 360), and overlap those off the East Mesa dunes (Muhs, 2017). These

sfimfilarfitfies have agafin been used to finffer a sfimfilar orfigfin, specfifically

sedfiments ffrom the shorelfine off Lake Cahufilla whfich are derfived ffrom

the Colorado Rfiver (as dfiscussed finMuhs, 2017).

Off the addfitfional elements analyzed by ICP-MS (Table 3), Pb fis the

most relevant wfithfin the context off human health and broad envfiron-

mental finterest. The concentratfions off Pb are 16 ppm fin the three

samples analyzed. These concentratfions are consfistent wfith those ffrom

the bulk upper contfinental crust (17 ppm), as would be expected based

on characterfistfics presented and dfiscussed ffromFfig. 8a.

Ffig. 6.Mfinerals fidentfified by X-ray dfiffractfion fin sand samples finclude quartz, ordered calcfian albfite, sanfidfine, calcfite, and magnesfian calcfite. Mfinerals were

fidentfified usfing the computer program Jade and PDF cards.

Table 2

Bulk major element abundances off sampled Tonopah sand dunes. All values reported fin wt%

Sample ID TSD_01 TSD_02 TSD_03 TSD_04 TSD_05 TSD_06 TSD_07 TSD_08 TSD_09 TSD_10 Maxfimum Mfinfimum Average St. Dev.

P2O5 0.08 0.05 0.07 0.10 0.05 0.10 0.11 0.09 0.13 0.12 0.13 0.05 0.09 0.03

SfiO2 70.22 75.41 70.45 68.93 70.94 70.85 69.74 69.91 71.05 68.13 75.41 68.13 70.56 1.94

TfiO2 0.05 0.19 0.17 0.27 0.21 0.21 0.22 0.14 0.13 0.26 0.27 0.05 0.18 0.07

Al2O3 15.17 13.41 14.65 14.76 14.47 15.10 15.40 13.90 14.58 15.23 15.40 13.41 14.67 0.62

Fe2O3 1.58 1.03 1.36 1.46 1.52 1.41 1.49 1.28 1.46 1.62 1.62 1.03 1.42 0.17

MgO 0.33 0.24 0.31 0.34 0.56 0.47 0.33 0.61 0.56 0.58 0.61 0.24 0.43 0.14

CaO 2.30 1.72 1.98 2.18 1.82 2.28 2.16 1.96 1.98 2.33 2.33 1.72 2.07 0.21

MnO 0.02 0.02 0.01 0.09 0.04 0.00 0.04 0.03 0.04 0.05 0.09 0.00 0.03 0.02

Na2O 3.40 2.53 3.37 3.56 3.14 2.83 3.23 3.03 2.73 3.43 3.56 2.53 3.12 0.34

K2O 4.45 3.49 4.78 4.35 4.73 4.64 4.48 4.66 4.69 4.12 4.78 3.49 4.44 0.39

LOI 1.47 1.23 1.46 1.52 1.45 1.29 1.33 1.37 1.37 1.22 1.52 1.22 1.37 0.11
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4. Discussion

4.1. Grain size relationships

The grain size distribution and characteristics are expected for an
aeolian deposit. From a geochemical perspective, the variation in
average grain size (263–335 µm), kurtosis and other grain parameters
may explain the variation and lack of correlation of many of the ele-
ments (those that did correlate are shown in supplementary Fig. 3). The
relative increase of wt% SiO2 content with grain size is interpreted here
as a function of harder, more resistant, quartz grains persisting during
transport of the sand with variation explained in part by the occurrence
of larger, compositionally variable (basaltic vs. rhyolitic) lithic frag-
ments.

4.2. Mineral identification

It is noted that peaks for major reflections of ordered calcian albite,
sanidine and quartz overlap (quartz d(1 0 1) = 3.3435 Å, quartz
d(1 0 0) = 4.2550 Å; sanidine d(2 2 0) = 3.3300 Å, sanidine
d(2̄ 0 1) = 4.2400 Å; ordered calcian albite d(0 0 2) = 3.1817 Å, ordered
calcian albite d(2̄ 0 2) = 3.1973 Å,) however other peaks confirm the
presence of these minerals as does SEM and light microscopy work. The
complexity of X-ray diffraction properties of feldspars is well re-
cognized and challenges exist in using powder X-ray diffraction
methods for definitively discriminating these minerals on the basis of
powder X-ray diffraction alone (e.g., Smith, 1990 and references
therein). X-ray diffraction alone is not sufficient to characterize the
feldspar mineralogy observed in these samples but the observed var-
iation in the intensities of peaks do show that there are variable
amounts of the feldspars present as is supported by the light microscopy
data (Fig. 2). Petrographic analysis of sands indicates that there are
several minor minerals present that were not detected via powder X-ray
diffraction including clinopyroxene and zircon.

4.3. Geochemistry: Sourcing the Tonopah sands

In Fig. 9, the bulk major element oxide compositions of sampled

Tonopah sands are used to evaluate their nature and the extent of
weathering that is recorded. From Fig. 9a, based on the ratio of Na2O to
K2O, sampled sands can be classified as quartz-rich with Na2O/K2O for
all samples > 1. From Fig. 9b, total Al2O3 + K2O + Na2O vs. wt%
SiO2 is used to evaluate the climate in which the sands were generated
with the data implying arid (to potentially semi-arid, one data point)
conditions. Fig. 9c summarizes the Chemical Index of Alteration (CIA)
for the sampled sands after Nesbit and Young (1982). Values range from
59.93 to 63.44 with an average of 60.34. With respect to CIA values,
sampled sands lack clay components (e.g. kaolinite, chlorite, illite) in-
dicating a lack of intensive chemical weathering that would be expected
in samples which had experienced significant weathering via chemical
processes (where CIA values would likely range from 80 to 100, e.g.
Goldberg and Humayun, 2010). This is entirely consistent with the
inferences made from Fig. 9b. The CIA values of the Tonopah sands are
entirely consistent with values that would be expected in regions were
abrasion is dominant over chemical weathering (50–70, Nesbit and
Young, 1982).

The quartz-rich nature of the sampled sands alone is initially in-
terpreted here as a consequence of the maturation process. While wind
action as a secondary process can lead to the production of quartz-rich
sands (e.g., Muhs, 2004), it is also likely that the source rocks to the
Tonopah sands were quartz-bearing. The bulk major element chemistry
and mineralogy is used here to further evaluate the provenance of the
Tonopah sands. From Fig. 9d compositions associated with the para-
meters DCF 1 and DCF 2 (see caption for details) are consistent with
derivation of the sands from a felsic igneous province. This, along with
the presence of both basaltic and rhyolitic lithics, is indicative of local
sources to the sands due to the extensive outcrops of chemically evolved
volcanic sequences in close proximity to Tonopah which were recently
comprehensively characterized with respect to their mineralogy and
bulk elemental geochemistry in a USGS report (du Bray et al., 2019, see
discussion later). The Q-F-L ternary diagram in Fig. 9e (after Dickinson
et al., 1983) records a “recycled orogen” for the tectonic setting of the
sampled sands. Within the context of the fields shown in Fig. 9e, this is
interpreted as indicating reworking of igneous (+/- metamorphic)
lithologies although it is also noted here that no metamorphic lithics
were observed during polarized microscopy or SEM study (Fig. 2).

In Fig. 10, the major and trace geochemical characteristics of the
Tonopah sands are collectively used to highlight and summarize the
similarities and differences between sampled sands and Earth’s crustal
geochemical reservoirs. Relative enrichments and depletions are high-
lighted. When all geochemical signatures are considered, the sampled
sands are most geochemically similar to that of the upper continental
crust with ratios of SiO2, Al2O3, Na2O, La, Pr, Eu, Th, U, Pb, Cs in the
sand to UCC at ~1. Only 3 chemical components in the sand are en-
riched over the UCC at > 1.5: K2O, Ba, and Sr, with Rb being the only
other element that also shows relative enrichment (at > 1,< 1.5).
Interestingly, all of these chemical components are associated with al-
kali and/or plagioclase feldspar with K2O being an essential component
of alkali feldspar and Rb+, Ba2+ and Sr2+ substituting into the K+ or
Ca2+ sites in alkali and plagioclase respectively. Collectively, these
relative enrichments are interpreted as reflecting the relatively high
contribution from chemically evolved, felsic source materials to the
Tonopah sand dunes. Five of the chemical components reported for the
sampled sands consistently show depletion (< 0.5) relative to the UCC
reservoir: TiO2, Fe2O3, MgO, MnO, and Sc. Interestingly, all of these
chemical components are common in minerals which would otherwise
be found in mafic lithologies with Fe2O3 and MgO important con-
stituents of olivine, the pyroxenes, and magnetite (Fe2O3), and TiO2

(with Fe2O3) constituting ilmenite. Both Mn and Sc are compatible in
clinopyroxene and ilmenite, with Mn also partitioning into magnetite.
Collectively, these relative depletions are interpreted as reflecting the
relatively low contribution from mafic materials to the Tonopah sand
dunes.

In order to further provide global and broad scale regional context

Table 3
Bulk trace element abundances of sampled Tonopah sand dunes.

Sample ID

Ba ppm 1311 1274 1320 628 532 259 456
Th ppm 10.22 10.74 8.74 10.50 6.50 1.20 5.60
Nb ppm 7.02 7.13 6.49 12.00 10.00 5.00 8.00
Y ppm 13.17 13.40 13.08 21.00 20.00 16.00 19.00
Hf ppm 2.75 2.96 2.35 5.30 4.40 1.90 3.70
Ta ppm 0.62 0.62 0.57 0.90 0.60 0.60 0.70
U ppm 2.89 3.03 2.45 2.70 1.30 0.20 1.30
Pb ppm 16.23 16.12 16.10 17.00 15.20 4.00 11.00
Rb ppm 107.9 109.7 95.9 84.0 65.0 11.0 49.0
Cs ppm 4.83 5.04 4.33 4.90 2.20 0.30 2.00
Sr ppm 522 469 572 320 282 348 320
Sc ppm 3.2 3.0 4.4 14.0 19.0 31.0 21.9
Zr ppm 96 107 82 193 149 68 132
La ppm 29.66 30.81 28.60 31.00 24.00 8.00 20.00
Ce ppm 46.62 48.25 46.00 63.00 53.00 20.00 43.00
Pr ppm 6.08 6.23 5.96 6.10 5.80 2.40 4.90
Nd ppm 21.16 21.48 21.22 27.00 25.00 11.00 20.00
Sm ppm 3.80 3.92 3.87 4.70 4.60 2.80 3.90
Eu ppm 0.95 0.92 1.01 1.00 1.40 1.10 1.10
Gd ppm 2.82 2.84 2.86 4.00 4.00 3.10 3.70
Tb ppm 0.43 0.42 0.43 0.70 0.70 0.48 0.60
Dy ppm 2.38 2.46 2.48 3.90 3.80 3.10 3.60
Ho ppm 0.46 0.49 0.47 0.83 0.82 0.68 0.77
Er ppm 1.26 1.29 1.28 2.30 2.30 1.90 2.10
Tm ppm 0.19 0.19 0.19 0.30 0.32 0.24 0.28
Yb ppm 1.19 1.25 1.17 1.96 2.20 1.50 1.90
Lu ppm 0.18 0.20 0.18 0.31 0.40 0.25 0.30
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ffor the studfied Tonopah sands, major element oxfides are compared to

dune fields ffrom across the world finFfig. 11a and the central-western US

finFfig. 11b. In both cases Log (SfiO2/Al2O3) vs. Log (Na2O/K2O) values

are shown as proxfies ffor mfineralogfical maturfity (affterPettfijohn et al.,

1973, modfified ffromMuhs, 2017). Here, sands whfich are more mature

wfill have hfigher Log (SfiO2/Al2O3) at lower Log (Na2O/K2O) due to the

fincreased presence off quartz and fincreasfing lack off ffeldspar, whfile Log

(Na2O/K2O) specfifically accounts ffor the contrfibutfion ffrom plagfioclase

vs. alkalfi ffeldspar (fi.e. depletfion fin plagfioclase due to more resfistant

alkalfi ffeldspar,Muhs, 2017). Compared to actfive and Holocene-aged

dunes fin the US, global dune systems exhfibfit the same range off varfia-

bfilfity. Consfiderfing these composfitfional parameters, the Tonopah sands

are comparable to those off the Taklamakan Desert fin southwest Xfin-

jfiang, western Chfina and are classfified here as greywackes (and perhaps

as weak lfithfic arenfites). Wfithfin global contexts the Tonopah sands are

dfistfinctly quartz-poor (Log (SfiO2/Al2O3) < 1) and relatfively fim-

mature. Compared to dune fields fin the US Tonopah sands are the most

sfimfilar to those off the Mojave Desert, Calfiffornfia wfith very sfimfilar

ranges off Log (SfiO2/Al2O3) values: 0.65–0.80. These values are notably

lower than other dune fields across the US whfich are demonstrably

more mature (up to quartz arenfite) wfith correspondfing Log (SfiO2/

Al2O3) values up to ~2.3 (the Monahans dunes off west Texas). Con-

sfistent wfith prevfious observatfions the Tonopah sands specfifically ex-

hfibfit sfimfilar chemfical characterfistfics to the Cadfiz, Danby, and Dale lake

sands (see map finFfigs. 1a,7c,8b). These are represented finFfig. 11b by

the Mojave Desert composfitfional field. Agafin, consfistent wfith prevfious

observatfions sampled Tonopah sands are composfitfionally dfistfinct ffrom

the Algodones dunes to the south fin Calfiffornfia and the Parker dunes off

Ffig. 7.(a) Bulk major element oxfide composfitfions off sampled Tonopah Sand Dunes compared to bulk major element oxfide data ffor Earth’s crustal geochemfical reservofirs.

UCC: Upper Contfinental Crust; MCC: Mfiddle Contfinental Crust; LCC: Lower Contfinental Crust; BCC: Bulk Contfinental Crust. Data ffromRudnfick and Gao (2003). As shown,

SfiO2and Al2O3domfinate the bulk major element chemfistry off sampled sand (tfightly constrafined at 88–92 wt% off total between all 10 samples), consfistent wfith the

abundance off quartz and ffeldspar. Compared to bulk crustal reservofirs, the sand dunes are composfitfionally the most sfimfilar to the UCC reservofir. (b) Bulk major element

oxfides (as wt%), excludfing SfiO2and Al2O3. Wfith respect to the major elements whfich contrfibute 8–12 wt% off the sampled sand dunes, K2O, Na2O, and CaO domfinate. Thfis

fis entfirely consfistent wfith the abundance off ffeldspar mfinerals observed. By comparfison to bulk crustal reservofirs, the proportfions off these partficular major oxfides are hfigher

although finter- major element oxfide ratfios are sfimfilar to that off the UCC reservofir. (c) wt% CaO vs. wt% K2O comparfing sampled Tonopah sands to select nearby dune fields

across the western US (ffor dune field locatfion seeFfig. 1). Data ffrom:Zfimbelman and Wfillfiams (2002), Muhs et al. (2017). (d) SfiO2/Al2O3vs. K2O/Na2O sfignatures ffor

sampled sand dune compared to bulk crustal geochemfical reservofirs. Wfith respect to both off these parameters, samples are agafin most sfimfilar to the UCC reservofir,

partficularly SfiO2/Al2O3. e) Na2O/CaO vs. Fe2O3/MgO sfignatures ffor sampled sand dune compared to bulk crustal geochemfical reservofirs. Wfith respect to both off these

parameters, samples are agafin most sfimfilar to the UCC reservofir, partficularly Fe2O3/MgO. (ff) Bulk wt% Na2O vs. wt% K2O applfied to assess extent off quartz domfinance.

Consfistently, sampled sands plot as Quartz-rfich at Na2O/ K2O > 1. (g) Bulk wt% Al2O3+ K2O + Na2O vs. wt% SfiO2applfied as an evaluatfion off humfidfity or arfidfity.

Consfistently, sampled sands plot as befing derfived ffrom an arfid envfironment. h) Assessment off sand dune provenance: DCF 1:

(−1.773*TfiO2) + (0.607*Al2O3) + (0.76*Fe2O3) + (−1.5*MgO) + (0.616*CaO) + (0.509*Na2O) + (−1.224*K2O) + (−9.09) vs. DCF 2:

(0.445*TfiO2) + (0.07*Al2O3) + (−0.25*Fe2O3). Consfistently, sampled sands plot as befing derfived ffrom a ffelsfic figneous provfince.
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Arizona (see map in Figs. 1a, 7c, 8b). Both of these dune fields are
mineralogically more mature (Log (SiO2/Al2O3) 1–1.5) and are classi-
fied as sub-arkose to sublithic-arenite in Fig. 11b. Regionally this is
consistent with the Mojave Desert sand dune fields and the Tonopah
sands being derived from a source (or sources) distinct from that of the
Algodones (and Parker) dunes despite their close spatial proximity
(Zimbelman and Williams, 2002; Muhs et al., 2003; Muhs, 2017). This
can be accounted for (as discussed in Muhs et al. 2003) by the Colorado
River acting as a barrier to sediment transport from the Mojave Desert
region eastward. While the mineralogically mature Algodones and
Parker dunes are ultimately associated with derivation from Colorado
River sediments, the mineralogically less mature Mojave Desert sands
(Danby, Cadiz, and Dale lake) have origins associated with chemically
evolved granodiorite/granite-derived alluvium, likely derived from
surrounding mountain ranges (e.g. the Coxcomb, Old Woman, and
Turtle Mountains; see Fig. 10 in Muhs, 2017). Due to the similarity
between the Tonopah sands and these Mojave Desert sand dune fields,
Tonopah sands are therefore interpreted to also be derived from che-
mically evolved igneous sources. This is explored and discussed on a
more regional and local scale below.

In order to further evaluate regional and/or local source(s) to the
Tonopah sand dunes, their bulk major element chemistries were com-
pared to the bulk chemical signatures from the surrounding bedrock.
Bulk elemental data for these potential sources was accessed through
the USGS National Geochemical Database. For the state of Nevada, Nye
county (in which Tonopah lies) is the second most well-characterized
with respect to sample coverage out of the 17 subdivisions across the
state with 6089 samples analyzed (as of Dec. 2019). Comparison be-
tween the 10 sampled sands, Earth’s bulk crustal reservoirs, and the
average Nye County bedrock are shown in Fig. 12 (a-j for each major
element oxide). The average composition of the Nye County bedrock is
summarized in Table 4. The difference in wt% of the major element
oxides between the Nye County bedrock and the sampled sands is
summarized in Fig. 12k with each sand plotted for each of the oxides.
With respect to bulk chemistry, several of the major element oxides
exhibit differences of < 0.5 wt% (P2O5, TiO2, and MnO). These major
oxides are typically however associated with the trace and minor
phases in crystalline bedrock and so this is not unexpected due to pri-
mary abundances in crystalline bedrock being low (see Fig. 13 later).
The abundance of wt% Fe2O3, MgO, and CaO are also consistently less
than the average Nye County bedrock but no more than by 2.5 wt%
with Fe2O3 from 0.7 to 1.3 wt% less and MgO and CaO at 1.5–2.5 wt%.
This interpreted here to again be consistent with the lack of mafic

minerals in the sampled sands (see earlier). The remaining major oxides
are all enriched relative to Nye County bedrock. Both wt% Na2O and
K2O are variably enriched up to ~1.5 wt% with K2O slightly more
enriched compared to Na2O. wt% Al2O3 is enriched by 1–3 wt% with wt
% SiO2 enriched by ~2–5 wt% with the exception of one of the samples
which is enriched up almost 10 wt%. The collective enrichment in SiO2

is consistent with the observation and classification of these sands being
quartz-rich (Figs. 2, 3, 9a) and the interpretation that not only were the
source rocks likely quartz rich but that secondary processing through
wind action has worked to mature the sediment.

Of the 21 regions at the 1:250,000 scale classified by the USGS,
Tonopah is the second most well-characterized region with 5397 sam-
ples analyzed. Fig. 12l and Table 4 summarizes the comparison of the
Tonopah sands to the average Tonopah bedrock. Inferences from this
are the same as those from the Nye County comparison with similar
orders of magnitude with respect to differences observed for each wt.%
oxide and the same relative enrichments and depletions observed. The
only minor observable differences are that differences in Fe2O3 are
slightly less at 0.2–0.8 wt% and slightly more for MgO and CaO at
2.4–2.8 and 1.9–2.5 respectively.

In 2019 the USGS released a Scientific Investigations Report on the
Petrology and Geochemistry of the volcanic sequences associated with
Tonopah and the surrounding mining areas at Divide (6.5 miles south of
Tonopah) and Goldfield (28 miles south of Tonopah). Within that re-
port (du Bray et al., 2019), 26 bulk chemical analyses were reported
which included analyses of local andesites, trachyandesites, trachytes,
dacites, rhyodacites, and rhyolites. The average composition of these
potential source rocks was used to compare to the bulk major element
chemistry of the Tonopah sand dunes. Results are summarized in
Table 4 and in Fig. 13. Differences in wt% P2O5, TiO2, and MnO are
similar to both the Nye County and Tonopah datasets (close to 0 at <
0.5 wt%). Differences in wt% Na2O are typically < 1 wt% with dif-
ferences in wt% CaO < 2. Notably, differences in wt% Fe2O3 are
higher by ~2 wt%. With respect to the remaining major element oxides
(wt% SiO2, Al2O3, MgO, and K2O) differences between sampled sands
and the average volcanic rocks around Tonopah are less than when
compared to the average bedrock compositions considered in Fig. 12k-l
(see also, Table 4). Most notable is the comparatively low difference in
wt% SiO2 with values as low as 0.92 wt% for one sample although
between 1 and 4 wt% difference is more characteristic.

While the recent data set presented by du Bray et al. (2019) presents
an enticing possibility for identifying the source rocks to the Tonopah sand
dunes, it is highly likely that they are not the only source although they

Fig. 8. (a) Chondrite-normalized REE plot of sampled sands compared to the bulk REE geochemistry of Earth’s crustal reservoirs. Sands show LREE enrichment over
the MREEs, and MREE enrichment over the HREEs. (b) K/Ba vs. K/Rb for sampled Tonopah sands compared to regional dune fields. Figure modified from Muhs
(2017). Data from Pepe (2014) for Bristol Trough (Cadiz and Danby dune fields) and Clark’s Pass, CA, also included.
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may prove to be the domfinant source. Thfis finfference fis made based on the

ffact that the dune system studfied here fis a star dune and that the pre-

vafilfing wfind dfirectfion throughout the year does change, although the

domfinant dfirectfion fis ffrom north to south (seesupplementary Ffig. 1). The

relatfive lack off mafic lfithfics supports derfivatfion ffrom chemfically evolved

sources yet they are present (Ffig. 2) hence the Tertfiary basalts whfich

outcrop a ffew mfiles to north and east off Tonopah are lfikely to also be

contrfibutfing. These finfferences regardfing sand provenance can however be

easfily tested by ffuture studfies. For example, the volcanfic rocks findu Bray

et al. (2019)were reported to have been erupted and emplaced over a

tfime fframe off 21 Ma to 12 Ma (dependfing on the findfivfidual unfit) as

constrafined by Ar-Ar fin allanfite, plagfioclase, and sanfidfine as well as U-Pb

fin zfircon. Whfile allanfite was not fidentfified fin sampled sands, abundant

ffeldspars and zfircon was hence these grafins could be targeted ffor ffuture

geochronologfical analysfis fin order to ffurther finvestfigate the source ma-

terfial(s) to the Tonopah Crescent dunes.

Ffig. 9.(a) Chemfical Index off Alteratfion (CIA) affter Nesbfitt and Young (1982). Tonopah sands exhfibfit a lfimfited range off values ffrom ~60 to 63. For dfiscussfion see

text. (b) Quartz-Feldspar-Lfithfics dfiagram used to evaluate the tectonfic settfing off the sampled sands (as would otherwfise be finfferred by Q-F-L characterfistfics).
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4.4. Provfidfing envfironmental context

Sands ffrom the large southern dune north off Tonopah should be

consfidered as an approprfiate envfironmental refference materfial ffor

central Tonopah because the dune fis located 15 km to the north-

northwest west off the town, yet the dune fis a star dune (Ffig. 1c,d), and

thereffore recefives sedfiment contrfibutfions ffrom all dfirectfions. However,

there are several ffactors that need to be consfidered fiff these dune sands

are to be utfilfized as an envfironmental refference fin the strfict sense.

Tonopah has mfild seasonal varfiatfion off wfind, measured at a 10 m

hefight, over the year wfith more wfind between mfid-February to mfid-

June wfith an average off 8.1 mfiles per hour, and less wfind fin the re-

mafinfing months wfith an average off 6.9 mfiles per hour. Wfind dfirectfion

fis varfiable throughout the year. Wfind fis prfimarfily ffrom

the south ffor approxfimately 3.5 months ffor an average tfime fframe off

ffrom June 17 to September 29, The wfind fis most offten ffrom the north

ffor the remafinfing 8.5 months, ffrom September 29 to June 17 (weath-

erspark.com, see also,supplementary Ffig. 1). Accordfingly, the wfind

dfirectfion ffrom the south would work to permfit transport off sfilver mfine

waste materfial that remafins exposed fin the town off Tonopah today to

be deposfited fin the dune (although no evfidence off thfis was ffound by

thfis study).

Compared to other regfions off the country, Nevada has had com-

paratfively ffew finvestfigatfions fin the area off metal pollutfion whether that

pollutfion orfigfinated ffrom mfine waste or other sources. There have been

a serfies off finvestfigatfions centered on Hg (Eckley et al., 2011; Heyvaert

et al., 2000; Cfizdzfiel et al., 2003; Henny et al., 2002; Mfiller et al., 1998;

Mfiller et al., 1996) but finvestfigatfions off multfiple metals wfithfin the

Ffig. 10.Summary off relatfive enrfichment and depletfion off major oxfide and trace elemental composfitfions ffrom the three sampled sands ffor whfich both major and

trace element data was collected, normalfized to values ffrom Earth’s crustal reservofirs. All shown at the same scale (y-axfis). Where values exceed thfis, dotted arrows

are shown (only LCC-normalfized). For dfiscussfion, see text.
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same study fis comparatfively less common (Sfims et al., 2013; Sfims,

2010; andYang et al., 2003). For example, specfialfized finvestfigatfions off

W pollutfion have been conducted fin Fallon, NV, (Sheppard et al., 2012,

2007) whfileKerstfing et al., (1999)finvestfigated Pu.Soukup et al. (2012)

observed As fin the Nellfis Dunes recreatfional area near Las Vegas re-

portfing concentratfions between 0.42 and 14.71 ppm whfile a later study

(Goossens et al., 2015) ffound concentratfions off As up to 7058 ppm fin

topsofil and bedrock.

One metal that fis noted here as not havfing been extensfively fin-

vestfigated fin broad envfironmental studfies fin these envfironments fin

Nevada fis Pb. Lead fis well establfished as a toxfin that affects a wfide

varfiety off bodfily systems fincludfing neurologfical, renal, cardfiovascular,

hematologfical, fimmunologfical, reproductfive, and developmental eff-

ffects (e.g.,Gostfin 2016; Grandjean and Landrfigan 2014; Grandjean

2010; Ko et al 2007; Lanphear et al 2005; Needleman 2004; Jarup

2003). For example,ATSDR (2019)data findficates that Pb fis a partfi-

cularly harmfful pollutant and that chfildren are more susceptfible to the

health effects off Pb owfing to due to the greater gastrofintestfinal ab-

sorptfion off fingested Pb, more ffrequent hand-to-mouth actfivfitfies, and a

more vulnerable central nervous systems (e.g.,Huang et al. 2016; Ko

et al. 2007; Needleman 2004; Stewart et al. 2014). Lead can negatfively

fimpact chfildren’s mood and behavfiors, cognfitfive ffunctfion, contrfibute to

learnfing deficfiencfies and alter neuromotor and neurosensory ffunctfions.

In adults, fit decreases cognfitfive ffunctfion such as memory, attentfion,

learnfing capacfity, and alters mood and behavfiors. Furthermore, the

agency shows that lead has been shown to fincrease the rfisk off heart

dfisease leadfing to fincreased mortalfity, decrease an findfivfidual's re-

sfistance to dfisease, trends fin autofimmunfity and anemfia, and decreases

ffertfilfity fin both males and ffemales. There are now clear findficatfions that

even mfinfimal exposure to Pb has proven to have sfignfificant negatfive

effects whfich supports the posfitfion that there are no saffe levels off en-

vfironmental Pb exposure (Gostfin 2016; Grandjean 2010; Grandjean and

Landrfigan 2014; Lanphear et al. 2005).

Lead pollutfion fin central and western Nevada fis lfikely owfing to the

extensfive mfinfing hfistory, mfilfitary actfivfity, and transportatfion corrfidors

and towns such a Tonopah are lfikely to be fimpacted. Yet thfis remafins

unconstrafined at present. The Pb concentratfions observed fin thfis study

(at ~16 ppm and consfistent wfith those expected ffor Earth’s bulk upper

contfinental crust, seeTable 3), combfined wfith the comprehensfive mfi-

neralogfical and geochemfical analyses findficate that these sands would

be an approprfiate envfironmental refference ffor ffuture pollutfion studfies

ffor Tonopah and other regfions across central and western Nevada.

Sfimfilar detafiled studfies finvolvfing refference materfials such asLeGalley

et al. (2013) and Barnes et al. (2020)help provfide constrafints on local

and regfional pollutfion wfith ample context.

Thfis finvestfigatfion also has dfirect fimpact on local communfitfies by

supportfing ffunded studfies and communfity organfizatfions wfith geogenfic

background finfformatfion that would not otherwfise be provfided. In

partficular, results ffrom thfis study wfill support ongofing envfironmental

efforts fin Nye County by servfing as fimportant envfironmental refference

materfials. In 2018 Nye County was awarded a total off $800,000 fin

ffederal grants ffrom the U.S. Envfironmental Protectfion Agency ffor

Brownfields envfironmental cleanup efforts on dfistressed trfibal proper-

tfies, mfine-scarred lands, abandoned automotfive statfions and aged

bufildfings wfith hazardous structural materfials (Nye County, 2018). Thfis

ffundfing wfill capfitalfize a revolvfing loan ffund where Nye County wfill

provfide up to ffour loans and one subgrant to support cleanup efforts ffor

contamfinated sfites wfith $200,00 allocated ffor petroleum sfites and

$600,000 allocated ffor hazardous substances. Results off our finvestfiga-

tfion wfill be partficularly usefful ffor provfidfing finfformatfion on not only

geogenfic backgrounds but also the nature off sedfiment ffor organfizatfions

such as the Rural Desert Southwest Brownfields Coalfitfion (RDSBC).

Thfis organfizatfion works to fimprove economfically dfisadvantaged com-

munfitfies and provfides ffundfing and assfistance to transfform con-

tamfinated sfites finto assets that can spur economfic growth. The RDSBC's

regfion fis characterfized by underserved and rural communfitfies that have

finherfited brownfield problems. Data provfided by thfis study has the

potentfial to fimpact envfironmental decfisfion makfing fin addfitfion to

addfing regfional geochemfical context, thus provfidfing both economfic

and envfironmental value.

4.5. Implficatfions ffor ffuture hyperspectral remote sensfing and clfimate studfies

The relectfive spectra collected on the Tonopah sands are consfistent

wfith the observed mfineralogy and geochemfistry wfith most ffeatures

befing assocfiated wfith water or OH groups. The relectfive spectra off the

sands show mfinfimal varfiatfion although there fis modest varfiatfion off the

mfineralogy and bulk geochemfical composfitfion (as has been presented

and dfiscussed). Relectfive spectra should be off sfignfificant utfilfity ffor

ffuture envfironmental studfies. Hyperspectral remote sensfing (HRS)

contfinues to grow sfignfificantly as a tool to finvestfigate the envfironment

throughout applficatfions throughout the Earth Scfiences (e.g., geology:

Sabfins, 1999; Hörfig et al., 2001; Kruse et al., 2003; Crouvfi et al. 2006;

Bfishop et al., 2011; Cracknell and Readfing, 2014; clfimate change: e.g.,

Ffig. 11.a) and b) show Log (SfiO2/Al2O3) vs. Log (Na2O/K2O) values as proxfies ffor the mfineralogfical maturfity (affterPettfijohn et al., 1973) off sampled Tonopah sands

fin addfitfion to global datasets (a) and dune fields across the central and western US (b). Modfified ffromMuhs (2017). Tonopah sands are regfionally the most sfimfilar to

the sand dunes off the Mojave Desert, CA. For dfiscussfion see text.
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Aumann et al. 2005; Ustfin et al., 2009; envfironmental contamfinatfion

e.g.,Swayze et al., 2000; Mars and Crowley, 2003; Choe et al., 2008;

Krekeler and Allen, 2008; Allen and Krekeler, 2011; Lefiffer et al., 2012;

and wfildlfiffe e.g.,Ustfin et al., 2002; Carlson et al., 2007; Leblanc et al.,

2016). There are prevfious studfies reportfing results ffrom hyperspectral

fimagfing off varfious settfings fin Nevada and adjacent regfions (e.g.,Davfies

Ffig. 12.Comparfison off bulk elemental characterfistfics off Tonopah sand to Earth’s bulk crustal reservofirs (as presented earlfier) and the average bedrock composfitfion

off Nye County (panels a-k). Data ffor Nye County accessed ffrom the Unfited States Geologfical Survey (USGS) Natfional Geochemfical Database (n = 6089 samples ffor

Nye County). In panel k, relatfive enrfichment and depletfions, presented as +/- wt% off that oxfide, are presented wfith all reported major oxfides off the Tonopah sand

wfithfin +/-2 wt% off the average Nye County bedrock (as characterfized by USGS data). In panel l), the same data fis summarfized but presented here fin comparfison to

data avafilable ffor Tonopah (avafilable ffrom the USGS Natfional Geochemfical Database (n = 5397 samples ffor Tonopah).
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and Calvin, 2017; Mars and Crowley 2003). Having well-characterized
substrates such as the Tonopah sands is therefore important for re-
ference materials within these contexts and can serve numerous pur-
poses across multiple disciplines working in Nevada. The Tonopah
sands can be therefore used in both field experiments in the region and
direct observation and investigation of hyperspectral imagery in the
context of ecology, mine waste studies, and even nearby military re-
search and development operations.

By comprehensively documenting the mineralogical and geochem-
ical characteristics of the Tonopah sand dunes this study therefore
presents much needed context for future work across the region.

5. Conclusions

The comprehensive mineralogical and geochemical characterization
of the Tonopah sands studied here has established the regional geogenic
background and therefore serves as an important environmental re-
ference material for future studies of dune systems and metal pollution
across the region. Sampled sands are quartz-rich as observed via po-
larized light microscopy, scanning electron microscopy, reflective
spectroscopy and as defined by bulk major element oxide

characteristics. From the modal composition of QFL components, the
sands can be classified predominantly as litharenites with the lithic
component characterized by both rhyolitic and basaltic grains (rhyolitic
lithics are however dominant). Bulk major oxide characteristics are also
consistent with the sands being produced in an arid (to semi-arid) en-
vironments with CIAs indices ranging from 50 to 65. Both bulk major
element oxide and bulk trace element compositions (specifically the
rare earth elements) are broadly consistent with derivation from (a)
felsic igneous province(s) and exhibit geochemical characteristics of
Earth’s bulk upper continental crust (e.g. DyN/LuN from 1.2 to 1.4).
When compared to regional dune systems throughout the western US
the Tonopah sands are compositionally similar to the dune fields across
the central Mojave Desert, in particular the Cadiz, Danby, and Daly
Lake sands of eastern California. They are however distinct from the
dune fields of the Parker dunes of Arizona and the Algodones dunes
(also California) where an origin from Colorado River sediments has
previously been established. Similar bulk elemental compositions to
central Mojave desert dune systems is therefore consistent with the
derivation of the Tonopah sands from chemically evolved (igneous)
provinces. The derivation and provenance of the Tonopah sands was
further evaluated by comparing bulk major element compositions to

Table 4
Bulk major element comparisons between sampled Tonopah sands and potential sources.

Tonopah (USGS Geochemical Database)

P2O5 SiO2 TiO2 Al2O3 Fe2O3 MgO CaO MnO Na2O K2O

0.35 65.14 0.52 12.2 1.82 2.98 4.25 0.09 2.5 3.25

TSD_1 −0.27 5.08 −0.47 2.97 −0.24 −2.65 −1.95 −0.07 0.90 1.20
TSD_2 −0.30 10.27 −0.33 1.21 −0.79 −2.74 −2.53 −0.07 0.03 0.24
TSD_3 −0.28 5.31 −0.35 2.45 −0.46 −2.67 −2.27 −0.08 0.87 1.53
TSD_4 −0.25 3.79 −0.25 2.56 −0.36 −2.64 −2.07 0.00 1.06 1.10
TSD_5 −0.30 5.80 −0.31 2.27 −0.30 −2.42 −2.43 −0.05 0.64 1.48
TSD_6 −0.25 5.71 −0.31 2.90 −0.41 −2.51 −1.97 −0.09 0.33 1.39
TSD_7 −0.24 4.60 −0.30 3.20 −0.33 −2.65 −2.09 −0.05 0.73 1.23
TSD_8 −0.26 4.77 −0.38 1.70 −0.54 −2.37 −2.29 −0.06 0.53 1.41
TSD_9 −0.22 5.91 −0.39 2.38 −0.36 −2.42 −2.27 −0.05 0.23 1.44
TSD_10 −0.23 2.99 −0.26 3.03 −0.20 −2.40 −1.92 −0.04 0.93 0.87

Nye County (USGS Geochemical Database)

P2O5 SiO2 TiO2 Al2O3 Fe2O3 MgO CaO MnO Na2O K2O

0.31 65.78 0.49 12.39 2.31 2.73 3.82 0.09 2.64 3.22

TSD_1 −0.23 4.45 −0.44 2.78 −0.73 −2.40 −1.52 −0.07 0.76 1.22
TSD_2 −0.26 9.64 −0.29 1.02 −1.28 −2.49 −2.10 −0.07 −0.11 0.26
TSD_3 −0.24 4.68 −0.31 2.26 −0.95 −2.42 −1.84 −0.08 0.73 1.55
TSD_4 −0.21 3.16 −0.22 2.37 −0.85 −2.39 −1.64 0.00 0.92 1.12
TSD_5 −0.26 5.17 −0.28 2.08 −0.79 −2.17 −2.00 −0.06 0.50 1.50
TSD_6 −0.21 5.08 −0.27 2.71 −0.90 −2.26 −1.53 −0.09 0.19 1.42
TSD_7 −0.20 3.97 −0.26 3.01 −0.82 −2.40 −1.66 −0.05 0.59 1.25
TSD_8 −0.22 4.14 −0.35 1.51 −1.03 −2.12 −1.86 −0.07 0.39 1.43
TSD_9 −0.18 5.28 −0.35 2.19 −0.85 −2.17 −1.84 −0.05 0.09 1.46
TSD_10 −0.19 2.36 −0.23 2.84 −0.69 −2.14 −1.49 −0.05 0.79 0.90

du Bray et al. (2019)

P2O5 SiO2 TiO2 Al2O3 Fe2O3 MgO CaO MnO Na2O K2O

0.25 67.21 0.57 15.59 3.61 1.5 3.6 0.07 3.62 3.97

TSD_1 −0.17 3.01 −0.52 −0.42 −2.03 −1.17 −1.30 −0.05 −0.22 0.48
TSD_2 −0.20 8.20 −0.38 −2.18 −2.58 −1.26 −1.88 −0.05 −1.09 −0.48
TSD_3 −0.18 3.24 −0.40 −0.94 −2.25 −1.19 −1.62 −0.06 −0.25 0.81
TSD_4 −0.15 1.72 −0.30 −0.83 −2.15 −1.16 −1.42 0.02 −0.06 0.38
TSD_5 −0.20 3.73 −0.36 −1.12 −2.09 −0.94 −1.78 −0.03 −0.48 0.76
TSD_6 −0.15 3.64 −0.36 −0.49 −2.20 −1.03 −1.32 −0.07 −0.79 0.67
TSD_7 −0.14 2.53 −0.35 −0.19 −2.12 −1.17 −1.44 −0.03 −0.39 0.51
TSD_8 −0.16 2.70 −0.43 −1.69 −2.33 −0.89 −1.64 −0.04 −0.59 0.69
TSD_9 −0.12 3.84 −0.44 −1.01 −2.15 −0.94 −1.62 −0.03 −0.89 0.72
TSD_10 −0.13 0.92 −0.31 −0.36 −1.99 −0.92 −1.27 −0.02 −0.19 0.15
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regional and local bedrock compositions, including a recently compiled
dataset for the chemically evolved Miocene-aged andesites-dacites-
rhyolites across Tonopah and mining districts to the south. Compared to
the regional bedrock (Nye County), local bedrock (Tonopah), and the
Miocene-aged volcanics, the Tonopah sands are consistently enriched in
wt% SiO2 and Al2O3 (and to a lesser extent K2O and Na2O), and rela-
tively depleted in wt% MgO and CaO. This is consistent with the
quartzofeldspathic nature of the sands and the likely secondary process
of wind action promoting the development of quartz-rich sands. When
compared to these regional and local compositions, the argument can
be made that the Tonopah sands are the most similar (when all che-
mical components and potential sources are considered) to the
Miocene-aged volcanics however this could be further investigated (and
constrained) via future geochronological study of the accessory phase
components of the sands (e.g. U-Pb in zircon).

This comprehensive study provides mineralogical, geochemical and
context for future environmental studies in the region including sand
and dust provenance, soil science, mine waste pollution, and studies of
environmental change. In particular, the Pb concentrations and re-
flective spectroscopy data serve as important references for specific
environmental study. This investigation has demonstrated the multi-
disciplinary utility of dune sands in Nevada for establishing environ-
mental contexts for a region that is in high need of environmental study
and action.
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