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Abstract

We report the first multiscale, systematic field-based testing of correlations between orbital scale advanced
spaceborne thermal emission and reflection radiometer visible near-infrared (VNIR)/shortwave infrared (SWIR)
reflectance and thermal infrared relative emissivity and outcrop scale Raman spectroscopy, VNIR reflectance,
X-ray diffraction (XRD), and laser-induced breakdown spectroscopy (LIBS) mineralogy and chemistry in a
saline dry lakebed. This article is one of three reports describing the evolution of salt deposits, meteorological
record, and surface and subsurface salt mineralogy in Dalangtan, Qaidam Basin, a hyperarid region of the Tibet
Plateau, China, as potential environmental, mineralogical, and biogeochemical analogues to Mars. We have
successfully bridged remote sensing data to fine scale mineralogy and chemistry data. We have defined spectral
end-members in the northwestern Qaidam Basin and classified areas within the study area on the basis of their
spectral similarity to the spectral end-members. Results of VNIR/SWIR classification reveal zonation of
spectral units within three large anticlinal domes in the study area that can be correlated between the three
structures. Laboratory Raman, VNIR reflectance, XRD, and LIBS data of surface mineral samples collected
along a traverse over Xiaoliangshan (XLS) indicate that the surface is dominated by gypsum, Mg sulfates, Na
sulfates, halite, and carbonates, with minor concentrations of illite present in most samples as well. Our results
can be used as a first step toward better characterizing the potential of orbital reflectance spectroscopy as a
method for mineral detection and quantification in salt-rich planetary environments, with the benefit that this
technique can be validated on the ground using instruments onboard rovers. Key Words: Hyperarid—
Spectroscopy—Mars—Remote sensing—Multiscale mineralogical and geochemical survey. Astrobiology 18,
xxx–xxx.

1. Introduction

In situ instruments on Mars landers and rovers have
enabled unprecedented fine scale investigations of the

mineralogy (Klingelhöfer et al., 2003; Christensen et al.,
2004; Blake et al., 2012), chemistry/geochemistry (Toul-
min et al., 1977; Rieder et al., 2003; Kounaves et al., 2010;
Wiens et al., 2012), rock/regolith textures (Edgett et al.,
2012; Bell et al., 2013), and organic carbon (Summons

et al., 2013). The upcoming NASA Mars 2020 (Williford,
2018) and ESA ExoMars Rover (Vago et al., 2006) mis-
sions will fly instruments that will provide ground-breaking
in situ sensing capabilities and facilitate more detailed fine
scale detection and analysis of chemical elements, miner-
als, and organic compounds than ever before.

Orbital (spaceborne) remote sensing offers the best plat-
form to both efficiently and effectively characterize Mars
surface features across a range of spatial and temporal
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scales. For example, orbiters currently deployed around
Mars (Schmidt, 2003; Zurek and Smrekar, 2007; ISRO,
2015) generate high-resolution optical imaging (McEwen
et al., 2007; Robinson et al., 2010), and hyperspectral data
(Bibring et al., 2006; Murchie et al., 2007) that are used to
characterize surface materials at scales that range from
meters to kilometers per pixel, and to observe the temporal
evolution of surface features (Ayoub et al., 2014).

Although these scales are appropriate for studying mineral
distributions (Bandfield, 2002; Ehlmann et al., 2011; McGuire
et al., 2013), stratigraphy (Milliken et al., 2010; Fassett et al.,
2012; Noe Dobrea et al., 2012), and even context-based
habitability (Brown et al., 2010; Michalski and Niles, 2010;
Bishop et al., 2013), they are not suited to investigate the most
diagnostic physicotextural, geochemical, and other indicators
of preserved biosignatures. Such features, key for the astro-
biological exploration of Mars, can only be explored through
fine scale measurements with landed platforms.

There is, however, a key drawback of landed craft com-
pared with orbiters. They have restricted (if at all) lateral
mobility, which typically limits the spatial coverage to a few
kilometers from the landing site. Mars orbital spacecraft
provide unique measurements of geophysical and mineral-
ogical features globally and repeatedly. Nevertheless, it is
recognized that quantitative ground truth analyses are nee-
ded to assess the validity of spectral remote sensing (Baker,
2013); it is, therefore, essential to provide ground-based
benchmarks and cross-calibration standards to ensure the
self-consistency of information products.

Taken together, the requirements of upcoming missions
to include the search for signs of life (e.g., Mars 2020 and
ExoMars) and the drawbacks of both landed and orbital
sensing indicate that significant advancements in Mars ob-
servation are expected to come about only by (1) im-
plementing terrestrial analog studies to understand processes
on Earth and interpret and ground truth remotely sensed data
sent back from Mars and (2) developing more systematic
capabilities for the fusion of in situ/ground microscale and
remote/satellite macroscale data. Analog and fused data can
be integrated with models, at relevant scales, to increase our
ability to identify the most valuable sites for habitability and
biosignature potential, characterize materials from macro- to
microscale, and ultimately help return the most valuable
martian samples to Earth.

There are several examples that demonstrate the impor-
tance and impact of fusing in situ measurements of prop-
erties such as spectral reflectance, fluorescence, temperature,
and soil moisture with remotely sensed topography and
spectral reflectance signals to create relevant multiscale
models for the characterization of Mars analogues (Bal-
dridge et al., 2004; Brown et al., 2004, 2005; Warren-
Rhodes et al., 2007; Seelos et al., 2010; Bishop et al., 2011;
Clarke and Bourke, 2011; Hauber et al., 2011).

This article reports the first multiscale systematic field-based
testing of correlations between orbital scale advanced space-
borne thermal emission and reflection radiometer (ASTER)
visible near-infrared (VNIR)/SWIR reflectance and thermal
infrared (TIR) relative emissivity and outcrop scale Raman
spectroscopy, VNIR reflectance, X-ray diffraction (XRD), and
laser-induced breakdown spectroscopy (LIBS) mineralogy and
chemistry in a saline dry lakebed. This article is one of three
describing the salt mineralogy and biosignatures in Dalangtan
(DLT), Qaidam basin, a hyperarid region of the Tibet Plateau,
China, as potential environmental, mineralogical, and bio-
geochemical analogues to Mars (see Kong et al., 2018 and
Wang et al., 2018, this volume).

The novelty of this work is the demonstration of bridging
multiscale data from an intensive study of mineral distri-
bution using technologies currently and soon-to-be deployed
on Mars (Table 1).

2. Study Area

The operational scale of this study is the full extent of the
ASTER VNIR subset scene in Figure 1. Although we used
orbital remote sensing data from the full scene, we only
discuss the Xiaoliangshan (XLS) anticlinal dome in detail.
This area was the site of a paleolake that existed from the
Paleocene until the late Pleistocene (Fig. 2). Drill core
studies indicate that this paleolake transitioned from fresh-
water to saline evaporitic conditions by the late Pliocene as
the climate in the basin began to aridify and the lake de-
pocenter migrated toward the southeast in response to tec-
tonic uplift of the northwestern corner of the Qaidam Basin
(Qi et al., 1993; Xia et al., 2001).

Regional deformation during the Pleistocene inferred to
be caused by long-distance propagation of compressive
stress associated with the Indian–Eurasian continental collision

Table 1. Analytical Techniques Used in This Work for Field and Laboratory Analyses,

and Comparable Instrumentation Currently and Soon-To-Be Deployed on Mars

Technique used in this work Comparable instrument on Mars (mission) Launch date

Orbital IR reflectance spectroscopy
(visible near to thermal IR)

OMEGA (ESA Mars Express) 2003
CRISM (NASA MRO) 2005

Contact IR reflectance spectroscopy
(visible NIR)

Mini-TES (NASA MER) 2013
MicrOmega (ESA ExoMars) 2020

Raman spectroscopy (laser at 532 nm) RLS (ESA ExoMars) 2020
SuperCam (NASA Mars 2020) 2020

LIBS ChemCam (NASA MSL) 2011
SuperCam (NASA Mars 2020) 2020
LIBS instrument aboard Chinese Mars rover (CNSA Mars 2020) 2020

X-ray powder diffraction CheMin (NASA MSL) 2011

IR = infrared; LIBS = laser-induced breakdown spectroscopy; MSL = Mars Science Laboratory; NIR = near-infrared.
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created a series of northwest–southeast trending anticlinal
domes throughout the basin (Xia et al., 2001; Liu et al.,
2009). Because of this deformation, the existing lake basin
became segmented into a series of smaller secondary basins.
Lake water in the northwestern Qaidam Basin evaporated
completely by the late Pleistocene, creating the modern playa
surface on the floor of the basin. Virtually all identification of
salt deposits and saline brines in the Qaidam Basin has come
from ground-based mapping and drill core studies (see re-
view in Zheng, 1997).

The remoteness and harsh climate of the Qaidam Basin
complicate access to many areas and limit the ability of re-
searchers to map extensive playa deposits accurately. As of
July 2018, only a few remote sensing studies of the Qaidam
Basin were available in the literature. These studies are mostly
limited to using single band images to map the structural ge-
ology of the basin (e.g., Bailey and Anderson, 1982) and de-

scribe geomorphological features (Anglés and Li, 2017; Xiao
et al., 2017) or hyperspectral images over small areas
to identify hydrocarbons associated with natural gas deposits
(Hu et al., 2007). We are not aware of previous remote sensing
studies of the surface mineralogy of the Qaidam Basin.

3. Methods

3.1. Field sampling

We collected samples from several sites along a traverse
on the slope of the XLS anticlinal dome. Figure 3 is a high-
resolution QuickBird image showing the locations of the
sampling sites along the traverse route recorded with a
handheld GPS receiver. Surface materials along the traverse
included blade-like efflorescences of gypsum, halite crusts,
and an ubiquitous thin coating of tan to light brown-colored
fine, sand-sized grains (Fig. 4). Areas on XLS that appear

FIG. 1. Full ASTER scene shown on ASTER VNIR color image. White box shows the location of the Xiaoliangshan
anticlinal dome. ASTER, advanced spaceborne thermal emission and reflection radiometer; VNIR, visible near-infrared.
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relatively bright in the ASTER VNIR color image (Fig. 1)
tended to correlate with areas on the ground observed to be
more gypsum-rich than areas that appear more dark-toned in
the ASTER image.

The samples were sealed in double plastic bags to minimize
transformation of the minerals during transport. Upon arrival
to our laboratory, the samples were placed in a freezer, where
the temperature fluctuated between -9�C and -11�C. We
monitored the samples periodically and we did not observe
transformation during storage. To further reduce the chance of
transformation (e.g., through dehydration and rehydration),
we analyzed the samples within weeks of collection.

3.2. Orbital remote sensing

We used ASTER Level-1B radiance-at-sensor products as
the basis for our orbital remote sensing analysis. ASTER data
products are available through the NASA EarthData portal
(https://earthdata.nasa.gov). Radiance from ASTER’s VNIR
and SWIR subsystems was reduced to surface reflectance
values by using the fast line-of-sight atmospheric analysis of
spectral hypercubes (FLAASH) algorithm (Berk et al., 1999).
Radiance data from ASTER’s TIR subsystem was converted

FIG. 2. Evolution of Paleocene-Late Pleistocene Qaidam Basin paleolake. Modified from Qi et al. (1993).

Table 2. Spectral Bandpasses and Spatial

Resolution of Bands in Each of Advanced

Spaceborne Thermal Emission and Reflection

Radiometer’s Three Subsystems

Subsystem Band No.
Spectral

range (lm)
Spatial

resolution (m)

VNIR 1 0.52–0.60 15
2 0.63–0.69

3N 0.78–0.86
3B 0.78–0.86

SWIR 4 1.600–1.700 30
5 2.145–2.185
6 2.185–2.225
7 2.235–2.285
8 2.295–2.365
9 2.360–2.430

TIR 10 8.125–8.475 90
11 8.475–8.825
12 8.925–9.275
13 10.25–10.95
14 10.95–11.65

SWIR = shortwave infrared; TIR = thermal infrared; VNIR = vis-
ible near-infrared.
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to relative emissivity by using the alpha residuals algorithm
(Hook et al., 1992). The alpha residuals technique uses
Wien’s approximation of the Planck function to linearize the
equation and log averages to remove the kinetic temperature
term. The resultant alpha residual spectra have a mean of zero
but display the same shape as absolute emissivity spectra.

Map units were defined based on spectrally distinct sig-
natures extracted separately from reflectance and qualitative
emissivity data. The band centers in ASTER’s VNIR and
SWIR subsystems (Table 2) allow identification of charge
transfer/electronic transition absorptions, metal-OH combi-
nation bands, and carbonate-related absorptions (Clark, 1999).
The band centers in ASTER’s TIR subsystem (Table 2) en-
able discrimination between felsic versus mafic composition
as well as identification of sulfates and carbonates from
fundamental molecular absorption features (Salisbury and
D’Aria, 1994). Table 3 lists the input parameters for the

FIG. 3. Pan-sharpened QuickBird image provides a high-resolution view of the northeastern limb of Xiaoliangshan and
sample collection sites.

Table 3. Input Parameters Used for

FLAASH Correction

Parameter Value

Scene ID AST L1B 00308152004044952
20080813134807 20478

Data acquired August 15, 2004

Scene center location
(degrees, minutes,
seconds)

38�24¢18.37†N, 91�21¢31.33†E

Sensor altitude (km) 705
Average surface

elevation (km)
2.8

Atmospheric model Midlatitude summer
Initial visibility (km) 40
Aerosol scale height (km) 2
CO2 mixing ratio (ppm) 390
MODTRAN resolution 5 cm-1
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ASTER scene used in this study. The wavelength range of
ASTER’s TIR sensors lies within the 8–14mm atmospheric
transmission window, thus minimizing the need to perform
an atmospheric correction of the data.

3.3. In situ sensing

We recorded near-infrared (NIR; 1.25–2.5mm) reflectance
spectra at each of the sampling sites along the traverse route
shown in Figure 3 without any sample preparation. All spectra
were recorded in 30 s long integrations and relative to a halon
white reference. We used the water infrared (WIR) instru-
ment, a prototype instrument developed at Washington Uni-
versity in St. Louis (WUSTL) (Wang et al., 2010a; Wang,
2013; Sobron and Wang, 2017). WIR is a miniaturized, field-
ready, active source NIR (1.14–4.76mm) reflectance spec-
trometer that enables in situ, near real-time identification of
water (structural or adsorbed), carbonates, sulfates, hydrated
silicates, as well as C-H and N-H bonds in organic species.

WIR is suited for lander/rover deployment in two modes:
(1) In traverse survey mode, WIR is integrated into a rover
wheel and performs nonstop synchronized data collection

with every revolution of the wheel; large amounts of data
points can be collected during a rover traverse that inform
the spatial distribution of mineral phases; (2) In point-check
mode, WIR is mounted on a robotic arm of a rover/lander
and deployed on selected targets at planetary surfaces, or
installed inside an analytical laboratory where samples from
a drill/scoop are delivered for detailed analysis.

During our field campaign, we deployed the phase-II
version of WIR (Fig. 5) with a field of view of 2.5 cm,
volume of 10 · 7.5 · 6.5 cm, mass of 450 g, power con-
sumption of 4 W, and USB data outputs. It covers a spectral
range from 1.25 to 2.5 mm in 128 spectral channels. We
fitted the WIR into a ruggedized housing that enabled op-
eration in the dusty and cold environment of the Qaidam
Basin.

3.4. Laboratory analyses

3.4.1. VNIR reflectance (VNIR spectroscopy). We mea-
sured VNIR reflectance spectra using a FieldSpecProFR from
Analytical Spectral Devices, Inc. with a contact probe and
solar-simulated light source. Spectra were measured relative
to a halon white reference; field of view was *1 cm across

FIG. 4. Field photos from Xiaoliangshan traverse. Scale on arrow is 10 cm long. (a) Panorama showing view to northeast
along traverse. Road is 3.5 m wide. (b) Gypsum efflorescence typical of much of the surface of the field area. (c) Halite
surface crust with efflorescence on edge of desiccation crack.

6 SOBRON ET AL.

D
ow

nl
oa

de
d 

by
 W

as
hi

ng
to

n 
U

ni
v 

fr
om

 w
w

w
.li

eb
er

tp
ub

.c
om

 a
t 0

8/
24

/1
8.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 



on the rock surfaces; spectral resolution was 2 nm; and
spectral range was 0.35–2.50mm. We collected spectra at
several locations on the rock surfaces without preparation.
The spectral response of this instrument was calibrated before
sample analyses by using atomic emission lines from a low-
pressure NIST-traceable gas emission lamp. Each spectrum
was averaged over 50 scans.

3.4.2. Laser Raman spectroscopy. We recorded Raman
spectra from returned samples using a HoloLab5000-532
laser Raman spectrometer (Kaiser Optical Systems, Inc.). The
instrument utilizes the 532-nm line of a frequency-doubled
CW Nd:YAG laser as the excitation source. The spectrometer
covers a spectral range of 100–4000 cm-1 with a spectral
resolution of 4 cm-1. A 20 · microscope objective (0.4 NA)
with a working distance of 1 cm was used for these mea-
surements. This objective produces a condensed laser beam of
6 mm diameter at the focus.

Wavelength calibration of the Raman spectrometer was
carried out by using a neon emission lamp. The spectral
intensity was corrected against a secondary intensity stan-
dard tungsten lamp. The laser wavelength was checked on
each working day by using the Raman peak of a Si wafer at
520.7 cm-1 at 20�C, and this was corrected to be within

–0.2 cm-1. The wavelength accuracy and precision were
better than 1 cm-1 in the spectral region of interest. Samples
were analyzed without preparation. An average of at least
five spots were analyzed on the surface of each of the
samples, thus mitigating inhomogeneities in the samples.

3.4.3. X-ray diffraction and X-ray fluorescence. Each
XRD subsample was ground with a mortar and pestle and
sieved to 150mm. We performed bulk powder XRD analy-
ses using inXitu’s Terra instrument, a field-portable version
of the CheMin instrument aboard NASA’s Mars Science
Laboratory mission (Sarrazin et al., 2008; Blake et al.,
2012). Terra is able to collect X-ray photon data for both
XRD and X-ray fluorescence (XRF) simultaneously. It uti-
lizes a CoKa X-ray tube, and its 2y range is 4–55�. We ran
the instrument in the ‘‘default’’ setting using the clear Mylar
window in the sample holder. For each sample, between 50
and 250 exposures were used depending on the noise in the
diffractograms. The data were analyzed with XPowder
software (www.xpowder.com).

3.4.4. Laser-induced breakdown spectroscopy. We pow-
dered and pressed material subsampled from the returned

FIG. 5. WIR II instrument recording in situ NIR spectra at the Xiaoliangshan anticline in the Qaidam Basin (Tibet
Plateau, China). NIR, near-infrared; WIR, water infrared.
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samples into 2 cm diameter pellets suitable for bulk LIBS
analyses. We analyzed an average of 5 spots across the
surface of each of the sample pellets; 25 single-shot spectra
were recorded at each spot, yielding 125 spectra per sample.
Our custom-built laboratory LIBS setup uses an actively Q-
switched Nd:YAG Minilite-II laser from Continuum: 7 ns
pulse width, maximum 45 mJ/pulse, 1064 nm wavelength,
and an Andor Mechelle 5000 spectrograph equipped with
an intensified CCD detector (Andor iStar 712).

The front optics includes a dichroic mirror to direct the
1064 nm laser pulse into a 5 · microscope objective lens as-
sembly (OFR LMH-5X-1064) that focuses the laser pulse onto
the sample surface for LIBS excitation, with a spot diameter
of *100mm. A bare ultraviolet (UV)-enhanced optical fiber
(230mm core diameter) positioned at *10 mm and 45� from
the surface of the sample collects the light from the plasma
emission. The other end of the collection optical fiber is con-
nected to the high-resolution broadband spectrometer assem-
bly. In this work, we used a 50mm entrance slit, which enables
analyses in the 200–950 nm spectral range with a wavelength-
dependent spectral resolution ranging from 0.04 to 0.1 nm.

The spectra were collected with a 700 ns delay, and the
integration time was set to 4ms. The spectrometer was
wavelength calibrated by using 10 atomic emission lines
from a NIST-traceable Hg/Ar lamp. To correct the overall
spectral response of the whole system, especially the non-
linear efficiency of the dispersion grating in the Echelle
spectrograph and the spectral response of detector, a NIST-
traceable dual deuterium/quartz tungsten halogen lamp was
used as intensity standard.

4. Results

4.1. Orbital remote sensing

A three-step approach was used to define spectral units for
the VNIR/SWIR and TIR image data: (1) suppression of noise
from the image data, (2) tabulation of the most spectrally pure
pixels in the image, and (3) selection of groups of spectrally
distinct pixels that represent spectral end-members within the
scene. These processing steps were applied separately to the
VNIR/SWIR reflectance data and to the TIR relative emissivity
data from the ASTER image. Spectral units were also extracted
from the VNIR/SWIR reflectance data for a spatial subset that
contains the XLS anticline to thoroughly explore the spectral
properties of the sequence of lacustrine deposits exposed at the
surface of the structure.

First, a minimum noise fraction (MNF) transformation was
applied to each data set to enhance subtle absorption features
and suppress noise (Green et al., 1988). The MNF transform
consists of two cascaded principle component transforms. The
first principle component transform is computed for an esti-
mated noise covariance matrix based on pixel-to-pixel varia-
tions in the data to identify and scale noise to unit variance
(Green et al., 1988). The second principle component trans-
form is performed on the result of the first transform to produce
a series of eigenimages with gradually decreasing eigen-
values. Eigenimages with relatively high eigenvalues dis-
play the largest variance and smallest amount of noise.

Areas of the ASTER scene that appeared to contain clouds
or open water were masked out before applying the MNF
transform to prevent these areas from driving the variance of
the scene and making it more difficult to identify geologi-

cally interesting spectral end-members. Data from the MNF
eigenimages were subsequently analyzed by using Board-
man’s Pixel Purity Index (PPI) method (Boardman et al.,
1995). The PPI method repeatedly projects n-dimensional
vectors from the eigenimages randomly onto n-dimensional
unit vectors. Pixels that most frequently appear at the outer
edges of the distribution when projected along a given unit
vector are considered more spectrally pure.

The top few percent of the most spectrally pure pixels as
determined by the PPI were then examined in an n-dimensional
space to select spectrally similar groups of pixels as spectral
end-members. Only spectrally similar groups of pixels that
were geographically colocated were accepted as spectral end-
members. These spectral end-members serve as the basis for
the spectral units mapped and defined hereunder.

4.1.1. VNIR/SWIR spectral units. We identified eight
distinctive spectral units—end-members—from the ASTER
VNIR/SWIR data within the full scene (Fig. 6). We show the
type locations for these spectral units in Figure 1. The spectral
unit names are based on the wavelength range (V for VNIR/
SWIR), an abbreviation for the type location and a sequence
number to distinguish different units found in the same general
location. The eight spectral end-members display several
common reflectance features (Fig. 6). All of the spectral units
show a distinct increase in reflectance from 0.5 to 0.8mm, likely
due to Fe3+ charge transfer absorption centered in the UV and
narrower associated features located near 0.5 and 0.9mm
(Morris et al., 1985; Clark, 1999).

The VNIR portion of these end-member spectra are dis-
tinguished by small variations in their slope. A subtle con-
cave feature located in the second ASTER band of spectral
unit VFLR1 may be due to a Fe3+ absorption centered near
0.68 mm. Interpretation of the Fe3+ absorption features is
difficult because their relative depth not only varies with
mineralogy but is also dependent on grain size, iron oxide
concentrations, and matrix effects (Morris et al., 1989;
Morris and Lauer, 1990). Furthermore, shifts in the location
of Fe3+ absorption features will cause the features to be
spectrally undersampled by ASTER because of the instru-
ment’s limited spectral coverage between 0.5 and 0.8 mm.

The VNIR/SWIR spectral end-members show the greatest
variability at wavelengths >1.65mm. These spectra show several
shallow absorption features superposed on an overall negative
slope from 1.65 to 2.4mm. Units VYSS1, VXLS2, VFLR3, and
VFLR1 show a distinct absorption feature at 2.2mm. The re-
maining spectral units show absorptions at 2.1mm with shoul-
ders at 2.2mm. Absorption near 2.2mm is associated with Al-OH
vibrational mode typically found in dioctahedral varieties of il-
lite ((K,H3O)(Al,Mg,Fe)2(Si,Al)4O10[(OH)2,(H2O)]) and smec-
tite (a hydrous aluminum silicate containing iron, magnesium,
and either sodium or calcium) as well as a combination of the OH
stretch and structural water libration in gypsum (Ca2SO4.2H2O)
(Clark, 1999; Crowley, 1991).

Kaolinite [Al2Si2O5(OH)4] contains a diagnostic absorption
doublet with reflectance minima centered at 2.17 and 2.21mm
due to combination Al-OH bending and OH stretching modes.
However, this doublet appears as a single reflectance mini-
mum at 2.2mm in library reflectance spectra of kaolinite re-
sampled to the ASTER bandpasses. Weak absorptions are
seen near 2.3mm in spectral units VYSS1, VFAN, VYSS2,
VFLR1, and VFLR3. Reflectance minima in this region can
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be caused by combination of CO bending and stretching
modes in anhydrous carbonates (Crowley, 1991; Ryerson
et al., 1999) as well as by combination of OH stretching
bending modes in illite and kaolinite or Mg phyllosilicates
such as saponite, serpentine, or talc (Clark, 1999).

Owing to the ambiguities in the source of absorption fea-
tures in the VNIR/SWIR spectral units, further interpretation of
the mineralogy of ASTER VNIR/SWIR spectra is not possible.

Four spectral end-members have been identified from a
spatial subset of the ASTER VNIR/SWIR data over the XLS

FIG. 6. ASTER spectra for eight VNIR/SWIR units. Each spectrum is an average of the purest pixels identified by PPI
analysis over the full ASTER scene. PPI, Pixel Purity Index; SWIR, shortwave infrared.

FIG. 7. ASTER spectra for four VNIR/SWIR units. Each spectrum is an average of the purest pixels identified by PPI
analysis within the area that contains the Xiaoliangshan anticline.
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anticline (Fig. 7). We show the type locations for these
spectral units in Figure 3. Spectral units are named after their
location (XLS) and a sequence number. These four spectral
units show remarkable similarities to one another. XLS1 and
XLS2 show very similar slopes in the VNIR wavelength
range although XLS1 displays a higher overall reflectance.

XLS3 and XLS4 are nearly identical between 0.56 and
1.65 mm, at which point the slope of XLS4’s reflectance
decreases more quickly than the slope of XLS3’s reflec-
tance. XLS2 and XLS4 each show strong absorption fea-
tures at 2.2 mm. XLS3 contains an absorption at 2.2 mm as a
shoulder to a slightly deeper absorption feature. XLS3 also
contains an absorption at 2.3 mm. Among the four spectral
end-members, XLS1 is the only one that contains a strong
absorption feature at 2.1 mm.

4.1.2. TIR spectral units. We identified four spectral end-
members from the ASTER TIR data within the full scene
(Fig. 8). We show the type locations for these spectral units in
Figure 1. The spectral units are named after a wavelength range
(TIR) and a sequence number. Spectral unit TIR1 shows a
strong absorption near 9mm, which is characteristic of funda-
mental lattice vibrations in quartz (SiO2) and alkali feldspars (a
group of feldspar minerals rich in sodium and potassium)
(Salisbury and D’Aria, 1994).

The distinct absorptions seen at 8.6 mm in units TIR3 and
TIR4 are most likely due to fundamental lattice vibrational
modes in sulfates (Salisbury and D’Aria, 1994). Comparison
of spectral units TIR3 and TIR4 with emissivity library
spectra (Christensen et al., 2000; Lane, 2007) convolved
to the ASTER TIR bandpasses (Fig. 9) suggests that these

end-members could be composed of one or more sulfates
including gypsum, anhydrite (CaSO4), or bassanite (CaSO4�1/
2H2O). The distinct positive slope present in all four spectral
units may be due to overlapping atmospheric water and
carbon dioxide bands centered near 8mm.

Besides the positive slope seen in all four spectra, spectral
unit TIR2 appears flat and featureless. The lack of spectral
features in ASTER TIR emissivity data has been used to infer
the presence of halite (NaCl) in other studies of playa mate-
rials (Crowley and Hook, 1996; Baldridge et al., 2004). On
this basis, we suggest unit TIR2 is dominated by halite. This
interpretation is further supported by field observations of
halite crusts along the XLS traverse (Fig. 4c), including near
the top of the anticline, consistent with the classification map.

4.1.3. Spatial distribution of spectral units. We used the
ASTER VNIR/SWIR and TIR spectral end-members defined in
the previous section to generate classification maps showing the
distribution of these materials within the ASTER scene. We
generated classification maps using the Spectral Angle Mapper
(SAM) method (Kruse et al., 1993).

The SAM method treats spectra as n-dimensional vectors
and computes the angle between two spectra in n-dimensional
space, where n is the number of bands in the image data. The
angle is calculated from the dot product of two vectors where
one vector is the spectrum of a given ASTER pixel and the
other is one of the end-member spectra. Small separation angles
between two spectral vectors indicate spectral similarity. The
SAM method, therefore, depends on the shape of a particular
spectrum rather than absolute reflectance values. This makes
the method relatively insensitive to illumination differences.

FIG. 8. ASTER spectra for four TIR units. Each spectrum is an average of the purest pixels identified by PPI analysis over
the full ASTER scene. TIR, thermal infrared.
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We used the spectral end-members shown in Figures 6, 7,
and 8 as reference spectra to generate three classification
maps for the full VNIR/SWIR scene, VNIR/SWIR data from
the XLS subset, and the full TIR scene, respectively. Pixels
in the ASTER image are assigned to a particular spectral class
if the separation angle from the reference is within a partic-
ular threshold. Pixels that fall outside of the threshold when
compared with all of the reference spectra are not classified.
Thresholds of 0.035, 0.020, and 0.0100 radians were used
for the full scene VNIR/SWIR, subset VNIR/SWIR, and full
scene TIR maps, respectively. The specific threshold values
used in this study represent a compromise between the num-
ber of pixels classified and how closely the pixels in the scene
match a given spectral end-member.

Results of the SAM analysis of the VNIR/SWIR spectral
end-members derived from the full ASTER scene (Fig. 10)
reveal a sequence of spectral units that can be correlated
among the four anticlinal domes in the image. The three
largest anticlinal domes, particularly the unnamed anticline
at the western edge of the ASTER scene, show exposures of
the VFAN unit in close association with the VYSS2 unit.
These two units appear to intermingle somewhat near the
top of Nanyishan and the anticline at the eastern edge of the
scene. The VYSS2 unit is distributed concentrically about
the VFAN unit at the top of the western anticline. The
correlation of units between these three anticlines becomes
less clear toward their outer edges, where exposed deposits
become thinner and fall below the resolution limit of the
instrument.

The anticline at the eastern edge of the ASTER scene
displays an alternating sequence of VYSS1 and VYSS2
material that appears to repeat twice, moving concentrically
outward from the structure’s center. This same anticline also

displays several distinct layers of VXLS2 and VFLR2 ma-
terial on its southern flank that appear to be truncated at an
unconformity. The portion of the Yushashan anticline visi-
ble on the southwestern corner of the ASTER scene shows
surface material that is dominated the VYSS2 unit in areas
that are immediately upslope from alluvial fans that point
into the basin. By contrast, areas of Yushashan that do not
appear to be sources of alluvial material are dominated by
the VFAN spectral unit.

Classified pixels of the basin floor are mostly restricted to
the northern half of the scene, where VFAN material is
widespread. An exposure of VYSS2 material forms a nearly
continuous concentric arc with respect to the broader expo-
sure of the VFAN material. This concentric exposure appears
to parallel the local topographic contours. Several similar
thin exposures of VYSS2 and VYSS1 material are observed
along the northern margin of the basin in the ASTER scene.

XLS displays a strikingly different sequence of spectral units
from those observed on the other anticlines. The northwestern
and southeastern ends of XLS contain several exposures of
VXLS1 material that appears to grade into VFLR2 material
along the flanks of the anticline. A large exposure of VXLS2
occurs on the southern end of the northeastern flank of the
anticline.

The classified pixels on XLS are almost exclusively
composed of material that appears bright in the VNIR bands,
whereas the darker layers on the anticline do not appear to be
spectrally related to the VNIR/SWIR end-members derived
from the full ASTER scene. Results from the SAM analysis
of the VNIR/SWIR spectral end-members derived from the
subset of the ASTER scene over XLS are shown in Fig-
ure 11. These show a repeating sequence of several end-
members within the layers of the anticline. In particular,

FIG. 9. Mineral emissivity library spectra (Christensen et al., 2000; Lane, 2007) resampled to ASTER TIR bandpasses for
comparison with TIR unit spectra.
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layers near the top of the anticline are classified as spectrally
most similar to the XLS4 end-member.

Moving progressively outward from the center of the an-
ticline reveals several concentric layers classified as XLS2
units and then another series of concentric XLS4 units. Not
all of the units appear continuously around the anticline.
Most of the pixels on the southeastern edge of the anticline
were not classified, possibly because they are composed of
mixtures of several of the end-members. Pixels mapped as
spectrally similar to XLS3 occur in two distinct layers ex-
posed on the northwestern half of XLS as well as the basin
floor surrounding the anticline. Except for a few pixels in a
layer near the top of the anticline, unit XLS1 appears only in
very narrow layers on the northwestern slope of the anticline.
The discontinuous nature of the mapped units may be due, in
part, to the asymmetry of the anticline.

The southwestern limb of XLS has a much steeper slope
than that on the opposite limb, causing shortening and ap-
parent pinching out of layers that are more readily visible on
shallower slopes.

Figure 12 shows the SAM classification map of the four
TIR spectral end-members. The TIR1 and TIR2 spectral units
dominate the map. The TIR1 spectral unit characterizes the
surface of Yushashan and the basin floor between Yushashan
and Nanyishan as well as much of the scree slope in front of
the Altun Mountains in the northwestern corner of the image.
This distribution of the TIR1 unit is consistent with the in-
terpretation that the TIR1 end-member spectrum represents
quartz and/or other felsic minerals. The portion of the Altun
Mountains outside of the image to the northwest is composed
primarily of granitic rocks (Liu et al., 2009), therefore, col-
luvium from the mountains would be expected to have a felsic
composition. It is, therefore, reasonable to assume that the
dunes present in the type location for the TIR1 unit are
composed primarily of quartz.

It is interesting to note that this felsic alluvium and col-
luvium have apparently not penetrated deeply into the basin
because much of the rest of the basin floor is dominated by
the TIR2 unit. As discussed earlier, the TIR2 unit is inter-

preted to consist primarily of halite. The distribution of
TIR3 and TIR4 units appears limited to small exposures on
the limbs of anticlinal domes in the scene, concentric about
the TIR2 material.

4.2. In situ reflectance spectroscopy

We recorded NIR reflectance spectra at each of the
sampling sites along the traverse route shown in Figure 3
using the WIR instrument, without any sample preparation.
Figure 13 shows selected spectra from surface materials in
the anticline. The spectra are offset for visualization pur-
poses. All NIR spectra are dominated by strong water
combination bands near 1.45 and 1.95 mm and a weak band
near 1.76 mm, which is consistent with gypsum (Bishop
et al., 2004). Owing to the limited spectral resolution of the
WIR instrument and the high absorption of water units in
our spectral range, we were not able to confirm the presence
of other minerals in the spectra unambiguously. We are
currently exploring linear and nonlinear spectral unmixing
techniques to mitigate these challenges and improve mineral
identification in complex mixtures (Sobron et al., 2013b).

4.3. Laboratory analyses

4.3.1. VNIR reflectance (VNIR spectroscopy). We ob-
tained VNIR reflectance spectra of 14 surface samples col-
lected along the traverse (Fig. 3) in the laboratory using an
ASD FieldSpec Pro reflectance spectrometer. The spectra of
the samples are shown in Figure 14. The laboratory spectra
feature higher spectral resolution and signal-to-noise ratio
(SNR) than those recorded in the field. The laboratory re-
flectance spectra of all the samples contain a shallow ab-
sorption feature near 0.83mm, which is associated with an
Fe3+ spin-forbidden band (Crowley et al., 2006). The labo-
ratory reflectance spectra of 11 of the 14 samples contain an
absorption triplet centered near 1.5mm that is diagnostic of
gypsum. The identification of gypsum is further confirmed by
the presence of an absorption centered near 1.7mm and an
absorption doublet with minima located at 2.21 and 2.26mm.

1.4 1.6 1.8 2 2.2 2.4
Wavelength, nm

R
ef

le
ct

an
ce

DL−02−01−02
DL−02−02−05
DL−02−05−04
DL−02−09−02
DL−02−15−01
DL−02−13−02

FIG. 13. NIR spectra of select location along the anticline traverse recorded in the field using the WIR spectrometer.
Gypsum features at 1.7, 2.21, and 2.26 mm dominate the spectra.
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FIG. 14. VNIR laboratory spectra of samples collected along the traverse recorded with the ASD spectrometer. Sample
locations shown in Figure 3.

Table 4. Mineral Interpretation of Field

Samples Based on Laboratory Reflectance Spectra

Sample ID Laboratory VNIR result

DL-02-01-02 Gypsum, illite
DL-02-01-06 Gypsum, illite
DL-02-02-05 Gypsum, illite
DL-02-03-04 Gypsum, illite
DL-02-04-01 Gypsum
DL-02-05-04 Gypsum, illite
DL-02-06-02 Gypsum, illite
DL-02-08-01 Illite, calcite (?)
DL-02-09-02 Gypsum, illite
DL-02-10-01 Gypsum, illite
DL-02-11-05 Thenardite (?)
DL-02-13-02 Thenardite (?)
DL-02-14-01 Gypsum, illite
DL-02-15-01 Gypsum, illite

? = tentative.

The absorption triplet between 1.4 and 1.6mm is associ-
ated with overtones of the OH fundamental stretching mode
(Crowley, 1991; Crowley and Hook, 1996). The absorption
near 1.7mm is associated with a combination of H2O bending
mode and OH fundamental stretch as well as low frequency
libration modes of structural water (Crowley, 1991). The
absorptions near 2.2mm are associated with a combination of
the fundamental OH stretch and the first overtone of the
water libration mode (Crowley and Hook, 1996).

The interpreted mineralogy of the 14 samples, as determined
from laboratory reflectance spectroscopy, is listed in Table 4.
Similar to in situ spectra, strong gypsum absorption features
dominate most laboratory reflectance spectra. This makes it
difficult to identify other minerals that may be present in a
given sample. However, removing the continuum from the
sample spectra reveals a weak absorption feature centered near
2.3mm that closely resembles the Mg-OH combination band in
illite or a CO bending mode in calcite. We deduce that this
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feature is indicative of illite rather than calcite because there is
an absorption feature at 1.4mm in the spectra that show ab-
sorption at 2.3mm. The 1.4mm absorption is caused by the first
overtones of an OH stretching mode in illite (Clark, 1999).

Calcite does not contain hydroxyl groups and, therefore,
should not show an absorption in its reflectance spectra at
1.4mm. However, calcite cannot be ruled out as a minor con-
stituent of samples that contain the 2.3mm feature. Similarly, we
cannot rule out the possibility from reflectance spectra alone that
the 2.3mm feature is due to Mg-OH stretching modes in Mg
phyllosilicates such as saponite, serpentine, or talc, but we think
that these minerals are unlikely to be present given the absence
of other evidence in the field for hydrothermal alteration or
contact metamorphism in the sampled outcrops.

Three of the samples do not show absorption features that
are diagnostic of gypsum: sample DL-02-08-01 contains ab-
sorption features at 1.4 and 2.3 mm that are consistent with
illite or a mixture of illite and calcite. DL-02-03-04 and DL-
02-13-02 appear nearly spectrally featureless except for a
broad shallow absorption near 1.9 mm, consistent with ad-
sorbed water. The reflectance spectra alone of these two
samples are insufficient to confidently identify their miner-
alogy. The two samples appear brilliantly white with a loose
fine powdery texture. Their spectra indicate that both samples
are anhydrous, but despite their close spatial association with
gypsum in the field, their color and texture are inconsistent
with the anhydrous form of gypsum, anhydrite.

Halite is also spectrally featureless and often shows a 1.9mm
adsorbed water feature but naturally occurring halite would not
be expected to have such a loose texture and fine grain size.
After ruling out anhydrite and halite, we tentatively interpret
these two samples to be predominantly thenardite (Na2SO4)
based on the combination of their bright white color, relatively
featureless spectra loose powdery occurrence in hand sample.
The presence of gypsum and possibly other sulfates is con-
firmed by our Raman analyses (see section 4.3.2.).

4.3.2. Raman spectroscopy. We recorded Raman
spectra from returned samples using a benchtop 532 nm laser
Raman spectrometer. In contrast to the large field of view of
both field and laboratory reflectance spectrometers (*1 cm),

the Raman spectrometer we used in the laboratory analyzes
relative small targets (*6mm in diameter). Therefore, single-
spot Raman spectra from our field samples may not be
representative of the composition of the sample as a whole
because those are mixtures of several mineral phases and are
heterogeneous on length scales much greater than the size of our
focused laser spot. This feature of Raman microscopy is valu-
able for characterizing the microstructure of the sample and fa-
cilitates identifying individual components in complex mixtures.

However, in the context of our investigation, we wanted to
generate bulk data comparable with that of the reflectance
spectrometers. To this end, we used a motorized positioning
stage to perform line scans; the stage repositions the field
samples automatically along one axis at selected intervals. For
each sample, we performed about 30-point scans spaced at
100mm. Our approach takes advantage of the Raman micro-
scope system, designed primarily for obtaining high SNR and
highly spatially resolved spectra, and provides useful data for
the detection of major, minor, and sometimes trace mineral
phases. This approach can help interpret the mineralogy of the
samples at a bulk scale, and makes the spectra comparable
with a macro situation (e.g., XRD and VNIR).

A limitation of our line scan technique is that the focal
distance cannot be optimized for each individual spot, and
some spectra may feature lower SNR than single-spot Ra-
man analyses.

Figure 15 displays selected laboratory Raman spectra
from the field samples. Here we are plotting representative
spectra selected among the >500 spectra we obtained. For
visualization purposes, we show spectra featuring single
mineral species, although in most cases the spectra con-
tained complex combinations of bands arising from multiple
minerals. Our interpretation of the mineralogy of the field
samples is based on direct comparison with Raman spectra
from our extensive collection of reference salts (Wang et al.
2009, 2010b, 2011; Ling and Wang, 2010; Kong et al. 2011;
Sobron and Wang, 2012; and Wang et al. accompanying
article in this issue) and dedicated analysis of Raman band
positions and shapes, as discussed in Sobron et al. (2008).

Here we discuss the interpretation of Raman bands arising
from sulfates, carbonates, illite, and quartz, the predominant
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FIG. 15. Raman laboratory spectra of samples collected along the Xiaoliangshan traverse. Sample locations are shown in
Figure 3.
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species in our field samples. We also found evidence of
anatase TiO2, carbon, feldspar, and many other sulfates and
carbonates not currently included in our database. However,
we either identified them in very few spectra (<25) or their
bands were too weak to warrant discussion. Likewise, we
do not report on the presence of halite, an ubiquitous ma-
terial in DLT, because it is optically transparent to Raman
spectroscopy.

Although Raman spectroscopy can be used to identify and
analyze halides through OH-Cl vibrational modes (Fontana
et al., 1977; Desbat and Huong, 1979; Underhill, 1979; Furić
et al., 2000; Frost et al., 2002; Frost, 2004), hydrous chlorides
are not stable in the hyperarid surface conditions on XLS.
Note that we identified these in DLT subsurface samples (see
Wang et al., 2018, this volume).

All of the Raman spectra from our XLS samples show
bands arising from sulfate molecular vibrations and water. The
sets of bands centered around 450 and 600 cm-1 arise from the
n2 and n4 vibrational modes of sulfate tetrahedral oxyanions,
respectively (Sobron and Alpers, 2013). The number of bands
and position in the 400–500 cm-1 range is indicative of site
symmetry in sulfate molecules. Multiple bands in the n2

spectral region indicate certain symmetry breakdown of sul-
fate tetrahedra, probably through the presence of different
cations in the crystal structures. Two intense bands are con-
sistent with a better-preserved symmetry. A single sharp band
is typical of monocationic MSO4 (M denotes a cation) groups,
which present the highest symmetry.

Similar to the n2 symmetrical bending vibrations, the n4

vibrational modes of sulfate give rise to multiple bands in the
Raman spectra centered upon 600 cm-1. These can also be
explained in terms of loss of symmetry in the sulfate structures.

Band splitting of the sulfate n1 and n3 vibrational modes is
also noticeable in the 800–1200 cm-1 range of the Raman
spectra of sulfates in our field samples. The two sets of bands
between 978 and 1076 cm-1 and between 1100 and 1200 cm-1

are assigned to the n1 symmetric stretching vibrations and n3

asymmetric stretching vibrations of SO4 ions, respectively.
The Raman shift of the n1 SO4 stretching mode depends on
the ionic radius of the cation bonded to the sulfate ion (Sobron
and Alpers, 2013, and references therein).

Most Raman spectra show a sharp band at 1008 cm-1,
which is consistent with gypsum in evaporitic settings
(Sobron et al., 2009). In some spectra, the SO4 n1 band is
shifted toward the blue, at 992 cm-1, thus indicating smaller
mass and ionic radius of the bonded cation. We assign this
band to thenardite (Na2SO4), a dehydrated form of sodium
sulfate typically found in hyperarid environments that give
rise to sulfate peaks similar to those we observe in the XLS
anticline (Vı́tek et al., 2010). We observed an upshift
(1008–1015 cm-1) of the SO4 n1 band position in several
Raman spectra as hydration, and, therefore, site symmetry,
decreases (Chio et al., 2004). These spectra are assigned to
anhydrite, a dehydrated form of calcium sulfate, also ubiq-
uitous in hyperarid settings.

Gypsum-bearing samples show Raman OH stretching bands
of water units in the 3300–3500 cm-1 range. The sharpness of
the water bands varies across samples. This indicates dif-
ferences in the orientation of the crystal lattice (and optical
properties of the crystal) and suggests the presence of local
impurities or irregularities in the crystal structure and/or
different degree of crystallization (Rull et al., 2011).

We identified calcite (CaCO3), dolomite CaMg(CO3)2,
and magnesite (MgCO3) in field samples 02-01-02, 02-01-
06, 02-03-04, 02-04-01, 02-06-02, 02-08-01, 02-09-02, and
02-14-01 through analysis of bands at 1085 and 1097 cm-1,
respectively, which correspond to the symmetric stretching
vibration of the carbonate group (Gunasekaran et al., 2006).
These spectra also show in-plane carbonate bending vibra-
tions at *725 cm-1 and librations at *300 cm-1, although
these bands are relatively much weaker.

We also identified illite, a clay mica, in several spectra.
Clay minerals are notoriously difficult to analyze with Ra-
man spectroscopy (Wang et al., 2015).

Clays (1) are very weak Raman scatterers because the very
small grains (<2mm across) generate very intense scattering
of the laser at the grain interfaces, which reduces the overall
amount to Raman scattered photons returning to the collec-
tion optics; (2) have very low crystallinity, which dramatically
reduces the long-range translational symmetry in the structure
and suppresses Raman signal; and (3) typically display a very
intense fluorescence background, due to contamination from
biogenetic species, that overwhelms the Raman emission and
complicates detection. However, owing to the small laser spot
size of our Raman system, which can target single mineral
grains, we were able to detect the presence of illite in several
samples through our line-scan approach.

We observed relatively weak bands at 398, 463, 510, and
638 cm-1. The band at 638 cm-1 is associated with the
symmetric stretching of the Si-O-Si group in the tetrahedral
layer, and the bands at 398, 463, and 510 cm-1 can be as-
signed to internal vibrational modes of the SiO4 tetrahedral
units (Furukawa et al., 1981; Moncada and Bodnar, 2012).
A note must be made that it is likely that the 463 cm-1

originates from quartz rather than silicate, as we observe this
band in multiple spectra, some of which do not feature Si-O-
Si bands representative of silicate structural units, but just
the sharp strong 463 cm-1 band typical of quartz (Kingma
and Hemley, 1994).

Table 5 summarizes the mineralogical identification of
the 14 field samples from XLS obtained through analysis of
>500 micro-Raman spectra recorded from the samples. The
identification includes a qualitative estimation of the relative
abundance of mineral phases based on the number of posi-
tive identifications and detections of bands across all the
spectra recorded for each individual sample. A note of
caution: due to the intrinsic nonlinearity of the Raman ef-
fect, the different cross-section (Raman efficiency) of each
material, and the presence of unwanted fluorescence back-
ground in many spectra, our estimation of the relative
abundance of mineral phases is likely biased toward high
Raman scatterers (e.g., gypsum and calcite), and may un-
derestimate the presence of other minerals such as clays.

4.3.3. X-ray diffraction/X-ray fluorescence. We obtained
bulk XRD patterns of each of the 14 samples returned from
the field (Fig. 16). We used XPowder software to auto-
matically process the diffraction data and generate qualita-
tive identifications of crystalline compounds in our samples.
Table 6 lists the results of these analyses. Most of the
samples appeared to be a mixture of halite, gypsum, and
quartz, along with various other minerals and carbonates.
Bulk powder XRD from the portable Terra alone allowed
for partial identification of the complete mineralogy of each
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sample, since the highly crystalline phases of halite, gyp-
sum, and quartz dominate the diffractogram and obscure
less intense peaks from other clay minerals and evaporates.

Weak peaks were tentatively assigned based on visual
inspection of the samples and supporting XRF data. It must
be noted that the Terra instrument is limited to elements
heavier than Ar, and the relative proportions of the elements
present can be misleading. For example, a sample of quartz
with slight impurities of Fe present would have a dif-
fractogram dominated by quartz and XRF data dominated
by Fe. In contrast, the presence of Cl in the XRF data always
corresponded to the presence of halite in the XRD data.

Although the less crystalline minerals and evaporates
could not be accurately identified, the noisier samples were
usually composite mixes of less crystalline minerals that
could not be separated before analysis, whereas the pure
samples generated clean distinct peaks in the diffracto-
grams. Despite not being able to fully characterize the
mineralogy of every sample using bulk powder XRD, the
presence and level of noise in the diffractograms could be
used as a proxy for identifying a complex and variable
sample that requires further analysis, or a sample that
formed under environmental conditions less conducive to
forming highly crystalline pure minerals.
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FIG. 16. XRD patterns of samples collected along the Xiaoliangshan traverse. Sample locations are shown in Figure 3.
XRD, X-ray diffraction.

Table 5. Mineral Interpretation of Field Samples Based on Laboratory Raman Spectra

Sample ID

Laboratory Raman result

Major Minor Tracea

DL-02-01-02 Gypsum Calcite, magnesite Quartz, feldspar, anatase, carbon, illite
DL-02-01-06 Thenardite Gypsum, calcite Quartz, feldspar, magnesite, illite
DL-02-02-05 Noneb Noneb Thenardite, illite
DL-02-03-04 Gypsum Calcite Quartz
DL-02-04-01 Gypsum Calcite, magnesite Quartz
DL-02-05-04 Anhydrite Illite None
DL-02-06-02 Gypsum Anhydrite, calcite Quartz
DL-02-08-01 Calcite Gypsum None
DL-02-09-02 Gypsum Calcite, magnesite Quartz, feldspar
DL-02-10-01 Illite Gypsum, anhydrite Thenardite
DL-02-11-05 Thenardite None None
DL-02-13-02 Gypsum Unidentified sulfates None
DL-02-14-01 Illite Calcite, magnesite Gypsum, quartz
DL-02-15-01 Illite Gypsum None

aOther trace minerals [glauberite, Na2Ca(SO4)2], dolomite, and hematite (Fe2O3) were not listed because they were identified in only
<10% of the spectra.

bSpectra are essentially featureless, and thenardite or illite were identified in only *15% of the spectra. Major species could be halite,
which is featureless in our Raman spectra.
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4.3.4. Laser-induced breakdown spectroscopy. We re-
corded LIBS spectra from returned samples using a benchtop
LIBS system. We preprocessed all the spectra following the
procedure described by Sobron et al. (2013a). The preproces-
sing routines include subtraction of continuum background,
normalization to the total emission integrated intensity area of
each spectrum, and spectra averaging. The preprocessed LIBS
spectra of the fourteen samples are shown in Figure 17.

We used a semiquantitative approach for deriving varia-
tions in elements concentrations along the anticline traverse.
There is a proportional relationship between the intensity of
the emission lines of an element in an LIBS spectrum and
the concentration of this element in a sample (Cremers and
Radziemski, 2006; Miziolek et al., 2006). Our analytical

approach computes the relative intensities of the emission
lines associated with elements of interest. We define line
intensity as the total counts within full width at half maxi-
mum. The LIBS spectra of the anticline samples were nor-
malized to the emission integrated total area, so the plots
shown in Figure 17 can be used to evaluate variations in the
relative concentration of each element as a function of
distance from the top of the anticline, from older to younger
materials. Using this information, we derived a semiquan-
titative multielement chemical profile of the anticline, as
shown in Figure 18.

We stress the fact that the plots in both figures can only be
used for qualitative assessment of changes in the chemical
composition of the surface materials in the anticline as a

Table 6. Mineral Interpretation of Field Samples Based on Laboratory X-Ray Diffraction Patterns

Sample ID

Laboratory XRD/XRF resulta

Positive identification Possible identification

DL-02-01-02 Gypsum, quartz, albite Anhydrite, polyhalite, calcite, magnesite, unidentified clay
DL-02-01-06 Halite, gypsum, quartz Muscovite, albite, calcite
DL-02-02-05 Halite, gypsum None
DL-02-03-04 Gypsum, quartz Polyhalite
DL-02-04-01 Gypsum None
DL-02-05-04 Gypsum Unidentified clay
DL-02-06-02 Gypsum Calcite, magnesite
DL-02-08-01 Gypsum, quartz Calcite, muscovite, titanite
DL-02-09-02 Gypsum, halite, quartz Fe clays
DL-02-10-01 None Unidentified clay
DL-02-11-05 Polyhalite, thenardite Anhydrite
DL-02-13-02 Gypsum Unidentified clay
DL-02-14-01 Gypsum, halite, thenardite Albite, starkeyite, unidentified clay minerals
DL-02-15-01 Bloedite, thenardite Epsomite, quartz, starkeyite, halite, albite

aAlbite: Na(AlSi3O8); polyhalite: K2Ca2Mg(SO4)4
�2H2O; muscovite: KAl2 (F, OH)2, or (KF)2(Al2O3)3(SiO2)6; titanite: CaTiSiO5;

starkeyite: MgSO4�4H2O; epsomite: MgSO4�7H2O.
XRD = X-ray diffraction; XRF = X-ray fluorescence.
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FIG. 17. LIBS spectra of the field samples in selected regions of interest. The spectra were normalized to the total
emission area. Sample locations are shown in Figure 3. LIBS, laser-induced breakdown spectroscopy.
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function of distance from the top, which correlates with the
age of the deposits—younger materials are located in lower
elevations and older materials are associated with higher
elevations. Table 7 lists the specific lines used in our anal-
ysis and the line intensities for each of the samples in the
anticline.

We considered several factors when selecting elements of
interest and specific emission lines: relative strength, lack of
self-absorption, lack of overlapping lines from other ele-
ments, and mineralogical results from the other techniques
utilized in this investigation. Although sulfur and chlorine
are present in all our samples in the form of halides and
sulfates, we were not able to analyze them with our LIBS
setup.

The detection of both elements is often a very challenging
task in LIBS because (1) the strongest S lines in LIBS
emission are found in the vacuum UV (<200 nm) and the
NIR (>900 mm) ranges (Dudragne et al., 1998; Salle et al.,
2004), and most LIBS setups, including ChemCam on
Curiosity and SuperCam on Mars 2020 Rovers, cover the
range between 200 and 900 nm only; and (2) electronically
excited S and Cl in the plasma of S- and Cl-bearing samples
readily reacts with oxygen in laboratory atmosphere. This
phenomenon results in a very poor SNR of these lines in this
UV-NIR spectral range, as we showed in previous articles
(Sobron and Wang, 2010, 2011; Sobron et al., 2013a).

5. Discussion

In general, an evaporation sequence leading to the min-
eralogy and chemistry we observe in the XLS anticline
materials forms when natural waters evaporate and ion
concentration in solution increases. During mineral precip-
itation, the concentration of dissolved species changes as a
result of the evaporation process. In this article, we focus on
semiquantitatively assessing the chemical and mineralogical
variations along the transect we sampled in the XLS anticlinal
dome. We also correlate our laboratory VNIR reflectance,

Raman spectroscopy, XRD/XRF, and LIBS characterizations
of returned samples with the distribution of minerals returned
from orbital remote sensing.

Although our results could be utilized to develop evapo-
rative thermodynamic models to explain the occurrence of
salts and minerals in the XLS anticlinal dome and the DLT
region broadly, this effort is beyond the scope of this project.

The anticline is divided into multiple stratigraphic zones
(Fig. 3) in which younger facets (late Pleistocene) are lo-
cated in lower elevations and older facets (Paleocene) are
associated with higher elevations.

A typical evaporation sequence leading to playa deposits
such as those in XLS is, according to Qi et al. (1993) and
Zheng (1997), expected to contain silica (SiO2) and Ca and
Ca-Mg carbonates (calcite, magnesite). Ca sulfates (gypsum
and anhydrite) may follow. After Ca sulfate formation, more
soluble salts such as Na sulfates, Mg sulfates, and mixed cation
sulfates (mirabilite [Na2SO4$10H2O], thenardite, bloedite
[Na2Mg(SO4)2$4H2O], epsomite) will form. Halite will pre-
cipitate throughout this process, and other chlorides and
chloride–sulfates will form as well (Liu et al., 2004).

The detrital portion of the lake sediments is typically
dominated by clay minerals, quartz, and feldspars. Our
laboratory mineralogical results are consistent with the Qi
et al. (1993) and Zheng (1997) observations; we identified
all of these phases with one or several techniques. The
LIBS-derived chemical profiles add additional geochemi-
cal information on the spatial distribution of major che-
mical elements along our anticline traverse that supports
the following mineralogical results.

� There is significant sodium and calcium enrichment in
younger (lower elevation) zones relative to older zones
(higher elevation). By sample No. 10, (younger lower
end of anticline toward the northeast), thenardite and
bloedite start to dominate the diffractograms, as do
polyhalite/halite, thus indicating a change in the envi-
ronmental conditions of mineral formation.
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FIG. 18. Chemical profiles of the Xiaoliangshan anticline. The z axis represents the averaged derived line intensity of the
emission lines associated with each element for each sample. Younger materials (late Pleistocene) are located in lower
elevations and older materials (Paleocene) are associated with higher elevations.
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� Younger zones are enriched in hydrogen and oxygen,
consistent with the observation of more soluble salts
with higher degrees of hydration relative to older zones.

� There is a relatively higher abundance of magnesium in
older zones, which likely accounts for the recurrent
observation of magnesite in such zones relative to
younger zones.

� Iron and lithium abundance is very low across zones,
consistent with continental brines not associated with
igneous and/or geothermal activity and containing little
to no iron remobilized through regolith weathering.

� The relative content of both aluminum and silicon de-
creases toward younger zones. It is likely that illite, a
layered aluminosilicate, is more abundant in such zones
relative to older zones, as suggested by our Raman and
XRD mineralogical interpretations. The Raman analy-
sis also suggests that quartz is less abundant in younger
zones, which could also account for the decrease in
silicon relative to older zones.

In summary, the mineralogical and chemical results we
obtained from laboratory analyses of returned samples from
the XLS anticline support previous research that described
mineral distribution and evaporation sequences in the DLT
region (Zheng, 1997).

We used these results to constrain the mineralogy of the
ASTER-defined VNIR/SWIR spectral units. Harsh terrain,
minimal road access, and other logistical constraints limited
field observations to a southwest–northeast traverse across the
middle of XLS. To relate reflectance spectra of the field
samples back to spectral units derived from the ASTER
scene, the laboratory reflectance spectra were resampled to
the ASTER VNIR/SWIR bandpasses (Fig. 19), and analyzed
for their similarity to the spectra of the four spectral end-
members from the XLS subset using a spectral feature-fitting
algorithm. This technique determines the least squares fit
between absorption features in the laboratory spectra and the
reference spectral end-members.

Samples with the strongest absorption features due to gyp-
sum tend to match best with the XLS2 end-member unit,
whereas samples with more subtle spectral signatures of gyp-
sum (and relatively stronger spectral signatures of illite) match
best with the XLS4 end-member unit. These results are broadly
consistent with the SAM classification map of the XLS spatial
subset (Fig. 11), which shows that the northeastern limb of
XLS only contains material from the XLS2 and XLS4 units.
However, the majority of the resampled laboratory spectra
appeared to match most closely with the XLS4 spectrum even
though many of these samples were collected from areas
classified as XLS2 in Figure 11. This discrepancy may be due,
in part, to ASTER’s low spatial resolution and thus, inability to
distinguish subtle spectral differences over distances between
sample locations shown in Figure 3.

The thenardite samples do not match any of the spectral
end-members, owing to the fact that they are generally
featureless in NIR spectra. It is difficult to constrain the
mineralogy of the VNIR/SWIR end-member units derived
from the full ASTER scene because field samples were
only obtained from XLS. However, the mineralogy of
spectral units derived from the full scene that appear on
XLS in the SAM classification map (Fig. 10) can be in-
ferred from their location with respect to pixels classified
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as XLS2 or XLS4. In particular, spectral unit VFLR2 ap-
pears to map to the same layers exposed on XLS as unit
XLS2. Unit VXLS1 maps to contacts between XLS2 and
XLS4 material, suggesting that it represents a mixture of
the two spectral units identified from the XLS subset.

The identification of TIR spectral end-members TIR1 and
TIR2 as representing quartz and halite, respectively, cannot be
verified from VNIR/SWIR reflectance spectra alone because
these minerals are not active within the VNIR/SWIR wave-
length ranges. However, we observed halite on the XRD
patterns of samples from near the center of the anticline and
on the floor of the basin at the northeastern extent of the
traverse, coincident with areas classified as spectrally similar
to TIR2 in the TIR SAM classification map. Based on the
identification of gypsum in the laboratory with all the tech-
niques we used in this investigation, we argue that the small
exposures of TIR3 and TIR4 material on the northeastern limb
of XLS are composed of gypsum, in good agreement with the
initial designation of TIR3 and TIR4 as sulfates.

6. Conclusions

We report the first multiscale systematic field-based testing
of correlations between orbital scale and outcrop scale min-
eralogy and chemistry in a saline dry lakebed. A major dif-
ficulty in characterizing these features in XLS is the fact that
mineral distribution occurs at all scales. The images we ob-
tained at various scales, from as small as micron scale to as
large as remotely sensed information from satellite, demon-
strate that we can map these mineral distributions.

Both field and laboratory measurements depend on the
field of view (spatial scale) of the instrument used. This (1)
explains the inconsistency in the VNIR reflectance, Raman
spectroscopy, and XRD mineralogical interpretations; (2)
provides a complete picture of the mineralogical composition
of the samples; and (3) demonstrates that the three techniques
are fully complementary and can be used simultaneously for
bridging orbital remote ASTER VNIR/SWIR reflectance and
TIR relative emissivity data to some of the fine scale Raman

FIG. 19. Laboratory spectra of samples collected along Xiaoliangshan traverse, resampled to ASTER bandpasses.
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spectroscopy, VNIR reflectance, XRD, and LIBS data ob-
tained from field samples.

We have defined spectral end-members in the north-
western Qaidam Basin and classified areas within the study
area on the basis of their spectral similarity to the spectral
end-members. Results of VNIR/SWIR classification reveal
zonation of spectral units within three large anticlinal domes
in the study area that can be correlated between the three
structures. Laboratory Raman, VNIR reflectance, XRD, and
LIBS data of surface mineral samples collected along a
traverse over XLS indicate that the surface is dominated by
gypsum and Mg sulfates and Na sulfates, halite, and car-
bonates, with minor concentrations of illite present in most
samples as well.

Identifying mineral distributions by using satellite imag-
ery typically requires a detailed knowledge of the area of
interest before proceeding. Information about the actual
minerals present in XLS, corresponding to various periods
in the evaporation sequence of the anticline, is commonly
termed ground truth. Ground truth helps associate orbital
spectral signatures with known minerals and assess how
accurately different minerals can be identified in a processed
satellite data set. In this application, we collected ground
truth by physically traversing the XLS anticline, recording
in situ reflectance spectra, and collecting samples for sub-
sequent laboratory analysis.

The laboratory identification of gypsum and magnesium
sulfates on XLS supports the interpretation that two of the
four TIR end-members represent sulfates. The interpretation
of an additional TIR end-member as halite was confirmed by
XRD analysis of returned samples from XLS areas that
appear in the TIR SAM classification map as belonging to
that spectral unit. Although the ASTER data were useful for
identifying spectral end-members within the study area, the
limited spectral resolution of ASTER’s SWIR subsystem
makes it difficult to attribute spectral features to specific
minerals. Our work shows that fine scale in situ mineralogy
and chemistry tools are very useful for ground truthing the
mineralogy of spectral units that we mapped remotely, and
constraining the likely composition of unresolved spectral
units in our remote sensing analysis of XLS.

With sufficient ground truth, it is possible to train a
computer-based model to associate spectral signatures
with specific minerals (supervised classification), or even
program the model to group signatures in an unsupervised
way. In this work, we manually assigned specific minerals
to specific locations in the anticline by means of dedicated
analysis of the VNIR reflectance, Raman, XRD, and LIBS
data collected in the laboratory.

Current and upcoming missions to Mars utilize these
techniques for in situ rover-based investigations of the martian
surface and subsurface. Our results from XLS can be used as a
first step toward better characterizing the potential of orbital
reflectance spectroscopy as a method for mineral detection
and quantification in salt-rich planetary environments, with
the benefit that this technique can be validated on the ground
by using instruments onboard rovers.

The spectral models we have derived for the XLS anti-
cline provide a foundation for assessing the mineralogy in
the DLT region broadly—efforts are currently underway
based on the preliminary survey of the full ASTER scene
(Fig. 1). Our methodology may be used in future planetary

exploration missions that combine remote orbiter-based
spectral measurements and close-up rover or lander-based
investigations.
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Abbreviations Used

ASTER¼ advanced spaceborne thermal emission
and reflection radiometer

DLT¼Dalangtan
FLAASH¼ fast line-of-sight atmospheric analysis

of spectral hypercubes
LIBS¼ laser-induced breakdown spectroscopy
MNF¼minimum noise fraction
NIR¼ near-infrared
PPI¼ Pixel Purity Index

SAM¼ Spectral Angle Mapper
SNR¼ signal-to-noise ratio

SWIR¼ shortwave infrared
TIR¼ thermal infrared
UV¼ ultraviolet

VNIR¼ visible near-infrared
WIR¼water infrared

WUSTL¼Washington University in St. Louis
XLS¼Xiaoliangshan
XRD¼X-ray diffraction
XRF¼X-ray fluorescence
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