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Abstract

Chloride-bearing deposits and phyllosilicates-bearing units are widely distributed in the southern highlands of
Mars, but these phases are rarely found together in fluviolacustrine environments. The study of the coexistence of
these minerals can provide important insights into geochemistry, water activity, and ultimately the climate and
habitability of early Mars. Here we use high-resolution compositional and morphological orbiter data to identify
and characterize the context of diverse minerals in a Noachian fluviolacustrine environment west of Knobel
crater (6.7S, 226.8W). The chlorides in this region are likely formed through the evaporation of brines in a
closed topographic basin. The formation age of chlorides is older than 3.7 Ga, based on stratigraphic relationships identified and previously obtained crater retention ages. The timing of the alteration of basaltic materials to
iron–magnesium smectites in relation to the chloride formation in this location is enigmatic and is unable to be
resolved with currently available remote sensing data. Importantly, we find that this close relationship between
these key minerals revealed by the currently available data details a complex and intimate history of aqueous
activity in the region. Of critical importance are the evaporitic deposits as analogous terrestrial deposits have been
shown to preserve ancient biosignatures and possibly even sustain microbial communities for hundreds of millions of
years. These salts could have protected organic matter from ultraviolet radiation, or even allow modern habitable
microenvironments in the shallow subsurface through periodic deliquescence. The high astrobiology potential of this
site makes it a good candidate for future landed and sample return missions (e.g., the Chinese 2020 Mars mission).
Key Words: Chloride—Phyllosilicate—Astrobiology—Fluviolacustrine environment—China Mars Mission—Mars.
Astrobiology 18, 1081–1091.
1. Introduction

G

lobally distributed chloride-bearing materials
(chlorides) have been previously identified on Mars
(Osterloo et al., 2008) using spectral data from the Thermal
Emission Imaging System (THEMIS) (Christensen et al.,
2004) and the Thermal Emission Spectrometer (TES)
(Christensen et al., 2001). The mid-infrared (IR) spectra of
the chlorides exhibit a low emissivity over 8–12 mm and
distinctive blue slope in TES and THEMIS data, whereas
the visible/near-IR spectra of them show a featureless red
slope over *1–2.6 mm and positive 3 mm features in ratioed
Compact Reconnaissance Imaging Spectrometer for Mars
(CRISM) (Murchie et al., 2007) data (Murchie et al., 2009;

Osterloo et al., 2010; Ruesch et al., 2012), indicating material
that is less hydrated than typical martian surface material.
Laboratory data show these chlorides can be matched by
mixtures of 10–25% anhydrous chloride salts and silicates
( Jensen and Glotch, 2011; Glotch et al., 2016). Terrestrial
sites analogous to these chloride deposits often host halophilic microorganisms and preserved organic matter (Farmer
and Des Marais, 1999), which makes them targets of high
astrobiological interest.
Sites with juxtaposed phyllosilicates and chlorides are of
particular interest due to apparent lack of other major alteration phases (e.g., carbonates and sulfates and phyllosilicates)
associated with most chlorides. In these sites, phyllosilicates
have typically been found to underlie chlorides (Glotch et al.,
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2010; Hynek et al., 2015), strongly suggesting that these
chlorides are younger than these other alteration phases.
Our investigation focuses on a topographically enclosed
basin south of the dichotomy boundary and adjacent to the
west rim of Knobel crater (near Gale crater) *3000 km2 in
area centered near 6.078S, 132.346E (Fig. 1). Numerous
channels of different lengths and degradation incise the surrounding highlands, and one major outlet channel (*300 m
deep) dissects the northeastern segment of the basin and runs
into Sharp crater. Knobel crater has a wrinkle-ridged flat floor
that is made of volcanic materials, whereas Sharp crater has
chaos terrains with a fully degraded northern rim and no
apparent ejecta blanket (Ehlmann and Buz, 2015).
Here we identify the coexistence of chlorides and phyllosilicates in this basin using THEMIS and CRISM data.
Coupled with high spatial resolution images from the High
Resolution Imaging Science Experiment (HiRISE) (McEwen
et al., 2007) and Context Camera (CTX) (Malin et al., 2007),
we observe the complex stratigraphic relationship between
chlorides and iron–magnesium smectite clays. This region
appears to have a more complex geological history than other
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more stratigraphically simple phyllosilicate–chloride-bearing
sites (Glotch et al., 2010; Hynek et al., 2015). These two
compositionally distinct units in the study area represent
unique events and diverse environments in a middleNoachian (Tanaka et al., 2014) fluviolacustrine environment.
The formation and evolution of a sedimentary deposit in this
site are particularly interesting astrobiological implications.
Evaporite deposits on Earth often provide good preservation
conditions for organic matter up to hundreds of million years
(Gemmell et al., 1998; McGenity et al., 2000; Vreeland et al.,
2000, 2007; Fish et al., 2002; Stan-Lotter et al., 2002; Ueno
et al., 2006; Schubert et al., 2010; Saralov et al., 2013). Although the chlorides are Noachian in age, we postulate that
microscopic fluid inclusions may have persisted long after
larger liquid water bodies were lost at the surface. To this end,
we must consider that if life had been present on the martian
surface during the Noachian, these fluid inclusions present one
possibility in which life may have continued to survive, metabolize, and reproduce after the rest of the surface became
comparatively inhospitable. Periodic deliquescence of local
hygroscopic salts (Martı́n-Torres et al., 2015) may have served

FIG. 1. Regional context of the study area:
a *3000 km2 topographically enclosed basin.
Numerous channels of different lengths and
degradation incise the surrounding highlands,
and one major outlet channel (*300 m deep)
dissects the northeastern segment of the basin.
It is colorized MOLA topography overlain on
a THEMIS daytime IR mosaic. The rectangle
shows the location of Figures 2a, 3a, b, and
4a. IR, infrared; THEMIS, Thermal Emission
Imaging System.
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as a means of nutrient recharge for these microenvironments to
sustain in situ microbial communities for extended periods. In
addition, smectite clays are notable for organic carbon sequestration and preservation (Kennedy, et al., 2002; Ehlmann
et al., 2008). The juxtaposition of these minerals provides
unique astrobiological prospects for long-term habitability and
biosignature preservation potential at the microscopic scale. As
such, this site should be considered as a potential site for future
martian surface investigations (e.g., the coming Chinese 2020
Mars rover).
2. Methods

The THEMIS instrument onboard the Mars Odyssey
spacecraft acquires thermal IR images from 6.78 to 14.88 mm
at 100 m/px in nine spectral bands centered at 6.78, 7.93, 8.56,
9.35, 10.21, 11.04, 11.79, 12.57, and 14.88 mm. The brightness temperature of the surface is calculated by fitting a
Planck curve to band 9 (centered at 12.57 mm) calibrated radiance due to the highest signal-to-noise ratio and relative
transparency to atmospheric dust at this band. This brightness
temperature is a proxy of surface kinetic temperature, and the
band 9 daytime IR global mosaic of THEMIS (Edwards et al.,
2011) highlights relative daytime surface temperatures of
different geological materials. We used THEMIS radiance
images corrected for instrument effects in Java Missionplanning and Analysis for Remote Sensing ( JMARS; http://
jmars.asu.edu) software to reconnaissance regional compositional variations (Bandfield et al., 2004; Huang et al., 2013).
The occurrences of chlorides exhibit a unique blue hue (Osterloo et al., 2008) in running decorrelation stretches (DCSs)
on THEMIS day IR radiance images (Gillespie et al., 1986;
Edwards et al., 2011). The unique blue hue is due to a spectral
slope in homogeneously low emissivity in the wavelength of
6.78–14.88 mm of THEMIS day IR data. The spectral slope is
an artifact of the assumption of an emissivity of 1, as chloride
is a gray body and never has an emissivity of 1. We chose
THEMIS day IR images acquired local early afternoon (relatively higher surface temperature and higher signal-to-noise
value) and with lower atmospheric opacity to map the occurrences of chlorides in the study area. THEMIS IR images
also measure nighttime surface temperatures, and the nighttime temperatures are calibrated to within a precision of 1.2K
and absolute accuracy of *2.8K at night (at 180K). The
THEMIS night IR images were used to model thermal inertia
(Fergason et al., 2006; Kieffer, 2013) due to the absence of
effects of albedo and Sun-heated slopes and the maximum
thermal contrast caused by different particle sizes. Thermal
inertia is a fundamental material property and is defined as
I = (KRC)1/2, where K is thermal conductivity, R is equal to
density, and C is equal to heat capacity. The thermal model
originated from Viking IRTM thermal model (Kieffer et al.,
1977) is modified with the replacement of a constant atmospheric thermal radiation with a one layer that is spectrally
gray at solar wavelengths, and the direct and diffuse illuminations are computed using a two-stream delta-Eddington
model. The THEMIS band 9 temperatures are converted to a
thermal inertia by interpolation within a look-up table, which
is generated by selecting values appropriate for six input parameters: latitude, season, local solar time, atmospheric dust
opacity, elevation (atmospheric pressure), and albedo (Fergason et al., 2006). Higher thermal inertia materials are typ-
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ically consistent with a larger effective grain size or well
indurated, whereas low thermal inertia indicates fine particulate and unconsolidated particulate materials (Piqueux and
Christensen, 2011). Surface exposures of rocks or ice exhibit
high thermal inertia (e.g., >1200 Jm-2K-1s-0.5), whereas
surface covered with relatively thick dust exhibits low thermal
inertia (e.g., <100 Jm-2K-1s-0.5) (Mellon et al., 2000; Putzig
et al., 2005; Edwards et al., 2009). The thermal inertia data
derived from THEMIS night IR images are also available in
JMARS.
In addition to thermal data, we examined CRISM hyperspectral data to further constrain the composition of the materials in question. CRISM collects hyperspectral visible/near-IR
images from 362 to 3920 nm at 6.55 nm/band and 18 m/px. We
remove the atmospheric components within the CRISM full
resolution targeted (FRT) data using a volcano-scan algorithm
(McGuire et al., 2009) through CRISM Analysis Tool (CAT;
pds-geosciences.wustl.edu/missions/mro/crism.htm). We used
the band combination proposed in Glotch et al. (2010) to
highlight the composition variation in the FRT scene. Spectra
were extracted and averaged from regions of interest, and divided by relatively spectrally featureless spectra of dusty regions to remove residual atmospheric components and identify
chlorides, hydrated or iron-bearing phases, and low-calcium
pyroxene (LCP).
In addition to composition data from THEIMS, TES, and
CRISM, we relied on coregistered morphological data to help
place constraints on the geological setting. The spatial sampling of CTX and HiRISE images is 6 m/px and 0.25 cm/px,
respectively. These data were coupled with the compositional
data sets to characterize the geomorphology and establish
stratigraphic relationship of different geological units. We use
stereo pairs of CTX (P20_008780_1727_XN_07S228W and
G14_023588_1735_XI_06S228W) and HiRISE (PSP_0087
80_1735 and ESP_044502_1735) images to generate digital
terrain models (DTMs with Ames Stereo Pipeline) (Shean
et al., 2016) for a small scale topographic study.
3. Results

We identified various geological units with complex stratigraphic relationships in the topographically enclosed basin.
We observed a highly degraded fan deposit at the terminus of
the two main inlet channels to the southwest (Fig. 2a). Possible layering exposed by an impact crater can be observed
along the western side of an eroded fan structure (Fig. 2b),
which may indicate multiple pulses or episodes of sedimentary deposition. Relatively light-toned materials can be seen
throughout the study region: the largest occurrences in the
northern part of the fan unit, and tens of smaller occurrences
result in isolated ‘‘geological windows’’ (the lower stratigraphic units are visible through the ‘‘holes’’ of the upper
stratigraphic units) (Fig. 2a). Collectively, these light-toned
materials have elevated thermal inertia (*500 J K-1 m-2 s-1/2)
compared with adjacent materials (*200–300 J K-1 m-2 s-1/2;
Fig. 3a), and likely indicate they are composed of materials
with larger grain sizes and/or are indurated/cemented (Piqueux and Christensen, 2011). These light-toned materials
with elevated thermal inertias appear blue (Fig. 3b) in DCS
images of THEMIS bands 8, 7, and 5, which is unique to
chlorides (Osterloo et al., 2008, 2010; Glotch et al., 2010). As
confirmed by DCSs of CRISM bands centered at 1.8, 2.38,
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FIG. 2. (a) Close view of the lower portion of the basin,
CTX image P20_008780_1727_XN_07S228W. The polygon shows the outline of Figure 4a. Labels show locations of
Figures 2b, 6a, b, and 7a, b. The elevated ridges indicated by
white arrows are possible remnants of an alluvial fan. The
scarp separates the lower and higher floor of the basin and is
indicated by yellow arrows. (b) Black arrows indicate layered deposits in the elevated ridges, indicating multiple
fluvial activities. HiRISE PSP_008780_1735. CTX, Context
Camera; HiRISE, High Resolution Imaging Science
Experiment.
and 1.15 mm, phyllosilicate-bearing materials (Phy) appear red
and orange, chloride-bearing materials (Chl) appear blue, and
LCP-bearing materials appear green (Fig. 4a).
The ratioed CRISM reflectance spectra of representative
color units are shown in Figure 4b and are color coded based
on the typical unit color shown in Figure 4a. The ratioed
spectra of both orange and red color units display prominent
absorptions at 1.4, 1.9, and 2.3 mm, and a drop in reflectance
at wavelengths greater than *2.53 mm. The features at 1.4
and 1.9 mm are overtones of H2O and OH- molecules in the
mineral structure, whereas 2.3 and 2.53 mm features indicate
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FIG. 3. (a) Colorized thermal inertia data derived from
THEMIS nighttime IR image I05582005 overlain CTX
image P20_008780_1727_XN_07S228W. (b) Bands 8, 7,
and 5 DCS image of THEMIS daytime IR image I33779001
overlain CTX P20_008780_1727_XN_07S228W. Chlorides
are in blue hue, which are within elevated thermal inertia
units. The polygon shows the outline of Figure 4a. DCS,
decorrelation stretch.
metal–OH vibrational overtones. These spectra are similar
to a range of Fe- or Mg-rich smectites. The spectra of
chlorides are characterized by a spectrally featureless red
slope (increasing reflectance with increasing wavelength),
which might be due to mixture of chloride and basaltic
materials ( Jensen and Glotch, 2011). The high values near
3.0 mm in ratioed spectra are indicative of dehydration in
chlorides relative to typical silicate-bearing materials (Fig. 5).
The spectrum of LCP-rich materials presents a broad 2 mm
feature, consistent with an Fe2+ crystal field absorption (Burns,
1993).
The eroded alluvial fan and the related deposits lay in the
lowest portion of the basin (Fig. 1), separated from the rest
of the basin by a NE–SW scarp (Fig. 2a). All of the chlorides
in the study area have blue hues (Fig. 6a, b) in the HiRISE
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FIG. 4. (a) DCS of CRISM FRT0000B001 bands 1.8, 2.38, and 1.15 mm. This combination results in phyllosilicates
appearing red and orange, chlorides appearing blue, and LCP appearing green; (b) ratioed CRISM spectra compared with library
mineral reflectance spectra. Colors of the CRISM spectra correspond to colors in (a). The library spectra are from the CRISM
and USGS spectral libraries. CRISM, Compact Reconnaissance Imaging Spectrometer for Mars; LCP, low-calcium pyroxene.
color image (red: 900 nm, green: 700 nm, blue: 500 nm), which
is common of chloride deposits (Osterloo et al., 2010). Furthermore, based on our mapping of this unit at HiRISE scales,
this unit appears to be a continuous layer throughout the region
(Figs. 2a and 3a, b), despite being superposed by other units

FIG. 5. An example of ratioed CRISM spectra of chlorides. The high values near 3.0 mm in ratioed spectra are
indicative of dehydration in chlorides relative to typical
silicate-bearing materials. S1 and S2 are average of 5 · 5
pixels centered at (274, 401) and (274, 371), respectively.

(ejecta, mounds, etc.). We observed polygonal fractures with
widths of 1–2 m on the surface of the chlorides (Fig. 6b). The
fractures are generally straight and they usually formed quadrangle shapes. Dark materials occurred in the fractures. Parallel
ridges (Figs. 6a and 7a, c) stretch several 100 m. The symmetrical morphology and parallel orientation (Fig. 7c) indicate
that they are aeolian in origin. CTX DEM measurements over
different occurrences of the chlorides show that the thickness
of the chlorides is tens of meters and variable throughout
the region, whereas the phyllosilicate-bearing units display a
polygonally fractured texture (Figs. 6b and 7b) and are meters
thick.
Different materials with interesting stratigraphic relationships are revealed by CTX and HiRISE images and
DTMs. At one location (Fig. 6b), chlorides occur in the
lowest topographic regions in both the northern and southern portions, whereas outcrops of pyllosilicate-bearing materials occur at higher elevation comparing with the southern
chlorides unit exposure (Fig. 6c). Possible aeolian deposits
(Ad) compose an upper layer, and chlorides can be observed
within erosional windows of the aeolian deposits (Fig. 6b).
A dark-toned material with basaltic composition also occurs
stratigraphically above the chloride-bearing materials and is
present within the intercrest plains of chlorides (Fig. 7a).
Some portions of the dark-toned materials have flow-like
morphologies (Fig. 7a). Ridges of tens of meters in length
can be observed in these materials, and these ridges may be
an indication of an evaporate environment (Fig. 7a) based
on the similar appearance of the ridges commonly observed
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FIG. 6. (a) Eroded chloride-bearing materials appear to be
in place and occur at different elevation near the SW–NE
scarp (indicated by yellow arrows in Fig. 2a). The white
arrow indicates an erosional ‘‘window’’ exposing chlorides;
(b) chlorides (Chl) occurred in the lowest topographic areas.
Phyllosilicates (Phy) are emplaced directly above the chlorides. Aeolian deposits (Ad) are on the top with erosional
‘‘windows’’ exposing chlorides indicated by white arrows;
(c) relative elevation profile derived from HiRISE DTMs
and potential stratigraphy along the line x–x¢ in (b). (a, b)
are portion of color image of HiRISE PSP_008780_1735,
and the scale bars are 50 m.
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FIG. 7. (a) Dark-toned, thin layer of basaltic materials occurred in the intercrest plains of chlorides. The ridges pointed by
arrows indicate evaporation due to the similarity of terrestrial
counterparts; (b) phyllosilicates are stratigraphically below the
remnants of the basaltic materials within the alluvial fan. HiRISE PSP_008780_1735, and the scale bars are 50 m; (c) white
arrows indicate chloride ridges with parallel orientations and
dune-like morphologies. Scale bars are 50 m in all panels.
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FIG. 8. Elevated ridges in playa in the Qaidam Basin,
China (91.53E, 38.40N). On Earth, these features in the
salt crust are interpreted to form by evaporation and crystallization of halite during the desiccation stage of the saline
lake cycle.

in terrestrial playas (Fig. 8) (Lowenstein and Hardie, 1985;
Xiao et al., 2017). However, the detailed relationship between the dark-toned basaltic materials (Ba) relative to the
phyllosilicate-bearing materials could not be determined
with currently available data. A thick capping layer of unaltered basaltic materials (Fig. 6a) is observed above the
chlorides, the phyllosilicates (Fig. 7b), and the thinner, darktoned basaltic materials.
4. Discussion

Most of the *640 chloride sites identified on Mars have
been identified on terrains formed from the middle Noachian
to the early Hesperian geological periods (Osterloo et al.,
2010), but absolute model ages of these chlorides are poorly
constrained due to their small geographic extents for crater
size–frequency distribution (CSFD) measurements. Therefore, the stratigraphic relationship of the chlorides and surrounding units is the primary means to constrain the timing
of chloride formation. The basaltic materials of the valley
floor, which are stratigraphically above the chlorides and
large enough for CSFD measurements, could provide a
lower limit of the formation time for these chlorides. Ehl-
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mann and Buz (2015) have determined the absolute model
age of the valley floor to be 3.7 Ga, indicating that the
stratigraphically underlying chlorides formed earlier than
3.7 Ga, which corresponds to the late Noachian or the early
Hesperian (Hartmann and Neukum, 2001).
Several hypotheses have been proposed to explain the
formation of the chloride-bearing materials on the surface of
Mars (Osterloo et al., 2010): (1) precipitation in a body of
water from surface runoff or groundwater upwelling; (2)
impact or volcanic activity generated hydrothermal brine;
and (3) fumarolic activity or atmospheric interactions generated efflorescence. In our study area, the diameters of all
the impact craters are inferior to 2 km, therefore, these
craters did not excavate deep enough or have enough kinetic
energy to initiate hydrothermal activities. In addition, no
morphological (fluidized ejecta or pedestal craters) or mineralogical (e.g., sulfur or silica) pieces of evidence have
been identified. Therefore, the second hypothesis is not
likely the case. For the third hypothesis, we did not observe
volcanic constructions or well-developed fractures or
‘‘haloing.’’ Instead, the chlorides identified in the study
region occurred in topographic lows, and the adjacent region
is carved by extensive fluvial channels. Furthermore, numerous polygonal fractures occurred in the chlorides. In
sum, we prefer the chlorides in this study are most likely to
be sediments from the precipitation of chloride from lakes,
as previous studies have shown (Osterloo et al., 2010;
Ehlmann and Edwards, 2014; Hynek et al., 2015), indicating
surface water activity and evaporitic environments occurred
contemporaneously. Although the origin of the phyllosilicatebearing materials may be a result of in situ aqueous alteration
of a basaltic precursor (Zolotov and Mironenko, 2016) as no
obvious transport mechanisms are observed, it is possible the
evidence of transportation has been erased as erosion of the
overlying deposits occurred to expose the units observed
today. However, evidence for the provenance of these phyllosilicate materials, if transported, has not been identified in a
more reginal-scale search of CRISM data, where available.
One possible scenario for the formation of the observed
geological units (Fig. 9) is that these chlorides formed from
the evaporation of high-salinity water imported from the
various infill channels and subsequent precipitation of dissolved chloride salts. Afterward, polygonal fractures formed
in the chlorides due to desiccation (El-Maarry et al., 2013,

FIG. 9. Conceptual diagram showing one possible stratigraphic relationships between observed geological units (not to
scale). Ad, aeolian deposits; Ba, basaltic materials; Chl, chlorides; Phy, phyllosilicates.
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2014), and portions of these deposits likely underwent aeolian modification to form the observed ridges. A thin layer
(*1–3 m) of basaltic material, possibly volcanic ash, was
deposited on the chlorides. Highly fractured phyllosilicates
observed in a portion of this basaltic layer may have formed
by transportation or contemporaneous/subsequent in situ
alteration (Zolotov and Mironeko, 2016). Continued fluvial
activity resulted in the formation of an alluvial fan, superimposing the underlying chloride- and smectite-bearing
deposits. The fan was later eroded by subsequent geological
processes, potentially contributing to the overlying aeolian
deposits that lie on top of all the in-place geological units.
However, an alternative explanation of chlorides contemporaneous with phyllosilicates (Milliken et al., 2009) or relatively younger chlorides with older phyllosilicates cannot be
ruled out due to lack of definitive stratigraphic observations
(e.g., stratigraphic exposures on walls of impact craters or
canyons, well-preserved zoned impact crater ejecta). In this
scenario, brine fluid accumulated in regional topographic low
area after the deposition or in situ formation of phyllosilicatebearing materials, and the chlorides formed through evaporation or upwelling. Therefore, the phyllosilicate-bearing materials could occur topographically higher but stratigraphically
lower than the chlorides. Regardless of the precise stratigraphic
relationship between the chlorides and phyllosicilate-bearing
units, these two units are intimately connected. If the phyllosilicate alteration occurred after the precipitation of the chlorides, then the prevalence of playa could extend further into
history than previously thought. However, if the phyllosilicates
were transferred fluvially and deposited on top of the chlorides,
it is likely that the chloride-bearing unit was at least subject to
partial dissolution and reprecipitation. Importantly, such a sequence of events (rewetting of chloride-bearing units by other
fluvial activity) likely results in the appearance of these units as
some of the stratigraphically highest in their regions, leaving
their original formation time unconstrained (although likely
older than the latest fluvial event). This process could be responsible for the widespread appearance that the chlorides are
relatively young in comparison with their surroundings, despite
their potentially unknown original formation time. Furthermore, the enigmatic relationship of the chlorides and phyllosilicates observed here is unique among current observations
and illustrates the complicated nature and timing of the hydrological cycle in early Mars history.
The juxtaposition of ancient chlorides with superimposed
Fe–Mg-rich smectites offers unique astrobiological prospects in the search for potential martian biosignatures. If
ancient Mars did host life, this old evaporitic fluviolacustrine setting may have remained habitable long after the rest
of the surface became inhospitable. Fluvial deposits overlying evaporites suggest that redissolved solutes would have
allowed liquid water to remain stable as the planet entered
the Noachian–Hesperian climate transition (Brass, 1980;
Clark and Van Hart, 1981; Haberle et al., 2001; Burt and
Knauth, 2003; Fairén, 2010). As smectites are prone to rapid
(<1 year half-life) dissolution under acidic conditions
(Rozalén et al., 2008), the ubiquity of these deposits at the
site supports their deposition in circumneutral pH waters.
Although liquid water may not have been stable for long
periods at large scales, microscopic fluid inclusions present
one possibility where liquid water could have persisted.
Fluid inclusions in terrestrial evaporite deposits have pre-
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served ancient aquatic chemistry and biosignatures, including metabolites, nucleic acids, and perhaps even viable
microbial communities for hundreds of millions of years
(Reiser and Tasch, 1960; Dombrowski, 1963; Norton et al.,
1993; Gemmell et al., 1998; McGenity et al., 2000; Vreeland et al., 2000, 2007; Fish et al., 2002; Stan-Lotter et al.,
2002; Ueno et al., 2006; Schubert et al., 2010; Saralov et al.,
2013). Dissolved salts in these inclusions also provide protection from ultraviolet radiation, which would threaten the
preservation of organic matter on the present martian surface (Yopp et al., 1979; Rothschild, 1990). Furthermore, the
large mineralogical surface area and high cation exchange
capacity of smectites render these phases very sorbent of
organic matter from aqueous solutions relative to other phyllosilicate mineralogies (Eslinger and Pevear, 1988; Kennedy
et al., 2002; Qu et al., 2011). Thus, smectite deposits at the
site provide a potential role in carbon sequestration.
Even today, hygroscopic salts present in the chloride
deposits may be subject to periodic deliquescence (Martı́nTorres et al., 2015), allowing for the formation of transient
liquid brines. Davila et al. (2010) demonstrated that NaCl
deposits could seasonally deliquesce under modern martian
conditions, demonstrating water activities (aw) supportive of
microbial metabolism and growth, as defined by known
temperature and aw limits for life (Harris, 1981; Rivkina
et al., 2000; Price and Sowers, 2004). Following the lower
temperature and aw limits (-28C and aw = 0.5, respectively)
used to define Mars special regions (Beaty et al., 2006;
Kminek and Rummel, 2015), Davila et al. (2010) also report
that deliquescent CaCl2 solutions may also support microbial activity and propagation. We postulate that smectite
minerals immediately superjacent to chlorides at the site are
well situated to sorb any potential organic matter from
deliquesced brines, offering preservation potential against
oxidative and photochemical dissociation. Evidence of ancient microbial activity may be indicated at larger scales in
the form of microbially induced sedimentary structures
(MISS) similar to endolithic salt crusts found in terrestrial
deserts, including the driest region of the Atacama Desert
(Wierzchos et al., 2006) and in Antarctica Peninsula
(Hughes and Lawley, 2003). Distinctive visual clues indicating microbial (as opposed to physical) inducement would
include the presence of features such as wrinkles, pinnacles,
and polygonal folding of the crust (Noffke et al., 2001;
Noffke, 2010). Although MISS can occur laterally across
centimeter to kilometer-scale on Earth (Noffke, 2015), it will
be possible but very challenging to identify MISS using orbital remote sensing data (even at HiRISE image resolution)
due to submeter topographical relief of MISS. It will be
critical for a future in situ mission to take photographs of
potential MISS at different lighting conditions (Noffke, 2015)
to have a better chance to get a sample with the greatest
organic preservation potential in locations physically protected from wind erosion and ultraviolet radiation, whereas
the aeolian deposits and unaltered basaltic materials can be
selected as blank for comparison.
5. Conclusion

We have identified coexistence of chlorides and Fe–Mgbearing smectites in a complex fluviolacustrine environment
on early Mars. These chlorides likely formed from evaporation
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of briny water in the late Noachian to early Hesperian, whereas
the phyllosilicates formed from alteration of basaltic materials
in subsequent fluvial deposition or they were formed elsewhere and subsequently transported to their current position.
Several previous studies have identified clear strata that
chlorides above phyllosilicates, but this study has shown a
complex relationship between these two deposits and provided a possible scenario of old chlorides and younger
phyllosilicates. The early formation time and complicated
stratigraphic relationship of these deposits, along with intriguing astrobiogical potentials of chloride deposits, make
this site or similar sites where phyllosilicates and chlorides
are colocated, a high priority astrobiological location for
future in situ exploration and sample return missions.
Acknowledgments

JMARS (jmars.asu.edu), CAT (pds-geosciences.wustl.edu/
missions/mro/crism.htm), and Davinci (davinci.asu.edu) are
used in data process. We appreciate the HiRISE team for
acquiring the image ESP_044502_1735 for the DTM generation. Data can be accessed from pds.jpl.nasa.gov with IDs.
We thank comments from Dr. J. Bandfield and Dr. B. Craddock. Formal reviews by three anonymous and Associate
Editor Dr. Chris McKay greatly improved the quality of this
article. J.H. was supported by National Scientific Foundation
of China (Nos. 41403052 and 41773061), the Fundamental
Research Funds for the Central Universities, China University of Geosciences (Wuhan) (Nos. CUGL160402 and
CUG2017G02), MOST Special Fund from the State Key
Laboratory of Geological Processes and Mineral Resources
(No. MSFGPMR05) and Lunar and Planetary Science Laboratory, Macau University of Science and Technology–Partner
Laboratory of Key Laboratory of Lunar and Deep Space
Exploration, Chinese Academy of Sciences (FDCT No. 039/
2013/A2). R.L.H. is supported by National Science Foundation grant DGE-1148900. This work was not affiliated with
any NASA projects or funding.
Author Disclosure Statement

No competing financial interests exist.
References

Bandfield, J.L., Rogers, D., Smith, M.D., and Christensen, P.R.
(2004) Atmospheric correction and surface spectral unit
mapping using Thermal Emission Imaging System data. J
Geophys Res Planets 109:E10.
Beaty, D., K.B., Meyer, M., Barlow, N., Boynton, W., Clark, B.,
Deming, J., Doran, P.T., Edgett, K., Hancock, S., Head, J.,
Hecht, M., Hipkin, V., Kieft, T., Mancinelli, R., McDonald, E.,
McKay, C., Mellon, M., Newsom, H., Ori, G., Paige, D.,
Schuerger, A.C., Sogin, M., Spry, J.A., Steele, A., Tanaka, K.,
and Voytek, M. (2006) Findings of the Mars Special Regions
Science Analysis Group. Astrobiology 6:677–732.
Brass, G.W. (1980) Stability of Brine on Mars. Icarus 42:20–28.
Burns, R.G. (1993) Mineralogical Applications of Crystal Field
Theory. Cambridge University Press, New York.
Burt, D.M. and Knauth, L.P. (2003) Electrically conducting,
Ca-rich brines, rather than water, expected in the Martian
subsurface. J Geophys Res Planets 108:E4.
Christensen, P.R., Bandfield, J.L., Hamilton, V.E., Ruff, S.W.,
Kieffer, H.H., Titus, T.N., Malin, M.C., Morris, R.V., Lane,

1089

M.D., Clark, R.L., Jakosky, B.M., Mellon, M.T., Pearl, J.C.,
Conrath, B.J., Smith, M.D., Clancy, R.T., Kuzmin, R.O.,
Roush, T., Mehall, G.L., Gorelick, N., Bender, K., Murray,
K., Dason, S., Greene, E., Silverman, S., and Greenfield, M.
(2001) Mars global surveyor thermal emission spectrometer
experiment: investigation description and surface science
results. J Geophys Res Planets 106:23823–23871.
Christensen, P.R., Jakosky, B., Kieffer, H.H., Malin, M.C.,
McSween, H.Y., Nealson, K., Mehall, G.L., Silverman, S.H.,
Ferry, S., Caplinger, M., and Ravine, M. (2004) The Thermal
Emission Imaging System (THEMIS) for the Mars 2001
Odyssey Mission. Space Sci Rev 10:85–130.
Clark, B.C. and Van Hart, D.C. (1981) The salts of Mars. Icarus
45:370–378.
Davila, A.F., Duport, L.G., Melchiorri, R., Jänchen, J., Valea,
S., de Los Rios, A., Fairén, A.G., Möhlmann, D., McKay,
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