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Chlorite is the second-most common class of clay minerals on the Martian surface and has
been found to coexist with illite in some regions. Although previous studies have paid much
attention to the formation of this assemblage, the post-depositional evolution cannot be
neglected because the aqueous activities may alter the mineral assemblage and
distribution. Here, we report on the post-depositional weathering of lacustrine-fluvial
deposits collected from yardangs and dune-covering lake beds in the western Qaidam
Basin, one of the largest and highest terrestrial Mars analogs. Mineralogical analysis shows
that Fe-clinochlore and illite are the main clay components deposited as detrital particles.
Electron microscopic observations of small rusty concretions from yardang deposits
revealed that iron was released from clinochlore and formed ferrihydrite in fractures.
We suggest that the activities of ephemeral waters after the deposition provide the major
source of water that influences the migration of Fe in a long-lasting hyperarid climate. A
similar iron-releasing mechanism could have occurred in Nili Fossae on Mars because
multiple aqueous activities have shaped the terrains where chlorite illite deposits were
identified by orbital near-infrared reflectance spectroscopy. Thus, reconstruction of the
aqueous history of ancient Mars from surface minerals requires consideration of post-
depositional processes, since groundwater/meteoric water may continuously interact with
clay mineral-bearing deposits on Mars after their formation.
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INTRODUCTION

The global distribution of clay minerals on theMartian surface demonstrates the liquid water activity
on ancient Mars (Poulet et al., 2005; Bibring et al., 2006; Bishop, 2018). Among clay members of the
phyllosilicate group identified from the orbital datasets of Mars, the content of chlorite is higher than
that of all the other members with the exception of smectite (Ehlmann et al., 2011a; Ehlmann et al.,
2011b). Similar to smectite, Martian chlorite is also rich in Fe and Mg (Ehlmann et al., 2011a).
Chlorite is a hydrous phyllosilicate-type mineral with an interlayer hydroxide octahedral sheet
between two structural layered units, forming a special 2:1:1 layered structure (Kohut and Warren,
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2002). According to different enriched metallic elements that
occupy the octahedral sheet, chlorite can be divided into four sub-
types—clinochlore (Mg2+-rich), chamosite (Fe2+-rich), nimite
(Ni2+-rich), and pennantite (Mn2+-rich) (Kohut and Warren,
2002). However, due to element substitutions, clinochlore can
also be rich in Fe2+ (Smyth et al., 1997), as Fe2+ and Mg2+ are the
dominant divalent cations in the octahedral sheets (Aja et al.,
2015). Chlorite can be formed through the diagenesis of smectite,
hydrothermal alteration, and metamorphism, and it could be
further weathered to vermiculite in warm and wet terrestrial
surface conditions (Ehlmann et al., 2011a).

On Mars, chlorite has been identified mainly by visible/near-
infrared (VNIR) spectra obtained by the Compact
Reconnaissance Imaging Spectrometer for Mars (CRISM)
onboard the Mars Reconnaissance Orbiter (MRO) and
Observatoire pour la Minéralogie, l’Eau, les Glaces et l’Activité
(OMEGA) onboard the Mars Express orbiter (Poulet et al., 2005;
Ehlmann et al., 2011b). In some cases, chlorite coexists with
prehnite near craters, indicating the presence of hydrothermal
activity driven by impacts (Ehlmann et al., 2009; Ehlmann et al.,
2011a). Alteration mineral assemblages are also discovered in
central peaks of craters where chlorite is associated with Fe, Mg-
smectite, analcime, and hydrated silica (Milliken et al., 2008;
Ehlmann et al., 2009).

Another phyllosilicate, illite, is structurally a 2:1 type of
phyllosilicate composed of two tetrahedral sheets sandwiched
by one octahedral sheet (T-O-T) (Ehlmann et al., 2009). Although
illite is indistinguishable from muscovite in CRISM and OMEGA
data (Ehlmann et al., 2009), it may coexist with chlorite as the
main weathering-derived clay member on Mars. In the region of
Nili Fossae, both chlorite and illite are identified based on the
CRISM data (Ehlmann et al., 2009). Considering the mineral
composition and the aqueous history of this region, (Ehlmann
et al., 2009), suggest that the fluvial activity and sapping channel
formation could affect the distribution of these minerals.
Therefore, the post-depositional effects caused by later water
activity are significant for understanding the aqueous history and
the mineral transformation during the long evolution of the
Martian paleoclimate.

The Qaidam Basin, located on the northern edge of the
Tibetan Plateau (Figure 1A), has formed a vast area of playas
and eolian landscapes due to the blocking of moisture by
surrounding mountain ranges of >5,000-m altitude
(Figure 1B) and the resultant prolonged hyperarid climate
(Han et al., 2014). After a similar climate transition from wet
to dry, the surface landforms and changing surface environments
of the Qaidam Basin are analogous to those proposed for ancient
Mars (Kong et al., 2018). The basin has maintained high aridity,
with a current evaporation rate of 2,590 mm/yr and a
precipitation rate of <20 mm/yr (Kong et al., 2018). The
average annual surface temperature of the western Qaidam
basin is 3.5°C, with the maximum monthly average air
temperature of 16°C in July and the minimum monthly
average air temperature of −10.7°C in January (Kong et al.,
2018). Thus, numerous previous studies exemplify Qaidam as
one of the highest environmental Mars analogs (Xiao et al., 2016;
Anglés and Li, 2017; Sun et al., 2019; Sun et al., 2021). Here, we
report alteration of chlorite illite-bearing deposits in two areas:
weathered yardang (basin center) and dune-covered (basin
margin) deposits in the western Qaidam Basin. By evaluating
the post-depositional effects on these deposits in a dry and cold
Mars analogous environment, this study seeks to provide
constraints on the evolution of widespread iron-bearing
phyllosilicate on Mars.

SAMPLES AND METHODS

Four samples of this study were collected in lacustrine-fluvial
deposits from western Qaidam Basin: the yardang samples
(named 0718 and 0719) at N38°2′6.4″, E91°51′8.39″, and
N38°12′40.716″, E92°4′15.276″, respectively; the dune-covered
samples (named 1222-3A and 3B) at N37°50′58.6″, E91°4′6.5″
(Figure 1C). These samples were collected in the vast area of the
Holocene playa (Figure 1C), representing the last massive liquid
water event (Han et al., 2014) that has been shaping the
depocenter of the western Qaidam Basin ever since. After the
disappearance of the northwestern center of the mega-lake, the

FIGURE 1 | The location of the Qaidam Basin and the geological map of the study area. (A) The location (green area) of the Qaidam Basin on the Tibetan Plateau.
(B)Digital elevation model map of the QaidamBasin, with the black open square marking our study area. (C) The geological map of the study area and the sampling sites
(Cheng et al., 2019).
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surface is featured by strong wind-sculpted yardang fields (Xiao
et al., 2016). Thin layers of carbonate ooids were found actively
formed 38,000 years ago near the yardang sampling area (Sun
et al., 2019), indicating that these deposits should be exposed later
than this period. Otherwise, evaporites would have cemented the
deposits. In the western Qaidam Basin, yardang fields display
various morphologies and sizes due to winds with different
strengths and directions. The yardang fields now cover an area
of 3.88 × 104 km2 in the Qaidam Basin (Xiao et al., 2016). The two
yardang samples were collected on the lower side of the
weathered yardangs (Figures 1C, 2A). Samples displayed grey
surfaces with rusty small concretions (Figures 2B,C). Sand dunes
in the desert, however, have only developed in particular zones in
the basin. The dune-covered samples were collected on a fluvial
fan of Kunlun Mountain, which is partially covered by a series of
barchan dunes (Figures 1C, 2D). These deposits were layered and
loose (Figure 2E). Iron-bearing veins exist in these deposits
(Figure 2F). Two samples were collected with clean tools from
the same site but in different layers and sealed with parafilm tapes
to prevent exposure to air moisture during transport to the
laboratory.

In addition to the four sediment samples, we collected two
purified clay minerals (see Supplementary Figure S1 for more
component information), clinochlore (from Liaoning, China)
and illite (from Zhejiang, China), as positive controls in
spectral measurements.

The mineral compositions of these samples were determined
using a Rigaku MiniFlex-400 X-ray diffractometer (XRD) at the
Guangzhou Institute of Geochemistry, Chinese Academy of
Sciences (CAS). The diffractometer is equipped with a Hybrid
pixel array detector, a Cu source, and a Ni filter. Prior to bulk
XRD measurements, samples were ground into fine powder
(70 μm) using agate mortar. The samples were loaded into
rectangular Al holders and tableted for measurements. Data
were collected between 3° and 70° with a step size of 0.01 and
a dwell time of 1°s in each step. To identify the composition of the
rusty parts from these deposits, the rusty concretions were

separated with clean tweezers based on different colors and
ground for further XRD measurements.

Spectroscopic analysis was conducted on a Malvern
Panalytical TerraSpec 4 Hi-Res spectrometer at the Institute of
Geology and Geophysics (IGG), CAS. Before the spectroscopic
analysis, samples were oven-dried at 80°C overnight and
separated into bulk clay and rusty parts with tweezers,
followed by mild grinding into fine powder. Microstructure
and morphology of small particles were recorded using an FEI
Apreo S scanning electron microscope (SEM) equipped with a
Bruker XFlash 60 energy dispersive spectrometer (EDS) detector
and a JEOL JEM-2100 transmission electron microscope (TEM)
at IGGCAS. To obtain the natural morphology of the minerals,
we use small tweezers to pick out the rusty parts and fix them on
the conductive adhesive for direct SEM observation. The samples
for TEM observation were ground with an agate mortar for 5 min,
dispersed in alcohol, and dropped on the copper grid for analysis.

The rusty concretions were separated from the samples and
were ground into fine powder for 57Fe Mo€ssbauer spectroscopy
measurements at room temperature in the transmission mode
operating in constant acceleration mode using a Silver Double
Limited WSS-10 spectrometer. The Mo€ssbauer source was a 57Co
in the Rh matrix. The velocity drive transducer was operated in a
triangular waveform mode over energy ranges of ±15 mm/s. The
spectroscopic center was calibrated using an α-Fe foil. The
spectrum was analyzed with the Mosswinn 4.0 program.
Subspectra attributed to different phases were determined
based on their hyperfine parameters [i.e., isomer (IS),
quadrupole splitting (QS), and linewidths].

RESULTS

As shown by the XRD patterns, the mineral components of these
deposits were quartz (d(101) = 3.34 Å), albite (d(002) = 3.18 Å),
minor carbonate (d(104) = 3.03 Å), and clay minerals identified as
Fe-clinochlore and illite in accordance with their main d values

FIGURE 2 | Sampling sites and samples from the western Qaidam Basin. (A) Deposits are exposed on the side of a yardang (blue arrow). (B,C) Yardang samples
(0718 and 0719) with rusty concretions (blue arrows). (D) Deposits (yellow arrow) are covered by sand dunes from the view of a drone. (E,F) Dune-covering samples
(1222-3A and 3B).
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(d(001) = 13.90 Å and d(002) = 9.90 Å) and the overall pattern
features (Figure 3). The yardang samples contained minor
gypsum (d(020) = 7.6 Å), reflecting the evaporation of liquid
water in the basin center. The dune-covered deposits displayed
characteristic XRD peaks of amphibole (d(110) = 8.4 Å) (Figure 3),
implying that the debris from nearby mountains was only
partially weathered.

The XRD patterns of the rusty parts (named 0718-Fe and
0719-Fe) display the same features as the bulk samples (Figure 4),
indicating no new well-crystallized phase was formed. The
intensity ratio of d(001)/d(003) in XRD patterns was used to
determine the Fe content in clinochlore (Ryan and Reynolds,
1997). The ratios are 8.84, 4.6 for 0719-Bulk and 0719-Fe; 4.4, 4.2
for 0718-Bulk and 0718-Fe. The decrease of the d(001)/d(003) ratio
indicated that Fe migrated from clinochlore to the rusty parts.

SEM micrographs of the bulk samples showed poor
morphology of these clay minerals with grain sizes <2 μm
(Figures 5A–C), indicating a debris origin (Wilson, 1999).
Halite was observed in the yardang-type samples (Figure 5B).
In the rusty parts, nanoparticles are distributed on the surface of
the clay grains (Figure 5D). Backscattered electron imaging
associated with the elemental mapping of the same area
illustrated that these materials were Fe-enriched (Figures
5E,F) but Mg, Al, Si-depleted compared to the surrounding
clay grains (Figures 5G–I). EDS results confirmed that
clinochlore in these samples was enriched with Fe, and the
content of Fe in the clay mineral was decreased near the Fe
enriched area (see Supplementary Table S1).

Under TEM (Figure 6A), nanoparticles were intimately mixed
with clinochlore. The magnified image of these minerals again
displayed nanophase aggregates with a diameter of <5 nm
(Figure 6B). The high-resolution TEM image revealed that the
d-spacing of the nanoparticle was 2.5 Å (Figure 6B), which
corresponded to the 110 panels of ferrihydrite or nano-
hematite (Jiang et al., 2018).

Mo€ssbauer spectroscopy of the rusty parts provided further
identification of the Fe-bearingmaterials. The spectrumwas fitted
with two subspectra (Figure 7). The doublet with IS, QS values of
1.12 mm/s, and 2.73 mm/s (green) corresponded to the Fe2+ in
the octahedron of chlorite (Pollak and Stevens, 1986). Another
doublet with IS, QS values of 0.37 mm/s, 0.61 mm/s (pink)
indicated that the octahedral sites of Fe3+ were relatively
disordered, which should be attributed to ferrihydrite as
additionally supported by the TEM observations (Murad, 1996).

The NIR spectra of these Qaidam samples displayed
combinative features of both clinochlore and illite (Figure 8).
The -OH overtone at 1.414 μm was much weaker than the pure
clinochlore and illite. The H-O-H combination band at 1.931 μm
should be attributed to the coupling of the signals from both
clinochlore and illite, which moved to a higher wavelength
indicative of the increasing content of illite (Figure 8). The
2.211 μm absorption was due to the Al-OH in illite (Ehlmann
et al., 2009), while the ~2.347 μm absorption was a combination of
M-OH (M could be Fe, Mg, or the mix of these cations) in
clinochlore and illite (Bishop et al., 2008). The CRISM data
reported by (Ehlmann et al., 2009) demonstrated a similar NIR
pattern with 1.4, 1.9, 2.2, and ~2.3 μm absorptions as compared to
the Qaidam samples in this study, indicating the deposition of the
chlorite illite assemblage in the Nili Fossae region on Mars.

FIGURE 3 | X-ray diffractograms of the four sediment samples.

FIGURE 4 | X-ray diffraction patterns between 5° and 18° of the bulk
deposits and rusty parts from samples 0718 and 0719. The d(001) values are
the same as the bulk measurements.

Frontiers in Astronomy and Space Sciences | www.frontiersin.org May 2022 | Volume 9 | Article 8755474

Sun et al. Weathering of Chlorite Illite Deposits

https://www.frontiersin.org/journals/astronomy-and-space-sciences
www.frontiersin.org
https://www.frontiersin.org/journals/astronomy-and-space-sciences#articles


DISCUSSION

The Alteration of Clinochlore
As indicated by the XRD and EDS results, chlorite in the deposits
was characterized as Fe-rich clinochlore because the chamosite
has a different XRD pattern (Kohut and Warren, 2002). These
minerals are detrital and sourced from the physical weathering of
metamorphic and granitic parent rocks from the surrounding
mountains (Miao et al., 2016). However, in the presence of post-
depositional aqueous activity, the stability of clinochlore is
affected. The deposits are loose and porous which provides
intergranular space for the percolation of water. Previous
experiments demonstrate that even in neutral to alkaline

fluids, chlorite can be partially altered to release iron to the
aqueous repository (Malmström et al., 1996).

Along with the release of iron, the crystallinity of clinochlore
decreases. Afterward, iron precipitates near the spots of weathering
where the liquid water availability declines. The decreased intensity
in XRDpatterns and the reduction of Fe content determined by EDS
provide both the structural and compositional evidence to support
the above-proposed scenarios. Combined with the amorphous
crystallinity and the Mössbauer hyperfine parameters, the post-
weathering iron-bearing mineral was determined to be
ferrihydrite. The SEM observations furnish the transformation of
clay minerals with extra constraints as the content of Mg, Al, and Si
decreases during the formation of amorphous ferrihydrite.

FIGURE 5 | SEM micrographs of the clay minerals. (A) Clay morphology from sample 0718. (B) Clay morphology from sample 0719. (C) Clay morphology from
sample 1222-3A. (D) Amorphous materials on the surface of clay grains. (E) Backscattered electron image of the amorphous materials. (F) Distribution of Fe in the same
area as (E). (G) Distribution of Mg in the same area as (E). (H) Distribution of Al in the same area as (E). (I) Distribution of Si in the same area as (E).

FIGURE 6 | TEM micrographs of the rusty parts from 0718. (A) Fe-bearing materials associated with chlorite. (B) High-resolution TEM image of the Fe-bearing
materials and the Fourier transform of a single crystal framed in the red rectangle.
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The clinochlore upon further weathering would be
transformed to vermiculite and kaolinite associated with the
evolution of Fe minerals from goethite to hematite in warm
and wet conditions (Aspandiar and Eggleton, 2002a, b). However,
as shown in Figure 9, the weathering reaction in the western
Qaidam Basin is at the early stage which is hindered by the lack of
liquid water in the prolonged hyperarid climate (Han et al., 2014).
Rainwater or snowmelt can intermittently occur but be rapidly
evaporated soon after the commencement of the weathering
process. The low water availability may also be the reason that
the weathering can only form amorphous iron hydroxides in the
western Qaidam Basin.

Comparatively, illite is more stable than chlorite when exposed
to post-depositional environments (Wilson, 1999). Considering
the hyperarid climate in western Qaidam Basin, the alternation of
illite is even negligible. Therefore, chlorite rather than illite is
notably affected by post-depositional aqueous activity in the
Qaidam deposits.

Chlorite Illite Deposits on Mars
Martian chlorite illite deposits have previously been identified in
Nili Fossae by NIR spectroscopy (Figure 8). In the region of Nili
Fossae, alluvial activity shaped the stratigraphy of the area and left
traces of large-scale flood events (Ehlmann et al., 2009; Mangold
et al., 2007). The aqueous activity plays an important role in the
mineralogy of these chlorite illite deposits because chlorite could
be easily weathered to T-O-T clay minerals and iron hydroxide/
oxides in the presence of liquid water (Aspandiar and Eggleton,
2002a, b). This process is essential to Martian deposits as liquid
water might only be present occasionally for a long period
through the geological time of Mars (Fairén, 2010; Bishop
et al., 2018).

Cold and dry environments (e.g., permafrost areas, polar dry
valleys, and the Qaidam Basin) where chlorite illite deposits
distributed extensively are universally dominated by physical
weathering (Bishop et al., 2008). Similar weathering processes

have likely existed on early Mars. By analyzing the rates of clay
formation (Bishop et al., 2018), suggested that clay minerals on
Mars could have formed in a relatively short geological time (tens
of thousands of years), which is consistent with a more durable
dry and cold climate model of early Mars (Mangold, 2021;
Wordsworth et al., 2021).

On the Martian surface, chlorite is more common than
illite due to the lack of K+ in most sedimentary remains
(Ehlmann et al., 2009). (Ehlmann et al., 2011a) suggested
that the Martian chlorite illite deposits were formed through
diagenesis or subsurface low-grade metamorphism and were
then transported by alluvial activities, which is comparable to
the scenario in the western Qaidam Basin. Our results indicate

FIGURE 7 | 57Fe Mössbauer spectrum of the rusty parts from 0719
recorded at room temperature.

FIGURE 8 |NIR spectra of the Qaidam lacustrine-fluvial deposits and the
CRISM spectrum (Ehlmann et al., 2009) from the Nili Fossae region (top).
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that subtle changes can still be happening with regional
transient liquid activity. The most concentrated carbonate
deposits on Mars are identified in the channel of Nili Fossae,
which excludes the plausibility of extensive alteration from
acidic fluids in this region (Ehlmann et al., 2009). Such
situations and environments have dominated much of
Martian history, which might leave possible aqueous
information over minerals after the great change in global
climate (McLennan et al., 2019).

The weathering process in Qaidam Basin is primarily
driven by diagenesis, a process that might also play an
important role in elemental migration on Mars. The
abundance and mobility of Fe in the surface environment
greatly affected the surface mineralogy of Mars (Tosca et al.,
2008). The formation of widespread clay minerals is suggested
to occur in the first billion years of Mars when the surface was
aqueous and alkaline (Bibring et al., 2006; Ehlmann and
Edwards, 2014). However, Fe can be released from clay
materials easily to form nanophase hydroxides/oxides in
the presence of limited liquid water. The post-depositional
weathering process is likely still ongoing on the Martian
surface, which could display a similar alteration tendency
to the scenario in the Qaidam Basin. Although ferrihydrite is
metastable in most terrestrial environments (Dehouck et al.,
2017), evaluated the possibility of its presence on Mars by
examining its transformation in varied conditions. The
Mössbauer spectrographs acquired by the Spirit and
Opportunity rovers and the XRD results from the CheMin
onboard the Curiosity rover suggest the widespread
occurrence of ferrihydrite (Rampe et al., 2016) or
nanocrystalline hematite (Rampe et al., 2020) on Mars.
Burial and heating of sediments would favor the
transformation of these amorphous components into
goethite and well-crystallized hematite; however, these
scenarios might not occur after the weathering of Fe-clay

minerals in Martian sediments. Despite the neutral to alkaline
conditions in Nili Fossae, acidity has evolved in most regions
on Mars since the beginning of Hesperian (Zolotov and
Mironenko, 2007), which can enhance the Fe-clay
weathering and provide more sources for the widespread
iron-bearing materials on Mars.

CONCLUSION

Through the mineralogical study of chlorite illite deposits in
the western Qaidam Basin, we observed the post-depositional
effects on the change of chlorite composition and structure
under hyperarid climatic conditions. Due to the ephemeral
water activity, iron is released from Fe-clinochlore and forms
amorphous ferric oxyhydroxides in the sediments. Similar
NIR spectra are characterized in the Nili Fossae region on
Mars, indicating the presence of chlorite illite deposits.
Diagenesis in the Qaidam Basin and the resulting chemical
weathering of chlorite may inform the evolution of chlorite
and precipitation of secondary iron phases on the Martian
surface.
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