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Multiple mineral horizons in layered outcrops at Mawrth Vallis, Mars, 
signify changing geochemical environments on early Mars 
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A B S T R A C T   

Refined calibrations of CRISM images are enabling identification of smaller deposits of unique aqueous materials 
on Mars that reveal changing environmental conditions at the region surrounding Mawrth Vallis. Through 
characterization of these clay-sulfate assemblages and their association with the layered, phyllosilicate units of 
this region, more details of the aqueous geochemical history can be gleaned. A stratigraphy including five distinct 
mineral horizons is mapped using compositional data from CRISM over CTX and HRSC imagery across 100s of 
km and from CRISM over HiRISE imagery across 100s of meters. Transitions in mineralogic units were char
acterized using visible/near-infrared (VNIR) spectral properties and surface morphology. We identified and 
characterized complex “doublet” type spectral signatures with two bands between 2.2 and 2.3 μm at one 
stratigraphic horizon. Based on comparisons with terrestrial sites, the spectral “doublet” unit described here may 
reflect the remnants of a salty, evaporative period that existed on Mars during the transition from formation of 
Fe-rich phyllosilicates to Al-rich phyllosilicates. Layered outcrops observed at Mawrth Vallis are thicker than in 
other altered regions of Mars, but may represent processes that were more widespread in wet regions of the 
planet during its early history. The aqueous geochemical environments supporting the outcrops observed here 
include: (i) the formation of Fe3þ-rich smectites in a warm and wet environment, (ii) overlain by a thin ferrous- 
bearing clay unit that could be associated with heating or reducing conditions, (iii) followed by a transition to 
salty and/or acidic alteration phases and sulfates (characterized by the spectral “doublet” shape) in an evapo
rative setting, (iv) formation of Al-rich phyllosilicates through pedogenesis or acid leaching, and (v) finally 
persistence of poorly crystalline aluminosilicates marking the end of the warm climate on early Mars. The 
“doublet” type units described here are likely composed of clay-sulfate assemblages formed in saline, acidic 
evaporative environments similar to those found in Western Australia and the Atacama desert. Despite the 
chemically extreme and variable waters present at these terrestrial, saline lake environments, active ecosystems 
are present; thus, these “doublet” type units may mark exciting areas for continued exploration important to 
astrobiology on Mars.   

1. Introduction 

Investigation of phyllosilicate-bearing deposits on Mars provides an 
opportunity to evaluate aqueous activity and changes in climate. The 
Mawrth Vallis region lies at the border of the southern highlands and the 

northern lowlands near 22–25�N and 17–21�W. It is defined by the 
Mawrth Vallis channel and the ~100-km wide Oyama crater, and has 
been modified by numerous impact craters and small outflow tribu
taries, as well as volcanism (e.g., Tanaka et al., 2005; Loizeau et al., 
2007; Michalski and Fergason, 2009; Michalski and Bleacher, 2013). 
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Elevation varies from approximately � 2700 to � 3600 m (e.g., Loizeau 
et al., 2007) and extensive Fe- and Al-bearing phyllosilicate outcrops 
were first identified in Mars Express OMEGA (Observatoire pour la 
Min�eralogie, L’Eau, les Glaces et l’Activit�e) images (Poulet et al., 2005). 
The ancient phyllosilicate-rich rocks were emplaced ~4.0–3.8 Ga ago 
(Loizeau et al., 2012b), largely through sedimentary processes 
(Michalski and Noe Dobrea, 2007; Lowe et al., 2020) involving aqueous 
alteration of pyroclastic material through processes such as pedogenesis 
(Bishop et al., 2008b; McKeown et al., 2009; Horgan et al., 2013). This 
was one of the first regions where Al-rich phyllosilicates were identified 
stratigraphically above Fe-rich phyllosilicates because of their large 
spatial occurrence (Poulet et al., 2005; Bishop et al., 2008b); subsequent 
analyses have shown that Al-phyllosilicates commonly occur over Fe/ 

Mg-phyllosilicates on Mars and may represent widespread pedogenic 
alteration in warm, aqueous environments with high water/rock ratios 
(Carter et al., 2015a). 

Analysis of hyperspectral visible/near-infrared (VNIR) spectra ac
quired by the Compact Reconnaissance Imaging Spectrometer for Mars 
(CRISM) on board the Mars Reconnaissance Orbiter (MRO) has shown 
thick, complex profiles of phyllosilicates at Mawrth Vallis, consistent 
with aqueous alteration and active chemistry (e.g., Bishop et al., 2008b; 
McKeown et al., 2009; Bishop et al., 2013a). These phyllosilicates occur 
in finely-layered profiles 300 m or more thick (Loizeau et al., 2010). 
Recent modeling of phyllosilicate formation conditions suggests that 
these phyllosilicate-rich units could have formed during short-term 
warm and wet environments in an otherwise cold early Mars (Bishop 

Fig. 1. View of multiple mineral horizons at Mawrth Vallis. a) Oblique view from HRSC mosaic and DTM MC11E with 7-fold vertical exaggeration featuring 
phyllosilicate-bearing outcrops in CRISM false-color data from images HRL000043EC and FRT0000AA7D in the foreground with parameters BD2290 in red, 
OLINDEX3 in purple, MIN2250 in yellow, BD2210_2 in blue, and BD2190 in green, b) CRISM false-color data as in (a) draped over HiRISE image PSP_005819_2050 
for inset region in (a), and c) HiRISE image PSP_005819_2050 over a HiRISE DTM, draped with CRISM false-color data as in (a) for inset region in (b). (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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et al., 2018). Because of the altered Noachian rocks, abundant phyllo
silicates, changing redox conditions, evidence of habitable conditions, 
and likely preservation of biosignatures at Mawrth Vallis, this site has 
been a candidate landing site for many surface missions (e.g., Michalski 
et al., 2010; Bishop et al., 2013a; Gross et al., 2017; Poulet et al., 2020). 

Light-toned phyllosilicate-rich outcrops are visible across the 
Mawrth Vallis region surrounding Oyama crater and along the main 
channel (Fig. 1) where exposed through the caprock. This study builds 
on previous detections of phyllosilicates (Poulet et al., 2005; Bishop 
et al., 2008b; Wray et al., 2008; McKeown et al., 2009; Michalski and 
Fergason, 2009; Murchie et al., 2009a; Noe Dobrea et al., 2010; Bishop 
et al., 2013a; Michalski et al., 2013; Bishop and Rampe, 2016; Bishop 
et al., 2018), sulfates (Farrand et al., 2009; Wray et al., 2010; Michalski 
et al., 2013; Farrand et al., 2014), and doublet-type units (Bishop et al., 
2013a; Bishop et al., 2016) observed at the Mawrth Vallis region. Most 
of the aqueous alteration producing these phyllosilicates and sulfates 
formed before emplacement of the caprock unit about 3.7–3.6 Gya 
(Loizeau et al., 2012a). 

The purpose of this study is to characterize the newly identified 
“doublet” type units in terms of possible phyllosilicates and sulfates from 
lab and field studies and provide constraints on their aqueous 
geochemical history. This work also evaluates the position of the 
“doublet” unit in the stratigraphy and describes multiple horizons at the 
study site that are governed by changing environmental conditions or 
climate. 

2. Methods 

VNIR spectra from CRISM images (Murchie et al., 2009b) with 18 m/ 
pixel surface resolution for Full Resolution Targeted (FRT) and 36 m/ 
pixel surface resolution for Half Resolution Long (HRL) images were 
analyzed in this study. Recently processed Map-projected Targeted 
Reduced Data Record (MTRDR) calibration images (Seelos et al., 2016) 
were evaluated; these images are processed through a pipeline that in
cludes the standard photometric corrections, a “volcano scan” correc
tion for atmospheric gas absorptions (e.g., McGuire et al., 2009), and a 
correction for wavelength calibration over time (Morgan et al., 2011). 
MTRDR images contain spectra joined across the Short (S) and Long (L) 
wavelength images to span the full 0.4–3.9 μm range, and include 
improved spectral quality due to empirical corrections for along-track 
variations in aerosol opacity due to the geometry of the targeted 
(gimbaled) observations (Seelos, 2011). These images are available at: 
http://pds-geosciences.wustl.edu/missions/mro/crism.htm. We used 
the Viviano-Beck et al. (2014) spectral indices for visualizing surface 
mineralogy for our analyses as they offer more precise separation of 
features in the range 2.17–2.4 μm than the original Pelkey et al. (2007) 
parameters. In particular, we used the parameters OLINDEX3, BD2190, 
BD2210_2, MIN2250, BD2265, and BD2290 for identification of the 
spectral units in this study. For the 5-color images, we assigned BD2190 
to green, BD2210 to blue, MIN2250 to yellow (green and red), OLIN
DEX3 to purple (red and blue), and BD2290 to red. We overlayed indi
vidual, single-colored CRISM tif/tfw pairs for each parameter on the 
HRSC and HiRISE DTMs in the ArcGIS project, which enables dis
tinguishing each of these five units in distinct colors. 

We devised an ad-hoc procedure to distinguish spectra having a band 
in the region 2.20–2.25 μm versus 2.25–2.30 μm, or both regions. The 
images were first corrected for artifacts using the column-average-based 
noise suppression technique described in Parente et al. (2014). Each 
spectrum is further median-filtered and then fit with a cubic-smoothing 
spline. A continuum is estimated and removed by division. The identi
fication of the precise position of local minima in the ranges 
2.174–2.234 μm and 2.274–2.304 μm is easily obtained on the 
continuum-removed spline. Locations having bands in either or both of 
these spectral regions were mapped in order to visualize the spatial 
occurrence of these components. 

3D views of MTRDR images were prepared by overlaying the CRISM 

false color images of mineral parameters on top of Mars Orbiter Laser 
Altimeter (MOLA) data at ~120 m surface resolution (Smith et al., 2001) 
using ENVI software (Harris Geospatial Solutions). ArcGIS software 
(ESRI) was used to overlay false color CRISM images over MRO High 
Resolution Imaging Science Experiment (HiRISE) images at ~30 cm/ 
pixel surface resolution (McEwen et al., 2007) with coordinated mosaics 
of MRO Context (CTX) images at ~6 m/pixel surface resolution (Malin 
et al., 2007) and Mars Express High Resolution Stereo Camera (HRSC) 
images at ~10 m surface resolution (Neukum et al., 2004; Gwinner 
et al., 2016). The HRSC digital terrain model (DTM) has a grid size of 50 
m and the HiRISE DTM has a grid size of 1 m. The HiRISE DTM was 
generated at the University of Arizona using methods developed by Kirk 
et al. (2008) and McEwen et al. (2010). 

CRISM I/F spectra were acquired using ENVI software from regions 
of interest (ROI) ranging from 3 � 3 to 20 � 20 pixels, depending on the 
size of the outcrop. Relative I/F spectra were produced to minimize 
contributions from non-surface sources by ratioing the spectra of the site 
under investigation to a spectrally neutral region in the image. Some of 
the larger outcrops with strong spectral contrast did not need to be 
ratioed; however, all of the spectra presented in this paper were ratioed. 
Specific details on the xy coordinates of the numerator and denominator 
spectra and the number of pixels in the ROI are provided in supple
mentary online content. A 3-point boxcar smooth was applied to most of 
the CRISM spectra. The “doublet” type spectra in this study are defined 
as those having two bands in the region 2.20–2.30 μm. Typically, these 
spectra include one band at 2.20–2.23 μm and the other at 2.25–2.29 
μm. In order to characterize these “doublet” type spectra, they are 
compared with lab spectra of minerals and altered materials. The CRISM 
images investigated here include: FRT00003BFB, HRL000043EC, 
FRT0000863E, FRT000089F7, FRT000094F6, FRT0000A425, 
FRT0000AA7D, FRT0000B141, and FRT0000BB59. The outcrops 
observed in these images are similar to those observed across the 
Mawrth Vallis region (e.g., Bishop et al., 2013a; Danielsen et al., 2019). 

3. Results 

3.1. Identification of five distinct horizons in the clay profile 

The stratigraphy of the five mineralogically-distinct horizons inves
tigated here is illustrated in Figs. 1–2. An HRSC oblique color view 
(Fig. 1a) demonstrates the breadth of light-toned phyllosilicate-rich 
material at Mawrth Vallis. False color CRISM data overlain on HRSC 
(Figs. 1a,b) and HiRISE (Figs. 1c, 2b) were assigned to green for the 
nanophase (np) and/or poorly crystalline aluminosilicates (e.g., allo
phane) with spectral bands near 1.39–1.40, 1.92–1.93, and 2.19–2.20 
μm, blue for Al-rich phyllosilicates (e.g., montmorillonite/halloysite) 
with spectral bands at 1.40–1.41, 1.91–1.92, and 2.20–2.21 μm, yellow 
for the “doublet” type unit with spectral bands near 2.20–2.23 and 
2.25–2.29 μm, purple for the Fe2þ-bearing clay with an increasing slope 
due to ferrous iron, and red for the nontronite or Fe-Mg-smectite unit 
with spectral features near 1.41–1.43, 1.91–1.92, 2.28–2.30, and 
2.38–2.40 μm. Spectra of the Fe2þ-bearing unit are characterized by a 
steeper slope from ~1 to 2 μm (Bishop et al., 2008b) and they often 
include a mixture of the lower nontronite features and the upper doublet 
features; in some cases chamosite-type features are included near 2.25 
and 2.37 μm (e.g., Fig. 2c). A model of the stratigraphy illustrates the 
patchy nature of the “doublet” type unit (Fig. 2a). 

Previous analyses illustrated a common stratigraphy of Al- 
phyllosilicates over ferrous material over Fe/Mg-smectites (Bishop 
et al., 2013a, 2013b) and amorphous phases over Al-phyllosilicates over 
Fe/Mg-smectites (Bishop and Rampe, 2016). Here we are adding the 
spectral “doublet” unit that is found in between the Al-rich phyllosilicate 
unit and the ferrous clay unit (Fig. 2). Each of these 5 units has distinct 
spectral signatures (Fig. 2c) and morphologies (Fig. 3). The band centers 
and relative intensities of the “doublet” features are highly variable 
(Fig. 4), which is consistent with a system more complex than just 
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mixtures. Most of these spectra were acquired from smaller 3 � 3 or 5 �
5 pixel regions in order to reduce the averaging over multiple surface 
materials. 

3.2. Characterization of the spectral “doublet” unit 

Close-up views of the 2.1–2.4 μm range illustrate the variations 
observed for the “doublet” type outcrops at Mawrth Vallis (Fig. 4b) and 
the minerals gypsum, jarosite, gibbsite, and butlerite (Fig. 4c). In addi
tion to these minerals, acid treated smectite (ATS) exhibits a doublet 
feature here (Madejov�a et al., 1998), as well as some mineral mixtures. 
Spectra are included in Fig. 4c of a lab mixture of equal weight pro
portions of jarosite and gypsum and a Painted Desert soil sample 

containing more jarosite than gypsum (Perrin et al., 2018) that are ex
amples of mixtures having a spectral doublet feature. Spectra of poorly 
crystalline Fe–SiO2 phases (Tosca et al., 2008) and some smectites with 
mixed cations exhibit a broad shoulder feature in this region (not 
shown) that could also be related to the “doublet” unit. 

The spectral features near 2.2–2.3 μm in smectites vary with the type 
of cation that is connected to OH in the octahedral sheet (e.g., Bishop 
et al., 1994; Bishop et al., 2008a). The OH combination (stretching plus 
bending) vibration for the Al2OH sites in montmorillonite occurs at 
2.205–2.212 μm when Al is sufficiently abundant such that nearly all OH 
groups have two Al cations bound to them (Bishop et al., 2002). This 
band is broadened or a shoulder develops near 2.23 μm for smectites 
with some AlFe3þOH sites. Similarly, the OH combination vibration for 
the Fe3þ

2OH sites in nontronite occurs at 2.283–2.288 μm when Fe3þ is 
sufficiently abundant that nearly all OH groups have two Fe3þ cations 
bound to them, and a shoulder occurs near 2.23 μm for samples such as 
SWa-1 ferruginous smectite where some AlFe3þOH sites are present as 
well as Fe3þ

2OH sites (Bishop et al., 2002). Sediments containing Al-rich 
nontronite also include this band near 2.28 μm plus a shoulder at shorter 
wavelengths (e.g., Bristow et al., 2018). Some regions of Mawrth Vallis 
do exhibit features (OH combination band and shoulder) that could be 
consistent with mixed cation smectites; however, the “doublet” type 
features that are the focus of this investigation include two bands in most 
cases positioned near 2.20–2.23 and 2.25–2.29 μm. 

Three sets of false color views are shown for four CRISM images in 
Fig. 5 to illustrate the locations of this “doublet” unit in relation to the 
others featured here. For each set, the false color image at the left il
lustrates the transition from the allophane-type amorphous material 
(green) at the top of the clay profile to the montmorillonite/halloysite 
type unit (blue) below that, and the thick nontronite type unit (red) at 
the bottom of the profile. The center column highlights variations in the 
“doublet” type unit (green/yellow/orange) in relation to the nontronite- 
rich unit (blue). Materials with more jarosite character are mapped in 
yellow-green and other “doublet” type phases are mapped in yellow- 
orange tones. The right column represents the materials dominated by 
Al and Si in blue and those dominated by Fe and Mg in red, while the 
“doublet” type regions are mapped in white. These image views on the 
right clearly show the white “doublet” unit in between the lower red 
nontronite type material and the upper blue Al/Si type materials. 
Because the “doublet” unit occurs in between the Al/Si-rich upper unit 
and Fe/Mg-rich lower unit, a logical assumption would be that the 
“doublet” unit is simply a mixture of these two units. However, the band 
centers and relative intensities of the two bands vary widely (Figs. 4b, 
6). The spectral properties of these “doublet” materials are thus more 
complex than simple mixtures. Selected spectra from the Mawrth Vallis 
region are shown in Fig. 6 compared with lab spectra of related phases in 
order to illustrate the variations among the “doublet” type units and the 
differences between the “doublet” type phases and the other units pre
sent. Because of the variety of spectral features observed for the 
“doublet” unit, there are likely multiple processes occurring. Some areas 
may actually be mixtures of phyllosilicates and sulfates or mixtures of 
two sulfate minerals. More often though this “doublet” unit likely rep
resents a distinct aqueous alteration episode that altered or reprecipi
tated the other local materials. Analysis of the morphology and location 
of the “doublet” type unit indicates that this is present above the Fe-rich 
phases and below the Al-rich phases (Fig. 7) and that the morphologies 
of these units are consistent with different materials (Figs. 3, 7c). 

One explanation for this doublet feature could be that mixtures of the 
sulfate minerals jarosite and gypsum are present with different relative 
abundances. These minerals are not typically co-located because jarosite 
forms in low-pH environments, while gypsum more typically forms in 
neutral waters. However, they are observed together in some high salt 
environments such as saline lakes in Western Australia (Benison and 
Bowen, 2006) and the Atacama desert in Chile (Flahaut et al., 2017). 
One region of the Painted Desert also features a sulfate hill with co- 
located jarosite and gypsum (Perrin et al., 2018). VNIR spectra of 

Fig. 2. Stratigraphy of five distinct mineral horizons at Mawrth Vallis. a) Di
agram illustrating the nontronite (Fe/Mg-smectite) unit mapped in red at the 
bottom of the stratigraphic sequence, overlain by ferrous clays in purple, then 
the spectral “doublet” unit in yellow including sulfates, followed by Al-rich 
phyllosilicates and opal in blue, and covered by nanophase aluminosilicates 
(e.g., allophane) in green, b) view of HiRISE stereo terrain model with CRISM 
false-color data representing these 5 units, and c) spectra representing these 5 
stratigraphic units ratioed to nearby spectrally neutral regions to highlight 
surface features. Grey lines mark features of interest. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web 
version of this article.) 
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mixtures prepared in the laboratory also include doublets in the 2.2–2.3 
μm range for jarosite-gypsum (Perrin et al., 2018), jarosite-nontronite 
(Usabal and Bishop, 2018), and gypsum-opal (Miura and Bishop, 
2018). Another explanation for this “doublet” feature is acid alteration 
of the Fe-rich smectite unit. Lab experiments with acid-treated smectites 
(Madejov�a et al., 1998) and poorly crystalline Fe–SiO2 phases 

precipitated in acidic solutions (Tosca et al., 2008) include 2–3 bands in 
the 2.2–2.3 μm region that vary in band center and band shape 
depending on the reaction conditions. Hydrothermal alteration of ash 
near cinder cones, fumeroles, and fresh lava also produces mixtures of 
jarosite, hydrated silica, and smectites (e.g., Bishop et al., 2005; Bishop 
et al., 2007; Yant et al., 2017). Because of the variation in band centers 

Fig. 3. Surface morphologies of the five mineral horizons from HiRISE image PSP_005819_2050. a) Close-up view of HiRISE stereo terrain model with CRISM false- 
color data from image HRL000043EC representing these 5 units, b) morphology of poorly crystalline aluminosilicate unit mapped in green, c) morphology of Al- 
phyllosilicate unit mapped in blue, d) morphology of spectral “doublet” type sulfate-bearing unit mapped in yellow, e) morphology of ferrous clay unit mapped 
in purple, and f) morphology of Fe/Mg-smectite/nontronite unit mapped in red. (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 
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in addition to changes in relative intensity observed for this “doublet” 
unit at Mawrth Vallis (Fig. 4c), this unit is attributed to a complex suite 
of materials rather than a simple mixture. These “doublet” features are 
consistent with mixtures of Ca sulfates, OH-bearing sulfates and clays, or 
acid alteration of clays. Thus, this unit likely represents a time period 
where salty, evaporative environments existed. Saline lakes (e.g., 
Benison and Bowen, 2006) or salars (e.g., Flahaut et al., 2017) exhibit 
highly variable mineralogy within tens or hundreds of meters that is 
consistent with the spectral variations observed for this “doublet” unit at 
Mawrth Vallis. These salty evaporite regions also represent a range of 
acidic to mildly acidic to neutral waters. The presence of saline and/or 
acidic waters could have posed challenges for the evolution of life on 
early Mars; however, shallow, saline ponds on Earth are enriched with 
abundant microbial communities (e.g., Benison et al., 2008; Conner and 
Benison, 2013; Johnson et al., 2015; Benison, 2019; Johnson et al., 
2020). 

In order to evaluate the “doublet” type unit in more detail, we 
investigated the tiny outcrops containing potential jarosite-bearing units 
(Danielsen and Bishop, 2018). CRISM spectra in Fig. 6 attributed to 
jarosite include bands at 1.47, 1.86 and 2.27 μm (Bishop and Murad, 
2005) and are found in several tiny outcrops throughout Mawrth Vallis 
(Bishop et al., 2016; Danielsen and Bishop, 2018; Usabal et al., 2019). 
Spectra of jarosite also include a shoulder or weak band near 2.22–2.23 
μm. Many of the doublet-type spectra have bands near 2.22–2.23 and 
2.26–2.27 μm that are roughly similar to the positions of the jarosite 
bands, although the relative intensity is inconsistent with jarosite, and 
other diagnostic jarosite features are missing (e.g., Farrand et al., 2009). 
However, similar acid-alteration processes are likely responsible for the 
formation of the doublet-type material and jarosite. Investigation of the 
sites where jarosite features (1.86, 2.22, and 2.27 μm) are observed and 
where “doublet” type features are observed shows that they occur in 
neighboring deposits. The small occurrences of jarosite may indicate 
localities where acidic conditions persisted longer, thus enabling its 
formation. Analysis of jarosite mixtures indicate that the 1.86 μm band is 

only present in systems that contain more jarosite than other sulfate or 
clay minerals (Perrin et al., 2018; Usabal et al., 2018). 

Spectra of the Ca sulfates bassanite and gypsum (Bishop et al., 2014) 
also contain a doublet near 2.22 and 2.26 μm, similar to jarosite features 
and a band near 1.75 μm, similar to that of alunite (Bishop and Murad, 
2005). Thus, mixtures of these sulfates can be difficult to distinguish. 
Bassanite was identified previously in small outcrops in at least one part 
of the Mawrth Vallis region (Wray et al., 2010); thus Ca sulfates could be 
present in other forms as well. Additional detailed studies are needed to 
characterize the specific forms of this “doublet” type unit. Investigations 
to date indicate variations in the shape and character of this “doublet” 
signature within single CRISM images, while similar types of features are 
noted in the northern, eastern, and southern parts of this region. 

3.3. Characterization of the ferrous spectral unit 

Just above the thick nontronite type unit in many locations 
throughout Mawrth Vallis is a thin horizon containing weaker Fe/Mg- 
smectite features and a positive slope from ~1 to 1.8 μm that is char
acteristic of bands due to electronic excitations in ferrous materials (e.g., 
Burns, 1993). This enhanced positive slope is caused by a broad band 
arising from an Fe2þ-Fe3þ charge transfer transition in phyllosilicates (e. 
g., Faye, 1968; Anderson and Stucki, 1979; Lear and Stucki, 1987). 
Typically, this increase in the ferrous signature is observed at the top of 
the nontronite unit where both a positive slope from ~1 to 1.8 μm and a 
nontronite band near 2.29 μm are observed for only a couple of pixels in 
the CRISM scene (40–60 m), then the nontronite band disappears further 
up the stratigraphic column. In some cases, only the ferrous slope is 
present, while in other cases, bands characteristic of ferrous clays are 
present and in others the ferrous slope is combined with the “doublet” 
type features, indicating a mixture of the ferrous material with the 
“doublet” type unit above it. 

This Fe2þ-bearing unit could be a mixture of nontronite with ferrous 
clays such as glauconite (Fe2þMg-mica), chamosite (Fe2þ-rich chlorite 

Fig. 4. Spectral character of “doublet” type materials at Mawrth Vallis with two absorption bands occurring between 2.20 and 2.29 μm. a) Selected CRISM relative 
I/F spectra illustrating this feature from CRISM images (1) FRT0003BFB, (2) FRT0000A425, (3) HRL000043EC, (4) FRT0000863E, (5) HRL000043EC, (6) 
HRL000043EC, (7) FRT0000AA7D, (8) FRT0000A425. All are ratioed to a spectrally neutral region in the image and the xy coordinates of the numerator and 
denominator spectra are provided in the supplementary online material. Dark grey lines mark the H2O band near 1.92 μm (solid line) and OH bands near 2.20, 2.29, 
and 2.395 μm (dotted lines), while the doublet region near 2.23 and 2.26 μm is marked by light grey lines. Note the variations in H2O band position and shape as well 
as other features present in these “doublet” type spectra. b) Same CRISM relative I/F spectra from (a) for the 2.1–2.4 μm region to better illustrate the variations in 
shape of the “doublet” feature. Note changes in asymmetry of these bands and relative band depths of the bands near 2.20–2.23 μm and near 2.26–2.29 μm. 
(c) Reflectance spectra of minerals, mixtures, and acid-treated smectite (ATS) that exhibit two bands or a band plus a shoulder feature in this region: ATS 
(from Madejov�a et al., 1998), gypsum (from Bishop et al., 2014), jarosite (from Bishop and Murad, 2005), gibbsite (from Bishop collection), butlerite 
(from Lane et al., 2015), a 50/50 wt% jarosite/gypsum mineral mixture prepared in the lab (jar/gyp) and an orange-colored soil sample from the Painted Desert (PD 
jar/gyp) that includes ~69 wt% jarosite, ~10 wt% gypsum, ~7 wt% montmorillonite, and ~14 wt% quartz (Perrin et al., 2018). 
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Fig. 5. Views of CRISM image parameter maps illustrating different mineral units in the stratigraphy. Shown in the left column (a, d, g, j) are maps of Fe/Mg-smectite 
in red, Al-phyllosilicatess in blue, and poorly crystalline aluminosilicates in green. The spectral “doublet” type material is shown in yellow/orange in the center 
column (b, e, h, k) and in white in the right column (c, f, i, l) using two different sets of parameters. For panels c, f, i, and l, locations where a minimum was identified 
in the range 2.174–2.234 μm are displayed in cyan, locations where a minimum was identified in the range 2.274–2.304 μm are marked in red, and locations where a 
doublet feature is present with minima in both ranges are shown in white. (For interpretation of the references to color in this figure legend, the reader is referred to 
the web version of this article.) 
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with some Mg) and celadonite (Mg-rich chlorite with some Fe2þ), or it 
could be a reduced form of nontronite (e.g., Lear and Stucki, 1987; 
Stucki, 2006; Chemtob et al., 2015). Reduction of Fe3þ in nontronite also 
causes deprotonation of the OH bound to octahedral cations and de
creases the intensity of the OH spectral features (Manceau et al., 2000; 
Fialips et al., 2002). Mixtures of nontronite and ferrous clays or other 
ferrous minerals also exhibit nonlinear changes in the spectral features, 
where small amounts of ferrous minerals produced a prominent effect on 
the mixture spectra (Saper and Bishop, 2011; Bishop et al., 2013b). 
Thus, an Fe2þ-bearing phyllosilicate could be mixed with the lower 
nontronite or upper “doublet” unit, but not be a major component of this 
unit and still contribute an increasing slope from ~1 to 1.8 μm. Studies 
of nontronites heated to 300 �C produced partially irreversible forma
tion of Fe2þ species with an upward slope in reflectance spectra from ~1 
to 1.8 μm (Morris et al., 2009). These experiments indicate that 

alteration due to a heating event such as impacts on Mars could be 
converting a small portion of the Fe3þ to Fe2þ at the surface of the Fe/ 
Mg-smectite boundary. This would change the spectral properties of 
the material, but not greatly change the bulk properties of the unit. A 
ferrous phase could also have been formed due to a redox process when 
the upper salty, sulfate, and/or Al/Si-rich units formed, then intermixed 
with each of the phyllosilicate units near their boundary. 

A change from a lower Fe3þ to an upper Fe2þ unit in the stratigraphy 
is rather unusual and implies that the ferric smectite was present first 
and then altered to form a ferrous-bearing material. Redox experiments 
on Fe-rich phyllosilicates in the laboratory have shown that Fe3þ in 
phyllosilicate structures can be reduced via chemical or biological 

Fig. 6. Selected CRISM spectra from Fig. 4a compared to reflectance spectra of 
minerals. The lab spectra are labeled with the mineral names and the CRISM 
spectra have numbers indicating the image where they were collected: (2) 
FRT0000A425, (3) HRL000043EC, (4) FRT0000863E, (5) HRL000043EC, (8) 
FRT0000A425. Dashed lines mark features found in jarosite spectra that are 
strongest in spectrum 8 and partially present in spectrum 4. Both of these 
spectra include features near 1.92 and 2.20 μm that are most consistent with 
allophane but could also be due to halloysite. The solid line at 1.92 μm is due to 
the H2O combination (stretch þ bend) band and the dotted lines are due to the 
OH combination band for Si-OH or Al-OH at 2.20 μm and for Fe-OH at 2.29 μm. 
Spectrum 5 includes broad doublet features centered near 2.23 and 2.27 μm 
that are most similar to a mixture containing gypsum. Spectra 2 and 3 have 
narrower features near 2.23 and 2.28–2.29 μm and are most similar to acid- 
treated Fe-smectite. The light grey lines mark the doublet bands near 
2.22–2.24 and 2.25–2.27 μm. 

Fig. 7. Expanded views of spectral “doublet” type units. a) 3D views of CRISM 
image HRL000043EC over MOLA with 5� vertical exaggeration and parameters 
BD2290 in red, MIN2250 in green, and BD2210_2 in blue, b) 3D views of the 
same image with parameters MIN2250 in red, in BD2190 green, and BD2210_2 
in blue, and c) approximate outlines of compositional units determined by 
CRISM marked on HiRISE image PSP_006742_2050_IRB. (For interpretation of 
the references to color in this figure legend, the reader is referred to the web 
version of this article.) 
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processes (e.g., Stucki, 2006; Dong et al., 2009); however, microbial 
reduction is a common process to convert Fe3þ to Fe2þ in clay minerals 
(e.g., Dong et al., 2009, and references therein). Anaerobic microbes 
facilitate these reactions in soils, sediments, and hydrothermal envi
ronments on Earth, and smectites (e.g., montmorillonite, nontronite) 
have been found to provide the highest reduction rates, which was 
attributed to their expandable layer structures (Stucki et al., 1987; Gates 
et al., 1998; Dong et al., 2003; Stucki, 2006; Jaisi et al., 2007; Dong 
et al., 2009). Redox gradients and chemical disequilibria can provide 
sources of energy for microbes and could be an indicator of habitable 
environments (Bishop et al., 2013a; Horgan et al., 2015; Bishop, 2018). 

3.4. Relationships between mineralogy and climate 

The 100–200 m thick deposit of Fe3þ/Mg-smectite plus ferric oxide- 
bearing phases likely occurred in a neutral to slightly basic aqueous 
environment. In regions such as Mawrth Vallis, where this smectite is 
not accompanied by high temperature minerals and sedimentary fea
tures are observed, this Fe3þ-rich smectite likely formed in short-term 
(tens to 100s of thousands of years), warm (5–10 �C mean annual tem
perature with seasonal highs up to 20–30 �C) and wet surface environ
ments during the Noachian with rain and leaching of the basalt (Bishop 
et al., 2018). As described above, alteration of the Fe3þ/Mg-smectite 
unit to produce some Fe2þ in the phyllosilicate at the surface of this unit 
could be an indicator of heating due to impacts, volcanism or magmatic 
processes, of redox reactions taking place in reduced fluids, or biologic 
activity. If the ferrous clays formed due to reduction and dehydration 
through heating, then there was likely an extended period of dry climate 
during this time. If the ferrous clays formed due to redox reactions then 
the surface of the 100–200 m thick Fe3þ-rich smectite deposit must have 
been wet (e.g., Bishop et al., 2013a). This could have been achieved in a 
cold, moist environment with transient liquid water. A fresh supply of 
Fe2þ-bearing volcanic ash could also have been deposited on top of the 
lower Fe3þ-rich smectite unit in an environment with limited water that 
was too cold for smectite formation. Alternatively, fresh Fe2þ-bearing 
ash soaked in warm, low-pH waters would have supported formation of 
ferrous clays rather than nontronite (e.g., Chevrier et al., 2007). 

The Mawrth Vallis clay-bearing stratigraphy contains the spectral 
“doublet” material with infrequent, small pockets of jarosite in a thin 
unit above the ferrous clays. The variable nature of the thickness and 
composition of the “doublet” type unit implies changing conditions 
across Mawrth Vallis to produce mixtures of sulfates and clay minerals 
and acid alteration of the Fe3þ-rich smectite unit. This is consistent with 
an evaporative (e.g., Benison and Bowen, 2006) or hydrothermal (e.g., 
Bishop et al., 2005) environment. Shallow, saline pools would be easier 
to explain on Mars at the end of the Noachian and beginning of the 
Hesperian period because liquid water was likely less stable on the 
surface of the planet at this time (e.g., Fassett and Head, 2008; Bishop 
et al., 2018) and there is no evidence of volcanic activity near Mawrth 
Vallis (Robbins et al., 2011). This “doublet” unit is then covered by the 
Al-rich phyllosilicate unit. The transition from ferrous clays to salty/ 
sulfate/clay mixtures to Al-phyllosilicates could be explained by 
aqueous alteration in acidic waters. This was suggested to describe the 
co-occurrence of jarosite and alunite with Al-rich phyllosilicates in 
several locations across Mars (Ehlmann and Dundar, 2015). Related 
“doublet” type features attributed to mixtures of jarosite and clays have 
been identified at Ius Chasma (Roach et al., 2010; Flahaut et al., 2014) 
and Noctis Labyrinthus (Weitz et al., 2011). A change from near-neutral 
waters supporting formation of Fe3þ-rich smectite to a drier epoch with 
occasional acidic waters could explain the observed stratigraphy at 
Mawrth Vallis. Because the same trend in mineral horizons is observed 
across thousands of km, the aqueous processes occurring there must 
have been wide-spread rather than isolated. These alteration episodes 
occurred at the surface and the rocks have not been significantly 
modified since then by deep burial or high water activity. 

Finally, covering the surface of the clay-rich stratigraphy across 

Mawrth Vallis is a unit dominated by poorly crystalline, nanophase and 
amorphous materials such as allophane and imogolite (Bishop and 
Rampe, 2016). Formation of allophane and imogolite from volcanic 
glass is favored over smectite clay formation in either low water/rock 
ratio environments at moderate temperatures or cold climates with high 
water/rock ratios (Chamley, 1989; Parfitt, 2009; Rasmussen et al., 
2010). Other Fe oxide-bearing nanophase and poorly crystalline phases 
such as ferrihydrite, schwertmannite, and akagan�eite have been iden
tified on Mars (Poulet et al., 2008; Carter et al., 2015b) and could have 
also formed in cooler environments that did not favor formation of 
crystalline Fe oxides/hydroxides (e.g., Bishop and Murad, 2002; Cornell 
and Schwertmann, 2003). Thus, the presence of abundant nanophase 
aluminosilicates without phyllosilicates could mark the end of the warm 
and wet surface conditions supporting smectite formation (Bishop et al., 
2018). 

The “doublet” type clay-sulfate assemblages identified in this study 
are consistent with precipitates and sediments from saline lake envi
ronments described previously (e.g., Benison and LaClair, 2003; Benison 
and Bowen, 2006; Flahaut et al., 2017; Benison, 2019) and may be 
related to the acid saline environment at Eagle crater, Meridiani, where 
gypsum- and jarosite-bearing sediments were identified (Squyres et al., 
2004). The saline, acid brine lakes in Western Australia and Chile are 
among the most chemically extreme environments on Earth and host 
many diverse ecosystems of extremophiles (e.g., Warren-Rhodes et al., 
2007; Mormile et al., 2009; Wierzchos et al., 2011; Johnson et al., 2015; 
Johnson et al., 2020). The water chemistry of these acid lakes in Western 
Australia fluctuates with flooding and evaporation, producing acidity 
levels measured at ~1–7 pH and salinities as high as 32% dissolved 
solids (Benison et al., 2007; Bowen and Benison, 2009). Minerals in 
these acid lake environments trap organic materials and microorganisms 
and preserve them over geologically long periods of time (Benison, 
2019). Thus, continued investigation of these clay-sulfate assemblages 
on Mars may provide information to help constrain environments that 
could have preserved ecosystems if they in fact developed on Mars. 

4. Summary 

This study describes five distinct mineral horizons observed at 
Mawrth Vallis in the light-toned, layered units: Fe3þ/Mg-smectite, 
ferrous clays, spectral “doublet” materials, Al-phyllosilicates, and np- 
aluminosilicates. These layered outcrops observed at Mawrth Vallis 
are thicker than in other regions of Mars, but may represent processes 
that took place on a wider scale across Mars during the Noachian time 
period. Observations at Mawrth Vallis are consistent with the formation 
of Fe3þ-rich smectites in a warm and wet neutral environment, a tran
sition to alteration in acidic waters during a period of evaporative set
tings with wet/dry cycling, crystallization of Al-rich phyllosilicates 
through pedogenesis or leaching in warm, acidic waters, followed by 
colder conditions where the persistence of np-aluminosilicates mark the 
end of the warm and wet clay-forming climate on Mars. Poorly crys
talline materials including allophane, imogolite, ferrihydrite, aka
gan�eite, and schwertmannite would be stable long-term on Mars in the 
absence of liquid water, but would all alter to form crystalline minerals 
in warm and wet environments. Because these poorly crystalline phases 
are observed at the top of the clay stratigraphy at Mawrth Vallis, these 
signal a long-term dry and cold climate. The layered clay-bearing out
crops at Mawrth Vallis are draped by np-aluminosilicates and covered by 
caprock. This stratigraphy is observed today where the surface has been 
eroded. 

The layered, light-toned phyllosilicate-rich outcrops at Mawrth 
Vallis are indicators of changing chemistry that could record an ancient 
active chemical environment supportive of habitable conditions and 
would also be able to preserve evidence of ecosystems, if present on 
ancient Mars, over geologic timescales. Alteration of the Fe3þ/Mg- 
smectite unit to produce some Fe2þ in the phyllosilicate at the surface of 
this unit could be an indicator of heating due to impacts, of redox 
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reactions taking place in reduced fluids, or biologic activity. Small 
outcrops of Ca-sulfates, jarosite and alunite are present in pockets be
tween the thick, lower Fe/Mg-smectite unit and the upper Al- 
phyllosilicate unit. A few isolated regions exhibit spectral properties 
most consistent with these sulfates, while most occurrences are mixtures 
with phyllosilicates or hydrated silica. Comparison with terrestrial 
outcrops containing Ca-sulfates, jarosite, Al-phyllosilicates, and silica/ 
opal suggests that these acidic or salty units at Mawrth Vallis formed in 
evaporative environments. Alteration in saline and acidic waters could 
have posed challenges for life, if present, on early Mars; however, such 
chemically extreme environments on Earth in Western Australia and the 
Atacama desert contain active ecosystems, indicating that life could 
have been possible as well in the clay-sulfate assemblages of the martian 
“doublet” unit outcrops described here. 
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