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Abstract

Intriguing outcrops in Ius Chasma provide a window into past aqueous processes in Valles
Marineris, Mars. Hydrous sulfate minerals are abundant throughout this region, but one area in
Ius Chasma includes phyllosilicates, opal, and additional materials with unusual spectral
features. This study at Geryon Montes, an east-west horst that divides Ius Chasma into a northern
and southern canyon, exploits recent advances in image calibration and feature extraction
techniques for analysis of hyperspectral images acquired by the Compact Reconnaissance
Imaging Spectrometer for Mars (CRISM). Specifically, a unique spectral “doublet” feature with
absorptions at 2.21 — 2.23 and 2.26 — 2.28 um is isolated at the border of phyllosilicate-bearing
and sulfate-bearing regions in Ius Chasma and surveyed to characterize outcrops that may
represent a changing climate on Mars. We document and map three distinct forms of this
“doublet” material in relation to phyllosilicates and opal. Analyses of compositional maps
derived from CRISM overlain on High Resolution Stereo Camera (HRSC) and High Resolution
Imaging Science Experiment (HiRISE) imagery has revealed the presence of these hydrated
outcrops along the wall rocks below a breach in the Geryon Montes, bordering a canyon
containing abundant hydrated sulfates. Our investigation supports formation of these unique
alteration phases through acid alteration of ancient smectites in the wall rock as the sulfate brine
overflowed the south canyon of Tus Chasma at the breach in Geryon Montes and penetrated the
deeper northern canyon.

© 2023 published by Elsevier. This manuscript is made available under the Elsevier user license
https://www.elsevier.com/open-access/userlicense/1.0/
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1. Introduction

Valles Marineris extends over ~ 4000 km along the Martian equator, exposing a wide
variety of mineralogy ranging from basaltic components to sulfates and phyllosilicates. The
complex canyon system (Fueten et al., 2014) formed after the accumulation of lavas that were
part of the Tharsis volcanism (Tanaka, 1986; Tanaka et al., 1991) and include Noachian-aged
ancestral basins (Lucchitta and Bertolini, 1990; Lucchitta et al., 1994) that were reshaped during
the Hesperian to the current structure (Scott and Tanaka, 1986; Tanaka, 1986; Dohm and
Tanaka, 1999; Head et al., 2001; Carr and Head, 2010) and modified with faulting and linear
troughs in the Amazonian (Schultz, 1998). Water has also played an important role in shaping
(Sivasankari and Arivazhagan, 2022) and creating alteration products and sediments within
Valles Marineris (Gendrin et al., 2005; Chojnacki and Hynek, 2008; Murchie et al., 2009a).

Throughout the Valles Marineris region, light-toned layered deposits have been observed
along the plateaus by the Mars Reconnaissance Orbiter (MRO) HiRISE (McEwen et al., 2007)
and CRISM (S. L. Murchie et al., 2007) instruments west of Ganges Chasma, southwest of
Melas Chasma, south of western Candor Chasma, northwest of Juventae Chasma, south of Ius
Chasma (Weitz et al., 2010) and south of Coprates and Capri Chasmata (Le Deit et al., 2012).
These light-toned layered deposits are associated with valley or channel systems, with three of
the deposits (Juventae, Ius, and Ganges Chasma) having inverted channels made of light-toned
beds (Weitz et al., 2010). Within the canyons of Valles Marineris, thicker mounds of light-toned
layered deposits are spectrally dominated by hydrated sulfates, including monohydrated sulfates
(MHS) and polyhydrated sulfates (PHS) visible at km scales in the Mars Express Observatoire
pour la Mineralogie, I’Eau, les Glaces et 1’ Activite” (OMEGA) (Gendrin et al., 2005; Bibring et
al., 2006) and MRO/CRISM data (e.g. Murchie et al., 2009a). Horizons of PHS and MHS units,
sometimes alternating but frequently with PHS above MHS, have been observed in many of the
chasmata across Valles Marineris and nearby including Candor Chasma (Murchie et al., 2009b;
Roach et al., 2009; Fueten et al., 2014), Capri Chasma (Flahaut et al., 2010; Weitz et al., 2012),
and Juventae Chasma (Bishop et al., 2009; Noel et al., 2015; Fueten et al., 2017) .

Orbital characterization of the unique light-toned outcrops on Mars using CRISM data
indicate broader geochemical transitions from sedimentary phyllosilicate beds to evaporative,
acidic, or hydrothermal environments containing sulfate minerals (e.g. Bibring et al., 2006).
Several thin outcrops have been identified on Mars using a spectral “doublet” feature with two
absorption bands between 2.2 — 2.3 um at multiple locations including Mawrth Vallis (Bishop et
al., 2020), Noctis Labyrinthus (Weitz et al., 2011), Melas Chasma (Weitz et al., 2015), Coprates
Catena (Weitz and Bishop, 2016), and Tus Chasma (Roach et al., 2010). The “doublet” type units
at Mawrth Vallis are sandwiched in between Al-phyllosilicates and Fe/Mg-smectites in
expansive clay beds and in some cases, small pockets of jarosite are observed in or adjacent to
the “doublet” materials (Bishop et al., 2020). Noctis Labyrinthus, adjoined to the westernmost
chasmata of Valles Marineris, is known for mineralogic diversity with outcrops containing
multiple aqueous minerals (Weitz et al., 2011; Thollot et al., 2012) and also this “doublet”
signature (Weitz et al., 2011). The spectral “doublet” units observed at Melas Chasma occur in
smaller outcrops along the upper wall rock slopes in far western Melas adjacent to Ius Chasma
(Weitz et al., 2015). This study builds on these previous orbital studies of the doublet materials
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and spectral analyses of analog sites containing phyllosilicate-sulfate assemblages (Bishop et al.,
2015, 2005)(Kaplan et al., 2016; S. Perrin et al., 2018)(Bishop et al., 2019). Here we focus on Ius
Chasma (Figure 1), which contains perhaps the most intriguing “doublet” type units, as they
form a continuous thin sloped layer that spans tens of kilometers.

Previous work (Roach et al., 2010; Kaplan et al., 2016) investigated these enigmatic
“doublet” materials found in the light-toned layered deposits at [us Chasma that span hundreds of
kilometers. The “doublet” materials are emplaced on top of Fe/Mg smectites, and their origin has
been interpreted as being either an acid-leached phyllosilicate from the underlying unit, or as a
smectite/jarosite mixture (Roach et al., 2010). Analysis of spectral and mineralogical analogs
from Rio Tinto led Kaplan et al. (2016) suggest that the “doublet” material is consistent with an
Al-phyllosilicate and jarosite mixture due to the independently varying strength of the doublet
feature, the similarity in the spectral doublet wavelength positions seen at both Rio Tinto and on
Mars, and the wavelength positions of the spectral doublet feature being somewhat consistent
with Al-OH and Fe-OH bearing minerals.

Itoh and Parente (2021) recently proposed a new atmospheric correction and de-noising
algorithm, SUBCONYV, for CRISM IR images that significantly mitigates atmospheric residuals
and spurious features, clarifying surface spectral features. Furthermore, Saranathan and Parente,
2021 developed novel feature extracting algorithms that allow for the isolation and mapping of
unique image components using the CRISM images processed by the SUBCONYV algorithm. The
advancement of the improved CRISM image processing and mineral mapping techniques
enables the characterization of smaller outcrops that were previously difficult to resolve.

The objectives of our study are to reinvestigate these intriguing spectral “doublet”
outcrops near Geryon Montes in Ius Chasma through coordinated analyses of compositional
information from CRISM and morphology and stratigraphy from HiRISE and the Mars Express
High Resolution Stereo Camera (HRSC). Our analysis includes a high level CRISM product set,
the Map-Projected Targeted Reduced Data Records (MTRDR) (Seelos et al., 2023), processed
and released by the CRISM Science Operation Center, though we are primarily employing the
newer SUBCONV image processing technique that offers improved clarity of CRISM images
with reduced noise and improved spectral features of surface outcrops, coupled with the new
feature extraction algorithm to map out spectrally distinct components in these scenes. We are
using these techniques to explore the types of minerals and other components that best explain
the doublet features and to assess how these intriguing deposits formed at Tus Chasma.
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CRISM / CTX / HRSC / HRSC DTM

Figure 1: (A) MOLA image of Valles Marineris, including Ius Chasma. (B) THEMIS Day IR
image of ITus Chasma including Geryon Montes and the bright layered materials containing the
“doublet” spectral signatures. (C) HRSC DTM overlain by CTX and CRISM images of the
doublet type unit on the southern wall of the northern valley of Tus Chasma.

2. Methods

This study focuses on visible/near-infrared (VNIR) spectral image cubes acquired by the
CRISM instrument in the Full Resolution Targeted (FRT) observation mode that nominally
achieves the spatial resolution of 18 m/pixel. We made use of the I/F image cubes of the
MTRDR products (Seelos et al., 2023) that were already photometrically and atmospherically
corrected and map projected. Some of the remaining residuals in the I/F spectra in the MTRDR
product are mitigated by ratioing spectra from areas of interest to spectrally neutral sites in the
image. Spectral parameters (Viviano et al., 2014) were further used to identify and map
individual mineral units in complex outcrops in CRISM scenes. ArcGIS software was then used
to overlay CRISM maps of specific minerals (e.g., Bishop et al., 2020) on imagery collected by
HiRISE, the Context (CTX) camera onboard MRO and HRSC digital terrain models (DTM).

For this study we are also using CRISM images prepared with the new SUBCONV
algorithm developed by Itoh and Parente (2021) for simultaneous atmospheric correction and
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denoising processed using the older TRDR-equivalent I/F data produced by our own
implementation of the TRDR version 3 calibration pipeline excluding bad-pixel interpolation and
TRR3 filtering. Images processed using this new method are free of most of the residual of the
atmospheric correction from the volcano scan method, as well as large noise and spurious
artifacts that would mask or mimic surface spectral signatures in the 1.0-2.6 um spectral range.
Spectra of selected “doublet” units were analyzed from images processed with both methods to
ensure consistency (Figure 2).
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Figure 2: CRISM spectra from selected spots in image FRTOO00A202 illustrating “doublet”
shapes from both types of image techniques: (A) MTRDR, (B) SUBCONV.

We processed images containing a ‘“doublet” feature using a new feature extracting
algorithm (Saranathan and Parente, 2021) based on Generative Adversarial Networks (GANSs).
GANSs are a class of neural network models, called generative models designed to learn and
mimic the patterns/modalities of a specific dataset. Given their ability to learn the various
intricacies of a specific dataset from unlabeled samples, they have been successfully used as
feature extractors to improve the performance of classification (Zhang et al., 2018) and mapping
algorithms (Saranathan and Parente, 2021) for hyperspectral datasets. The GAN-based mapping
has proven to be effective in identifying and mapping the boundaries of mineral deposits in
CRISM images. In this study, the various images were mapped using a base set (of well-known
mineral shapes known to be present in the CRISM image database) and manually selected
CRISM spectra representing the most distinct “doublet” type units. The base set of minerals used
in the mapping are shown in Table 1, these spectral shapes are drawn from the CRISM MICA
Spectral Library (Viviano et al., 2014). Additionally, we are mapping subtle differences in the
“doublet” materials and associated minerals in relation to neighboring outcrops using
hyperspectral factors (i.e., slope, absorption features, etc., see Saranathan and Parente, 2021)
between 1 — 2.6 um in the feature extraction procedure rather than just one band, ratio, or slope
in the spectrum. The manually identified spectral types are listed in Table 1.
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Output from the GAN mapping is presented in two forms. The IdentMap image displays
each mineral or material detected in the image in a unique color based on the spectral properties
over the range 1-2.6 um. The spectra of these components in the CRISM image are compared to
a spectral library of minerals and additional materials measured in the lab, as well as to new
classes identified in the image. In the general case, the GAN mapping technique simply
compares the GAN space representation of the continuum removed exemplar to that of the
representation of the continuum removed test pixel (using cosine distance) and assigns a class
label if appropriate. For the three “doublet” classifications where the variations are subtle, an
additional fine scale correction is applied to differentiate between the three “doublet”
classifications. The fine scale correction is only applied to image pixels detected as members of
one of the “doublet” classifications and focuses on the spectral range of 2.1 — 2.3 um to
accurately map these variants. In order to be classified as identifications and to be included in the
IdentMap image, the CRISM spectra must achieve a cosine similarity >0.95 (Saranathan and
Parente, 2021) with the shape in the spectral library. However, frequently spectra in CRISM
images do not perfectly match the spectral library, but still share many similarities with spectra
of the classes under investigation. This could be due to mixing of multiple materials at a pixel
level (18 meters), poorly crystalline minerals, or other factors. The GuessMap image includes
these likely detections that achieve a cosine similarity of 0.85 — 0.95 (Saranathan and Parente,
2021). The BestGuess image combines the detections made in both the IdentMap and GuessMap
into a single image.

Table 1: List of the mineral shapes used for the GAN-based mapping.

From the MICA List Manually Identified
Mg-Olivine Fe-Olivine Smectite Mix
Mg-Carbonate Hydrated Silica Doublet (Stronger 2.2)
Low Ca-Pyroxene High Ca-Pyroxene Doublet (Stronger 2.3)
Kaolinite Illite Doublet (Even)
Poly Hyd. Sulfate Mono Hyd. Sulfate
Alunite Jarosite
Gypsum Prehnite
Al-Smectite Fe/Mg-Smectite
Hyd. Silica Hydroxylated Fe-Sulfate
Serpentine Epidote

The IdentMap and GuessMap images provide visual maps of the suspected classes of
minerals and other components. We used these as a guide to check the spectra of individual
locations, typically 5x5 or 10x10 pixels, but sometimes 3x3 pixel regions for smaller outcrops.
For these analyses we used ENVI software with the CRISM Analysis Tool (CAT) plugin version
7.4 available at the NASA's Planetary Data System (PDS) Geosciences Node: https://pds-
geosciences.wustl.edu/missions/mro/crism.htm#Tools.

Once regions were identified in the image containing a spectral doublet between 2.2 and
2.3 um, we classified these into three groups manually: those having a deeper band closer to 2.2
um, those having roughly equal band depths, and those having a deeper band closer to 2.3 um
(Figure 3). CRISM spectra (averaged from several locations to minimize noise) of these three
new spectral classes were added to the general set of classes identified with the algorithm for all
CRISM images (Saranathan and Parente, 2021). Figure 4 displays an example of this output,
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where the BestGuess images include the spectral features of the three newly classified doublet
types, as well as other components. The doublet type spectra are the most common components
in the two example images.

We initially analyzed both the MTRDR and SUBCONYV images for CRISM images
FRTO0000A202, FRT00009B27, and FRTO000823A (Table 2), where the doublet signatures were
strongest to compare the results observed from both techniques. Following the initial
confirmation, we expanded the mapping of the doublet materials and associated minerals along
the southern wall of the northern canyon using SUBCONV and GAN techniques. The GAN
method is optimized for SUBCONV images and cannot be reliably performed for MTRDR
datasets. Additionally, there are no established method for mapping such small variations in the
doublet absorption features using the MTRDR dataset nor other spectral parameters. As such, we
relied on SUBCONYV images for our detection and mapping tasks, using the MTRDR images as
a spot check to ensure consistency. We subsequently scanned MTRDR images west of the
doublet materials in both the southern and northern channel that contained light-toned layered
deposits that appeared to have similar morphologies in HiRISE views to the CRISM doublet
materials and prepared SUBCONV and identification maps using the GAN technique; we did
not, however, find evidence of the spectral doublet feature. Additionally, we analyzed MTRDR
image FRT0001751C in the southern channel to characterize the hydrated sulfates located close
to a breach in Geryon Montes and we did not observe the presence of the doublet materials.
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Figure 3: (A) Exemplar spectra of the three classes of “doublet” material added to the mineral
classes for identification. (B) Continuum removed spectra of the three classes of “doublet”
material between 2.1 — 2.3 um.
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FRT00009B27 and FRT0000823A

3. Results

3.1 Spectral “Doublet” Alteration Product

We screened multiple images across Ius Chasma where light-toned outcrops occur, then

selected several CRISM images to investigate in more detail, primarily at the Geryon Montes

site, where these unique spectral doublet features occur at the light-toned units. The CRISM

images evaluated in our detailed study are listed in Table 2.

CRISM Images Analyzed
253
Image MTRDR | SUBCO2$Y
FRT0000A202 v J 255
FRT0000A520 J 256
FRT00009B27 J v 2!
FRT0000823A Y v 5%
FRTO0001712E v 260
FRT00011843 v 261
FRT00016626 J 262
FRT00009C50 v 29
FRT0001135F ea
FRTO0001751C N4 266

Table 2: List of CRISM images and the calibration techniques used in this study.

3.1.1 Doublet Characterization:
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Fe/Mg smectites, opal, and sulfates have been previously identified in the light-toned
deposits within Ius Chasma, in addition to a hydrated mineral phase that was observed with
CRISM data, but not well characterized at Ius Chasma (Roach et al., 2010). This hydrated phase,
referred to here as the “doublet” material, spans across the 35 km light-toned outcrop in central
Ius Chasma, where it is commonly associated with smectites, opal, and mixtures of hydrated
components (Figure 5). The doublet material exhibits absorption features at 1.41 and 1.92 um
due to molecular water, a drop off in reflectance near 2.4 um, as well as its characteristic spectral
doublet feature that occurs between 2.2-2.3 um, with the first absorption band occurring
between 2.21 — 2.23 um and the second absorption band occurring between 2.26 — 2.28 um.
Most commonly, the absorption features occur at 2.225 and 2.278 um.

We find that the three doublet materials (Figure 3) exhibit high amounts of variation in
the strength of their doublet feature, even when the spectra are averaged over several sites in
which the material has been identified (Figure 6). The band position of these features, however,
remains relatively constant. Previous work could not find a similar or corresponding mineral in
both the RELAB and USGS spectral libraries (Clark et al., 2007) and it was thought that the
closest spectral matches of the doublet material were jarosite, gypsum, or a mixture (Roach et al.,
2010). After re-examining the spectral characteristics of the hydrated doublet materials, we
considered the identity of the doublet material through the comparison of various laboratory
samples that exhibit spectral doublet features between 2.2 — 2.3 um (Figure 7).

Figure 5: View of CRISM mineral identification color maps over CTX images on a HRSC
DTM. The three doublet occurrences are mapped in pink (doublet material with equal intensity
2.2 and 2.3 um bands), purple (doublet material with a stronger 2.2 um band), and red (doublet
material with a stronger 2.3 um band), with smectite occurrences in teal and yellow, and other
hydrated silicates mapped in green.
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Figure 7: (A) Reflectance spectra of minerals and mineral mixtures that exhibit a spectral
doublet feature between 2.2 — 2.3 um and were considered in this study: Jarosite (Bishop, 2005),
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ATS altered for 2 hours (Madejovd et al., 2009), a 50/50 wt% jarosite/gypsum mineral mixture
(Jar/Gyp) prepared in the lab (S. L. Perrin et al., 2018), gypsum (Bishop et al., 2014), a 25/75,
75/25, and 50/50 jarosite/nontronite mineral mixture Jar/Nonl, Jar/Non2, Jar/Non3 respectively
(Usabal et al., 2019), an orange soil sample from the Painted Desert (PD soil), which includes
~69 wt% jarosite, ~14 wt% quartz, ~10 wt% gypsum, and ~7 wt% montmorillonite (S. Perrin et
al., 2018). (B) Zoomed in view of the spectral doublet features in laboratory minerals and
mixtures. (C) Exemplar spectra of the three doublet type materials found at Ius Chasma.

3.1.2 Jarosite and Gypsum:

Jarosite (KFe3**(OH)s(SO4)2) exhibits a spectral doublet at 2.21 and 2.26 um (with the
stronger absorption occurring at 2.26 um) due to Fe-OH vibrations, in addition to narrow
absorptions at 1.47 and 1.85 um due to OH vibrations (Bishop and Murad, 2005; Crowley et al.,
2003). Gypsum (CaSO42H>0) also exhibits a spectral doublet at 2.21 and 2.26 um (with the
stronger absorption occurring at 2.21 pm), in addition to a distinct triplet absorption between
1.44 and 1.54 pm, as well as absorptions at 1.75 and 1.94 um, which are due to combinations
and overtones of water vibrations and liberations (Bishop et al., 2014; Cloutis et al., 2006).

While both jarosite and gypsum exhibit spectral doublet features between 2.2 — 2.3 pum,
their spectral doublet band positions, as well as the relative strength and intensities of these
absorption features are not the best match for what is exhibited at Ius Chasma. Additionally, the
doublet materials in Tus Chasma do not exhibit the narrow OH related absorptions at 1.47 and
1.85 um seen in jarosite, nor do they exhibit the distinct gypsum triplet absorptions between 1.44
and 1.54 pm and the water related absorptions at 1.75 and 1.94 um.

3.1.3 Jarosite / Gypsum Mixtures:

We considered the possibility that the doublet material may be a mixture of both jarosite
and gypsum, with various jarosite/gypsum ratios creating the three distinct types of doublet
material. A synthetic 50% jarosite/gypsum mineral mixture produces a spectral doublet
characterized by having a weaker ~2.21 um and a stronger ~2.26 um absorption feature, in
addition to the gypsum triplet between 1.44 and 1.54 um, and water related absorptions at 1.75
and 1.94 pm (S. L. Perrin et al., 2018). Spectra of natural jarosite/gypsum mixtures collected
from the Painted Desert soils in Arizona also exhibits a doublet feature with a stronger ~2.21 um
and a weaker ~2.26 absorption band, in addition to spectral features at 1.41, 1.75, and 1.91 pm
(S. L. Perrin et al., 2018). While the spectral doublet feature in both the natural and artificial
mixture may be similar to what we are observing at Ius Chasma, the retained spectral character
of jarosite and gypsum make it less likely that the mixture of these minerals are producing the
doublet materials found at Ius Chasma.

3.1.4 Jarosite / Smectite Mixtures

Kaplan et al. (2016) suggested that the doublet material at Ius Chasma may be a
jarosite/smectite mixture. We evaluated a series of synthetic jarosite/nontronite mixtures (Usabal
et al., 2019) containing 25/75, 50/50, and 75/25 wt% jarosite/nontronite, respectively.

All three laboratory mixtures have spectral features between 1.41 — 1.47 pum, in addition
to a feature at 1.85 um in the 75/25 mixture due to OH overtones and combination bands in
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jarosite, and a water related feature at 1.91 pm. The 50/50 and 25/75 jarosite/nontronite mixtures
produce a spectral doublet feature at ~2.21 and ~2.27 pum, in addition to a weak 2.29 um feature.
The 75/25 jarosite/nontronite mixture does not produce a spectral doublet feature, however it
does contain a strong 2.29 um feature due to OH combination bands in nontronite (Bishop et al.,
2020). While the spectral doublet features in the jarosite/nontronite mixtures may be spectrally
similar to what is observed at Ius Chasma, the absence of jarosite (1.47 and 1.85um) and
nontronite (2.29 um) related features in the doublet materials makes it unlikely that the doublet
materials are simply physical mixtures of the minerals jarosite and nontronite.

3.1.4 Acid Altered Clays:

Given the association between smectites and the doublet material in Ius Chasma, we
considered the possibility that the doublet material may be an alteration product of the smectites
found across the region. We analyzed spectra of an acid treated ferruginous smectite, Swa-1,
measured by Madejova et al., (2009). Several phyllosilicate samples were treated with HCI to
determine the influence of acid alteration on their spectral properties (Madejova et al., 1990,
2007, 2009). These acid treated smectite (ATS) samples have a spectral doublet feature at ~2.23
and ~2.28 pum, in addition to absorption features at 1.41 and 1.91 um due to the presence of
molecular water in the sample, and a drop off in reflectance near 2.4 um (Figure 8). The spectral
similarities of not only the spectral doublet feature, but also other absorption features, found in
both the ATS and doublet materials at lus Chasma, suggests that the doublet material may be an
acid altered smectite mineral. Variations in the relative strengths of the doublet bands were also
observed due to changes in the length of acid treatment (Madejova et al., 1990, 2007, 2009),
where a stronger band was observed near 2.23 um for a longer exposure to acidic conditions. We
favor formation of the doublet materials at Tus Chasma through acid alteration of the smectites,
with the doublet variation attributed to differences in the solution chemistry, water/rock ratio,
substrate, or duration of the alteration process.
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Figure 8: Spectra of several Tus Chasma doublet sites compared to two acid treated smectite
(ATS) samples altered for one and two hours (see Madejova et al., 2009) in orange. The ATS
samples display the most spectral similarities to the doublet materials, as they display similar
water band positions at ~1.41 and ~1.91 pm, in addition to strikingly similar doublet features at
~2.23 and ~2.28 um, as well as a drop off in reflectance at ~2.4 um.

3.2 Properties of Materials and Geomorphology of the Geryon Montes Region of Tus
Chasma

Ius Chasma is connected to Noctis Labyrinthus in the west and to Melas Chasma in the
east, stretching nearly 850 kilometers in length and 120 kilometers in width. Within Ius Chasma
are tributary canyons, with the longest most prominent tributary canyon containing the light-
toned deposits. The surface of the light-toned deposits at Ius Chasma are characterized by their
polygonal fractures which could have formed through the desiccation of hydrated materials or
thermal contraction. These light-toned deposits are described in depth by (Roach et al., 2010).

The mountains that make up Geryon Montes separate Ius Chasma into southern and
northern canyons, reaching heights upwards of 5 kilometers and local widths of up to 26
kilometers (Dg¢bniak et al., 2017). The northern canyon of Ius Chasma contains smectites and
other hydrated silicates, whereas the southern canyon contains both MHS and PHS (Figure 9)
and shows no evidence of containing doublet like materials. These sulfates likely evaporated
from a concentrated parent brine that pooled within the southern canyon (Roach et al., 2010),
with the brine initially precipitating out PHS followed by MHS near the end stages of
evaporation (Spencer, 2000). The sulfates observed at Ius Chasma on the south side of Geryon
Montes are similar to the MHS and PHS observed in other chasmata and likely needed long-term
warm waters (Al-Samir et al., 2017). The smectite-bearing units and hydrated silica found in the
northern canyon are typical of these materials observed elsewhere on Mars in the ancient
Noachian rocks (e.g Mustard et al., 2008). The most prominent aqueous outcrop after the doublet
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units is the smectite mixture mapped in gold that contains some spectral features of Fe/Mg-
smectite with a weaker band near 2.3 um. Occasional occurrences of Fe-rich smectite with a
band near 2.29 um are mapped in teal and are generally observed in outcrops not bordering the
smectite mixture materials. The hydrated silica unit (green) is more common than the Fe-rich
smectite and typically does border the smectite mixture unit. Example spectra of these units are
shown in Figure 4.

Mineral identification maps are presented in Figs. 5, 10a, and 11. Smectite mixture
occurrences are mapped in yellow, iron smectites are mapped in teal, hydrated silica is mapped
in green, with the doublet occurrences mapped in pink (doublet characterized by having equal
intensity 2.2 and 2.3 pm bands), purple (doublet characterized by having a stronger 2.2 um
band), and red (doublet characterized by having a stronger 2.3 um band). The morphologies of
the doublet materials located in the northern canyon are shown in Figure 10a. The pink and
purple units mapped with CRISM correspond to fractured and brecciated light-toned materials.
Smooth ridges can be present with a general N-S orientation, consistent with erosion by
downslope and upslope winds along the steep walls of the canyon. Brightness variations are
common but do not correspond to specific layers or elevations. Some irregular patches within the
pink and purple doublet units are much brighter than the adjacent materials indicating
compositional and/or physical heterogeneities in these deposits. The most prominent difference
in morphology between the pink and purple colors appears to be due to the presence of darker
loose sediments on the surface of the purple unit (Fig. 10c) that is not seen on the pink unit (Fig.
10b). Note that these “darker” loose sediments are darker than the pink unit, but still brighter
than the surrounding materials. Coverage of the red doublet (stronger 2.28 pm band) is limited in
HiRISE image ESP_048136_1725 and thus it is difficult to determine differences in morphology
of the red unit compared to the pink and purple units.

One possible explanation for the relationship between the pink and purple units is that the
darker loose sediments contain a band near 2.2 um but not near 2.3 pm and that they partially
cover the pink unit, resulting in a stronger intensity of the 2.23 um band of the doublet when
viewed by CRISM at 18 m spatial resolution. This could be possible if the loose sediment
contains opal. Spectral mixing of the broad hydrated silica-type band near 2.1 um with the
narrower 2.23 um band observed for the doublet outcrops could result in a stronger band at 2.23
um compared to 2.28 um with only a minor shift in band position near 2.23 pm. Another
interpretation is that the darker loose sediments are sourced from a more strongly altered material
where the 2.23 um band is stronger compared to the 2.28 pm band. Potentially, the more altered
unit is less cohesive and eroded faster through wind erosion, becoming a mobile sediment unit.
In this scenario the pink materials would have experienced more acidic alteration than the red
materials and the purple unit would have experienced the most acidic alteration but is no longer a
coherent material, but rather mobile and partially covering the pink unit. This would explain
variations in the intensities of the doublet bands.

In the case of the green (hydrated silica) and gold (Fe/Mg-smectite mixture) units, both
appear to have a surficial veneer of darker materials making them lower in brightness relative to
the pink and purple units. Meter-scale layering is present throughout much of the gold unit, as
are aeolian ripples. The smooth N-S ridges commonly seen in the pink and purple units are not
observed in the gold unit. Instead, rough blocky ridges and knobs shedding large boulders are
seen only in the gold unit. The difference in morphology between the green and gold units is not
well constrained from the HiRISE images. Thus, there appear to be primarily two distinct units
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based upon morphology, with the pink and purple colors representing one unit (with the thicker
dark surficial mantle occurring on the purple colored regions) and the gold and green colored
materials representing a different unit.

The stratigraphy for the different colors does not correlate to elevation as shown by the
DTM perspective view and topographic profile shown in Figure 11. All the units are draped
along the lower wall rock slopes of northern Geryon Montes between elevations ~-3600 m to -
4100 m. Both the green and purple colored regions correspond to shallower slopes relative to the
pink and gold colored regions. Because loose debris is more favorable to collect on shallower
surfaces, the purple and green areas are more likely to have more dark debris on their surfaces
that in turn would affect the CRISM spectra relative to the pink and gold regions.

Topography derived from MOLA data has also been useful for understanding why the
doublet materials could have formed here. The section of Geryon Montes mountains that
collocates with the doublet material in Ius Chasma has a significantly lower ridge height than
ridge localities to both the east and west of the observed doublet unit (Figure 12). It is likely that
pooling water forming the parent brine in the southern sulfate-rich canyon overflowed at the
breach in Geryon Montes where the topography shows the lowest height over the ridge formation
into the northern canyon where the doublet materials are observed. The morphology and
topology observed along the upper deposit exhibits rounded edges, heterogeneity, and
topography variations (Figure 13) that are consistent with fluid flow in this region and therefore
supportive of an inflow of brine from the southern canyon. The jumbled, blocky morphology
observed here at [us Chasma is similar to the blocky deposits identified along the wall rock and
floor to the east in Melas Chasma. The Melas deposits have been interpreted as evidence for soft
sediment deformation by slumping and/or sliding of sulfates and clay mixtures down the wall
rock slopes (Metz et al., 2010; Weitz et al., 2015), consistent with our proposed flow origin for
the Tus Chasma deposit.

As the brine overflowed from the southern to northern canyons at this gap in Geryon
Montes, the brine likely flowed down the wall rock following the slope of the canyon and
penetrated into the rock. If substantial flows had occurred, the largest alteration outcrops would
have occurred along the floor of the northern canyon. Because we observe the greatest
abundance of alteration phases exposed along the lower slopes of the wall rock, the brine flows
appear to have been concentrated in these regions, rather than on the floor of the north channel.
We propose that these sulfate-rich brines altered the phyllosilicates in or on the wall rock to form
the doublet materials. The transect in Figure 11 shows that the doublet materials are present
above and below the phyllosilicates and hydrated silica. This may indicate that these ancient
smectites were altered by the brine both along the exposed surfaces, as well as along the borders
of the smectite units if brine was able to seep through the regolith and more aggressively alter
these smectite outcrops along the edges. Thus, thinner regions of smectite along the edges of the
outcrop could be nearly completely altered, while the thicker smectite-bearing regions near the
center of the outcrop are still partially intact in the wall rock. These thicker regions likely
contained a veneer of brine-altered material on their surface initially that was then scoured off
over time. In contrast, the regions where the doublet materials are observed today could have
initially been thinner smectite deposits that became doublet units during alteration and are still
observed today, although the original surface of the doublet material was likely scoured off over
time. Alternatively, given that the doublet unit is observed both to the west at Noctis Labyrinthus
and to the east in Melas Chasma, the unit may have originally been deposited as a volcanic ash



498  unit (containing smectites) across the region and then subsequently altered as described above by
499  the brine overflowed at this gap.
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502  Figure 9: (A) Spectra of the monohydrated sulfates (MHS) and polyhydrated sulfates (PHS) in
503  the southern canyon (B) Views of the southern canyon of Ius Chasma in CRISM images

504  FRT00016626 and (C) FRT00011843. Locations marked with squares correspond to the PHS
505  and locations marked with stars correspond to the MHS shown in (A).
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Figure 10: (a) HIRISE RED image ESP_048136_1725 with spectral units from CRISM image
FRT0000823 A mapped using the same color scheme in Figure 5. The three doublet occurrences
are mapped in pink (doublet material with equal intensity 2.2 and 2.3 um bands), purple (doublet
material with a stronger 2.2 pm band), and red (doublet material with a stronger 2.3 um band),
with smectite occurrences in yellow and other hydrated silicates mapped in green. Yellow
squares identify blowups in b-e. (b-e¢) Blowups taken from HiRISE ESP_048136_1725 RGB
image showing the morphologies corresponding to the different colors. Scale bar in (b) is the
same for (c-e).
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Figure 11: (left) HIRISE DTM perspective view at 3x V.E. with the same color scheme for the
CRISM mineral map in Figures 5 and 10 overlain. The three doublet occurrences are mapped in
pink (doublet material with equal intensity 2.2 and 2.3 um bands), purple (doublet material with
a stronger 2.2 um band), and red (doublet material with a stronger 2.3 pm band), with smectite
occurrences in yellow and other hydrated silicates mapped in green. The location where the
topographic profile was taken is shown by the yellow line. (right) Topographic profile showing
the locations of each spectral color by the arrows with the same colors. Note how the units drape
along the lower wall rock slopes and do not correspond to a particular elevation.
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Figure 12: (A) Views of Ius Chasma indicating the locations of doublet materials (a) and two
sites containing sulfates (b,c). (B) THEMIS daytime image with three profile line marked. (C)
Profile from N to S across Geryon Montes and the sulfate-bearing side of the chasma for the
western, central, and eastern profiles. Note the low elevation of the Geryon Montes mountains
associated with the center profile (red) and the low elevation of the northern canyon floor where
the doublet materials were found. (D) MOLA topography with lower depths shown in blue. The
white lines show the top of the Geryon Montes mountains, and the white arrow identifies the
lowest elevation along the mountains where there appears to be a breach from the south to the
northern canyon.
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Figure 13: Example of the jumbled, deformed morphology of the Ius deposit at the location of
the wall rock breach in Geryon Montes. (A) HiRISE anaglyph showing the uneven topography
across the deposit, with a higher standing heterogeneous darker matrix above rounded, brighter
materials. HiRISE stereo images ESP_060136_1725 and PSP_007074_1725 were used to
produce this anaglyph. Yellow rectangle identifies the blowup shown in (B). (B) Rounded edges
1dentified by yellow arrows do not always follow the slope along the wall rock (from lower right
to upper left) and are variable in topography, consistent with flow of the doublet unit downhill
rather than intact bedrock exposed within the wall rock. Portion of HiRISE enhanced RGB
image ESP_060136_1725.

4. Potential geochemical formation processes
4.1 Overflow from south canyon

Phyllosilicates are observed together with sulfates throughout much of the region from
Noctis Labyrinthus to Tus Chasma and Melas Chasma and may have resulted from aqueous
alteration of pyroclastic ash deposits (Weitz et al., 2010). Fe/Mg-smectites are observed
throughout the southern highlands of Mars and are thought to have formed through aqueous
alteration of basalt during the Noachian (e.g. Murchie et al., 2009a; Bishop et al., 2018). Spectral
doublet units occur in a few localities on Mars including Noctis Labyrinthus (Weitz et al., 2011)
and Mawrth Vallis (Bishop et al., 2020), with the largest outcrop observed at Ius Chasma on the
north side of Geryon Montes. Smectites alter in acidic solutions to form a spectral doublet
feature (Madejova et al, 2009), which is likely what occurred at Geryon Montes. We posit that



559  this doublet material formed by brine overflowing from the MHS/PHS pool on the south of
560  Geryon Montes to form a brine-sludge on the south wall of the northern canyon along Geryon
561 Montes as the brine interacted with fine-grained particles, including phyllosilicates. Brine
562  viscosity increases with sulfate and chloride content as well as with the presence of insoluble
563  fines and lower temperatures (e.g., Chevrier et al., 2009; Sanchez-Juny et al., 2019). If the brine
564  had been a liquid-like low viscosity consistency, it would have flowed to the floor of the canyon
565 and altered the materials there. Instead, we observed the strongest outcrops of the doublet
566  material along the south wall slopes of this northern canyon which suggests a higher viscosity for
567  the brine-sludge. Another possibility is that neutral or dilute waters along the floor of the
568  northern channel served to dilute the brine concentration at lower elevations. This scenario is less
569 likely though because if a standing brine was present in the north channel, we would expect to
570  see evidence of alteration minerals along the floor and these are not observed. Other regions of
571  the wall containing hydrated silica may have formed from brine alteration of basaltic ash where
572  smectites were not present in the ancient canyon walls. A similar process could have occurred at
573  neighboring canyons where doublets are also observed. Because the doublet materials at Ius
574  Chasma have the strongest spectral features relative to other locations, they appear to be the most
575  concentrated occurrence of this unique alteration phase.
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Smectite along > Overflow from Smectite Alteration
Wallrock 1417, Southern Canyon Creates Doublet Material
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579  Figure 14: Proposed formation sequence of the doublet materials at Tus Chasma: (1) Ancient
580  smectite outcrops, either exposed within the wall rock as bedrock or super imposed on it as
581  volcanic ash, along the southern wall of the northern Geryon Montes canyon in ITus Chasma. (2)
582  Sulfate brines pooled in the southern canyon where sulfates formed, then overflowed into the
583  northern canyon, seeping down the canyon wall, but not extending to the canyon floor. (3)
584  Interaction with the brine solution would have altered the smectites to form the doublet material,
585  with changes in the solution chemistry, water/rock ratio, or time of alteration creating the
586  differences in doublet material.

587
588 4.2 Comparison with terrestrial analog sites
589 Terrestrial analog sites featuring phyllosilicate-sulfate assemblages provide insights into

590  potential geochemical environments governing formation of this doublet spectral feature. The Ius
591  Chasma outcrop at Geryon Montes is consistent with alteration of pre-exisiting Fe/Mg-smectite
592  to form large outcrops of three types of spectral doublet units along with minor occurrences of
593  Al-phyllosilicates and hydrated silica. This transition from Fe-rich smectite to sulfate/silica/Al-
594  phyllosilicate assemblages can provide evidence about the geochemical history of the region
595  including changes in pH, salt levels, and/or water/rock ratio.

596 Evaporite environments supporting salars or shallow salt ponds in the Antofagasta region
597  of Chile, north of the Atacama desert include assemblages of gypsum, halite, hydrated silica, and
598  phyllosilicates (Flahaut et al., 2017). Many of the gypsum-bearing rocks and sediments from that
599  study exhibit spectral doublet features, although they are weaker than those observed at Ius
600  Chasma. Similar rocks and sediments have been observed in salt ponds of the Yilgarn Craton of
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Western Australia, where mixtures of phyllosilicates, opal, gypsum, alunite, and jarosite have
been investigated (Benison and Bowen, 2006; Bowen et al., 2013; Story et al., 2010). Based on
these analog sites, evaporites alone would not be good analogs for the Ius Chasma site, but brines
similar to some of these evaporite sites could have altered the ancient smectites at Ius Chasma to
form the observed doublets.

Solfataric alteration of volcanic ash at Kilauea, HI (Bishop et al., 2005) and LaSolfatara,
Italy (Flahaut et al., 2019) has produced mixtures of nontronite, jarosite, gypsum, and opal.
While this scenario is unlikely to explain the doublet unit observed at Ius Chasma, this scenario
may provide a viable explanation for the doublet units observed at other regions on Mars.

The extensive doublet units observed at Ius Chasma are attributed to a more regional
process and could be due to alteration of the ancient Fe/Mg-smectite present in Noachian basalt
or volcanic ash in a muddy sludge-type setting as the brine interacts with the phyllosilicates and
associated fine-grained materials of this region. The presence of different types of doublet units
here is consistent with changes over time in the pH, salt levels, or water/rock ratio, or simply
with the degree of alteration of the smectite in the acidic sludge. Madejova et al. (2009)
documented changes in the intensity of the spectral doublet feature in smectites with progressive
acidic alteration in the laboratory. This is most consistent with the changes in relative abundance
of the doublet bands in our study.

4.3 Summary

Previous work (Kaplan et al., 2016; Roach et al., 2010) investigated the enigmatic
materials found in the light-toned deposits at Ius Chasma, although the identity of the double
materials remained unresolved at that time. Here we re-examined the potential composition of
the doublet material with improved image calibrations and detailed mapping of the doublet
occurrences. These significantly improved spectral images allowed for documentation of
variations among the doublet-type units, and three types of doublet units were identified and
mapped along the wall of the northern canyon of ITus Chasma near the breach in the Geryon
Montes. The spectra of the Ius Chasma doublets exhibit water bands near 1.4 and 1.9 um, similar
to smectite clays, as well as a pair of narrow bands near 2.23 and 2.27 um that vary in relative
intensity. The relative intensities of these doublet bands were used to define three units: where
both bands have similar band strengths, where the ~2.23 pm band is stronger, and where the
~2.27 um band is stronger.

Three possible compositions of the doublet material at Tus Chasma were investigated:
1) Jarosite / gypsum mixture
2) Jarosite / smectite mixture
3) Acid altered smectite

None of these potential compositions and formation mechanisms provides a perfect fit for the
spectral properties of the doublet materials in our study. However, of these possibilities, we favor
the acid alteration scenario whereby the doublet material at Ius Chasma forms where acidic
brines altered pre-existing smectites in or on the wall rock. Variations in the doublet material
may be attributed to compositional changes in the underlying substrate, changes to the solution
chemistry in the pooling waters over time, or simply duration of the brine and hence extent of
alteration.



647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668

669
670
671
672
673
674
675
676
677

678

679

680
681
682
683
684
685
686
687
688
689
690
691

Correlation of the mineral maps from CRISM with the higher spatial resolution of HiRISE
enabled comparison of the morphologies of the different alteration units at meter scale. These
results indicated similarities in the smectite-mixture unit and the hydrated silica unit as well as
similarities among the doublet units. These observations are consistent with a common origin for
the different doublet units. Mapping transects of these components along the wall rock using
CRISM results overlain on a HIRISE DTM shows shallower slopes where the hydrated silica and
purple-colored doublet units are present. This may indicate collection of more dust and mobile
components at these locations.

Correlation of the mineral maps from CRISM with the HRSC stereo views provides geologic
context across several CRISM images and documents formation of the doublet units surrounding
the smectite in some cases, likely where a thicker smectite unit existed prior to brine deposition.
Other regions of the aqueous outcrops are dominated by the doublet materials, leaving few
remnants of the smectite visible at the surface. This could have occurred where the original
smectite units were thinner and more readily altered by the acidic brine and/or where thicker acid
altered smectite units were produced. The stratigraphy and locations of the alteration materials in
the CRISM over HRSC view (Figure 5) also shows that the largest smectite outcrop occurs
further from the breach in the Geryon Montes and that most of the altered materials directly
below the breach are completely altered to the doublet units described in our study. Further, the
purple-colored doublet unit that contains a stronger 2.23 um band and is consistent with
increased acid alteration, occurs downslope from the less altered doublet outcrops. This supports
our brine alteration model in that the lower elevation, shallower sloped horizon below the breach
at Geryon Montes exhibits the strongest alteration.
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