QAGU

Journal of Geophysical Research: Planets

RESEARCH ARTICLE

10.1002/2013JE004557

Key Points:

« Two distinct units identified on ILD
with unconformable contact

- Differences include layer thickness
and mineralogy

« New geological model in the context
of the history of Valles Marineris

Correspondence to:
F. Fueten,
ffueten@brocku.ca

Citation:

Fueten, F., J. Flahaut, R. Stesky, E.
Hauber, and A. P. Rossi (2014),
Stratigraphy and mineralogy of Candor
Mensa, West Candor Chasma, Mars:
Insights into the geologic history of
Valles Marineris, J. Geophys. Res. Planets,
119, doi:10.1002/2013JE004557.

Received 10 OCT 2013
Accepted 5 JAN 2014
Accepted article online 9 JAN 2014

Stratigraphy and mineralogy of Candor Mensa, West
Candor Chasma, Mars: Insights into the geologic
history of Valles Marineris

F. Fueten', J. Flahaut? R. Stesky?, E. Hauber?, and A. P. Rossi>"®

'Department of Earth Sciences, Brock University, St. Catharines, Ontario, Canada, 2Faculty of Earth and Life Sciences, Vrije
Universiteit Amsterdam, Amsterdam, Netherlands, 3Pangaea Scientific, Brockville, Ontario, Canada, “Institute of Planetary
Research, German Aerospace Center (DLR), Berlin, Germany, ®International Space Science Institute, Bern, Switzerland, SEarth
and Space Sciences, Jacobs University Bremen, Bremen, Germany

Abstract candor Mensa, an interior layered deposit (ILD) in Valles Marineris, Mars, consists of two
stratigraphically distinct units, the lower of which comprises the bulk of the mensa. This lower unit is
approximately 5 km thick and composed of parallel layers, 4 to 14 m in thickness and associated with
monohydrated sulfates. The lower unit is disconformably overlain by an upper unit composed of thinner
(< 3 m) layers with diagnostic polyhydrated sulfate signatures. The original extent of proto-Candor Mensa
and its lower unit included neighboring Baetis Mensa. We suggest that the source material for both units
is airborne dust or ash but that the depositional environment for the units differs. First, the lower unit was
deposited during the subsidence of an enclosed water-filled basin. This basin/lake could have been frozen
periodically, with freeze-thaw episodes possibly linked to Martian obliquity cycles. Erosion, including the
potential action of glaciers, was able to remove large volumes of material out of the basin during the
tectonism that produced the current geometry of Valles Marineris. Deposition of the upper unit postdates
this event and took place in the absence of standing water at high elevation. Groundwater or snowmelt
may have provided the water required for sulfate formation and deposit induration. We conclude that the
major break in sedimentation recorded by this ILD deposit coincides with linking of ancestral basins into
the current geometry of Valles Marineris chasmata and that it was possible to form hydrated minerals after
this event.

1. Introduction

Valles Marineris, located on the eastern flank of the Tharsis region, is a 4000 km long linked system of up to
11 km deep troughs and has been the topic of numerous regional studies [e.g., Frey, 1979; Tanaka, 1986;
Lucchitta et al., 1992; Mége and Masson, 1996; Mége, 2001; Mége and Ernst, 2001]. While Valles Marineris has
been referred to as a rift [e.g., Golombek and Phillips, 2010], several studies [e.g., Andrews-Hanna, 2012a; Mége
and Masson, 1996] suggested that only minor amounts of horizontal extension accompanied the vertical
collapse. The formation of Valles Marineris is thought to have taken place during a two-stage process
[Lucchitta et al., 1994; Schultz, 1998] of ancestral basin formation followed by the linking of the basins into
their current geometry. Ancestral basins with irregular outlines, such as Hebes, Ophir, Candor, and possibly
Melas Chasmata, were proposed to have formed prior to the opening of the Valles Marineris [Lucchitta and
Bertolini, 1990; Lucchitta et al., 1994; Malin and Edgett, 2000, 2001]. The current geometry of Valles Marineris
is generally considered to be a Hesperian structure [e.g., Scott and Tanaka, 1986; Tanaka, 1986; Dohm and
Tanaka, 1999; Head et al., 2001; Carr and Head, 2010], though Schultz [1998] argued that a significant
amount of faulting took place during the Amazonian.

Located within the chasmata of Valles Marineris are numerous enigmatic layered deposits, referred to as

interior layered deposits (ILDs) [Lucchitta et al., 1994], whose origin and mechanism of formation are uncer-
tain. Lucchitta et al. [1994] estimated that ILDs cover 17% of the total area, representing 60% by volume of all
deposits within Valles Marineris. It has been suggested [Catling et al., 2006; Malin and Edgett, 2000] that ILDs
are exhumed deposits, though most studies on ILDs conclude that they fill the early basins and are Hesperian
deposits [e.g., Scott and Tanaka, 1986; Tanaka, 1986; Schultz, 1998; Head et al., 2001; Carr and Head, 2010]. ILDs
have been proposed to have formed in lacustrine [Nedell et al., 1987] or aeolian [Peterson, 1981] environ-

ments; it has been also suggested that they are the result of pyroclastic volcanism in subaerial [Hynek et al.,
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2003; Chapman, 2002; Lucchitta, 1987, 1990] or subglacial [Nedell et al., 1987; Chapman and Tanaka, 2001;
Komatsu et al., 2004] environments. Rossi et al. [2008] suggested they are spring deposits, and Kite et al. [2013]
suggested that seasonal snowmelt provided the liquid water for their formation. Fueten et al. [2008] argued
that ILDs are deposited syntectonically during basin collapse with individual mounds being the remnants of
filled subbasins.

Mineralogical data from both the OMEGA (Observatoire pour la Minéralogie, I'Eau, les Glaces et I'Activité; Mars
Express (MEx)) [Bibring et al., 2004] and CRISM (the Compact Reconnaissance Imaging Spectrometer for Mars;
Mars Reconnaissance Orbiter (MRO)) [Murchie et al., 2007] instruments suggest the presence of sulfates within
Valles Marineris [Gendrin et al., 2005; Quantin et al., 2005; Bishop et al., 2009; Murchie et al., 2009a, 2009b;
Flahaut et al., 2010a]. Sulfates have been associated with ILDs in most chasmata [Gendrin et al., 2005; Quantin
et al., 2005; Le Deit et al., 2008; Mangold et al., 2008; Flahaut et al., 2010b]. Chojnacki and Hynek [2008] argued
that no single sulfate formation mechanism can account for the range of settings in which sulfates have been
found. However, it has been suggested that sulfates most likely formed in the presence of liquid water, under
the acidic conditions of the Hesperian Epoch [Bibring et al., 2006; Flahaut et al., 2010a].

In this study we take advantage of newer HiRISE (High Resolution Imaging Science Experiment, MRO)
[McEwen et al., 2007], CTX (Context Camera, MRO) [Malin et al., 2007], CRISM, and HRSC (High Resolution
Stereo Camera, MEx) [Neukum et al., 2004] data to study the geology of Candor Mensa and its relationship
with Baetis Mensa, two large ILDs within Candor Chasma (Figure 1). The goal is to gain a better understanding
of their depositional and erosional histories. Because of the availability of data, the primary focus of this work
is Candor Mensa.

2, Methodology
2.1. Imagery and Measurements of Layer Attitudes and Thickness

A mosaic of HRSC images and digital elevation models (DEM) from MEx orbits 334 and 360 formed the base
map for this study. CTX images were registered to this base map. HiRISE images, rescaled to 1 m/pixel, were then
registered to the CTX images. The intermediate step of registering the CTX images was deemed necessary to
ensure proper registration of the HiRISE images to the HRSC DEM. Layer thickness data were obtained by
measuring layer intersects along the rescaled HiRISE images. To ensure that no layer was missed in the
rescaled images, the full-resolution HiRISE image was available for checking in a secondary monitor. Layer
intersection measurements were taken along multiple transects of 200 m in length, aligned parallel to the
slope of the wall. Layers were only counted along a transect in which no portion was covered by dunes or
obscured due to image illumination issues. The attitude of the wall slope, the mean elevation of the transect,
and, where possible, the attitude of the layering were recorded. Because the resolution of the underlying DEM
varied from 50 m/pixel to 100 m/pixel, only a single average layer thickness was calculated for each transect.
Layer attitudes were measured with the software program Orion [Fueten et al., 2008], and the average thickness
was, where possible, corrected for the apparent dip. Since layer dip values in all cases were less than 10°,
apparent dip correction resulted in average thickness changes of less than 1 m.

All available HiRISE images were examined, but only seven HiRISE images of Candor Mensa contained regions
that had sufficiently clean outcrops for us to feel confident that we could measure every layer along transects.
We found no suitable locations on any HiRISE images of Baetis Mensa. Since our data are acquired along
numerous short transects, we did not attempt a frequency analysis and hence have no information on
cyclicity as found by Lewis et al. [2008].

To test the accuracy of this transect method, two HiRISE DEM, one for the lower unit and one for the upper
unit, were constructed using the NASA Stereo Pipeline [Moratto et al., 2010; Broxton and Edwards, 2008]. To
ensure that the elevations of both HiRISE DEMs were compatible with the elevations of the HRSC transects,
the elevation of the HiRISE DEM were offset to match the elevations of the HRSC DEM. Within these images,
the thickness of individual layers could be measured in the same locations as transects and the values of the
two methods could be compared. Results of this test will be discussed in detail below.

2.2. Mineral Identification

Hyperspectral observations from CRISM were used to determine the mineralogy of the deposits when
available. With full spatial and spectral resolution, CRISM can collect data at 18 m/pixel over 544 channels
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Figure 1. (a) Location of Candor and Baetis Mensae. (b) CTX Mosaic with locations for Figures 2 and 4 as indicated. (c) Digital elevation
model based on HRSC data from orbits 360 and 334. (d) HRSC slope map.
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from 362 to 3920 nm at 6.55 nm/channel sampling [Murchie et al., 2007, 2009c], over a scene of approxi-
mately 10 km by 10 km in size. Atmospheric and photometric corrections were implemented as described
by Mustard et al. [2008] and Murchie et al. [2009¢] using the CRISM Analysis Tool (CAT) for ENVI software.
Noise-removal algorithms, such as the destriping and despiking functions from CRISM Iterative Recognition and
Removal of Unwanted Spiking (CIRRUS) [Parente, 2008], were implemented in the case of Targeted Reduced
Records v. 2 data before projection. Spectra were extracted from regions of interest on the basis of spectral
parameter maps [Pelkey et al., 2007] commonly using a 3 x 3 pixel average. Residual artifacts after calibration
and atmospheric removal are suppressed by ratioing the spectra to a spectrally neutral region in the same
detector column. CRISM spectra obtained were finally compared with reference spectra of terrestrial samples
present in the CAT spectral library.

3. Geology of Candor Mensa

Candor Mensa (Figure 1) is one of the largest free-standing ILDs within the Valles Marineris trough system. It
measures approximately 70 km east to west along its northern limit and extends approximately 115 km from
north to south. The best estimate for the elevation of the floor of the local chasma is ~ —4700 m to —4300 m
(Figure 1c), and within the CTX images (of ~6 m/pixel resolution), layering can be detected at elevations as
low as —4700 m in the north and at —4500 m near the southern tip of Candor Mensa. With a peak at ~3360 m,
Candor Mensa can, to a first approximation, thus be described as an 8 km high ILD deposited on a level floor
[Fueten et al., 2011a]. Located immediately to the east of Candor Mensa is Baetis Mensa, which is separated
from Candor Mensa by a narrow straight channel (Figure 1).

Light-toned layered material, exposed along the flanks of Candor Mensa (Figure 1), appears to be fresh and is
essentially devoid of craters. Along some portions of the flanks, the material is heavily fluted with well-developed
yardangs [e.g., see Chojnacki and Hynek, 2008, Figure 10e; Lucchitta, 1999]. These flutes and well-developed
layering are primarily visible along the western and northern extents of the deposit. Layering in some locations
appears as alternating dark and light bands within CTX images. However, HIRISE images illustrate that the dark
material is a later deposit covering the outcrops of light-colored benches.

A major erosional bench at an elevation of ~2000 m (local top elevation ~3100 m) can be traced around the
northwest promontory of Candor Mensa. This elevation approximately coincides with the upper extent of
the major yardangs located along the western side of Candor Mensa. Layering immediately above the
bench and visible within CTX images can be traced around the lobe. Layer attitude measured with a trace
length of 30 km indicates that layering dips 2° to the NW. Generally all layering measured within Candor
Mensa is shallow, dipping less than 10°.

The eastern flank of Candor Mensa is a relatively featureless planar surface of light-toned material. In a few
locations, features are found that may be interpreted as poorly exposed layering outcrop and, in at least one
area, poorly developed flutes. The slope of this side of Candor is generally shallow and decreases from ~25° at
the southern tip to ~12° near the northern extent of Candor Mensa.

Multiple parallel fractures forming fracture sets were observed at all elevations in several locations. No frac-
tures filled with resistant material, as described by Okubo [2010], were observed. In some locations fractures
offset layers, but the true sense of offset is unknown. Along the western side of the mound a major scarp,
which will be described in more detail below, has been mapped by Lucchitta [1999] as a normal fault.

Candor Mensa is capped by a fairly uniform, dark, smooth, and resistant layer [Lucchitta, 1999; unit AHire].
According to Lucchitta [1999], this unit also caps several adjacent ILDs, such as Baetis Mensa and the ILD in
East Candor Chasma. This unit appears to be broken by minor scarps along the top of Candor Mensa. In
appearance, similar dark capping material can also be found as small patches covering the slopes of Candor
Mensa. The aerial extent over which this capping unit has been observed makes it an interesting geological
feature; it clearly postdates the bulk of the geological history investigated here.

Aside from the thin late capping unit, Candor Mensa can be broadly divided into two major units on the basis
of stratigraphy, layer morphology, and mineralogy.

3.1. Lower Unit

No basal contact of the lower unit with another lithology was found. The lowest outcrops of layered material
(elevation ~ —2200 m) on the northeast end of Candor Mensa (Figure 2a) belong to this unit. The upper
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Figure 2. Lower unit, locations in Figure 1. (a) (Images PSP_009038_1745 and PSP_010027_1745) 3-D view of nearly horizontal continuous
layering. (b) (Images PSP_004186_1740 and PSP_005597_1740) Layering measured using the HiRISE DEMs calculated with the NASA Ames
Stereo pipeline [Moratto et al., 2010; Broxton and Edwards, 2008] and Orion software (© Pangaea Scientific) [Fueten et al., 2008] indicates that
the layering in both locations dips less than 5°.

boundary of this unit, with the exception discussed below, cannot clearly be defined. In many locations,
such as the northeast end, it appears to extend directly underneath the capping unit at an elevation of
nearly 3000 m. Layering is subhorizontal, with dips of less than 5°. Since outcrops of this unit can be
continuously traced from the lowest to the highest elevations of the mound along the northern edge, at
least 5 km of continuous stratigraphy can be traced along the northern side of Candor Mensa.

Komatsu et al. [1993, Figure 10] described benches on the western side of Candor Mensa and suggested that
major fluting coincides with approximately the same stratigraphic level as those benches. We are unable to
demonstrate that these features coincide with any particular stratigraphic level; both are located within our
lower unit.

Two representative locations with stereo HiRISE images and distinct layering, one near the northeast end
(Figure 2a) and one near the western central portion (Figure 2b) of the ILD, were chosen to examine this
unit in more detail. In both locations, individual layers could be traced for several kilometers. Larger benches
covered with dunes crop out. These dunes are responsible for the alternating light and dark morphology
observed in lower resolution imagery. In some cases additional layer boundaries are visible between the
benches. No angular unconformities or localized thickness variations (e.g., channels) were observed anywhere.

3.2. Upper Unit

Outcrops of the upper unit can be visually identified only along the western edge of Candor Mensa, where its
base coincides with the base of a cliff (Figure 3). Three separate outcrops of this cliff can be identified (Figure 3a).
The cliff material itself is composed of upper unit (Figures 3b and 3c). The geometry of the base of the cliff
and thus the nature of the contact between units is discussed in more detail below.

The erosion pattern of the cliff differs from that of the lower unit. Downslope-trending narrow ridges domi-
nate the outcrop pattern of the cliff, rather than the layer parallel benches exhibited by the lower unit.
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Figure 3. (a) Locations of cliffs (white lines) along west side of Candor Mensa visible in CTX mosaic. Elevations as marked. (b) Detailed view of
cliff. Light-toned material north of the cliff is part of the lower unit. The cliff and the material south of the cliff compose the upper unit
(P15_006955_1745_XI1_055073W). (c) 3-D view of Figure 3b, indicating that contact cuts across near horizontal lower unit. (d) Dips of upper
unit measured from HiRISE Stereo DEM (PSP_004186_1740/ PSP_005597_1740). Several fractures offset layers, especially near the NE corner
of the image. (e, f) Layering of upper unit displayed by arrow (P15_006955_1745_XI_055073W). Outcrop of what is interpreted as lower unit
is indicated. Note that the upper unit layering is interrupted by the outcrop of lower/older unit, elevated above upper/younger unit layering.
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Figure 4. (a) Direct HiRISE DEM-based bed thickness measurements (images PSP_009038_1745 and PSP_010027_1745) versus HRSC DEM-
based transect measurements for lower unit. (b) Direct HiRISE DEM-based bed thickness measurements (images PSP_004186_1740 +
PSP_005597_1740) versus HRSC DEM-based transect measurements for upper unit. (c) HRSC DEM-based transect measurement for upper
and lower units. Note the difference in bed thicknesses.

Fractures with offsets (Figure 3d) indicate that the upper unit is consolidated and the presence of the cliff

itself indicates that it is more competent than the lower unit. Layering of the upper unit is on a finer scale than
that of the lower unit and exhibits no bench morphology. No angular unconformities or localized thickness
variations were observed in the upper unit. Even though fracturing has clearly disrupted the layering in some
locations (Figure 3d), the layers themselves appear to be parallel to each other. Unfortunately, the dip of the
upper unit could only be reliably measured within an outcrop that also contains fractured layers (Figure 3d).
Dips are between 3° and 9° (Figure 3d), where some of the variability in dip is likely the result of the fracturing.

In the location of the cliff, the upper unit is directly overlain by the thin resistant capping layer. This
capping unit covers most of the top of Candor Mensa and is in direct contact with the lower unit in other
locations. Thus, the true thickness of the upper unit is unknown, although it is at least 300 m, the maximum
currently observed.

3.3. Nature of the Contact Between Units

Along both the longer northern and shorter southern sections of the cliff (Figure 3a), the elevation changes
by about 2.6 km. Where it can be measured, the plane of contact varies in dip from 14° to 18°. In one location

FUETEN ET AL.

©2014. American Geophysical Union. All Rights Reserved. 7



@AG U Journal of Geophysical Research: Planets 10.1002/2013JE004557

near the southern portion of the contact, lower unit material forms an inlier, surrounded by an outcrop of the
upper unit (Figures 3e and 3f). Since the layering in both units is nearly horizontal and the contact between
them is not, the contact between the units is disconformable.

3.4. Layer Thickness Measurements

For the lower unit 17 transect measurements based on HRSC DEMs were compared to 74 direct layer mea-
surements using the HiRISE DEM. Direct layer measurements indicate that visible layer thickness varies primarily
between 2 m and 11 m (Figure 4a), with a few layers reaching thicknesses of approximately 16 m. Transect layer
measurements, which provide an average, fall within the middle of the range of the direct measurement and as
expected show less variation in thickness. The average thickness of directly measured layers using the HiRISE
DEM of 6.7 m compares well with an average thickness of 6.8 m measured using the transect method.

For the upper unit, 14 transect measurements based on HRSC DEMs were compared to 246 direct HiRISE
measurements (Figure 4b). The data indicate thicknesses of generally less than 4 m for both methods,
indicating that the layers in the upper unit are thinner than those of the lower unit.

In total 191 HRSC DEM-based transect measurements were performed within 7 different HiRISE images and
11 separate locations (Figure 4c). Data indicate that lower unit thicknesses are generally in the 4 m to 13 m
range, with the largest concentration between 4 m and 8 m. Data for the lower unit were collected over an
elevation range of approximately 3 km which, since the layering is essentially horizontal, corresponds to a

stratigraphic thickness of approximately 3 km. No coarsening or thinning trends are apparent over that range.

Transect thickness measurements of the upper unit are consistently less than those of the lower unit. There is a possible
weak trend of layer thickness decreasing with increasing elevation within the lowest section of the upper unit.

4. Mineralogy of Candor Mensa

4.1. Previous Mineralogical Studies

Major aspects of the ILDs' composition were revealed by OMEGA and TES (Thermal Emission Spectrometer,
Mars Global Surveyor). OMEGA detected the presence of hydrated sulfate minerals, often mixed with crys-
talline ferric oxides, in the ILDs of Valles Marineris [Gendrin et al., 2005; Mangold et al., 2008; Le Deit et al., 2008].
TES also detected patches of coarse-grained gray hematite in the vicinity of some ILDs, such as Candor Mensa
[Christensen et al., 2001; Weitz et al., 2008].

Mangold et al. [2008] showed that Candor Mensa presents a characteristic mineralogic assemblage, with domi-
nating Mg-rich monohydrated sulfates (kieserite) signatures mixed with nanophase ferric oxides signatures.

Polyhydrated sulfates, of undefined cationic composition, were also detected more locally, in troughs between the
mensa’s northern flanks and the chasma wall, generally at low elevations (Figure 5). By contrast, kieserite is found
mainly on heavily eroded scarps of light-toned material (Figure 5). Strong signatures of iron oxides are present on
these sulfate-rich scarps and at the base of layered deposits. They appear to be correlated with a TES gray hematite
signature and might correspond to material transported down the scarp [Mangold et al., 2008; Weitz et al., 2008].

A more recent survey by Murchie et al. [2009b] confirms these detections with CRISM data. This data set is used
hereafter to precisely identify and map the different spectral signatures and characterize the mineralogical
variations between different sets of layers.

4.2, Identification of Spectral Signatures

All of the CRISM hyperspectral data available over the study area were processed (Figure 5). Three main spectral
types were identified by investigating the overtones and combinations of fundamental vibrational absorption
features in the 1.0-2.6 um interval, where key water absorptions are. All spectral types present a 2.4 um feature
which is common to all sulfates and characterizes the SO, group vibrations within the structure [Gendrin et al.,
2005; Cloutis et al., 2006; Bishop et al., 2009]. The presence of ferric oxides and crystalline hematite was also
inferred from wide absorptions in the 0-1 um domain, generally triggering a drop in reflectance at wavelengths
lower than 1.3 um [Clark et al., 1987; Bibring et al., 2007]. These minerals are observed in association with the
sulfates as discussed in the next section.

The first spectral type presents strong absorption bands at 2.1 and 2.4 um and has been found in all the CRISM
observations targeted over the ILDs (red and purple spectra in Figure 6d). The shift of the common bound water
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CRISM "mixed phase" (This study)

CRISM polyhydrated sulfates (This study)

CRISM monohydrated sulfates (This study)

OMEGA polyhydrated sulfates (from Mangold et al., 2008)
OMEGA monohydrated sulfates (from Mangold et al., 2008)

Figure 5. Hydrated minerals distribution as seen by CRISM (this study) and OMEGA [from Mangold et al., 2008]. Monohydrated sulfates
appear in yellow, polyhydrated sulfates in purple, and our mixed phase in blue. Background: CTX mosaic.

vibration from 1.9 to 2.1 pm in these spectra indicates the presence of a single water molecule in the sulfate

structure. The combination of these two absorption features is diagnostic of monohydrated sulfates [Gendrin et al,,
2005; Bibring et al,, 2005]. The doublet shape of the 2.1 um band, the position of its minimum reflectance at 2.13
um, and the general shape of the spectra are consistent with Mg-monohydrated sulfates such as kieserite (MgSO,,
H,0) (Figure 8e) [Gendrin et al., 2005; Mangold et al., 2008]. Additional decreases in reflectance with decreasing
wavelengths toward 1 pm correspond to the ferric mineral absorption in the visible domain. Both nanophase
ferric oxides and crystalline ferric minerals are actually detected in association with monohydrated sulfates due
to wide absorptions around 0.53 and 0.85 pum for the nanophase ferric oxides and 0.9 for the crystalline ferric
minerals. Hematite is also identified by its 0.5 um, 0.67 pm, and 0.86 um set of absorptions (Figures 6b and 6d).

The second spectral type is characterized by a 1.4 um, 1.94 um, and 2.4 pm set of absorptions (green spectra,
Figure 6d). Although the 1.4 pm and 1.9 um absorption bands occur in all minerals containing H,O
[Clark et al., 1990], the exact position of the 1.9 um band and the coupling of this band with a 2.4 pm band is
diagnostic of polyhydrated sulfates [Gendrin et al., 2005; Bishop et al., 2009]. The cationic composition of
such sulfates is difficult to resolve with spectroscopic data. Some particular species such as Ca sulfates
(gypsum, bassanite) can still be ruled out as they should present strong additional bands (e.g., 1.75 um) in
their spectra. Jarosite, which is expected to have strong absorptions at 1.85 and 2.27 um, is also not a good
candidate as these features are not observed and cannot explain the 1.9 um band. Epsomite (MgSO,, 7H,0)
or melanterite (FeSO,, 7H,0) are good candidates, but mixtures of several species are also plausible
(Figure 8e). Ferric oxides are also contributing to the final spectral signature in the visible domain through
their absorptions around 0.5 um and 0.85 pm.
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Figure 6. (a-d) Mineralogy of Candor Mensa as seen on CRISM observation FRT00006470. In Figure 6a, CRISM VNIR (visible and near-infrared)
observation false color composition (R=0.7097 um, G=0.5989 um, and B=0.5337 pum). In Figure 6b, RGB composition of VNIR summary parameters:
R=BD530 (stretched values: 0.068-0.17), G=BD920 (stretched values: 0-0.03), and B=BD860 (stretched values: 0-0.013). Hematite-rich areas
appear in cyan, whereas ferric oxide-rich areas appear in yellow/orange and crystalline ferric minerals in green. In Figure 6¢, RGB composition
of IR summary parameters: R=SINDEX (2.4 band, stretched values: 0.01-0.045), G=BD2100 (stretched values: 0.003-0.043), and B=BD1900R
(stretched values: 0.001-0.016). PHS (polyhydrated sulfate)-rich areas (including the mixed phase) appear in purple, whereas MHS
(monohydrated sulfate)-rich areas appear in yellow. In Figure 6d, CRISM ratioed spectra (the pixels used are shown with similar colors in
Figure 6a). Line markings indicate the main absorptions. Channels involved in the common 1.65 pum artifact due to the detector boundary in
CRISM spectra [Murchie et al., 2007] have been masked for clarity. (€) Best library spectral matches are given for comparison.

The last spectral type shows diagnostic features at 1.44-1.45 um, 1.93-1.94 um, and 2.4 pm (blue spectra,

Figure 6d). A weak additional band seems present at 2.17 um (sometimes 2.20 um), and a strong decrease in
reflectance is observed from 2.3 um to 2.5 um. Although the main absorptions in this spectrum are those of a
polyhydrated sulfate, no sample in the library can account for all of these features, making a mixture of two or
more minerals more likely. The 2.17 um spectral feature corresponds to the vibration of Al-OH bonds and is
present in the reference spectra of Al-rich clays such as kaolinite or Al-rich sulfates such as alunite [Clark et al.,
1990; Mustard et al., 2008; Bishop et al., 2009]. In hydrated silicates 2.20 pm features might also be caused by
Al-OH or Si-OH bonds but could also be created by the ratioing process if a monohydrated sulfate is present
in the denominator. The 2.17 um absorption is definitively an absorption band as it is also observed in raw
CRISM spectra. Kaolinite should also present additional absorptions at 1.40 um and 1.91 pm, whereas alunite
should also present additional weak absorptions at 1.44 um and 1.76 um (Figure 8e). Such features are not ob-

served in the spectra, but in the case of alunite they should be weaker than the 2.17 um feature and could probably
not be distinguish from the background noise. Common clay absorptions at 1.40 pm and 1.91 pm might also be
masked or shifted by the presence of sulfates in the mixture [Stack and Milliken, 2011; Noe Dobrea et al., 2012].
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Figure 7. Previous mineralogic detections derived from the summary parameters map in Figure 6¢ are overlain on HiRISE PSP_004186_1740.
(a) PHS-rich areas (including the upper unit PHS and the mixed phase) appear in purple tones and are identified over the edge of the capping
layer and in the upper unit, whereas the lower unit seems dominated by MHS, represented in yellow. (b) Close-up on the capping layer edge,
where our mixed phase is always detected. (c) Close-up on a portion of the upper unit, where PHS are detected.

We therefore cannot conclude on the nature of the Al-rich phase which is responsible for the 2.17 um absorp-
tion. The strong decrease in reflectance observed in the spectrum between 2.3 um and 2.5 um is also present in
some magnesian polyhydrated sulfates, such as starkeyite (MgSO,, 4H,0) [Bishop et al., 2009]. We therefore
suggest that the third spectral type described here, referred to as a “mixed phase” throughout this paper, is likely
a mixture of polyhydrated sulfates (including starkeyite) with an Al-rich mineral.

4.3. Mineralogical Distribution

The aforementioned detections are associated with different materials that coincide, for two of the spectral
types, with the previously described stratigraphic units. These spectral types correspond to dominant mineralogies,
but mixtures of several minerals are observed in many cases and are likely widespread among the area. Figures 5
and 6b show that monohydrated sulfates are detected in the lower unit of Candor Mensa. Monohydrated
sulfates are also detected over the western flank of Baetis Mensa (Figure 5) and over the small outcrop of light-
toned deposits located in the northern wall between Candor and Ophir Chasmata depicted in Figure 4.

As already noticed by many authors [Quantin et al., 2005; Mangold et al., 2008; Flahaut et al., 2010a, 2010b], in
other chasmata monohydrated sulfates are detected in association with massive, light-toned material, forming
steep slopes (Figure 9a). They are almost always identified along with nanophase ferric oxides along the ILD
scarp, but they are observed also mixed with hematite and crystalline ferric minerals at lower elevations, at the
base of the ILD, and on the canyon floor [Murchie et al., 2009b] (Figure 6d).

On the contrary, polyhydrated sulfates dominate the mineralogy of the upper unit in Candor Mensa
(Figures 5 and 7c). Polyhydrated sulfates are sometimes detected in the topmost part of the lower unit, but it
is unclear at CRISM resolution whether they belong to the stratigraphy. These detections could actually reflect
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Figure 8. (a) Accumulation of light-toned material on northern wall between Candor and Ophir Chasmata (ESP_012018_1750). Location in Figure 1.
(b) The main accumulation of light-toned material is located between two wall rock spurs and appears to exhibit nearly horizontal layering.

the composition of the bedrock and/or of a superficial coating. However, the morphological observations
outlined below suggest that the latter hypothesis is less likely. Polyhydrated sulfates are also detected within
loose material that seems eroded and carried away from the upper unit. Similar detections are made in the
trough between the ILD northern flank and the wall of the canyon [Mangold et al., 2008] (Figure 5). In the
single CRISM observation in the northern trough that identifies both monohydrated and polyhydrated sul-
fates, no obvious geological contact can be identified in the corresponding HiRISE image. The monohydrated
sulfate can visually be identified with lower unit geology, but whereas the outcrops of polyhydrated sulfates
appear to be similar in composition to those of the upper unit, they do not have the same appearance of thin
layers as observed at the top of Candor Mensa. Polyhydrated sulfates have not been detected at Baetis Mensa
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Figure 9. (a) Location of topographic profiles based on HRSC data across Candor and Baetis Mensae. Portions of the profile that correspond
to the elevated mounds are shown with thicker white line. (b) Stack of topographic profiles, each offset by 5 km, with the 0 km elevation
level shown for each profile. Sections of profiles corresponding to mound elevations (thick lines in Figure 9a) are shown as thick dark lines.
Note the common eastward slope of both mensa surfaces 2 and 5 and the continuation of that slope for Candor Mensa in profiles 6-9.

so far, but they have been reported at high elevations in most of Valles Marineris ILDs [e.g., Murchie et al.,
2009a; Roach et al., 2010].

The previously identified mixed phase is independent of the two units within Candor Mensa and is associated
with allochthonous material that constitutes the lower part of the dark capping layer (Figures 5 and 7b). The
top of the capping layer, which is made of dark material, does not bear such a signature. Indeed, the de-
tection is limited to a few pixels on the edge of the capping layer outcrops, where the uppermost dark aeolian
material seems removed and where higher albedo material is observed (Figures 6¢c and 7b). This bottom part of
the capping layer has a lower albedo than the kieserite-rich lower unit that it often overlaps. Its orientation and
pattern clearly allow us to connect this material to the capping layer and not to the underlying ILD unit
(Figure 7b). The capping layer is also covering the upper unit, but the relative flatness of the upper unit and
its polyhydrated sulfate-rich composition make it harder to identify the mixed phase by contrast.

5. Regional Context of Candor Mensa

Located immediately to the east of Candor Mensa is Baetis Mensa. To the east of Baetis Mensa is a large ILD
mound on the western edge of East Candor Chasma. Separating these three ILDs are two narrow, deep, and
straight channels. The overall geometry of these deposits and their locations already led Komatsu and his
colleagues to suggest that it “would have been remarkable if they were not once part of a single deposit”
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[Komatsu et al., 1993, p. 11108]. Hence, it is worthwhile to examine more recent data of the region around
Candor Mensa. Determining the original extent of these deposits would allow for a better quantification of
the amount of erosion they have undergone, which, in turn, enables a more accurate delineation of the
geological history of the area.

Baetis Mensa overlaps the wall rock ridge forming the boundary between Ophir and Candor Chasmata.
Lucchitta [2001] showed layered material in the wall separating Ophir Chasma from East Candor Chasma,
whereas Chojnacki and Hynek [2008, Figures 7 and 8a] found sulfate-bearing light-toned material on the
north side of the wall rock ridge between Ophir and West Candor Chasmata. HiRISE image PSP_005676_1750,
located on the southern side of the wall between Ophir and West Candor Chasmata (Figure 8, location in
Figure 1), shows outcrops of a thick accumulation of light-toned material, similar in appearance and com-
position to the lower unit material, on top of wall spurs at elevations of —200 m to —2800 m.

No layering is exposed on either side of the channel between Candor and Baetis Mensae, so no stratigraphy can
be correlated. The western flank of Baetis Mensa exhibits more fluting than does the eastern flank of Candor
Mensa, and topographic slopes are in the same general 15°-20° range (Figure 1¢, slope map). A series of west-
to-east topographic profiles across Candor and Baetis Mensae (Figure 9) indicates that the top of Candor Mensa
is consistently above the top of Baetis Mensa and that the plateaus on top of both mensae adjacent to the

channel slope to the east by approximately 6°. This direction is opposite to the general dip of the layering itself.

6. Discussion
6.1. Nature of Layering

Both the upper and lower units exhibit continuous layering with thicknesses on the scale of one to several
meters. The existence of benches indicates a competency contrast between layers. Even though some larger
benches appear to consist of several layers, no consistent finer internal layer structure can be identified.
Layering that is thinner than the HiRISE image resolution of ~25cm might still be detected in shallow oblique
sections, such as the tops of the benches of the lower unit, provided the layering displayed color and/or
albedo contrasts.

Following previous suggestions [e.g., Lucchitta, 1990; Chapman, 2002; Hynek et al., 2003] that the deposits are
the result of subaerially deposited pyroclastic material, we will suggest below that airborne dust or ash are
attractive options for the source of sediments due to the wide lateral extent of the layers. Whereas proximal
deposits of individual terrestrial supervolcano eruptions can be many meters thick, distal deposits produce
layers on the order of centimeters to decimeters [e.g., Matthews et al., 2012]. Because there are no identified
major volcanic centers nearby, the meter-scaled layers observed on Candor Mensa, especially those of the
lower unit, are unlikely to represent single volcanic events.

6.2. Origin of the Sulfates

On Earth, sulfates are produced in a wide range of wet environmental conditions including shallow lakes and
deep marine basins [e.g., Cojan and Renard, 1999; Spencer and Hardie, 1990; Schreiber and Tabakh, 2000],
periglacial environments [e.g., Bao et al., 2000; Wentworth et al.,, 2005], hydrothermal systems [e.g., Hannington
and Scott, 1988; Swayze, 1997], and even acidic rainfalls [Brezonik et al., 1980]. On Mars, their exact origin remains
debated, although they do imply the presence of a water supply and a sulfur source at the time of their for-
mation [Gendrin et al., 2005; Bibring et al., 2006]. Possible water sources include standing bodies of water (lakes),
groundwater surges, and snow or ice melts. In the absence of any reported volcanic vents in or near Candor
Chasma, it is reasonable to assume that the sulfur was present in the parent rocks or water. Atmospheric sulfur
(or water) could have also contributed to the formation of sulfates, but then the alteration would be limited to
the surface. As sulfates are detected over the entire ILD and do not seem to correspond to a surficial layer, and
as they do not seem to show variation in absorption strengths with depth, we assume that they are present
throughout the bulk of the ILDs and will not further consider the possibility of purely surficial alteration.

Our mineralogical observations alone do not allow us to determine the exact formation mechanism; all previ-
ously suggested models, such as the “snowmelt model” [Kite et al., 2013], “groundwater model” [Andrews-Hanna
etal., 2007,2010], and the lake hypothesis [Quantin et al., 2005] could represent possible settings. The snowmelt
model considers the seasonal formation of sulfates by aqueous cementation of aeolian materials trapped into a
snowmelt [Kite et al., 2013]. This model could explain the limited distribution of sulfates on Mars to the few areas
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of seasonal snowmelt (Valles Marineris and Terra Meridiani). This model would result in a top-down weathering
and has the advantage of working well under the expected cold and dry conditions of the Hesperian. The
alternative groundwater model [Andrews-Hanna et al., 2007, 2010] considers the formation of sulfates due to a
rising water table, followed by massive and repeated evaporation [Arvidson et al.,, 2006]. This model has been
favored in the Terra Meridiani area as it has been identified as a region of groundwater upwellings [Andrews-
Hanna et al,, 2007] and is supported by the Opportunity rover’s in situ observations of lithified sands [Grotzinger
et al., 2005]. The level to which the water table has risen would then determine which thickness of the ILD has
been weathered from bottom to top. Previous work suggests that this model is also viable for Candor Chasma;
considering repeated groundwater upwellings and a moderate evaporation rate, an ~ 5 km thick evaporate
deposit could be formed in about 400 My [Murchie et al., 2009b]. A last possibility is the formation of sulfate-rich
deposits by evaporation in a lake. This mechanism has rarely been favored, given the expected cold and dry
conditions during the Hesperian that would make a standing body of water improbable, but is a reasonable
formation mechanism for sulfates. It remains unlikely, given the timing of the sulfate formation (to be discussed
below) and the thickness of the ILD, that Candor Mensa could be made completely of evaporites. However,
evaporites could have precipitated as a cement between existing sediments, or the ILD could have formed from
the acidic weathering of preexisting S-bearing sediments.

6.3. Sulfate Hydration State and Stratigraphy

Our observations show two distinct sulfate-bearing units of different hydration state: the lower unit, dominated
by Mg-monohydrated sulfate (kieserite) signatures, and the upper unit, dominated by (likely Mg or
Fe-rich) polyhydrated sulfate signatures. The facts that the two units also differ in other aspects (albedo,
layer thicknesses, slope...) and that the boundary between sulfate types coincides with the unit stratigraphic
boundary suggest that a difference in composition or environment is the most likely explanation. Although we
could not conclude that the polyhydrated sulfates found at low elevations in the northern trough were part of
the stratigraphy in Candor Chasma, their occurrence stratigraphically beneath monohydrated sulfate-rich
outcrops in other chasmata (e.g., Capri Chasma [Flahaut et al., 2010b]) also argues against late dehydration/
rehydration mechanism or burial diagenesis as a possible explanation for the observed difference in hydration
state in most of Valles Marineris ILDs, as previously tested by Roach et al. [2009]. Possible explanations for the
difference in composition between the lower unit (kieserite-bearing material) and upper unit (polyhydrated
sulfate-bearing material) may be the quantity of water present at the time (a higher water/rock ratio is
required to form polyhydrated sulfates) of sulfate formation, the composition of the protolith (Mg-rich for
the formation of kieserite in the lower unit, potentially Fe-rich for the upper unit?), the environmental
conditions (temperature and pH), and/or the chemistry of water. We will argue below that the upper unit is
not likely to have formed at a higher water/rock ratio or different temperature range due to its timing of
formation. Therefore, we suggest that the difference in hydration between the lower and upper units is
more likely related to a different parent material or water chemistry/source. These observations are con-
sistent with layering measurements and morphological observations which also support a different origin
and timing for both units.

6.4. Sulfate Timing

The sulfate mineralogy alone does not provide any data regarding the timing of their formation. If sulfates
formed during a single event following the deposition of the upper unit, then differences in protolith
composition of the two units would be required to form both polyhydrated and monohydrated sulfates in
the close proximity that is documented near the top of Candor Mensa. If the source of the sediment for
both units is the same, then different water composition, source and/or environmental conditions are
necessary to account for the difference in hydration states, suggesting that the formation of the sulfates
took place during at least two different aqueous episodes, discussed in more detail below. Given that
aeolian sediments appear to be the most likely source of material for both units (sections 6.1 and 7) and
assuming they have similar compositions, we will favor a multiple stage of sulfate formation in the proposed
geologic history hereafter.

6.5. The Original Extent of Candor Mensa

It is also important to consider the scale over which formation mechanisms have been active. Komatsu et al.
[1993] suggested that a single deposit originally extended to the wall between Ophir and Candor Chasmata
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Figure 10. (a) Simplified geological map of outcrops of units based on CRISM and OMEGA data, extended by visual examination of CTX
images. Where CRISM and OMEGA data differ (see Figure 7), e.g., along line XY, the newer CRISM data are favored because this also agrees
with visible geology as discussed in the text. (b) Cross section (vertical exaggeration 5x). Contacts of units within mound are unknown. The
table summarizes the main properties of each unit.

and included Candor and Baetis Mensae, as well as the deposit east of Baetis Mensa. The identification of
outcrops bearing monohydrated sulfates on the eastern flank of Baetis Mensa and on the northern wall
between Ophir and Candor Chasmata [e.g., Chojnacki and Hynek, 2008], as well as the topographic similarities
between Candor and Baetis Mensae, strengthens that interpretation.

Hence, we concur with the suggestion of Komatsu et al. [1993] that Baetis Mensa and quite possibly the
deposit east of Baetis Mensa were part of proto-Candor Mensa which most likely extended to the northern
wall rock ridge. There is no obvious way similarly to constrain the original western extent of Candor Mensa.
We suggest that the original, or proto-Candor Mensa, deposit measured a minimum of 150 km north

to south and 130 km east to west, covering 19,500 km?. If its current maximum height, chosen as the
preerosion height of 8 km extended over its entire extent, it would comprise a volume of 156,000 km®. This
estimate must be considered conservative. One complicating factor is that Baetis Mensa actually covers the
easternmost portion of the northern wall rock ridge where its elevation drops significantly (Figure 1c) and
thus effectively continues into Ophir Chasma. Because we did not include Ophir Chasma in our present
study and because the more elevated western portion of the wall rock ridge would provide an effective
northern limit for the bulk of Candor Mensa, we use the provided minimum estimate. This proto-Candor
Mensa deposit must have experienced one or most likely several massive erosion events leading to isolated
mounds, as discussed below.
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Figure 11. Three-stage model of geological history of Candor Mensa. See text for discussion.

7. A Model for the Geological History of Candor Mensa

The observations presented above cover the available mineralogical, stratigraphic, and topographic data.
The data allow for the construction of a simplified map and cross section of the area (Figure 10). For the
map we correlate outcrops visually identified as lower unit with other outcrops of monohydrated sulfates.
As discussed above, we tentatively assign a series of polyhydrated sulfate outcrops within the northern
trough to the upper unit. As indicated in the cross section, the outcrop of lower unit within the northern
wall is topographically above these polyhydrated sulfate outcrops but well within the elevation range of
the lower unit within the main body of Candor Mensa. The nature of the contact between units is indicated,
but the extent of the upper unit is unknown. Pertinent facts about the two units are summarized in the
table in Figure 10.

The data provide enough information to propose a geological history of this area and to propose models for
the deposition and erosion of Candor Mensa. That history can be divided into three major stages which have
been illustrated in Figure 11 and are discussed in detail below.

7.1. Stage 1—Deposition of the Lower Unit

The lower unit consists of a minimum measured stratigraphic height of 3 km but can visually be traced over
approximately 5 km of elevation, which given the low layer dips corresponds to about 5 km of stratigraphy.
Hence, it comprises the bulk of the volume of Candor Mensa. It consists of regionally extensive parallel layers
with relatively consistent thickness and devoid of any internal structures. No unconformities, evidence of
channels, or systematic thickness variations are found within the approximately 5 km of stratigraphy.

Effectively this rules out many more localized sources such as nearby volcanic sources, river systems, or alluvial
or other fans or the possibility that significant volumes of ILD could be derived by slumping of wall rock material.
The size and uniformity of Candor Mensa also does not make it a good candidate for a spring deposit, but rather
suggests a distal source with a wide dispersal mechanism. More constraints are provided by the lower unit
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mineralogy, which is dominated by kieserite. The presence of sulfates implies that a water supply was present
during or after the formation of the lower unit. Given the thickness of the lower unit and the homogenous
signatures at CRISM scale, precipitation from acidic brines or weathering of sulfur-bearing rocks in a shallow lake
or during repeated groundwater upwelling appear to be the most likely mechanisms.

The evaporative groundwater discharge model used by Murchie et al. [2009b] requires on the order of
400 My to produce a 5 km high ILD mound of evaporite-cemented eolian sediment within Candor Chasma.
However, recent geophysical modeling [Andrews-Hanna, 2012b] suggests that the time to collapse of the
basin may only be on the order of 10-100 My. Another longstanding hypothesis, namely that ILDs were
formed in a lacustrine setting [e.g., Nedell et al., 1987; Quantin et al., 2005], has recently been extensively
reviewed by Lucchitta [2010, and references therein]. Warner et al. [2013] provided convincing evidence
that basins in eastern Valles Marineris were filled with water, which spilled over the chasm walls. It seems
unlikely that some isolated basins within Valles Marineris were filled with water while others provided an
intermittently wet eolian setting.

Hence, we propose that the deposition of the lower unit proceeded in an enclosed basin, which following the
suggestion of Warner et al. [2013] was filled with water. At its minimum, its regional extent included both
Candor and Baetis Mensae with the northern wall rock ridge forming the northern limit for Candor Mensa,
though Baetis Mensa likely extended into Ophir Chasma. Lucchitta et al. [1994] originally envisaged basins as
lakes with water depth of several kilometers which would require rapid collapse and abundant water but
limited sediment supply. A shallower lake may be expected if deposition kept up with subsidence during
basin collapse [Fueten et al., 2008]. The model by Andrews-Hanna [2012b] requires that basin subsidence must
be driven by sediment influx to remain in isostatic equilibrium. This limits the water depth to a maximum of
approximately 500 m [Andrews-Hanna, 2012b] if water filled the basin to the approximate level of the plateau
as suggested by Warner et al. [2013]. Given the stratigraphic consistency of the unit, we suggest that the
water depth within the lake was no more than several hundred meters and that the collapse occurred as
multiple events. We found no geological features that could be correlated with this collapse; it may be that
extensively disrupted sediments in regions along boundary faults eroded preferentially. The water depth,
along with the layering continuity, suggests that the lake did not experience repeated extensive dry periods
and that the majority of the ILD was deposited in a lacustrine setting. Any physical or mineralogical evidence
of potential dry periods was likely eliminated during the next flood stage.

One aspect that requires addressing is what mechanism would produce the documented meter-scale
layering in a lacustrine setting, if a single layer cannot correspond to an individual volcanic event, as argued
above. To produce the 3 km of stratigraphic thickness over which the layer thickness was measured to be
between 4 and 12 m, approximately 400 to 500 layer-producing events would have been required. Ignoring
the portion of the ILD for which we have no layer thicknesses but using an estimate of 500 layers and a basin
collapse time of 10-100 My [Andrews-Hanna, 2012b] suggests that each layer corresponds to an event of
20,000 to 200,000 years. This estimated deposition interval is comparable to the current periodicity of the
obliquity of Mars of approximately 120,000 years [Laskar et al., 2005]. Unfortunately, it is not possible to
accurately calculate the obliquity parameters for distant geological time periods [Laskar et al., 2005].

The obliquity of Mars has a strong effect on its climate. Modeling of Amazonian climate [Madeleine et al.,
2009] suggests that ice accumulation within Valles Marineris could have led to the formation thick regional
ice sheets, and Gourronc et al. [2014] argued that the landforms within the chasms of Valles Marineris were
extensively glaciated during Late Noachian to Early Hesperian times. During glacial periods a lake would have
been frozen and hence we suggest that the lake alternated between frozen and liquid states, possibly
corresponding to obliquity cycles.

Terrestrial perennially frozen Antarctic lakes have been considered as analogues for the Martian setting.
Nedell et al. [1987] and Squyres et al. [1991] studied Lake Hoare within the Dry Valleys of Antarctica. It is
surrounded by a moat of open water annually with a porous ice cover that would channel sediment into ice
fractures and lead to a very inhomogenous mode of sediment deposition [Squyres et al., 1991]. By contrast,
the 240 km long Lake Vostok is covered by a 3.7 to 4.1 km thick ice sheet that may have been stable for the
last 20 million years. The ice sheet travels across the lake, where melting and freezing at its base controls
the water depth and sediment influx [e.g., Siegert et al., 2001]. Neither one of these examples is likely a
perfect analogue for a frozen lake in Candor Chasma, but we do not envisage annual freeze-thaw cycles.
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We suggest that ash, dust, and snow would accumulate on top of the frozen ice surface which remained frozen
for extended periods of time. Minor amounts of larger fragments (e.g., chunks of wall rock) may also have been
transported onto the frozen lake, but no evidence of such clasts was found within the ILD. Very little or no
sediment deposition in the basin would take place while the surface was frozen. Deposition of accumulated
sediment on the basin floor would primarily take place during the melting episodes. The mechanism by which
this breakup was able to deposit homogenous thick layers is uncertain, though it clearly depends on the
properties of the ice/sediment mixture as well as on the nature of the melt event. The melting itself may have
been triggered by external warming at the end of a period of obliquity or by internal heat flow as an overlying
cover would have served as a thermal insulator. Zegers et al. [2010] has suggested that buried ice sheets can
melt through regular crustal heat flux when buried by 1-2 km of sediment. But unless the heat flux under Valles
Marineris is several orders of magnitude higher than the heat flux assumed by Zegers et al. [2010], the observed
4-12 m thick blanketing layers would eliminate this as a viable mechanism here.

In summary, we suggest that the lower unit sediment was initially deposited on the surface of a frozen lake,
with deposition to the basin floor occurring when the lake melts during warmer periods. The 4-12 m thick
layering of the lower unit may thus be linked to obliquity cycles.

7.2, Stage 2—Erosion of the Lower Unit

The contact between the upper and lower units is a disconformity that cuts several kilometers into the
layering of the lower unit in places. Since we suggest that originally Candor Mensa extended to the northern
wall and tentatively correlate the polyhydrated-sulfate-containing material within the northern trough to the
upper unit material, the northern trough must have formed prior to the deposition of the upper unit. It is not
possible to similarly constrain the erosion responsible for carving the channel between Candor and Baetis
Mensae. Fueten et al. [2008] also argued for a significant erosion event southwest of Candor Mensa which
removed much of an approximately 750-800 m thick regionally extensive ILD unit. Hence, large volumes of
ILD material were mobilized during at least one and possibly several erosion events. At least some of that
erosion has to predate the deposition of the later, Hesperian-age upper ILD unit. This relatively short time
frame makes it unlikely that erosion by wind was a candidate. Other mechanisms are capable of removing
large volumes in relatively short geological time periods.

Komatsu et al. [1993] suggested that a catastrophic water release over a short time is a possible mechanism
for the removal of ILD material. Komatsu et al. [1993, p. 11,116] estimated the volume removed to be on the
order of 15,000 km* and possibly an order of magnitude more. A volume calculation using the HRSC DEM
indicates that the gap between Candor Mensa and the northern wall and the channel between Candor and
Baetis Mensa account for approximately 25,420 km?.

More recently, Kite et al. [2013] suggested that periodic snowmelt may also be an erosive mechanism. However,
it is questionable whether it could have been responsible for the large-scale erosion illustrated here.

Glacial erosion is another possible mechanism, especially during times of high obliquity. In addition to
climate modeling [Madeleine et al., 2009], evidence for possible glaciers inside the Valles Marineris has pre-
viously been discussed [e.g., Chapman et al., 2005; Mege and Bourgeois, 2011; Gourronc et al., 2014]. Fueten
et al. [2011b] suggested that two smaller hollows within an ILD in Coprates Chasma are the result of glacial
scours. The channel between Candor and Baetis Mensae is comparable to the dimensions of some of Earth’s
glaciers (e.g., Nimrod glacier in Antarctica is 200 km long and 18 km wide [Swithinbank, 1988]) and has been
proposed to be a channel for ice flow [see Gourronc et al., 2014, Figure 13].

Erosion by either large-scale water release or glaciers would have mobilized large volumes of material which
had to be deposited in another location. If the basin needs to be filled by sediment in order for it to subside
[Andrews-Hanna, 2012b], little room is left for large volumes of erosional material within a closed chasm. To
create space and a pathway for remobilized ILD material, the extent of the basin therefore needed to be
modified. The two-stage model for the evolution of Valles Marineris [Schultz, 1998] incorporates such modi-
fication. The model proposes that the initially isolated basins, such as Candor and Ophir Chasmata, were
linked into the current system during a significant tectonic event. This linking of Candor Chasma with Melas
and presumably Coprates and lus would have provided the room and passageways for the removal of the
material. Hence, we suggest that the period of erosion coincides with the tectonic activity that linked the
isolated basins and produced the current geometry of Valles Marineris. Any catastrophic water release was

FUETEN ET AL.

©2014. American Geophysical Union. All Rights Reserved. 19



@AG U Journal of Geophysical Research: Planets 10.1002/2013JE004557

likely restricted to the initial opening of the basin. The primary source of this water would be the up-to-500 m
of water within the closed basin plus pore water liberated from within the ILD. The erosive force would clearly
depend upon the nature of the linking of the isolated chasmata. By contrast, glacial erosion could take place
during multiple episodes, perhaps associated with obliquity cycles. The common eastward slope of the top
surface of both Candor and Baetis Mensae (Figure 5b) may be the result of early erosion when both were part
of a single larger ILD. By contrast, the formation of the channel separating them dates to a later episode.

We have no constraints on the duration of this erosional period. Given the differences between the upper and lower
units, the tectonism permanently changed the deposition environment for ILDs. We suggest that the possibility of
standing water at significant elevations after Valles Marineris had attained its current geometry is unlikely. Lucchitta
[2010] discussed late shallow lakes within Valles Marineris (VM) at low elevations. Such water may have been

present within the troughs but not near the top of Candor Mensa, at the site of the deposition of the upper unit.

7.3. Stage 3—Deposition of Upper Unit

The upper unit consists of thinner layers than in the lower unit and is an overall thinner stratigraphic package
(estimated to be 50-300 m thick), disconformably deposited on top of the lower unit following a period of
erosion. It can be identified only over a smaller regional extent, though it is uncertain whether this is due to
later erosion or limited original deposition.

Layers of the upper unit are parallel, with no internal structures and no observed unconformities or channels.
This unit is unlikely to be of aeolian origin since tabular crossbeds would be larger than the thin beds
observed. We argued above that the linking of VM would make the presence of standing water at the time of
deposition of the upper unit problematic, especially at elevations near the top of Candor Mensa. We suggest
that aerially deposited dust or ash are the most likely sources of material for this unit.

The upper unit contains polyhydrated sulfates, spectrally identical to polyhydrated sulfates identified at lower
elevation between the wall rock ridge and Candor Mensa (Figure 5). Polyhydrated sulfates at low elevations
have previously been assigned tentatively to low stratigraphic levels [e.g., Flahaut et al., 20103, Figure 5;
Mangold et al., 2008, Figure 18; Chojnacki and Hynek, 2008, Figure 6]. However, there is no stratigraphic
evidence that they belong to another, lowermost unit in Candor Chasma. We have demonstrated that the
polyhydrated sulfate material on top of Candor Mensa has been disconformably deposited following a period
of erosion. Hence, the geologically simplest explanation for this region is that the polyhydrated sulfate
material at low elevations is stratigraphically identical to the polyhydrated material on top of Candor Mensa and
was also deposited disconformably, following the same period of erosion. Given the uncertainties discussed
above, this interpretation is tentative until clear geological boundary relationships can be established. Since the
formation of polyhydrated sulfates requires interaction with water, two separate scenarios are suggested.

Kite et al. [2013] proposed a snowmelt hypothesis, in which the melting snow can provide the water necessary
for the cementation of sedimentary rocks. Hence, we suggest that periodic melting of an accumulated mixture
of snow, ash, and dust on top of Candor Mensa would produce a thin layer of the upper unit by cementing the
solids during a melt episode. The melting of the mixture snow and solids would concentrate the solids which
could then be cemented into a layer. This mechanism would work well on top of the exposed Candor Mensa.

Another, perhaps complementary, mechanism involves the action of groundwater, as has been suggested for
this region by Mangold et al. [2008], though the elevated and isolated location near the top of Candor Mensa
is not an ideal environment for groundwater flow.

The thinner layers of the upper unit and the possible thinning trend through this unit may be the result of the
formation mechanism. The melting of a surface layer of snow in particular would require less warming than
the melting of a thick ice sheet covering a lake. Snowmelt or periodic groundwater infusion may thus occur
on a shorter timescale than the large-scale melting envisaged for the lower unit. Thinner layers may also
reflect a decrease in sediment supply. Depending on the duration of the period of erosion, the available
volume of volcanic ash within a given time period may well be less for the upper unit than for the lower unit.
This may point to a reduction of volcanic activity during this deposition period.

7.4. Late-Stage History

Both ILD units are partly covered by a dark, smooth, unconformable layer referred to as the capping layer,
which also covers much of the northern wall between Candor and Ophir Chasmata. The wide distribution of
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observed locations indicates that its deposition postdates the erosion of the entire ILD. However, given the
uncertainties of the upper unit’s original extent or thickness, no details of this erosion can be given at this
stage. Since this late-stage history likely spanned billions of years and features attributed to wind erosion or
impacts are prominent, wind erosion was a major erosive mechanism. However, the existence of late glaciers
or snowmelt episodes throughout the Amazonian cannot be ruled out, especially since the capping layer
shows evidence of hydration.

This capping layer has been commonly reported as a thin late aeolian cover on Valles Marineris ILDs and
generally shows a neutral or mafic-rich mineralogical signature [Mangold et al., 2008]. However, we noticed
for the first time that parts of this capping layer in Candor Chasma, especially at the layer’s base, show
signatures of hydrated minerals (referred to as a mixed phase in this paper) and particularly Al-rich phases
and sulfates. Although there is no clear consensus on the origin or age of the layer, the hydration of its basal
part suggests either (1) a change in the source material, likely aeolian in origin, that was made of originally
hydrated material or (2) partial alteration during or after deposition. In this last case, the presence of Al-rich
material could evidence surface processes such as pedogenesis or surface leaching but could also indicate
that the parent material of this unit was more felsic in composition than the ILD parent material. In all cases it
implies that local aqueous processes and hydrated mineral formation still occurred locally after the formation
and erosion of Valles Marineris in the Amazonian. Evidence for pedogenesis on the plateaus surrounding
Valles Marineris during the Hesperian has been documented by Le Deit et al. [2012].

8. Conclusions

We have examined the geology and mineralogy of Candor Mensa and its immediate surroundings. The
geology of this up-to-8 km high ILD can be divided into two major units. The lower unit, which accounts for
at least 5 km of strata, is characterized by 4 to 12 m thick, uniform, parallel layering. This layering is devoid of
internal sedimentary features at HiRISE scale and associated with monohydrated sulfates. The upper unit is
characterized by thinner, 1 to 4 m thick layering, and near the top of Candor Mensa it is exclusively associated
with polyhydrated sulfates. The contact between the two units is clearly unconformable and indicates that the
upper unit was emplaced following a significant period of erosion of the lower unit. Further evidence suggests
that Candor and Baetis Mensae may have originally been one single deposit that also extended to the northern
wall between Candor and Ophir Chasmata.

We propose a geological history in which the lower unit was deposited in isolated water-filled basins (lakes),
prior to Valles Marineris achieving its current geometry. These lakes would have been frozen during periods
of high obliquity. The thicker layers of the lower unit initially accumulated as ash or dust on top of the frozen
lake surface, subsequently depositing as a single sedimentary layer during the thawing of that lake. The
freeze-thaw cycle of the lakes and therefore the layering may have been linked to obliquity cycles.

Faulting and subsidence of the regions surrounding the ILDs during the formation of Valles Marineris caused
linking of individual basins to form the current geometry, allowing the removal of the basin water. Catastrophic
release of water during this stage, along with boundary faulting and possible glacial action, caused erosion
of the lower unit body.

Eventually, the erosion processes ceased and deposition of ash or dust on an exposed surface continued,
forming the much thinner layers of the upper unit. Cementation of these layers is postulated to be the result
of either groundwater or the snowmelt mechanism proposed by Kite et al. [2013], as standing water at high
elevations would no longer be possible at this stage.

The ultimate source of sediment for both units is thought to be airborne dust or ash. Since the environmental
conditions for the deposition of the two units differ considerably, we suggest that the formation of the two
types of sulfates is also linked to these differences in environment. Future work will be aimed to determine if
previously documented differences in sulfate mineralogy [e.g., Flahaut et al., 2010a] can also be linked to
differences in sedimentary environment.

The late-stage history of this area is dominated by the deposition of a late capping layer and extensive wind
and possibly glacial erosion. The capping layer shows signatures of hydrated minerals providing evidence
that hydrated mineral formation was possible after the formation and erosion of Valles Marineris in

the Amazonian.
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