A new type of jarosite deposit on Mars: Evidence for past glaciation
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ABSTRACT

Acid-sulfate minerals such as jarosite are often used as indicators of environmental
conditions on Mars. These minerals form in a diverse set of environments on Earth; how-
ever, all known Martian jarosite deposits are most likely evaporative, from evaporation of
either groundwater or ponded water. Here, we use the Compact Reconnaissance Imaging
Spectrometer for Mars and High-Resolution Imaging Science Experiment to report a new
jarosite deposit along the southern wall of Ius Chasma. The morphology and geologic con-
text of the Tus deposit are unique on Mars, and difficult to explain with an evaporative or
groundwater mechanism. We propose instead that it was deposited along the margins of a
past glacier. Such acid-ice interactions would be similar to those reported along the margins
of Svalbard glaciers (arctic Norway), and would represent a new style of acid-sulfate forma-

tion on Mars.

INTRODUCTION

Jarosite [(K.Na)Fe* (SO,),(OH),] was first
reported on Mars in 2004 (Klingelhofer et al.,
2004), and has since become a key environ-
mental indicator for past aqueous conditions.
Because jarosite forms only in environments
with low temperatures and pH of 1.5-3 (Jamie-
son et al., 2005), its presence in Martian out-
crops is interpreted as evidence of localized,
highly acidic water-rock interactions.

However, recent studies on jarosite forma-
tion on Earth have shown that the mineral can
form in diverse acidic environments, including
acid-saline lakes in hyperarid climates (Schae-
fer et al., 2003), acid mine drainage systems
(Swayze et al., 2008, and references therein),
“acid fog” on the margins of volcanic calde-
ras (Banin et al., 1997), cold acid groundwa-
ter springs at, for example, Ellesmere Island,
Canada (Battler et al., 2013b), and “acid ice:”
low-pH water-rock interactions along the mar-
gins of glaciers and permafrost (Lacelle and
Léveillé, 2010; Battler et al., 2013a). To date,
Martian jarosite has been detected at several
outcrops; however, all of these are interpreted
as representing evaporative environments.

Here, we use hyperspectral data from the
Compact Reconnaissance Imaging Spectrom-
eter for Mars (CRISM: Murchie et al., 2007)
to map Ius Chasma of the Valles Marineris,
and report a new jarosite deposit that does not
fit the evaporative model. We use CRISM data,
images from the High-Resolution Imaging
Science Experiment (HiRISE; McEwen et al.,
2007), and elevation data from the High/Super-
Resolution Stereo Camera (HRSC; Jaumann et
al., 2007) to compare the Tus deposit to jarosite
deposition environments on Earth and Mars,
and we propose that this deposit may represent

the best evidence to date of acid ice-rock inter-
actions on Mars.

Geologic Context: Ius Chasma

[us Chasma is a western canyon of the Valles
Marineris (a 3000-km-long equatorial series of
horsts and grabens) (Fig. 1A), comprising two
parallel troughs, each ~500 km long, with depths
up to 8 km below the plateau, and a general
deepening to the east. The troughs are divided
by the Geryon Montes, a 5-km-high east-west
ridge that has been interpreted as a basement
horst brought up in response to extension. The

southern wall of Ius is cut by the Louros Valles,
a series of sapping channels that empty into Ius.
The upper walls of the canyon are defined by
spur-and-gully morphology, transitioning to
a smooth basal escarpment at approximately
—~1900 m to =2000 m elevation (e.g., Chapman
et al., 2005).

Previous spectroscopic mapping in lus
Chasma by Roach et al. (2010) showed layers of
Fe/Mg-smectite in the walls of Geryon Montes,
monohydrated and polyhydrated sulfates in a
closed basin in far eastern Ius, and an unidenti-
fied hydrated silicate material draped across the
smectite and sulfate deposits. Additionally, Mil-
liken et al. (2008) identified opal deposits on the
plateau south of the canyon, advancing to the
southern rim.

DATA AND METHODS

Visible to near-infrared spectra from the
CRISM instrument were used to identify com-
positions in the study area (Fig. 1B). CRISM
has a spectral range of 0.362-3.92 um, spec-
tral resolution of ~6.5 nm/channel, and spatial
resolution that ranges from 15 to 19 m/pixel
to ~40 m/pixel (Murchie et al., 2007). Images

Figure 1. Regional context (A) and study area at lus Chasma, Mars (B), showing elevations
derived from High/Super-Resolution Stereo Camera (HRSC) digital terrain model and unit A
(jarosite, yellow), units B and C (opal, light purple), and unit D (polyhydrated sulfates, red).
Compact Reconnaissance Imaging Spectrometer for Mars (CRISM) observations included in
this study are outlined in black.
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were converted to apparent surface reflectance
using the volcano scan atmospheric correction
approach (Mustard et al., 2008). Units of inter-
est were identified using the mapping indices
developed by Pelkey et al. (2007). Pixels exhib-
iting absorptions in these indices and correlating
to distinct geomorphic units observed in images
from HiRISE were then averaged together to
produce representative spectra for each geo-
morphic unit. These averaged spectra were then
divided by averaged spectra of nearby spectrally
bland material to minimize the effects of dust
and instrument noise.

Minerals identified included sulfates (mono-
hydrated, polyhydrated, and acid sulfates, such
as the jarosite group) and amorphous silica (e.g.,
opal). Opal was identified using absorptions at
1,42 um and 1.92 pm, and a broad absorption
between 2.17 um and 2.30 pm. Monohydrated
sulfates were identified by H,O combination at
2.1 and 2.4 ym, and a broad absorption centered
at 1.6 um. Polyhydrated sulfates were identified
by H,O vibrations at 1.45 and 1.95 um, and an
OH combination band at 2.45 um (Cloutis et
al., 2006). The jarosite group is the range of
compositions [AM,(SO,),(OH),], where A is a
monovalent cation like K*, Na*, or H.O", and
M is AI** for alunite and Fe* for jarosite. The
positions of jarosite-group absorption bands
vary with composition, but can be broadly given
as 1.47-1.48 um (OH stretch), 1.849-1.864 um
(OH stretch + bend combination), a triplet at
2.215, 2.265, and 2.3 pm (OH stretch + bend
combination), and weaker absorptions at 2.4—
2.42,2.46, and 2.51 pm (asymmetric SO, stretch
+ OH overtone; Bishop and Murad, 2005).

A mosaic from data from the High/Super-Res-
olution Stereo Camera (HRSC) (Fig. 1B) was
constructed according to procedures described
by McGuire et al. (2014), at 75 m/pixel reso-
lution and a bit depth of 8 bits, with Lambert-
albedo correction, and atmospheric correction
approximated by combining high-pass filtered
HRSC images and a low-pass filtered global
OMEGA mosaic described in Ody et al. (2012).
No edge blending or feathering was used. One
strip needed to be inserted manually without any
filtering; this strip is in the center of the mosaic
and is slightly brighter than the other images at
the bottom of the mosaic. Elevation contours
generated from the HRSC digital elevation
model (DEM) over select areas were compared
to raw Mars Orbiter Laser Altimeter (MOLA)
Precision Experiment Data Records (PEDR)
tracks to confirm elevations of key deposits.
Where coverage was available, elevation data
presented here were cross-referenced to MOLA
PEDR tracks to confirm elevation estimates.

OBSERVATIONS

Four spectrally and morphologically distinct
units were mapped. Unit A, on the southern
wall of lus Chasma (Fig. 1B), has absorptions
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at 1.470, 1.854, 2.206, 2.264, and 2.4 um that
match laboratory spectra of jarosite (Fig. 2). In
HiRISE images, unit A is brighter than the sur-
rounding dust, with distinct horizontal layering
(Figs. 3A and 3B, arrows point to layering). The
unit caps a break in the slope of the wall, form-
ing a terrace at approximately —1900 to —2000
m (Fig. 4).

Unit A cuts across a region previously mapped
by Roach et al. (2010) as transported opal. We
also map transported opal (unit B, described
below) across this area, but the jarosite layer
is spectrally and geomorphically distinct from
the opal. Though opal and other forms of amor-
phous silica have a broad absorption between
2.17 and 2.30 pm, the absorption seen in unit
A is clearly a doublet, not one broad absorption
(Fig. 2). Additionally, unit A displays a 1.47 pm
absorption, not the typical 1.42 pm of opal, and
a 1.85 um absorption instead of opal’s 1.92 um
hydration band. In HiRISE images, the jarosite
layer appears as a bright deposit with distinct
layering, and it is observed to extend laterally
for several kilometers at the same elevation.
These observations argue against the jarosite
being a transported deposit, and suggest that it
formed in place.
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Figure 2. Compact Reconnaissance Imaging
Spectrometer for Mars (CRISM) spectra of
units A (CRISM image code FRT0001C6A7),
B (FRT000076E2), and D (FRT00016626) com-
pared to laboratory spectra of jarosite, opal,
and epsomite (polyhydrated sulfate) from the
CRISM spectral library. Unit C is not shown
because it is spectrally similar to unit B.
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Jarosite exists as a range of compositions.
K-jarosite has a broad doublet at 1.849-1.864
um, and absorptions at 1.47 and 2.21 um (Far-
rand et al., 2009). Na-jarosite shows absorptions
at 1.48, 1.85, 2.22, 242, 247, and 2.52 pm.

Figure 3. High-Resolution Imaging Science
Experiment (HIiRISE) image subsets show-
ing mapped unit A (panels A, B; HIRISE im-
age code ESP_013759_1720), unit B (panel
C; ESP_013759_1720), unit C (panel D;
ESP_023741_1710), and unit D (panels E,
F; PSP_003593_1725). White arrows point
to layering. Dashed white line distinguishes
opal-bearing unit from surrounding dunes.
White scale bar is 50 m long.
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Figure 4. Topographic profile of study
area, showing Mars Orbiter Laser Altim-
eter (MOLA) Precision Experiment Data Re-
cords (PEDR) track from orbit 20331, Unit A
(jarosite, light gray) follows a ledge on the
south wall of lus Chasma. Unit B (opal, dark
gray, vertically exaggerated for visibility)
forms discontinuous patches. See Figure 1
for profile location.
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Unit A has a 1.85 pm absorption, similar to Na-
jarosite; however, its OH absorption is closer to
1.47 pm, more like K-jarosite. Additionally, it
more closely resembles K-jarosite in the 2.21
um region (Fig. 5).
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Figure 5. Band centers of the ~2.2 ym ab-
sorption in unit A, compared to band centers
of Na-jarosite and K-jarosite.

Unit B was also mapped on the southern wall
of Tus Chasma, and consists of small, discontin-
uous areas spatially associated with unit A, and
with absorptions at 1.405, 1.909, and 2.219 pm
(Fig. 2), matching laboratory spectra of opal. In
HIiRISE images, unit B is intermediate toned,
darker than unit A, and appears to represent
jumbled, chaotic blocks (Fig. 3C, block outlined
in white). No layering is visible in unit B, and it
is interpreted as transported material from the
plateau above (unit C).

Unit C was mapped on the plateau to the
south of the study area (Fig. 1B), corresponding
to areas previously mapped as opal by Milliken
et al. (2008) and Roach et al. (2010). The unit is
spatially extensive, and exhibits absorptions at
1.405, 1.909, and 2.219 pm, spectrally matching
unit B (opal). In HiRISE images, unit C is bright
to intermediate toned, and represents finely lay-
ered deposits (Fig. 3D). Unit C is not observed
in contact with unit A or unit B.

Unit D was mapped on the southemn wall
of Ius Chasma (Fig. 1B). The unit is spatially
extensive, and exhibits absorptions at 1.43, 1.93,
and 2.4 um, matching laboratory spectra of poly-
hydrated sulfates (Fig. 2). In HiRISE images,
unit D is light toned and polygonally fractured.
It appears as layers or massive units, commonly
interbedded with darker material (Figs. 3E and
3F). Unit D is not observed in contact with units
A, B, or C. Unit D was mapped at elevations
ranging from —1500 to <2000 m, with the lower
elevations occurring further east.

DISCUSSION

Jarosite has been reported at several locations
on Mars, and, in each of these cases, the geo-
logic context favors an evaporative origin. The
jarosite at Meridiani Planum occurs as a cement
in a widespread layered deposit (McLennan
et al., 2005), in a region of Mars that global
hydrology models predict experienced exten-
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sive groundwater upwelling and evaporation
(Andrews-Hanna et al., 2007). The jarosite at
Mawrth Vallis occurs as layers within a 3 x 5
km topographic basin that is situated at the low
point of a regional depression, leading to its
interpretation as a former pond of evaporating
acidic groundwater (Farrand et al., 2009). The
jarosite at Noctis Labyrinthus occurs as layers
isolated in a closed depression, and has been
interpreted as forming from evaporation of flu-
ids enriched in magmatic sulfur (Thollot et al.,
2012). The jarosite at Ophir Chasma occurs as
layers along the canyon floor, pointing again to
evaporating groundwater (Wendt et al., 2011).
In each of these cases, the jarosite is restricted
to areas of natural groundwater emergence or
pooling water. In contrast, the sulfates on the
southwestern wall of Ius are not inside a closed
basin or a topographic low, making pooling and
evaporating water unlikely. Although parts of
eastern Valles Marineris have been proposed
as past sites of large basin-filling lakes (e.g.,
Warner et al., 2013), the lack of a closed basin
at Tus argues against this. Additionally, as the
deposit is not flat lying (doesn’t correspond to a
single water table) and cccurs halfway up a val-
ley wall, groundwater interactions are similarly
unlikely. Acidic groundwater moving along an
impermeable bedding plane until released and
evaporated at the wall would be expected to
produce an acid-sulfate deposit that followed
a single bedding layer, instead of deepening to
the east as is observed here. Both groundwater
and evaporating pooling water are unlikely can-
didates within the geologic context of southern
Ius Chasma.

Acid sulfates have also been hypothesized
to form on Mars through basalt weathering by
sulfur dioxide and water vapor (“acid fog;”
e.g., Banin et al., 1997; McCollom and Hynek,
2005). On Earth, this process has been shown
to produce jarosite near fumaroles and calderas
of volcanoes such as Kilauea, Hawaii (Seelos et
al., 2010), and Cerro Negro, Nicaragua (Hynek
et al., 2011). There, the jarosite appears as coat-
ings on preexisting surfaces. However, this is a
poor model to explain the Ius acid sulfates. The
acid-sulfate deposit reported here occurs as dis-
tinct layers (Figs. 3A and 3B), far from known
volcanic vents. Additionally, a volcanic weath-
ering model would fail to explain why only a
single package of layers within the southern
wall was altered.

We propose instead that the layer of sul-
fates between —1500 and —2000 m, and jarosite
between —1900 and —2000 m, on the southern
wall of Ius represents glacially deposited evapo-
rative salts. Many authors have speculated on
the role of ice in shaping the Valles Marineris
(e.g., Chapman et al, 2005; Thaisen et al.,
2008), noting that ice may have been deposited
within the canyons during periods of high plan-
etary obliquity, when today’s equatorial regions

would have existed at high latitudes (Jakosky
and Carr, 1985; Forget et al., 2006). If such
spatially extensive ice deposits existed in Valles
Marineris during the Noachian or Hesperian,
they could have resulted in sulfate deposition
similar to that proposed by Niles and Michal-
ski (2009), McAdam et al. (2008), or Catling et
al. (2006). The ice deposition model proposes
that, because the Noachian and Hesperian were
times of elevated atmospheric sulfur as a result
of more intense volcanism (Wanke and Dreibus,
1994), ice deposits forming on Mars during that
time incorporated volcanic sulfur compounds
and dust into their lattices. Sunlight heating
these grains in the upper layers of ice (or sun-
light heating wall rock at the ice-rock interface
of a glacier) would have caused minor melting
around the sulfur-rich grains. The weather-
ing sulfur-rich minerals would have produced
acidic water, and ultimately acid-sulfate miner-
als. A similar mechanism has been documented
along the margins of Svalbard glaciers (arctic
Norway), where the proglacial zone and adja-
cent moraines undergo cyclical evaporation and
freeze concentration of groundwater that results
in the deposition of acid-sulfate salts such as
jarosite (e.g., Cooper et al., 2002).

Several observations support a glacial origin
for the Ius deposit. First, the sulfate layer must
be a superficial deposit, because it cuts vertically
across several layers within the canyon wall.
Second, the sulfate layer follows the transition
from the upper spur-and-gully morphology to
the lower smooth basal morphology. This tran-
sition line has been interpreted by others (e.g.,
Mege and Bourgeois, 2011; Gourronc et al,,
2014) as a glacial trimline: the maximum eleva-
tion of a glacier within a valley. The proposed
trimline runs at approximately —1900 to —2000
m elevation, and is marked by a distinct lateral
bench (Fig. 4), a horizontal break in the slope
of the wall that Gourronc et al. (2014) have
interpreted as either a lateral moraine or kame
terrace. The sulfates cap the break in the slope
of the wall, supporting the hypothesis that these
are deposited as part of a lateral moraine. Unlike
unit B (opal), which occurs above, below, and
apparently overlying unit A, the acid-sulfate
unit occurs as distinct layers (Figs. 3A and 3B),
suggesting that the unit was emplaced along
the ledge, not transported there later, as unit B
appears to have been. The challenges of preserv-
ing such a deposit on the walls of a Valles Mari-
neris chasm could explain why the acid sulfates
are found along only one portion of the basin,
the other areas having been altered, buried, or
eroded over time.

The jarosite-polyhydrated sulfate layer
stretching across the southwestern wall of Ius
Chasma represents a new style of acid-sulfate
deposit for Mars, neither enclosed within an
evaporative basin nor following a distinct water
table. Its occurrence along the ridge of a pro-
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posed glacial trimline, and the likelihood that
past Mars ice deposits would have led to sulfate
deposition, are evidence in support of past gla-
ciation within Valles Marineris.
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