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A variety of hydrothermal environments have been documented in terrestrial impact structures. Due to
both past water interactions and meteoritic bombardment on the surface of Mars, several authors have
predicted various scenarios that include the formation of hydrothermal systems. Geological and miner-
alogical evidence of past hydrothermal activity have only recently been found on Mars. Here, we present
a geological and mineralogical study of the Auki Crater using the spectral and visible imagery data ac-
quired by the CRISM (Compact Reconnaissance Imaging Spectrometer for Mars), CTX (Context Camera)
and HiRISE (High Resolution Imaging Science Experiment) instruments on board the NASA MRO mission.

The Auki Crater is a complex crater that is ~38 km in diameter located in Tyrrhena Terra (96.8°E
and 15.7°S) and shows a correlation between its mineralogy and morphology. The presence of minerals,
such as smectite, silica, zeolite, serpentine, carbonate and chlorite, associated with morphological struc-
tures, such as mounds, polygonal terrains, fractures and veins, suggests that the Auki Crater may have
hosted a post impact-induced hydrothermal system. Although the distribution of hydrated minerals in
and around the central uplift and the stratigraphic relationships of some morphological units could also
be explained by the excavation and exhumation of carbonate-rich bedrock units as a consequence of
crater formation, we favor the hypothesis of impact-induced hydrothermal circulation within fractures
and subsequent mineral deposition. The hydrothermal system could have been active for a relatively long

period of time after the impact, thus producing a potential transient habitable environment.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

Impact cratering is one of the most important geological pro-
cesses in transforming planetary surfaces. Although today the col-
lisions between large bodies are rare events, there was a period
of time early in the Solar System when all of the celestial bod-
ies were repeatedly impacted. This activity was particularly intense
3.8 Ga during the Late Heavy Bombardment (Wetherill, 1975; Bar-
low, 1988; Bogard, 1995); most giant basins that we observe on the
inner planets date from this period. Early Mars experienced an in-
tense and brief period of meteoritic bombardment during which its
surface was reshaped. During the same period, the Martian crust
contained large reserves of water (e.g., Clifford, 1993).

The impact cratering process led to the exhumation of material
from depth to the surface, and in some cases to the formation
of hydrothermal systems in the presence of water, fractures/open
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porosity in the rock and a heat source (Osinski and Pierazzo,
2013). Impact craters provide unique windows into the subsurface
of planetary bodies and allow for the detection of possible occur-
rences of aqueous alteration processes that took place under the
surface.

Hydrothermal systems on Earth are common in a variety of set-
tings, such as mid-ocean ridges, continental rifts and volcanic ar-
eas (Edmond et al., 1979; Hedenquist, 1987; Ishibashi and Urabe,
1995). Hydrothermal systems can also occur in impact structures,
where the high temperature is due to the large amount of kinetic
energy released and deposited into the rocks of the central up-
lift by the passage of the shock wave (Osinski and Pierazzo, 2013).
Additional heat is generated from the rocks of the central uplift
due to the increased geothermal gradient (Osinski et al., 2013). For
these reasons, the central uplift plays a major role in the alteration
mineralogy because that is the region with the highest temper-
atures. Evidence of hydrothermal systems in impact structures is
present in more than 30% of terrestrial craters (Farrow and Watkin-
son, 1992; Ames et al., 1998; Zurcher and King, 2004; Osinski
et al.,, 2005a). It is well known that impact-generated hydrothermal
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systems developed in a variety of sizes of craters, from smaller
(1.8 km diameter) to larger (200 km diameter) craters (Ames et al.,
1998; Hagerty and Newson, 2003; Naumov, 2005; Osinski, 2005b;
Osinski et al., 2013; Osinski and Pierazzo, 2013).

Based on these data, it seems plausible that post-impact hy-
drothermal activity could have occurred on Mars. In particular,
these systems could have been very common on early Mars; for
instance, the hypervelocity impact that formed the > 5-10 km di-
ameter Noachian complex craters would have been able to gener-
ate shock pressures and temperatures capable of melting the target
material in the presence of hot water circulating in the upper lay-
ers of the crust (Osinski et al., 2005a).

There are two main high temperature locations where impact-
generated hydrothermal deposits can form: the melt sheet in the
crater cavity and the central uplift (Osinski and Pierazzo, 2013).
Melt-rich deposits can also form on crater ejecta and generate
shorter-term hydrothermal systems (Sapers et al., 2015) where the
alteration of preexisting rocks occurs due to the presence of frac-
tures (Ehlmann et al., 2011; Marzo et al., 2010; Osinski et al., 2013;
Schwenzer and Kring, 2013; Tornabene et al., 2013).

The occurrence of minerals forming in a post-impact hydrother-
mal system on Mars has long been debated (e.g., Newsom, 1980;
Allen et al., 1982; Brakenridge et al., 1985).

Alteration minerals are important indicators of the thermo-
chemical environment at the time of their formation (Schwenzer
and Reed, 2013). The interaction of water with hot materials forms
a hot rock-water circulatory system that can dissolve, transport,
and precipitate various mineral species, resulting in characteristic
hydrothermal mineral alteration assemblages (Sapers et al., 2012,
2015).

Determining the role of impacts in the origin of hydrated
phases is key for deciphering the early climate of Mars (Tornabene
et al, 2014). Hydrated phases associated with craters can
form from pre-impact, syn-impact, and/or post-impact events
(Tornabene et al., 2013). Delineating which spectral signatures are
compatible with one of these scenarios is not trivial (Tornabene
et al,, 2014).

Only recently, some researchers have provided evidence of a
post-impact hydrothermal system in the complex Toro and Majuro
craters (Marzo et al,, 2010; Mangold et al., 2012; Tornabene et al.,
2009, 2013; Osinski et al., 2013).

Here we present a detailed spectral and geological analysis of
the Auki Crater, located at 96.8°E and 15.7°S in Tyrrhena Terra on
Mars, by means of the Compact Reconnaissance Imaging Spectrom-
eter for Mars (CRISM), High Resolution Imaging Science Experi-
ment (HiRISE) and Context Camera (CTX) on board the Mars Re-
connaissance Orbiter (MRO). The crater hosts a variety of hydrated
minerals and its peculiar geomorphology provides evidence of past
water activity. We propose that the geological and mineralogical
history of the Auki Crater was mainly characterized by exhuma-
tion of buried hydrated materials and possibly by the formation of
a post-impact hydrothermal system.

2. Methods

In the present study, we have completed an analysis of
the hydrated minerals associated with the geomorphology using
the CRISM spectrometer (Murchie et al., 2007) and the HiRISE
(McEwen et al., 2007) and CTX (Malin et al., 2007) cameras on
board the MRO probe.

CRISM is an imaging spectrometer that acquires hyperspectral
images in the 0.4-4.0pum range with a spatial resolution up to
~18 m/pixel. In this paper, we describe the results obtained from
the analysis of the CRISM cube hrl000082e8 with a spatial res-
olution of 36 m/pixel. The spectra are converted to I/F and cor-
rected by the cosine of the solar incidence angle, and then the

atmospheric correction provided by McGuire et al. (2009) is ap-
plied. We remove residual vertical striping using the method of
Parente et al. (2008). To remove systematic artifacts and to high-
light and resolve spectral features, we subtract a neutral compo-
nent (featureless spectrum) in each spectrum by assuming it is ho-
mogeneous throughout each CRISM observation (Carter and Poulet,
2012). For this purpose, we use ratios between the spectra of in-
terest and spectra with a neutral component.

To identify the minerals, we compare the spectral signatures of
the ratioed spectra with the spectra of the ASTER (Baldrige et al.,
2009), CRISM (Murchie et al., 2007), USGS (Clark et al., 2007) and
RELAB spectral libraries.

The choice of the denominator spectrum is fundamental for a
correct interpretation of the ratioed spectra. It is selected according
to the following criteria:

1. It must be a spectrally neutral component to emphasize the
spectral features;

2. It is an average of spectra taken in the same column of the nu-
merator spectra to correct the residual instrument artifacts and
reduce detector noise that changes from column to column;

3. It must be taken in the neighborhood of the area of interest to
reduce most of the common mineral component.

It is not always possible to satisfy all of the criteria listed above
and this must be taken into account in the interpretation of the ra-
tioed spectra. Moreover, this procedure works well if the denom-
inator spectra have a phase similar to that of numerator spectra,
but, as we will see, that is not always the case. The ratioed spec-
tra may continue to have multiple phases that contribute to the
spectrum with its spectral features (Wiseman et al., 2013). For this
reason, when we compare a ratioed spectrum with those from the
laboratory, it must be taken into account that more phases may
continue to affect the band positions.

For the geological and morphometric analyses, we used high-
resolution imagery and topography from ESA Mars Express and
NASA MRO (Mars Reconnaissance Orbiter) missions. In particu-
lar, HRSC (High Resolution Stereo Camera, Neukum et al., 2004)
data (visible nadir image at 12.5 m/pixel and stereo-derived to-
pography at 100 m/pixel) were used for the overall crater con-
text, while CTX (ConTeXt, Malin et al., 2007) and HiRISE (High
Resolution Imaging Science Experiment, McEwen et al., 2007) im-
ages supported the detailed analysis of the floor and central part
of the crater. The latter two datasets were also used to de-
rive high-resolution topography (down to 7 m/pixel from CTX and
1 m/pixel from HiRISE) through the NASA Stereo Pipeline soft-
ware (Moratto et al., 2010). All of the data were georeferenced
and co-registered using the equirectangular projection and the
Mars IAU2000 reference ellipsoid. Finally, the imagery, spectral
data and topography were imported into the GIS (Geographic In-
formation System, ArcGIS v.10.2.2) environment to obtain a mul-
titemporal/multisensor/multiscale view of the studied crater. We
delineated the map units, taking into account their morphol-
ogy/morphometry, surface properties, texture at different scales
(e.g., relative tonal differences from visible imagery, thermal in-
ertia, rough or smooth texture), and their internal sedimentary
structure when possible (from erosional windows, crater walls or
scarps). The latter approach allowed us to i) identify the main
geological/geomorphological units and to ii) correlate the defined
units with the mineralogical observations from CRISM (Figs. 1 and
4).

3. Geological and mineralogical observations
In the following paragraphs we describe the geology, geomor-

phology, spectral units and their relationships within the studied
crater.
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Fig. 1. Location map of the Auki Crater (globe) and overall geomorphologic map of the crater showing (A) the footprint of the CRISM observation; (B) close-up of the
geomorphological map for the central peak pit; (C) stereo-derived topography of the same region as figure B.

3.1. Geological context

The Auki Crater is located in the southeastern part of Tyrrhena
Terra and is centered at approximately 15.7°S and 96.8°E (Fig. 1).
It is a complex crater ~38 km in diameter. The crater ejecta are
relatively well preserved and are visible as far as 60 km from the
crater center.

The inner crater rim is terraced and is characterized by the
presence of several centripetal rotational landslides and collapses
emplaced during the modification of the transient cavity gener-
ated by the impact. The inner rim slope appears rather unmodified
by subsequent erosional processes. In fact, the rim lacks ravines,
gullies and any other evidence suggestive of post-impact modifi-
cations by hydrological and/or glacial processes, while the crater
floor shows few superimposed craters and patches of eolian de-
posits. The maximum rim to floor depth is approximately 2.2 km
based on CTX stereo-derived topographic data; the latter depth is
consistent with the latest scaling laws for crater depth obtained
from the best-preserved craters on Mars (Tornabene et al., 2013).
Except for relatively widespread high albedo TARs (Transverse Ae-

olian Ridges) and small ergs of dark eolian deposits concentrated
around the northern part of the crater center, there are no other
significant crater infilling materials.

Located in the center of the crater is a peak with a central de-
pression, likely a remnant of the central uplift formed during the
impact.

The crater floor shows an overall rough texture and several
small (few hundreds of meters in diameter) impact craters. Based
on CTX and HiRISE images, it is possible to identify light-toned re-
gions characterized by the presence of honeycomb and polygonal
terrains, especially in association with the deepest regions of the
crater floor (Figs. 1 and 2). A polygonal pattern is visible almost
everywhere in the portions of the crater floor covered by high-
resolution images. Moreover, the polygonal terrains can be divided
into three main types based on their morphology and stratigra-
phy: upper, intermediate, and lower, starting from the highest to
the lowest elevation of the polygonal outcrops within the crater
floor deposits series (Fig. 2A, B and C, respectively). In particular,
the honeycomb polygonal terrains (Fig. 2A) crop out in the highest
positions of the crater floor and likely represent the youngest (and
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Fig. 2. Close-up view from HiRISE images and location of the polygonal terrains: (A) honeycomb pattern, (B) polygonal cracks and bright concretional layer, (C) inverted
veins polygonal network; see text and Fig. 7 for explanations. HiRISE images: ESP_020161_1640 and PSP_005683_1640, ESP_011458_1640. An approximate distribution of the
different polygonal terrains it is shown along the topographic profile in the bottom panel. The profile it is extracted from the line of the upper-right panel.
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less eroded) deposits of the crater floor sequence. The intermedi-
ate polygonal terrains are light-toned in HiRISE grayscale images
(Fig. 2B) and are found as raised outlying and irregular patches
at intermediate elevations almost everywhere within the portion
of the crater floor covered by high-resolution images. Finally, the
lower polygonal terrains are visible as rectilinear, light-toned and
crosscutting ridges rising above the dark-toned surrounding mate-
rials (Fig. 2C). Based on the latter observations, we interpret the
above-mentioned outcrops as evidence of three different preserva-
tion stages and stratigraphic exposures of the crater floor deposits
sequence. Specifically, the upper are interpreted as relatively pris-
tine, the intermediate as eroded/deflated, and the lower terrains as
the oldest and topographically inverted.

The crater does not show a typical central peak, although a hilly
region (up to more than 200 m high with respect to the surround-
ing crater floor) is visible in the central floor of the crater (Fig. 1).
The latter raised area has a broad annular shape with a central de-
pression and is encircled by a few topographic lows, especially in
the southern part of the crater center (Fig. 1). This central uplifted
area could be interpreted as a peak pit or summit pit (e.g., Barlow,
2006). The hilly regions of the crater center consist of rocky mate-
rials on the western side (Fig. 3A). The latter rocks appear highly
fractured by a crosscutting network of NS and EW trending sets of
joints. In places the fractures are evidenced by a network of white
veins (Fig. 3B). The eastern portion of the peak pit area is a few
tens of meters less elevated with respect to the western side and
is characterized by the presence of a few small rounded hills that
range from a few hundred meters up to 1 km in diameter. The hills
have domical structure with smooth and light-toned summits re-
sembling mound features. Finally, joints, fractures, and veins are
also visible in the eastern side of the peak pit. However, veins in
this region show a darker tone and are larger and apparently more
massive with respect to those observed in the western side of the
crater peak pit (Fig. 3C).

3.2. Spectral analysis: identified minerals

Using the ratioed spectra we have identified various groups of
minerals: phyllosilicates, carbonates, chlorites, hydrated silica, zeo-
lites, olivines and pyroxenes. In the following paragraphs we dis-
cuss their absorptions caused by electronic and vibrational transi-
tions occurring in the wavelength range from 1.0 to 2.6 pm. CRISM
data reveal a wide variety of spectra in the Auki Crater. Hydrated
minerals are present in a variety of geologic settings within the
crater. Deposits of hydrated minerals are observed in the central
uplift and on the crater floor.

For each class of minerals we provide spectra, spatial distribu-
tion and geologic context. In Fig. 4 we show the spatial distribution
of the band depth for absorptions at ~1.9, ~2.2, ~2.3 and ~2.5 pm.

3.2.1. Phyllosilicates

Smectites are 2:1 phyllosilicates and they are detected primar-
ily by the absorptions of water near 1.4 and 1.9pum and by us-
ing the position of the metal-OH band from 2.2 to 2.4 um, where
the exact position allows the different types of phyllosilicates to
be discerned (Noe Dobrea et al, 2010). A band near 2.2pm in-
dicates Al-rich phyllosilicates, whereas Fe/Mg-rich phyllosilicates
are identified by absorptions from 2.28 to 2.35um (Noe Dobrea
et al., 2010; Viviano et al., 2013). The latter shifts from 2.28 pm
for nontronite to 2.35 um for corrensite (Loizeau et al., 2007; Mus-
tard et al., 2008). CRISM spectra exhibit a spectral absorption at
2.32 um (Fig. 5). This absorption is consistent with the presence of
Mg-rich clay minerals including vermiculite, hectorite and sepiolite
(Ehlmann et al., 2011). These phyllosilicates often occur in associa-
tion with other phases.

In the spectra we also observe the presence of a strong positive
slope from 1.0pm to 1.5pm (Fig. 5). This broad absorption could
indicate the presence of ferrous (Fe?t) bearing minerals (Mustard
et al.,, 2007). The shape of this absorption can mask the water fea-
ture at 1.4 um that appears less evident in the CRISM spectra with
respect to those of other spectral libraries. Possible ferrous compo-
nents are olivines, pyroxenes and ferrous chlorites (McKeown et al.,
2009); these minerals are observed within the crater.

In our study, Mg-smectites (e.g., hectorite, saponite) are
uniquely identified by absorption features centered near 1.41, 1.92
and 2.31pm. We are not able to distinguish between these phases
because they have the same minima. Other phyllosilicates, such
as talc, can be identified thanks to the same absorptions, but we
exclude them because an additional absorption at 2.39 um is not
found. Although the latter band is present in some laboratory spec-
tra of saponite, it cannot be considered diagnostic because it is ab-
sent in other spectra.

Serpentine can be distinguished from other minerals thanks
to the numerous combination overtones of the metal-OH bend-
ing and stretching. The strongest absorption, due to the Mg-OH
stretching, is centered at 2.32 pm, while a narrow band due to an
OH stretch overtone is at 1.39 um. In Fe-serpentines, these bands
shift at longer wavelengths (Ehlmann et al,, 2009). An additional
broad shallow absorption at 2.10-2.12 pm and a band centered near
2.51 pm complete the set of absorptions diagnostic of serpentine in
the range of wavelengths studied (Ehlmann et al., 2010). In a few
locations, the CRISM data have revealed the presence of absorp-
tions near 2.10-2.12 and 2.52-2.53 pm and additional absorptions
at 140, 1.92 and 2.31um (Fig. 5). According to the interpretation
of Ehlmann et al. (2009), Mg-serpentine has all the characteris-
tics to be the best candidate. Stoichiometric serpentine would not
have molecular water in its structure, but, as for terrestrial serpen-
tine samples, we observe the absorptions at 1.9 um in the CRISM
spectra (Ehlmann et al., 2009). This feature can be caused by inter-
mixed hydrated phases or an imperfect crystalline form (Ehlmann
et al.,, 2010).

Al-smectite montmorillonite could be present in association
with hydrated silica (see paragraph 3.2.2), while Fe-smectite non-
tronite could be present in a mixture with carbonate (see para-
graph 3.2.3). Their detection is based on diagnostic absorption fea-
tures near 2.2 um and near 2.29 um, respectively (Mustard et al.,
2008).

3.2.2. Hydrated silica

The detection of hydrated silica is based on the position of an
OH overtone band at ~1.4pum, an H,O overtone band at ~1.9 um,
and a width Si-OH band centered at ~2.2pm (Mustard et al.,
2008).

Hydrated silica can be divided in three categories on the ba-
sis of its crystalline phase: the least crystalline is hydrated glass,
followed by opal and microcrystalline quartz (Florke et al., 1991;
Smith et al., 2013).

The most diagnostic indicators for detection of silica phases are
the positions of the ~1.4pm and ~2.2um features (Rice et al,
2013; Smith et al., 2013). The first band allows for distinction be-
tween hydrated glass and other hydrated silica and the second can
be used to discern amorphous silica (e.g., opal) from microcrys-
talline quartz (e.g., chalcedony).

The analyzed CRISM spectra display a clear absorption at
2.21 pm extending from 2.15 to 2.36 um, and additional features at
1.41 and 1.91 pm (Fig. 5).

We exclude hydrated glass due to the absence of a character-
istic band near 1.38 um (Smith et al., 2013). In fact, in the CRISM
data the spectra exhibit a band centered at 1.41 pm. Although some
authors (Rice et al.,, 2013; Smith et al., 2013) use the minimum
at 1.4pum to discern between opaline silica and microcrystalline
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Fig. 3. Close-up view from HiRISE images and location of the joints, fractures and veins visible on the central peak pit units: (A) fractures network on the exhumed bedrock,
(B) bright veins, (C) inverted/raised dark veins/ridges. HiRISE images: ESP_020161_1640 and PSP_005683_1640, ESP_011458_1640.

quartz in their sample sets, the observed band position does not
allow for distinction between the two type of hydrated silica be-
cause it falls into the limit of the wavelength ranges that charac-
terize both phases (Rice et al., 2013; Smith et al.,, 2013).

On the other hand, the use of the 2.2 um band is not enough to
make a unique interpretation with respect to the different types of
opaline silica, opal-A, opal-CT and opal-C (Rice et al., 2013), and at
the same time distinguish between three different silica categories.
Other studies (Milliken et al., 2008; Smith et al., 2013; Skok et al.,
2010) used the position and the symmetry of this band to dis-
tinguish the various opaline silicates. Following Rice et al. (2013),
we prefer to adopt a conservative approach because in the studies
mentioned above, the analyzed spectra are not taken at the same
conditions as those observed in a terrestrial laboratory.

In our opinion, on the basis of these considerations, the
observed absorption features are consistent with opal and/or
chalcedony-cherts.

Although in these CRISM spectra the prominent phase should
be the hydrated silica, a mixture with Al-rich phyllosilicate is pos-

sible because the 2.2 um band is sharper than that of a pure sil-
ica phase. Similar spectra have been observed by other authors
(Bishop et al., 2008; Mangold et al., 2012). For example, in phyl-
losilicates the AI-OH band near ~2.2pm is narrow, while in hy-
drated silica the same absorption is clearly wider due to the over-
lapping of Si-OH at 2.21pm and of H-bound Si-OH at 2.26 pm
(Milliken et al., 2008; Pan and Ehlmann, 2013). The best spectral
match is a mixture of opal with montmorillonite. Kaolinite could
be another candidate, but we exclude it due to the absence of a
doublet at 2.16 and 2.21 pm.

3.2.3. Carbonates

Carbonates are identified by paired bands located near 2.3-2.35
and 2.5-2.55um (Michalski and Niles, 2010). The CRISM spectra
exhibit absorptions near 2.32 and 2.53 pm. In Fig. 5, we use BD-
CARBO spectral index of Pelkey et al. (2007) to map the occurrence
of both bands (Fig. 4). The occurrence of features near 1.4 pum and
a deeper band near 1.9 um could imply a mixture with hydrated
phases, probably phyllosilicates. These two bands do not show con-
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Legend

[ carbonates/chiorites
[ Phyliosilicates
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I Zeolites
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Fig. 4. Spatial distribution of the band depth at (A) 1.9 um used for identification of hydrated minerals (note that the NE-SW distribution of the minerals likely reflects
the fracture pattern), (B) 2.2 um for identification of silica, (C) 2.3 um for identification of carbonates, phyllosilicates and chlorites, and (D) BDCARBO for identification of
carbonates. The value ranges are 0.005-0.040, 0.007-0.020, 0.007-0.030 and 0.02-0.07, respectively. In panel (E) is a close-up view (see red area in the d panel for location)
of the peak pit. Panel (F) shows the distribution of the most representative minerals and (G) shows a close-up of the central peak pit of panel F (see also Fig. 1). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

siderable variation in position, varying between 1.41-1.42 pm and
1.91-1.92 pm, thus reducing the choice to a few minerals. A mix-
ture with smectites could explain the bands due to hydration and
the shift of the 2.3 um band to lower wavelengths.

The positions of the bands may be consistent with the pres-
ence of carbonates (e.g., magnesite, calcite) with a mixture of Mg-
phyllosilicates (e.g., vermiculite, saponite). These types of spec-
tra are observed in many areas on Mars, such as Nili Fossae,
Libya Mons and Jezero crater (Brown et al., 2010; Bishop et al.,
2010; Goudge et al., 2015). Sometimes the spectra of carbonates
exhibit a weak feature or shoulder at 2.24um, suggesting that
they are present in association with another component, providing
the best match with chlorite. Nontronite cannot be excluded be-
cause this absorption is often present in the library spectra of this
mineral.

Other hydrated phases cannot be ruled out, but in a mixture of
carbonate and phyllosilicate, some complex considerations should
be taken into account. In Al-smectite, the metal-OH absorption
falls at approximately 2.2 pm, whereas the substitution of metals
in the cation can shift the band approximately 2.3 pm. With in-
creasing proportions of Mg to Fe, the band shifts to longer wave-
lengths (Bishop et al., 2002). Specifically, Fe-OH absorption fea-
tures have a band near 2.28 nm, whereas the Mg-OH band falls in
the 2.32-2.34pum range (Clark et al., 1990; Loizeau et al., 2007).
For example, the band center of montmorillonite (Al-smectite) is
near 2.20-2.21 um, of nontronite (Fe-smectite) is near 2.29 um, and
of sepiolite, saponite and hectorite (Mg-smectites) is near 2.31-
2.32 um, whereas that of chlinochlore (Fe-chlorite) is near 2.33-
2.34pm (Ehlmann et al., 2009).

The band centers in carbonates are variable with the dominant
cation in the same way. A shift to longer wavelength is observed
on passing from Mg to Fe/Ca content. Mg-carbonates have band
minima near 2.30 and 2.50 pm, while Fe/Ca-carbonates have min-
ima near 2.33 and 2.53 pm (Brown et al., 2010).

For this reason, it is possible that the band centered at
2.32pm is an average between multiple phases, such as Fe-
smectite+Fe/Ca-carbonate or Mg-smectite+Mg-carbonate or Fe-
chlorite+Mg-carbonate. It is important also to emphasize that a
mineral mixture can exhibit nonlinear trends of the mineral abun-
dances and that this is especially problematic if fine-grained ma-
terials are present (Bishop et al.,, 2013). For example, a study of
Fe-smectite+Mg-carbonate mixtures has shown that the resulting
position of the 2.3 um band is strongly influenced by the nontron-
ite. Small amounts of smectite shift the band center toward that
of Fe-smectite (e.g., nontronite) (Bishop et al., 2013). On the basis
of these considerations, a mixture between nontronite+calcite (Fe-
smectite, band center near 2.29 um, and Ca-carbonate, band center
near 2.34 um, respectively) or between chlorite+magnesite (Fe/Mg-
clay, band center at 2.34um, and Mg-carbonate, band center at
2.30 um, respectively) is possible, and could result in a shift of the
band in an intermediate position, such as that observed at 2.32 pm.

However, the spectra of the carbonates mentioned above do
not fit CRISM data around the 1pm band, where a broad absorp-
tion appears (Fig. 5) consistent with a strong Fe2t content. The
positive slope in the 1.1-1.8 um range is typical of Fe-carbonate
(Wray et al., 2011). Potential carbonate candidates are ankerite and
siderite with a band in the range 2.33-2.35um and 2.53-2.54 um
and a broad absorption in the 1.0-1.5pum range. Alternatively, a
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Fig. 5. CRISM spectra ratio (top panel) compared to various library spectra (bottom
panel). Olivine is in green color (a-olivine), carbonate in red (b-siderite, c-ankerite,
d-calcite, e-calcite, g-dolomite), serpentine in purple (f-serpentine), zeolites in or-
ange (h-analcime), chlorites in cyan (i-chlorite), smectite in blue (l-saponite), silica
in magenta (m-opal), pyroxene in maroon (n-LCP, o-HCP). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of this article.)

mixture containing olivine or oxide could display a broad absorp-
tion near 1.0 pm (Ehlmann et al., 2008). We favor the idea that the
carbonate-bearing spectra are a mixture of Fe-smectite, olivine and
Ca-carbonate. All exposures of carbonates occur in the central up-
lift and are not present on the crater floor.

The additional analysis of the spectral range above 3 pm could
help in the understanding of the composition of the rocks in the
uplifts, but the higher noise in these wavelengths makes study of
this spectral region difficult.

3.2.4. Other phases

Zeolites are silicates with a combination of absorptions in the
1.0-2.6 pm range (Brown et al., 2010; Ehlmann et al. 2011). In the
CRISM spectra we observe strong spectral features at 1.40, 1.91,
213 and 2.52pm (Fig. 5). The bands at 112 and 1.79 pm are not
observed. As suggested by Ehlmann et al. (2009), these two ab-
sorptions could disappear because of the presence of Fe-related
minerals hiding the shorter wavelength features. The positions and
the shape of these minima indicate that zeolites are present in the

form of analcime. We exclude other zeolites, such as mordenite,
because in this mineral, the band at 2.53 um is absent.

A strong absorption is present in chlorite from 2.33 to 2.36 pm,
depending on the cation metal-OH (Noe Dobrea et al., 2010). The
band moves to longer wavelengths as the Fe content relative to
Mg increases (Noe Dobrea et al.,, 2010). An additional shoulder at
2.25-2.26m is observed and results from AlMg-OH or AlFe3+-
OH stretching modes (Ehlmann et al., 2009). In CRISM spectra the
bands do not line up uniquely with any one specific chlorite, prob-
ably because it may be mixed with other components. Hence, chlo-
rite could be responsible for the features observed in some spectra,
for example, those of carbonate and smectite. In the latter we ob-
serve a shoulder at 2.25um, a strong absorption at 2.32-2.33 pm
and other spectral features near 1.41 and 1.91 pm.

The spectral analysis also revealed mafic and ultramafic materi-
als (e.g., pyroxene and olivine) in the floor and in the uplift of the
crater.

The detection of pyroxenes is based on the presence of two
broad absorptions, typically at ~1 and ~2pm. These band cen-
ters shift towards longer wavelengths with increasing calcium con-
centration (Adams, 1974). For this reason, it is possible to make a
spectroscopic distinction between low Ca-content (LCP) and high
Ca-content (HCP) pyroxenes (Schade et al., 2004). In particular, the
band center of LCP is situated near 0.9 and 1.9 um with a maxi-
mum near 1.3 pm, while the band center of HCP is located near
1.05 and 2.3 pm with a reflectance maximum near 1.6 pm (Cloutis
and Gaffey, 1991). As the CRISM spectra show absorptions approx-
imately 1.0pm and in the 2.0-2.2 um wavelengths range with a
maximum near 1.5pum (Fig. 5), we believe that the spectra in the
Auki Crater indicate a mixture of both pyroxenes.

Olivine has a complex absorption approximately 1 pm. It moves
toward longer wavelengths with an increasing amount of FeZt
(Sunshine et al, 2004). The right wing of the absorption shifts
towards longer wavelengths as the FeO content in the olivine in-
creases (Poulet et al., 2007). However, this may be caused by an
increase in the grain size that broadens the bottom of the band
so that a forsterite olivine spectrum with very large grains and
a fayalite olivine spectrum with smaller grains have similar spec-
tral features (Poulet et al., 2007). The identification of olivine from
the CRISM spectra is made thanks to the increase of reflectance
in the 1.0-1.7 um wavelength range (Carrozzo et al., 2012), which
results from the overlapping absorptions centered at ~1pum
(Fig. 5).

The positive slope in the 1.0-1.8 pm range is observed in many
other spectra and is mentioned in the previous paragraphs. In ac-
cordance with other authors (e.g., Bishop et al., 2008; McKeown
et al., 2009), we interpreted these spectra to be the result of a
mixture of hydrated minerals with pyroxenes and/or olivines, in-
dicating the presence of a ferrous phase (Fe%t).

3.3. Relationships between observed minerals and
geology/geomorphology

Based on the observations presented in the previous para-
graphs, it can be seen that the hydrated minerals are mostly con-
centrated within the raised terrains of the central peak pit area
and within the surrounding topographic lows located on the south-
ern and northwestern borders of the central hilly regions (Figs. 1
and 4). In particular, by comparing Figs. 1 and 4, it is evident that
phyllosilicates are present within the central peak units, visible as
scattered patches throughout the whole hilly central region, and
also in association with the occurrences of silica and carbonates.
Moreover, phyllosilicates seem to be correlated with the two deep-
est topographic lows along the southern hills of the central peak
area; the latter depressions are excavated within the crater floor
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Fig. 6. Close-up view from HiRISE images and (A) location of the bright carbonates outcrop; (B) possible spring mounds (marked by arrows) in the eastern portion of the
central peak pit shown also in perspective view (realized from HiRISE stereo-derived topography) in the upper right panel.

units characterized by the occurrence of polygonal terrains (espe-
cially the eroded/deflated type, Figs. 1 and 4).

Outcrops with the presence of carbonates are almost exclusively
located in the hilly peak pit area (Figs. 1 and 4). The carbonate-
bearing rocks have sharp boundaries and are visible as isolated
patches surrounded by the layered and fractured rocks of the cen-
tral peak in the western side of the peak ring (Fig. 4). Whereas,
in the eastern side, the carbonate units crop out as a mostly E-
W linear oriented patch and at the base of one of the mound-like
rounded hills (Figs. 4 and 6).

Finally, silica-rich units are observable within the topographic
low in the northwestern portion of the crater floor adjacent to the
central hilly region and are associated with the carbonates that
outcrop in the eastern peak ring area. The silica-bearing units show
the highest concentration of light-toned veins.

4. Discussion and conclusions

We interpret the geology, spectral characteristics and overall
evolution of the Auki Crater as follows:

Phyllosilicates are the dominant phase and sometimes occur
mixed with other phases. They have been detected in many lo-
cations of the central uplift, around its base and in other sites in
association with hydrated silica and anhydrous minerals (Fig. 1).
Hydrated silica is observed in two units: in the central uplift and
in a large area of the floor located in the northwest (Fig. 1). The
high-resolution images of the latter area show a network of cross-
cutting rectilinear fractures (Fig. 2C). These features appear to be
consistent with possible deformation bands observed in Toro crater
and described in Marzo et al. (2010). These light-toned struc-
tural discontinuities have been suggested to form by extrusion of
gas/water-sediment mixtures from the sub-surface, which act as
local conduits for vertical flow of fluids in the sub-surface (Marzo
et al., 2010).

The distribution of the hydrated minerals in and around the
central uplift and the stratigraphic relationships of the carbonate
units suggest two main (likely partially overlapping) mechanisms

to explain their origin: one is related to the crater formation and
subsequent excavation and exhumation of carbonate-rich bedrock
units, and the second is connected to impact-induced hydrother-
mal circulation within fractures and subsequent mineral deposi-
tion. The first hypothesis is supported by the fact that the west-
ern carbonate outcrops have sharp geometric contacts with the
surrounding bedrock, as if it was an entrained megablock of brec-
ciated carbonate-rich material within the crater floor deposits. If
this were the case, these latter contacts could be explained by the
exhumation/uplift of deeper carbonate-bearing bedrock units dur-
ing the crater formation.

Although we believe that the latter hypothesis is the most rea-
sonable for the western carbonate outcrop, the hydrothermal hy-
pothesis for the origin of the observed carbonates, and especially
for those located in the eastern side of the peak ring area, can-
not be ruled out. In fact, in this portion of the central hilly region
the carbonates are associated with silica and phyllosilicate occur-
rences and crop out as an NE-SW elongated patch (likely following
a fracture) aligned with a second patch at the base of the pos-
sible mound-like features. Although there is no evidence for the
depressions at the top of these latter structures to be interpreted
as possible vents, the lack of depressions on the observed mounds
may be explained through post-depositional erosion and/or con-
cealment by dust deposition (Pondrelli et al., 2011).

Moreover, in this area dark tone veins are present and this ob-
servation could further support the hydrothermal circulation hy-
pothesis.

Polygonal terrains, veins and mineral assemblages are inter-
preted to be the results of diagenetic processes (Fig. 7) involv-
ing the formation of desiccation cracks (e.g., EI Maary et al., 2010,
2012, 2014), hydrothermal water circulation, and mineral deposi-
tion occurring from the ground level to the subsurface phreatic
groundwater zone (e.g., Siebach and Grotzinger, 2014). In addition
to the straightforward morphological evidence and the topographic
locations (erosional windows) of the polygonal terrains, this hy-
pothesis is supported by the fact that the latter terrains are cor-
related with the spectral evidence for hydrated minerals, such as
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CRATER FORMATION AND INFILLING

Sub-horizontal layered terrains of the crater floor
consisting of eolian and impact-related materials

HYDROTERMAL WATER CIRCULATION* AND
MINERALIZATION DURING DIAGENESYS

*Aquifer upper surface is idealized as a flat (equipotential)
surface for simplification.

Sediments in the

SEDIMENTS DIAGENESYS: COMPACTION, FRACTURING*

*Fracturing might have formed mostly due to thermomecha-
nical processes (e.g. dessication), although large-scale
syneresis (chemical) mechanisms due to the extraction or
expulsion of liquid from a gel (e.g. opal) by changes in the
salinity of groundwater might not be uniquely excluded

END OF THE HYDROTERMAL ACTIVTY AND EROSION OF
SEDIMENTS

Bright concretional
layers mark the mean
water table surface

(epi phreatic zone)

By,

vadose zone

Inverted veins
of high depth/tempe-
rature mineral phases
(phreatic zone)

Fig. 7. Schematic cross section representation and synthesis of processes sequence leading to the formation of the polygonal terrains characterizing the crater floor (see
Figs. 1 and 2). The layers are for illustration purposes only and do not reflect the scale and the different composition of the actual stratigraphy.

phyllosilicates and silica. The overall spatial distribution of the des-
iccation cracks and their three main preservation stages from the
highest to the lowest crater floor deposits sequence suggest that
they likely cover the entire crater floor and are visible only af-
ter erosion/deflation and in topographic windows to the deepest
layers. In agreement with Brown et al. (2010), our opinion is that
the stratigraphic relationship between different mineral units is
the result of different temperatures regimes within the zone of hy-
drothermal alteration. The fact that the deepest inverted type show
veins and are correlated with spectral evidence for silica, while the
intermediate and highest terrains are not affected by veins and are
correlated with spectral signatures for phyllosilicates, might be ex-
plained by the vertical zonation of the hydrothermal processes. On
Earth, when hydrothermal activity occurs, typical alteration min-
erals are carbonates, smectites, chlorites, serpentine and zeolites
(Naumov, 2005; Ehlamnn et al., 2011; Osinski et al., 2013; Schwen-
zer and Kring, 2013). In CRISM spectra we observe the same min-
erals by recognition of diagnostic features in the range of 1.0-2.6
um. They often occur as a mixture. This suite of minerals is con-
sistent with the development of a post-impact hydrothermal sys-
tem inside the crater cavity. The duration of the hydrothermal sys-

tem depends on various factors, such as the impact energy, water
availability, and rock permeability (Naumov, 2005; Pierazzo et al.,
2005; Loizeau et al., 2012). After the impact, it may have existed
for a long period of time. Numerical simulations in a 30 km diam-
eter crater show that it can remain active for approximately 70,000
years (Abramov and Kring, 2005).

Although these minerals form over a wide range of tempera-
ture, their association with veins and polygonal terrains suggest
that the alteration is due to hydrothermal circulation of fluids.
Available data are not sufficient to describe the reaction series
and the exact temperatures that generated the observed minerals.
However, the presence of hydrated minerals near the olivine-rich
units (sometimes olivine-rich units exhibit absorptions due to car-
bonates) may indicate alteration of the olivine. In other regions of
Mars such as Nili Fossae, various authors (Ehlmann et al. 2010;
Viviano et al., 2013; Brown et al., 2010) have hypothesized that
carbonates might have been a weathering product of olivine, and
other authors (Neubeck et al., 2014) have experimentally demon-
strated that olivine hydrolysis in a carbonate-rich solution pro-
duces serpentine, carbonates and amorphous Si-rich phases in a
hydrothermal system, even at low temperatures.
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The system was supported by underground water, and given
the lack of evidence for surface water runoff, does not necessary
imply the occurrence of paleoclimatic conditions favorable for the
presence of liquid water at surface. However, the presence of these
minerals is indicative of an intermediate to low water/rock ratio
(Schwenzer and Kring, 2013).

In summary, the geological evolution of the studied area
could be reconstructed with the crater formation, which ex-
humed/uplifted carbonate-rich bedrock that is visible in the crater
peak pit area and activated a vertically zoned hydrothermal sys-
tem. The latter system determined the alteration of mafic rocks
to silica, phyllosilicates, zeolites and chlorites and likely secondary
carbonate mineral phases. This scenario is in agreement with that
described by Loizeau et al. (2012), where a hydrothermal system
is proposed to explain the presence of the same minerals within
some craters of Thyrrena Terra.

Finally, given the lack of any signs of hydrological activity from
the inner crater rim slope such as valley networks, it can be con-
cluded that the water for the hydrothermal system was provided
by underground circulation and/or melting of water ice.

If the hydrothermal activity occurred, it was not restricted to
the central uplift but was also present in the crater cavity. Clear ev-
idence of hydrothermal activity on Mars is scarce (Tornabene et al.,
2009; Marzo et al., 2010; Mangold et al. 2012; Skok et al., 2012;
Osinski et al., 2013). The strong correlation between the observed
minerals (carbonate, opaline, smectite, chlorite, serpentine and ze-
olite) and morphology (veins, polygonal terrains and mounds) of
hydrothermal origin makes the studied crater one of the best can-
didates for hosting an ancient post-impact hydrothermal system.

If life once existed on Mars, it could have been confined to
some protective niches, such as that of a post-impact hydrother-
mal system where liquid water is available and the mineral reac-
tions release elements that can serve as nutrients. A hydrothermal
system could produce transient habitable environments and this
crater could be a particular target of interest for a future landing
site to search for evidence of past life.
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