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Abstract

The region of Meridiani Planum on Mars retains the evidence of multiple surface and near-surface aqueous processes that span from
the Noachian to the Hesperian. This makes it an interesting spot for better understanding the characteristics and the evolution of Mars’
aqueous environment between these two fundamental epochs. Here we investigate the mineralogy, stratigraphy, and morphology of the
Noachian—Hesperian sedimentary materials that fill a 16-km-wide crater named Mikumi, located in the northern part of Meridiani Pla-
num. The analysis was carried out combining observations from the Compact Reconnaissance Imaging Spectrometer for Mars
(CRISM), the High Resolution Imaging Science Experiment (HiRISE), and the Context Imager (CTX). About 20-30 meters, on average,
of Fe/Mg phyllosilicate-rich rocks and a thick sequence (75 m) of both mono- and polyhydrated Mg sulfates are detected on the crater
floor. Both layers postdate the impact event. Most of the hydrated terrains are extensively polygonally fractured, suggesting the possible
action of water-related processes such as desiccation and hydro fracturing on the sediments. Stratigraphic analysis clearly shows that
Fe/Mg phyllosilicates were deposited on top of the sulfate sequence, meaning that they are younger than sulfates. This can have inter-
esting implications on paleoclimatic studies of Mars as it shows that a simple timeline going from a clay-rich Noachian to a sulfate-rich
Hesperian oversimplifies the evolution of Mars’ mineralogy and related aqueous environment at the Noachian—Hesperian boundary.
© 2023 COSPAR. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction extending from longitude 350°E to 10°E and latitude
—5°N to 10°N. The region retains evidence of a complex
Meridiani Planum is a relatively flat area of Mars  geological history, including a succession of different pale-
located south-west of Arabia Terra and approximately  oenvironments from Early Noachian to Late Hesperian
(Hynek et al., 2017), which represent a rich and varied
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. N . ’ tal data indicates that Meridiani Planum hosts a thick
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Wiseman et al., 2010; Flahaut et al., 2015). In January
2004, the NASA’s Mars Exploration Rover-B (MER-B)
Opportunity landed in Meridiani Planum in order to
explore part of this sequence. The rover operated for more
than 14 years, investigating the geochemistry and mineral-
ogy of outcrops, soils, and loose rocks at the surface, along
with carrying out sedimentologic and stratigraphic analy-
ses. Both orbital and in situ data support the existence of
prolonged surface and near-surface water activity in the
region: this makes Meridiani Planum a key area to retrieve
information on Mars’ ancient climate and habitability.
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1.1. Geologic context

Based on the geologic map at scale 1:2,000,000 by
Hynek et al. (2017) (Fig. 1a), we list here the main geologic
units of Meridiani Planum along with a short description:

(a) Nhcl and Nhc2: these units are also referred to as
subdued cratered unit (Nhcl) and cratered unit
(Nhc2). Their age is estimated around the Early/Mid-
dle Noachian and they are the oldest preserved crust
in this area. Especially on Nhcl, which is the oldest of
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Fig. 1. (a) Geologic map of Meridiani Planum, modified after Hynek et al. (2017). Geologic units are described in Section 1.1. The location of Mikumi
crater is pointed at by a white arrow. (b) Thermal Emission Imaging System (THEMIS) daytime image of the terrains surrounding Mikumi crater (white
arrow). The area shown here is mainly part of the Noachian-aged geological unit exposed in northern Meridiani Planum (Nhcl); (c) CTX
(P22.009510.1824_XI_02N000W) of Mikumi’s floor and part of its ejecta, CRISM and HiRISE footprints used in this study are superimposed on the
image. Two black arrows point at the brighter deposits inside the western part of the crater, along which a scarp exposes the layers of sedimentary

materials which fill the crater floor.
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the two, Hynek et al. (2017) observe several erosional
features formed by fluvio-lacustrine activity such as
valley network systems, crater floor deposits and
heavily degraded crater rims.

(b) NMel, NMe2, HNMe3, and HNMeu: globally ter-
med as etched units. Their age ranges between Late
Noachian and Early Hesperian and they were uncon-
formably emplaced on the cratered and subdued cra-
tered units in a distinct deposition environment that
postdates the valley network activity. The etched
units are composed of an easily erodible material
whose origin is still debated (Hynek et al., 2019,
and references therein) and which was probably much
more extensive in the past, completely covering the
underlying Nhcl and Nhc2 units. Subsequent erosion
of the deposited material led to resurfacing in some
areas (Zabrusky et al., 2012), leaving some remnant
deposits mainly inside impact craters.

(c) HMh: also referred to as hematite unit. The age of
this unit is estimated to be around Early Hesperian.
HMh superposes the etched units, constituting the
top layer of most of the southern part of Meridiani
Planum. In situ observations by Opportunity show
that it is mainly composed by hematite under the
form of spherules measuring ~ 1-5 mm in diameter
and concentrated as an aeolian lag deposit (Squyres
et al., 2004; Arvidson et al., 2006). Hematite was first
detected from orbit by Christensen et al. (2001), lead-
ing to the choice of the area for the landing of the
NASA rover.

(d) Hp or plains unit (Hesperian): this unit was emplaced
right after the hematite plains, filling topographic
lows and overlying all the previously described units.
Due to some of its features, such as lobate margins,
Hynek et al. (2017) suggest Hp originated from
low-viscosity lava flows, although the signs of vol-
canic eruptions that supplied the lava are not visible.

(e) Hpct or chaotic unit (Late Hesperian): this unit is
present only in the southwestern part of the area
and it’s part of lani Chaos region located west of
Meridiani Planum. The deposits have the typical
characteristics of chaotic deposits on Mars, com-
posed by heavily fractured materials.

1.2. Aqueous activity in Meridiani Planum

Multiple evidence shows that Meridiani Planum was
once extensively characterised by surface and near-surface
aqueous activity, and that surface conditions probably var-
ied multiple times between the Noachian and the Hespe-
rian. First, the oldest exposed geological units (Nhcl and
Nhc2) consist of heavily cratered Noachian-aged terrains,
where several channels and valley networks have left their
traces on the surface (Hynek et al., 2010; Hynek et al.,
2017; Williams et al., 2017). Regional differences in the
morphology of the valley networks also suggest some tem-
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poral changes in aqueous processes with an early phase of
high water runoff and later phases associated to groundwa-
ter processes and local dissolution that reactivated some of
the valley networks (Williams et al., 2017). The bedrock
exposed in Nhcl and Nhe2 is rich in mafic components
(e.g. Griffes et al., 2007; Poulet et al., 2008) but with sparse
hydration features (e.g. Poulet et al., 2008; Flahaut et al.,
2015), the latter usually found inside craters. Secondly,
the etched units (NMel, NMe2, HNMe3, and HNMeu)
retain orbital (e.g. Poulet et al., 2008; Wiseman et al.,
2010; Flahaut et al., 2015) and in situ evidence (e.g.
Clark et al., 2005; Squyres et al., 2006) for hydrated miner-
als such as phyllosilicates and abundant sulfates: both these
minerals usually form by alteration in aqueous environ-
ments. The Opportunity team, who mainly explored the
hematite unit and the upper sequence of the underlying
etched unit, also found morphological evidence consistent
with episodic inundations, followed by evaporation and
desiccation, suggesting the existence of a playa or sabkha
environment (Squyres et al., 2004). Finally, several karsts
features, such as dolines and pans, are observed with vary-
ing density degrees on the hydrated etched terrains and
might indicate the action of both surficial water and
groundwater in this area after the sedimentation of the
etched units (Baioni and Sgavetti, 2013; Flahaut et al.,
2015).

1.3. Objectives and motivation

Thanks to its distinctive characteristics and also due to
Opportunity’s exploration campaign, many studies have
focused on Meridiani Planum trying to understand the
geology, stratigraphy and composition of the units in this
area, especially the etched units and the hematite unit.
However, remnants of the etched units, classified as
HNMeu by Hynek et al. (2017), are also scattered on
Nhcl and Nhe2 units, usually inside craters, where they
show very interesting and rather complex sedimentary
structures, with signs of hydrated mineralogy (e.g. Poulet
et al., 2008). A valuable test case to study the HNMeu
materials is provided by a small crater named Mikumi,
which is located within the northern part of Meridiani Pla-
num, centered at 359.96°E, 2.45°N (Figs. la, 1b, and lc).
The crater has a diameter of 16 km and is embedded within
the Noachian-aged subdued cratered unit (Nhcl) defined
by Hynek et al. (2017), which in this area approximately
extends from latitude 1°N to 7°N and from longitude
355°E to 4°E. In particular, Mikumi is located along the
southern border of the unit (Fig. 1a and 1b). The floor of
Mikumi crater is filled by HNMeu sedimentary materials
showing an asymmetrical distribution, with some brighter
deposits on the western part (Fig. lc, black arrows); here
a scarp exposes the layers of these sediments and gives us
the opportunity to study them in detail. In this study we
carry out a mineralogical, stratigraphic, and morphological
investigation of Mikumi crater focusing on the characteri-
zation of these sedimentary infillings with several
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instruments onboard NASA’s Mars Reconnaissance Orbi-
ter (MRO) (Zurek and Smrekar, 2007). In particular, we
use spectral data from the Compact Reconnaissance Imag-
ing Spectrometer for Mars (CRISM) (Murchie et al., 2007)
and high resolution camera data from the High Resolution
Imaging Science Experiment (HiRISE) (McEwen et al.,
2007). Data from the Context Imager (CTX) (Malin
et al., 2007) camera are also used to explore the general
context of the crater floor and its ejecta.

2. Datasets and Methods
2.1. Hyperspectral data

The information on the mineralogical composition of
Mikumi crater s retrieved  using  CRISM
FRTO0O00BEF5.07 Targeted Reduced Data Record
(TRR), acquired on 6 August 2008 with full spectral
(6.55 nm/channel) and spatial resolution (15-19 m/pixel).
The dataset covers the west part of the crater’s terrains,
including part of the rim (Fig. lc, as shown by the green
outline). There are a few other CRISM Targeted images
that cover part of Mikumi crater and/or its surroundings,
among which there is one (FRT000012ABB_07) that is
almost perfectly superimposed to FRTO000BEF5_07. We
also analysed this second image and were able to obtain
the same results we had got from FRTO000BEF5_07. For
this reason, we will be showing here the results from
FRTOOOOBEF5.07 only, while the analysis of
FRT000012ABB_07 is available in the Supplementary
Materials. Other targeted images nearby were not included
as they mainly cover Mikumi’s ejecta and can be of mini-
mal support for studying the sediments on the crater floor,
which is our main objective in this study.

The relevant wavelengths for our analysis are between
1.0 and 4.0 um, we therefore focus on the L (infrared) part
of the CRISM dataset. This wavelength range is commonly
used for mineralogical analysis on Mars as it retains the
key spectral features (Viviano-Beck et al., 2014) for identi-
fying: (a) primary rock-forming minerals, like for example
olivine and pyroxenes, based on their crystal field absorp-
tions (e.g. Burns, 1993; Poulet et al., 2008); (b) secondary
minerals, like those formed by processes such as aqueous
alteration, considering their overtone absorptions (e.g.
Clark et al., 1990; Bibring et al., 2006).

The dataset is processed using the CRISM Analysis
Toolkit (CAT) tool on ENVI® software (L3HARRIS™)
and corrected for atmospheric absorption with the
”volcano-scan” method (McGuire et al., 2009). We use
the reflectance factor, hereafter reflectance, as a unit for
the final product. We also further processed the spectral
cube so that each pixel is ratioed to a reference spectrum
from the same detector column in order to mitigate
column-dependent instrumental effects and emphasise the
spectral features of interest. The reference spectrum should
be ideally neutral, with no distinctive absorption features.

2688

Advances in Space Research 73 (2024) 2685-2702

In our case, we use a reference spectrum which is obtained
by computing the median of all the spectra with no features
of specific mineralogy within the column.

We explore the overall composition of the crater’s ter-
rains using CRISM spectral parameters and browse prod-
ucts from Viviano-Beck et al. (2014). In particular, we
focus on the mafic and hydrated mineralogy, using the
MAF and HYD browse products. The hydrated mineral-
ogy is also further explored with BD1900R2 and BD2290
spectral parameters.

(a) The MAF (“mafic mineralogy”) browse product
shows information related to mafic mineralogy. It
combines the three spectral parameters OLINDEX3,
LCPINDEX2 and HCPINDEX2. OLINDEX3 is
sensitive to olivine, detecting its broad absorption
at 1 um. This absorption is caused by the presence
of iron in the two octahedral sites of the mineral
(M1 and M2). The presence of iron in M1 and M2
generates three close absorptions, which result in a
wide composite absorption around 1 um in the spec-
trum (Burns, 1993). With increasing iron abundance,
the absorption moves to longer wavelengths (e.g.
Burns, 1993; Sunshine and Pieters, 1998; Isaacson
et al., 2014). LCPINDEX2 and HCPINDEX2 reveal
the presence of pyroxenes, respectively low calcium
and high calcium. Several pyroxenes have a broad
absorption around 1 and 2 um deriving from crystal
field transitions of Fe>* (Burns, 1993). For low-Ca
pyroxenes, this absorption, together with the one
around 1 um, shifts from shorter to longer wave-
lengths with increasing Fe*'/Mg®" content (e.g.
Klima et al., 2007). Increasing Ca in the M2 octahe-
dral site further moves both bands at longer wave-
lengths (see for example Cloutis and Gaffey, 1991;
Klima et al., 2011; Viviano-Beck et al., 2014).

(b) The HYD ("hydrated mineralogy”) browse product
shows information about structurally bound water
in minerals. It combines the three spectral parameters
SINDEX2, BD21002 and BD19002. SINDEX?2
detects the convexity at 2.29 um due to 2.1 and 2.4
um absorptions caused by water-related vibrations
typical of several sulfate minerals (Clark et al.,
1999). In particular, polyhydrated sulfates display a
2.4 um feature due to water combinations and/or
overtones, while monohydrated sulfates display both
a 2.1 and a 2.4 um feature, with the 2.1 um feature
caused by H,O vibrational combinations that shift
to longer wavelengths for Mg cations (e.g. Mg-
kieserite) with respect to Fe cations (e.g. Fe-
szomolnokite) (Viviano-Beck et al., 2014; Cloutis
et al., 2006). BD2100_2 detects the previously men-
tioned 2.1 ym H,O band depth in monohydrated sul-
fates and BD1900_2 detects the 1.9 yum H,O band
depth typical of many hydrated minerals such as
clays, carbonates and sulfates.



B. Baschetti et al.

(¢) In addition to that, we also explore BD1900R2 and
BD2290 spectral parameters. BD1900R2, similarly
to BD1900_2, marks the 1.9 um H,O absorption fea-
ture, while BD2290 quantifies the depth of the 2.29
um feature caused by metal-OH vibrations in Mg,
Fe-OH minerals such as Fe/Mg smectites.

CRISM spectral parameters and browse products are
extremely useful for a quick assessment of the spectral vari-
ability of the surface. However, the mineralogy suggested
by these techniques needs to be verified by directly looking
at the spectra from the evidenced areas (see Section 3). In
order to maintain the correspondence between the pixels
of each column, the whole spectral analysis is carried out
using the sensor space data, however, for graphical pur-
poses, we will show the georeferenced version of the figures
obtained from the dataset.

2.2. Camera data

The morphological aspects of Mikumi crater are investi-
gated using CTX and HiRISE data. CTX data have a spa-
tial resolution of 6 m/pixel (Malin et al., 2007) and are used
to study the main morphological features of the crater, as
well as to perform mapping and produce a DTM. The
DTM was created through the NASA ASP and USGS ISIS
pipeline by stereogrammetry on CTX  images
P22.009510_1824 and P03.002113_1825, and the resulting
model was aligned to MOLA. With plane fitting against
the elevation model, we were able to measure the dip of
the layered sediments within Mikumi. This technique car-
ries an important degree of uncertainty and variability,
however, repetition over a statistically significant number
of samples is able to provide an overall average trend.
CTX data are also used, along with Thermal Emission
Imaging System (THEMIS) daytime data, to give sur-
rounding context to the crater (Fig. 1c), and to check its
stratigraphic position relative to the several geologic units
in the area. The small-scale morphology is investigated
through HiRISE PSP_ 009510_.1825_RED and PSP_
009510_1825_MRGB products, which have a spatial resolu-
tion of 0.25 m/pixel and are acquired using the red, and red
plus blue-green filter respectively (McEwen et al., 2007).
Like the CRISM dataset, these HiRISE products cover
the western crater’s deposits and part of the rim, providing
high-resolution coverage for a good part of the area
imaged by CRISM (Fig. lc).

3. Mineralogical characterization

As stated in the introduction, previous works have
pointed out that the northern part of Meridiani Planum
(Nhcl and Nhc2 units) appears to be dominated mainly
by pyroxenes (e.g. Griffes et al., 2007; Poulet et al., 2008),
with signs of Fe/Mg phyllosilicates usually inside craters
(e.g. Poulet et al., 2008; Flahaut et al., 2015). We therefore
test the mafic mineralogy through the MAF browse pro-
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duct and the hydrated mineralogy through the HYD
browse product and BD1900R2-BD2290 spectral parame-
ters. We list here the different mineralogies identified within
the crater’s terrains (Fig. 2). All the displayed spectra come
from the ratioed cube obtained with the procedure
described in Section 2.1. For the spectra location and a
complete explanation of selection methods see the Supple-
mentary Materials.

(a) Low-calcium pyroxenes. Low-Ca pyroxenes (associ-
ated to the LCPINDEX2 spectral parameter) are
found on the rim of the crater and the areas outside
it (Figure S8); these terrains are shown in red in
Fig. 2b. The wider pyroxene-rich area corresponds
to the upper left part of the CRISM image but smal-
ler deposits are also visible in the bottom left part.
The spectra extracted are characterised by a broad
absorption around 2 um, as it can be seen in the
red spectrum in Fig. 2d, which is the result of the
mean of several spectra in the northwestern area
(Table S3). The other two mafic spectral parameters,
HCPINDEX?2 and OLINDEX3, couldn’t identify an
equally conclusive and strong signature.

(b) Mono- and polyhydrated sulfates. Focusing on the
crater’s floor, the HYD browse product (Fig. 2c)
highlights many areas where spectra show signs of
hydration as a major feature. Yellow and magenta
areas respectively indicate the presence of mono-
and polyhydrated sulfates (Figure S8), while blue
areas are indicative of the presence of other hydrated
minerals such as clays or carbonates. We extract two
mean spectra from yellow and magenta areas using
the polygonal ROI feature on ENVI® (Figure S7).
The extracted spectra confirm the presence of sulfate
minerals and are shown in magenta and orange in
Fig. 2d. The orange spectrum shows a broad absorp-
tion in the 1.9-2.15 um area with two minima at 1.925
and 2.123 um and two other absorption features at
longer wavelengths, one at 2.4 um and one at 2.525
um. These features are compatible with kieserite.
The magenta spectrum has absorption features at
1.4, 1.9 and 2.4 um and we interpret this as indicative
of the presence of polyhydrated sulfates (Mg-sulfate).
The laboratory spectra of the sulfates we use for com-
parison are shown in Fig. 2e with the same colour
code and are taken from the RELAB database.

(c) Fe/Mg phyllosilicates. We now focus on the remain-
ing hydrated mineralogy, which is shown in blue in
the HYD browse product in Fig. 2c. We do that with
the aid of BD1900R2 and BD2290 parameters. The
custom browse product shown in Fig. 2b highlights
two different regions, depending on the values of
the two parameters: blue regions indicate areas that
match with the BD1900R2 parameter but do not
match with BD2290, while aquamarine regions indi-
cate areas matching with both BDI1900R2 and
BD2290. We extract a representative spectrum of
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CRISM spectra
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Fig. 2. (a) CRISM enhanced infrared image of the area analysed (FAL browse product). R = reflectance at 1.15 um, G = reflectance at 1.50 ym and B
= reflectance at 2.52 um. The wavelengths are chosen to highlight differences between key mineral groups: red/orange colours are usually characteristic of
olivine-rich material, blue/green often indicate clay, green may also indicate carbonate, and grey/brown often indicate mafic material; (b) CRISM custom
browse product. Red areas show a strong low-Ca pyroxene component, blue areas indicate Mg-richer smectites, while aquamarine areas indicate Fe-richer
smectites. The three parameters that have been used for this custom RGB composite are: LCPINDEX2, BD2290, BD1900R2. Their explicit range values
are listed in the figure. (¢) CRISM HYD browse product. Yellow areas are indicative of monohydrated sulfates, while magenta areas indicate polyhydrated
sulfates. Blue areas highlight the presence of other hydrated materials such as clays or carbonates. The three parameters that have been used for the HYD
RGB composite are: SINDEX2, BD2100_2, and BD1900_2, explicit range values are listed in the figure. (d) CRISM spectra of detected mineralogy. (e)

Laboratory spectra of minerals which match with the CRISM spectra.

each area algorithmically, selecting only pixels within
specific ranges of the two spectral parameters. A
detailed explanation and explicit values are reported
in the Supplementary Materials (Figures S1-S3, and
tables S1-S2). The results are displayed in Fig. 2d.
Both the spectra obtained show absorption features
at ~1.4 ym (OH vibrations), ~ 1.9 yum (OH and H-
O-H vibrations), ~ 2.3 ym and ~ 2.4 ym (metal-
OH vibrations), which are compatible with the pres-
ence of Fe/Mg phyllosilicates (Fe/Mg smectites).
The 1.4 um feature is centered around 1.43 um for
both spectra. Interestingly, for the 2.3 ym band, the
aquamarine spectrum has a deeper minimum cen-
tered around 2.305 um, while the blue spectrum has
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it centered around 2.315 um (Fig. 2d and 3a). The
shift at longer wavelengths and the lowest intensity
of the 2.3 um feature in the blue spectrum explain
why the BD2290 parameter has much lower values
in the blue unit with respect to the aquamarine unit.
At 2.4 um the two spectra have similar bands with no
evident shift. Finally, a weak 2.52 um feature appears
in both spectra, although slightly more evident for the
aquamarine spectrum. The depth of this feature is
comparable to noise levels, for this reason it is not
further discussed. Laboratory spectra of Fe/Mg-
phyllosilicates are shown for comparison in Fig. 2e.
Details of the absorption features in the 2.2-2.6 um
range are then shown in Fig. 3. In Fe/Mg-bearing
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Fig. 3. (a) Detail of the wavelength range 2.2-2.6 um for the spectra of
Fe/Mg phyllosilicates shown in Fig. 2d. Blue is for Mg-richer smectites,
aquamarine is for Fe-richer smectites. Notice the shift towards longer
wavelengths for the 2.3 um absorption in the blue spectrum, where the
band center is at 2.315 um, while we have a 2.305 um band center for the
aquamarine spectrum. The shift is indicative of the different Fe/Mg cation
abundance in the two clay minerals. Overtones at 2.4 and 2.5 um are also
slightly visible; (b) Laboratory spectra of saponite (Mg-rich phyllosilicate)
and nontronite (Fe-rich) used for comparison with CRISM spectra.

phyllosilicates the 2.3 um feature shifts to longer
wavelengths as Mg is exchanged for Fe (Clark
et al., 1990). Therefore, based on the position of the
2.3 um overtone, we suggest that in blue areas smec-
tites are more enriched in Mg (2.315 yum band center),
while in aquamarine areas they have less Mg content
and more Fe (band centered at 2.305 ym).

It is important to note that CRISM data show the spec-
trally dominant phases which are present in each pixel of
the dataset and that they can be influenced by other phases
present in the regions analysed. Moreover, they have a
lower spectral resolution with respect to laboratory data.
As a consequence, the spectral features observed are gener-
ally weaker and do not perfectly coincide in shape and
position with the ones from laboratory spectra.

4. Morphology

Mikumi crater is situated within Noachian terrains in
the northern part of Meridiani Planum (Nhcl unit) and
its ejecta are partially covered to the south by the etched
deposits (Hynek et al. (2017); Fig. la and 1b), which are
rich in sulfates and clays (Flahaut et al., 2015). The valley
network activity in the area predates the formation of the
crater as its ejecta overlies several channels carved on the
Noachian bedrock (Williams et al., 2017).

The floor of Mikumi crater retains a certain degree of
asymmetry, as we can see from the topography in Fig. 4,
with the lowest part decentralised towards north-east. A
smaller low area is also located in the north-west. The cra-
ter rim shows some levels of asymmetry as well, with the
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Fig. 4. Topographic map of Mikumi crater. Isolines are spaced by 25
meters. Surface elevation relative to the Martian datum.

western side reaching a mean altitude of —1200 m and
the eastern side settling between —1250 m and —1300 m.
Such difference may either be a result of the inclination
of the impact, although the crater doesn’t show signs of
ellipticity, or the result of differential erosion. The distribu-
tion of the topography of the surrounding area is antithet-
ical to that of the rim, generally higher in the eastern zone.
The crater floor is mainly filled by sedimentary materials
which correspond to the clay and sulfate-bearing units
identified in the spectral analysis (Fig. 2b, 2¢). A scarp that
runs along almost the whole western part of the crater
exposes the layers of the sediments. According to the total
depth-diameter relationship (d,/D) derived in Mouginis-
Mark et al. (2018), a diameter of about 16 km corresponds
to an original depth, prior to the crater’s infilling and
degradation, between 2.2 and 3.6 km. Conversely, the max-
imum depth we observe today in Mikumi crater is just
around 500 m.

4.1. Morpho-stratigraphic mapping

In order to study the stratigraphic relationship between
the clay and sulfate units exposed within Mikumi crater we
performed a morpho-stratigraphic mapping of the crater
floor at 1:10,000 scale, using CTX data as a basemap,
and CRISM and HiRISE datasets for additional informa-
tion on composition and morphology, respectively. The
map is shown in Fig. 5, along with a cross-section and a
stratigraphic column. The main mapped units are described
in detail below:
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4.1.1. Description of the mapped units (b) Sulfate unit A (suA) - Fig. 6b: layered monohydrated

sulfate unit, always covered by a thin layer of loose

(a) Bottom floor unit (bfu) - Fig. 6a: meter-scale pitted material which masks most of its morphological sur-
bright bedrock where several layers are observed. face features.

This unit is mostly covered by dunes with star shape. (c) Sulfate unit B (suB) - Fig. 6b and c: very bright and

Unknown bedrock composition due to the dune cov- layered unit, rich in polyhydrated sulfates. Easily

ering and possibly dust (Figure S9). erodible: erosional features such as mesas are the

Mapped units

[ Bottom floor unit (bfu)
Sulfate unit A (SuA)

[0 Sulfate unit B (suB)

[ Capping unit (cu)

I Highly eroded
capping unit (hcu)
Dark unit (du)
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I Talus deposits
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Fig. 5. 1:10,000 Morpho-stratigraphic map of Mikumi crater. A detailed description of the main units can be found in Section 4.1. A stratigraphic column
and a stratigraphic profile (5x vertical exaggeration) are also shown here. Black solid line in the profile shows current topography, while dashed line shows
the possible crater rim before degradation, colourful dashed lines connect the same units on each side of the topographic low in the western part of the
crater floor. For further details about the stratigraphy refer to Section 4.2.
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Fig. 6. Description of mapped units from Fig. 5. (a) Bottom floor unit (bfu). This unit is a bright layered unit showing some pitted morphology (some of
the layers are pointed out with red arrows). It is almost completely covered by star dunes (left part of the image). (b) Boundary between sulfate unit A
(suA), and sulfate unit B (suB). suA surface characteristics are not clear: it appears covered by loose materials which mask its morphological features. suB
is bright and highly erodible, several mesas are visible. (c) Boundary between sulfate unit B (suB) and the Fe/Mg phyllosilicate-rich capping unit (cu). Note
the change in albedo. cu has an intermediate albedo and is generally smooth with sometimes thin ridges oriented SW to NE (Fig. 6d). cu surface is also
extensively polygonally patterned (see Figs. 8 and 9). (d) Capping unit (cu) surface characteristics. SW-NE oriented ridges are visible over some areas.
More details on the texture are discussed in Section 4.3. (¢) Dark unit (du). This unit is a dark and rough unit which is covered in some areas by large dune
fields (left part of the image). (f) Highly eroded capping unit (hcu). This unit is characterised by complex erosional features.

most evident characteristics (Fig. 6b). This unit is also
mildly fractured, with loose darker materials accumu-
lating in the fractures.

(d) Capping unit (cu) - Fig. 6¢ and d: intermediate albedo,
generally flat and extensively polygonally patterned.
Layers and scarps are visible on this unit in the north-
ern part of the crater. SW-NE oriented thin bright
ridges are visible in some areas, especially on the
western part, close to suB. Spectral data show that
this unit is rich in Fe/Mg phyllosilicates. We observe
different areas within cu, which vary in terms of rela-
tive Fe/Mg content of the phyllosilicates and show
some changes in the texture of the terrains. The scale
we chose for our map is too small to distinguish
between them but more details on the correlation
between texture and clay mineralogy are discussed
in Section 4.3.

(e) Highly eroded capping unit (hcu) - Fig. 6f: this unit can
be associated to the geologic unit cu but having
undergone intense erosion. Surface features are extre-
mely complex and irregular, with several elongated
depressions. Where coverage is available, CRISM
data show signs of hydration (Fe/Mg phyllosilicates)
throughout this unit.
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(f) Dark unit (du) - Fig. 6e: low albedo and rough tex-
ture. Some areas are covered by large dune fields.
Unit boundaries are generally sharp and clear.
Unknown composition.

4.2. Stratigraphy

Most of the mapped units inside Mikumi’s floor are
exposed below the long scarp in the western part of the cra-
ter. In particular, here we can clearly assess the strati-
graphic relationship between bfu, suA, suB and cu/hcu
(Fig. 7).

The oldest exposed unit is bfu, which is overlied by suA
(monohydrated sulfates), and then suB (polyhydrated sul-
fates). These three units share similar characteristics: all
three units are layered, both bfu and suB have high albedo,
and both suA and suB are sulfate rich. The overall thick-
ness of the sulfate sequence (suA + suB) is around 75
metres. suB is then capped by cu/hcu, which is thinner
(thickness varies between 15 and 40 meters, and is about
20-30 m on average) and rich in Fe/Mg phyllosilicates.
Based on plane fitting using the CTX digital elevation
model of the area, it seems that the materials inside
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Fig. 7. Contacts between the mapped units along the scarp in the western
part of Mikumi crater. The solid line marks certain contacts, while the
dashed line marks uncertain contacts.

Mikumi crater were deposited almost horizontally, with a
slight tilt towards S/SE (about 4.5 degrees on average).
Moreover, we do not observe unconformities in the bfu-
suA-suB-cu sequence. Finally, the youngest unit is du,
which unconformably overlays cu/hcu and is found on
the central and southern part of the crater. Where visible,
contacts between cu/hcu and du are very sharp. The above
information is summarised in a stratigraphic column and in
a stratigraphic profile (see Fig. 5).

4.3. Correlation between Fel Mg phyllosilicates distribution
and texture

In this section we discuss more in detail some character-
istics of the capping unit (cu), describing its small-scale tex-
tural variations in relation with the Fe/Mg content of the
phyllosilicates in the area.

Some of the regions with a higher concentration of Fe-
enriched smectites (Fig. 2b) are found close to the southern
rim of Mikumi crater (Fig. 8A, S4 and S6), surrounding a
smaller crater (<1 km) SW to the central du unit (Fig. 8B
S5 and S6), and on a group of terrains located in the north-
ern part of the crater. The exact locations for Fig. 8A and B
are shown by red outlines, labeled A and B, in the upper
right panel of Fig. 8. All these areas are generally bright
and polygonally patterned in most parts. There is a good
correlation between the texture of the terrains and the
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strength of the Fe-enriched smectites detection. The stron-
ger the detection, the rougher the texture of the terrains,
with highly contrasted polygons (See enlargements i, ii,
and iii of Fig. §). As we move from areas with smectites
richer in Fe, towards areas with smectites richer in Mg,
the terrains appear smoother and the polygons are less con-
trasted. Polygons also vary in size, Fig. 9 shows the area
northwest of the small crater in Fig. 8B (exact location is
shown by red outline C, in the upper right panel of the fig-
ure), where smectites richer in magnesium are detected as
the most abundant mineralogy. In these regions we observe
bright areas with smaller polygons (< 1 m or ~1-2 m in
size), similar to the ones found in Fe-enriched terrains,
interrupted by darker areas with bigger polygonal struc-
tures (of about 5-10 m in size, see red arrows in enlarge-
ment i of Fig. 9).

5. Discussion

As we have seen in Section 3, our analysis has evidenced
the presence of low-Ca pyroxenes in the areas of the cra-
ter’s rim, and Fe/Mg-rich phyllosilicates and sulfates on
a wide part of the floor. The pyroxenes detected probably
reflect the general composition of the bedrock in the area,
which is indeed dominated by low-calcium and high-
calcium pyroxenes (e.g. Poulet et al., 2008; Griffes et al.,
2007). Fe/Mg phyllosilicates and sulfates compose the sed-
iments which fill the crater’s floor, consistently with the
detection of hydrated materials in northern Meridiani Pla-
num, especially inside craters (Poulet et al., 2008; Flahaut
et al., 2015; Wiseman et al., 2010). In addition, in this study
we provide a deeper insight into the characteristics of these
materials and their stratigraphic relationship.

Fe/Mg phyllosilicates are detected on a geological unit
which has varying morphological characteristics correlat-
ing with changes in the Fe/Mg content of the clays. Tens
of meters of mono- and polyhydrated sulfates are also
detected below this clay-rich unit, further enriching the
mineralogical diversity within this small crater. In the next
sections we will discuss in detail the implications for the
observed stratigraphy, some possible formation mecha-
nisms for the polygons, and the possible sequence of events
which led to the formation of the units within the crater.

5.1. Stratigraphy of the sulfate and clay units

The stratigraphic analysis performed on the clay and
sulfate deposits inside Mikumi crater shows that here a lay-
ered Fe/Mg phyllosilicate unit (20-30 metres on average)
overlies two distinct tens-of-meters-thick layered Mg sul-
fate units (about 75 metres overall). The oldest of the
two sulfate units is composed of monohydrated Mg sul-
fates (kieserite), while the youngest is made of polyhy-
drated Mg sulfates. As stated in the results section, all
the units inside Mikumi crater are layered and deposited
almost horizontally, with just a small tilt of about 4.5
degrees on average, towards S/SE. The existence of this
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Fig. 8. HiRISE (PSP_-009510_1825_RED) close-ups of the crater floor corresponding to some of the areas which show presence of Fe-enriched smectites.
For context, panel on the upper right part of the composition shows the CRISM enhanced infrared browse product covering the western part of Mikumi
crater. Red outlines indicate the locations of panels A and B. (A) Terrains close to the southern rim of the crater. Note the bright areas with high-contrast
polygonal patterns (enlargements i and ii); (B) small crater within the main crater floor. Polygonal patterns are found again close to the crater rim (for

example, as indicated by the red arrows in enlargement iii).

well-defined and well-preserved sulfate/clay sequence
within Mikumi crater is indicative of deposition events that
must have taken place after the crater formation. In partic-
ular, the absence of unconformities at the contacts between
suA and suB units, and between suB and cu, suggest a
coherent stratigraphic succession in which sulfates formed
before the clays were emplaced. This indicates a more com-
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plex sequence of events in comparison to what, for exam-
ple, Wiseman et al. (2010) suggested for this area, where
Fe/Mg phyllosilicates were detected only on terrains which
predated the sulfate-rich units mapped in their study.
Alternative explanations for the physical collocation of
the sulfate layers below the clay unit, such as the action
of groundwater flows that could have: (a) dissolved and
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Fig. 9. HiRISE (PSP_009510_1825_RED) close-up of the crater floor corresponding to areas which show the presence of Mg-enriched smectites. For
context, panel on the upper right part of the composition shows the CRISM enhanced infrared browse product covering the western part of Mikumi
crater. Red outlines indicate the location of panel C. Bright terrains with smaller polygons alternate to darker terrains with bigger polygons (for example,

see red arrows in enlargement i).

remobilized an upper sulfate layer moving it stratigraphi-
cally lower than the clays; (b) infiltrated acidic fluids from
the bottom of the clay unit, altering the clays at depth and
forming the sulfates (e.g. Altheide et al., 2010); are highly
unlikely in our case. Case (a) does not explain the preserva-
tion of the clay-layer: it is quite unexpected that the layer
would remain intact during the sulfate remobilization.
Moreover, it is also important to bear in mind the huge
thickness of the sulfate units. Such thickness greatly limits
the amount of reasonable formation mechanisms. In par-
ticular, on Earth similar or greater thicknesses of sulfates
are associated with ancient marine-fed systems and some
endorheic basins (Warren, 2010), where salts precipitate
from supersaturated aqueous solutions. This evidence
alone tends to exclude both option (a) and (b) as the pro-
cesses involved there would not be able to form ~75-
meter-tick sulfate-bearing deposits. Even assuming those
mechanisms could be able to form tens of meters of sul-
fates, the formation/remobilization of such amounts of
salts after the clay deposition would have created huge
deformations in the clay layer, which we do not observe.
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5.2. Paleoenvironmental significance of the clay and sulfate
mineralogies

For a long time, the presence of Fe/Mg clays on the sur-
face of Mars has been considered exclusive to exposures of
Noachian materials, while sulfates were typically found as
a common alteration product on Hesperian surfaces
(Bibring et al., 2006; Murchie et al., 2007). Due to the dif-
ferent ages and chemistry of the deposits of these secondary
minerals, Bibring et al. (2006) suggested that the presence
of one rather than the other could be a significant marker
of different genetic environments. Phyllosilicate formation
was favoured by water-rich near neutral to alkaline condi-
tions (6<pH<12) common during the Noachian, while sul-
fate formation was favoured under the drier and more
acidic conditions of the Hesperian epoch. More recently,
newer studies have started to point out that clays can co-
occur with sulfates, for example as observed with both
orbital and in situ measurements in part of the strati-
graphic sequence of the Late Noachian-Early Hesperian
Mount Sharp, in Gale crater (e.g. Sheppard et al., 2021a;
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Sheppard et al.,, 2021b); and that surface conditions
favourable to clays may have been present, at least locally,
even in the Hesperian (Sun and Milliken, 2014). For this
reason, a linear clay-to-sulfate trend, which was associated
to the transition of Mars’ environment from wet to dry, is
now being recognised as an oversimplified interpretation of
the planet’s past aqueous activity. The necessity of a
change of paradigm also seems to be required to explain
some recent non-mineralogical in situ observations such
as those reported at Gale crater by Rapin et al. (2021).
The results of this work show that in Mikumi crater thick
(~75 m) sulfate-bearing deposits are conformably overlain
by 20-30 meters, on average, of Fe/Mg phyllosilicate-rich
deposits (Figs. 5 and 7), meaning that sulfates observed
here are older than clays, providing yet another proof of
this oversimplification. A similar sequence to the one
shown in this study has also been observed in other areas
of Meridiani Planum by Flahaut et al. (2015). Specifically,
the authors observed a sulfate/clay/sulfate succession
across the Noachian—Hesperian etched terrains south to
Mikumi crater. These observations could be related to
the sequence we observe in this study. However, more work
is needed to assess the exact stratigraphic relationship
between these two areas.

The observed stratigraphic sequence of the sulfate and
clay units within Mikumi crater is showing a transition
between an environment which favours abundant sulfate
deposition to one that favours the formation of Fe/Mg
clays. The units are then classified by Hynek et al. (2017)
as part of the etched units of Meridiani Planum (HNMeu),
which were deposited during the Late Noachian/Early Hes-
perian epochs. This could imply that, approaching the
Noachian—Hesperian boundary, the climate of Mars expe-
rienced some oscillations, with dryer periods favouring sul-
fate deposition followed by wetter periods favouring clay
formation. A part of the timing and characteristics of these
oscillations are recorded in the stratigraphy of Mikumi cra-
ter and probably in other areas of Meridiani Planum as
well, which makes this region a very valuable study case
for paleoenvironmental and paleoclimatic studies of Mars.
However, it is still possible that peculiar water-related
events occurred locally in Meridiani Planum, leading to
the formation of sulfates before the clay emplacement. It
is therefore important to look for, study and correlate sim-
ilar sequences elsewhere on Mars.

Finally, it is worth mentioning here that some spectral
characteristics, such as the intensity of the spectral signa-
ture of a certain unit, can also be driven by non-
compositional factors. For example, in the case of the Glen
Torridon in Gale crater, Dehouck et al. (2022) highlights
how, despite CRISM data in this area show strong clay sig-
natures, in situ investigations by Curiosity demonstrated
that the unit did not experience significantly greater aque-
ous alteration than other units previously investigated by
the rover (which exhibited fainter clay signatures). It is
therefore a delicate matter to discuss climatic interpreta-
tions based on orbital spectroscopic data alone. For this
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reason, our climatic interpretation does not rely on any
abundance estimation of the observed clay and sulfate min-
eralogy, and it also takes into consideration other factors
such as the thickness of the units and their morphological
context.

5.3. Origin of the polygons

Terrains associated with either Fe/Mg phyllosilicates or
Mg sulfates show different types of polygonal patterns, as
seen in Section 4. Trying to understand the formation
mechanism of these patterns relying solely on remotely
sensed images is a challenging task. Several kinds of pro-
cesses could account for similar features and it’s difficult
to completely rule out one option with respect to the other.
Based on photo evidence from several authors (e.g.
Loizeau et al., 2007; El-Maarry et al., 2014; Flahaut
et al., 2015) showing features in Meridiani Planum and
elsewhere on Mars that look very close to what we observe
here, in this section we discuss the possibility that the
polygonal texture on our terrains might be created by frac-
ture patterns running through the surface. Some possible
explanations for the overall formation of these cracks
might be related for example to desiccation processes, ther-
mal contraction or hydraulic fracturing.

Desiccation is caused by water evaporation or migra-
tion: as a result of the water loss, the terrain shrinks and
cracks. Fracture patterns which may be related to desicca-
tion are found in various Martian terrains and are usually
associated with sedimentary environments and the detec-
tion of Fe/Mg smectites, Al-smectites, less commonly
kaolinites, carbonates, and sulfates (El-Maarry et al.,
2014, and references therein). Closed basins, including cra-
ter floors, are the typical morphological setting of desicca-
tion cracks (e.g. Ehlmann et al., 2008). In Meridiani
Planum, based on observations by Opportunity rover,
Amundson (2018) reports the presence of cracks and polyg-
onal structures in sulfate-rich areas suggesting that they are
the consequence of multiple wetting and drying cycles.
Thermal contraction on Mars (e.g. Levy et al., 2009;
Lefort et al., 2010) is usually a latitude-dependent mecha-
nism (generally happening at latitudes greater than 45°),
where ice-rich terrains crack as a result of temperature vari-
ations. While open, soil and other detritus fall into the
crack, preventing it from completely healing when thawed,
therefore, the crack is likely to open again with the next
winter (Goehring, 2013). The morphology and evolution
of the patterns due to seasonal thermal variations are sim-
ilar to desiccation cracks evolving with multiple wetting
and drying events (Goehring, 2013). These cracks occur
on all types of terrains, they do not show a preference
for basins and also occur on plains and slopes (Levy
et al., 2009, and references therein). Finally, hydraulic frac-
tures form as a result of elevated fluid pressure in buried
sediments. Fractures formed by hydraulic fracturing are
well documented for example in Gale crater (e.g. Caswell
and Milliken, 2017; Kronyak et al., 2019). Additionally,
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hydraulic fracturing is a possible hypothesis for the frac-
tured clay-bearing units observed in Oxia Planum
(Quantin-Nataf et al., 2021).

Given the regional context evidencing widespread sur-
face and near-surface aqueous activity, the presence of a
thick sequence of sediments with hydrous mineralogy,
and the basin environment (although no inlets or outlets
are observed), we think that a combination of desiccation
and hydraulic fracturing processes might have acted on
the sediments inside Mikumi crater. Specifically, hydraulic
fracturing could have been the major process responsible
for the cracks we observe on the sulfate sediments, as these
form a very thick sequence that may have experienced ele-
vated fluid pressure due to overlying layers, included the
capping clay layer. Desiccation could then be the main
fracturing process on this last, more surficial, layer. Ther-
mal contraction is usually associated with higher latitudes,
while Mikumi crater is very close to the Martian equator.
However, we cannot exclude this hypothesis when consid-
ering the possibility of changes in obliquity of the planet
during the past (e.g. Head et al., 2003). As we pointed
out in Section 4.3, polygons on the capping unit vary in size
and terrains show different characteristics, which seem to
correlate with the variation in the Fe/Mg content of the
phyllosilicates. We are not sure about what could cause this
differentiation and the different mineralogy might be just
one of the possible reasons. This might also involve a dif-
ferent thickness of the layers of sediments or different for-
mation conditions.

5.4. Proposed sequence of events

Mikumi crater formed on the Noachian bedrock of
Meridiani Planum (Nhcl unit, see Fig. 1), which is now
exposed mainly in the northern part of the region and is
greatly dissected by several types of channels and valley
networks (Williams et al., 2017), implying the existence of
an early, pre-impact, aqueous period in the region. Since
its formation, the crater, whose diameter implies an origi-
nal depth between 2.2 and 3.6 km (Mouginis-Mark et al.,
2018), has been infilled by sediments up to the actual depth
of around 450-500 m. Only a small part of these material is
now exposed in the crater, mainly on a scarp running
around the topographic low in the eastern part of the crater
floor. Unfortunately, we can only probe the composition
and study the morphological expression of the most surfi-
cial layers of the sequence, which are less than 100 m over-
all. For the first part of the exposed sequence, which is
sulfate-rich, precipitation in a standing body of water is
the formation mechanism which can more likely account
for the observed thickness. Similar extents of sulfate evap-
orites are usually found on Earth as a result of the evapo-
ration of supersaturated waters in endorheic basins and
ancient marine-fed systems (e.g. Warren, 2010; Bastow
et al., 2018), where topographic conditions do not allow
the outflow of water and climate is relatively dry for a pro-
longed period of time. As discussed in Section 5.1, it is
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more challenging that fluid circulation in a pre-existing sed-
iment could account for the amount of sulfates observed
here, although we don’t exclude that this could have con-
tributed to the observed thickness. Currently, differentia-
tion between monohydrated and polyhydrated sulfates,
which sedimented in stratigraphic succession, remains elu-
sive and debated (e.g. Roach et al., 2009; Wang et al.,
2016). Clays were then deposited in a conformable succes-
sion on the sulfate sequence. The absence of fluvial trans-
port features, such as inlets, outlets and deltas in Mikumi
crater argue against an aqueous transportation origin for
this unit. While non-aqueous transportation is still possi-
ble, we do not observe obvious sources of clay-rich sedi-
ments nearby. For these reasons, clay minerals may have
formed in situ, either from direct precipitation from a
standing body of water or from alteration of a previously
emplaced sedimentary unit. In any case, the chemical com-
position of the water involved is expected to be different
from the one which formed the sulfates, since clay forma-
tion is generally favoured in neutral-alkaline waters. Prior
to the deposition of the dark unit (du), the area underwent
a period of extensive erosion that exposed the sulfates in
the western part of the crater. Finally, du itself shows vary-
ing degrees of erosion. Although we do not have clear spec-
tral information on the composition of the dark unit, it is
probably mafic in nature, similar to covering units
observed in other parts of Meridiani and Arabia Terra.
This is usually interpreted as the residue of a volcanic
deposit, lava or pyroclastic, and to date it is observed only
in the central part of the crater. Regarding the volcanic ori-
gin, this could imply lava flows from nearby springs (Head
et al., 2002; Pan et al., 2017; Quantin-Nataf et al., 2021) or
volcanic ash, altered and lithified, from nearby calderas or
volcanic chimneys (Michalski and Bleacher, 2013; Whelley
et al., 2021). Today, the area is dominated by aeolian pro-
cesses, as evidenced by the dust and dune fields widely pre-
sent in the topographic lows of the crater floor. The
sequence of events described in this paragraph has been
summarised in Fig. 10.

The aqueous processes involved in the formation of the
sulfate and clay units in Mikumi crater add a layer of com-
plexity to the geologic history of Meridiani Planum. Previ-
ous studies of this area, particularly in situ data and
interpretations by Opportunity, indicate several events of
water circulation and alteration in Meridiani units (e.g.
Crumpler et al., 2015). In particular, at the rim of Endeav-
our crater, the rover characterized the outcrop known as
Matijevic formation. This is the oldest unit observed by
Opportunity during its traverse, formed by clay-rich Noa-
chian materials pre-dating the formation of Endeavour
impact crater (Arvidson et al., 2014; Crumpler et al.,
2015). The youngest unit observed corresponds instead to
the sulfate-cemented sandstone of the Burns formation
(e.g. Squyres and Knoll, 2005; Grotzinger et al., 2005).
Despite the similar mineralogy, the history of formation
of these deposits appears different from what we observe
in Mikumi crater, where both suA/suB (sulfate-rich) and
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Fig. 10. Proposed sequence of events for the infilling of Mikumi crater. Simplification of the section shown in Fig. 5, with 5x vertical exaggeration. In a-d
supposed original crater topography is shown with a solid line (current topography is dashed) as reconstructed with estimations based on d,/D
measurements (Section 4). In e-f, post-erosion, the symbols of the lines are reversed. (a) Formation of Mikumi crater. (b) Infilling of the crater by unknown
sediments. (c¢) Formation of the bottom floor unit and precipitation of the sulfate units (suA + suB) in a standing body of water for a prolonged period of
time. The reported water level is merely indicative and not clearly measurable by the available data. However, the choice to place the water level outside
the crater is due to evidence, as indicated in regional works such as (Flahaut et al., 2015), which highlight the presence of several sulfate-rich intracrater
deposits. This makes such a scenario plausible. (d) Deposition of the clay-rich capping unit. (¢) Erosion of the capping unit and exhumation of the sulfate
units underneath. (f) Deposition and subsequent erosion of the dark unit, emplacement of aeolian and talus deposits.

cu (clay-rich) units were emplaced after the crater forma-
tion, in the opposite stratigraphic order and with cu con-
formably overlying the sulfate units. There is also no
evidence of tectonic-structural phenomena that could have
overturned the original stratigraphic sequence at Mikumi.
The clays we observe in Mikumi crater cannot belong to
the Noachian units of Meridiani and are therefore not
related to those found in the Matijevic formation. As a
result, the aqueous activity recorded by Opportunity is
not representative of the whole history of water alteration
at Meridiani Planum.

6. Conclusions

Mikumi crater is a 16-km-wide crater located in the
northern part of Meridiani Planum whose floor is filled
by sedimentary rocks showing a rich and varied hydrated
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mineralogy. Fe/Mg phyllosilicates, along with monohy-
drated and polyhydrated sulfates (kieserite and Mg sul-
fate), are detected on the crater floor, while the crater rim
and the areas directly outside it show a mafic composition
with predominance of low-Ca pyroxenes, reflecting the
general bedrock composition of the region. The polyhy-
drated sulfate and the Fe/Mg phyllosilicate units are polyg-
onally fractured, probably due to a mix of desiccation and
hydro fracturing processes. Additionally, Fe/Mg phyllosil-
icates show a certain degree of diversity in their Fe and Mg
content throughout the unit which seem to correlate with
changes in fracture sizes.

The sedimentary rocks that fill Mikumi crater, which are
interpreted by (Hynek et al., 2017) as being deposited
between the Late Noachian and Early Hesperian, show a
stratigraphic succession where phyllosilicates were con-
formably deposited on top of two distinct thick sulfate
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units (a monohydrated sulfate unit overlain by a polyhy-
drated sulfate unit which have an overall thickness of about
75 metres), meaning that the first formed later than the
other two. This has interesting implication in terms of pale-
oenvironmental and paleoclimatic investigations on Mars
as it doesn’t follow the trend traditionally expected for
the planet on a global scale (Bibring et al., 2006). Sulfates
and clays are typically related to different epochs of the
Martian history and usually form under different environ-
mental conditions. In particular, clays are abundant on
Noachian surfaces, while sulfates are abundant on Hespe-
rian ones (e.g. Bibring et al., 2006). However, the strati-
graphic succession of the phyllosilicate and sulfate units
observed in Mikumi crater shows that a simple timeline
going from a clay-rich Noachian to a sulfate-rich Hespe-
rian is an oversimplified view, which can’t completely
explain the evolution of Mars’ mineralogy and its related
aqueous environments, especially at the Noachian—-Hespe-
rian boundary. The results of this study support other
recent results which suggest that the temporal and spatial
division between clay- and sulfate-forming environments,
or more generally between wet and dryer environments,
inferred from a global view, is more complex than previ-
ously thought or does not apply in some cases (e.g.
Rapin et al.,, 2021; Sheppard et al., 2021a; Sun and
Milliken, 2014).

Further investigation is needed to assess if the monohy-
drated sulfate/polyhydrated sulfate/clay stratigraphic
sequence we find in Mikumi crater can be observed further
north in the area and what is its relationship with southern
areas of Meridiani Planum, where a sulfate/clay/sulfate
sequence is reported by Flahaut et al. (2015). However,
we show here that Mikumi crater is a very interesting site
in Meridiani Planum as the thick sequence of sedimentary
rocks we find here can provide a great deal of information
about paleoenvironmental characteristics and variabilities.
For this reason, Mikumi can also be an interesting site
where to land on Mars with future missions. The character-
istics of the Noachian—Hesperian climatic transition and in
general of Mars’ early climate are still unclear and highly
debated and in situ analysis in this key area could help shed
light on that crucial epoch of Mars history.
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