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ABSTRACT

Noachian-aged Jezero crater is the only known location on Mars where clear orbital detections of carbonates are found in close proximity to clear fluvio-lacustrine
features indicating the past presence of a paleolake; however, it is unclear whether or not the carbonates in Jezero are related to the lacustrine activity. This
distinction is critical for evaluating the astrobiological potential of the site, as lacustrine carbonates on Earth are capable of preserving biosignatures at scales that
may be detectable by a landed mission like the Mars 2020 rover, which is planned to land in Jezero in February 2021. In this study, we conduct a detailed
investigation of the mineralogical and morphological properties of geological units within Jezero crater in order to better constrain the origin of carbonates in the
basin and their timing relative to fluvio-lacustrine activity. Using orbital visible/near-infrared hyperspectral images from the Compact Reconnaissance Imaging
Spectrometer for Mars (CRISM) along with high resolution imagery and digital elevation models, we identify a distinct carbonate-bearing unit, the “Marginal
Carbonates,” located along the inner margin of the crater, near the largest inlet valley and the western delta. Based on their strong carbonate signatures, topographic
properties, and location in the crater, we propose that this unit may preserve authigenic lacustrine carbonates, precipitated in the near-shore environment of the
Jezero paleolake. Comparison to carbonate deposits from terrestrial closed basin lakes suggests that if the Marginal Carbonates are lacustrine in origin, they could
preserve macro- and microscopic biosignatures in microbialite rocks like stromatolites, some of which would likely be detectable by Mars 2020. The Marginal
Carbonates may represent just one phase of a complex fluvio-lacustrine history in Jezero crater, as we find that the spectral diversity of the fluvio-lacustrine deposits
in the crater is consistent with a long-lived lake system cataloging the deposition and erosion of regional geologic units. Thus, Jezero crater may contain a unique
record of the evolution of surface environments, climates, and habitability on early Mars.

1. Introduction as a record of atmospheric loss on Mars (e.g., Hu et al., 2015) and

because carbonate precipitation in aqueous environments is an excellent

Carbonates are a common product of the interaction between COs,
water, and rocks on the Earth, and thus should have been produced on
Mars under the potentially thick CO»-rich atmosphere and relatively wet
climate predicted for the Noachian epoch (~3.8-4 Gy; e.g., Kahn, 1985;
Pollack et al., 1987; Ramirez and Craddock, 2018). While the vast car-
bonate deposits associated with the carbon cycle on Earth have not yet
been identified on Mars, carbonates have been detected in ancient
martian terrains from orbital remote sensing (Ehlmann et al., 2008a;
Wray et al., 2016), with landed assets (Morris et al., 2010), and in high
latitude sediments altered under modern climate conditions (Boynton
et al., 2009). Carbonates may also be present as a component of the
ubiquitous martian dust (Bandfield et al., 2003). Ancient carbonates on
Mars are a major target for future landed investigations and eventual
Mars sample return both because their isotopic composition could serve

mechanism for biosignature preservation (e.g., Farmer and Des Marais,
1999).

In this study we investigate carbonates and related deposits in Jezero
crater (18.9°N, 77.5°E; Fig. 1), a 45 km diameter Noachian-aged crater
located on the NW rim of the Isidis basin. Jezero is located within one of
the largest continuous carbonate-bearing geologic units identified on
Mars, which extends across the NW rim of the Isidis basin and also ex-
hibits strong olivine spectral signatures (Ehlmann et al., 2009; Mustard
et al., 2009). The regional carbonate-bearing unit has been inferred to
mantle the rim and portions of the interior of Jezero crater (Goudge
et al., 2015). Carbonates have also been detected within the basin fill
materials, around the crater margins, and within several fan-shaped
features in the crater (Ehlmann et al., 2008a; Goudge et al., 2012,
2015, 2017; Brown et al., 2016, 2017). At least one of the fans has been
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shown to exhibit sedimentary structures consistent with a lacustrine
delta (Goudge et al., 2017), and the presence of valleys leading both in
and out of the crater has been interpreted as evidence for an open basin
paleolake (Fassett and Head, 2005, 2008). The upstream valleys are part
of a large watershed, and crater densities in this watershed suggest
cessation of fluvial activity around the Noachian/Hesperian boundary
(Fassett and Head, 2008).

The presence of multiple carbonate-bearing units within a Noachian
to early Hesperian paleolake basin in Jezero raises the possibility that
some of these carbonates may have precipitated in the paleolake. On
Earth, carbonates are frequently deposited as marine or lacustrine pre-
cipitates and evaporites. These types of carbonate deposits have high
morphologic, organic, and isotopic biosignature preservation potential
(e.g., Cady et al., 2003; Summons and Hallmann, 2014), and can be
biologically mediated (e.g., Capezzuoli et al., 2014). In addition, when
these deposits are created in a shallow near-shore environment, they are
conducive to the formation and preservation of biological macrostruc-
tures like stromatolites and tufas (e.g., Bosak et al., 2013). Thus, po-
tential lacustrine carbonates in Jezero would be a major target for in situ
investigation by future missions. These missions will likely include
NASA’s Mars 2020 mission, which is scheduled to land a rover in Jezero
on or proximal to the western delta in 2021 (see Fig. 1 for landing ellipse
location). The goals of Mars 2020 include exploring the astrobiological
potential of Jezero crater (assessing past habitability and biosignature
preservation potential), searching for potential biosignatures, and col-
lecting a suite of samples that may one day be returned to Earth via a
Mars Sample Return mission (Williford et al., 2018).

In this study, we seek to constrain the origin of carbonate-bearing
terrains in Jezero crater based on new analyses of their visible/near-
infrared spectral properties, small scale physical texture, and strati-
graphic relationships. We also compare Jezero carbonate-bearing ter-
rains to olivine- and carbonate-bearing terrains in the surrounding
plains and the NE Syrtis area to the southwest. Through this detailed
comparison, we test the hypothesis that some of the carbonate-bearing
terrains in Jezero could be related to fluvio-lacustrine activity, as well
as the competing hypothesis that all of these terrains are just slightly
different expressions of the same large regional carbonate-bearing unit.

2. Background
2.1. Regional and local geologic units

Jezero crater impacted into a regional unit referred to as the base-
ment unit, which is the stratigraphically lowest unit in the area. The
basement unit is composed of a complex assemblage that includes
megabreccia potentially sourced from the Isidis impact (~3.96 Ga;
Werner, 2008) and, in some locations, large fracture systems (Bramble
etal., 2017). In visible/near-infrared orbital spectra (VNIR; 0.3-2.5 pm),
the basement unit exhibits strong and broad absorptions near 0.9 and
1.8 um consistent with low-Ca pyroxene, suggesting a primitive igneous
composition sourced from the lower crust (Mustard et al., 2007). The
unit also exhibits narrow absorptions near 1.9 and 2.3 pm consistent
with Fe/Mg-smectites, suggesting pervasive alteration by groundwater
or hydrothermal fluids (e.g., Mangold et al., 2007). The basement unit is
mantled by the regional olivine- and carbonate-bearing unit.

Carbonate was previously identified along the NW rim of Isidis based
on covarying absorption bands in orbital VNIR spectra at 2.3 and 2.5 pm,
consistent with Mg-carbonate (Ehlmann et al., 2008a). These areas also
typically exhibit a hydration band at 1.9 pm, and while this could be due
to some varieties of hydrous carbonates (e.g., Calvin et al., 1994; Harner
and Gilmore, 2015), this more likely suggests the presence of an addi-
tional hydrated phase such as an Fe/Mg-smectite (Ehlmann et al.,
2008a; Bishop et al., 2013). The carbonate signatures are consistently
associated with a strong and broad absorption between 1 and 1.3 pm
similar to the absorption due to iron in olivine (Ehlmann et al., 2008a;
Mustard et al., 2007, 2009), and thermal infrared spectra of the unit
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support the presence of a Mg-rich olivine (~Fosg_75; Koeppen and
Hamilton, 2008). Models of thermal-infrared spectra (8-25 pm) in the
region suggest that the carbonate and olivine are both present in
abundances of ~9% at the 2-3 km scale, and as this number includes
significant sub-pixel mixing with aeolian cover and other units, both the
carbonate and olivine are likely much more abundant in individual
outcrops (Salvatore et al., 2018). Regional analyses based on thermal-
infrared and visible/near-infrared spectra suggest carbonate abun-
dances of up to ~20% at the decameter scale (Edwards and Ehlmann,
2015).

Hypotheses for the origin of the olivine-bearing unit include an
intrusion (Hoefen et al., 2003), lava flows (Hamilton and Christensen,
2005), and an impact melt sheet (Mustard et al., 2007, 2009). More
recently, the mantling nature and other properties of the deposit have
been interpreted as evidence for an airfall origin, perhaps as volcanic
tephra (Kremer et al., 2018). The Mg-rich carbonate in the unit was most
likely derived from in situ alteration of the Mg-rich olivine, but the
alteration process is poorly constrained. Proposed mechanisms for car-
bonate formation include hydrothermal systems, low-grade crustal
metamorphism, serpentinization, and surface weathering (Ehlmann
et al., 2008a, 2009; Viviano et al., 2013; Mcsween et al., 2015).

Within Jezero crater, previous work has divided the carbonate-
bearing terrains into two separate geomorphic units: the Mottled
Terrain and the Light-toned Floor (Fig. 1b; Goudge et al., 2015). The
Mottled Terrain is texturally diverse with multiple sub-units (“eroded”,
“dusty”, “lineated”) that has been mapped around the margin of Jezero
and in the broader watershed by Goudge et al. (2015). The Mottled
Terrain is light toned, appears heavily degraded, and has likely been
exhumed based on the presence of circular features interpreted as
degraded impact craters. Some banding has been observed but no clear
layering. This unit may be equivalent to the olivine- and carbonate-
bearing “Fractured Unit” in the NE Syrtis area to the south (Bramble
et al., 2017), and may be representative of the regional olivine- and
carbonate-bearing terrains.

The Light-toned Floor is distinct from the Mottled Terrain based on
location within the crater and aeolian dune cover. The Light-toned Floor
is the lowest exposed unit that fills the basin, and grades into the sur-
rounding Mottled Terrain. The Light-toned Floor exhibits similar spectra
to the Mottled Terrain, with hydrated, Mg-carbonate, and olivine sig-
natures. However, the Light-toned Floor exhibits stronger olivine sig-
natures, which are attributed to variable mantling by olivine-bearing
aeolian bedforms, interpreted to be sourced from the Light-toned Floor
itself (Ehlmann et al., 2008b; Goudge et al., 2015). The Light-toned
Floor has been hypothesized to be a sub-unit within the Mottled
Terrain (and thus likely formed along with the regional carbonate-
bearing terrains), although previous studies could not rule out a
detrital origin in the Jezero crater paleolake (Goudge et al., 2015). In
this study, we compare the spectral and physical properties of the
Mottled Terrain within and beyond the crater to the Light-toned Floor to
better constrain the relationship between these two units.

The Light-toned Floor is overlain by a dark-toned capping unit with
lobate margins and mafic VNIR spectral signatures that have previously
been hypothesized to be volcanic in origin, potentially a lava flow
(Goudge et al., 2015). Here we refer to this unit as the “Mafic Floor”. The
Light-toned Floor is exposed in windows through the Mafic Floor, and
while these windows may be erosional in origin, these areas may also
represent former topographic highs that were never covered by the
Mafic Floor (similar to a “kipuka” in a lava flow on Earth; Ruff, 2017).

2.2. Fluvio-lacustrine history

Jezero is interpreted as once containing an open basin paleolake,
based on the presence of both inlet and outlet valleys cut into the crater
rim (Fassett and Head, 2005; Goudge et al., 2012; Fig. 1c). The outlet
valley exhibits meanders and bar deposits, which are inconsistent with
only a high flow rate dam-breach channel, suggesting that the crater was



B.H.N. Horgan et al.

Icarus 339 (2020) 113526

Goudge et al. (2015) Map
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Fig. 1. CRISM MTRDR coverage over Jezero crater, as indicated by white outlines. Dashed circle indicates Mars 2020 landing ellipse as of October 2019. (a) CRISM
false color mosaic of ten cubes used in this study over CTX mosaic, see Table 1 for wavelengths. (b) Geologic map of Jezero crater, modified from Goudge et al.
(2015). (c) CTX image of Jezero crater, colors from HRSC and MOLA elevation.
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filled and outflowed for an extended period of time (Schon et al., 2012).
The elevation of the outlet valley suggests a sustained lake level near
—2400 m. Prior to breach, high stand lake levels may have been as high
as a notable break in slope in the crater rim near —2260 m (Fassett and
Head, 2005).

There are also several deposits in Jezero that have been mapped as
fans or deltas (Fassett and Head, 2005; Ehlmann et al., 2008b; Goudge
et al., 2015). We refer to the farthest west and best-known of these as the
“western delta”. Orbital geomorphic analysis of the western delta sup-
ports a deltaic origin for this feature based on large scroll bars and
epsilon cross-bedding (Schon et al., 2012). Detailed bedding geometry
analysis of the delta has shown the presence of inclined bedding planes
with dips (2-9°) that increase with elevation on the delta. These beds are
interpreted as foreset beds and are underlain by more flat-lying planes
(<2°) that are interpreted as bottomset beds (Goudge et al., 2017).

Goudge et al. (2018) identified three different facies within the
western delta and proposed that the stratigraphy of these facies is most
consistent with a record of increasing lake levels (perhaps due to basin
filling) during one relatively continuous phase of lacustrine activity. In
their model, facies interpreted as point bar strata are the oldest, formed
by laterally migrating channels, perhaps at some distance (100’s of
meters) upstream from a shallower lake level. The overlying facies are
interpreted as inverted channels, formed by avulsing linear channels.
These deposits were most likely subaerial and relatively close to a deeper
lake level, where the channels stepped upward and backward as lake
levels rose up to the elevation of the originally confining basin topog-
raphy, prior to overflowing and forming the outlet valley at the breach
elevation of —2395 m. Lastly, the inverted channels are cut by an incised
valley, which is the youngest feature, and may have formed during much
lower lake levels later on.

The western delta is fed by a large fluvial watershed to the NW that
incises the basement unit as well as the Mottled Terrain. The delta is
hypothesized to be composed largely of detrital phases from these units
(as opposed to authigenic alteration phases precipitated in the lake or
fluvial system). The delta exhibits spectral signatures consistent with
Fe/Mg-smectites, interpreted as sourced from the basement unit (Ehl-
mann et al., 2008b; Goudge et al., 2015), as well as patches of carbon-
ates in light-toned exposures interpreted as point bar deposits,
interpreted as sourced from the regional olivine/carbonate-bearing unit
(Schon et al., 2012; Goudge et al., 2017). If the observed mineralogy is
purely detrital, the mineralogical variability observed in the western
delta is due to either variations in source mineralogy or grain-size
dependent sorting by variable flow velocities through space and/or
time (Goudge et al., 2015). Fluvial activity in the watershed of the
western delta is inferred to have ceased by around 3.8 + 0.1 Ga, based on
crater counts on the incised valleys (Fassett and Head, 2008). This date
is similar to the cessation date for the majority of the valley networks on
Mars, which are inferred to have been most active during the late
Noachian to early Hesperian eras (Howard et al., 2005; Irwin et al.,
2011).

The remaining fan-shaped features along the northern crater margin
are much more degraded than the western delta and have not been
confirmed as deltaic in origin. These features have been previously
mapped together as the “northern fan”, but for clarity here we split the
feature where needed into the “northwestern fan” and the “northeastern
fan”. The northwestern fan has been shown to exhibit some areas with
olivine, carbonate, and hydrated VNIR spectral signatures similar to the
Mottled Terrain (Goudge et al., 2015), but the mineralogy of the
northeastern fan has not been investigated. The prevalence of olivine/
carbonates in the northwestern fan compared to the prevalence of LCP/
smectite in the western delta has been attributed to different relative
surface areas of the various source units in the watershed (Goudge et al.,
2015). The northern fans have been inferred to be the same age as the
western delta, with the difference in degradation due to the mineral-
ogical difference between the features (i.e., the carbonate-rich fan is
more friable than the LCP/smectite-dominated western delta; Goudge
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et al.,, 2015). In this study we compare the spectral properties and
morphology of the three fan/delta landforms in Jezero to constrain their
role in the fluvio-lacustrine history of Jezero crater.

2.3. The Marginal Carbonates

The strongest carbonate signatures in Jezero occur on the northwest
inner margin of the crater, between the western delta and the crater rim
(Goudge et al., 2012; Fig. 3). We refer to these carbonate-bearing por-
tions of the marginal region as the “Marginal Carbonates” but emphasize
that this term is not meant to carry any connotations about their origin.
This area was previously mapped as part of the Mottled Terrain (Goudge
et al., 2015). The location of the Marginal Carbonates along the inner
rim of the crater could be consistent with deposition in the near-shore
region (the littoral zone) of a possible paleolake. If correct, this inter-
pretation would have major implications for biosignature preservation
in Jezero, as shallow lacustrine and marine carbonates on Earth in
modern environments and in the geologic record are often biologically
mediated and can effectively preserve a variety of biosignatures,
including macro- and microscopic textures, isotopes, organics, and
biominerals (Cady et al., 2003; Benzerara et al., 2006; Webb and Kam-
ber, 2011; Summons and Hallmann, 2014; Flannery et al., 2018; Section
7.3 and Table S3). In this study we compare the properties of the Mar-
ginal Carbonates to other carbonate-bearing units in the crater and
surrounding region in order to determine whether or not they have
unique properties that could suggest a separate origin related to lacus-
trine activity.

3. Methods

The primary datasets used in this study to investigate the fine-scale
morphology and mineralogy of carbonate-bearing terrains in Jezero
crater are CRISM (Compact Reconnaissance Imaging Spectrometer for
Mars; Murchie et al., 2007, 2009a) visible/near-infrared (~0.3-2.6 pm)
hyperspectral images and HiRISE (High Resolution Imaging System;
Mcewen et al., 2007) ~25 cm/pixel visible imagery. Supporting datasets
in this study include a 20 m/pixel CTX (Context Camera) Digital Terrain
Model and accompanying 6 m/pixel orthoimage (Fergason et al., 2017),
a broader CTX mosaic of the Jezero region (Dickson et al., 2018), as well
as 200 m/pixel blended HRSC and MOLA topography processed by the
U.S. Geological Survey (USGS) (Fergason et al., 2018; Fig. 1).

CRISM images in this study were all acquired at the most recent
calibration level (MTRDR - Mapped Targeted Reduced Data Record;
Seelos et al., 2016) from the Planetary Data System (PDS). Ten unique
images are available over the crater, as shown in Fig. 1a: eight ~18 m/
pixel FRT images (Full Resolution Targeted) and two ~36 m/pixel HRL
(Half Resolution Long) images. All images are delivered with a set of pre-
calculated spectral parameters, derived from I/F cubes, and refined to
reduce noise (Viviano-Beck et al., 2014). RGB composites were gener-
ated from these spectral parameters to evaluate spectral diversity within
the carbonates and related units, as listed in Table 1 and shown in
Figs. 3, 4, 6, and 8. All spectral parameters as shown were initially
stretched from approximately their average value to 98% of their
maximum value to enhance spectral differences; for mosaics shown in
Figs. 3, 4, 6, and 8, these stretches were modified to improve continuity
across the map.

Spectral variability inferred from the RGB composites was verified
using detailed spectral analysis and comparison to laboratory end-
members (Fig. 2). CRISM MTRDR images on the PDS have been pro-
cessed to suppress atmospheric and instrumental effects (Seelos et al.,
2016), but still require ratioing with spectrally neutral terrains to bring
out subtle spectral features. An advantage of the MTRDR images is that
the majority of column-dependent (i.e., detector element) variability has
been suppressed. Thus, unlike the previous TRR3-level images (e.g.,
Murchie et al., 2009a), the spectrally neutral reference terrain does not
need to be within the same detector column and can be from anywhere
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within the image (Seelos et al., 2012), although should ideally be
extracted from a similar elevation to remove any residual atmospheric
bands. To take advantage of this flexibility, here we have implemented a
new ratioing technique that quantitatively determines the most spec-
trally neutral pixels from throughout the image, as determined by the
CRISM spectral parameters of Viviano-Beck et al. (2014). We then
average the spectra from these pixels together to create one “neutral”
reference spectrum, and then the entire reflectance cube can be divided
by this spectrum to create a ratio image cube. The advantages of this
technique are both that spectral analysis after ratioing is much more
straightforward and that all spectra from the same cube are ratioed to
the same reference spectrum, so spectrum-to-spectrum differences rep-
resents real spectral variability.

All spectra presented in this study were ratioed against an average of
all spectra with spectral parameters indicating no major absorption
bands due to primary and secondary minerals, which we term a “mineral
mask”. We also evaluated an alternative mask, a “dust mask”, which is
an average of all spectra with parameters indicating significant dust as
well as low carbonate band depths. Spectral parameters used to create
each mask are listed in Table S1, and comparisons of ratio spectra pro-
duced using each mask are shown in Fig. S1. The dust mask tends to
more effectively preserve the spectral shape of broad iron bands in mafic
minerals, especially at short wavelengths. However, the mineral mask
more effectively enhances narrow alteration bands, especially weak
carbonate bands at 2.5 pm, so for this study we utilize the “mineral
mask” method. These differences between the ratio methods are more
apparent in higher resolution FRT images than lower resolution HRL
images, most likely due to the greater diversity of surface types covered
in the larger HRL images. All CRISM spectra shown are 6 x 6 pixel av-
erages. Some spectra retain residual atmospheric bands after atmo-
spheric suppression in the MTRDR pipeline and ratioing, these are
apparent based on a sharp triplet around 2 pm.

Five key CRISM observations were used for detailed spectral analysis
of Jezero crater (FRT000047A3, FRTO0005CSE, FRT00005850,
FRT0001182A, HRLOOOO40FF). An additional two images were
analyzed in the NE Syrtis area (FRT0001642E and FRT00017103) to
compare the spectral properties of carbonates in the two locations.
Where possible, spectra from similar locations in overlapping cubes
were compared to evaluate image-to-image consistency. While we found
that the position of absorption bands and their relative variations in
depth between locations did not change between images, their absolute
depth can vary significantly. For example, while the Light-toned Floor
does not appear to exhibit clear carbonate absorptions in FRTO0005C5E,
it does exhibit clear carbonate absorptions in FRT000047A3.
FRT000047A3 generally has better spectral contrast than the other im-
ages, possibly due to lower detector temperatures or lower atmospheric
opacity. For this reason, FRT000047A3 served as our reference image
for building parameter mosaics as discussed above.

4. Overview of spectral diversity in Jezero
4.1. Mineralogy of the carbonate units

Based on our CRISM parameter maps shown in Figs. 3, 4, 6, and 8, we
find that the carbonate units within Jezero are more spectrally variable
than previously reported. All of the carbonate-bearing units typically
exhibit carbonate bands near 2.31 and 2.51 pm, hydration bands at
1.93 pm, and one or more mafic components indicated by the strong red
spectral slope between 1.0 and 1.8 um and an additional band or
shoulder at ~1.3 pm. However, the relative strengths of these parame-
ters vary both within and between the units. As all of these spectral
signatures appear to vary at least somewhat independently, we hy-
pothesize that they are largely due to different phases in the overall
assemblage. Fig. 3a shows the “Carbonate” RGB CRISM map, in which
all colored areas correspond to the units that typically exhibit carbonate
and/or olivine signatures, but the variation in color indicates spectral
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variability within the olivine-carbonates. Some of this variability is due
to variation in the strength of the carbonate band at ~2.5 ym (white,
cyan, and blue indicate strong carbonate signatures), but the rest is due
to variation in the mafic signatures.

Spectral analysis confirms that there are significant variations in the
0.7-1.8 pm mafic signature of the carbonates. The Mottled Terrain,
Light-toned Floor, and most olivine-rich dunes in the area exhibit broad
and rounded bands that extend out to nearly 2 pm (e.g., spectra 1-4 in
Fig. 3c; spectrum 3 in Fig. 6¢), but some dunes and many of the car-
bonates exhibit a much more square band with an apparent shoulder or
band near 1.3 pm (e.g., spectrum 5 in Fig. 3c¢; spectrum 1 in Fig. 6c).
These squared bands are most commonly identified in sediments on or
proximal to the Marginal Carbonates. In addition, some spectra in the
Marginal Carbonates with strong carbonate signatures exhibit a much
weaker rounded mafic band centered at 1.3 pm (e.g., spectrum 6 in
Fig. 3c).

Representative laboratory spectra of relevant minerals are shown for
comparison in Fig. 2. The square spectral shape in the Marginal Car-
bonates could be consistent with either Fe-rich or coarse-grained olivine
(e.g., King and Ridley, 1987; Fig. 2¢), but TES models are more consis-
tent with a Mg-rich composition in this area (~Foso_y5; Koeppen and
Hamilton, 2008), suggesting that a coarse grain size is more likely. Fe-
substitution in plagioclase feldspar can also cause a weak ~1.3 pm
band (e.g., Adams and Goullaud, 1978), and may help to flatten and
square off the olivine band (e.g., forsterite/anorthite in a lunar trocto-
lite, Fig. 2¢). Finally, the strong ~1.3 um shoulder could also be related
to iron in the carbonates, as even minor Fe-substitution (>0.01 wt%) in
various carbonates, including Mg-carbonates, commonly causes a strong
band around 1.3 pm (Fig. 2b; Gaffey, 1987). The more rounded and
strong mafic absorptions of the Light-toned Floor, Mottled Terrain, and
sandy areas could be due to either a smaller olivine grain size or a lack of
one of these other phases. The weaker mafic absorptions near 1.3 pm in
some areas of the Marginal Carbonates (e.g., spectrum 6 in Fig. 3c) is
consistent with Fe-substitution in either carbonate or plagioclase, but
given the strong 2.3 and 2.5 pm carbonate bands in these areas, is more
likely to be due to Fe-substitution in carbonate.

The degree of hydration inferred from the depth of the 1.9 ym hy-
dration band varies across the carbonates, as shown in Fig. 4. Previous
studies have attributed this hydration to mixing with phyllosilicates,
another distinct hydrated phase, or hydrated carbonates (Ehlmann et al.,
2008a). A variety of hydrous carbonates exist, and the degree of hy-
dration can strongly influence their spectral properties (e.g., Calvin
et al., 1994; Harner and Gilmore, 2015). Hydromagnesite, artinite,
nesquehonite, and dypingite are distinct Mg-carbonate phases that
include OH as well as HyO in their crystal structure at various ratios.
Because of this structural change, these phases exhibit distinct spectral
properties compared to magnesite (Calvin et al., 1994; Harner and Gil-
more, 2015). Hydromagnesite is the most stable of these phases and thus
also the most common in terrestrial settings (e.g., Konigsberger et al.,
1999; Russell et al., 1999). Hydromagnesite exhibits sharp OH bands at
0.96 and 1.4 pm, which are superposed on broader H,O bands at 1.44
and 1.96 pm. The carbonate 2.3 pm band is replaced in hydromagnesite
by a shallow triplet at 2.26, 2.32, and 2.43 pm and another shallow band
at 2.53 ym. Hydrated magnesites are also found in natural settings, and
are spectrally similar to magnesite, but with added hydration bands near
1.4-1.5 and 1.9-2.0 pm (Fig. 2b). These bands have been attributed to
mixing with minor hydromagnesite (Hunt and Salisbury, 1971) or to
hydration from fluid inclusions (Crowley, 1986). Many hydrated mag-
nesites exhibit a sharp 1.9 pm band, while some natural samples exhibit
a rounded band closer to 2.0 ym (Fig. 2b). This 2.0 pm band shifts to
1.9 pm upon dehydration in the laboratory, suggesting that the 2.0 pm
band indicates greater water content (Fig. 2b). These hydrated magne-
sites may have formed from dehydration and/or recrystallization of
phases like hydromagnesite.

We have identified several locations in the southern reaches of the
Marginal Carbonates that exhibit clear and strong carbonate signatures
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and weak mafic signatures, suggesting concentrated carbonates with
less olivine. These carbonate-dominated spectra are still hydrated,
suggesting that the carbonates themselves are hydrated, at least in this
location. The hydration band occurs as a rounded band centered at
longer wavelengths near 2.0 pm (spectrum 6 in Fig. 3c; see also Fig. 19),
which is consistent with either hydrated magnesite or a magnesite-
hydromagnesite mixture (Fig. 2b). However, this weak 2.0 pm band is
only detectable because the spectra do not exhibit a sharp 1.9 pm band.
Elsewhere, this 2.0 ym band may be present but obscured by more
common 1.9 pm hydration bands. Thus, the variability in hydration
signatures in the carbonate units may be related to hydration state of the
carbonates themselves as well as the presence of other hydrated
minerals.

The presence of other hydrated phases in the carbonate-bearing
terrains is supported by the observation that the hydration band
strength appears to vary independently of carbonate band strength, as
indicated by the diversity in the “hydration” RGB shown in Fig. 4. The
Mottled Terrain in Jezero, in particular, exhibits strong hydration bands
and weak carbonate bands relative to the other units. We have identified
at least one location in a possible delta remnant where only strong hy-
dration bands are present without clays or carbonates (spectrum 1 in
Fig. 4c), but it is unclear if this is the same hydrated phase as in the
carbonates. Other hydrated phases like phyllosilicates could be present,
which could potentially be identified by other diagnostic bands in the
2.0-2.5 pm region. Al-phyllosilicate and hydrated silica exhibit bands
near 2.20-2.22 pm, but these are not clearly present in the carbonate-

Table 1

RGB composites of spectral parameters (defined by Viviano-Beck et al., 2014)
used in this study to evaluate spectral differences between carbonate units and
related deposits.

RGB Map Red/Green/Blue

Channels

Purpose Interpretation of
relative mineral

assemblage

Red: olivine. Green
to blue: carbonates.
Purple: low-calcium
pyroxene. Brown:
mafic floor.

Red: olivine. Cyan/
blue: strong
carbonates, weaker
olivine. Yellow/
white: strong
carbonates and strong
olivine. Green:
relatively olivine-poor
with other Fe-bearing
phases (e.g., clays/
carbonates).

White: hydration
with carbonates.
Magenta: weak or no
hydration with
carbonates. Green:
hydration with weak
carbonates or other
phases like Al-clays
and silica. Yellow/
orange: Fe/Mg-clays.
Red/Yellow: Fe/Mg-
smectites or
carbonates. Green:
Al-clays. Cyan: silica
or Al-clays. Blue: opal
or hydrated silica.
Red: olivine and
mafic component of
carbonates. Green:
Low- calcium
pyroxene. Blue: High-
calcium pyroxene.

Correlating
maps to
surface
features

False Color
(Figure 1a)

R2529 / R1506 /
R1080

Variability
within the
carbonate

BD1300 /
BDI1000IR /
MIN_2295_2480

Carbonates
(Figure 3)
units

D2300 /
BD1900_2 /
MIN_2295_2480

Hydration
with clays or
carbonates

Hydration
(Figure 4)

Al/Si vs. Fe/
Mg alteration
minerals

D2300 / D2200 /
MIN2250

Phyllosilicates
(Figure 8)

BD1300 /
LCPINDEX/
HCPINDEX

Primary mafic

Mafic (Figure 6) .
minerals
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bearing terrains. Fe/Mg-phyllosilicates exhibit bands near 2.30 pm,
but identifying Fe/Mg-phyllosilicates in mixtures with carbonates is
challenging, as this band overlaps with the strong carbonate band near
2.3 um (e.g., Bishop et al., 2013). However, local occurrences of spectra
consistent with the Mg-phyllosilicates serpentine and talc/saponite have
been identified in CRISM spectra in a few locations within the regional
olivine-carbonate unit, both on the plains surrounding Jezero and in the
Nili Fossae region to the northwest (Ehlmann et al., 2009, 2010; Viviano
et al., 2013; Amador et al., 2018). Thus, Fe/Mg-phyllosilicates are a
likely contender for the cause of the hydration in the carbonate-bearing
terrains (Goudge et al., 2015), but it is unclear based on previous work
whether or not any of these phases may be present within the Jezero
carbonates.

The presence of Fe/Mg-phyllosilicates could potentially be detected
based on their effect on the position of the carbonate bands. The car-
bonate bands in Jezero are predominantly centered between 2.307 and
2.310 and 2.515-2.520 pm - slightly off from the typical band centers
for magnesite, which are reported as 2.298-2.300 and 2.497-2.500 pm
(Gaffey, 1987). This shift in band center could represent a shift toward
another carbonate composition through cation substitution, such as
Ca—Mg carbonate (dolomite), which has bands centered at 2.320 and
2.515pm (Fig. 2b). Alternatively, Mg-phyllosilicates like smectite,
serpentine, talc, and saponite could also produce this shift. In particular,
serpentine exhibits bands near 2.325 and 2.510 pm that could be shifting
the carbonate bands to longer wavelengths. We conducted a search for
serpentine bands in Jezero based on the presence of other bands that
serpentine often exhibits at 2.12 and 2.38 pm (Fig. 2a). Weak bands at
these positions are present in a small number of spectra, and these
appear to be strongest in the Marginal Carbonates near the western delta
inlet (e.g., spectra 2 and 3 in Fig. 4). However, these detections are weak
and not clearly resolved, and while these bands are present in the vast
majority of serpentine lab spectra, they exhibit variable strengths and
may not always be good indicators of the presence of serpentine (e.g.,
Ehlmann et al., 2010). Thus, whether or not serpentine is present in
Jezero remains unclear.

The Fe/Mg-phyllosilicate that may be more likely to be mixed with
the carbonates in significant abundance is Fe/Mg-smectites. Fe/Mg-
smectites outside of the carbonate-bearing terrains are recognized by a
band near 2.31 pm and no ~2.5 pm band, where a 2.31 ym band center
is consistent with Mg-rich smectites (Fe/Mg < 0.5; Michalski et al.,
2015). These signatures are present in the western delta and in the
basement exposed in the rim as reported previously (Goudge et al.,
2015, 2017), but are also present in the northern fans and in portions of
the Mottled Terrain. Fe/Mg-smectites may be present elsewhere as well.
The position of the 2.31 pm band in the carbonates in Jezero is indis-
tinguishable from the same band in the Fe/Mg-smectites in the western
delta and crater rim. Because of this similarity, smectites can only be
conclusively identified by the absence of a 2.5 pm carbonate band. Thus,
in many locations, weak smectite signatures could be mistaken for weak
carbonate signatures, or vice versa.

Some information on the relative variations in carbonate vs. smectite
spectral signatures may be gleaned from comparing the depths of the 2.3
and 2.5 pm bands. Carbonates tend to exhibit stronger 2.5 pm bands
than 2.3 pm bands, and this is especially true for Mg-rich carbonates
(Fig. 2b). Adding Fe/Mg-smectite to a carbonate makes the 2.3 pm band
as strong or stronger than the 2.5 pm band (Bishop et al., 2013). Fig. 5
shows the ratio (1 +D2300)/(1 +BD2500) mapped over the western
crater. This ratio is similar to a direct band depth ratio but allows for
negative parameter values that occur in the refined spectral parameters.
This map demonstrates that there are systematic variations in the rela-
tive strength of these bands in Jezero, likely indicating variations in the
relative abundance of Fe/Mg-phyllosilicates and Mg-carbonates be-
tween the different units.

Based on these spectral observations, the mineral assemblage in the
Jezero carbonates is consistent with some combination of magnesite or
hydromagnesite with some Ca-substitution, Mg-rich smectites, Mg-rich
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Fig. 2. Laboratory endmember spectra representing the possible spectral diversity in Jezero crater for (a) phyllosilicates and silica, (b) carbonates, and (c) primary
mafic minerals. In some cases, spectra have been smoothed with a boxcar smoothing algorithm (width of 3 channels), and the original spectra are shown as thin gray
lines. Vertical lines at 0.92, 1.05, 1.93, 2.21, 2.31, and 2.515 pm indicate the typical absorption band positions in CRISM spectra of Jezero. Spectra are from the USGS
Spectral Library (Clark et al., 2007), except starred samples, which are from the RELAB Spectral Library (Pieters, 1983).

olivine, and perhaps minor serpentine, in potentially highly variable
relative abundances.

4.2. Mafic mineralogy of Jezero

The clearest correlation between spectral properties and geologic
units in Jezero is provided by mafic mineralogy, as determined based on
the position and shape of broad bands due to iron near 1 and 2 pm
(Fig. 2c; e.g., Adams, 1968; Cloutis and Gaffey, 1991; Horgan et al.,
2014). Even where carbonate and clay signatures are weak, there are
clear differences in mafic mineralogy (Fig. 6). The rim and associated
knobs of rim material in the marginal regions exhibit strong low-Ca
pyroxene (LCP) signatures consistent with the regional basement unit,
as do much of the western delta and northeastern fan. In contrast, the
carbonate units exhibit strong olivine signatures (and/or signatures due
to minerals that are spectrally similar to olivine, like Fe-bearing car-
bonate), and these olivine-like signatures are also found in both of the
northern fans. However, the delta/fans all exhibit significant variability,
as detailed in the next section. Finally, the Mafic Floor itself appears to
be enriched in high-Ca pyroxene (HCP), although the underlying
mineralogy is difficult to constrain, as the Mafic Floor is frequently
obscured by bedforms and surficial mantles.

Bedforms in the crater have diverse compositions, indicating many
sediment sources and/or sorting during transport. On the Light-toned
Floor, all bedforms are enriched in olivine, whereas bedforms and
sediment mantles covering many areas on the Mafic Floor are enriched
in LCP, most likely sourced from the delta and fans. Elsewhere, including
on much of the Mafic Floor and on some areas of the Mottled Terrain and
northeastern fan, bedforms often exhibit HCP spectral signatures, most
likely indicating a source in the Mafic Floor, or perhaps the HCP-bearing
terrains on the plateau outside of the crater (e.g., spectrum 4 in Fig. 6).
These terrains may correspond to previously unidentified occurrences of
the HCP-bearing “Pitted Capping Unit” mapped farther to the west by
Goudge et al. (2015).

4.3. Mineralogy of the delta and fans

The three fan/delta features in Jezero all exhibit distinct spectral
signatures, as shown in Fig. 7. The western delta is the most complex,
and exhibits clear regions enriched in different primary and secondary
minerals. The majority of the channel deposits mapped by Goudge et al.
(2018) are dominated by LCP and Fe/Mg-smectite signatures in CRISM
(spectra 3/4 in Fig. 7¢), and all of the curvilinear regions interpreted as
point bar deposits are dominated by olivine and carbonate signatures.
Areas where this correlation does not hold are mapped as channel de-
posits but exhibit olivine/carbonate signatures; however, these areas
appear to be logical extensions of the mapped point bar deposits with
more muted surface expressions. We have noted an additional LCP-
bearing unit that appears to underlie the olivine/carbonate-bearing
point bar deposits at the northwestern margins of the delta (Fig. 7e),
which correspond to foreset/bottomset strata mapped in Goudge et al.
(2017).

The northwestern fan is dominated by olivine and strong carbonate
signatures (spectra 9/10, Fig. 7d), with LCP and weak Fe/Mg-smectite
detections limited to light-toned knobs around the eastern margin
(spectrum 1, Fig. 7c). The northeastern fan exhibits large areas of both
olivine and LCP signatures, but in general, smectite bands are weak or
not present (spectrum 2, Fig. 7c). The overall weaker signatures on the
northeastern fan may be due to both significant erosion and mantling by
surface sediment. Supporting this interpretation, the smoother olivine-
bearing eastern portion of the northeastern fan does exhibit carbonate
signatures where it is not mantled by LCP-bearing bedforms. These
olivine/carbonate-bearing units on both fans appear to overlie the LCP-
bearing portions of the fans. This mineral stratigraphy is similar to the
stratigraphic relationship observed in parts of the western delta, where
the olivine/carbonate-bearing point bar facies overlie LCP/smectite-
bearing layers (Fig. 7e). The relationship between the mineral stratig-
raphies in delta and fans is not well-constrained, except that the farthest
margin of the topmost, LCP-bearing inverted channel facies of the
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western delta may overlie the olivine/carbonate-bearing unit on the
northwestern fan, as shown in Fig. 7e.

We also report new detections of possible silica or Al-clay bands
within the delta, northern fans, and proximal terrains, based on ~2.2 pm
shoulders on the 2.3 ym carbonate/smectite band, as shown in Fig. 8.
The additional absorption is correlated with geomorphic features, sug-
gesting that it is due to real spectral variability. This band tends to occur
along with olivine/carbonate signatures in the delta and fans, including
in several exposures of the western delta point bar facies (Fig. 8b). This
band could be due to silica, which exhibits a broad doublet at 2.21/
2.25 pm (Langer and Florke, 1974; Rice et al., 2013), Al-substitution in
Fe/Mg-smectites, which produces a broad shoulder near 2.23-2.24 pm
(Bristow et al., 2018), or Al-clays, which exhibit a narrower band at
2.21 pm (Bishop et al., 2002; Cuadros and Michalski, 2013). However, a
definitive identification is challenging when mixed with carbonate.

5. Properties of the carbonate units

All of the carbonate units exhibit a grossly similar morphology
characterized by a rough surface texture, often with craters, and a light
tone compared to other regional bedrock. Because of this similarity,
most of the carbonate-bearing terrain was grouped into the Mottled
Terrain in previous studies at CTX-scales (Goudge et al., 2015). This
grouping is supported by their strong spectral similarity in CRISM data,
including the mafic, hydration, and carbonate absorptions discussed
above. However, there are HiRISE-scale variations in texture between
and within units that correlate with spectral variability, as summarized
in Fig. 9.

5.1. Mottled terrain: textures

Both within and to the north and west of Jezero, the Mottled Terrain
unit is primarily characterized by an erosional texture of numerous
small (tens to hundreds of meters) linear ridges, often with a northeast/
southwest orientation (Fig. 10a/b). These ridges are responsible for the
mottled appearance at CTX scales (and thus the name of the unit). In the
plains to the west of Jezero, the Mottled Terrain exhibits some linear
features that follow this same northeast/southwest orientation
(Fig. 10c), but if these are equivalent to the ridges in and around Jezero,
they have undergone much more erosion. At finer scales, the Mottled
Terrain is generally fractured with a highly variable texture. In some
areas, the surface is relatively smooth with fractures traceable for hun-
dreds of meters, or the surface exhibits smaller-scale polygonal or
“honeycomb” fracture patterns, or the surface is dominated by a rubbly
texture. The Mottled Terrain also includes rings of rough, raised
topography surrounding knobs of crater wall material in the south-
western portion of the crater. In general, the Mottled Terrain appears to
be a broad and textural properties exhibited by the Fractured Unit could
help determine which other “catch-all” map designation for a variety of
surface textures and expressions, and may include multiple geologic
units that are difficult to distinguish clearly, even at higher resolutions.
There does not appear to be any clear correlation between Mottled
Terrain morphology and whether it is inside or outside Jezero crater.
The sub-unit designations from Goudge et al. (2015) are generally un-
clear at HiRISE scale, and some may be misleadingly named (e.g. some
“dusty Mottled Terrain” areas are clean exposures of bedrock with high
thermal inertia, inconsistent with dust cover).

The Mottled Terrain may be stratigraphically equivalent to the
Fractured Unit, the olivine/carbonate unit in the plains to the south of
Jezero, in the vicinity of the candidate NE Syrtis landing site (Bramble
et al., 2017). Bramble et al. (2017) described the Fractured Unit as
exhibiting a corrugated surface texture of light-toned, fractured blocks
surrounded by dark-toned material in HiRISE images - similar to the
general description that could be used to describe virtually all of the
carbonate-bearing terrains both within and beyond Jezero.

In a survey of the textural characteristics of the Fractured Unit across
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the NE Syrtis region in HiRISE images, we observe that the unit is highly
variable and generally less morphologically distinctive than the Mottled
Terrain. In some locations, the Fractured Unit does exhibit the charac-
teristic ridges of the Mottled Terrain, but only in isolated occurrences a
few hundred meters wide (e.g., Fig. 11 location 2). In other isolated
locations, the Fractured Unit exhibits distinct rectilinear to sub-
polygonal fracture patterns, with the fractures visible as darker-toned
than the surrounding outcrop (possibly because fractures are recessive
and shadowed and/or have been filled by darker sands; Fig. 11 location
6). Occasionally, these fractures are visible in raised relief as “boxwork”
patterns of ridges, which have been interpreted elsewhere on Mars as
forming via mineralization during fluid flow through the fractures
(Siebach and Grotzinger, 2014; Fig. 11 location 3). The most prevalent
texture of the Fractured Unit in NE Syrtis, however, is less distinct, with
patchy outcrops of fractured, light-toned rock visible beneath various
amounts of darker-toned mantles and aeolian bedforms (Fig. 11 location
4).

5.2. Mottled terrain: spectral signatures

The spectral properties of the Mottled Terrain are as variable as its
textural properties, as demonstrated by the heterogeneity of the Mottled
Terrain that mantles the northern portion of the crater, as shown in the
maps in Fig. 12b-c. The main spectral characteristic of the Mottled
Terrain in this area is strong hydration bands, as shown by the strong
green color in Fig. 4, often along with weaker carbonate and olivine
bands than other carbonate units. However, some locations do not
exhibit carbonate bands and instead exhibit only 2.3 pm bands with no
2.5 pm bands, consistent with Fe/Mg-smectite (spectrum 6 in Fig. 12d).
Indeed, the relative strength of smectite relative to carbonate appears to
be generally higher throughout most of the northern Mottled Terrain
away from the fans, based on the relative band depth of their 2.3 and
2.5pm bands, as shown in Fig. 5 and discussed in Section 4.1. Both
smectite and carbonate spectral signatures are strongest around the
margin of the northern Mottled Terrain (large yellow/orange arc at the
location of spectrum 1 in Fig. 12d).

On the plains just outside of Jezero to the northwest, the Mottled
Terrain exhibits stronger and generally more consistent spectral signa-
tures compared to the Mottled Terrain in the interior (spectra 7-9 in
Fig. 12d): moderate mafic signatures, variable but typically strong hy-
dration bands, and moderate carbonate signatures. Compared to the
interior, the 2.3 ym band is somewhat weaker than the 2.5pm band
(visible in the upper left of Fig. 5), more consistent with carbonate and
perhaps minor Fe/Mg-smectite (or another Fe/Mg-phyllosilicate).

Beyond the crater, only one CRISM MTRDR image currently exists
that includes the Mottled Terrain, located upstream along the main
drainage valley of the western inlet watershed (Fig. 13). Within this
area, the Mottled Terrain is spectrally similar to the plains just beyond
the rim of Jezero, with clear carbonate bands and limited evidence for
Fe/Mg-smectite, but also clear and sharp hydration bands (Fig. 13;
Goudge et al., 2015). Mafic signatures are quite variable, which is also a
common characteristic of the Mottled Terrain in many locations both
within and beyond Jezero. While the Mottled Terrain beyond the crater
does exhibit scattered small areas with clear smectite detections (e.g.,
spectrum 5 in Fig. 13), these are associated with uplifted knobs, pre-
sumably of basement materials, or mantles within fields of secondary
craters consistent with impact ejecta from the large nearby crater.

In CRISM observations, the Fractured Unit to the south of Jezero
exhibits strong hydration bands, moderate to strong mafic signatures,
and variably strong carbonate bands (Fig. 11a-b). Some areas within the
Fractured Unit exhibit ~2.2 pm shoulders on the 2.3 pm carbonate band,
suggesting the presence of Al-clays or silica (e.g., spectra 2 and 5 in
Fig. 11). However, neither the Mottled Terrain or Fractured Unit outside
of Jezero exhibit the smectite and mixed smectite/carbonate signatures
found in the Mottled Terrain in the northern interior of Jezero, nor do
other areas of Mottled Terrain covered by CRISM in the southwest,
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southeast, or eastern portions of the crater. This suggests that these
smectite exposures are unique to the northern interior of Jezero.

To summarize, the regional olivine/carbonate-bearing terrains of the
Mottled Terrain and Fractured Unit outside of Jezero crater tend to
exhibit moderate carbonate bands with limited evidence for Fe/Mg-
smectite, variable but strong hydration signatures, and variable mafic
signatures. This is in contrast to the Mottled Terrain in the northern
interior of Jezero, which in exhibits weak mafic bands and is more
strongly dominated by smectite instead of carbonate.

5.3. Light-toned floor

The Light-toned Floor generally lacks the larger ridges and fractures
characteristic of the Mottled Terrain. The Light-toned Floor often has a
characteristic “pock-marked” texture but elsewhere is smoother
(Fig. 14). Morphologically, the boundary between the Light-toned Floor
and the Mottled Terrain is often unclear, though in some cases a possible
textural contact can be identified (see Fig. 18d). In some areas, such as
the northern portion of the crater, the Light-toned Floor does exhibit
faint ridges similar to those observed in the neighboring Mottled
Terrain. Spectrally, the Light-toned Floor exhibits strong olivine signa-
tures that correlate with aeolian cover (Fig. 15), supporting the hy-
pothesis that the olivine-bearing sand is sourced from the Light-toned
Floor itself (Ehlmann et al., 2008b; Goudge et al., 2015). The 2.3 and
2.5 pm carbonate bands are generally weak in the Light-toned Floor
(even in locations with strong hydration bands, e.g., spectrum 7 in
Fig. 15). Typically the 2.3 ym band is as strong or stronger than the
2.5 pm band (Fig. 5), likely indicating significant Fe/Mg-clay content,
much like the Mottled Terrain in the north of Jezero.

5.4. Marginal Carbonates

The “Marginal” Carbonates are differentiated from other carbonate
units in Jezero based on much stronger and clearer carbonate signatures
(Figs. 3 and 5), and the fact that these signatures appear to be restricted
to a narrow strip along the base of the crater wall. Although the most
distinct exposure of the Marginal Carbonates is to the west of the
western delta, outcrops with similar spectra and textures occur all along
the base of the western crater rim (Fig. 3).

Along the western inner crater rim, the Marginal Carbonates are
restricted to elevations between approximately —2420 m and —2260 m
(Fig. 16), where the upper limit corresponds to the break in slope
associated with the crater rim. The lower limit is just below the breach
elevation (—2395 m) for the outlet valley reported by Fassett and Head
(2005), and is also just below the highest elevation measured for
inverted channels on the western delta (approximately —2380m;
Goudge et al., 2018). A few isolated areas to the south that may or may
not be consistent with the Marginal Carbonates fall outside of this range;
however, the lowermost isolated area is within the range of lake levels
based on the minimum elevation of the main body of the western delta.
These isolated occurrences are within and upslope from rough concen-
tric terraces around knobs and buttes of LCP-bearing rim material in the
southwest crater.

Although they were mapped as part of the Mottled Terrain by
Goudge et al. (2015), the Marginal Carbonates lack the characteristic
ridged erosional texture of the Mottled Terrain, appearing smooth at
CTX scale and heavily fractured and blocky at HiRISE scale (Fig. 17),
with a more “rubbly” appearance than most exposures of the Mottled
Terrain. The Marginal Carbonates also lack the “pock-marked” texture
characteristic of the Light-toned Floor. These textural differences are
clearest at the northeastern edge of the Marginal Carbonates (Fig. 16a),
where the edge of the strong carbonate signatures in Figs. 3 and 5 also
corresponds to a textural boundary. Areas to the east of the boundary
exhibit a brighter tone and smoother surface texture than the Marginal
Carbonates, as well as some NE/SW-trending ridges potentially similar
to the Mottled Terrain (Fig. 18c). Thus, this textural and spectral
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boundary may correspond to a boundary between these units. Further
east, this smooth texture transitions into the.

“pockmarked” texture characteristic of the Light-Toned Floor
(Fig. 18d). Lastly, the valley leading to the western delta appears to cut
through the Marginal Carbonates, exposing a light-toned layered unit
that appears to be beneath them (Fig. 17d). Outcrops of the Marginal
Carbonates above this layered outcrop are rubbly with no clear bedding
visible.

The Marginal Carbonates exhibit several spectral characteristics that
are distinct from the other carbonate-bearing terrains within the crater.
First, their carbonate signatures are consistently much stronger and
narrower than either the Mottled Terrain or the Light-toned Floor
(Fig. 3c). While the absolute band depths vary from image to image, and
can vary across images due to local variations in, e.g., atmospheric
opacity, these signatures are strong relative to other terrains in all three
CRISM images that include the Marginal Carbonates (FRTOOO05C5E;
FRT000047A3; HRLOOOO40FF). The stronger band depths in the Mar-
ginal Carbonates could potentially be due to differences in texture and/
or dust cover — for example, while the Marginal Carbonates are rough at
HiRISE scales, they are smooth at CTX/MOLA scales, which could result
in more wind erosion, less dust, and stronger spectral signatures. Grain
size differences between the units could also influence band depth, as
coarser grains tend to result in relatively deeper bands (Pieters, 1983).
However, the Marginal Carbonates also consistently exhibit stronger
2.5 pm bands relative to their 2.3 pm bands compared to other terrains
in Jezero, suggesting a higher carbonate:clay ratio (Fig. 5). This suggests
that there are real mineralogical differences between the Marginal
Carbonates and other carbonate units in the crater.

The strength of the 1.9 pm hydration band also varies significantly
across and locally within the Marginal Carbonates. Some spectra with
strong carbonate signatures in the Marginal Carbonates exhibit strong
1.9 um bands, others do not exhibit a 1.9 pm band at all, and some
instead exhibit a rounded 2.0 pym band consistent with a hydrated
Mg-carbonate or a magnesite-hydromagnesite mixture.

Finally, mafic signatures are also much more variable within the
Marginal Carbonates than other units. The Marginal Carbonates do not
exhibit the broad and rounded olivine absorptions exhibited by the
Light-toned Floor, Mottled Terrain, and Fractured Unit, but spectral
shapes include a squared-off band consistent with coarse olivine (spectra
4 and 7-9 in Fig. 19), or an isolated narrower Fe-band centered at 1.3 pm
consistent with a weaker olivine band, Fe-substitution in carbonates or
plagioclase feldspar (spectra 1-3 in Fig. 19).

The spectral properties of the Marginal Carbonates vary spatially and
appear to correlate with distance from the inlet valley (Fig. 19). These
variations are similar in both CRISM images that cover the extent of the
Marginal Carbonates (FRTO0005C5E; HRLO00040FF), and do not
appear to be correlated with variations in albedo, sand cover, or surface
texture, suggesting that they are due to real variations in mineralogy or
physical properties (abundances, grains sizes, etc.). Proximal to the inlet
valley, the Marginal Carbonates exhibit clear carbonate signatures,
moderate hydration bands, and strong olivine bands (spectra 4/5 in
Fig. 19). Moving to the north, the Marginal Carbonates exhibit some-
what stronger spectral signatures, including clear hydration bands and
more squared-off mafic signatures consistent with coarse-grained
olivine (white in “carbonates” RGB, yellow in “hydration” RGB, and
spectrum 6 in Fig. 19). This area may also be a source of some olivine-
bearing sands, supporting greater abundances of coarse-grained
olivine. To the north, hydration bands become significantly weaker
(magenta in “hydration” RGB, and spectrum 7 in Fig. 19), and aeolian
bedforms are LCP-bearing, suggesting that this area is not a major source
of olivine sands (Fig. 18b). The Marginal Carbonates may include an
arcuate carbonate-bearing region to the northeast along the inner crater
rim, but these areas exhibit much weaker spectral signatures than the
rest of the Marginal Carbonates (spectra 8-9 in Fig. 19).

A clearer spectral trend extends to the south of the inlet valley. While
the 2.5 pm carbonate band maintains similar band depths throughout
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the “southern” Marginal Carbonates, mafic signatures, the 1.9 pm band,
and the 2.3 pm band all rapidly decrease with distance from the inlet
valley. In addition, the shape of the broad mafic band and 1.9 pm band
change, respectively, to a narrower 1.3 pm band and a weaker and
broader 2.0pm band, consistent with hydrated magnesite or a
magnesite-hydromagnesite mixture. The southernmost terrace that is
clearly associated with the Marginal Carbonates exhibits the spectrum
most consistent with hydrated magnesite (spectrum 1 in Fig. 19),
without obscuration by strong olivine, clay, or hydrated spectral sig-
natures, suggesting a relative lack of these phases. Clear hydrated
magnesite spectral signatures without apparent olivine or clay contri-
butions are unique to the southern Marginal Carbonates, and have not
been detected in the other terrains within or beyond the crater.

In summary, the Marginal Carbonates are primarily distinctive
compared to other carbonate-bearing terrains within Jezero because
they occur only within a narrow range of elevations, whereas the
regional carbonate-bearing terrains drape and mantle underlying
topography (Kremer et al., 2019). In addition, the Marginal Carbonates
exhibit much stronger carbonate signatures than elsewhere in the crater,
and strong 2.5 pm bands relative to their 2.3 pm bands that may indicate
more carbonate relative to clay. Finally, the southern Marginal Car-
bonates uniquely exhibit strong carbonate signatures without strong
clay and olivine signatures. More subtle characteristics of the Marginal
Carbonates include their rubbly surface texture, darker tone, and their
spatial variations in spectral properties. However, the spectral and
textural properties alone are less distinctive when placed in the context
of the wide range of textures and spectral properties of the regional
olivine/carbonate-bearing terrains. Thus, it is the correlation of eleva-
tion with the spectral and textural properties of the Marginal Carbonates
that may suggest that they were emplaced and/or modified by processes
distinct from the regional olivine/carbonate-bearing terrains.

6. Constraints on the origin and timing of units in Jezero crater
6.1. Mottled Terrain

The Mottled Terrain unit appears to be the local stratigraphic
equivalent of other widespread olivine-bearing units throughout the
circum-Isidis region, including the NE Syrtis Fractured Unit to the south,
and the Nili Fossae olivine-bearing unit to the northwest (Mustard et al.,
2007, 2009; Ehlmann et al., 2009; Bramble et al., 2017). Thus, given its
large regional extent beyond Jezero, the Mottled Terrain is perhaps the
most enigmatic of the units in this study. Previous hypotheses for the
regional olivine-bearing units include Isidis impact melt, ultramafic lava
flows, and ultramafic tephra (Hamilton et al., 2003; Hoefen et al., 2003;
Hamilton and Christensen, 2005; Mustard et al., 2005, 2007, 2009;
Tornabene et al., 2008; Poulet et al., 2009; Bramble et al., 2017; Kremer
et al., 2018). The timing of the unit places the first key constraint on its
origin, as the unit drapes the highly eroded northern rim of Jezero crater
(e.g., Mustard et al., 2009; Goudge et al., 2015). This suggests that some
significant period of time passed between the Isidis impact and the
emplacement of the Mottled Terrain, in order to allow for the Jezero
impact and erosion of the northern rim. Thus, the Mottled Terrain and
related units are unlikely to be related to the Isidis impact, and a vol-
canic origin is more likely. In particular, ultramafic tephra is the most
consistent with the regional properties of the olivine-bearing units,
including their draping relationship with local topography, significant
topographic extent, and measured thicknesses that appear to decrease
away from Syrtis Major (Kremer et al., 2019).

This scenario may also place constraints on the proposed alteration
processes that lead to carbonate formation in the unit, which have
included surface weathering, surface ponds, low-T groundwater alter-
ation, hydrothermal alteration, and contact metamorphism (Ehlmann
et al., 2008a, 2009; Murchie et al., 2009b; Mustard et al., 2009; Brown
et al., 2010; Ehlmann and Mustard, 2012; Viviano et al., 2013; Edwards
and Ehlmann, 2015; Bramble et al., 2017). While all of these processes
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could have produced the observed alteration assemblage, here we sug-
gest that the distribution of the alteration signature across the region
and topography may be more consistent with top down alteration by
precipitation (rain or snow melt), perhaps even at elevated temperatures
if the alteration occurred while the unit was still hot. Possible terrestrial
analogs for this process are kimberlite lavas and tephras of the Igwisi
Hills in Tanzania, which were altered by rain shortly after emplacement,
and exhibit a low-temperature hydrothermal mineral assemblage
dominated by calcite, olivine, and a serpentine-like mineral, along with
minor smectites (Willcox et al., 2015). In this scenario, local variability
in the strength of alteration could be due to variations in porosity,
drainage, etc., or to later diagenetic processes.

Within Jezero crater, the most extensive outcrops of the Mottled
Terrain are located in the northern crater interior and drape the north-
ern degraded rim; however, this area may have been modified compared
to the regional unit on the plateau. The Mottled Terrain north of the
northern fans exhibits strong hydration bands, weak olivine bands, and
strong clay signatures relative to carbonate (Fig. 5), including areas with
clear Fe/Mg-smectite absorption bands and no clear carbonate signa-
tures (Fig. 12). This is in contrast to both the Fractured Unit to the south
and the Mottled Terrain outside of the crater, which exhibit clear and
consistent carbonate bands along with strong hydration and olivine
(Figs. 11, 12, and 13). The presence of smectites in the Jezero Mottled
Terrain could be due to exposure of underlying basement materials,
either via erosion or impact processes. However, the weak mafic spectral
signature of these areas is more consistent with olivine than LCP, and
LCP is consistently observed in basement exposures in the crater and
surrounding plains. It is also possible that these smectites are due to
local alteration of the Mottled Terrain by subsequent diagenetic fluids or
fluvio-lacustrine activity. Fluvio-lacustrine activity may be consistent
with the fact that these olivine/smectite detections are restricted to this
area of the crater, which is closely associated with the eroded northern
fans.

6.2. Light-toned Floor

Previous studies have suggested that the Light-toned Floor is either a
sub-unit of the Mottled Terrain or a lacustrine deposit likely sourced
from within the Mottled Terrain (Goudge et al., 2015). In support of
these hypotheses, the spectral signatures of the Light-toned Floor
(Fig. 15) are broadly similar to those in the regional olivine-carbonate
units on the plateau (e.g., Fig. 11), with stronger olivine signatures and
weaker carbonate signatures that are probably due to more extensive
coverage by olivine sands. While these spectral signatures are somewhat
distinct from the smectite and weak olivine signatures observed in the
Mottled Terrain within northern Jezero, the lack of a clear stratigraphic
contact between the two units suggest that they may be related. How-
ever, because the Light-toned Floor is a major source of sand (e.g.,
Ehlmann et al., 2008b), it is likely to contain a significant component of
sand sized sediments. We suggest that it is unlikely that the Light-toned
Floor was initially deposited as fluvio-lacustrine sediment, as coarse
grained (sand-sized) detrital sediments would be concentrated near the
fluvial inlet, and not throughout the basin. However, if the lake was at
least transiently dry, aeolian processes could have distributed sand
across the basin. In this scenario, the carbonate in the Light-toned Floor
could have been formed in a playa setting.

Thus, we find that two plausible origins for the Light-toned Floor are
(1) that it formed as an aeolian deposit due to reworking of the Mottled
Terrain, perhaps in association with a playa system, or (2) that it is a sub-
unit of the Mottled Terrain, and formed at the same time as the larger
regional unit. In the latter case, differences between the two sub-units in
Jezero could be due to a variety of factors, including variations in
erosion or diagenesis, or direct airfall deposition of tephra into a lake.
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Fig. 5. Comparison of 2.3 and 2.5 pm band depths. (a) Mapped for CRISM cubes FRT000047A3, FRT00005850, and HRLOOOO40FF, calculated as (1 +D2300)/
(1 +BD2500), stretched from 1.000 to 1.027, and masked to show only D2300 > 0.01. High values of this parameter (red) correspond to 2.3/2.5 pm band depth
ratios in ratio spectra of 2 or more, indicating a stronger 2.3 pm band likely due to more dominant smectite. Low values (purple) correspond to ratio values <1,
indicating a stronger 2.5 pm band due to more dominant carbonate. Similar trends are apparent in Fig. 8. (b) Ratio spectra of selected locations in (a) showing
differences in absolute band depths. (c) Differences in relative band depths are illustrated in continuum removed versions of these spectra, which have been scaled to
have the same 2.3 pm band depth. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

6.3. Marginal Carbonates

Here we discuss three hypotheses for the origin of the materials that
make up the Marginal Carbonates unit: lacustrine, detrital, and non-
lacustrine. In the lacustrine hypothesis, the enhanced carbonate signa-
tures in the Marginal Carbonates are due to carbonate precipitation in
the near-shore environment of the Jezero paleolake. In the detrital hy-
pothesis, the Marginal Carbonates were sourced from the western
watershed, and emplaced in the Jezero paleolake via fluvial deposition.
In this scenario, the carbonate could be entirely detrital, and thus not
geochemically related to the lake waters. In the non-lacustrine hy-
pothesis, the Marginal Carbonates are a sub-unit of the Mottled Terrain,
and the carbonate could be entirely unrelated to any paleolakes that
existed in Jezero. Ultimately, we find that a combination of these pro-
cesses is most consistent with the observed properties of the Marginal
Carbonates.

The hypothesis that the Marginal Carbonates are at least partially
related to near-shore lacustrine processes is based on the observation
that the Marginal Carbonates are restricted to a narrow range of ele-
vations (—2420 to —2260m) that are comparable to the pre-breach
upper stand (—2260 m) and minimum elevation during outlet breach
(—2395m) for a Jezero paleolake reported by Fassett and Head (2005).
This is the zone of elevations in which we would expect shorelines prior
to the breach, during an early closed-basin phase of the lake. One pro-
cess that could produce near-shore carbonate during this phase is
authigenic carbonate precipitation.

As discussed in detail in Section 7, authigenic lacustrine carbonate is
most efficiently deposited in shallow, warm, and agitated waters with
high levels of dissolved ions from weathering in the river catchment, and
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can form along the shoreline in the form of layered structures (e.g.,
stromatolites; Golubic, 1991; Grotzinger and Knoll, 1999), clay to sand-
sized concretions (e.g., ooids; Halley, 1977), cemented sediments (e.g.,
beach rocks; Stoddart and Cann, 1965), and other precipitates (e.g.,
tufas; Capezzuoli et al., 2014). Thus, we would expect authigenic
lacustrine carbonate deposition in Jezero in the shallowest portions of
the lake (the littoral zone) and in proximity to the inlet valley(s). This
prediction is consistent with the overall location of the Marginal Car-
bonates along the western and northwestern inner margin of the crater,
close to both the western and northern inlet valleys, and just below the
highstand for the lake. In particular, we would expect strong carbonate
signatures near the inlet where incoming waters contained the highest
concentration of dissolved solutes, leading to the most authigenic car-
bonate precipitation. This prediction may be consistent with the location
of the strongest carbonate signatures in the central Marginal Carbonates,
just north of the western inlet, suggesting that these signatures could
correspond to areas of at least some lacustrine carbonate deposition. If
concentrations of bicarbonate in the lake were high enough, this could
also produce areas of isolated carbonate precipitation, beyond the re-
gion where detrital materials would be deposited. This prediction may
be consistent with the presence of strong and relatively uncontaminated
carbonate signatures (hydrated magnesite, possibly mixed with hydro-
magnesite) on the far southern extent of the Marginal Carbonates,
making these isolated carbonate-bearing terraces the most likely mar-
ginal lacustrine carbonate deposits in the crater.

The possible detection of relatively isolated hydrated magnesite in
the southern Marginal Carbonates is also mineralogically consistent
with a lacustrine origin. Hydrated Mg-carbonate minerals form in
abundance during evaporation of Mg-rich waters with high Mg:Ca ratios
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(Miiller et al., 1972), which typically occur in mafic terrains with
abundant Mg. Hydromagnesite is a common mineral along the evapo-
rative margins of Mg-rich alkaline lakes (Miiller et al., 1972; Walter
et al., 1973; Braithwate and Zedef, 1994) and is also found along with
other hydrated magnesites in playas fed by Mg-rich groundwater (Vance
et al,, 1992; Renaut, 1993; Power et al., 2014). However, hydro-
magnesite does not specifically indicate deposition a lake, as it also
forms due to weathering of serpentine-rich outcrops and mine tailings
(e.g. Wilson et al., 2009, 2011; Bea et al., 2012) and in speleothems in
caves (Fishbeck and Miiller, 1971; Canaveras et al., 1999). Hydrated Mg-
carbonate minerals like hydromagnesite are metastable and transform to
magnesite due to high temperatures, dehydration, and diagenesis
(Miiller et al., 1972; Hanchen et al., 2008; Spotl and Burns, 1994; Zedef
et al., 2000). Thus, it is unlikely that hydromagnesite itself would persist
over geologic timescales, so one possible origin for concentrated hy-
drated magnesite or magnesite-hydromagnesite mixtures in the Mar-
ginal Carbonates is dehydration or diagenesis of pre-existing
hydromagnesite.

We suggest that all of these properties together make it plausible that
the Marginal Carbonates were influenced in some way by near-shore
authigenic carbonate precipitation. This would have occurred during
the lacustrine phase when the lake was deepest, most likely in a closed
basin prior to formation of the outlet valley. A closed (endorheic) basin
at the time of deposition may have helped achieve and maintain the high
levels of alkalinity required for carbonate deposition.

Authigenic lacustrine carbonate precipitation cannot explain the
origin of all materials in the Marginal Carbonates, however, as the bulk
of the unit is composed of a mixture of olivine, a hydrated phase, and
carbonates that cannot all have formed through lacustrine processes.
Thus, carbonate precipitation could have occurred either at the same
time or long after the bulk of the material in the Marginal Carbonates
was deposited. One possibility is that the Marginal Carbonates were
deposited as part of the regional olivine/carbonate unit, and then later
experienced additional carbonate precipitation from nearshore lake
waters. This could occur either because they were deposited into a pre-
existing lake or were later submerged by rising lake levels. However, the
Marginal Carbonates could also have been deposited as fluvial sediments
and lacustrine precipitates in a near-shore environment. The two origin
scenarios have different predictions for the distribution of other min-
erals within the deposit. If the Marginal Carbonates were deposited as
part of the Mottled Terrain, then olivine, clay, and hydration signatures
should either be consistent throughout the unit, or possibly increase
away from the inlet where alteration and/or carbonate precipitation was
less intense. In contrast, fluvio-lacustrine deposition would produce
stronger signatures closer to the source inlet from detrital materials
derived from the catchment.

While the Marginal Carbonates exhibit relatively strong carbonate
bands all along the western margin, the strength of their hydration and
olivine absorption bands generally decreases with distance from the
western inlet (Fig. 19). The clear decrease in olivine and hydration
signatures to the south of the western inlet may be consistent with
fluvio-lacustrine deposits proximal to the western inlet and decreasing
to the south, leading to a greater relative proportion of lacustrine pre-
cipitates in the southern Marginal Carbonates. In comparison, the
northern Marginal Carbonates exhibit much weaker hydration bands
and slightly weaker carbonate signatures than the proximal deposits, but
still exhibit strong mafic signatures. Thus, the spectral variability in the
northern Marginal Carbonates could also be consistent with decreasing
fluvial deposition away from the western inlet, but the trend is much
weaker than in the south. This could be due to the fact that this north-
western corner of the crater is equidistant from both the western and
northern inlets — if both inlets were active sources of detrital materials,
this would produce a more complex depositional environment in the
intermediate regions.

Farther to the north, in the vicinity of the northern fans, there are
exposures of the Mottled Terrain at elevations comparable to the
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Marginal Carbonates. These areas tend to show very weak carbonate and
stronger clay absorption bands even compared to exposures of the
Mottled Terrain outside of the crater. This could be the result of post-
depositional modification, but if so, under different geochemical con-
ditions than those that produced the Marginal Carbonates. Thus, either
lacustrine modification was restricted to the Marginal Carbonates
because of their location relative to fluvial/solute inputs, or the Mar-
ginal Carbonates were emplaced largely due to secondary transport/
precipitation processes that did not occur or are not preserved in the
northern part of the crater.

Based on these observations, if the Marginal Carbonates are at least
partially lacustrine in origin, we find that the southern Marginal Car-
bonates are most likely to be dominated by lacustrine carbonate pre-
cipitation, and that the central and northern Marginal Carbonates are
consistent with either a combination of fluvial deposition and lacustrine
carbonate precipitation or localized lacustrine modification of pre-
existing Mottled Terrain.

If the Marginal Carbonates are fluvio-lacustrine in origin, they would
have formed in the near-shore environment when lake levels were
highest, prior to the breach. But it is unclear when this occurred relative
to the other fluvio-lacustrine deposits in Jezero. In the Goudge et al.
(2018) scenario of increasing lake depth, the Marginal Carbonates
would be associated with the highest lake levels, and thus could be a
fluvio-lacustrine deposit contemporaneous with the highest elevation
avulsing channel bodies. However, this hypothesis does not explain why
the Marginal Carbonates exhibit a distinctly different primary and sec-
ondary mineral assemblage (olivine/carbonates) compared to the
channel deposits (LCP/smectites). Alternatively, the mineralogy of the
Marginal Carbonates could suggest that the unit formed as a fluvio-
lacustrine deposit during an earlier lacustrine phase, perhaps part of
the lacustrine sequence that formed the olivine/carbonate-bearing point
bar deposits, as discussed in the next section. The Marginal Carbonates
do appear to underlie the LCP-bearing inverted channels and are cut by
the incised valley where it emerges from the western inlet, which is
consistent with this sequence of events.

While we cannot entirely rule out the possibility that the Marginal
Carbonates were formed by other processes and thus are not related to
lacustrine carbonate precipitation, these other processes require signif-
icant assumptions that decrease their likelihood. For example, in the
detrital hypothesis, it is possible that the Marginal Carbonates were
entirely derived from erosion and fluvial transport of the regional
olivine/carbonate unit. A similar detrital origin has been proposed for
the clays and carbonates detected in the western delta (Ehlmann et al.,
2008a, 2008b; Goudge et al., 2015). In this scenario, the compositional
trends that we observe could be due to processes like grain size sorting,
where fine-grained detrital carbonates are concentrated in the most
distal areas to the south. While fluvial deposition alone cannot easily
explain the lateral and topographic distribution of the Marginal Car-
bonates (as compared to the fluvial patterns of the western delta or
northern fans), it is possible that their current expression could have
been created by later processes — for example, by wave erosion along
shorelines.

We also find it unlikely but not impossible that the Marginal Car-
bonates are a sub-unit of the Mottled Terrain or the Light-toned Floor
without any genetic relationship to the lake itself. The main supporting
argument for this hypothesis is that because the morphology and spec-
tral properties of the Mottled Terrain and Fractured Unit are highly
variable throughout the region (Goudge et al., 2015; Bramble et al.,
2017), the Marginal Carbonates could just be a slightly different
expression of this large-scale variability, and thus may not require any
interaction with a lake in Jezero crater. While it is unclear what mech-
anisms in this scenario could have concentrated strong carbonate sig-
natures in the Marginal Carbonates, caused their clear topographic
restriction, and generated their observed spectral trends, these proper-
ties could perhaps be due to more pervasive diagenetic processes along
the inner rim of the crater, e.g., the emergence of carbonate-rich
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Phyllosilicates RGB Map
Red/Yellow: Fe/Mg-clays or carbonates
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Fig. 8. Al/Si-OH and Fe/Mg-smectite spectral signatures in Jezero. (a) Mosaic of “phyllosilicates” RGB composite of select CRISM images. Red/Yellow indicates Fe/
Mg-smectites or carbonates, green indicates Al-clays, and cyan indicates silica or Al-clays. Red indicates Fe/Mg-smectites or Mg-carbonates, cyan indicates silica or
Al-clays, and yellow/white may indicate a mix of carbonates and silica or Al-clay. (b) Zoom to show diversity in the region of the western delta. (c) CRISM spectra
illustrating 2.21 pm shoulder on the 2.31 pm carbonate band, from images FRT47A3 (blue and red spectra) and FRT5C5E (green spectra) at numbered locations in
(b). Note that all spectra are acquired on or next to delta or fans. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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groundwater at springs.
6.4. Fluvio-lacustrine deposits

The various facies of the western delta identified by Goudge et al.
(2018) exhibit distinct mineralogies. While previous studies had noticed
a correlation between the facies and alteration minerals (Goudge et al.,
2015, 2017), our results show that there is also a much stronger rela-
tionship between the facies and primary mineralogy (Fig. 7). The point
bar strata consistently exhibit olivine and carbonate, and often also
silica or Al-clay spectral signatures, while the overlying channel deposits
and incised valley consistently exhibit LCP and often Fe/Mg-smectite
spectral signatures. In addition, some stratigraphically lower outcrops
without a facies designation exhibit LCP/smectite spectral signatures.
The northern fans exhibit similar clear compositional units, with
olivine/carbonate-bearing deposits overlying LCP/smectite-bearing de-
posits (Fig. 7e), perhaps similar to the lower two units of the western
delta. Here we evaluate possible origins of these stark compositional
variations within the delta and fans.

The watershed for the western delta includes a variety of units but is
areally dominated by the LCP-bearing basement unit (Goudge et al.,
2015). This unit is highly heterogeneous (clays, megabreccia, sedi-
mentary layers, etc.; e.g., Bramble et al., 2017) and is unlikely to be
dominated by a single grain size, so an average sampling of the water-
shed at any grain size should include significant LCP. LCP is a particu-
larly strong absorber in the VNIR, so even small amounts of LCP tend to
spectrally dominate CRISM spectra (~10-40%; e.g., Horgan et al.,
2014). So we would expect that sediments from across the watershed at
any grain size would exhibit spectra primarily consistent with LCP. This
hypothesis may explain the detection of LCP throughout the inverted
channel facies, as this could actually be consistent with a much more
heterogeneous composition. Given that these are some of the most
recent fluvial deposits and the most recently preserved fluvial network
incises across many different units, these uppermost deposits may
integrate materials from across the watershed. Similar arguments may
apply to some stratigraphically lower outcrops in the western delta,
which are also LCP-dominated.

Based on these arguments, it is unlikely that the basement unit
contributed significantly to the sediments in the olivine/carbonate-
bearing units of the western delta or northern fans, as there is no evi-
dence for LCP in spectra of these units (Fig. 7). One hypothesis to explain
the clear dominance by olivine/carbonate in the point bar facies of the
western delta and the uppermost unit of the northern fans is that these
units correlate with emplacement of the regional olivine/carbonate-
bearing unit. If the fluvial system was active during and/or shortly
after deposition of the regional unit, it is plausible that this unit domi-
nated the watershed for some period of time, and thus also dominated
the corresponding fluvial deposits.

Alternatively, variations in alteration mineralogy across the delta
and fans have previously been attributed to variations in grain size
sorting between the facies (Goudge et al., 2017). In this scenario, dif-
ferences in mineralogy are not due to changes over time in the exposed
lithology of the watershed, but rather due to changes over time and/or
space in flow velocity in the depositional environment. This could help
create the different sedimentary facies observed in the western delta,
and if there was a strong correlation between grain size and composi-
tion, could also cause strong compositional gradients within the depo-
sitional system. This hypothesis was primarily based on the observation
that the strongest Fe/Mg-smectites are located on the margins of the
western delta, while carbonates are detected in the point bar facies in the
interior of the delta (Goudge et al., 2015). This separation in composi-
tion is potentially consistent with concentration of detrital clays in distal
bottomset beds at the base of the delta and coarser-grained carbonate or
carbonate cement in the point bar deposits (Goudge et al., 2017).

Grain size sorting may indeed have strongly influenced the distri-
bution of alteration phases, but we find it less likely that it would have
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produced the observed stark compositional difference in primary
mineralogy between the LCP- and olivine-bearing units in the delta and
fans. The regional olivine/carbonate-bearing unit is a major source of
olivine sand, so it likely contains a significant sand-sized component and
could be strongly segregated by grain size sorting. However, as discussed
above, the basement unit is highly heterogeneous and likely erodes into
a variety of grain sizes. Thus, we would expect LCP to be detected in
virtually any grain size fraction that included the basement unit. For this
reason, we favor a change in watershed lithology over grain size sorting
to explain the observed differences in primary mineralogy within the
fans and deltas.

Also new in this study is the observation that the northern fans
exhibit the same compositional units as the western delta, but lack the
topmost LCP/smectite-bearing unit, which corresponds to the inverted
channel facies in the western delta. This relationship is the same in both
the northwestern and northeastern fans. The northwestern and north-
eastern fans may have been two separate deposits, but the lack of a clear
spectral or morphological boundary between the two suggests that they
may be the remnants of one larger fan or delta. While both fans are too
eroded to clearly preserve deltaic structures, they do exhibit clear
sedimentary structures of either deltaic or alluvial origin (Goudge et al.,
2015). In addition, their location within the crater and association with
the extensive northern fluvial system and watershed mapped by Goudge
et al. (2015) is consistent with fluvio-lacustrine deposits. The origin and
timing of the northern fan complex is much less well constrained than
the western delta, but could be consistent with deltaic or alluvial activity
contemporaneous with the western delta, significantly predating the
western delta, or both.

The only location where a possible stratigraphic relationship be-
tween the western delta and the northern fans may be preserved is at the
end of the farthest lobe of the LCP-bearing inverted channel deposits of
the western delta, which may overlie the uppermost olivine/carbonate-
bearing units of the northern fans (Fig. 7e). If this is true, then the
inverted channel facies likely postdate the preserved portions of the
northern fans. This relationship between the delta and fans also raises
the possibility that the respective olivine/carbonate-bearing units and
lowermost LCP/smectite-bearing units of the western delta were each
formed contemporaneously with their corresponding mineral unit in the
northern fans.

Based on these observations, one possible sequence of events that
could have led to the observed mineral stratigraphies in the delta and
fans is as follows:

First, fluvio-lacustrine activity at Jezero may have begun quite early,
as soon as immediately after the Jezero impact. The extensive erosion of
the northern rim of Jezero could be due to fluvial activity, as proposed to
explain the erosion of the ejecta and rims of many Noachian craters (e.g.,
Mangold et al., 2012). This would require that initial fluvial activity
predated the deposition of the Mottled Terrain, which drapes the eroded
northern rim. In this scenario, we would expect any detrital fluvial
materials to be dominated by the LCP of the basement unit, which is
consistent with the observed mineralogy of the lowest unit of the delta
and northern fans. An important test of this stage of the model is the
relationship between the lower LCP-bearing units of the northern fans
and the Mottled Terrain — if the fans overlie the Mottled Terrain, then
they must have formed after the emplacement of the regional unit, and
may instead be composed of a mixture of materials. This relationship is
unclear based on our observations.

Next, the olivine/carbonate unit was deposited across the region,
and for some time, may have dominated fluvial sediments coming into
Jezero from both watersheds, forming the olivine/carbonate units
within both the delta and northern fans.

Finally, after fluvial and other erosion had removed some of the
regional olivine/ carbonate unit from the surrounding landscape, the
basement unit was once again exposed in the watersheds. At some time
after this point, the inverted channel facies were formed. While these
fluvial deposits are spectrally dominated by LCP, they may be composed
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Fig. 9. Comparison of typical texture of carbonate-bearing units in Jezero. (a) CTX mosaic for context, white lines indicate outline of CRISM mosaic. At HiRISE
scales, (b) the Marginal Carbonates exhibit a rough blocky texture not observed in the other units with variable sand cover, (c) the Light-toned Floor exhibits
pockmarked textures and significant sand cover, and (d) the Mottled Terrain exhibits long ridges and patchy sand cover.

of a mixture of materials. These facies are not observed on the top of the
northern fan, suggesting either that they have been eroded, or that the
northern watershed was not active during this stage of lake activity.

Our model is potentially consistent with the model presented by
Goudge et al. (2015, 2018), in which the delta and fans were formed
during one extended lacustrine phase. Our observations would require
two modifications to this model: (1) that fluvio-lacustrine activity may
have begun somewhat earlier, before emplacement of the olivine/car-
bonate unit, and (2) that an early period of high lake levels must have
occurred to form the Marginal Carbonates, although it is unclear how
sediment input into the basin during this period would be related to the
observed deltaic deposits. Alternatively, our model could also be
consistent with a series of paleolakes, perhaps separated in time by arid
periods with little fluvial activity.

Indeed, one explanation for the remarkable preservation of the
western delta in Jezero is that the uppermost LCP-rich inverted channel
facies are significantly younger that the underlying units, perhaps
because they formed after an extended period without fluvial activity.
The significant erosion of the northern fans relative to the western delta
could also be consistent with this scenario, since if they never experi-
enced this final late phase of fluvial activity, they would have never
developed this younger protective capping unit. Goudge et al. (2015)
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suggested that the northwestern fan underwent more severe erosion
than the western delta due to a mineralogy more dominated by olivine
and carbonates, as opposed to the LCP/smectite assemblage that appears
to gird the margins of the western delta. We find that this hypothesis can
only partially explain the current state of the delta and fans. While the
inverted channels do appear to be more resistant, this may not be
entirely a function of mineralogy, as the northern fans do actually
include extensive LCP-bearing areas in their lower units, and these units
are still highly degraded. Instead, we suggest that either a shorter
exposure age for the deposits and/or their sedimentology (e.g., more
resistant inverted channels) may have been the driving factor behind the
preservation of the western delta.

Lastly, we have also detected Al-clays and/or silica in association
with the delta/fan landforms and their proximal terrains. These signa-
tures are weak or absent throughout the rest of Jezero, but they appear
to be nearly ubiquitous throughout the olivine/carbonate-bearing por-
tions of the western delta and northern fans. Although Al-clays and/or
silica signatures are not apparent in the Mottled Terrain on the plains
outside of Jezero, we have identified similar signatures in some regions
within the Fractured Unit to the south, suggesting that they may be
present elsewhere in the regional olivine-carbonate unit. Thus, these
phases may be detrital, and are present in the delta/fans because they
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Fig. 10. Ridged texture of the Mottled Terrain in HiRISE, where left columns show context in the Goudge et al. (2015) geologic map. (a) Fractured ridges in the
northern interior of the crater. (b) Clear ridges just outside of the crater. (c) Eroded ridge texture in the watershed to the northwest of the crater, with CTX image in

second column for added context.

were concentrated during transport, perhaps due to a smaller average
grain size than the olivine component of the Mottled Terrain.

Alternatively, the ubiquity of silica or Al-clay detections in the delta/
fans and proximal terrains could also support an authigenic origin in the
delta/fans. The strongest detections are associated with features inter-
preted as point bar deposits on the western delta, suggesting either a
sub-aerial or very shallow aqueous environment. If these phases are
authigenic, they could have formed via weathering in the delta surface
environment, which would have important implications for the climate
and duration of activity of the fluvial system. Al-clays detected else-
where on Mars are typically inferred to form either through long-term
pedogenic leaching in a surface environment or through high-
temperature alteration in a hydrothermal system (e.g., Bishop et al.,
2008; Arvidson et al., 2014; Bishop et al., 2018). Al-clays (kaolinite)
have been detected in at least one other proposed lacustrine deposit in
Columbus crater (Wray et al., 2011). Silica is thought to have been
highly mobile on ancient Mars (Mclennan, 2003), and silica detections
have been reported across a wide range of geologic contexts on Mars (e.
g., Ehlmann and Edwards, 2014; Sun and Milliken, 2018), including
within deltaic deposits in Eberswalde crater (Poulet et al., 2014). In
surface weathering environments on mafic terrains, enhanced silica
deposition could be a sign of short-lived cold climate weathering by
snow or ice melt (Rutledge et al., 2018). In either case, this suggests that
the Al-clay or silica of the western delta could be a unique record of
surface-atmosphere interactions.
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6.5. Mafic Floor

The Mafic Floor has been hypothesized to be volcanic in origin,
potentially a lava flow from an unknown source (Goudge et al., 2015).
The physical characteristics of the Mafic Floor are mostly consistent with
this hypothesis, including layered lobate margins and apparent
embaying relationships with the topographically highest portions
(kipukas) of the Light-toned Floor (Ruff, 2017). The major argument
against this hypothesis is that the Mafic Floor is highly topographically
variable over large scales, and does not create an obvious flow surface.
In addition, some textural properties of the Mafic Floor (e.g., crater
morphology and preservation, erosional properties, lobate margins) are
similar to dark capping units on the crater rim and surrounding plains
(Sun and Stack, 2019).

Spectrally, the Mafic Floor is dominated by signatures that appear to
be the result of significant sediment cover, including a clear olivine-
enriched wind streak extending across the unit from the Light-toned
Floor exposure near the western delta, and LCP-enriched sediments
that appear to originate on the western delta and delta remnants.
Outside of these clear spectral zones, the Mafic Floor exhibits weak HCP
signatures. The HCP is most likely derived from the Mafic Floor itself, as
the only other unit in the region with this composition is the dark
capping unit scattered across the surrounding plains (e.g., spectrum 4 in
Fig. 6; Goudge et al., 2015), but no occurrences of this unit have been
mapped within Jezero.
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Fig. 11. CRISM spectra and HiRISE textures of the carbonate-bearing Fractured Unit in the NE Syrtis area south of Jezero. (a) Representative spectra showing mafic,
hydration, and carbonate bands, as well as some 2.2 pm shoulders; from locations indicated on (b) “Carbonates” RGB composite of CRISM images FRT0001642E and
FRT00017103, with local stretch applied to bring out diversity. Ellipse indicates candidate NE Syrtis Mars 2020 landing site. The textures at a subset of these lo-
cations in HiRISE images are shown in the following panels, numbered according to their position in (a): (2) rare example of ridges similar to those in the Mottled
Terrain in Jezero; (3) example of raised ridges; (4) the variable, patchy appearance that is most common; (6) example of rectilinear fractures.
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Fig. 12. Spectral diversity in the Mottled Terrain on the northern interior and exterior of Jezero. (a) Portion of Goudge et al. (2015) geologic map over northern
Jezero crater, which is largely mapped as Mottled Terrain (green; see Fig. 1b for legend). (b) “Carbonates” and (c) “hydration” RGB composites are variable
throughout the Mottled Terrain. (d) CRISM spectra from within the Mottled Terrain in CRISM image FRT000047A3 and HRLOOO040FF (indicated by *), showing
hydration throughout and stronger 2.3 pm bands relative to their 2.5 ym bands to the north and beyond the rim, suggesting increasing Fe/Mg-smectite content
throughout the majority of the Jezero Mottled Terrain. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

The likely HCP-bearing composition of the Mafic Floor is distinct
from the other units in the crater and the fluvio-lacustrine deposits and is
consistent with more evolved magma compositions often associated
with Hesperian and Amazonian volcanics (e.g., Mustard et al., 2005;
Mangold et al., 2010). However, even the areas with HCP spectral sig-
natures still shows a subdued surface texture consistent with sediment
cover. Counterintuitively, a tendency to trap and accumulate sediments
is a common characteristic of lava flows on Mars, due to their much
higher local surface roughness than more friable sedimentary units
(Rogers et al., 2018). Thus, while an origin as a tephra deposit or other
basaltic sedimentary accumulation cannot be ruled out from orbital
data, and may be supported by the similarities between the Mafic Floor
and dark capping materials on the surrounding plains (Sun and Stack,
2019), the characteristics of the Mafic Floor are otherwise generally
consistent with one or a series of lava flows. The source of the possible
flows is unclear based on orbital data and could be from dikes and fis-
sures in the crater floor now covered up by the unit. However, there is
also a conical edifice with a summit crater on the southeastern rim of
Jezero (apparent in the lower right of Fig. 1c) that could perhaps be the
source of flows to create the Mafic Floor.

The timing of the Mafic Floor based on crater counts is debated, as
one estimate relying on larger craters suggested an age on the order of
3.45 Ga (Goudge et al., 2012), but a separate count not including several
larger craters that may be embayed or covered by the Mafic Floor sug-
gested a much younger age, on the order of 1.4 Ga (Schon et al., 2012). A
more recent detailed study of the crater population suggests an
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intermediate age of 2.6 + 0.2 Ga, which would put emplacement of the
Mafic Floor in the early Amazonian (Shahrzad et al., 2019). Strati-
graphically, the only clear constraint on the Mafic Floor is that it is
younger than the Light-toned Floor, as the other carbonate units do not
exhibit clear contacts with the Mafic Floor. The relationship with the
fans and delta is also unclear, as their contact is obscured by sediments
in many locations and all of the features have experienced significant
erosion. Previous studies have hypothesized that the relationships be-
tween the Mafic Floor and the fans/deltas could be consistent with either
emplacement prior to the fans/deltas (Ruff, 2017) or much later after
cessation of all lacustrine activity (Schon et al., 2012; Goudge et al.,
2012, 2015).

Here we suggest a third hypothesis for the timing of the Mafic Floor.
Based on the extended history of lacustrine activity that we suggest may
be consistent with the physical and compositional diversity of fluviola-
custrine features in Jezero, it is also possible that the Mafic Floor was
emplaced between lacustrine phases. For example, the delta remnants to
the east of the western delta may actually lie on top of the Mafic Floor,
which in a history including only a single lacustrine phase would suggest
that the entire western delta is younger than the Mafic Floor (Ruff,
2017). However, this could also be consistent with deposition and
erosion of much of the delta early on, followed by emplacement of the
Mafic Floor, and later emplacement and erosion of another extensive
deltaic deposit to form the deltaic remnants. Similarly complex cycles of
erosion and deposition have been proposed as a common feature of the
martian geologic record (e.g., Malin and Edgett, 2001; Edgett and Malin,
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Fig. 13. Spectral diversity in the Mottled Terrain beyond Jezero in the watershed, CRISM image FRT0001182A. (a-b) False color RGB over CTX regional mosaic.
Although the region is mapped as Mottled Terrain, it is also disrupted by a young impact crater. (c) The “Carbonate” RGB composite shows variability within the
Mottled Terrain. (d) “Phyllosilicate” RGB shows local (red) patches of Fe/Mg-smectite in secondary craters. (e) The “Mafic” RGB shows the extent of olivine-bearing
Mottled Terrain in red and LCP-bearing crater ejecta in green. (f) CRISM spectra showing an example of clay-bearing ejecta as well as variability within the Mottled
Terrain. Sharp spikes near 1.2 and 1.7 pm are artifacts. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

2002; Edgett et al., 2018).

If the Mafic Floor was emplaced between or during lacustrine phases,
then it could be critical for constraining the timing of lacustrine activity
in Jezero, as a dateable marker bed in stratigraphy with the fluvio-
lacustrine deposits. However, dating the unit might require quantita-
tive geochronology as opposed to age inferred from crater density. For
example, in the scenario posed above, the small crater counts on the
Mafic Floor would not indicate an emplacement age, but rather a
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cumulative exposure age from both the time prior to emplacement of the
last fluvio-lacustrine sediments and the time since erosion of those de-
posits. In situ investigation of the stratigraphic relationship between the
Mafic Floor and both the delta and delta remnants might be necessary to
constrain these various timing hypotheses.
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Fig. 14. Textures of the Light-toned Floor. (a) Context view of CTX mosaic and (b) Goudge et al. (2015) geologic map, where red is the Light-toned Floor. The typical
“pockmarked” texture in HiRISE (location 1) transitions (3) to a smoother texture (2) in some locations. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)
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Fig. 15. Olivine signatures in the Light-toned Floor. (left) Olivine is red in the “carbonates” RGB, (middle) and this signature correlates with cover by aeolian
bedforms as observed in HiRISE. (right) The carbonate-bearing Light-toned Floor (green in the RGB, spectra 4/5/7) exhibits the strong 1.3 pm band that is not as
clearly expressed in the olivine sands (red in the RGB, spectra 1/2). Intermediate spectra (yellow in the RGB, spectra 3/6) exhibit weak carbonate bands. Spectra are
from FRT000047A3 and HRLOOOO40FF (indicated by *). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

7. Lacustrine carbonates as biosignature repositories

The possibility that the Marginal Carbonates are compositionally and
topographically consistent with a near-shore lacustrine carbonate de-
posit presents a unique opportunity for future in situ astrobiological
investigations. One key question for investigations at Mars is which
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types of deposits are most likely to preserve possible biological signals of
interest (e.g., Hays et al., 2017; Summons et al., 2011). In the following
section, we evaluate based on terrestrial analogs whether and how
marginal lacustrine carbonates are prone to encase biosignatures, and
more specifically, to investigate what special hydrochemical environ-
ments and taphonomic processes may have been conducive to the
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Fig. 16. (a) Distribution of possible occurrences of the “Marginal” Carbonates. In the “Carbonates” RGB composite, the Marginal Carbonates have a distinct light
yellow/white/blue color, and all areas with spectral character potentially consistent with the Marginal Carbonates are outlined in red. Contours mark the
approximate elevations of the western delta front, crater rim breach, and potential high stand. Elevations are from Fassett and Head (2005), and extracted from the
HRSC DTM. (b) Plot of the distribution of elevations in selected units from the geologic map, as well as the Marginal Carbonates. In the vicinity of the western delta,
the Marginal Carbonates are restricted to a narrow range of elevations (—2420 to —2260 m) along the inner rim. The small groups of relatively high (—2200 m) and
low (—2475 m) Marginal Carbonate elevations correspond to potential occurrences within and upslope from rough concentric terraces around knobs and buttes in the
southwest crater that may or may not be part of this unit. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

development of biomasses and preservation of microfossil bodies. To
best fit with the Jezero geological context, we have focused our review
on modern and ancient endorheic (closed basin) perennial lakes,
excluding terrestrial coastal salinas.

7.1. Marginal carbonates of recent endorheic hypersaline and soda lakes

A great number of carbonate rocks have been documented from
marginal settings of terrestrial, modern and recent, endorheic perennial
lakes, and a representative subset of 13 lakes and their key properties are
listed in Table S2. These marginal carbonates occur across diverse lat-
itudinal, elevational, and hydrochemical conditions: 41°S to 43°N; 127
to 3016 m; fresh to alkaline waters. Marginal carbonate deposits are a
hallmark of the alkaline lakes also referred to as soda lakes, which are
defined as exhibiting a pH > 9 ([HCO3] ~ [co% .

Carbonates are deposited in terrestrial lakes when cations (e.g., Ca™,
Mg?*") are sufficiently supersaturated and the fluid contains bicarbon-
ate. The cations are derived from weathering (hydrolysis) of common
silicate minerals, which occurs when CO, is dissolved in rain to form
carbonic acid (Eq. 1). The carbonic acid in the rain deprotonates to form
bicarbonate (Eq. 2) which releases free hydrogen to drive hydrolysis and
dissolution of silicate minerals, placing liberated cations in solution (e.
g., Eby, 2016). Carbonate precipitation occurs as CO, degasses and es-
capes to the atmosphere, and both the bicarbonate and carbonate cation
become supersaturated (Eq. 3). Thus, carbonate precipitation is most
effective in warm, shallow, and agitated waters where CO, degassing
rates are higher. In Jezero, the presence of carbonates near the margin of
the maximum extent of the lake and in proximity to the largest inlet
valley appears to be consistent with carbonate precipitation from lake
waters.

CO; + H,0 > H,CO; (€9)
H,CO; > H' 4+ HCO;~ (2)
Mg** 4+ 2HCO;~ > MgCO, + H,0 + CO, 3)

These processes can result in either the production of ooids nucleated
on particles in the water column, or direct precipitation of carbonate

25

onto subaqueous or subaerial surfaces in the form of tufa, travertines,
and stromatolites. On Earth, biomediation may play an important role in
many of these low-temperature deposits (especially in locations with
sub-saturated conditions), through a variety of mechanisms including
indirectly through the removal of CO5 from the water for photosynthetic
respiration and production of particles for nucleation, as well as directly
through organomineralization in biofilms and precipitation in shells and
casings (e.g., Dupraz et al., 2009; Capezzuoli et al., 2014; Zhu and Dit-
trich, 2016).

Low-magnesium calcite is the prevalent lacustrine carbonate min-
eral, but high-magnesium calcite and aragonite are also widespread. In
addition, normally rare polyhydrated carbonate minerals have been
reported in terrestrial lake settings: ikaite (CaCO3.6H20) in Mono Lake,
or hydromagnesite (Mgs(CO3)4(OH)2-4H20; Fig. 2b) in Lake Salda,
Turkey (Braithwate and Zedef, 1996; Russell et al., 1999) and the playas
of the Cariboo Plateau in British Columbia, Canada (Renaut and Stead,
1990; Power et al., 2009). In both cases, the source of the Mg to form the
hydromagnesite is ultramafic or mafic rocks in the catchment or
groundwater system. The most relevant analogy to the Jezero Marginal
Carbonates may be provided by Lake Salda, around which hydro-
magnesite strandline terraces lie, including a hydromagnesite-cemented
fan delta with beach deposits of hydromagnesite, including stromato-
lites, and pebbles of lizardite, and for which the catchment area is
composed of partially serpentinized ultramafic rocks, i.e. ophiolites
(Braithwate and Zedef, 1996; Russell et al., 1999).

There are three key types of marginal lacustrine carbonate deposits
that have been described in terrestrial lakes, in a decreasing order of
relative occurrence (e.g., Riding, 2000): microbialites, tufas, and beach
sediments (Fig. 20). Carbonate “microbialites” (e.g., Burne and Moore,
1987) show variable internal structures or fabrics that can be classified
as stromatolitic (fine, planar, domal, wavy lamination), oncolitic
(irregular, concentric lamination), thrombolitic (clotted fabric), or
cryptic (no obvious internal structure). These structures are referred to
as “microbialites” because they typically form in the presence of mi-
crobial mats (e.g., Noffke et al., 2001); however, microbial activity is not
necessarily required in order to form these structures, and carbonate
precipitation in microbial mats can still be driven by abiogenic processes
(e.g., Brasier, 2011). Microbialites are a very common feature of
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Fig. 17. Texture of the Marginal Carbonates at HiRISE scales.(a-c) Rubbly texture typical of Marginal Carbonates, (d) possible contact between Marginal Carbonates
and possibly underlying layered materials in inlet channel, as indicated by dashed line.
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Fig. 18. Possible contacts at the northeastern edge of the Marginal Carbonates inferred from transitions in texture and tone, highlighting differences in texture
between all three carbonate units. (a) The northern Marginal Carbonate appear cyan while adjacent terrains to the east appear purple to green in the “carbonates”
RGB, and (b) also do not exhibit as strong of olivine signatures in the “mafic” RGB. (c) The contact between the northern Marginal Carbonates and the smoother,
brighter terrain to the east, which may correspond to the Mottled Terrain, and (d) the contact between the possible Mottled Terrain and the Light-toned Floor. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

shallow, marginal areas of our set of lakes (8/13 cases), where they
typically encrust firm substrates: pebbles in Lake Natron (Casanova,
1994), carbonate pinnacles in Lake Van (Lopez-Gargia et al., 2005) and
Pyramid Lake (Benson, 1994), and bedrock in Fayetteville Green Lake
(Thompson et al., 1990).

Carbonate tufas are carbonate precipitates localized at the
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emergence of cation-rich springwaters (Capezzuoli et al., 2014), either
into subaerial environments, or in lacustrine settings, into alkaline CO%‘
rich waters. In some studies, “tufa” and “travertine” are used inter-
changeably for spring-related carbonate deposits (Pentecost, 2005), but
recent attempts to separate the two terms have suggested that traver-
tines form where supersaturated (e.g., hydrothermal) fluids emerge,
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Marginal Carbonates from HRLOOOO40FF from locations indicated on maps. The main exposure of the Marginal Carbonates to the north of the inlet valley exhibits
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indicates olivine and Fe-substitution in carbonate, D2300 indicates carbonate and Fe/Mg-smectite, and BD1900_2 indicates hydration.
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Fig. 20. Examples of terrestrial lacustrine carbonates from the Great Basin in Utah. (a) Carbonate tufa on basalt, Tabernacle Hill flow. (b) Carbonate beach rocks
partly covered with loose ooid sands and (c) eroded recent stromatolites at the shore of the Great Salt Lake. (d) Well-developed ancient stromatolites, Green River

formation, stripes indicate 10 cm intervals.

while tufas form where more dilute (e.g., ambient temperature
groundwater) fluids emerge (Capezzuoli et al., 2014). In lacustrine
settings, tufas occur as a variety of forms including low relief mounds
and high-relief chimneys or pinnacles. The most spectacular occurrences
are encountered in lakes in the Western US (e.g. Mono Lake; Shearman
et al., 1989) and East African Rift (Lake Abhe).

Marginal carbonates can also be concentrated through sedimentary
processes, and lacustrine carbonate sedimentary deposits include: (i)
beach-rocks, which are formed via syndepositional and/or early diage-
netic cementation of loose beach sands and pebbles and may have a
substantial siliciclastic component (e.g., Stoddart and Cann, 1965); (ii)
oolitic and skeletal sands (e.g., the large oolitic beaches in the Great Salt
Lake; Halley, 1977); (iii) fine-grained sediments (e.g. aragonitic lami-
nated muds in Lake Son Kul and chalks sourced from whiting events in
Fayetteville Green Lake; Pacton et al., 2015; Thompson and Ferris,
1990).

Despite >100 years of micropaleontologic, sedimentologic, isotopic
and now experimental and metagenomic analyses, the relative roles of
different biotic and abiotic processes in accretion of tufa, travertines,
and stromatolites are still disputed, and significant debate continues
regarding their biogenicity (e.g., Grotzinger and Rothman, 1996; Grot-
zinger and Knoll, 1999; Brasier, 2011). For example, it is clear that
microorganisms live on and in tufa towers, but the role biology might
play in tufa precipitation remains uncertain. The current consensus is
that tufas form a continuum of abiotic and biologically influenced or
induced processes during mixing of groundwater and lake water (e.g.,
Della Porta, 2015). Whether the nano- and microorganisms associated
with the microbialites and tufas triggered, controlled, contributed to, or
just behaved as opportunistic populations colonizing new substrates, is
not the scope of this review. Our practical and present objective is to
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focus on the less ambiguous class of biosignatures that any biogenic or
abiogenic carbonate-cemented sedimentary deposits may enclose,
namely the class of microorganism morphologies (cells, body fossils,
casts) that recent and ancient lacustrine carbonate deposits can
preserve.

7.2. Microbial communities in modern endorheic hypersaline and soda
lakes

Study of modern endoreic, perennial lakes has disclosed a high di-
versity of microorganisms, whether it is in the water column and in
sediment pore spaces or as attached biofilms (e.g., Edwardson and
Hollibaugh, 2018; Cabestrero et al., 2018). In particular, restricted,
alkaline lake basins with high salinity have fostered the growth of mi-
crobial communities (and were not conducive to the ecological success
of large multicellular organisms; Hickson et al., 2018). For example, in
Lonar Lake, India, a hyperalkaline soda lake that is the only meteorite
impact crater in the world situated in basalt rocks, microbial diversity
analysis revealed the existence of diverse, yet largely consistent com-
munities: Proteobacteria (30%), Actinobacteria (24%), Firmicutes
(11%), and Cyanobacteria (5%) (Paul et al., 2016).

A plethora of phototrophic and non-phototrophic microorganisms
are commonly associated with lacustrine microbialites. For example,
living cyanobacteria and diatoms in thrombolites or thrombolitic stro-
matolites of Lake Van, Great Salt Lake, Salda Lake (see the compilation
by Chagas et al., 2016); bacteria and cyanobacteria in recent stromat-
olites of East African lakes (Casanova, 1994); and a diverse array of
cyanobacteria in the microbialites of the Fayetteville Green Lake (Wil-
helm and Hewson, 2012). Recently, Pacton et al. (2014) have docu-
mented that viruses occur in high diversity, vastly outnumbering
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prokaryotes, within a modern microbial mat from the hypersaline Lagoa
Vermelha lake, Brazil. Their experimental results have shown that
mineral precipitation occurs directly on free viruses and on cell debris
resulting from cell lysis. Viruses are initially mineralized by amorphous
magnesium silicates, which turns to magnesium carbonate nanospheres
during diagenesis.

7.3. Microbial structures in recent and ancient terrestrial lacustrine
carbonates

We have so far identified a total number of 17 lacustrine cases
through the stratigraphic record for which likely microfossils have been
documented, mostly in association with microbialites (Table S3). Mi-
crofossils of terrestrial lacustrine carbonates occur as three basic classes
of microstructures: (1) filaments or tubes (erect and evenly spaced or
organized as shrubs); (2) spheres (scattered or clustered); and (3) alve-
olar, honeycomb-like networks. There is no apparent trend or any long-
term evolution of the lacustrine microfossil communities, and similar
forms have been encountered in shallow, marginal marine microbialitic
mounds of the Proterozoic and Paleozoic sequences. For example, the
Paleoproterozoic microsphere Eoentophysalis belcherensis which is the
oldest microfossil whose morphology is diagnostic for cyanobacteria
(Knoll, 1996); tubular structures, and coalescent microspheres resem-
bling Renalcis in “Algal” reefs of the Middel/Upper Proterozoic (Aitken,
1989); and shruby Epiphton and Renalcis in reef mounds of the Lower
Cambrian (Narbonne and Arbuckle, 1989). It can thus be stated that the
occurrences of these calcified microfossil forms neither reflect specific
Earth environments nor milestones in the evolution of microbial com-
munities, but rather appropriate sedimentary and diagenetic circum-
stances conducive to their preservation.

Biosignature preservation is enhanced by rapid mineralization, and
there are several lines of evidence that marginal lacustrine deposits were
the loci of an early, massive, and sometimes very rapid mineralization
and lithification. An exceptionally fast growth rate greater than or equal
to 30 mm/yr has been reported for the <100 yr old tufa mounds on the
margin of Big Soda Lake, Nevada, USA (Rosen et al., 2004). A second
generation of stromatolitic bioherms (ca 28-23 ka) encrusted an un-
derlying former generation of bioherms, 90 ka in age, in L. Manyara,
East Africa (Casanova, 1994). Beachrocks can form quickly as is testified
by the inclusion of anthropogenic objects such as beer cans (Tucker,
1991) or ancient Greek grave remains (Bernier et al., 1987). There are
also the spectacular petrified bird corpses of L. Natron, East Africa. The
precipitation of carbonate is higher in soda lakes due to a stronger
alkalinity engine and probably a higher degradation rate of exopoly-
meric substances (Cabestrero et al., 2018).

A combination of processes maximize the probability of preserving
organic molecules, body fossils and sedimentary textures in marginal
lacustrine carbonate settings on both Earth and Mars. First, marginal
lacustrine settings provide hydrochemical environments and substrates
that are very suitable for development of microbial communities. Sec-
ond, the early, rapid, and massive calcification hampers any internal
fluid circulation and thus protect the microbial structures from any
mineral corruption. This early mineralization process would also shield
organic molecules that are trapped between carbonate minerals (Ben-
zerara et al., 2006) from destruction by surface oxidants and UV radi-
ation. Finally, the marginal position of those deposits will make any
burial-related thermal alteration of the organic components and mi-
crostructures unlikely, and Ostwald ripening (partial recrystallization)
of carbonates is capable of preserving microbial fossils in carbonates on
geologic timescales (Potter-MclIntyre et al., 2017). Among this suite of
favorable processes, the rapid mineralization appears to be the key
factor, which facilitates preservation of microfossils by early
encapsulation.

Based on the suite of terrestrial analogs presented here, marginal
lacustrine carbonate deposits constitute a type of deposit that have a
high probability of preserving microfossil bodies and organic
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components. The potential to preserve evidence of diverse microlife
makes lacustrine microbialites, tufas, and beachrocks high priority
biosignature repositories for in situ investigations on Mars. In addition,
many of the key types of biosignatures preserved in these deposits (mm-
scale textures, microbial fossils, and associated organics) can be of suf-
ficient scale to be detected by a rover. Thus, the Marginal Carbonates of
Jezero may represent a high-priority target for future in situ astrobi-
ology investigations.

8. Conclusions

Our detailed spectral and morphological analyses of the major
geologic units in Jezero crater combined with a synthesis of previous
studies shows that the geological history of the basin has the potential to
be much more complex than previously hypothesized. In particular, it
was unclear from previous studies whether or not the carbonate-bearing
terrains in the crater had any genetic relationship to the past lake ac-
tivity that is indicated by the presence of the western delta. We find that
the carbonate-bearing terrains in Jezero are all generally spectrally and
morphologically similar, in line with previous mapping studies that
largely grouped these units together. However, we also find that topo-
graphic properties, variations in the relative strength of key spectral
signatures, erosional surface textures, and geologic context varies suf-
ficiently across the crater to suggest different emplacement and/or
modification histories for the carbonate-bearing units, some of which
may be related to fluvio-lacustrine activity.

The olivine and carbonate-bearing Mottled Terrain along the
northern rim and interior of Jezero exhibits spectral and morphological
characteristics that are all comparable to similar properties of the
regional olivine/carbonate-bearing unit on the plains to the west and
south of Jezero, but the presence of localized Fe/Mg-smectite signatures
within this unit in Jezero suggests that this portion of the unit may have
undergone fluvial and/or lacustrine modification. The Light-toned Floor
may also be part of the regional olivine/carbonate-bearing unit, as we
find that the significant olivine sand component is unlikely to have
accumulated via fluvial transport. Recent studies of the regional olivine-
bearing unit have suggested that it has properties consistent with an
ultramafic tephra deposit, which, in Jezero, is consistent with the
draping relationship between the Mottled Terrain and the eroded
northern rim. Alteration of the regional unit to form carbonates may
have occurred through a number of different processes, but the wide-
spread distribution and local variability of alteration across the unit
along with the alteration assemblage is consistent with low to moderate
temperature alteration of fresh ultramafic tephra by rain or snow melt.

The primary characteristic that distinguishes the Marginal Carbon-
ates from the Mottled Terrain and Light-toned Floor is that they are
located on the western inner margin of the crater, close to the western
inlet, and within a narrow range of elevations that would correspond to
the highest shorelines during the closed-basin phase of the Jezero lake
sequence. In contrast, the regional olivine/carbonate unit drapes and
mantles topography over a large range of elevations. The Marginal
Carbonates exhibit much stronger carbonate spectral signatures
throughout the unit than the other carbonate-bearing terrains, with
olivine and hydration spectral signatures that are strong near the inlet
but fade to the south, terminating in relatively uncontaminated hy-
drated carbonate spectral signatures in terraced deposits along the inner
rim and around local knobs. Their surface texture is also somewhat
distinct from the other carbonate terrains in the crater. While these
spectral and textural properties could be attributed to the variability
that has been observed across the regional olivine/carbonate-bearing
unit, together with the topographic distribution of the Marginal Car-
bonates they are also consistent with fluvial transport of the regional
olivine/carbonate-bearing unit into the crater and lacustrine precipita-
tion of carbonate in the near-shore environment of a closed lake basin.
Based on comparison to terrestrial analogs, the Marginal Carbonates are
consistent with a combination of fluvial and beach or strandline
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carbonate deposits, which can include microbialites, tufas, and oolitic
sediments.

All three carbonate units would make excellent targets for in situ
investigation by Mars 2020 or other future landed missions. As
geological targets, both the Mottled Terrain/Light-toned Floor and the
Marginal Carbonates contain carbonates that were most likely produced
directly or indirectly through weathering by carbonic acid derived from
the atmosphere. These units all thus represent key chemical and isotopic
records of the late Noachian atmosphere, which could be used to better
constrain the composition, thickness, and loss rates of the atmosphere
during the peak of martian surface aqueous activity (Hu et al., 2015).
The chemistry and sedimentology of the Marginal Carbonates and of the
sedimentary facies preserved in the western delta could also help to
constrain the chemistry and hydrogeology of Noachian fluvio-lacustrine
systems, and their links to Noachian paleoclimate. However, perhaps the
most compelling reason for detailed future in situ investigations in
Jezero crater is the astrobiological potential of these units. If the Mar-
ginal Carbonates are indeed lacustrine shoreline deposits, they would be
a particularly high priority target for future in situ investigations and
sample return, as near-shore carbonate deposits on Earth are commonly
biologically mediated (e.g., carbonate reefs, microbialites, and perhaps
tufa), and have high biosignature preservation potential. In particular,
lacustrine carbonates are capable of preserving morphological and
textural biosignatures at scales that may be detectable by a landed
mission.

Carbonates are just one part of the fluvio-lacustrine history in Jezero,
as revealed by the mineral stratigraphy of the western delta and
northern fans. The different sedimentological facies within the western
delta exhibit distinct mineral assemblages that suggest changes in the
source units in the watershed. The northern fans exhibit a similar min-
eral stratigraphy, suggesting that they either record the same regional
trends in watershed mineralogy or were once part of the western delta.
Based on these observations, there may be as many as four distinct
lacustrine phases preserved in Jezero. Lacustrine activity in Jezero may
have started early, with fluvial erosion of the regional basement unit and
the northern rim of Jezero to form the lowermost units of the delta and
fans. The second lacustrine phase may have begun either after or
contemporaneous with deposition of the regional olivine/carbonate-
bearing unit, resulting in erosion of this unit on the plains to form the
current uppermost units on the northern fans, the point bar facies of the
western delta, and the Marginal Carbonates. The third lacustrine phase
is represented by the inverted channels that cap much of the western
delta, and corresponds to additional transport of the basement unit,
likely via incision through overlying units. The timing of the breach to
form the outlet valley is only constrained to sometime after deposition of
the Marginal Carbonates, but may have occurred during this third phase.
The last lacustrine phase would then have formed the incised valley on
the western delta, corresponding to a final shallow lake level well below
the breach. This proposed history may be consistent with the relatively
continuous scenario put forward by Goudge et al. (2018), in which the
western delta represents gradually increasing lake levels and shoreline
transgression, followed by the breach to form the outlet valley, and
potentially later deposition in a shallower lake. However, the mineral
diversity in the fans, delta, and Marginal Carbonates could also be
consistent with a much more complex and long-lived fluvio-lacustrine
history in Jezero, with distinct lacustrine sequences separated in time by
fluctuating climatic conditions, resulting in fluctuating or even periodic
lacustrine activity.

Ultimately, fully determining the relationships between the different
geologic units at Jezero, their origin, and their astrobiological potential
will require in situ investigation, and the hypotheses presented in this
study should be testable on the ground using high resolution imagery,
chemical, and spectral data produced by Mars 2020. A more detailed
accounting of the rich history of aqueous alteration and fluviolacustrine
activity that occurred at the site would provide many new insights into
the nature of surface environments, climates, and habitability on early
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