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Intense alteration on early Mars revealed
by high-aluminum rocks at Jezero crater

M| Check for updates

C.Royer® *?°[4, C. C. Bedford ® ', J. R. Johnson®, B.H.N. Horgan ® ', A. Broz ® ', O. Forni*, S. Connell',
R. C. Wiens®', L. Mandon®®, B. S. Kathir®7, E. M. Hausrath®2, A, Udry ®2, J. M. Madariaga®,
E.Dehouck', R.B. Anderson', P. Beck®, 0. Beyssac'? E. Clavé'™, S. M. Clegg'*, E. Cloutis ® '°, T. Fouchet™®,
T.S.J. Gabriel® ", B. J. Garczynski', A. Klidaras', H. T. Manelski', L. Mayhew ® 7, J. Nufez®, A. M. Ollila',
S. Schroder™, J. 1. Simon ® '8, U. Wolf® ', K. M. Stack ® %, A. Cousin* & S. Maurice*

The NASA Perseverance rover discovered light-toned float rocks scattered across the surface of
Jezero crater that are particularly rich in alumina ( ~ 35 wt% Al,O3) and depleted in other major
elements (except silica). These unique float rocks have heterogeneous mineralogy ranging from
kaolinite/halloysite-bearing in hydrated samples, to spinel-bearing in dehydrated samples also
containing a dehydrated Al-rich phase. Here we describe SuperCam and Mastcam-Z observations of
the float rocks, including the first in situ identification of kaolinite or halloysite on another planet, and
dehydrated phases including spinel and apparent partially dehydroxylated kaolinite. The presence of
spinel in these samples is likely detrital in origin, surviving kaolinitization, pointing to an ultramafic
origin. However, the association of low hydration with increased Al,O3; abundances suggests heating-
induced dehydration which could have occurred during the lithification or impact excavation of these
rocks. Given the orbital context of kaolinite-bearing megabreccia in the Jezero crater rim, we propose
an origin for these rocks involving intense aqueous alteration of the parent material, followed by
dehydration/lithification potentially through impact processes, and dispersion into Jezero crater
through flood or impact-related processes.

Recent missions to Mars have aimed to constrain its habitability throughout
time and to search for signs of life, particularly at locations that show evi-
dence of water-rock interactions, given that on Earth life exists where there is
water'. However, the timing, intensity, and extent of aqueous activity across
Mars’ surface are still inadequately constrained, as are the roles of impact and
volcanic processes in supporting or disrupting a potentially habitable ancient

the northwest rim of the 1900 km Isidis basin and northeast of the volcanic
province of Syrtis Major™’. The rover has thus far explored the crater floor
and the western sedimentary fan deposit emanating from Neretva Vallis in
an effort to constrain the geological history of the area and collect astro-
biologically relevant samples for eventual return to Earth. The fan has been
interpreted as a river delta deposit that formed within a lake system during

the Late Noachian to Early Hesperian epochs ( ~ 3.6-3.8 Ga)". The watershed
feeding this system encompasses an extensive and geologically complex

Mars. The Perseverance rover is exploring the western area of Jezero, a
45 km-diameter Noachian-aged ( ~ 3.8-4.0 Ga) impact crater located along
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Fig. 1 | Rover traverse and light-toned float rocks detection. HiRISE color base-
map showing rover traverse (gray line) through Sol 800 (May, 2023). Insets show
locations of the Three Forks, Knob Mountain, and Echo Creek examples of light-
toned float rocks. Locations of identified light-toned rocks are indicated along the
traverse with a color/shape code related to their size. SuperCam targets (circled in
red) are the ones studied in this paper. The yellow star is the rover position on Sol
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Octavia Bufler™”} =

800. Panel B: Sol 72 Tselhgai (tsé ligai) target observed by Mastcam-Z at 110mm
focallength in approximate natural color (zcam08033). Panel C: Sol 385 portion of
La Orotava western crater rim observed by Mastcam-Z in approximate natural
color at a 110 mm focal length (zcam08413). Panel D: Sol 711 portion of Jenkins
Gap observed by Mastcam-Z in enhanced color at 63 mm focal length
(zcam08715).

region to the northwest that includes a heterogeneous collection of Noachian
basement materials, impact ejecta from the Isidis basin, and aqueously
altered materials*’. As such, geological materials within Jezero crater likely
contain a mixture of Martian sediments derived from volcanic and sedi-
mentary processes in addition to deeper crustal materials that are excavated
by the Isidis impact and may be represented in the Jezero crater rim as
megabreccia’. Here, we present observations by SuperCam and Mastcam-Z
of twelve light-toned, loose fragments of rocks (float’) with an unusually
high Al content, variable degrees of hydration, and reflectance spectral sig-
natures indicative of kaolinite and spinel, that were investigated between sols
554 and 782. This is the first time apparent kaolinite and spinel have been
detected by Mars ground-based observations and may represent the first
rover detections of such aqueously altered crustal rocks observed in situ,
potentially modified by later impact, burial or igneous thermal processes.

Results

Since landing at the Octavia E. Butler landing site, over 4000 candidate light-
toned floats have been identified in Mastcam-Z images, either as individual
detections or occurring as accumulations of sand to gravel grain sizes. They
are distinguishable from the dark-toned volcanic units of the crater floor in
rover images and usually reside in local topographic lows (Fig. 1).

Specific float rock targets were given informal names by the Mars 2020
mission operations teams (Tables S1; S2). These names will be used to
designate the rocks throughout this manuscript. The light-toned float rocks
exhibit various shapes from subangular to subrounded and range in size
from 0.5 cm to ~ 30 cm along the long axis (Figs. 2 and S1). They display
several textures at the mm- to cm-scale, as observed in short-range images
taken by the SuperCam Remote Micro-Imager (RMI): most rocks contain
both small (< 2 mm in diameter) pits and large pits (> 2 mm in diameter)
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Fig. 2 | Texture/morphology and spectral modeling of the light-toned float rocks.
Images: SuperCam RMI color images showing various types of textures. A Image of
Ouzinkie showing the shiny luster (scam02691); B image of Chignik showing the
abundant dark, dull lustered grains within a pale, light-grey matrix (scam01681);
C image of Rainbow Curve highlighting a discontinuous and anastomosing ten-
dency of the layered targets (scam01777); D image of Dolgoi Island with yellow
arrows pointing to dark green candidate spinel grains ( ~ 1 mm diameter)
(scam01657); E image of Unga Island highlighting vitreous, spatter-like texture
intermingled with large pits up to 4 cm in diameter (scam01676); F image of Barrier
Range showing the smooth, aphanitic/very fine-grained nature of the smooth targets
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that commonly contains small, spherical pits sometimes filled with a dark coating
material (scam02554). Iris chart: representation of the mixing coefficients of all the
modeled targets segregated into mineral families (color scheme). Each sector cor-
responds to a raster points on a target (the number of the raster point is indicated at
the outside edge of the sector). The proportions shown here are not linearly linked to
mineral abundances, but rather represent the relative weight of each mineral family
in the representation of the spectrum. The mixing coefficients are normalized and
coefficients whose likelihood is lower than 1 are removed (white spaces, see Methods
section and Fig. S9).

(Figs. 2 and S1). Some float rocks have wavy/discontinuous apparent
layering/laminations such as targets AEGIS 701A and Finch Lake (Fig. S1 F,
G), some have a smoother, pitted surface such as Barrier Range (Figs. 2F and
S1 H), while others have a texture significantly disrupted by the presence of
large pits such as Unga Island (Figs. 2E and S1 K). Only one light-toned float,
Dolgoi Island, has dark-toned mm-scale features that occur on some faces
(Figs. 2D and S1 E). We interpret these features as likely mineral grains or
clasts, although SuperCam spectral observations did not overlap any of these
features so we are unable to confirm their mineralogy. Luster varies across
the float rocks and is typically dull, potentially relating to dust cover, with the
exception of Ouzinkie that has a pearlescent luster (Figs. 2A and S1J). Dark-
toned coatings that are also common on the other Jezero rocks’ are present
on many of the float rocks. Coatings usually occur within larger pits and
cover the flat surfaces of the rocks (Figs. 2B and S1A, B, I). Coatings in pits
are discriminated from possible mineral grains due to the dull luster and
round shape of the pits in contrast with the more reflective, angular surface
of the dark grains present within these rocks.

Elemental compositions

Elemental compositions of SuperCam’s observations (Table S1) were ana-
lyzed using the Laser Induced Breakdown Spectroscopy (LIBS) technique of
SuperCam (see relevant papers®’, Methods section and Supplementary
Text S1). The major outstanding feature of these targets is their high Al
abundances, which ranges between 17 wt% and 48 wt% Al,O; (Figs. 3, S2),
with an average of 34.6 + 6.6 wt% (1-standard deviation).

Al,O; abundances are anticorrelated with SiO, across all targets.
Considering the points with major-elements totals > 90 wt% (Table S3) and
not contaminated by coating materials, the correlation coefficient (R?) is
0.63 (Fig. 3B). LIBS H peak areas also systematically decrease with increasing
Al,O; (Fig. S3 D). Other element abundances do not share a statistically
significant correlation with Al,O5 (Fig. S2). All major oxides except AL,Os,
Si0O,, and K,O have lower average abundances than in most of the more
basaltic rocks observed to date by SuperCam in Jezero crater. This is espe-
cially true for FeO and MgO (Fig. 3C), given the prominence of olivine and
pyroxene in the crater (e.g., Fig. 3)""""%

Dolgoi Island exhibits some of the highest Al,O; abundances (39.3 +
3.2 wt%) and lowest SiO, abundances (422 * 3.4 wt%) with very little
hydration signatures in near-infrared (NIR) spectra compared to the other
targets (see next section). It also exhibits the highest average (but still very
low in comparison to Jezero crater terrains), FeOr abundances (4.4 + 0.7 wt
% compared to > 20 wt% all-mission average), and the lowest CaO, Na,O,
and K,O abundances (Fig. 3A), with the strongest negative correlation
between SiO, and Al,O; at 0.88 R%.

Low-hydration targets (Unga Island, Ouzinkie, AEGIS 701A, Barrier
Range, Lake Clark, Skeleton Gulch, and Finch Lake #1-6) are intermediate
in AL,O; and SiO, abundances. They exhibit low abundances of FeOr
(< 4.0 wt%), MgO (< 2.0 wt%), Na,O (< 1.5 wt%), and K,0 (< 2.5 wt%).
Targets AEGIS 701A and Finch Lake have some considerable scatter
towards high CaO abundances (up to 5.6 wt%) that correlates with lower
totals (< 90 wt%), but overall CaO abundances are 1.3 wt% =+ 1.5 wt%.
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Fig. 3 | Chemistry of the light-toned float rocks. Plots showing the SuperCam LIBS
chemical data for points on the float rocks that have not sampled coatings. SuperCam
data are colored according to the strength of hydration bands in the IR data (very low is
red, high is green) and the strength of the kaolinite bands (blue). A A-CN-K plot, typically
used to estimate the degree of weathering experienced by sediments on the Earth®. Points
that plot above the feldspar line are indicative of chemical weathering which preferentially
enriches ALL,O5 over CaO, Na,O and K,O for feldspar-bearing sediments. The illite and
smectite fields are highlighted on this plot and grey point data for bedrock analyzed in the
Delta front campaign by the SuperCam instrument are plotted as a comparison. B and
C are biplots showing the chemical variation of SiO,, MgO and FeOr with AL,O; for the
light-toned float rocks compared to density contours of ChemCam data of the fluvio-
lacustrine Bradbury and lower Mt Sharp group units in Gale crater and the SuperCam
delta front bedrock data. Select phyllosilicate (crosses), spinel (squares), and aluminosi-
licate (triangles) mineral data are shown alongside SuperCam data. B also shows the
linear regression results for these variables. ' All SuperCam data up to Sol 782%,%. Nnt. =
nontronite, Mnt. = Montmorillonite, IIt. = Illite, Sap. = Saponite, Kln. = Kaolinite, Mag. =
Magnetite, Glx. = Galaxite, Hc. = Hercynite, Spl. = Spinel, Crn. = Corundum, And. =
Andalusite, Mul. = Mullite, Sek. = Sekaninaite, Crd. = Cordierite.

Light-toned float targets with the greatest LIBS H peak areas and
strongest hydration signals in the NIR data (Chignik, Dean Mountain, Finch
Lake #7-10 and Rainbow Curve, see next section) exhibits the highest SiO,
abundances (53.3 + 3.9 wt%), the lowest Al,O3; abundances (25.6 + 4.3 wt%),
and high average K,O (2.0 + 0.3 wt%). Targets from this group also have
notable scatter in FeOr, CaO, and Na,O to abundances greater than the
average, but this scatter appears to trend towards the coatings composition
suggesting contamination despite best efforts to reduce the inclusion of
coatings on the chemistry (Fig. S2).

Three minor and trace elements are enriched in these rocks. Chro-
mium abundances generally range between 1500 and 3500 ppm (Table S3;
Jezero mean is 900 ppm). Titanium is generally elevated (mean TiO, = 0.94
wt% relative to Jezero mean rocks of 0.42 wt%), but some points are par-
ticularly elevated (up to 2 wt%) in Chignik and Dean Mountain (Table S3).
Ni also appears strongly enriched in a few points in a number of the targets.
Some observations show > 1 wt% Ni (Fig. S3) and a Ni/(Fe+Mg) ratio > 1.0.
(Ni is not normally detected by SuperCam and is expected to be typically <
0.1 wt%.) Ni, Cr, and Ti enrichments do not appear correlated with each
other or with any of the major elements. Manganese is not particularly
enriched (all points < 1 wt% MnO; see Supplementary Text S1), and other
siderophile elements such as Co, Zn, and Pb are not detected.

Reflectance spectroscopy

Near-infrared (1.3-2.6 pm). Near-infrared (NIR) relative reflectance
spectra are important indicators of the degrees and types of alteration that
rocks have undergone due to the presence of diagnostic, prominent
absorption bands for water and OH anions, metal-OH, COj3 and other
bonds associated with secondary mineral phases'"*. The targets descri-
bed here exhibit substantially different spectral features in SuperCam’s
Infrared Spectrometer (IRS;"* and radiometric calibration details in the
Methods section) data compared to all other rocks analyzed by Perse-
verance, which, when compared with the chemical composition given by
LIBS, enable trends to be identified (Figs. 4A; 5; S4, and S5).

The main spectral difference between the targets is the strength of
absorption bands related to aqueous alteration: we distinguish hydrated
targets, for which the 1.4 (H,O and metal-OH), 1.9 (H,O) and 2.2 pm (Si-
OH and Al-OH) bands are deep and detected above the noise level, from less
hydrated targets for which these bands are shallow to absent (< 2%
band depth).

The 2.2 ym band is one of the most remarkable spectral features of the
targets studied, with respect to all the measurements made with the IRS since
the beginning of the mission. Although, several detections of this feature
were reported in the crater floor rocks, but the band depth did not exceed 1
t02%"'>'°. In the light-toned float rocks, the band depth (noted as BD2200) is
up to 14% in Chignik. The 1.4 and 2.2 um bands show some variability in
position and shape: Chignik exhibits two doublets at 1.4 and 2.2 um with
minima at 1.396 & 1.407 and 2.163 & 2.195 um (Fig. 4A and 5E) char-
acteristic of the Al-OH bond in 1:1 phyllosilicates such as kaolinite and
halloysite (Fig. 4B). Of note, the 2.2 and 1.4 um doublets of Chignik are low
in contrast, which would suggest a poorly crystalline phase and/or a mixture
with Al-smectites’” or an exposure to high pressure, related to shock
metamorphism'*"’, Dean Mountain, Finch Lake, and Rainbow Curve do
not show clear doublets, but their band positions are consistent with kao-
linite/Al-smectite mixtures (Fig. 5E). Trayfoot Mountain shows a 1.4 ym
band centered at 1.43-1.44 um, possibly attributable to H,O in sulfates or
zeolites, whereas its 2.2 pm feature is consistent with Al-OH. Finally, Ikatan
Bay’s absorption features are consistent with a mixture of Al-OH and Si-
OH, as shown by the 1.4 and 2.2 um band positions and its lower Al content
(Fig. 5A, B) and higher Si content (Fig. S5). But this target (as well as Lake
Clark) is heavily coated which may bias the estimate of Al and Si content
from LIBS and IRS. The NIR spectral signature of the coating is not clear but
it tends to be enriched in Fe (weak bands at 2.28 and 2.39 um, Fig. S4).

In parallel with the 1.4, 1.9, and 2.2 um bands, Chignik and Dean
Mountain exhibit a weak absorption band at 2.39 um, attributable to the Fe-
OH bond in some smectites and kaolinites'.
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Dolgoi Island shows a remarkable spectral feature that comprises a very
broad (from 1.4 to 2.55 pm) and deep (> 10%) band similar to some spinel or
aluminosilicate (sillimanite, staurolite) group minerals with Fe impurities
(Fig. 4B) and attributable to Fe** absorption”’. However, several other tar-
gets also exhibit a negative slope (e.g., Barrier Range, Skeleton Gulch, Unga
Island, Finch lake) and a slightly concave shape, favoring the presence of a
low amount of spinel and/or aluminosilicate, as discussed below (Fig. 2).

Visible (0.40-1.02 pm). Observations using the visible (VIS) portion of
SuperCam spectra (0.40 - 0.85 ym) and Mastcam-Z multispectral imaging

(0.44-1.02 um) provide additional details regarding the spectral variability of
the light-toned float rocks. Three spectral classes are identified using the VIS
spectra (Figs. S6, S7) that exhibit: (1) positive, steadily increasing near-
infrared spectral slopes (e.g., Chignik, Finch Lake #7 - 10); (2) peak reflec-
tance positions near 0.75 — 0.80 pm flanked by downturns on either side (e.g.,
Ouzinkie, Lake Clark, Rainbow Curve, Peppermint); and (3) spectrally
neutral/flat slopes > 0.75 um (e.g., Unga Island, Dolgoi Island, Skeleton
Gulch). As noted, some targets exhibit two class types on the same rock
surface (e.g., Finch Lake #7 — 10 vs. Finch Lake #1 - 6; cf. Fig. 2C). Similarly,
multiple classes of float rocks were observed within some Mastcam-Z scenes.
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Fig. 4 | Relative reflectance spectra of light-toned float rocks. A Mean SuperCam
(solid line) and Mastcam-Z (points with solid line) spectra for targets representative of
the dataset spectral diversity, where the colored envelope represents the amplitude of
variation of the reflectance along the raster for SuperCam. Variation bars on Mastcam-
Z spectra indicate the standard deviation within the selected region of interest. The
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main spectral features are indicated by arrows. Each color corresponds to a spectral
class: dark blue/dark green = high hydration group; orange/red = low hydration group
(two targets are represented to show the 1.5 yum downturn). Coated targets are
represented in pink. Also see Figs. S4 and S6. B Laboratory reference spectra of relevant
minerals (see Table S5). Grayed parts correspond to SuperCam blind spectral regions.
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Fig. 5 | LIBS Al,O; and H-content compared to the IR hydration band depths,
and band positions. Al,O; content compared to band depth of the 2.2 um band
A and the 1.9 um band B. H score (normalized by the oxygen line) of the studied
targets as a function of 1.9 ym band depth C and Al,O; content D. E shows the
relationship between the 1.4 (Al-OH, H,0) and 2.2 um (Al-OH, Si-OH) bands. The
corresponding relation for lab minerals is indicated as colored patches, highlighting
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the diversity of compositions exhibited by the band positions. The color scheme is
the same as in Fig. 4, grey points are all other SuperCam measurements through Sol
800. The size of the point indicates the band depth-to-noise ratio (BDNR) of the
2.2 um band, representing the quality and the reliability of the detection of this
feature (see Methods section).

For example, in decorrelation stretch images using the 1022 nm, 910 nm, and
800 nm filters of the Unimak Island area (Sol 677, Fig. S7), rocks in Class 1
appear in yellow hues, whereas those in Class 2 appear as cyan. The greater
spatial coverage afforded by Mastcam-Z multispectral images enables a
broader accounting of potential light-toned rock populations than provided
by the relatively few SuperCam targeted observations (cf. Fig. 1).

Modeled mineral composition

To compare the relative shape and intensity of SuperCam spectral features
in the 1.3-2.55 pm region to laboratory spectra, we used a linear mixture
approach whereby a Martian spectrum is modeled using a weighted average
of laboratory spectra (details are provided in the Methods section). The

main strength of this technique is its ability to determine the mineral phases
most likely to describe the data and, therefore, to be present in the mixture.
Note, however, that, the values of the mixing coefficients (i.e., their weighted
average) are intended to describe only the similarity of a given spectrum to a
combination of selected laboratory spectra (endmembers) and are not lin-
early related to the abundances of those minerals in the rock.

In the case of the targets in our study, the same set of endmembers was
tested for all the targets to show the relative distribution of mixing coeffi-
cients, and only those with a mixing coefficient greater than 1% were
retained (see Methods section for more details). The spectrum of a given
mineral may vary with its grain size, porosity, concentration of impurities,
and the inherent nonuniqueness of linear spectral modeling makes it

Communications Earth & Environment| (2024)5:671


www.nature.com/commsenv

https://doi.org/10.1038/s43247-024-01837-2

Article

difficult to distinguish similar from each other. Thus, the minerals selected
were grouped into families to compensate for those differences (see
Table S4). All the laboratory spectra used in spectral modeling are listed in
Table S5. The relevance of the spectral library is discussed in Supplementary
Text S3.

Figure 2 gives a visual representation of the relative presence of each
mineral family in the mixture. The difference between hydrated and less
hydrated targets is clearly visible, with a much greater contribution of
anhydrous and Al-rich phases (such as Al-spinels, in red) in the latter,
whereas the former are more marked by assemblages of hydrated phases
corresponding to aqueous alteration minerals (Al-rich smectites, illite,
kaolinite). Of note, spinel minerals are modeled as present in most of the
points to account for the general concavity of the spectra.

Finally, almost all the targets are modeled with some proportion of
sulfate minerals, mainly Fe and Mg-bearing species, that may explain the
longward shoulder of the 1.9 ym band. While no S is explicitly observed with
LIBS, its detection limit is high, at about 10 wt% SO, allowing the possibility
of some minor sulfates contributing to the IR spectra. Sulfates are also
inferred to be responsible for the 2.3 ym peak observed in less hydrated
targets, associated with a weak 2.2 ym band (Fig. S8).

Discussion

Most rocks on Mars are igneous or volcaniclastic in origin and can typically
be linked to an igneous precursor. However, the low MgO, FeOr, and CaO
abundances of these rocks does not support that they are igneous, and
suggests that they have been extensively altered (Table S3).

It is critical to acknowledge that float rocks have been fully removed
from their geological context which fundamentally limits our ability to
understand their origin and complete alteration history. However, miner-
alogical and imaging data from orbital spacecraft can be used to identify
possible sources of these float rocks within and around Jezero crater. With
these considerations in mind, we can use the geochemistry and inferred
mineralogy of these samples to propose a sequence of events to constrain the
origin and emplacement of these materials into Jezero.

Here, we detail the possible formation scenarios of the main miner-
alogical endmembers in relation to the LIBS-derived chemistry, putting it
into context with the local geology of the Jezero crater and Nilli Fossae
region. This conceptual model uses constraints from terrestrial analog
materials and Gale crater bedrock to contextualize these new observations.

Origin of high Al, hydration, and kaolinite

The light-toned float rocks in the Jezero crater have the highest Al abun-
dances so far analyzed in any Martian rock investigated at the surface with
landed missions or through meteorite studies. The highest Al/Si content
previously reported in situ was measured in altered rocks by the Mars
Exploration Rover Spirit at the Columbia Hills and exhibited compositions
consistent with montmorillonite (an Al-rich, Fe/Mg-poor smectite) with
10 - 20 wt% AL,Os™. From orbit, the most widespread Al-rich materials
on Mars are globally distributed horizons that are spectrally dominated by
Al-clays, including kaolinite/halloysite”. Widespread detections of light-
toned Al-rich clay minerals overlying Fe/Mg clay minerals span tens to
hundreds of meters of vertical stratigraphy at each location” . These kinds
of sequences have not been observed in situ to date, but deposits repre-
sentative of these processes appear to be present in the Nili Fossae region
beyond the Jezero crater®”*°. These Al-rich horizons are hypothesized to
have formed in the early to mid-Noachian due to intense subaerial (pedo-
genic) alteration and have been proposed to be either deep weathering
profiles™ ™ or sequences of paleosols™. In either case, Al-rich materials likely
represent prolonged aqueous alteration of a mafic or felsic protolith to
produce phyllosilicates, such as kaolinite, halloysite (both AL,Si,Os(OH)y),
and montmorillonite ((Na,Ca)y3(ALMg),S140;0o(OH), - n H,0). Like the
characteristically light-toned, bleached “pallid” zone of terrestrial laterite
and/or bauxite, these light-toned materials do not appear to retain sig-
nificant quantities of total Fe (less than ~ 4 wt. %), possibly due to Fe
dissolution/reprecipitation during weathering. This could have proceeded

as leaching under variable redox conditions based on stratigraphic position
in a paleo-weathering profile (e.g., “bleached" horizon at/below a fluctuating
water table)™* or, in contrast, overall weathering profile development under a
Noachian reducing atmosphere, where Fe is lost during leaching™.

Although the Martian crust is primarily mafic in composition, and thus
relatively Al-poor (bulk estimate: ~10.5 wt% ALO3;™), it does not preclude
the formation of an Al-rich and kaolinite-bearing horizon through surface
weathering, as demonstrated by the lateritic profiles developed over ultra-
mafic bedrock on Earth™.

For the light-toned rocks in Jezero crater, the high Al,O; and very low
abundances of all other major cations aside from K,O are supportive of
intense leaching in a deep weathering environment (Fig. 3A). The chemical
index of alteration (CIA, defined as molar Al,Os/(Al,O3 + CaO + Na,O +
K,0)") for these rocks is extreme, with some points above 95 and the
majority above 88 (Table S3). This is much higher than portions of the
Murray formation in Gale crater that were described as having experienced
moderate alteration, with CIA values up to 63°*,

The presence of Ni enrichments in these high-Al rocks also supports
the hypothesis that they originated from intense pedogenic alteration. Ni-
rich laterites are found in tropical regions of the Earth and exhibit specific
and separate zones of Ni and Mn enrichment. Ni is potentially present in
clays of the talc-pyrophyllite group, such as willemseite (Ni;Si;O10(OH),) or
1:1-phyllosilicates, e.g., pecoraite or nepouite (both Ni;Si,05(OH),)***. The
high Ni/(Mg + Fe) ratio, which is unusual on Earth, suggests depletion of
Mg and Fe, potentially by leaching with fluids of variable redox state™.

Alternatively, Al-rich materials on Mars have been considered as the
alteration products of lacustrine™ or hydrothermal processes™, or, when
found with sulfates, formed from acidic brines in ice, mafic dust, and sulfur-
rich aerosol deposits”. But the recurring Al overlying Fe/Mg stratigraphy,
dioctahedral clay mineralogy consistent with low-T open-system alteration,
absence of talc-chlorite-prehnite, and the thickness of the sequences
(commonly 100-200 m), all observed from orbit, renders these forms of
alteration less likely than precipitation-driven top-down leaching™*'. We
favor the hypothesis that Al enrichment is due to leaching and not impact or
hydrothermal processes based on Ni enrichment, the absence of hydro-
thermal minerals (e.g., sulfates of the jarosite or alunite family, hematite),
and the elevated chemical index of alteration ( ~90, Table S3).

We do not observe any float rocks of the Fe/Mg horizon that would be
expected to underlie the putative Al horizon. This could be explained either
by the thickness of the Al horizon and the excavation mechanism not being
sufficient to expose the Fe/Mg layer or that such rock fragments were more
difficult to identify amongst float rocks of other origins along the rover
traverse. Based on orbital observations™, float rocks derived from the Fe/Mg
horizons of the compositional clay stratigraphy are likely darker albedo (due
to Fe), making them harder to distinguish on Mastcam-Z images.

Mineralogically, the high hydration and presence of kaolinite and Al-
clays in the near-infrared spectral modeling of hydrated targets such as
Chignik is also indicative of intense leaching and aqueous alteration for
these rocks.

Spinel formation scenarios

In addition to the kaolinite, the other mineral that is consistently inferred in
the IR spectra is spinel. Furthermore, cm-scale, cubic, dark-toned features
interpreted as minerals in the target Dolgoi Island could be consistent with
spinel mineral grains (Fig. 2). Unfortunately the SuperCam LIBS observa-
tions, which have a smaller field of analysis than the IR, did not target the
candidate spinels to constrain their composition. Nonetheless, the frequent
identification of spinel by near-infrared spectral modeling suggests that
spinel minerals may be present at a smaller grain size throughout these
rocks, except in the kaolinite-rich target Chignik (Fig. 2). Spinel group
minerals with their characteristic cubic crystal form are further classified
based on the dominant trivalent ion (Al, Fe, Cr)”. Chromian pleonaste
spinels and other spinel series minerals can form in many igneous and
metamorphic environments, particularly ultramafic to mafic igneous rocks
and in high-temperature metamorphic environments. As such, there are

Communications Earth & Environment| (2024)5:671


www.nature.com/commsenv

https://doi.org/10.1038/s43247-024-01837-2

Article

two possible formation mechanisms for spinel in these rocks: (1) the light-
toned float protolith was an ultramafic to mafic igneous rock, with the spinel
surviving kaolinitization, or (2) the spinel formed as a result of the heating
that dehydrated these rocks.

Although the light-toned float rocks appear to be extensively altered
and likely carry little resemblance to their original protolith, the presence of
spinel minerals combined with the elevated Ni abundances could indicate
an ultramafic precursor if they are relicts of the original rock. Spinels, par-
ticularly chromian spinels, are typically one of the first accessory phases to
crystallize in mafic and ultramafic rocks and are widely considered to be
resilient to alteration and low-grade metamorphism™. Spinels exist in many
placer deposits around the world after the complete alteration of the original
host rock*"** and are resilient to acidic solutions®, so it is possible they could
have survived the kaolinitization process. Candidate Cr- and Ti-spinels have
been identified by the PIXL instrument in the sedimentary units of Jezero
crater’s deltaic fan and are hypothesized to be derived from the erosion and
alteration of ultramafic sediment source rocks"’. SuperCam LIBS data also
suggests the presence of Cr-spinels in the olivine-cumulate igneous rocks on
the Jezero crater floor'’. As such, the detection of spinel in the light-toned
float rocks and their association with an ultramafic precursor would be
consistent with previous detections of spinel in Jezero. The other possibility
is that the spinel minerals could have formed from high-temperature
alteration of an aluminous, kaolinite-rich precursor, such as occurs on the
Earth. For example, on Earth the high-temperature metamorphism of
pelitic sediments in India (up to 950°C,”) formed spinel granulites with
mineral assemblages including spinel-quartz-cordierite. At the Stromboli
volcano in Italy, high-temperature metamorphism of hydrothermally
altered basalts incorporated into ascending lava during an eruption created
high ALO; (up to 31.79 wt%), moderate K,O, and low FeOr, MgO, CaO,
and Na,O rocks with spinel*’. However, we prefer a detrital origin for the
spinels in the Jezero light-toned float rocks, as cordierite — a high-
temperature mineral that should be visible in IR - is not detected in the
VISIR spectra of the rocks.

Dehydration and lithification

Overall, kaolinite is a soft mineral with a Moh’s hardness of 2 - 2.5. As
such, kaolin deposits on the Earth are easily eroded unless they have been
subjected to lithification such as through burial diagenesis”. The high-Al
float rocks in Jezero crater have been scattered > 10 km across the
Perseverance rover traverse, ranging in grain size from sand to boulder,
so it is reasonable to consider that these rocks must have been lithified
and hardened after the initial formation of kaolinite. One indicator to the
lithification process may reside in the negative correlation between
Al,O3 and hydration in both the LIBS and VISIR data (Fig. 5B, D). For
light-toned float rocks with minimal hydration detected in their near-
infrared spectra and low LIBS H score, Al,O3 concentrations are in some
cases greater than that of kaolinite (Fig. 3B). The characteristic kaolinite
bands are still present for these dehydrated targets, suggesting that this
phase has lost some or most of its molecular OH, consistent with the
higher Al,O; abundances in targets with lower H. Furthermore, stoi-
chiometric modeling of LIBS data suggests that at most, 10 wt% spinel
can be fit into the chemical composition of the light-toned float rocks
with additional Al,O; remaining, showing that the negative correlation
between Al,O; and hydration is not fully explained by an increased
abundance of spinel. The dehydration of kaolinite requires temperatures
of at least 450°C***’ which can be achieved through burial diagenesis on
the Earth"”*’. However, this would require very significant burial depths
on Mars due to its significantly lower gravity, which is unlikely for a
planet without plate tectonism®. Orbital data show large (> 100 m)
kaolinite-bearing megabreccia blocks, excavated through impact pro-
cesses during the formation of the Isidis basin’. Isidis is a 1900 km
diameter impact structure that formed before Jezero, approximately
3.96 - 3.97 Ga*, which impacted altered, clay-bearing Noachian crust™.
Impact processes are known to create high-temperature and/or shocked
mineral assemblages so it is possible that the excavation of these

kaolinite-rich deposits by impact processes may be responsible for the
lithification and dehydration of these Al-rich rocks.

Transport into Jezero and summary

Boulder-sized light-toned rocks have been seen in Mastcam-Z images of the
interior walls of the crater rim, which leads us to consider that kaolinite-
bearing megabreccia are the most likely source of the high-Al float rocks in
Jezero. Subsequent erosion of the crater rim, either by subsequent smaller
impacts, fluvial or ice-related processes, and/or debris flows may have
eroded and transported the float to their current positions. We note that,
with the exception of light-toned blocks on the crater rim slopes, the light-
toned float rocks have been found on or near the lobes and delta front and
beyond that in the crater floor.

In summary, we favor an interpretation involving a sequence of events
described above and illustrated in Fig. 6. We suggest a four-stage scenario: 1)
intense aqueous alteration at a high water-to-rock ratio resulting in the
removal (leaching) of mobile cations (Na, Ca, K, Fe and Mg) causing
enrichment in relatively insoluble aluminum, and production of the more
hydrated endmembers; 2) burial and lithification of an otherwise soft,
kaolinite-rich rock; 3) likely impact-induced excavation and, for some rocks,
partial dehydration; and 4) erosion and transportation of Al-rich material
into Jezero. The details of these steps will be clearer if or when Perseverance
arrives at parent outcrop material.

Conclusion

The textures, compositions, and mineral phases of the light-toned, hydrated,
Al-rich float rocks in Jezero crater are consistent with intense alteration that
currently represent the strongest signatures of weathering that have ever
been examined by a landed mission to Mars. Furthermore, some of these
rocks show signs of potential dehydration suggesting that they may have
been exposed to elevated temperatures contributing to the hardening of the
originally soft kaolinite-rich rock, allowing it to be transported a significant
distance downstream. The presence of kaolinite megabreccia blocks in the
Jezero crater rim suggests that these float may represent fragments of impact
excavated, Noachian weathering profiles. Despite a lack of geologic context,
what is confirmed by these float rocks is the presence of kaolin-group
minerals, which are phases that have been observed from orbit in thousands
of locations across the Noachian terrains of Mars. Based on terrestrial
knowledge, such mineral phases represent the absolute endmember of
prolonged aqueous alteration.

The source of these float rocks may represent the oldest and most
aqueously altered material that currently exists on the surface of Mars
today. Several key questions remain regarding the nature and origin of
these Al-rich materials, including the composition of the protolith, the
chemistry, redox state and total volume of alteration fluids, the duration
of weathering, and, critically, the location of an in-place outcrop from
which this material originated. The presence of a purple coating on many
of these rocks is similar to the purple coatings present on several geo-
logical units and basaltic float rocks in the Jezero crater, suggesting that
the light-toned rocks were deposited with sufficient time for this coating
to form?7. Based on the implications these rocks have for understanding
the ancient Mars climate and its relationship to volcanic and/or impact
processes, these float rocks and their in situ source outcrop(s) will be
important targets for future sampling with the Mars 2020 mission.

Methods

Data processing and calibration

LIBS elemental compositions. Elemental compositions were analyzed

using the Laser Induced Breakdown Spectroscopy (LIBS) technique of

SuperCam™’. Rasters of up to ten points are interrogated by 30 laser

pulses at each point to vaporize material from the rocks, resulting in brief,

hot plasmas, which provide optical emissions. The atomic emission

spectra are collected and calibrated to provide elemental compositions.
Target observation points and elemental abundances are provided in

Table S3. Iron abundances are presented as FeO, noted as FeOr. Any LIBS
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Fig. 6 | Hypotheses for the origin, alteration, and eventual emplacement of
aluminum (Al) rich material in Jezero crater, Mars. A Intense aqueous alteration
of a volcanic and/or volcaniclastic protolith (e.g., surface leaching or subsurface
hydrothermal alteration) generates Al-rich clay minerals (kaolin group clays). In the
case of surface leaching leading to kaolinitization, (shown in B) the Al clay horizons
overlie Fe/Mg clay horizons over tens of vertical meters of stratigraphy. Note that a

hydrothermal alteration schematic is not shown in B), but later heating/dehydration
possibilities are the same for hydrothermal kaolinite; B Subsequent volcanic and/or
impact processes altered deep weathering profile material into metamorphosed Al-
rich material including dehydrated/dehydroxylated kaolinite and spinel;

C subsequent transport of altered material into Jezero may have resulted from either
fluvial incision and transport into Jezero or ballistic transport as impact ejecta.

footprint in the RMI that indicates a coating was observed was removed
from our analysis. Compositions for all targets showing high aluminum
oxide are given in this table. Points that are obscured by soil beyond shot 5
out of 30 were not included (normally the reported composition for a given
point omits spectra from the first five of 30 shots due to dust contamination).
This criterion excluded two points with high aluminum. One is Lake Clark
point #2, which was either buried by deeper soil or excavated through a
coating, or both. It also excludes Serpent Tongue Glacier (Sol 540), point #2,
which showed high aluminum starting around shot #10, indicating a buried
high-aluminum pebble or clast. It was never seen in the images. A search was
made of all laser shots since the beginning of the mission (> 100k), and no
other shots show high ALO; (e.g., > 20 wt%) that were not attributed to
plagioclase feldspar. On the other hand, points on the high-aluminum rocks
that hit a lower-aluminum component are included for context. The Finch
Lake rock was originally targeted on Sol 774, but SuperCam missed the
target. A small pebble just below the target was observed with one point and
showed an Al,O; abundance of 16.6 wt%. But since this was a distinct
pebble, it was not included with Finch Lake in the table, and given that the
aluminum is much lower than other rocks, it was not discussed in this paper.
One target, Trayfoot Mountain (Sol 704), is included in this work because it
clearly shows high aluminum in the LIBS spectra. However, since the target
was > 10 m from SuperCam, at the edge of the LIBS capability range, the
elemental abundances are not well quantified, and are not presented here.

Accuracies for the mean abundances from Table S3 are based on results
shown in Fig. 24 of ref. 54, and are as follows: SiO,, TiO,, Al,O3, FeOr, MgO,
Ca0, Na,0, K,0: £5.5,0.18,3.0,1.5,0.5 0.5, 0.4, 0.5 wt%. These differ from
Table 5 of ref. 54 because the mean abundances in these rocks are quite
different from the means used for Table 5. Precisions are significantly better,
generally similar to those given in Table 6 of ref. 54. One exception is that,
due to the lack of standards used with high Al and low K, the elevated K
derived in some of the results may be considered suspect.

More details about the calibration of the abundances of Ni, Mn and Cr
are given in Supplementary Text S1

Chemical index of alteration. An estimate of the degree of open-system
aqueous alteration of basaltic materials is provided by the chemical index

of alteration (CIA;™). It is calculated as the mole fraction of aluminum
oxides to total felsic cations as

ALLO,

CIA = 100
ALO, + MgO + CaO* + Na,0 + K,0

1

where CaQ is the original igneous fraction of CaO not bound to S, C, or P.
Here we use the total CaO abundance since these are all low. The results are
found in Table S3. The bulk Martian crust has a CIA around 37%. Pure
plagioclase has a CIA of 50, and values above 50 are generally considered to
be evidence of alteration. Inspection of the data suggests the possibility of
subsequent alteration by K-rich fluids, as has also been the case in some
terrestrial laterites™.

As Jezero crater is in a more mafic region of Mars, it may be helpful to
also consider the molar mafic index of alteration (MIA;”), which for oxi-
dizing environments considers the retention of iron. And an index of
laterization (IOL) has been used for highly altered rocks (e.g., Schellmann®
and references therein). The details of the calculations of MIA and IOL are
given in Supplementary Text S2

IRS radiometric calibration. The radiometric calibration of SuperCam
VISIR spectra is described in detail by Royer et al.">”’. SuperCam collects
sunlight reflected from Martian rocks and soils through its telescope in
the Mast Unit. This light is directed to its two separate spectrometer
systems: Visible (VIS; 400 - 850 nm), and the Infrared Spectrometer (IRS;
1.3 - 2.6 mm)*>". The light entering the spectrometers has a field of view
(FOV) of 0.7 mrad for the VIS spectrometer and 1.15 mrad for the IRS’,
corresponding to ~ 1.4 and ~ 2.3 mm footprint, respectively at 2.0 m
distance. As such, several mineral phases can be present at this scale
within a given FOV. Also, because the footprint center of the IRS is offset
by 0.3 mrad with regard to the VIS spectra’, selection of raster locations
intended to cover specific targets of interest may vary between the two
spectral regions.

The infrared spectra were converted into reflectance using a semi-
empirical instrumental model based on the reflectance of the onboard
AluWhite calibration target” and an 719 illumination model and solar
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ephemeris'”. The reflectance spectra assume that the target is horizontal and
Lambertian.

IR band depth and band depth-to-noise ratio calculation. The band
depth (BD) was calculated using the calibrated reflectance R and the
formalism described by Viviano et al.”’. More precisely:

R,
BD=1——"F-"—"—
aR + bR, &)

Where a and b are weighting coefficients corresponding to the relative
distance between the band minimum and the shoulders, and the ¢, I and s
subscripts correspond to the position of the band minimum (or center) and
the short and long wavelength shoulders.

The uncertainty of the band depth is estimated using the uncertainties
(0) of the three points used to calculate it, i.e., the band minimum and its two
shoulders, in reflectance. It is determined by considering the errors of these
three points as independent, which is justified by the fact that the IRS
acquires the spectral channels successively by changing the state of its AOTF
filter. The band depth to noise ratio (BDNR) is then calculated by:

{ 0 200 207
BDNR = BD x (I—BD)(—C-f—a = 4+b 7)} 3)
RZ R R
Reflectance and uncertainty are provided for each observation by the

SuperCam Bundle on the NASA Planetary Data System”.

Detailed IR linear modeling method and limits
Overview of the linear modeling approach. Modeling of reflectance
spectra is an analysis method that has been used during decades to study
the surface of Mars, using a variety of different methodologies and
wavelength ranges. It can be used to systematically analyze a large
number of spectra, in order to construct compositional maps, in the case
of spectral imagers, or to identify average trends in a dataset. Each
method has its own specific features, advantages and limitations.
Examples include the individual study of absorption bands with
Tetracorder®"*, which fits absorption bands with a linear combination of
pure mineral bands; or the Modified Gaussian Model algorithm® adapted
to the study of mafic mineral mixtures, notably on Mars®*®. Other
methods seek to model the entire spectrum, with different approaches:
the SMA (Spectral Mixing Analysis®*’) and MELSUM (Multiple-End-
member Linear Spectral Unmixing Model®"") rely on the use of a linear
combination of laboratory spectra or the dataset itself to deduce the
composition of the observed sample, while more advanced radiative
transfer models’>”* use the optical constants of the minerals as well as
their grain size and the geometric parameters of the observation.
However, apart from the shape and position of absorption bands,
composition is not solely responsible for the shape of reflectance spectra.
Surface roughness, grain size, level of mixing (spatial or intimate), presence
of inclusions, porosity and illumination and observation conditions are all
parameters that play a role in the absolute reflectance level, the shape of the
spectral continuum and the depth of absorption bands. A complete mod-
eling of all these effects would require a knowledge of minerals beyond that
currently available in databases (i.e., scattering coefficients, optical con-
stants), but under certain hypotheses, the models described above make it
possible to deduce a quantitative composition of the observed mixture. In
the case of spatial mixtures, the scale of the mixture is greater than the mean
free path of the photons, so they are scattered by a single mineral and the
reflectance spectrum is the average of the spectra of each mineral weighted
by the relative area covered by them in the field of view. A SMA or
MELSUM-type description is suitable for these mixtures. On the other
hand, intimate mixtures are such that photons are scattered by grains of
different composition as they pass through the medium. If the medium is
granular, then the radiative transfer models of Shkuratov and Hapke can be
used to estimate grain sizes and relative mineral abundances. However,

reality is more complex than these extreme cases, and these models often
give degenerate results, i.e., the same spectrum can be modeled with com-
parable uncertainties by different sets of parameters.

In the case of our study, we have opted for a spatial description of IR
spectra, but with a different, higher-level approach to that of MELSUM and
SAM, which enables us to free ourselves from endmember representative-
ness bias to the detriment of accuracy in determining composition. The
main strength of this technique is its ability to determine the mineral phases
most likely to describe the data and, therefore, to be present in the mixture.
Note, however, that, the values of the mixing coefficients (i.e., their weighted
average) are intended to describe only the similarity of a given spectrum to a
combination of selected laboratory spectra (endmembers) and are not lin-
early related to the abundances of those minerals in the rock. Moreover, the
spectrum of a given mineral may vary with its grain size, porosity, con-
centration of impurities, and the inherent non uniqueness of linear spectral
modeling makes it difficult to distinguish similar from each other. Thus, the
minerals selected were grouped into families to compensate for those dif-
ferences (see Table S4). All the laboratory spectra used in spectral modeling
are listed in Table S5. The relevance of the spectral library is discussed in
Supplementary Text S3.

General principles, advantages and limitations. Unlike the MELSUM
method, we have chosen not to limit the endmembers of the simulated
mixture to a small number (4 in the typical use case of MELSUM), but to
use a large number ( ~200), more representative of the diversity of
mineral spectra.

As explained above, linear modeling is suitable for samples with large
mixing scales, but this is not necessarily the case for the SuperCam obser-
vations studied here, whose millimeter-scale fields of view are sometimes
made up of fine, heterogeneous grains on a sub-millimeter scale. Similarly,
spectra from laboratory databases are also measured as powders, grain
separates or cut surfaces (unlike Martian surfaces) and can contain impu-
rities (other co-occurring phases). A spectrum of a given mineral is generally
representative of the presence of that same mineral in the rock studied, but
this is not systematic. This is why our approach uses a large number of
laboratory spectra, taking into account the diversity of noncompositional
effects. Our method is therefore not quantitative but allows us to test the
plausibility of a mixture of minerals by looking for the species most likely to
describe the data. Moreover, some endmembers do not have diagnostic
absorption bands enabling clear identification, but their presence is neces-
sary to explain the observed band depth ratios, band shapes, and/or spectral
slopes. Finally, some mineral species have rather similar spectra such that
the spectral sampling of the IRS data and the precision of our data and
processing methods make it impossible to discriminate them. For this
reason, we have chosen to group the results into mineral families, combining
the mixing coefficients of several similar mineral species whose general
properties can be identified with greater certainty. Only species showing
absorption features are thus modeled, featureless ones, such as plagioclase
for example, being undetectable or masked by photometric effects.

Linear mixture models were found to be less well constrained with the
visible wavelength spectra, likely owing to a combination of residual cali-
bration uncertainties between detector regions (Fig. S6) and greater non-
linear mixing effects in this wavelength region resulting from variations in
grain size and/or mixtures of more opaque and transparent materials.
However, the candidate minerals identified from the near-infrared linear
mixture modeling results (Table S4) provided qualitative constraints on
possible mineral combinations necessary to explain the main features in
visible spectra. For example, the monotonic positive slopes associated with
Class 1 are consistent with combinations of kaolinite, kieserite, and chro-
mite, whereas the distinctive Class 2 spectra likely represent contributions
from cordierite and ferrihydrite. The less distinctive Class 3 spectra are more
influenced by a combination of spinels with clay minerals.

IR modeling method. Linear modeling of the data is based on a Bayesian
method of searching for the parameters of the mixing model, followed by
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statistical analysis of the results using a Markov Chain Monte Carlo
(MCMC) algorithm. Only the IR part, from 1.3 to 2.6 pm, is modeled in
this way, because at shorter wavelengths (i.e., 0.40-0.85 um) the non-
linear effects of opaque phases and mixtures increases the uncertainties of
modeled mixing coefficients, in addition to possible coregistration effects
between the two optical paths.

The modeling steps are as follows:

* Normalization of spectra: since the absolute value of the continuum
depends on other parameters in addition to composition, all spectra
(both experimental and laboratory) are normalized by division by their
mean value.

¢ Selection of the library of endmembers participating in the mixture:
endmembers are selected from mineral families whose spectral sig-
natures have been suggested by manual comparisons of the spectra to
laboratory databases (e.g., with the 2.2 ym feature in Fig. S13), and
whose composition is compatible with the results of chemical analysis
of LIBS. This is therefore not an unsupervised approach. Within each
mineral family, species were selected for their spectral signatures and to
represent the diversity of measurement conditions (sample state, grain
size, observation geometry) and sample purity (presence of other
minor species, more or less adsorbed hydration). Selected minerals are
then tested to check whether they improve the quality of the fit (see
Supplementary Text S3 and Figs. S14 to S16). In all, nearly 200 end-
members in 10 mineral families were selected. To partially account for
photometric effects not modeled by the linear approach, three artificial
spectral components were added to the mineral endmembers: a dark
continuum, constant at 0.1, to adjust for the contrast of absorption
bands due to the presence of phases without spectral signatures, and
two continua with positive and negative slopes (simply straight lines
between 0 and 0.1 over the spectral range) to attempt to compensate for
dust scattering effects. The use of these artificial endmembers is
explained, for example, in®”".

* Determination of mixing coefficients for each observation. This is a
Basyesian approach in which the aim is to maximize a likelihood
function, defined as the exponential of the root mean square between
the model and the data. The coefficients are randomly drawn according
to a uniform distribution.

* Selection of endmembers whose mixing coefficient is greater than 0.01.
Coefficients whose value is too low (< 1%) do not correspond to sig-
nificantly present endmembers and are ignored for the rest of the
process. The resulting modeled spectrum using those coefficients on
each target is given in Fig. S8.

o Statistical analysis using the MCMC method. The endmembers
selected in the previous step are re-injected into an MCMC sampler to
calculate the posterior distributions of each of the mixture parameters.
The median of these distributions corresponds to the maximum
likelihood, and their width gives the sensitivity of the mixture to the
presence of each endmember. Thus, a quality criterion is defined as the
ratio of the median value by the width of the distribution. A value lower
than 1.5 means that the endmember does not affect significantly the
quality of the fit (Fig. S9).

Open research: All data are available in the main text, the supple-
mentary materials, on the NASA Planetary Data System SuperCam Bundle
and on a public repository hosted by Zenodo (https://doi.org/10.5281/
zenodo.13918367).
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