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The Perseverance rover has explored and sampled igneous and sedimentary rocks
within]Jezero Crater to characterize early Martian geological processes and habitability
and search for potential biosignatures'”. Upon entering Neretva Vallis, on Jezero
Crater’s western edge®, Perseverance investigated distinctive mudstone and
conglomerate outcrops of the Bright Angel formation. Here we report a detailed
geological, petrographic and geochemical survey of these rocks and show that
organic-carbon-bearing mudstones in the Bright Angel formation contain
submillimetre-scale nodules and millimetre-scale reaction fronts enriched in ferrous
iron phosphate and sulfide minerals, likely vivianite and greigite, respectively. This
organic carbon appears to have participated in post-depositional redox reactions
that produced the observed iron-phosphate and iron-sulfide minerals. Geological
context and petrography indicate that these reactions occurred at low temperatures.
Within this context, we review the various pathways by which redox reactions
thatinvolve organic matter can produce the observed suite of iron-, sulfur-and
phosphorus-bearing minerals in laboratory and natural environments on Earth.
Ultimately, we conclude that analysis of the core sample collected from this unit using
high-sensitivity instrumentation on Earth will enable the measurements required to
determine the origin of the minerals, organics and textures it contains.

NASA’s Mars 2020 Perseverance rover missionis the firstin asequence
of missions designed to return a scientifically selected suite of Mar-
tian rock, regolith and atmosphere samples to Earth for laboratory
investigation. The goals of the mission are to explore the Jezero Crater
landing site and its surroundings, constrain the geologic history and
habitability of the site, seek signs of past life, and prepare a cache of
samples for potential return to Earth’. The Perseverance rover carries
aninstrument payload designed to fulfil these goals, with the capa-
bility to characterize rock targets, their submillimetre-scale textural
attributes, and potential organic and inorganic biosignatures, placing
these features into an outcrop-scale context’.

Perseverance has explored three geologic terrains in Jezero Cra-
ter (Supplementary Fig. 1): (1) the crater floor, which includes lava

flows and igneous cumulates that have experienced aqueous altera-
tion under a variety of conditions?3; (2) the Western Fan, a sequence
of sedimentary rocks derived from mafic to ultramafic sources and
depositedinafluvial-deltaic-lacustrine setting*%; (3) the Margin Unit,
alayered-to-massive sequence of rocks with strong orbital spectro-
scopicsignatures of olivine and carbonate that is exposed between the
crater rim and the Western Fan’. This study focuses on a suite of rocks
exposed in Neretva Vallis, a valley incised through the Jezero Crater
rim and Margin Unit, which was the feeder channel for the Western
Fan® (Supplementary Fig.1). Perseverance initially explored a distinct,
bright-toned outcrop exposed on the northern margin of Neretva
Vallis. This outcrop areais informally named ‘Bright Angel’ (Fig.1a).In
High Resolution Imaging Science Experiment (HiRISE) images of this
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Fig.1|Perseverance’s path through Neretva Vallis and views of the Bright
Angelformation. a, Orbital contextimage with the rover traverse overlainin
white. White line and arrows show the direction of the rover traverse from the
southerncontactbetween the Margin Unitand Neretva Vallis to the Bright
Angeloutcrop areaand then to the Masonic Temple outcrop area. Labelled
orange triangles show the locations of proximity science targets discussed in
thetext. b, Mastcam-Z 360° image mosaic looking at the contactbetween the
light-toned Bright Angel Formation (foreground) and the topographically
higher-standing Margin Unit from within the Neretva Vallis channel. This mosaic
was collected onsol1178 from the location of the Walhalla Glades target before

deposit, albedo variations appeared to indicate layering at the metre
scale. Subsequently, Perseverance explored strata exposed along the
southern margin of Neretva Vallis, in an areainformally named ‘Masonic
Temple’ (Fig. 1a), where rocks with similar characteristics crop out.
Asdescribed below, the outcropsinthese areas share many characteris-
ticsand arereferred to collectively as the Bright Angel formation. Sub-
surface structures detected by the Radar Imager for Mars’ subsurface
experiment (RIMFAX) ground-penetrating radar (GPR; Methods and
Supplementary Fig. 2) can be interpreted to indicate that the Bright
Angel formation lies stratigraphically above the Margin Unit, but at the
present time, we cannot rule out the possibility that the Bright Angel
formation represents a part of an older unit.

Outcrop-scale observations

The Bright Angel formation consists of approximately metre-scale
blocks formed by fracturing and physical weathering of the exposed
outcrop (Fig.1b). InRIMFAX GPR profiles, radar-reflective layers express
arange of apparent dip angles, from horizontal up to about 30° at the
northern contact with the Margin Unit (Supplementary Fig. 2). The
Bright Angel formation appearstobe subdivided into concave-upwards
toflat-lying bodies of layered rock lying within the Neretva Vallis channel
(Supplementary Fig.2). Assuming that the observed layer orientations
formed during deposition of the Bright Angel formation, the topo-
graphically highest-standing outcrops near the contact with the Margin
Unitarestratigraphically lower than outcrops farther from the contact.

Arepresentative example of Bright Angel formation outcrop is visible
inthe ‘Beaver Falls’ workspace (Fig.2). Here, the Planetary Instrument
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abrasion. Upslope, about 110 mdistant, the approximate location of the Beaver
Fallsworkspace (containing the targets CheyavaFalls, Apollo Temple and
Steamboat Mountain and the Sapphire Canyon sample) isshown. Downslope,
about 50 mdistant, the approximate location of the target Grapevine Canyonis
alsoshown. Inthedistance, at the southernside of Neretva Vallis, the Masonic
Temple outcropareaisjust visible. Mastcam-Z enhanced colour RGB cylindrical
projection mosaic fromsol 1178, sequence IDs zcam09219 and zcam09220,
acquired at 63-mm focallength. Aflyover of thisareais available at https:/www.
youtube.com/watch?v=5FAYABW-c_Q. Scale bars (white),100 m (a), 50 m

(b, top) and 50 cm (b, bottom left). Credit: NASA/JPL-Caltech/ASU/MSSS.

for X-ray Lithochemistry (PIXL), Scanning Habitable Environments
withRaman and Luminescence for Organics and Chemicals (SHERLOC)
and Wide Angle Topographic Sensor for Operations and Engineering
(WATSON), SuperCam, and Mastcam-Z instruments (Methods) analysed
arock containing the targets ‘CheyavaFalls’and ‘Apollo Temple’and a
core sample, named ‘Sapphire Canyon’, was subsequently collected.
In this rock, centimetre-scale, reddish-to-tan-coloured, recessive lay-
ers are separated by thinner, relatively resistant, light-toned layers
(Figs.2and 3a). Thelayersin thisrock dip more steeply and strike atan
angle to layers in the nearby outcrop, implying that it may have been
displaced from its original orientation. Topographically above but
stratigraphically below this rockis a darker-toned rock with a coarsely
granular texture, the site of the target ‘Steamboat Mountain’ (Fig. 2).
This darker-toned rock wasinvestigated as a possible transitional litho-
logy between the Bright Angel formation and the Margin Unit.

In general, macroscopic rock textures in the Bright Angel outcrop
area are diverse and complex. Intervals of rock are wind-fluted and
massiveinappearance (Supplementary Fig. 3a), show large (centimetre
scale) nodular features (Supplementary Fig. 3b), and are layered and
cross-cut by light-toned erosionally resistant and mineralized frac-
turesand veins (Fig. 2and Supplementary Fig. 3a,b). Primary textures
include layered and structureless intervals with limited evidence for
transport and deposition by currents, such as cross bedding or plane
bed laminations. Across Neretva Vallis, in the Masonic Temple area
(Fig.1a), outcrops express wind-fluted, massive, layered and granular
surface textures such as those seen in the Bright Angel area (Supple-
mentary Figs. 4-6). However, the Masonic Temple area also includes
poorly sorted conglomerates composed of rounded to subangular
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Fig.2| The Beaver Falls workspace. Mastcam-Z image mosaic of the Beaver
Fallsworkspace onsol1217. Thelight-toned layered block contains the Cheyava
Falls natural surface target, the Apollo Temple abrasion and the Sapphire
Canyon coresample location. The Sapphire Canyon sample was collected
from approximately the same location as Cheyava Falls after analysis of the
target was completed. The red box shows the location of the SuperCamtarget
Kolb Arch (Supplementary Fig.11). The darker-toned granular block contains
the Steamboat Mountain abrasion. Downhillis to the left on thisimage.
Mastcam-Z enhanced colour RGB vertical projection mosaic fromsol1217,
sequence zcam09264, acquired at110-mm focal length. Scale bar, 10 cm.
Credit: NASA/JPL-Caltech/ASU/MSSS.

millimetre- to centimetre-scale clasts embedded in a fine-grained
matrix, as seen in the targets ‘Bass Camp’ (Supplementary Fig. 7) and
‘Wallace Butte’ (Supplementary Fig. 8a,b).

Petrographic relationships

Despite the textural diversity of rocks in the Bright Angel formation,
they all contain a fine-grained component, or facies, that comprises
muchoftherock volume.Individual grainsin this facies are not visible
in WATSON images (17.9-36.3 pm per pixel) orin SHERLOC Autofocus
and Context Imager (ACI) images (10.1 um per pixel) of the Cheyava
Falls target (Fig. 3b,c), indicating grains approximately <30-110 pm
in diameter, that is, finer than coarse silt or very fine sand. The image
resolutionisinsufficient to determine the relative proportions of clay
andsilt; accordingly, we classify this facies as mudstone. The Masonic
Temple conglomerates contain amatrix made of the same mudstone,
as well as abundant millimetre- to centimetre-scale clasts, also com-
posed of mudstone (Supplementary Figs. 7 and 8a,b). These clasts
formed by mud deposition, partial consolidation, and later erosion
and transport as intraclasts.

The mud faciesisred, tan or whitish-grey coloured in different rocks.
These colour differences are apparent in visible-light reflectance
spectra collected by Mastcam-Z (Supplementary Fig. 9a,b and Sup-
plementary Table 1) and SuperCam (Supplementary Fig. 10 and Sup-
plementary Table 1). Masonic Temple targets are characterized by
long-wavelength spectral features that indicate high abundances of
ferriciron. This Fe** imparts strong red colouration. Targets in Bright
Angel show spectral features that indicate less Fe*', resulting in tan
to whitish-grey colouration. Near-infrared (NIR) absorption spectra
collected by SuperCam (Supplementary Fig. 11a-c) are characterized
by shallow, approximately 1.92-pm band depths, indicating that Bright
Angel formation rocks are weakly hydrated, especially when compared
with sedimentary rocks from the Western Fan (Supplementary Fig. 11d
and Supplementary Table1). Other NIR spectral features are also rela-
tively weak and cannot be uniquely attributed to specific minerals;
however, candidate phases include phyllosilicate clays and opaline
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silica, consistent with expectations for a mudstone. Calcium sulfate
with spectral features consistent with bassanite, CaS0,-0.5H,0, is also
identified in NIR spectra (Supplementary Fig. 11e,f).

Organic matter was detected in the Bright Angel area mudstone tar-
gets CheyavaFalls, Walhalla Glades and Apollo Temple by the SHERLOC
instrument based on the presence of an approximately 1,600-cm™
G bandin the Raman spectra®*? (Fig. 3d and Methods). The G band
ismost intense in Apollo Temple and less intense in Walhalla Glades
and Cheyava Falls (Methods). In contrast, no G band was detected at
Masonic Temple in the abrasion target ‘Malgosa Crest’. SuperCam
Ramanspectra collected from Apollo Temple show a strong continuum
fluorescence signature (Supplementary Fig. 12) consistent with, but
not uniquely attributable to, organic matter; this signature is weak to
absentin Malgosa Crest.

PIXL micro-X-ray fluorescence (XRF) elemental analyses indicate
that Bright Angel formation mudstone is rich in SiO,, Al,O; and FeO,
and poor in MgO and MnO (Supplementary Information). On ternary
diagrams used to infer mineralogy (Fig. 4a,b), the mudstone plotsin
locations consistent with abundant silica and aluminosilicate clays.
PIXL analysis of the X-ray diffraction properties of the mudstone in
abraded patches (Supplementary Fig. 13a-d) shows that it contains
only randomly distributed, low-intensity diffraction peaks withnolarge
domains that exhibit coherent monocrystalline diffraction™® ™., These
propertiesindicate crystalline domain sizes at or near the PIXL diffrac-
tion detection limit of 40-60 pm (ref.15), inaccord with image-based
grainsize estimates. There is no variationin the crystallinity or textural
properties of the mudstone with stratigraphic position or elevation
(Supplementary Fig.13a-d), and thus no evidence for contact metamor-
phicrecrystallization in proximity to adjacent geologic units. Analysis
of diffraction peaks detected in calcium-sulfate veins and nodules
in three abrasion targets indicates that Ca-sulfate is predominantly
non-diffracting as well (Supplementary Figs. 14a-jand 15a-c). Where
diffraction was detected and peaks could be indexed®” (Methods and
Supplementary Table 2), gypsumand anhydrite were identifiediniso-
lated small domains. A possible explanation for the high proportion
of non-diffracting Ca-sulfate is that it represents fine-grained bassan-
ite, consistent with SuperCam spectra (Supplementary Fig. 11e,f). On
Mars, bassanite is known to form by dehydration of gypsum®®, with
gypsum precipitation implying low temperature and salinity for
Ca-sulfate-precipitating fluids”.

Finally, olivine sand grains and particulate and intragranular Fe-Mg
carbonate were observed in Cheyava Falls and Steamboat Mountain. In
CheyavaFalls, PIXL analysed an approximately 0.5-1-mm-diameter oli-
vine graininanapproximately centimetre-thick, light-toned Ca-sulfate
layer (Fig. 3a,b). In Steamboat Mountain, coarse to very coarse
sand-sized grains (0.5-2 mm) of olivine and Fe-Mg carbonate are locally
surrounded by Ca-sulfate and set within mudstone (Supplementary
Fig.13a-h). Mixingrelationships between mudstone, olivine, carbon-
ateand Ca-sulfateareillustrated on Fig.4a,b. Where coarse-crystalline
olivine grains and mudstone are in contact with each other (Supple-
mentary Fig.13b,f), thereis noindication that the mudstone has been
recrystallized by interaction with thisigneous mineral, indicating that
olivineisadetrital phase.In Steamboat Mountain, SHERLOC targeted
anarea containingolivine, carbonate and Ca-sulfate, rather thanmud-
stone. No organic matter was detected, indicating that these phases
arenotimportant carriers of organic matter. SuperCam Raman spectra
from the Steamboat Mountain mudstone, however, do show the same
continuum fluorescence seen in the organic-matter-bearing Apollo
Temple target (Supplementary Fig.12).

Provenance and depositional environments

Observations of the Bright Angel outcrop area are consistent with
their interpretation as mudstones deposited from suspension as lay-
ered and massive beds. Major element systematics and spectroscopic



Fig.3|Layering, nodules, reaction fronts and organic detections.

a, WATSON nighttime image of Cheyava Falls with both white-light LED groups
onacquired onsol1188 atastand-off distance of 3.91 cm. Image resolution:
21.0 + 0.4 um per pixel. b, Colourized SHERLOC AClimage acquired on sols
1201-1202 outlined with a white box and overlain on the WATSON image from a.
The AClimageis afocus merge of 13 AClimages acquired between stand-off
distances 0f4.035 cmand4.335 cmand has animage resolution of about10 pm
perpixel. Three1x1mm SHERLOC spectral scans were acquired at the orange
squarelocationat stand-off distances of 4.01 cm, 4.035 cmand 4.06 cm. One
1x1mmspectralscanwasacquired at the blue square location atastand-off
distance of 4.035 cm. The black dotted rectangle shows the footprint of the

properties indicate that the mudstone provenance was chemically
weathered and oxidized, resulting in Si, Aland Fe*" enrichment and Mg
and Mndepletion, These characteristics are unlike those observed in
Western Fan sedimentary rocks, which show little to no fractionation
of Fe from Mg or Mn (Supplementary Fig.16), indicating that they were
formed under anoxic conditions®. At the contact with the Margin Unit
(Fig.2), we observeinterstratified bedsets containing both fine-grained
mudstone and coarse-grained olivine-bearing layers (for example,
Cheyava Falls). We also observe poorly sorted, mud-rich olivine- and
carbonate-bearing lithologies (for example, Steamboat Mountain).
These coarser-grained lithologies appear to have provided a higher
permeability medium through which later Ca-sulfate-precipitating
fluids could migrate. Given the olivine- and carbonate-rich nature of
the Margin Unit’, reworking of grains derived from the Margin Unit into
the Bright Angel formation seems plausible. Across Neretva Vallis, at
Masonic Temple, the poorly sorted, coarse conglomeratic nature of
some outcrops (Supplementary Figs. 7 and 8a,b), and the fine-grained,
mud-rich nature of others (Supplementary Fig. 6), indicate significant
local or temporal variationin current velocities. Accordingly, we inter-
pret the Bright Angel formation to have formed from sedimentary
processes thatincluded weathering, erosion, transport and deposition
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PIXLscanacquired from this target. The magenta cross at the corner of the
scanprovides areference point for comparison with ¢, whichis the colourized
SHERLOC AClimage fromb. The image shows the authigenic nodule and
reaction front features as well as the SHERLOC and PIXL scan locations.

d, SHERLOC Raman spectrafromrepresentative targetsin the Bright Angel
unitwithfitstoaninstrument -O-stretching overtone feature fromthe
SHERLOC fused-silica optics (light grey, labelled ‘Bknd’) and the G-band signal
atabout1,600 cm™ associated with organic carbonin the targets Walhalla
Glades (blue), CheyavaFalls (red) and Apollo Temple (greenfitongrey
spectrum). Malgosa Crest (yellow) shows no G-band signal above the
instrumentbackground. Scalebars, 5 mm. Credit: NASA/JPL-Caltech/MSSS.

from water by fallout from suspension and energetic currents or debris
flows, forming mudstone and coarser-grained and conglomeratic
lithologies, respectively.

Nodules and reaction fronts

Dispersed throughout the fine-grained mudstone in the Bright Angel
outcrop area, we observe approximately 100-200 pum circular toirreg-
ularly shaped masses (informally referred to as ‘poppy seeds’ by the
Mars 2020 Science Team) that are black to dark blue to dark green
coloured in daytime and nighttime white light-emitting diode (LED)
illumination (Fig.3a-cand Supplementary Figs.17a,b-19a,b). WATSON
(Supplementary Figs.17¢-19¢) and PIXL Micro Context Camera (MCC;
Supplementary Fig. 20) decorrelation stretch images enhance the
blue to green colour of these features relative to the mudstone they
occur in. PIXL XRF data indicate that the masses are enriched in Fe,
P and Znrelative to their host mudstone (Fig. 4c and Supplementary
Fig.21a-g).Onaternary diagram of FeO-P-CaO (Fig. 4c), they extrapo-
late towards a molar FeO:Pratio of about 3:2 (see also Supplementary
Fig. 21f). The X-ray diffraction properties of these masses are indis-
tinguishable from the surrounding mudstone, indicating crystallites
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Fig.4|Elemental relationshipsinBright Angel and Masonic Temple from
PIXL. Ternary diagrams plotting molar proportions of the indicated oxides
and elements. FeO;istotalironreported as FeO. Green points are all XRF
analyses from the Bright Angel areaand black points are from the Masonic
Temple area.a,b, Complementary diagrams that plot SiO, (a) and Al,O; (b) at
their apices. Expected trajectories for oxidative chemical weathering of
igneousrocksshown asblack arrows; mostdata points clusterinlocationson
the diagrams expected for sedimentsrichin SiO,, Al,0;and FeOy, formed by
weathering of their sources. Ina, the cluster of green points near olivine (Ol)
represents olivine grains in Steamboat Mountain and Cheyava Falls. Additional
linear trends shown with dashed arrowheaded lines indicate mixing with
Ca-sulfate (CaSO,) and Fe-rich phases thatinclude Fe-phosphates, Fe-oxides,

smaller than 40-60 pum (Supplementary Fig. 13a-d). In the Apollo
Temple abrasion, PIXL analyses also reveal abundant Fe-phosphate
masses. The colour properties of some of the Fe-phosphate masses
in this target are distinctive: colourless in daytime WATSON images,
tan/orange-toned under nighttime white-light LED illumination,
and red in decorrelation stretch images relative to the surrounding
white-grey mud (Supplementary Fig. 22a-c). Combined, these prop-
erties are consistent with accumulations of microcrystalline vivian-
ite (Fe?*;(PO,),-8H,0) or lower-hydration-state ferrous phosphates
(for example, phosphoferrite: Fe?*,(PO,),-3H,0) and their oxidation
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Fe-sulfides, (Mg, Fe)SO, and (Mg, Fe)CO,.KIn, kaolinite; Opx, orthopyroxene;
Cpx, clinopyroxene; An, anorthite; Ab, albite; FId, all feldspars. c, Compositional
arraysinBright Angelindicate thataniron-phosphate with amolar 3FeO:2P
ratio (stoichiometrically like vivianite, Fe;(PO,),-8H,0 and its oxidation
products) is the primary P-bearing phase. The location of 1FeO:1P ferric
phosphate (typically strengite, FePO,-2H,0) isalso shown. Ap, apatite; Mer,
merrillite.d, Compositional arrays in Bright Angel and Masonic Temple
indicate the presence of CaSO,. In Bright Angel, anendmember with amolar
3Fe:4Sratio (stoichiometrically like greigite, Fe,S,) is also present. Pyrite
(FeS,), troilite (FeS) and jarosite (Jar; KFe>*;(SO,),(OH),) are also plotted. The
location of the Fe-sulfide minerals ondis based on calculations described
inMethods.

products, for example, metavivianite (Fe**, ;Fe**, s(PO,),:7.5H,0),
ferrostrunzite (Fe?*Fe**,(P0O,),(OH),-6H,0) and santabarbaraite
(Fe*;(PO,),(OH),:5H,0), all of which have molar FeO:P ratios of 3:2
and colour properties that match our observations in Bright Angel.
The Fe-phosphate masses do not appear to have been sorted into
laminations or lenses of relative enrichment, as might be expected
for 100-200 um accumulations of vivianite co-deposited with
finer-grained aluminosilicates and ilica. They are thus unlikely to have
been transported and deposited as grains along with the surround-
ing muddy sediment. Instead, the distribution of the Fe-phosphate
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Fig.5|Redox processesin Bright Angel and Masonic Temple. a, PIXL MCC
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Scalebar, 3 mm.b, Element mobility index (7; 1;0,; Methods) for the indicated
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relative to the mudstone they are containedin. ¢, Normalized probability
density function for the NIR/blue reflectance value of individual pixels in PIXL
MCCimages of the mudstone faciesineach of theindicated targets. A higher
NIR/blueratiois associated with higher Fe* concentration, consistent witha

massesindicates they formed as the result of chemical processes after
mudstone deposition and accordingly can be considered authigenic
nodules. In the proximity targets ‘Grapevine Canyon’ and Walhalla
Glades, Fe-phosphate nodules are encased in larger, centimetre-scale
Ca-sulfatenodules (Supplementary Figs.13h and 20), which are them-
selves cross-cut by alater generation of light-toned, mineralized frac-
tures (Supplementary Fig. 3b). Fe-phosphate nodule abundances
and sizes seem unrelated to their proximity to either generation of
Ca-sulfate, indicating that Ca-sulfate nodule and vein emplacement
occurred after Fe-phosphate nodule formation. Fe-phosphate is rare
inMasonic Temple areatargets. A fewisolated spots that might contain
Fe-phosphate masses were detected by PIXL in the Malgosa Crest abra-
sion target and WATSON images showed a few large (about 1-5 mm)
blue-green masses (Supplementary Fig. 23a-c), but they were not
analysed. These could be authigenic nodules of a different scale or
transported Fe-phosphate-enriched clasts.

Astriking feature observed in the Cheyava Falls target (and the cor-
responding Sapphire Canyon core sample), is distinct spots (infor-
mally referred to as ‘leopard spots’ by the Mars 2020 Science Team)

more oxidized substrate (and vice versa). d, Maximum percentage of the total
ironineachoftheindicated targetsthat could be presentas vivianite (bars with
stippledfill), greigite (bars with diagonal line fill) and their sum (grey bars);
calculations described in Methods. The Apollo Temple target has the highest
calculated vivianite + greigite abundance, the strongest Raman G band (Fig. 3d)
andistheleast-red target of the group (Fig. 5¢c). Malgosa Crest has the lowest
calculated vivianite + greigite abundance, organic matteris not detected in
thistargetanditisthe reddest target of the group (Fig. 5c). Walhalla Glades

and CheyavaFalls fallbetween these two extremes. Steamboat Mountain is
separated from the group owing to the lack of constraints on the presence of
organic matter in the mudstone in this target. Error barsinband d represent
propagated standard errors.

that have circular to crenulated dark-toned rims and lighter-toned
cores (Fig. 3a-c). The spots range in size from about 200 pm to 1 mm
in diameter and their cores are less red than their surrounding mud-
stone. Like the previously described authigenic nodules they co-occur
with, the spots are not concentrated inlayers or laminae; together with
their irregular shapes, this indicates that they were not deposited as
grains. Instead, these multi-coloured features appear to represent
in situ reaction fronts.

PIXL XRF analyses of reaction front rims reveal they are enriched
in Fe, P and Znrelative to the mudstone they occur in (Fig. 5a,b); we
interpret the rims to be made of the same Fe-phosphate minerals found
inauthigenic nodules. In the reaction front cores, aphase enrichedin
S-, Fe-, Ni-and Zn was detected (Fig. 5a,b). Insight into the identity of
this phase comes from comparison with PIXL analyses of the Apollo
Temple target in the same outcrop block as Cheyava Falls (Fig. 2).
Aternary diagram of the molar proportions of Fe, S and Ca (Fig. 4d)
shows that several spot analyses trend towards a composition on
the Fe-S join with an Fe:S ratio of about 3:4. Most of these points
are associated with a non-diffracting, millimetre-scale region in the
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sol 1213 Apollo Temple XRF map shown in Supplementary Fig. 13c,g.
Thisregion, like the reaction front cores, is also enriched in Zn and Ni,
approachingvalues as high as 2,300 + 670 ppmand 2,000 + 570 ppm,
respectively (Supplementary Information), We also detect copper
in this region at a concentration of 419 + 355 ppm (Supplementary
Information). X-ray scattering properties indicate that both this
region and the reaction front cores are light-element-deficient rela-
tive to FeO and SO, (Supplementary Fig. 24). In LED-illuminated col-
our images, the high Fe-S region of Apollo Temple contains small
dullbrown-to-black-coloured masses (Supplementary Fig. 25). Taken
together, these chemicaland colour properties are consistent with the
Fe-sulfide mineral greigite (Fe**,Fe*'S,; also see Supplementary Fig. 26).
The sulfide-bearing region is adjacent to other submillimetre-scale
mineral accumulations having properties consistent with Fe and S
in a range of oxidation states, including jarosite [KFe**,(SO,);(OH)],
which s an oxidation product of Fe-sulfide’, and ared-brown Fe-rich
phase with low SO;, SiO,, Al,0, and analytical totals, consistent with
siderite (Supplementary Figs. 13g and 25).

Finally, in the Bright Angel formation mudstone facies, there is an
inverse relationship between the inferred abundances of vivianite
and greigite (Methods and Supplementary Information) versus mud-
stone oxidation state, inferred from the NIR/blue reflectance ratio
in PIXL MCC images®. The NIR/blue ratio is sensitive to the relative
abundance of Fe*', like observations from Mastcam-Z (Supplementary
Fig. 9a,b) and SuperCam (Supplementary Fig. 10). This inverse rela-
tionship is shown in Fig. 5¢,d. Mudstone oxidation state also appears
tobeinverselyrelated to the strength of the SHERLOC Raman G band.
As shown in Fig. 5c,d, the Apollo Temple mudstone has the strong-
est Gband, the highest inferred vivianite + greigite abundance, and
the least-oxidized colour properties. In contrast, Malgosa Crest has
no detectable organic matter, the lowest inferred vivianite + greigite
abundance, and is the most-oxidized target analysed inthe Bright Angel
formation. Walhalla Glades and Cheyava Falls are intermediate between
these two extremes.

An exploration of reaction mechanisms

Chemical and sedimentological data indicate that reduced iron and
sulfur were generated, mobilized and precipitated following the depo-
sition of fine-grained oxidized iron- and phosphorous-bearing sedi-
ment. Except when found inauthigenic nodules and reaction front rims,
phosphate is not associated with a mineral phase (for example, there
isnoindication that apatite or merrillite are present; Fig. 4c). Accord-
ingly, we suggest that during deposition, phosphate was adsorbed on
Fe*'-, Al- and Si-rich sediment grains?. In the Bright Angel area, iron
and phosphate have been redistributed into authigenic nodules and
reaction front rims; mass balance calculations suggest closed-system
reorganization of these chemical components into vivianite (Supple-
mentary Text). Fe-phosphate-enriched masses are not associated with
Al O; (Supplementary Fig. 21h), which might otherwise suggest the
co-existence of Al-phosphate minerals typical of transport of AI*" and
Fe* under oxidizing, low-pH conditions, such as variscite (AIPO,-2H,0)
and strengite (FePO,-2H,0)*** (Fig. 4c). Instead, transport of Fe**,
Zn**and PO,* probably occurred under non-oxidizing conditions,
which, combined with moderate pH, prevented mobilization of AP".
Such conditions favour the precipitation of vivianite®. The apparent
absence of Fe-phosphate nodules and reaction fronts in most of the
conglomerate-bearing Masonic Temple area suggests a depositional
facies control on the development of these specific features.

Inthe Bright Angel area, Fe-phosphate minerals are associated with
organic matter (Fig. 3d). A pathway to the formation of vivianite is
via the oxidation of this organic matter, which would have been cou-
pled to the reductive dissolution of Fe** in sediment grains. This pro-
cess would have liberated Fe?" and PO,> to solution and precipitated
Fe*"-phosphate. Similar precipitation and redox reactions have been
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considered for an occurrence of Mn-P-rich nodules in Gale Crater®,
and for submillimetre-scale mixed valence Fe-phosphate grainsina
conglomerate outcrop in the Jezero Western Fan®?, Sulfate reduc-
tion coupled to organic matter oxidation could also be responsible
for precipitation of Fe-sulfide in the Apollo Temple target and in the
coresof reaction frontsin CheyavaFalls. As reduced Fe-and S-bearing
phases formed, the mudstone colour properties were modified by iron
reduction, bleachingit of its red colour in proportion to the abundance
of available organic matter (Fig. 5c,d).

Here we consider the null hypothesis: that within the low-temperature
sedimentary-diagenetic setting we have proposed for the Bright Angel
formation, abiotic reactions produced ferrous Fe and reduced S and
concentrated theminauthigenic nodules and reaction fronts. The null
hypothesis predicts that abiotic reactions can reduce sedimentary Fe*
toaqueous Fe?*, which is then incorporated in the Fe-phosphate and
Fe-sulfide minerals we haveidentified. A wide variety of organic carbon
compounds are known to promote the abiotic reductive dissolution
of ferriciron oxide minerals at temperatures between10 °Cand 80 °C
(refs. 27-29). The presence of organic matter in Bright Angel forma-
tion mudstone (Fig. 3d), which could have been produced on Mars
through abiotic synthesis*** or delivered from non-biological exogenic
sources®**?, suggests that such reactions could have occurred. Further
analysis is required to determine whether the specific organic com-
pounds presentinthe Bright Angel formation can drive the reduction of
mineral-hosted sedimentary Fe* atlow temperature. Another possible
pathway to the production of Fe?" is through the abiotic oxidation of
pyrite by Fe* (aq)®. This process would require both the presence of
detrital pyrite and low solution pH, which would permit Fe* (aq) to be
present. As previously discussed, neither condition appears tobe met
in the Bright Angel formation.

The null hypothesis also predicts that an abiotic source of dissolved
sulfide was available to be incorporated in authigenic Fe-sulfide. Dis-
solved sulfide facilitates the reductive dissolution of ferriciron oxides,
with half-lives ranging from years to hours depending on Fe-oxide
mineralogy, crystallinity and pH***, providing another potential path-
way to the production of Fe? (aq). Magmatic degassing of reduced
sulfur-bearing gases (for example, ref. 36) to local groundwater could
provide a potential source of dissolved sulfide during diagenesis.
However, geological constraints demand that this sulfide migrate in
from adistal, high-temperature sulfide-gas-producing system, to the
low-temperature depositional-diagenetic environment of the Bright
Angel formation. No evidence for sulfide-producing hydrothermal
or magmatic systems was observed in the Crater Floor, Western Fan
or Margin Unit before investigation of the Bright Angel formation.
Abiotic reduction of sulfate to sulfide by organic matter is another
possible source of dissolved sulfide that could both reduce Fe**-bearing
sediment and provide the reduced sulfur required to form Fe-sulfide
minerals®. However, sulfate reduction by reduced carbon compounds
is energetically demanding and kinetically inhibited by the symme-
try of the SO,* ion’®, so abiotic reaction rates are exceedingly slow at
temperatures <150-200 °C (refs. 37,38). As discussed previously, the
Bright Angel formation shows no unambiguous evidence that it was
heated in contact with adjacent geologic units, and burial to depths
in excess of about 5 km would be required to achieve temperatures
>150 °C during the Noachian®.

Given the potential challenges to the null hypothesis, we consider
here an alternative biological pathway for the formation of authigenic
nodules and reaction fronts. On Earth, vivianite nodules are known
to form in fresh water?®#%* and marine*?** settings as a by-product
of low-temperature microbially mediated Fe-reduction reactions.
Fe-sulfide minerals, such as greigite, pyrite and mackinawite, can also
be formed as products of microbial sulfate reduction***, and have
been observed in close spatial association with vivianite*2. Greigite
precipitation, from precursor mackinawite, is favoured by a high dis-
solved Fe*"/S0O,* ratio, typical of diagenetic fluids in freshwater and



ferruginous marine environments**. Repeated sulfidation of Fe*" in
vivianite followed by sulfide oxidation promotes stableincorporation
of Zn and other heavy metals into vivianite*¢. Thus, Zn enrichment in
nodulesis consistent with a hybrid iron- and sulfate-reducing mecha-
nism. Minerals like these, produced by Fe- and S-based metabolisms,
provide some of the earliest chemical evidence for life on Earth**8, and
arethought torepresent potential biosignaturesin the search for life on
Mars*, The fact that the reaction fronts observed in the Cheyava Falls
target are defined by small, spot-shaped, bleached zones in an overall
Fe-oxide-bearing, red-coloured rock invites comparison to terrestrial
‘reduction halos’in modern marine sediments*® and ‘reduction spots’,
which are concentrically zoned features found inrocks of Precambrian
and younger age on Earth®. A biologically influenced origin has been
proposed by some for reduction spots®, although this is not a univer-
sally held perspective®.

Under a biological scenario, the mixture of reactants available in
the Bright Angel formation at the time of deposition could have pro-
vided rawingredients for aset of biological redox reactions that drove
Fe and S reduction, organic matter oxidation, and precipitation of
Fe*"-phosphate and Fe-sulfide minerals. In this scenario, oxidized iron
and sulfate would be used as terminal electron acceptors for organic
matter consumption, promoting the formation of minerals through
therelease of chemical by-products: Fe-phosphate mineralsinthe case
of iron reduction and Fe-sulfide minerals in the case of sulfate reduc-
tion. Where authigenic nodules were formed, the reaction would have
shut offbefore additional reductive processes occurred. Inthe places
where larger reaction fronts formed, the presence of sulfide-bearing
cores suggests that sulfate-reducing metabolisms with lower energy
yields could have taken hold once those regions of the rock had been
depleted of available Fe*', but had not yet exhausted organic carbon
inthe reaction front core.

Insummary, our analysis leads us to conclude that the Bright Angel
formation contains textures, chemical and mineral characteristics, and
organic signatures that warrant consideration as ‘potential biosigna-
tures™>, thatis, “afeature that is consistent with biological processes
and that, when encountered, challenges the researcher to attribute
it either to inanimate or to biological processes, compelling them to
gather more data before reaching a conclusion as to the presence or
absence of life’*”. This assessment is further supported by the geo-
logical context of the Bright Angel formation, which indicates that
itis sedimentary in origin and deposited from water under habitable
conditions. Many significant questions remain about the origin of the
nodules and reaction fronts encountered by Perseverance. We suggest
that furtherinsitu, laboratory, modelling and field analogue research
into both abiotic and biological processes that give rise to the suite of
mineral and organic phases observed in the Bright Angel formation
willimprove our understanding of the conditions under which they
formed. Ultimately, the return of samples from Mars for study on Earth,
including the Sapphire Canyon sample collected from the Bright Angel
formation, would provide the best opportunity to understand the
processes that gave rise to the unique features described here.
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Methods

Science instruments

The data used in this contribution were produced by: (1) the RIMFAX
ground-penetrating radar®®; (2) PIXL and its associated MCC?’; (3) the
SHERLOC instrument and its associated WATSON and ACI camera
systems'; (4) the SuperCam instrument®*°; and (5) the Mastcam-Z
instrument®®,

Rock-surface preparation for analysis

Naturally exposed rock surfaces were prepared by removing surface
dust with the gas dust removal tool®. To observe less weathered or
flatter surfaces, several rocks were abraded using the rover’s abrad-
ing bit® to produce circular approximately 5-cm-diameter-wide by
approximately 5-10-mm-deep ‘abrasion patches’. Target names, surface
preparationtechniques, unit and outcrop associations, and theimages
that eachtarget appearsin are tabulated in Supplementary Table 3.

SHERLOC measurements

An overview of SHERLOC image and spectral map acquisition and
standard processing methods are described in refs. 11,62. Colourized
AClimages were produced using methods described inref. 62. Afocus
mechanismmotor failure onsol 1024 required SHERLOC measurements
reported here torely entirely on positioning by Perseverence’s robotic
arm, without the capability torefine focus internally. Bright Angel meas-
urements were therefore made at asystematic offset frombest focus:
sol 1180 Walhalla Glades was collected at approximately 1.2-mm offset,
sol 1201 Cheyava Falls was collected at approximately 1.8-mm offset,
and sol 1217 Apollo Temple was collected at approximately 1.1-mm
offset. Sol 1242 Malgosa Crest was collected at <0.3-mm offset from
best focus; the absence of a G-band signal at Malgosa Crest, despite
its better placement, provides further confidence in the G-band peak
classification of the other Bright Angel spectra. The spectralintensity
is attenuated for measurements collected out of focus, with approxi-
mately 35% signal loss expected for 1.5-mm focus offsets. No other
spectral artefacts are expected for out of focus measurements. The
Raman D band, normally associated in visible Raman spectra with
disordered carbonaceous matter such as kerogen, is not present in
SHERLOC spectra from the Bright Angel targets. The D band is gen-
erally less prominent in deep-ultraviolet (for SHERLOC, 248.6 nm)
Ramanspectrathan Ramanspectrathatrely onvisible-light-wavelength
excitation sources®’. Furthermore, the focus offset associated with
measurements collected at Bright Angel is expected to reduce the
observed Raman signal of a potential D-band peak to the instrument
noise level, as confirmed with focus offset tests on the organic-rich
SaU 008 SHERLOC calibration target and with SHERLOC analogue
laboratory instruments. The SHERLOC fused-silicawindow generates
aminor optical background contribution that must be accounted for
inSHERLOC spectra, as described by ref. 64. The Si-O-stretching over-
tone feature in the 1,600 cm™ region is shown in Fig. 3d (grey traces)
for comparison with target spectra, demonstrating the significantly
larger contribution of the G-band signal to this spectral region for Bright
Angel measurements.

PIXL element and mineral abundance estimates

In the Supplementary Data Tables, the bulk chemical composition
determined from the sum of all XRF spectra collected by PIXL from
each targetis provided along with a black-and-white PIXL MCC image
showing the footprint of the PIXL XRF scan area on the target. The sol
number that the XRF and MCC data were collected onis shown, along
withthe number of XRF spectra (‘# XRF points’) that were collected from
eachtarget. Thebulk element oxide and element abundances provided
were calculated using the PIQUANT software package™ and have
been corrected to remove the effects of diffraction and topographic
roughness using the methods described in refs. 15,66.

Where needed to supportdiscussioninthe paper or Supplementary
Text, the bulk chemical composition of regions of interest (ROls) within
PIXL XRF scans are also shown. These are accompanied by PIXL MCC
images that show the locations of the individual PIXL XRF points that
areincluded in the ROI. For all ROIs included in the Supplementary
Data Tables, we have also included alist of the PIXL Motion Counter
(PMC #s) positions® for each XRF point in the ROI. These PMC locations
describe whichindividual points are included in the ROI.

The element mobility index (t; 1;0,), shown in Fig. 5b, was calculated
using the methods described inref. 67. The calculation of %Fein vivian-
iteand %Fe in greigite, shownin Fig. 5d, was performed using chemical
abundance data for individual PMCs in the ‘mudstone’ ROIs shown in
the Supplementary Data Tables for the targets Apollo Temple, Cheyava
Falls, Walhalla Glades, Steamboat Mountain and Malgosa Crest. For
each PMCin each mudstone ROI, the Fe and P abundances (inmmol g™)
were combined inamolar Fe:Pratio of 3:2 until all P had been combined
with Fe to form vivianite. The individual PMC results for the number
of mmol g™ of Fe in vivianite were then summed and compared with
the total abundance of Fe in the mudstone ROI to determine the %Fe
invivianite parameter. In the next step, the remaining Fe in each PMC
(after calculation of vivianite abundance) was combined with S in the
appropriate molar Fe:Sratio until either allthe Fe or allthe Shad been
combined toformgreigite. The individual PMC results for the number
of mmol g of Fe in greigite were then summed and compared with
the total abundance of Fe in the mudstone ROI to determine the %Fe
in greigite parameter.

Because PIQUANT assumes that elements are paired with oxygen
atoms for the purposes of determining element abundances from
thefitting of X-ray spectra, the Fe:S stoichiometry used for estimation
of greigite abundance was modified to a value 3:4.42, which differs
slightly from idealized griegite stoichiometry (Fe:S = 3:4). The oxide
assumptionin PIQUANT causes it to overestimate the abundance of S
ingreigite becauseitexpectsthe S fluorescence signal to be attenuated
by matrix oxygen. To account for this effect, we modelled idealized
spectra in PIQUANT for Fe,S, and FeOSO; and then determined the
ratio of Fe/S K, fluorescence from each calculated spectrum. PIQUANT
correctly reports a 1:1 molar ratio for FeOSO,. The adjusted greigite
stoichiometric ratio was calculated from the Fe/S K, ratio from Fe,S,
divided by the Fe/S K, ratio from FeOSO,. The same calculation for the
Fe-sulfide minerals troilite (FeS), pyrrhotite (Fe, 5,sS) and pyrite (FeS,)
yields Fe:Sratios of 1:1.15,1:1.29 and 1:2.11, respectively.

PIXL diffraction indexing of Ca-sulfate

PIXL has two detectors and so can detect X-ray diffraction from crystal-
line materials when energies of PIXL's incident radiation happen tobe
in a diffracting condition with d-spacings and orientations of crystal
lattices in the target materials'". When detected, X-ray diffraction
canalsobe usedto assess crystallinity, grain size and grain texture of a
target'>%*%® and to distinguish among minerals with similar elemental
compositions™?, Here diffraction from the Ca-sulfate-rich areas in
PIXLscansin Apollo Temple, Walhalla Glades and Steamboat Mountain
abrasion patches were compared with modelled diffraction patterns
for gypsum, anhydrite and bassanite to identify the most likely mineral
phase that matches the observed diffraction as described in detail in
ref.13. A mineral was selected as indexed when the P value from the
Fisher-transformed cross-correlation results™*® was <0.01. Where
P>0.01, no mineral was selected as indexed. Owing to the difficulty
phasing bassanite'®, beam locations that indexed as bassanite were
also treated as notindexed. A summary of the PIXL diffraction results
is presented in Supplementary Table 2.

Data availability

The data presented in this paper are available on the NASA Planetary
Data System Geoscience Node and Imaging and Cartography Node,
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which host dedicated repositories for data derived from the Mars 2020
Rover mission. The DOIs for these repositories are: Mars 2020 Mission
bundle, https://doi.org/10.17189/1522642; PIXL Instrument bundle,
https://doi.org/10.17189/1522645; derived data collection for PIXL
individual PMC oxide quantifications, https://doi.org/10.17189/vth5-
0676; RIMFAX Instrument bundle, https://doi.org/10.17189/1522644;
SHERLOC Instrument bundle, https://doi.org/10.17189/1522643; Super-
Cam Instrument bundle, https://doi.org/10.17189/1522646; Mastcam-Z
Science Imagingbundle, https://doi.org/10.17189/q3ts-c749; WATSON,
ACI, and MCC imager bundle, https://doi.org/10.17189/1522846.

Code availability

Quantification of PIXL XRF data was conducted using PIQUANT®, a
fundamental parameters XRF analysis software package developed
for PIXL¥. PIQUANT is embedded in the data visualization software
package called PIXLISE”*”!, which was used for analysis of quantified
PIXL XRF data. The PIXLISE and PIQUANT software packages can be
accessed at PIXLISE.org. PIXLISE source code versions are archived
for reproducibility at OFS.io™.
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