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The geological units on the floor of Jezero crater, Mars, are part of a wider regional stratigraphy of olivine-
rich rocks, which extends well beyond the crater. We investigate the petrology of olivine and carbonate-
bearing rocks of the Séitah formation in the floor of Jezero. Using multispectral images and x-ray
fluorescence data, acquired by the Perseverance rover, we performed a petrographic analysis of the
Bastide and Brac outcrops within this unit. We find that these outcrops are composed of igneous rock,
moderately altered by aqueous fluid. The igneous rocks are mainly made of coarse-grained olivine, similar
to some Martian meteorites. We interpret them as an olivine cumulate, formed by settling and enrichment
of olivine through multi-stage cooling of a thick magma body.
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Jezero crater, the landing site of the Perseverance rover, is 1A). Orbital data has constrained the crater’s age to between
located at the western edge of Isidis Planitia on Mars (Fig. 3.82 and 3.96 Ga (I, 2). A light-toned, olivine- and carbonate-
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bearing rock unit exposed on the floor of Jezero has been in-
formally named the Séitah formation (Fig. 1C) (3-5). Rocks
similar to Séitah in morphology and mineralogy extend be-
yond the rim of Jezero; they span >70,000 km? from inside
Isidis Planitia (6), to the neighboring regions of Northeast
Syrtis (7), Nili Fossae (8), and Libya Montes (Fig. 1B) (9, 10).
Orbital observations have shown this regional unit has high
abundances of olivine (II), an early crystallizing, rock-
formimg mineral, with large inferred grain sizes (several mil-
limeters) and moderate magnesium contents of Fous.66.
(where Fo is forsterite, Mg»SiO,, and the subscript numbers
indicate its molar percentage in olivine) (4, 1I). Hypotheses
for the unit’s origin include an impact melt or intrusive igne-
ous rocks (6), basaltic lava flows (9, 12), volcanic ash (2, 13) or
clastic material (fragmental deposits formed by transport and
deposition from volcanic eruptions, impacts, water, or wind)
(14).

Images of Séitah formation rocks taken by the Persever-
ance rover have shown centimeter- to decimeter-scale layer-
ing and abundant dark, millimeter-scale angular grains,
reported in a companion paper (5). These observations were
consistent with any of the above hypotheses for the regional
unit’s origin. We sought to distinguish between these possi-
bilities using the rover’s arm-mounted Planetary Instrument
for X-ray Lithochemistry (PIXL) (15).

PIXL observations

To remove any modified surface materials, two 50 mm di-
ameter patches (informally named Garde and Dourbes) were
abraded into two rock outcrops (informally named Bastide
and Bragc, respectively). Both outcrops are part of the Bastide
member (informal name) of the Séitah formation (Fig. 1C).
Reflectance optical images of both patches, illuminated by ul-
traviolet (UV, 385 nm), blue (B, 450 nm), green (G, 530 nm)
and near-infrared (735 nm) light emitting diodes (LEDs) were
acquired using PIXL’s micro context camera (MCC). The
Dourbes patch was subsequently analyzed to produce two x-
ray fluorescence (XRF) raster maps with areas of 4 x 12.5 mm
and 5 x 7 mm, at a step size of 0.125 mm (Fig. 1) (I16).

We use these data to produce color and color ratio images
of both patches, and estimate volume percentages of phases
in each (Fig. 2A, fig. S1, and table S1). For the Dourbes patch
where XRF maps were acquired, we produce diffraction maps
of crystallinity and crystal orientation (Fig. 2C and fig. S2),
composite maps of elemental abundances (Fig. 2D and figs.
S3 and S4), and chemical analyses of individual minerals and
the bulk rock (tables S2 and S3) (16). The reconstructed color
images show both patches display a similar texture, with
beige equant grains of sizes range from 1 to 3.5 mm, greenish
gray irregularly shaped grains, and reddish brown materials
rimming these grains or occupying irregular areas between
them (fig. S1A). These features are discernable in color ratio
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plots (Fig. 2A and fig. S1). Elemental maps show inter-grain
areas that contain distinct chemical variations, and addi-
tional irregular regions with high Al (Fig. 2D) and non-uni-
form distribution of Na, K, and P (fig. S3).

Our identifications of olivine and pyroxene minerals are
supported by stoichiometric analysis of the PIXL data and are
consistent with observations by other Perseverance instru-
ments (5). We find the beige equant grains have molar
(Mg+Fe)/Si = 2 and total cations of 2.995 - 3.025 per 4 ox-
ygens (table S2), consistent with olivine’s chemical formula
(FeMg)»SiOs. The greenish gray grains have molar
(Ca+Mg+Fe)/Si = 1 and total cations of 4.032 - 4.042 per 4
oxygens (table S2), consistent with pyroxene’s formula
(CaFeMg),Si,0s. The molar Ca/(Ca+Mg+Fe) ratios of the py-
roxene (0.35 to 0.37) show that it is the mineral augite (Fig.
3A) (17). Back-reflected diffracted x-rays from some non-con-
tiguous augite regions show that they have identical crystal
orientations, indicating these regions are likely to be part of
the same three-dimensional grain (i.e., a single augite crystal)
(Fig. 2C and fig. S2). This texture, where a large single pyrox-
ene grain encloses smaller olivine grains (poikilitic texture),
is characteristic of igneous cumulate rocks (Fig. 2, A and B).
The irregular inter-grain Al-rich areas contain intergrown
grains of Na-rich feldspar (<1 mm), Fe-Cr-Ti oxide (<0.25
mm), K-rich feldspar (<0.125 mm) and Ca-phosphate (<0.125
mm), which are typical features of mesostasis - the last
formed materials in the intergranular space - in igneous
rocks (figs. S3 and S4). Olivine, augite, and mesostasis are the
primary minerals in the pre-alteration bedrocks in the Séitah
formation. The inter-grain reddish brown materials contain
silicates, Fe-Mg carbonate, and Fe-Mg sulfate, which are sec-
ondary materials from alteration. The presence of carbonates
was also indicated by other instruments on Perseverance (5)
and consistent with oribital observations. We focus our anal-
ysis on the primary minerals.

Olivine is the dominant primary mineral, making up 65 +
5 vol% of the Dourbes and Garde rocks (fig. S1B and table S1).
The remainder of the analyzed area is made of augite at ~13
vol%, mesostasis at ~10 vol%, and secondary materials at ~12
vol %. The relative mineral proportions of olivine, augite, and
feldspar (Fig. 3C) indicate Dourbes is an olivine-rich wehrlite,
a type of ultramafic igneous rock (I18).

The chemical compositions of the olivine grains (Foss . 1)
are uniform, both within and between grains (Fig. 3B and ta-
ble S2). Olivine grains contain more Fe than that would be in
equilibrium with a melt of the rocks’ bulk composition (fig.
S5 and tables S2 and S5). The augite composition is Woss.
3sEN43.44FS00.01, €Xpressed as molar percentages of wollastonite
(Wo, Ca,Si»0s), enstatite (En, Mg,Si»Os), and ferrosilite (Fs,
Fe»Si,06) (Fig. 3A). Some regions in the single large poikilitic
augite grain we investigated have small variations in Ca (<0.7
wt% Ca), Fe (<0.6 wt%), Mg (<0.6 wt) and Cl (~0.3 wt%) (table
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S3). These could indicate the presence of inclusions, thin la-
mellae of pyroxene of different compositions, and/or minor
alteration products that are smaller than PIXL’s x-ray beam
size.

Fe/Mn ratios of olivine and pyroxene in meteorites have
been used to determine their planetary parentage (19). The
molar Fe/Mn ratios in Martian meteorites are 47 + 3 for oli-
vine and 32 + 6 for pyroxene (uncertainties are 1 standard
deviation) (19). The Dourbes minerals have ranges of molar
Fe/Mn ratios of 55 + 8 to 67 + 9 for olivine and 38 + 13 to 42
+ 3 for augite. The lower ends of these ranges are consistent
with the values found for meteorites; we speculate that the
higher Fe/Mn values could be due to a small amount of Fe-
bearing minerals formed from aqueous alteration of olivine.

Mesostasis areas show few signs of secondary salts; they
have low abundances of SO; and CI and all analyzed element
abundances sum to ~94.0 - 99.5 wt% (table S4), indicating
the presence of little-to-no additional material enriched in C
or H, which PIXL cannot detect directly. Compositions of the
Fe-Cr-Ti oxide grains in Dourbes vary, depending on their
petrographic setting. Those embedded in olivine have high
molar Cr/Ti (~10), those at olivine-pyroxene boundaries have
moderate Cr/Ti (~3.6), and those in mesostasis have low
Cr/Ti (1-1.9) (fig. S6), leading to the variations in their esti-
mated chemistry (table S4). Calcium phosphate occurs only
in the mesostasis and has molar Ca/P ratios most consistent
with merrillite (9:7) (fig. S7).

Interpretation as an igneous cumulate

We use our observations to evaluate the hypotheses men-
tioned above for the origin of olivine-carbonate unit exposed
in Seitah.

Volcaniclastic (e.g., pyroclastic deposits) or impact clastic
(e.g., rock fragments cemented by quenched impact melt) or-
igins typically produce heterogeneous mixtures of mineral
grains and rock fragments, embedded in a fine-grained ma-
trix of (or altered from) ash particles (<50 um). For Brac and
Bastide outcrops in the Séitah formation, there is no evidence
of rock fragments or a zoned fine-grained texture (Fig. 1). Ob-
servations of other outcrops also reveal no evidence of heter-
ogeneous mixtures (5). We therefore exclude this possibility.

Sedimentary deposition of detrital olivine grains with ce-
ments is unlikely. The observed assemblage of coarse-grain
augite and mesostasis with feldspar and Fe-Cr-Ti oxides has
not previously been observed as a sedimentary cement, and
would not precipitate from fluids at near-surface tempera-
tures and pressures. These grains are also too coarsely crys-
talline to be a detrital matrix. It is also not likely that the
entire abrasion patch sits within one rock fragment in an ex-
tremely coarse-grained water-transported clastic rock (i.e., a
conglomerate), because there is no evidence in images of the
host rock for pebble-sized or larger grain boundaries,
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cements or fine-grained matrix, hydraulic sorting, sedimen-
tary structures, erosion, or channel forms, as would be ex-
pected for such a deposit (5).

Instead, we conclude that the olivine and augite formed
by cooling of a magma body. The magma could have arisen
from volcanism or an impact, because impact melting can
fully homogenize the target rock, which would then solidify
and crystalize very similarly to a volcanic magma originating
from the Martian mantle. We interpret Brac to be a cumulate
igneous rock formed by settling and accumulation of olivine
crystals from a molten mafic magma. The observed poiKkilitic
texture is common in cumulate rocks on Earth (20) and in
several Martian meteorites (21). The compositional trend in
Cr/Ti ratios we observed in the Fe-Cr-Ti oxide grains is also
consistent with oxides crystallizing from a cooling magma,
(fig. S6). The similarity in mineralogy (5), textures, color, and
reflectance spectral properties between Brac and Bastide
within the Séitah formation indicates that our cumulate li-
thology interpretation can be extrapolated beyond the
Dourbes abraded patch.

Petrogenetic history

We next consider the magmatic crystallization and cool-
ing history of the olivine cumulate outcrops in the Séitah for-
mation. Using the chemistry of the olivine (fig. S5), we infer
that the magma was more iron rich, with Mg# = 27 to 30
(where Mg# is the molar Mg/(Mg+Fe) x 100) (16), than previ-
ously found (Mg# = 52 to 67) for Martian meteorites (22, 23).
We suggest that Séitah cumulate rocks formed from a parent
magma that had previously lost Mg-rich minerals. Brac is dif-
ferent in both mineralogy and bulk chemistry from olivine-
rich cumulates in Martian meteorites, and also from olivine-
rich rocks at Gusev crater investigated by the Spirit rover
(Figs. 3 and 4A) (16). The olivine grain size distribution and
uniform composition in Brac, as well as the lack of larger ol-
ivine crystals observed in any Séitah outcrops, indicates an
initially crystal-free melt (Fig. 5B). The presence of similar
sized olivine grains indicates an early stage of rapid homoge-
neous olivine nucleation, due to oversaturation, possibly in-
duced by rapid cooling (Fig. 5C). Additionally, the presence
of melt inclusions (typically 100-300 um, with one up to ~600
um) in the Dourbes olivine grains (Fig. 2D and fig. S4) sug-
gests early rapid growth of olivine, forming crystals with
open space between their outside faces (hopper or skeletal
shaped crystals), typical morphology under rapid cooling
(24). Later, olivine crystal of euhedral shapes formed through
additional olivine growth filling in the open space, before or
during gravitational settling (Fig. 5C). The gravitational set-
tling forms a framework of olivine grains of mostly point con-
tact with open space between grains (Fig. 5D). There is little
textural or chemical evidence for later olivine growth filling
in the open space, indicating that the cumulate was
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unaffected by subsequent magma infiltration or exchange af-
ter the olivine crystals had formed and accumulated. The pro-
portion (~35 vol%) of other minerals among the olivine is
consistent with the expected porosity of an olivine cumulate
unaffected by compaction (25). The chemical equilibrium of
olivine and augite and the coarse grains of augite implies ex-
tended cooling at a temperature (~1085°C) below that olivine
starts to crystallize (16).

Emplacement history

Olivine cumulates can form in different geological set-
tings, including large layered mafic intrusions (LLMIs), thick
lava flows/ponds, shallow intrusive bodies as sills/laccoliths,
or thick melt sheets from large impacts or their melt ejecta
(Fig. 5A). The emplacement environment of cumulate rocks
as observed in the Séitah formation can be assessed using
Earth analogs, after considering the difference in gravity (16).
Unlike similar rocks in Earth LLMIs (20), Séitah olivine
grains host large melt inclusions and show negligible addi-
tional growth after the olivine framework formed, indicating
that Brac formed at depths of no more than a few kilometers.
Thick (100-150 m) mafic or ultramafic lava flows or ponds on
Earth form uncompacted frameworks of euhedral to subhe-
dral olivine, similar to those observed in the Séitah for-
mation. However, among Earth examples, olivine grains are
typically smaller and the mesostasis is more fine-grained (or
glassy) than in Séitah rocks (I6). This indicates that these
Martian cumulates experienced later cooling at a lower rate
than Earth analogs. We suggest potential explanations of a
thicker lava than on Earth; or emplacement into hot sur-
roundings (e.g., a crystal laden lava injecting into a still-hot
flow); or an intrusive environment such as a sill or a laccolith
(a lens-shaped igneous formation). Alternatively, similar fea-
tures could have formed in a super-heated impact melt sheet.

In those environments, olivine cumulates represent only
the lower portion of the petrogenetic sequence. On Earth, py-
roxene-rich cumulates commonly occur stratigraphically
above olivine-rich layers, with a trend of minerals increasing
in Fe, Na, and K higher in the sequence (Fig. 5D). Similar
petrogenetic sequences have been hypothesized for cumulate
Martian meteorites (26-28). The overlying Maaz formation
could consist of such rocks (5); however, the contact between
the Séitah and Maaz formations is obscured along the rover
traverse, preventing a definitive determination of their rela-
tionship (5). Alternatively, the originally overlying strata
might not have been explored by the rover; could have been
eroded; or there is no petrographic link between the Séitah
and M4aaz formations.

Regional and Planetary Context

The presence of olivine cumulates in Jezero crater con-
strains the origin of the more widespread olivine-bearing
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regional units in Isidis Planitia. On petrologic evidence alone,
it is most plausible that emplacement of the Séitah olivine
cumulate was by magma injection into an environment that
permitted slow cooling, such as a shallow igneous intrusion
in the Martian crust or into existing lava flows (6). However,
this interpretation does not necessarily extend to the regional
scale. A single large shallow intrusion seems unlikely to ex-
plain a regional unit over such a wide area (>70,000 km?)
with diverse local topographical influences. Similarly, the cu-
mulate rock does not support the hypothesis that the regional
unit is formed by a single deposit of clastic material (volcanic
ash, impact ash or sediments). We suggest that the regional
exposure represents a series of related intrusive (sills, lacco-
liths) and extrusive magma bodies (lava flows, pyroclastic de-
posits). It could also contain some reworked sedimentary
derivatives of the igneous rocks.

Abundances of incompatible elements, (those that prefer-
entially partition in the melt, e.g., Na, K, Rb, Sr, La, Sm, Nd,
Yb, U, Th), in igneous rocks constrain the mantle source com-
positions. Ratios of rare earth elements (e.g, La/Yb) are often
used. However, these elements are of low abundances (typi-
cally at parts per million or parts per billion by weight) that
are below PIXL’s detection limit. The abundance ratio of
K>O/TiO, can be used instead to constrain source character-
istics, provided the magma has not experienced crystalliza-
tion and removal of K- or Ti-bearing minerals (29). We
compare our results to meteorites and igneous rocks studied
by other rovers. The weight K,O/TiO, ratio (0.38 + 0.48) of
the unaltered portion of Dourbes falls in the range found in
Martian meteorites containing olivine cumulates (chassig-
nite) or augite cumulates (nakhlite), as well as mafic rocks
investigated by other Mars rovers and landers (Fig. 4B). All
these samples are enriched in highly incompatible elements
(e.g., K, U, and Th) compared to Ti (30). Measurements of Sm-
Nd and Rb-Sr isotopes in nakhlites and chassignites have in-
dicated that their mantle sources were depleted in highly in-
compatible elements; this suggests enrichment of highly
incompatible elements in these cumulate meteorites during
melt separation from the mantle sources (26, 28). A process
that enriches highly incompatible elements - possibly driven
by interaction with high-temperature aqueous fluids after
rock formation (metasomatic processes) - has previously
been suggested for the mantle source regions of meteorites
(31), alkali-rich basalts in Gusev crater (32) and Gale crater
(33, 34). Alternatively, geophysical data and models have
been interpreted as indicating that Mars’ mantle is depleted
overall in radioactive heat producing (K, U, Th) and other
highly incompatible elements, implying that those elements
are instead concentrated in the planet’s crust or upper man-
tle (35). Elevated abundances of highly incompatible ele-
ments in the mantle source regions at Gusev, Gale, and Jezero
craters, as well as those for chassignites and nakhlites (31),
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could indicate a general enrichment of such elements in
Mars’ upper mantle, possibly caused by metasomatic pro-
cesses and/or plume activity. These different samples range
from a formation age of > 3.9 Ga to 1.34 Ga (3, 36). This wide
range of ages and geographic locations of igneous rocks with
these properties indicate a long-lived process that has been
operating on Mars for billions of years and has affected a
large fraction of Mars’s crust and upper mantle (16).
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Fig. 1. The Dourbes patch in context
from outcrop to regional scale. (A)
Colorized terrain topography map
showing location of Jezero crater on
west edge of Isidis Planitia. Color
scale bar shows altitude in meters.
(B) Distribution of the regional
olivine-bearing unit (green) on an
orbital image. Data from (2). (C)
Color orbital image showing the
location of Brac outcrop in the Séitah
formation. The dotted white line
demarcates the boundary of the
Séitah formation outcrops. (D) Mast
Camera Zoom (Mastcam-Z) image
of the Brac outcrop, showing 5-10cm
thick layers and the location of
Dourbes patch (5 cm diameter). (E)
Mastcam-Z image showing more
detail of the Dourbes patch. (F) A
portion of the abraded patch shown
by the autofocus and context imager
(ACIl) of the Scanning Habitable
Environments with Raman and
Luminescence for Organics and
Chemicals (SHERLOC) instrument
on Perseverance rover (5). Image
sources are listed in table S7.
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Fig. 2. Cumulate texture of Dourbes.
(A) Ratio image taken with the PIXL
Micro-Context Camera (MCQO),
showing the G/NIR ratios (color bar).
Dourbes has a cumulate texture with
olivine grains (labeled Ol) and a
poikilitic texture (region within the
white dotted line) with pyroxene
(labeled Px). Secondary minerals are
labeled as 2ndry. White boxes indicate
the areas used for x-ray fluorescence
scans (figs. S3 and S4), the larger of
which shown in panels C and D. (B)
Cross-polarized light image of the
Chassigny meteorite for comparison,
showing poikilitic texture. Labels are
the same as panel A. The white circle
indicates a melt inclusion (M.L.) in OL.
(C) Mineral domain clustering map of
the same region shown in panel D.
Green and magenta are used for two
different diffraction peaks (7.28 - 7.72
keV and 5.67 — 6.17 keV, respectively.
Points with the same diffraction peak
are shown in the same color. All three
regions of Px chemistry display the
same diffraction peak (all green),
suggesting these regions are from a
single pyroxene crystal. Ol grains
inside the Px grains display different
orientations although all points inside
one grain display the same diffraction
peak (magenta) (16). (D) Chemical
map derived from x-ray fluorescence,
showing FeO (red), MgO (green), and
Al,Os (blue) concentrations (fig. S3
shows grayscale images of each
element). Labels indicate olivine,
pyroxenes, and mesostasis (Meso).
Blue circles indicate M.l.s. These
composition maps are shown in
context with other optical images in
movie S1.
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Fig. 3. Mineralogy of Dourbes. (A)
Classification of pyroxene using the
percentage compositions of
wollastonite (Wo), enstatite (En), and
ferrosilite (Fs) (17). The average
compositions of Dourbes pyroxene
grains in table S3 are shown as star
symbols. Symbols or fields with solid
lines show volumetrically major
pyroxene species and those with
dotted blue lines are minor pyroxene
species. Arrows show the direction of
crystallization. (B) Binary diagram
showing mole percentage of forsterite
(Fo) in the olivine (Ol). The average
compositions of Dourbes olivines
(table S2) are shown as star symbols.
Dourbes olivine and pyroxene differ
from  Martian  meteorites.  (C)
Classification of ultramafic rocks using
volume percentages of olivine (Ol),
clinopyroxene (Cpx) and
orthopyroxene (Opx) (I8). Symbols
are indicated in the legend. Source
data for meteorites are listed in table
S7.
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Fig. 4. Bulk chemistry of Dourbes
compared to meteorites and igneous
rocks elsewhere on Mars. (A) Plot of
total alkali oxides as a function of SiO;
abundance. Fields defined by vertical
gray lines show the classification of
volcanic rocks (37). The gray field
shows igneous clasts in breccia
meteorite NWA 7034 (38). Dourbes
contains less SiO, and higher alkali
metal oxides than other Martian
igneous rocks. (B) Weight percentage
ratios of K,O/TiO, for Dourbes and
other Martian igneous rocks. Horizontal
bars show the range of values from
different samples of the listed targets.
Filled diamonds show individual
samples. Dourbes is most similar to K-
enriched meteorites, such as
chassignite and nakhlite, and the
Algonquin rock in Gusev crater.
Dourbes data are plotted as star
symbols with the error bar indicating
the estimated 1o uncertainty. Dourbes
data are listed in table S5 and data
sources for meteorites and rover data
are listed in table S7.
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Fig. 5. Schematic diagram of potential emplacement models. (A) Potential emplacement models for the Bastide
member, which hosts the Brac and Batide outcrops. Color hue schematically indicates the temperature of the melt,
with darker being cooler. Possible scenarios are an extrusive lava flow/pond, an intrusive sill or a small laccolith, or
an impact melt sheet or ejecta melt pond. All models provide the range of cooling rates as we infer for the Brac
outcrop. Panels B-D show the petrology of our model (not to scale). (B) Initial emplacement of melt without any
crystals, forming a rapidly quenched top crust and bottom. (C) Rapid cooling after emplacement causes nucleation
and growth of hopper or skeletal olivine grains near the top surface. Convection of olivine into the (more slowly
cooling) interior promotes olivine growth. Once each crystal reaches a critical size, it sinks to the bottom. (D)
Continued cooling, crystallization and sinking concentrates olivine at the base. Further crystallization of low-Ca
pyroxene, high-Ca pyroxene and other minerals (indicated in the legend) form stratified layers, with increasing Fe

contents higher in the melt body.
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