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Megashears and hydrothermalism at the Martian
crustal dichotomy in Valles Marineris

Joanna Gurgurewicz® "™ Daniel Mége® !, Frédéric Schmidt® 23, Sylvain Douté* & Benoit Langlais® °

Observations of ancient deep deformation systems on Mars are important for constraining
planetary dynamics, as well as to identify potential mineral resources. However, such systems
were thought to be unexposed and inaccessible to analysis. Here, we apply structural and
hyperspectral analyses, and correlate results with magnetic anomaly patterns, to investigate
two large right-lateral brittle-ductile shear zones and fault megabreccia exposed in the
deepest parts of Valles Marineris. The shear zones follow the trace of the edge of the Borealis
impact basin, thought to represent the planetary dichotomy boundary. We identify hydro-
thermally altered mafic igneous rocks in the sheared basement. We suggest that the shear
system was initiated as basin ring fault system in the pre-Noachian, with further reactivation
up until the Hesperian, and may still be a potential source of marsquakes. Hydrothermal
circulation through the shear zones may have initiated primary mineralizations which are
promising for base and rare metal exploration.

T Centrum Badar Kosmicznych Polskiej Akademii Nauk (CBK PAN), Bartycka 18A, 00-716 Warszawa, Poland. 2 Université Paris-Saclay, CNRS, GEOPS, 91405
Orsay, France. 3 Institut Universitaire de France (IUF), Paris, France. 4 Université Grenoble Alpes, CNRS, CNES, IPAG, 38000 Grenoble, France. 5Nantes Université,
Université d'Angers, Le Mans Université, CNRS, UMR 6112, Laboratoire de Planétologie et Géosciences, 44000 Nantes, France. ™email: jgur@cbk.waw.pl

COMMUNICATIONS EARTH & ENVIRONMENT | (2022)3:282 | https://doi.org/10.1038/s43247-022-00612-5 | www.nature.com/commsenv 1


http://crossmark.crossref.org/dialog/?doi=10.1038/s43247-022-00612-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s43247-022-00612-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s43247-022-00612-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s43247-022-00612-5&domain=pdf
http://orcid.org/0000-0001-9792-3220
http://orcid.org/0000-0001-9792-3220
http://orcid.org/0000-0001-9792-3220
http://orcid.org/0000-0001-9792-3220
http://orcid.org/0000-0001-9792-3220
http://orcid.org/0000-0003-4304-9878
http://orcid.org/0000-0003-4304-9878
http://orcid.org/0000-0003-4304-9878
http://orcid.org/0000-0003-4304-9878
http://orcid.org/0000-0003-4304-9878
http://orcid.org/0000-0002-2857-6621
http://orcid.org/0000-0002-2857-6621
http://orcid.org/0000-0002-2857-6621
http://orcid.org/0000-0002-2857-6621
http://orcid.org/0000-0002-2857-6621
http://orcid.org/0000-0001-5207-304X
http://orcid.org/0000-0001-5207-304X
http://orcid.org/0000-0001-5207-304X
http://orcid.org/0000-0001-5207-304X
http://orcid.org/0000-0001-5207-304X
mailto:jgur@cbk.waw.pl
www.nature.com/commsenv
www.nature.com/commsenv

ARTICLE

COMMUNICATIONS EARTH & ENVIRONMENT | https://doi.org/10.1038/s43247-022-00612-5

characterized owing to plentiful exposures. However, the

pre-Noachian and Noachian rocks are obscured by
extensive resurfacing in many regions. Where exposed, tectonics
is seen to be locally complex!? as expected from remote geo-
chemistry and geophysics. In this paper, we report on two large
shear zones exposed in a deep erosional window that formed in
the brittle-ductile domain of the crust early in Mars history and
located in the area between the northern Valles Marineris trough
system and the planetary dichotomy boundary (PDB).

The Valles Marineris trough system is exposed atop a broad
topographic dome that is superimposed on the Tharsis rise*. The
dome’s large free-air gravity anomaly” is consistent with an upward
flexural response of crust thickened between the Late Noachian and
Early Hesperian. Trough nucleation®’ has been interpreted as the
consequence of differential loading of the thickening Tharsis vol-
canic pile over the pre-existing step in basement topography that
has been associated with the Borealis basin, which may have formed
by an oblique impact event early in Mars history, probably around
4.5 Ga*9. Extrusive volcanic activity associated with the early
growth of Tharsis could have led to differential (north-south)
loading of the crust across the PDB, producing a circumferential
flexural uplift some 500-1000km wide*, growth of large-scale
igneous dikes®10, dilational normal faulting! 12, and subsidence of
crustal blocks parallel to them*%7. During the Hesperian, the
troughs were partly filled by the Interior Layered Deposits (ILD),
consisting of sequences of sulfate-rich layers formed by chemical
evolution in an acidic environment of atmospherically-deposited
ice, dust, and sulfur-rich volcanics!>4, leading to continued or
renewed subsidence. The ILD were then locally eroded down by
several kilometers. The reported shear zones are located in areas
where ILD erosion attains ~6 km vertically. However, the exposed
surface is not the surface of the Hesperian plateau. We show that it
is a deeper crustal level in which complex deformation and intrusive
activity is apparent, opening a window into the proto-Valles Mar-
ineris history.

The Hesperian and Amazonian tectonics of Mars are well

Results and discussion

Identification of a basement unit in northern Valles Marineris.
The deepest parts of eastern Ophir and Hebes Chasmata (Fig. 1)
display complex terrains that have not been characterized before.
These terrains are fully covered by MRO/HIRISE images. Map-
ping at the HiRISE scale (Fig. 1 and Supplementary Figs. 1, 2)
reveals highly deformed light-toned rocks. Most of them form a
massive unit, with fracture patterns reminiscent of crystalline
rocks. This rock unit also contains dikes and other intrusions.
The layering of distinct colors indicates that its composition is not
uniform, and suggests mechanical contrasts that may influence
the deformation style. Although generally light-toned, the mor-
phology of these rocks is distinct from that of the nearby ILD,
also light-toned. Supplementary Figs. 3-7 illustrate this diversity
of terrains. These terrains were not identified in earlier geologic
maps of Valles Marineris, in which they were attributed to
Amazonian landslide-related or other surficial processes (see
Supplementary Discussion).

Nonlinear unmixing!® of hyperspectral data from MRO/CRISM
(see Methods section) applied to three regions of interest (ROI)
where the basement rock is well exposed (see Supplementary
Methods and Supplementary Data 1 16) shows that the rock is mafic
and contains olivine, pyroxenes, and plagioclases, associated with
various sulfates (Fig. 2). It gives a primary rock composition similar
to one of the bright rocks exposed in other places of Valles
Marineris!” and at the outer Hellas impact ring structure!8. Should
the retrieved primary mineral abundances from the analyzed CRISM
data be representative of the exposed rock, from conventional
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Fig. 1 Location map and interpreted CTX mosaic®! of the two study areas
in Valles Marineris. a Location map: THEMIS Day IR Global Mosaic®?
merged with the 128 ppd MOLA digital terrain model°3. The white dashed line
indicates a continuation of the Hebes tectonic fabric as a graben system onto
the plateau above the chasma. b Interpreted CTX mosaic®! of Ophir Chasma.
¢ Interpreted CTX mosaic®! of Hebes Chasma. The topographic information
(contours, in meters) in (b) and (c) is extracted from an HRSC topographic
mosaic of Valles Marineris (credit: ESA/DLR/Freie Univ. Berlin).

igneous rock nomenclature, it would be of olivine-gabbronorite
(ROI1) or troctolite (ROI2 and ROI3) composition. In that case, the
primary mineral assemblage gives a magmatic origin, with copiapite,
jarosite, and szomolnokite additionally suggesting hydrothermal
alteration of sulfides. A similar assemblage of sulfates found in
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Fig. 2 Results of nonlinear spectral unmixing applied to the three selected regions of interest (ROI). Location of the three ROIs on CRISM image

FRTOO018b55 (bands R: 233, G: 78, B: 13), mineral relative abundances, the best fit plots with the relative RMS indicated, and corresponding HiRISE images
of ROIT (ESP_051999_1755_RED), ROI2 (ESP_039525_1755_RED), and ROI3 (ESP_039525_1755_COLOR). The result of a mixture containing pure albite
and anorthite (ROI3) is interpreted as a plagioclase (albite-anorthite) solid solution. The same stands for the kieserite-szomolnokite solid solution. Credits:
CRISM data: NASA/Johns Hopkins University Applied Physics Laboratory; HIiRISE images: NASA/JPL/the University of Arizona. The background of the
location map is THEMIS Day IR Global Mosaic®? merged with the 128 ppd MOLA digital terrain model%3.
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Noctis Labyrinthus was also interpreted as the result of hydro-
thermal activity!®. Anhydrite, identified in veins in Gale crater?’ and
interpreted as originating from basaltic rock weathering, could
alternatively be of primary origin?!, storing magmatic sulfur prior to
breaking down and releasing it to the hydrothermal sulfates?2,
Kieserite may come from the nearby ILD?3, either transported by
wind, or present in some small ILD outliers on the chasma floor.
The difference between the composition of ROIl1 and ROI2-3
confirms that the exposed basement does not have a uniform
composition; in fact, HiRISE image analysis suggests a larger
diversity of rock types, as illustrated by vertical banding (Supple-
mentary Fig. 7). Gabbronorite and troctolite composition, layering,
and the presence of minerals coming from alteration of sulfides
make a geological assemblage that characterizes some magmatic
cumulates on Earth, e.g,, at the Longwood Range in New Zealand?4,

The retrieved mineralogical composition is markedly distinct
from the ILD composition®3. Aside from compositional informa-
tion, the thickness of the dikes, tens of meters, and the presence of
other intrusive bodies at the surface also indicate that the
observed surface is exhumed, with probable kilometers of crust
removed by erosion prior to ILD deposition, like dikes of similar
thickness exposed on terrestrial continental shields’. Chasma
formation was therefore driven not only by tectonic extension,
but also substantial erosion, that the upper Hesperian ILD age2®
constraints to not later than lower Hesperian. The age of the
basement rocks themselves must be older, perhaps Noachian or
pre-Noachian. Both in the Ophir and Hebes Chasmata, this
basement is discontinuously exposed, partly blanketed by low
albedo deposits, including mottled terrain, a smooth mantle of
probably airfall origin, and dune fields (Supplementary Figs. 1-3).
This generally smooth material, devoid of large impact craters,
explains why earlier mappers considered it to be of the
Amazonian age (see Supplementary Discussion).

Brittle-ductile shear zones and fault megabreccia in the base-
ment unit. We now focus on the deformation affecting the light-
toned, mafic basement unit underlying the dark mantle terrains.
Structural analysis (Fig. 3 and Supplementary Figs. 1, 2) reveals

S-C and S-C-C’ structures that point to right-lateral kinematics,
with the main shears (C) oriented NO55E (Ophir) and NO65E
(Hebes). Their formation implies shearing in a brittle-ductile
regime. In the Hebes shear zone, fractures having walls separated
laterally by up to one hundred meters are observed on a HiRISE
image. They contain rock fragments of longer dimensions, up to
several tens of meters. HiRISE color information reveals at least
two different rock compositions (greyish and yellowish). The
fragments are incorporated into a bright matrix bounded by the
fracture walls. We interpret them as a megabreccia that testifies to
brittle deformation.

The minimum shear zone width is estimated to be ~1 km in
Ophir Chasma and 3 to 3.5km in Hebes Chasma (Fig. 1 and
Supplementary Figs. 1, 2). Using scaling relationships to evaluate
shear zone displacement from their measured width, and then
shear zone length from displacement (see Methods section),
displacements along these structures may range between a few
tens to several hundreds of kilometers, implying, in turn,
horizontal shear zone extents of several hundred to perhaps
several thousand kilometers (Supplementary Fig. 8).

The relative timing of brittle and brittle-ductile deformation
could not be determined from mapping. For instance, cross-
cutting relationships between tectonic structures formed in the
brittle field (e.g., megabreccia) and the ones formed in the brittle-
ductile field (e.g., sigmoidal fabric), or evidence of tectonic
structure reactivation, were not observed. However, none of these
deformation patterns are seen to extend in the ILD nor on the
plateau surrounding the troughs, indicating that they formed
earlier than the Hesperian plateau surface and ILD!. The Hebes
shear zone extends west and, to a lesser extent, north on the
Hesperian plateau as a narrow graben system (Fig. la and
Supplementary Fig. 9). It may suggest reactivation of the shear
zone in extension over as much as ~900km, up to Noctis
Labyrinthus, after the deposition of the early Hesperian Tharsis
volcanics.

The formation of brittle-ductile shear zones several kilometers
below the current surface requires that the Martian crust was wet
and weak, in agreement with several works (see Methods section).
The available water sources may have included abundant

200m

200 m

Fig. 3 Deformation patterns in the Ophir and Hebes shear zones. a Main exposure of the Ophir shear zone, highlighting S-C-C’ structures indicative of
brittle-ductile deformation (HiRISE image ESP_017754_1755). b Fault megabreccia exposed along the Hebes shear zone (HiRISE image ESP_040211_1790).
Detailed structural mapping and context images are provided in Supplementary Figs. 1, 2. Credit: HiRISE images: NASA/JPL/the University of Arizona.
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Fig. 4 The Ophir shear zone (OSZ) and Hebes shear zone (HSZ) in the context of the Planetary Dichotomy Boundary (PDB), the radial component of
the magnetic anomaly at the surface, and some other tectonic elements. The trace of the Borealis impact basin, located with £5° of uncertainty, is after
Andrews-Hanna?. The shear zones and narrow grabens follow the PDB, and are interpreted as reactivated PDB ring structures. The OSZ extends
northeastwards between magnetic anomalies of opposite polarity. The circumferential linear magnetic lineations are interpreted as hydrothermal
transformation of additional magma-intruded ring structures. Crustal ridges and a NE-trending dike swarm are parallel to magnetic anomalies. The inset
shows a 3D view of the largest ridges, the pre-Noachian to early Noachian, in which they are observed in orange. Additional analysis of these ridges and
dike swarm is in Supplementary Fig. 12. A-A’ locates the magnetic profile shown in Supplementary Fig. 10. Arrows are simplified principal stress trajectory
patterns from the thin-shell flexural model of Andrews-Hanna?% comprehensive results obtained in the study area are reproduced in Supplementary Fig. 13.
White arrows indicate the tensile horizontal principal stress direction and large tensile stress magnitude. Black arrows indicate the most compressive

Crustal ridge Dike swarm trend

horizontal principal stress direction and strongly negative tensile stress magnitude. Combined white and black arrows indicate weak tensile stress
magnitude. The background is THEMIS Day IR Global Mosaic92; the topography is from HRSC (credit: ESA/DLR/Freie Univ. Berlin).

Noachian groundwater?®, crustal serpentinization in relation to
PDB formation, then deserpentinization and water release to the
surrounding rocks in response to the thermal events associated
with the formation of early Tharsis?’, as well as juvenile water
from Tharsis magmas. The heat advected by the fluids
contributed to warm the surrounding crust, leading to a variable
and locally steep thermal gradient during periods of active
magmatism?3, perhaps generating crustal strength contrasts at
local scales.

Shear zone significance. Our findings and the constraints they
yield for an understanding of the evolution of the Valles Mar-
ineris region before the chasma opening are the following: (1) The

shear zones are located near the PDB, and their trend is parallel
(Hebes) or nearly parallel (Ophir) to it (Fig. 4). (2) The Hebes
shear zone is associated with megabreccia in a bright matrix
within thick fractures (Fig. 3c), and the Ophir shear zone base-
ment unit includes megabreccia facies (Supplementary Figs. 4-6).
(3) They are also located in the transitional area between the
weakly magnetized lowlands crust in the north and the intensely
magnetized highlands crust in the south, thought to mark the
margin of the Borealis basin?® (Fig. 4 and Supplementary Fig. 10).
This transition was modified by Tharsis thermal events?’, which
started in the Noachian after the Martian dynamo shut down,
erasing most of the magnetization in the shear zone area (Sup-
plementary Fig. 11). (4) The trend of the shear zones and the
Borealis impact edge is parallel to the orientation of elongated
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crustal magnetic anomalies north of Coprates Chasma (Fig. 4). It
was inferred that the impact occurred around 4.5 Ga, while the
early dynamo was active®!, strengthening the interpretation of a
geological connection between them. (5) The westernmost radial
magnetic anomalies north of Coprates Chasma are aligned with
several crustal ridges of volcanic?’ or tectonicl” origin up to 1 km
high, formed in pre-Noachian to early Noachian terrain (Fig. 4).
(6) Circumferential magnetic anomalies are observed around
some impact craters and basins on Earth, where they result from
the formation of magnetic minerals by impact-induced long-
lasting hydrothermal activity>>33. (7) We note that the crustal
ridges display channels restricted to the Noachian or pre-
Noachian terrains, indicating water flows (Supplementary
Fig. 12). The ridges also display surface fractures of similar,
magnetic anomaly parallel orientation. (8) The NE-trending
tectonic fabric is aligned with a NE-trending dike swarm on
Candor Chasma walls (Fig. 4, Supplementary Figure 12), reveal-
ing intrusive magmatism along these magnetic anomalies. (9)
Stress trajectories in the Valles Marineris region in response to
PDB flexural loading by Tharsis using a thin-shell approach* are
adapted to the tectonic deformation observed today. In spite of its
simplicity (rock failure, friction, and long-term crustal viscous
relaxation, are not taken into account), the model yields several
major results. Tensile deviatoric stress is predicted to be high in
the crustal portion of the Valles Marineris area between the PDB
and Coprates Chasma. The tension axis is approximately parallel
to the magnetic lineations (Fig. 4, with detailed analysis in Sup-
plementary Fig. 13): the tectonic and magnetic fabrics are parallel.
A major implication is that the magnetic anomaly patterns cor-
respond to tectonic features. This inference is consistent with the
observations made at the crustal ridges and the orientation of the
Candor Chasma dike swarm. (10) In the Ophir and Hebes shear
zone areas, the orientation of the principal stress trajectories in
the flexural model* is in agreement with the observed right-lateral
shear zone kinematics. The expected extensional regime is also
consistent with an extension perpendicular to chasma orientation.
(11) South of Coprates Chasma, the stress trajectories are no
longer aligned with the magnetic anomalies, which perhaps
indicates that magnetization is controlled by a crustal structure or
composition distinct from those prevailing north of Coprates
Chasma.

These elements suggest a model of crustal evolution in Valles
Marineris until the opening of the main chasmata (Fig. 5). It
explains not only the formation and kinematics of the shear
zones, but also a series of geological features, the formation of
which has remained elusive. They include the crustal ridges, the
chasma-perpendicular dike swarm in Candor Chasma, the
peculiar orientation of some narrow grabens between Syria
Planum and Hebes Chasma, and the linear nature of magnetic
anomalies north of Coprates Chasma.

The relationships between the shear zone, PDB, and anomalies
are explained here by basin tectonics** applied to the Borealis
basin. Formation of the Borealis basin at ~4.5 Ga generated
circumferential normal faults filled with megabreccia, and crustal
warming propagated from the molten crust in the impact area®.
Hydrothermal circulation started along the fault pathways
(Fig. 5a), mobilizing the water present in the crust, and perhaps
also from the impactor. The megabreccia in the Ophir Chasma
basement unit may have formed at that time, too, as an impact
megabreccia, like the one interpreted around the Hellas basin!$,
as well as the Candor Chasma dike swarm as an impact-related
ring dike system.

The duration of hydrothermal activity was shorter than the
duration of the dynamo (Fig. 5b). It is poorly constrained, but for
a Hellas size impact basin, it was estimated to be in the order of
10 My?>. Uncertainty arises from parameters such as post-impact

crustal permeability and water abundance, as well as from the
difficulty of modeling fine-scale processes in response to such a
large-scale event. The four times larger Borealis basin size, based
on gravity and topography®, may have much lengthened the
duration of hydrothermal activity. The dynamo activity lasted
until 4.1 Ga or even later in the late Noachian3!, leaving at least
400 My for the hydrothermal activity to gradually stop and record
the succession of polarity inversions while cooling to the Curie
temperature.

The location and orientation of the Ophir and Hebes shear
zones suggest that they may have been segments of ring normal
faults. Similar to the other impact basins, many other ring faults
should have fractured the crust in response to the impact. The
observed elongated magnetic anomalies of alternating polarity
may underline these structures. The hydrothermal minerals
detected in the basement of the Ophir Chasma shear zone would
therefore be the exposed equivalent to currently buried hydro-
thermal minerals that generated the observed magnetic
anomalies.

In the late Noachian, adjustment of the Borealis basin load
should have been achieved, through reactivation of the basin
faults, decreasing the topographic difference between the high-
lands and lowlands (Fig. 5¢). The geologic context of the Ophir
and Hebes chasmata dramatically changed under the combined
influence of the growth of the Tharsis load3® and the major PDB
crustal discontinuity. The flexural loading model of Tharsis over
the PDB* predicts strike-slip reactivation along the basin ring
structures in the Ophir and Hebes chasmata, resulting in the
observed shear zones (Fig. 4).

The distinct tectonic domain south of Coprates Chasma is
coherent with its interpretation as the northern limit of a major
Hesperian and Noachian deformation system on the Thaumasia
plateau and the Coprates rise3’. These early Tharsis events may
have deformed the crustal magnetic fabric, which would not
reflect the orientation of the Borealis basin rim anymore.

The lower Hesperian marks the beginning of flood volcanism
in the Tharsis region, specifically centered at Syria Planum®2°.
The lava flows loaded the crust in the Valles Marineris region
prior to the opening of the chasmata (Fig. 5d), with the
consequence of increasing the vertical principal stress. Chasma
opening by crustal extension may simply result from the
permutation between the largest and intermediate principal
stresses due to crustal loading by the lavas (Fig. 5d-f). Flood
lava emplacement occurred via an intrusive system including a
huge dike swarm® of mafic composition3, partly cancelling
crustal magnetization. New magnetization could have occurred
upon dike cooling in response to the external or to the nearby
crustal magnetic field. However, the external field is not stable
and unlikely to produce consistent patterns all over the dikes. A
new magnetization related to nearby magnetization would be
much less intense than the original one and is unlikely to be
detected from orbit.

The shear zones identified in the Ophir and Hebes chasmata
can therefore be understood in a scenario in which an inherited
crustal fabric is reactivated (Fig. 5f, stage 1), additional crustal
loading increases the differential stress (stage 2), ending up with
nucleation of the main chasma faults in tension (stage 3). The
edge of the Borealis basin west of Hebes Chasma is nearly parallel
to the Valles Marineris chasmata, which explains why the Hebes
shear zone was there reactivated in tension, forming some narrow
grabens.

It is apparent from this geological context that the hydro-
thermal activity identified in the Ophir and Hebes shear zone
basement may have been widespread. Coprates Chasma, as a
major tectonic and magnetic boundary, may represent the
southern end of this hydrothermal system in the highlands crust.
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Fig. 5 Proposed scenario of the evolution of the Valles Marineris crust. a-e Crustal evolution stages. f Pre-Noachian to Hesperian evolution of stress
state and brittle deformation of the Valles Marineris crust in response to Tharsis thermal events.

Evidence of hydrothermal activity at the PDB in the Valles
Marineris region suggests that the weak, 10 km thick crustal layer
found at the InSight landing site3®, also located at the PDB area,
might be a similarly altered mafic basement rock.

Brittle-ductile shear zones are one of the contexts where
metalliferous mineralizations can be abundant. Our results show
that the Ophir and Hebes shear zones are of exceptional, if not
unique, interest to search for such mineralizations. Mesothermal
gold deposits on Earth (30% of mined gold) are observed in
secondary structures of exhumed brittle-ductile shear zones and
their shallow extension to the surface®). Au is drained in
terrestrial shear zones by hydrothermal fluids, and after a
complex path, concentrates in cataclastic quartz veins*!. The
mineralogically expressed Au is associated with As- paragenesis
of Sb, W, Bi, Mo, and Pb, and in the quartz veins, with Pb, Ag,
and Cu.

Assuming that the primary minerals identified using CRISM
reflect the full basement rock composition, the shear zones could
be sites to prospect for Ti-V oxides, which are found in terrestrial
gabbronorite-troctolite layered intrusions*2. At different depth
levels, stratabound Ni-Cu sulfides and chromite may have
settled®3, as well as platinum-group minerals, especially including

Pt, Pd, and Au?% Although the deep source of metals
accumulating in the planetary crust is loosely constrained, the
sheared, fluid-charged Noachian and pre-Noachian basement
rocks, as well as the neighboring intrusions, may be the most
favorable environments to discover such deposits.

The influence of the Borealis basin on the tectonics and
hydrothermal activity in the Valles Marineris region, and the
implications for mineralizations, open a wealth of new questions
of global planetary interest. Did the crustal fabric imposed by the
impact influence the evolution of the Tharsis crust in other areas?
Did it play a role in the genesis of the large fracture zone that
guided the NE-SW orientation of many volcanic edifices that
formed on the Tharsis dome? At the opposite, the Tharsis-
generated stress field was shown to control the stress system of
the whole planet#4. Did it reactivate other PDB-related structures?
Are there other sites where PDB-related hydrothermal activity
can be found? Can it be identified elsewhere, without the
exceptional exposure conditions in Valles Marineris? The
obliquity of the Borealis basin impactor® should have generated
a crustal fracturing asymmetry?, did it affect the distribution of
basin-generated mineralizations? Hydrothermal minerals were
detected in the Nili Fossae and Nilosyrtis highlands*9, next to the
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Fig. 6 Chronology of geodynamic and tectonic events in the Valles Marineris region. Large-scale post-Noachian tectonic activity at the shear zones is
mainly restricted to the formation of narrow grabens, but as major crustal discontinuities, shear zone structures may have been occasionally active

seismically until now. Numbers refer to the cited references.

PDB, which also display breccia ridges*’. Do these features testify
to PDB-related geologic events as well? Were the reactivated
basin-related radial faults around the Hellas and Isidis basins*®
also prone to similar mineralizations? Finally, was the duration of
hydrothermal activity associated with the Borealis basin long
enough to stabilize the environmental conditions and favor the
emergence of life? Radiogenic heating might have contributed to
maintain a high geothermal gradient for some time*°, making the
northern Valles Marineris a preferential region to investigate
early life in situ.

Conclusions
Our results show that the influence of the Borealis impact on the
later evolution of Mars may have been underestimated (Fig. 6).
Large-scale shearing of the pre-Valles Marineris basement rock
testifies to major crustal deformation unrecognized before that
shall be taken into account in deciphering the early Mars’ evo-
lution. From a stress field point of view, this event is consistent
with, and prefigures Valles Marineris opening, but does not
prefigure the current Valles Marineris geometry. The shears
probably initiated as normal faults at the time of the Borealis
basin impact, as soon as ~4.5 Ga, the estimated age of the basin,
while the early Martian dynamo was active3!. This very long
tectonic activity, combined with deep exhumation, the mafic
composition of the sheared basement, and hydrothermal circu-
lation, provide one of the most promising environments for lode
deposition and concentration of metals, perhaps of cut-off grade.
The idea that deep faults such as from impact basins were the
locus of hydrothermal activity and played a role in crustal
magnetization3>0 is also validated by our analysis. The recog-
nition of early fluid-assisted deformation and identification of
alteration products associated with early hydrothermal systems
suggest that at least some fundamental Martian faults may have
been rheologically weak, and, therefore, susceptible to reactivation
and seismic activity, from early Noachian time and perhaps into
the present in the current stress field, controlled by the Tharsis
load*4. If still reactivated nowadays, InSight should be able to
detect it in a quiet seismic environment. The marsquake of

August 25, 2021, measured by InSight in Valles Marineris, of
body wave magnitude 4.1-4.2°!, is consistent with such a reacti-
vation as much as the recognized deep chasma border
faults!11252, The deep Valles Marineris troughs should be con-
sidered a high-priority target for innovative future exploration
missions. It would enable a better understanding of the early
Martian dynamics, as well as offer the grounds for in situ iden-
tification of rare resources.

Methods

Geologic mapping. Geologic analysis was fully conducted at the HiRISE scale
(25 m pixel-1) in Ophir Chasma. In Hebes Chasma, only ~75% of the shear zone
area is covered with HiRISE images. Gaps were filled with CTX images (6 m pixel-
1). Conventional geologic mapping was conducted with an emphasis on structural
analysis. Kinematic analysis of S-C fabric is from e.g., Platt and Vissers®3, following
the nomenclature established by ref. 54, and as modeled by ref. >°. Kinematic
analysis of S-C-C’ fabric is after ref. °°, who also provide a review of works on this
fabric.

Generation of HiRISE DTM using photogrammetry and photoclinometry.
Photoclinometry (or Shape-from-Shading, SfS) refers to the process of inferring 3D
surface slopes from the intensity variations of a single shaded image. When
combined with photogrammetry, as in ref. >/, SfS can be used to resolve 3D details
from a given shaded image and merge it with the coarse 3D information inherited
from an initial DEM. In this work, we apply the HDEM method>”»*8 to HiRISE
images (1 m pixel-1) based on HiRISE stereo-derived DEMs (3 m pixel-1), and with
a coarse-to-fine strategy, to further refine the DEM results (1 m pixel-1). HDEM
SfS takes a single image and a co-registered coarse DEM as inputs, and iteratively
refines the coarse input DEM via the minimization of a total cost function. The
total cost function comprises three terms. First, the image irradiance term expresses
the goodness of fit between the observed image versus its modeling from surface
slopes. This modeling combines a surface atmospheric radiative transfer scheme
and a realistic spatially varying bidirectional reflectance distribution function.
Second, we have the integrability constraint regularization term that connects
slopes to the terrain height field. Third, the photogrammetry constraint regular-
ization term ensures the inheritance of large scales from the initial photo-
grammetrically generated DEM in the refined version. In this work, the spatial
BRDF model results from the linear mixing of two endmember terrains, mafic, and
sulfate-rich, which spectrophotometric properties are extracted from a near-
coincident CRISM multi-angular acquisition sequence (FRT, HRL, HRS, EPF)
using the MARS-Reco method*. The HDEM numerical scheme is repeatedly
executed until a pre-set maximum number of iterations is reached or until the total
cost function for the image irradiance equation, integrability constraint, and
photogrammetry constraint converges.
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Determination of basement mineralogy. We analyzed each ROI with the LinMin
algorithm!, based on Primal-Dual Interior-Point Optimization®’. This method
assumes a linear mixture with positivity and sum-lower-than-one constraints:

Y ~ ASwith0 <A<land0<XA<1 (1)

with Y, the ROI spectra, A the abundance (that are estimated), and S the end-
member spectra (assumed to be known). The spectra S are from spectral libraries
and have been measured in laboratory conditions, as described in Supplementary
Methods. We also included flat and slope spectra, as described in ref. 1>, to reduce
the effect of aerosols and discrepancies between laboratory and remote sensing
conditions (grain size, geometry, aerosols in the atmosphere).

In order to improve the fit, we also introduce a nonlinear unmixing based on
the fact that grain size changes can be simply modeled by S7Ae + C, with e an
exponent factor, specific to each spectrum, and C a constant value. This new model
can be formulated as:

Y~ AS"ewith0<A<land0<ZA<1 )

We solved this problem using the Nelder-Mead Simplex Method®! to estimate
the optimum e, including the LinMin algorithm!®, by minimizing the
reconstruction RMS. Unfortunately, this nonlinear procedure is much more
computationally expensive than LinMin and not possible on a full CRISM cube.
Nevertheless, for the ROI spectra selected for this work, this method is perfectly
fitted. One has to note that retrieved abundances may differ from actual mineral
abundance in the rock. Nevertheless, from the extensive experiments conducted,
the detection of minerals from observed spectral features is robust. There is thus
high confidence in the mineral assemblage for all ROIs.

A detailed description of the mineralogical analysis leading to the results
presented in Fig. 2 is provided in Supplementary Methods. A synthesis of the
mineral detections from spectral unmixing experiments is given in Supplementary
Table 6. The spectral unmixing outputs are provided in Supplementary Data 1 1© as
plots and ASCII files.

Displacement scaling. Displacement scaling relates the width (w) or length (L) of
tectonic structures (such as faults and shear zones) against their maximum dis-
placement (D), along the whole range of rheological conditions in the crust. It is
used as one of the tools to constrain the mechanical properties of the fractures and
their host rock®2-6%. A broad agreement has been found over the years that for
most tectonic structures, both (w) and (L) linearly scale with (D), irrespective of
rock composition. However, from measurements reported in the literature, the
possibility exists that for shear zones, D/L follows a power law, with an exponent of
156566, In displacement scaling, the size of datasets available in the literature is not
large enough to infer statistics, and D/w and D/L scaling cannot be used to predict
one of the three parameters from the others accurately. Here we use D/w and D/L
plots to evaluate the order of magnitude of displacement at the Ophir and Hebes
shear zones from the minimum measured width, inferred from the exposures, then
to evaluate the order of magnitude of shear zone length, from the displacement.

In the first step, the width of the Ophir and Hebes shear zones are measured
using the spacing major shears that bound the zone of most intense deformation on
HiRISE images (see Supplementary Figs. 1 for the Ophir shear zone and 2 for the
Hebes shear zone). In Ophir Chasma, the width of the exposed shear zone is 1 km.
In Hebes Chasma, the width is between 3 (“Hebes1” in Supplementary Fig. 8) and
3.5km (“Hebes2”). D/w scaling is done based on a dataset of shear zones of similar
dimensions 60. We calculate the average D/w value for this dataset: 63, and assume
that the same value applies to the Ophir and Hebes shear zones. One order of
magnitude is added as a vertical error bar.

In the second step, this (D) range is used to evaluate the length of the shear
zones. Three datasets for shear zones are available in the literature®26%, among
which a continental shear zone dataset is for shear zones of dimensions comparable
to the Ophir and Hebes shear zones, which we use in this work®”. We consider
both linear (Supplementary Fig. 8b) and power law scaling with an exponent of
1.59667 (Supplementary Fig. 8c). The average D/L for the continental shear zone
dataset is 0.172. Assuming a linear relation between (D) and (L), the scaling line
D =0.172L is used as a proxy for the Martian shear zones. Using the (D) range
calculated earlier, a (L) range is calculated for the Ophir shear zone by projecting
the (D) range along the scaling line. Two (L) ranges are calculated for the Hebes
shear zone, corresponding to the 3 and 3.5 km measured widths. A horizontal error
of one order of magnitude is attributed to the (L) ranges. As a second option, it is
assumed that the continental shear zone dataset follows the power law of exponent
1.5. The (D) ranges are then projected onto this scaling line, and similarly, a
horizontal bar of one order of magnitude is applied to the corresponding (L) range.

Determination of potential causes for brittle-ductile crustal deformation at
shallow depth in Ophir and Hebes Chasmata. Although we know that wet
rheology is more likely for Mars®, we test it first with dry mafic (diabase) rheology.
Assuming that deformation occurred at a depth equal to the current chasma floor
depth, ~8500 m below the closest plateaus after MGS/MOLA data, the geothermal
gradient required to generate brittle-ductile deformation would be 59-65 °C km1,
assuming brittle-ductile behavior at the failure/creep transition temperature of
500-550 °C, depending on plagioclase abundance®®. Another composition, such as

olivine, or diorite’” would only marginally change the conclusions. A quartz
rheology71 would make the brittle-ductile behavior even easier to reach, but is not
considered here because of the mineralogical information provided by the CRISM
data processing (Fig. 2).

Since the Hesperian lava pile covering the Valles Marineris plateau did not exist
when the shear zones developed, and part of the floor depth was attained by
tectonic stretching, the floor might have been much closer to the topographic
surface, perhaps decreasing the required depth by two. This factor is considered as
a maximum, because the Noachian pile is exposed at the plateau level at the same
elevation as the Hesperian lava pile 430 km away from the Ophir shear zone, at the
eastern edge of Candor Chasma??, with no major change of stratigraphic levels
reported along the chasma walls between eastern Candor Chasma and eastern
Ophir Chasma. Increasing the required geothermal gradient accordingly yields
120 °C km-1. This value is 5-10 times the average gradient calculated in the
Martian highlands during Noachian’275 and for the Hesperian extensional
deformation observed around Tharsis’%, and four times the gradient found during
Noachian rifting south of Valles Marineris, at Thaumasia Planum, up to 33 °C km-
177. However, it was suggested recently that radiogenic heating’® may also have
participated in substantially increasing the thermal gradient during the Noachian®.

The temperatures of 500-550 °C required to make diabase flow may actually
not be needed, implying that very high thermal gradients may not be required.
There is multiple evidence that crustal strength on terrestrial continents does not
exceed ~50 MPa, with ductile creep occurring already at 6 km depth”.
Equivalently, viscous relaxation of impact basins indicates a weak lower crust, with
moderate heat flow®(. Assuming a mean terrestrial crustal density of 2.7 gcm~3,
the corresponding lithostatic pressure would normally be 158 MPa, implying stress
reduction by a factor of 3 to 4. On Mars, assuming a basaltic crust of density of
2.9 gem—3, 50 MPa would be located at 4.7 km depth, and if reduced by 3-4,
ductile creep would occur as shallow as 1.2-1.6 km below the surface.

The first reason for such a strength decrease is the presence of free water in the
crust’!, which may be testified to by the CRISM detections of hydrated
hydrothermal sulfates (szomolnokite and copiapite have respectively 1, and 20
molecules of water in their structure, and jarosite has three hydroxyl groups). The
weakening effect of water is major whatever the creep regime, dislocation, or
diffusion®!. Even less than 0.1% of water’® may decrease rock strength by a factor
of 2 to 3%. Wet diabase®283 is therefore much weaker than dry diabase®, but
perhaps more importantly, the hydrothermal paths not only locally dramatically
increase heat flow, but also their pervasive penetration in the crust has a substantial
warming effect that adds to the background heat flow®4.

Water may originate from infiltration through Noachian runoff channels® as
well as volcanic outgassing®®. The water of metamorphic origin may also weaken
the crust; in particular, the correspondence between the edge of the crust showing
magnetic anomalies?® and the geometry of the exposed shear zones (Fig. 4)
suggests a genetic link. One of the explanations for crustal magnetization is
serpentinization during the Noachian?”:#7. Serpentinization may have weakened
the shear zone area in three possible ways. First, during the magnetization itself,
mobilizing free water, and incorporating it into mafic minerals transformed to
chrysotile?”:%7, reducing crustal strength®® and shifting the portion of the crust
exposed in the shear zone areas from the brittle toward the ductile domain.
Weakening may proceed to such a point that locally serpentinite may rise through
fractures by diapirism®®, providing a potential explanation for intrusions mapped
on Supplementary Figs. 1, 2, as an alternative to magmatic intrusions. In that case,
the whole magnetized crust being serpentinized, the weak rheology of the shear
zone is not an exception, the observation of brittle-ductile structures at this depth is
made possible by the denudation of Valles Marineris in the eastern Ophir and
western Hebes Chasmata. Secondly, shear zone area weakening may have occurred
during the process of crustal serpentinization because the troughs are located near
the edge of the Borealis basin, a crustal zone of density contrast where intense fluid
circulation is expected to have occurred. The rheology of the shear zones in Valles
Marineris would be another tectonic consequence of crustal magnetization.
Thirdly, if the shear zones formed later than the crustal magnetization event,
crustal weakening could have corresponded to crustal deserpentinization. For
instance, under the effect of magmatic heat release at the earliest stages of the
Tharsis-Syria Planum magmatic events by the end of Noachian or earliest
Hesperian®, water from chrysotile structure could have been releasing west of
eastern Ophir Chasma. It is also possible that partial deserpentinization occurred
owing to crustal heating from below, which would explain magnetization depth as
shallow as 5-10 km®. Whatever the case, the magnetization of the Martian crust
by serpentinization, or deserpentinization, is likely to have involved a substantial
amount of water, up to 1km of global equivalent layer?’, which should have
contributed to weakening the rheology in the shear zone areas.

Finally, crustal rheology strongly depends on the strain rate; taking the viscous
component of the Martian lithosphere rheology into account would decrease
lithospheric strength and shallow the brittle-ductile transition depth”°.

In summary, a simple dry crustal rheology cannot explain the observation of
brittle-ductile deformation in the Ophir and Hebes shear zones. Several
mechanisms have been identified which may explain the formation of brittle-
ductile structures at the observed paleo-depth. Crustal hydration is one, and it was
noted that in addition to the dramatic and well-known effect of a very small
quantity of free water on the rheology of the crust, for which there is evidence in
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the Noachian, hydrothermal circulation may have multiplied the geothermal
gradients by several times at the scale of the exposed shear zone outcrops, a few
tens of km? in size. Structural water related to crustal serpentinization or
deserpentinization (or other metamorphic reactions) may provide another source
of rheological weakening, perhaps in connection with the initiation of the Tharsis-
Syria Planum magmatism. All these processes are not exclusive, instead, they may
have been added and combined, resulting in brittle-ductile deformation in Ophir
and Hebes Chasmata.

Data availability
The HiRISE, CTX, CRISM, THEMIS, MOC, and Viking data were available from the
NASA Planetary Data System at https://doi.org/10.17189/1520303, https://doi.org/10.
17189/1520266, https://doi.org/10.17189/1519573, https://doi.org/10.17189/1520386,
https://doi.org/10.17189/1520255, and https://doi.org/10.17189/1520333, respectively.
The HRSC digital terrain models are available from the ESA Planetary Science Archive
(https://doi.org/10.1016/j.pss.2017.07.013).
The Supplementary Data 1 dataset is available in the following public repository:
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results.
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Supplementary Figures

Supplementary Figure 1. Tectonic map of the eastern Ophir Chasma study area, and CTX basemap®. The two
black and white crosses indicate what is considered as the minimum shear zone width (ca. 1 km). Younger
deposits may hide other structures amenable to reevaluate this estimate. Credit: HiRISE images (detailed
interpretations, insets A, B, C): NASA/JPL/University of Arizona.
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Supplementary Figure 2. Tectonic map of the western Hebes Chasma study area with location of the shear
zone breccia area shown on Figure 3c, and CTX basemap®. The crosses in the tectonic map indicate what is
considered as the minimum shear zone width: 3 km (two black and white crosses) to 3.5 km (two grey and
white crosses). Younger deposits may hide other structures amenable to reevaluate this estimate. The 3-D
view (D) shows CTX image® FO1_036215 1789 XI_01S077W draped over HiRISE digital terrain model
HI_039723_1790_040211_1790-ALIGN-DEM. The HiIRISE terrain model was processed with the MarsSI
(marssi.univ-lyon1.fr) application funded by the European Union’s Seventh Framework Program (FP7/2007-
2013), ERC Grant Agreement No. 280168.
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Supplementary Figure 3. A 100 m-high exposure of the exhumed basement south of the Hebes shear zone,
and connection with the surrounding units. The basement outcrop is the most spectacular found in Hebes
Chasma and Ophir Chasma. (a) HiRISE image ESP_042914 1795 (credit: NASA/JPL/University of Arizona); (b)
Geologic map. The contoured digital terrain model combines photogrammetry using the AMES pipeline
(HIiRISE DTM HI_042413_1795_042914_1795) and photoclinometry?. Contour spacing: 10 m; (c) Interpreted
perspective view. The numbers refer to the stratigraphic succession.
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Supplementary Figure 4. Sample terrains in eastern Ophir Chasma: massive, brecciated, and comparison with
the morphology of the nearby Interior Layered Deposits. Megabreccia of Type | have sharp angles, and the
matrix contiguous to the blocks is narrow, indicating little relative block displacements. Location on the CTX
image mosaic of Supplementary Figure 1. Credit: HiRISE image: NASA/JPL/University of Arizona.
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Supplementary Figure 5. Brecciated facies in eastern Ophir Chasma. The matrix of breccia Type Il is more
abundant than in Type |, and the block are rounded-shaped, indicating higher block mobility. "L" in the upper
panel stands for the length of the long axis of the breccia block highlighted by the white circle. Location on
the CTX image mosaic of Supplementary Figure 1. Breccia type Il are probably made of a material weaker
than the matrix, leaving shallow depressions commonly filled by low albedo sedimentary deposits (mottled
terrains and dark sands). Credit: HiRISE image: NASA/JPL/University of Arizona.
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Supplementary Figure 6. Breccia ridge in eastern Ophir Chasma. Location on the CTX image mosaic of
Supplementary Figure 1. Credit: HiRISE image: NASA/JPL/University of Arizona.
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Supplementary Figure 7. Example of an intrusion in the basement rock of eastern Ophir Chasma, and
evidence of vertically layered basement. The color image in the lower right is a color-enhanced image of the
three first principal components of the HiRISE image shown in the lower left. Location on the CTX image
mosaic of Supplementary Figure 1. Credit: HiRISE image: NASA/JPL/University of Arizona.
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Supplementary Figure 8. Evaluation of shear zone horizontal displacements and lengths.

Ophir and Hebes shear zone maximum displacement inferred from shear zone width (a)?, and shear zone
length inferred from the displacement, assuming a linear relation between shear zone width and maximum
displacement (b)*®, or a power law relation with the exponent 1.5 (c)>®. The method is described in the
Methods section. The number of published datasets available is not sufficient to make predictions; therefore
the results shown on these plots are indicative only.

The range of maximum displacement for the two shear zones is between a few tens of kilometers and several
hundred kilometers (a). When linear displacement-length scaling is considered (b), the inferred minimum
length of the Ophir and Hebes shear zones is a few hundred kilometers and more than 1000 kilometers,
respectively, with maximum lengths of several thousands of kilometers. Results are not significantly different
when, instead, displacement is related to length following the power law (c).
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Supplementary Figure 9. Brittle Hesperian and Amazonian tectonic structures coaxial with the Hebes shear
zone and the Planetary Dichotomy Boundary (PDB)’.

Supplementary Figure 9a. Basemap: THEMIS Day IR Global Mosaic2.
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Supplementary Figure 9b. Geologic map. The geological units are slightly modified from earlier maps®. The
basement unit of the Hebes shear zone is in white, and the white dashed line shows the trend of PDB. Blue
lines: major shear zone patterns in the Hebes basement unit, and coaxial normal faults cutting Hesperian and
Amazonian geological units in Hebes Chasma; red lines: fracture filled with megabreccia: black lines: location
of the earliest graben exposed on the plateau. Geologic unit defined in this work: light grey: Basement unit.
Geologic units defined by Tanaka et al.>: Nhu: Noachian highland undivided unit; eHh: Early Hesperian
highland unit; eHv: Early Hesperian volcanic unit; IHt: Late Hesperian transition unit; IHv: Late Hesperian
volcanic unit; AHi: Amazonian and Hesperian impact unit; AHv: Amazonian and Hesperian volcanic unit.
Geologic units defined by Schmidt et al.’%: HNw: Wall material; UHtu: Upper ILD Formation; LtHtu: Late ILD;
Ab: Slumped wall blocks; Avf: ILD mound flows; Als: Landslide scar; As: Landslide material. The background
image is from the THEMIS Day IR Global Mosaic®. Contours are after the HRSC digital terrain model of Valles
Marineris®.
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Supplementary Figure 10. Magnetic profile across Ophir shear zone (0SZ) and Hebes shear zone (HSZ). The
PDB magnetic pattern'? is a transition between the weak pattern of the Borealis basin and the intense field
that characterizes the thicker highlands crust. The profile is located on Figure 4.
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Supplementary Figure 11. Thermal events affecting the measured magnetic field in the Valles Marineris
region. The total magnetic field at the surface (B) is from Langlais et al.'2. The Tharsis thermal events include
injection of mafic dykes from Syria Planum3141>16 (the stress trajectories®® are updated) and other magmatic
intrusions related to the formation of the Tharsis bulge. The origin of the weak magnetization measured in
the Borealis basin is discussed by Mittelholz et al.'’. The trace of the Borealis impact basin, located with +5°
of uncertainty, is after Andrews-Hanna®®. The age of the Tharsis volcanic flows is after Tanaka et al.%. The
background image is from the THEMIS Day IR Global Mosaic®.

e [ T
1 T i

-10000  -S007 -2303  -1200 -€00 -300 =120 120 B 00 200 2500 5001 10000
-90° =75 -60" -15

Crustol demagnetisation
by Tharsis theanol events.

=307

Early Hesperian/late Noachian dyke swarm Tharsis volcanic flows
—— —— Trajectory, SHmax . Direction of crustal dilation 70 Amazonian

= Shear zone location W late Hesperian

Trace of the Borealis impact basin | early Hesperian/late Noachian

17



Supplementary Figure 12. Pre-Noachian to early Noachian features related to hydrothermal activity possibly
resulting from the Borealis impact and suggested to explain magnetic banding north of Coprates Chasma.
Topographic contours (spacing 500 m) are from HRSC (Credit: ESA/DLR/Freie Univ. Berlin).

Magnetic banding parallels a pre-Noachian to early Noachian tectonic fabric. This ancient crust shows
evidence of an active hydrologic system. Moreover, HiRISE images of the northern wall of eastern Candor
Chasma show that a dike swarm intruded the Valles Marineris plateau parallel to the magnetic banding. The
rose diagram was established from 26 representative dykes observed on the eastern Candor Chasma wall;
the indicated strike refers to the mean resultant dyke orientation!®. Magnetic banding in response to
hydrothermal activity has been measured at some impact craters and basins on Earth, and based on
observations, models?®?*?2, and chemical reactions®>, was attributed to hydrothermal activity. The
observations reported here suggest a similar origin.
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Supplementary Figure 13. Comparison between stress trajectories resulting from thin-shell flexural model
of Tharsis loading over the pre-existing planetary dichotomy boundary, from Andrews-Hanna®, and
orientation of the measured radial magnetic field (Br) at the surface, from Langlais et al.'2. The resolution
corresponds to the spherical harmonic degree 134.

Supplementary Figure 13a. The shear zones and magnetic anomalies are shown in the Tharsis loading
context, after the pre-Noachian. The trace of the Borealis impact basin, located with +5° of uncertainty, is
after Andrews-Hanna et al.”. The thin lines are principal stress trajectories obtained from the thin-shell
flexural model of Tharsis loading of the Martian crust affected by the PDB®. Black lines indicate the horizontal
tensile horizontal principal stress direction and large tensile stress magnitude. White arrows indicate the
most compressive horizontal principal stress direction and strongly negative tensile stress magnitude.
Combine black and white lines indicate weak tensile stress magnitude. The magnetic anomaly IDs refer to
the numbers on Supplementary Figure 13b. The background is from the THEMIS Day IR Global Mosaic2.
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Supplementary Figure 13b. Comparison between the direction of the magnetic anomalies in the radial
magnetic field, and the direction of the least compressive stress in the thin-shell flexural model®. The
directions are usually similar north of Valles Marineris, and usually different south of Valles Marineris.
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Supplementary Discussion

Mapping of the shear zone areas: comparison with earlier works

The mapping presented in this paper required reevaluation of earlier geological maps, which did not show
the shear zones identified here, and were proposing an Amazonian age for their hosting rocks.

1. Datasets and interpretations

Shear zone identification requires HiRISE images, which were acquired between 2009 and 2020, mainly after
2015. The first geological map of Valles Marineris data?* and Ophir and Candor Chasmata? were based on
Viking images, of much coarser resolution (Supplementary Table 1).

Shear Acquisition Map projected scale Scaled pixel width
Camera zone Images date (m) (m)
HiRISE Ophir  ESP_066505_1755 03/10/2020 0.25
HiRISE Ophir  ESP_057208_1755 10/10/2018 0.25
HiRISE Ophir  ESP_049019_1755 stereo 1 10/01/2017 0.25
HiRISE Ophir  ESP_048518_1755 stereo 1 02/12/2016 0.25
HiRISE Hebes ESP_042914_ 1795 stereo 3 22/09/2015 0.5
HiRISE Hebes ESP_042413_1795 stereo 3 14/08/2015 0.5
HiRISE Hebes ESP_040211_1790 stereo 2 23/02/2015 0.5
HiRISE Hebes ESP_039723_1790 stereo 2 16/01/2015 0.25
HiRISE Ophir  ESP_039525_1755 01/01/2015 0.25
CTX Hebes FO1_036215_1789_XI_01S077W 18/04/2014 5.32
THEMIS VIS  Hebes V51823001 20/08/2013 17.8
CTX Hebes B21_018018_1790_XN_01S078W 31/05/2010 5.37
HiRISE Ophir  ESP_017754_1755 10/05/2010 0.5
CTX Ophir  B18_016620_1758 XN_04S070W 11/02/2010 5.4
HiRISE Ophir  ESP_016053_1755 29/12/2009 0.25
CTX Ophir  B01_010172_1756_XN_04S071W  27/09/2008 6.24
THEMIS VIS  Hebes V16841001 30/09/2005 17.8
THEMIS VIS Ophir V12086001 04/09/2004 17.4
MOC Ophir  R1900102 02/07/2004 3.03
MOC Ophir  R1200203 02/12/2003 4.54
MOC Ophir  E0100323 05/02/2001 5.74
MOC Hebes M0204091 (southern end) 26/06/1999 5.75
Viking Hebes 919A03 23/12/1978 67.1
Viking Ophir  913A11 17/12/1978 65.6
Viking Hebes 738A64 25/06/1978 32

Supplementary Table 1. List of images covering the two shear zones. The list is complete for HiRISE and MOC, only
examples of CTX and THEMIS images are indicated due to their abundance, and only Viking images of pixel size < 70 m
are indicated.
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Supplementary Figure 14 shows the central part of the Ophir shear zone with HiRISE and the earlier images,
highlighting the impossibility of tectonic interpretation with the latter. Supplementary Figure 15 shows the
same for the Hebes shear zone.

(d) THEMIS®

Lk

-
*l

(e) Viking (NASA/JPL/USGS)

Supplementary Figure 14. View of the central part of
the Ophir shear zone with HiRISE imagery and earlier
datasets. Images are provided at full resolution, with
contrast enhancement (0.1%). The scale bar shows
100 m (131072 pixels/degree). After IMARS?.
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(a) HIiRISE (NASA/JPL/University of Arizona)

—_—

(c) MOC (no data)

(e) Viking (NASA/JPL/USGS)

Supplementary Figure 15. View of the megabreccia
area in the Hebes shear zone with HiRISE imagery and
earlier datasets. Images are provided at full
resolution, with contrast enhancement (0.1%). The
scale bar shows 100 m (131072 pixels/degree). After
JMARS%,
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Supplementary Figure 16 shows geological interpretations given to the shear zone area in Ophir Chasma on
earlier maps, as well as the Viking image that initially guided these interpretations (Supplementary Figure
16a). Witbeck et al.>* partly mapped the Ophir shear zone as "channel material of Ophir Chasma" (Acho,
Supplementary Figure 16b), a general wording that covers most landforms visible at Viking times and
interpreted to be witnesses of large flows of water that conveyed chasma deposits from the northernmost
chasmata southward, triggered by the large Ophir Chasma landslides. Supplementary Figure 16 supports the
view that in the absence of more precise data, channel material is a viable interpretation of the Viking
imagery (Supplementary Figure 16a). Part of the shear zone is also interpreted as "Slide material" (As), owing
to the framing of the shear zone by two large landslides. Lucchitta®® interpreted the Ophir shear zone as
Amazonian "smooth material" of diverse origin (Afs), cut by a scarp that marks the boundary of a large
landslide in central Ophir Chasma (Supplementary Figure 16¢). Part of the shear zone area is therefore a unit
that is part of, or mantles, the surface of the landslide. HiRISE images now show that the smoothness of this
terrain corresponds to an abundance of mottled dark material between the tectonic structures. Ophir shear
zone mapping reveals that the mottled terrain is thin, perhaps not more than one or a few meters at most,
because buried patterns are frequently visible across them, forming subdued light-toned features.

(b) Witbeck et al.?*, redrawn

il m

(c) Lucchitta?® (d) Fortezzo et al.?%, redrawn

Supplementary Figure 16. Viking highest resolution image and interpretation of the Ophir shear zone in earlier maps.
The shear zone is in the box. The scale bar in (a) shows 10 km. The symbols of the shear zone area are explained in
the text, the others can be found in the cited references.
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Fortezzo et al.?® keep the landslide-related material interpretation of Lucchitta?® (mwsl, "Debris, rotational,
rock planer, and translational slide types"), but simplifies it owing to the smaller mapping scale
(Supplementary Figure 16d).

In Hebes Chasma, Witbeck et al.?* mapped the shear zone area partly as "Slide material" (As) and "rough floor
material" (Avfr), which correctly depicts the contorted morphology and knobs observed on Viking imagery
(Supplementary Figure 17). Using the more recent datasets, Fortezzo et al.2® and Schmidt et al.}® included the
Hebes shear zone into a broader unit. Fortezzo et al.?® fully included it into a unit of "Debris, earth, and rock
fall types" (mwfa). Schmidt et al.’® interpreted the area as "moraines and low energy lobate flows of ILD
material possibly driven by freezes-thaw creep". The lobate features, already noted by Witbeck et al.?%,
probably correspond to the sigmoidal schistosity interpreted in our mapping. The interpretation of moraines
is consistent with the requirement that the shear zone areas underwent significant abrasion, leading to
exhumation of an ancient floor, and the more general finding that glacial erosion played a critical role in
shaping the Valles Marineris chasmata?’8,

4

i ¥ < ,
(a) Viking images 738A64 and 919A03 (NASA/JPL/USGS)  (b) CTX! image mosaic

Supplementary Figure 17. Viking highest resolution
image mosaic, CTX image mosaic, and interpretation
of the Hebes shear zone by Witbeck et al.?*. The scale
bar in (a) and (b) shows 2.5 km. The map by Fortezzo
et al.?® and Schmidt et al.® are not shown because the
whole shear zone area is covered by a single unit. The
symbols of the shear zone area are explained in the
text, the others can be found in the cited references.

(c) Witbeck et al.?*, redrawn
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2. Age of sheared terrain

Earlier mapping'®?*%> ascribed the shear zone areas an Amazonian age. We argue in the paper that such
recent deposits are probably present, but discontinuously overly much older, probably pre-Noachian
basement. Dating of the shear zone areas through crater retention age determination is made difficult by
their small size (50 km? in Ophir Chasma and 100 km? in Hebes Chasma, which also include mottled terrains
and dune fields of arguably Amazonian age). Our work indicates that the shear zone surface has been
exhumed, for instance by glacial erosion, removing most evidence of impact craters. HiRISE mapping reveals,
however, the presence of possible impact craters in the Ophir shear zone, subdued by the dark mottled
terrain between the shear zone basement rocks. Due to uncertainty in their interpretation, and in order to
not increase map complexity, these features are not shown on the maps presented in the Supplementary
Figures.
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Supplementary Methods

Detailed description of the mineralogical identification scheme

1. Criteria used for selection of spectral library minerals

1.1. Inferences from literature

Similar rocks to the bright rocks of the Valles Marineris shear zone host rock (HRSZ) have been identified in
Valles Marineris and elsewhere on Mars, and primary rock mineral compositions have been identified
(Supplementary Table 2).

Geological environment Instruments used  Mineralogical identification Rock interpretation

Valles Marineris

Chasma walls®? MOC Intrusive rock (cumulate?)
Chasma walls>2 CRISM, HiRISE LCP lgneous rock

Chasma walls>3 CRISM, HiRISE Ol, LCP, HCP, PI

Ophir central valley>* OMEGA, CRISM S "Sulfate-bearing ridge"

Other regions
Volcanic plains*? THEMIS Fsp, Px, Ol, High-Si; S, C, Qz Volcanic

Bedrock, incl. massive fractured and

| k53 RISM, HiRISE I, LCP, PI
Crater central pea CRISM, HIRIS Ol LCP, impact megabreccia+ clast-rich

Friable: Pyroclastic, impact-

Bedrock plains*? THEMIS, HiRISE Ol and/or Px A
generated, or detrital

Ol: Olivine; Px: Pyroxene; LCP: Low-Ca pyroxene; HCP: High-Ca pyroxene; Fsp: feldspar; Pl: Plagioclase; S: Sulfates; C:
Carbonates; Qz: Quartz

Supplementary Table 2. Composition of some potential HRSZ analogues

1.2.Suggestions from structure and geomorphology

The HRSZ is massive, and shows fracture patterns reminiscent of plutonic bodies (Supplementary Figures 3a
and 4). Moreover, brittle-ductile shear zone does not develop in some rocks, such as basalt, peridotite, and
clays. Color, fracturing together, and rheological constraints are consistent with plutonic rock, especially of
felsic to intermediate composition; metamorphic rock (gneiss, mylonite, migmatite, marble, quartzite), and
anhydrite. Sulfates, which may be either of in situ hydrothermal alteration of this rock, or transported by
wind from neighboring Interior Layered Deposits (ILD)3!, may also contribute to the bright color.

1.3. Results from spectral indices

The CRISM cube FRTO0018b55 covers most of the Ophir shear zone. Spectral indices have been published to
assist in detection of minerals and volatiles3%333435, They help evaluate cube noise at a glance, its potential
in detecting minerals, and give ideas that help to constrain the initial steps of spectral unmixing by
identification of minerals to be placed in the input spectral library.

Supplementary Table 3 provides a summary of an analysis using the selected spectral indices. The table shows
that the major minerals to look for are olivine, hydrated sulfates, and hydrated minerals in general.
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Carbonates also need to be checked. Supplementary Figure 18 shows results obtained for the studied cube

using selected spectral indices.

Spectral index Used for Caveats Detection in HRSZ
Magmatic rock minerals
OLINDEX3 Ol, Px HCP, Fe-phyllosilicates ++
VAR Ol, Px Ices ++
HCPINDEX2 Px, favors high-Ca Low-Ca Px -
LCPINDEX2 Px, favors low-Ca not identified -
BD1300 Pl with Fe2* substitution Fe-Ol --
BDI2000 Px Ices -
Sulfates
BD2100_2 1-H,0 sulfates Alu, Srp ++
SINDEX2 1-H,0 and x-H,0 sulfates Ices ++
BD1750_2 Gp, Alu - =
BD2230 (-OH) Fe(Il) sulfates Other Al-OH minerals =
BD2265 Jrs (also Gbs, acid-leached Ntr) not identified -
Carbonates
BD2500_2 Mg-Cb Zeo +
CINDEX2 Cb not identified +
BD3400_2 Cb not identified =
MIN2295_2480 Mg-Cb Silicate (-OH) + Zeo mixtures -
MIN2345_ 2537 Ca,Fe-Cb Prh, Srp, Si (-OH) + Zeo mixtures --
Hydrothermal/Low grade metamorphic minerals
BD2355 Chl, Prh, Pmp Cb, Srp -
Hydrated or hydroxylated minerals
BD1900_2 x-H,0 except 1-H,0 sulfates not identified ++
BD1435 CO; ice, some (-H,0) not identified +
BD2165 Prl, Kin Bei, All, Img +
BD3000 -H,0 not identified +
BD1400 -H,0 or -OH not identified =
BD2210_2 Al-OH Gp, Alu =
BD2190 Bei, All, Img Kin -
MIN2200 Kin not identified -
BD2290 Mg,Fe-OH minerals Mg-C -
D2200 Al-OH Chl, Prh -
MIN2250 Opl not identified -
D2300 (-OH) Fe,Mg silicates Mg-C -
Various
R1330 IR albedo not identified ++
ISLOPE1 Fe3* coating on dark rock Shaded slopes |!|um|nated by ++
atmospheric scatter
BDI1000IR Crystalline Fe?* silicates not identified +
BD1500_2 H,0 ice not identified +
BD2600 H,0 vapor not identified =
BD3100 H,0 ice not identified =
BD3200 COyice not identified =
ICER1_2 CO; (+) H20 (-) ice mixtures not identified =
ICER2_2 CO; (+) vs H,0 ice/soil (-) not identified -

Supplementary Table 3. Summary of mineral detections inferred from selected spectral indices defined in Viviano-Beck
et al.3>. All: Allophane; Alu: Alunite; Bei: Beidellite; Cb: Carbonate group; Chl: Chlorite; Gbs: Gibbsite; Gp: Gypsum; Img:
Imogolite; Jrs: Jarosite; KIn: Kaolinite group; Ntr: Nontronite; Ol: olivine; Opl: Opal; PI: plagioclase group; Prh: Prehnite;
Pmp: Pumpellyite; Px: pyroxene group; Prl: Pyrophillite; Srp: Serpentine; Zeo: zeolite group. Columns 1-3 are after
Viviano-Beck et al.?®. Detection in HRSZ compared to cube average: '++': strongly more positive; '+': a little more positive;
'=": no detection, equal to background; '-': a little more negative; '--': strongly more negative.
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rescd: OLINDEXS
green: SINDZx2
blue: IELOFE

IR surface brightnzss (IRA)

red: HOFINDEX 2 rad: DE23od
arecn: LOPINDEXZ green: MIN2235 2487
blue: BDIZ2000 blue: MINZ230

Supplementary Figure 18. Selected spectral indices applied to the CRISM cube FRTO0018b55: (a) rough location map of
the main geological units, based on geomorphological and structural analysis; (b) olivine (red), hydrated sulfates (green),
and ferric coatings on dark rock (blue) are expected to be important contributors to the signal; (c) pyroxene (red), and
specifically, high-Ca (green) and low-Ca (blue) pyroxene are not detected; (d) hydroxylated Fe,Mg silicates (mainly
phyllosilicates, red), Mg-carbonates (green), and opal (blue) are not detected; (b) to (d): see more detailed description
and caveats of mineral identification for these indices in Supplementary Table 3. Credit: CRISM data: NASA/Johns
Hopkins University Applied Physics Laboratory.
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2. Spectral unmixing

2.1. Spectral libraries

The spectra used to build input spectral libraries were collected from the following spectral libraries:

USGS®*
CRISM*’
ECOSTRESS®®%
RELAB*

Library #1 and Library #2 are large libraries (33 and 58 minerals, respectively) used to seek the occurrence of
the minerals potentially present in the HRSZ as from the previous works (Section 1.1), geomorphological and
structural observations (Section 1.2), and the spectral indices (Section 1.3).

Library #1 includes the primary minerals of igneous rocks, as well as hydrated sulfates, following the
main results from the previous works and the spectral index detections. From the geomorphology of
outcrops (Section 1.2), the detected sulfates would be the product of magmatic rock alteration, rather
than deposited sediments. Therefore, sulfates which are found in volcanic environments have been
selected.

Library #2 extends Library #1 with minerals which are found in metamorphic rocks and in hydrothermal
environments.

Library #3 is medium-sized (17 minerals) and narrows the previous libraries to the minerals that were
detected using Libraries #1 and #2. Olivine, however, is removed in order to investigate the occurrence of
minerals having a spectrum made difficult to detect by olivine masking. Three additional spectra were also
added: basaltic glass, gypsum and opal.

Library #3a (14 minerals) is a broad subsample of Library #3 which contains most of its minerals.
Library #3b is small subsample (4 minerals) used to evaluate the possibility of an ILD-type sulfate
composition, given that ILD are next to the HRSZ.

Library #3c is another small subsample (4 minerals) used to evaluate a tonalitic composition for the
HRSZ. Pyroxene is not included because its presence appears likely anyway from most experiments.
Investigation of tonalite was justified by its light-tone color and structure, which match the HRSZ, and
early planetary crust evolution (Archean, pre-plate tectonic terrestrial environment).

Libraries #3d and #3e are small subsamples (3 and 2 minerals, respectively) designed to test the
influence of kieserite in the unmixing.

Libraries #3f and #3g (6 and 7 minerals, respectively) only differ by the presence or absence of olivine,
and is used to evaluate the influence of olivine on masking plagioclases bands.

Libraries #3h, #3i, and #3j (4, 5, and 4 minerals, respectively) are small subsamples designed to clarify
the detectability of plagioclase versus olivine.

Library #4 is a medium-sized library (20 minerals plus water ice) designed to proceed toward final ROI
mineralogical conclusions, building on the tests conducted in earlier experiments that used libraries 1-3.

Library #4a (20 minerals) includes some minerals detected using Library #2 in the HRSZ, as well as a suite
of mono- and polihydrated sulfates in order to determine whether additional sulfates are present in
addition to the commonly detected kieserite and anhydrite and in some experiments, jarosite or
coquimbite. Library #4m is equivalent of #4a, with thenardite removed. In Library #4n, both thenardite
and biotite are removed. Library #4c (19 minerals) adds water ice to #4n.
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- Library #4b (12 minerals) is a subset of Library #4a in which the primary minerals were removed, to
determine whether the new sulfates still make them necessary.

- Library #4 is then subset to libraries customized to each of the three HRSZ ROls. Library #4d (11 minerals)
is a subset adapted to the positive and most potential detections so far in ROI1 and ROI3. Libraries #4e-f
(10 minerals each) are two versions adapted to ROI2.

Library #5 includes only the minerals that have been detected using libraries #4d-f. Libraries #5a-c (7, 6 and
8 minerals, respectively) are individually designed for ROI1, ROI2, and ROI3.

2.2.Linear and nonlinear unmixing

A preliminary investigation was conducted in which mineral identification was done using linear spectral
unmixing. Unmixing was done using the LinMin tool*.. In the next, main step, a nonlinear unmixing was
implemented (see the Methods section). Nonlinear unmixing allows to overcome discrepancies in grain size.
For each experiment, linear unmixing was systematically run in addition to nonlinear unmixing.

2.3. Whole cube analysis

Whole cube analysis were done using spectral libraries #1, #2 and #3a (Supplementary Table 4). The overall
conclusion of these experiments is that minerals of mafic or transitional rocks and sulfates are detected.
Sulfate unmixing alone does not satisfactorily fit the measured spectra. A tonalitic composition can also be
ruled out.

Experiment and Library used Detections

C1/ Library #1 Clinopyroxene (augite) and olivine, and kieserite.
Primary minerals of volcanic rocks and sulfates as the

potential products of alteration

C2 / Library #2 The same as C1, but olivine dominates in all areas. No evidence of

Library #1 plus metamorphic/hydrothermal minerals metamorphic rock mineralogy is found.

C3 / Library #3a Clinopyroxene (augite), sulfates: hydrated (kieserite) and non-hydrated

Narrowed library (anhydrite), in some areas accompanied by plagioclase (anorthite) and
orthopyroxene (hypersthene).

C4 / Library #3b Library narrowing to only sulfates worsens the fit between the

ILD mineralogy modelled and measured spectra.

C5 / Library #3c Anorthite is detected, but not the other minerals.

Tonalite mineralogy

Supplementary Table 4. Whole cube analysis results

2.4. Regions of interest (ROI) investigations

2.4.1. ROI definition

Three samples of HRSZ on the floor of Ophir Chasma were studied. The averaged spectra of three ROls are
used as the input to the algorithm instead of individual pixels in order to minimize the noise level in
experiments E1-47. The ROIs (Supplementary Figure 19) were defined using the following criteria:

- covered by CRISM cube FRT00018b55

- covered by at least one of the following HiRISE images: ESP_051999 1755, ESP_017754 1755,
ESP_048518_1755, ESP_0160531755, ESP_039525_1755

- representativeness of HRSZ outcrops

- geomorphological homogeneity on HiRISE images as well as geographic extent

- large areal extent (number of CRISM cube pixels).

These exposures are light-toned and are distinguished from interior layered deposits (ILD) by the absence of
layering and brittle intense fracturing. Their structure is reminiscent of some ancient terrains elsewhere on
Mars, such as bedrock plains and some rocks exposed at central peaks®?43,
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Reference dark

Bk Sitencedl D

Supplementary Figure 19. Location of the three ROIs and the two reference areas on the non-projected CRISM cube
FRT00018b55. ROIs size: ROI1 — 36 pixels, ROI2 — 60, ROI3 — 64, reference dark — 60, reference ILD — 133. North is toward
the top. Black area corresponds to corrupted data. Credit: CRISM data: NASA/Johns Hopkins University Applied Physics
Laboratory.

Two reference ROIs were defined (Supplementary Figure 19). First reference ROl was selected in the nearest
ILD exposure in order to establish the spectral difference between ILD and the Ophir Chasma light-toned
rocks, and investigate whether spectral ratioing of ROIs 1-3 by the ILD reference ROl improves the detections
(Experiment E1i; Supplementary Figure 20, Supplementary Tables 5 and 6). Another reference ROI was
selected in the dark flat areas surrounding HRSZ. If the dark material is polluting the full scene, one could
reduce its contribution by ratioing ROI to the dark reference spectra (Experiment E1d; Supplementary Figure
20, Supplementary Tables 5 and 6). This strategy of ratioing was widely used to stress the faint spectral
features (e.g., Bibring et al.**).

2.4.2. Atmospheric corrections

The standard volcano-scan approach has been used to correct for the gas absorption. We used the
implementation of CAT 3. This approach is only performing a first order correction and some residues may
be present. We also take into account the potential residue of atmosphere absorption by including an
atmospheric gas absorption spectra from Douté et al.*® in the unmixing libraries. Starting from Experiment
E6 (Supplementary Figure 20, Supplementary Tables 5 and 6), atmosphere reference was changed to one
from Planetary Spectrum Generator®, but it did not improve results significantly.

Two flat levels added to the libraries account for surface albedo modification by aerosols. In half of the
experiments two slopes spectra were added to the library, one negative and one positive, in order to possibly
improve the aerosols modeling. Details are provided in Combe et al.*’, Schmidt et al.*! and in the Methods
section. The aerosol content of this particular CRISM cube (FRTO0018B55) is estimated with 0.54 +/- 0.06
optical thickness of mineral aerosols and 0.27 +/- 0.05 optical thickness of water ice aerosols***°, which is
low. According to the results presented in Figure 5 of Schmidt et al.}, it should not significantly affect mineral
detections.
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2.4.3. Interpretation of unmixing results

For each experiment, apart from Experiment E1, results were obtained for linear and nonlinear unmixing.
The spectral fit has always been significantly better with nonlinear experiments than with the linear ones,

therefore the linear unmixing experiments are not discussed here.

Experiment justification, results, and other comments

Experiment description and purpose

Result

E1/Library #3a

The HRSZ is located next to large ILD exposures and are
surrounded by dark floor material. The first experiment was
designed to determine first whether ratioing the HRSZ spectra
with one of these potential spectral contaminants enhances the
quality of the mineral detections. This was done by running
Experiment E1 without ratioing (E1n), and by ratioing using the
ILD (E1i) and dark material (E1d) reference areas.

Ratioing decreases the quality of the detections, as anticipated
by Schmidt et al.42.

E2-3/Library #3a

Compared to Eln, E2 and E3 account for Mie scattering of
aerosol particles in the atmosphere. E2 adds two flat levels to
the library in order to correct for surface albedo modification
by aerosols. E3 additionally includes a positive and a negative
slope to take into account spectral slope continuum
modification by aerosols*147,

Linear and nonlinear unmixing have been performed in parallel.
Starting from E2, only results of nonlinear unmixing are given in
Supplementary Table 6.

Augite, anhydrite and kieserite are detected in all the ROIs.
Nonlinear unmixing yields better fit than linear unmixing.
Accounting for both surface albedo and aerosol scattering
effects and accounting for surface albedo effect only in the
unmixing is not observed to yield significant spectral fit (RMS)
difference.

E4/Library #3d; E5/Library #3e

Following the results of E2 and E3, only the minerals that were
systematically detected are switched on for detection in E4.
Kieserite is one of the most commonly identified minerals in
ILD, and might be present only in marginal abundance in the
HRSZ, for instance due to aeolian dusting by the neighboring
ILD. In order to determine how much kieserite is critical in the
spectral mixture, it was removed in E5.

Comparison of E4 and E5 shows that all bands, including
kieserite ones, are necessary to explain the observed spectra of
the three ROIs. Adding more spectra improves the fit but also
adds non-essential component. It is observed from the fit that
there are still some important components missing,

E6/Library #3f; E7/Library #3g

For improving the fit, plagioclases (2 anorthite and 1 oligoclase)
and olivine spectra, were added to the minerals that were
found dominant in the previous experiments. They were added
gradually (olivine in E7), in order to evaluate the masking effect
of olivine on plagioclase.

In the three ROIs, olivine is seen to mask plagioclases.

The RMS of the spectral fit is higher in the case of
plagioclase and olivine than in the case of plagioclase alone,
implying that all primary minerals: pyroxenes, plagioclases and
olivine are necessary for better fit.

E8/Library #3h; E9/Library #3i

The libraries used in E6-7 are modified so as to keep only that
plagioclase among the three ones that were detected, to
confirm the olivine masking effect.

E8-9 confirm the results obtained in E6-7.

E10/Library #3j

By removing plagioclase from E9 library, it is investigated
whether in the study area the fit is better with
plagioclase and olivine, or with olivine alone.

Without plagioclase in the library, olivine detection itself, or
augite (depending on the ROI), may questioned, without
substantially affecting the RMS of the spectral fit.

E1l/Library #3h; E12/Library #3i; E13/Library #3j
E11-13 are equivalent of E8-10, except that Mie scattering of
aerosol particles in the atmosphere is not taken into account.

The results are qualitatively similar to those obtained when
aerosol particle scattering is taken into account (E8-10).
However, not taking this effect into account systematically
yields lower spectral fit RMS.

Olivine, plagioclase, pyroxene (augite) and sulfates (anhydrite, kieserite) are likely to be present in the study area.

E14-15/Library #2

After identification of some major minerals in the series of
experiments described above, the large library #2 is used to
confirm their presence and constrain the mineralogy of the
HRSZ in more detail by diversifying the range of minerals
potentially detected. E14 takes surface albedo change by
aerosol particles into account, to which the scattering effect is
added in E15.

In addition to olivine, augite and kieserite, already commonly
detected in earlier experiments, coquimbite, and perhaps
magnesite, are also detected.

E14-15 allowed to notice local mineralogical differences
between three ROIs, initially selected as representative of the
same rock outcrop.

Na plagioclase (albite) is detected in ROI2 only. Anhydrite is
detected in ROI3, but not in ROI1 nor ROI2. Conversely, augite
is detected in ROI1 and ROI3 only.
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The RMS of the spectral fits are good, which is interpreted as
both a good understanding of the overall mineralogy, and an
effect of the large number of spectra in the library.

E16, E18/Library #4b; E17, E19/Library #4a

The content of the library was enriched by adding a suite of
sulfates (mono- and polyhydrated) and several metamorphic
rock minerals selected among ones used in previous libraries.
Two concurrent HRSZ mineralogical compositions, one with the
primary minerals of igneous rocks detected in earlier
experiments (E17, E19), and one without them (E16, E18), are
investigated. E18-19 take atmospheric scattering by aerosols
into account, in contrary to E16-17.

It is possible to obtain a good spectral fit with and without
primary minerals; however, primary minerals significantly
increase the fit RMS. Whether atmospheric scattering by
aerosols is accounted for does not yield any significant
differences in the spectral fit; however, scattering modifies
pyroxene and plagioclase detections in ROI1 and ROI3.

E21, E23/Library #4m

E21 and E23 are equivalent of E17 and E19, except that
thenardite (Na sulfate) is removed from the library, in the
absence of an identified source of Na.

Comparison between E17, E19 and E21, E23 shows that
thenardite removal from the library increases the detection of
copiapite and coquimbite. Copiapite and coquimbite (Fe
sulfates) are more likely to be present than thenardite, since in
the HRSZ mineralogical context, it is easier to mobilize Fe than
Na.

E24-25/Library #4n

E24-25 are equivalent of E21 and E23, except that biotite is
removed from the library. The shape of biotite and olivine
spectra are close, and biotite has not been clearly observed so
far in the unmixing spectra.

Removing biotite improves the positive detection of olivine in
ROI1, and the RMS of the spectral fit. In ROI2 it does not change
the list of positively detected minerals nor the RMS of the
spectral fit, suggesting that it is not a significant component of
the mixture.

E26-27/Library #4c
E26-27 adds water ice to the previous experiment.

Water ice is not detected.

Libraries are shortened to the minerals that were positively or questionably detected in each ROI so far, in order to increase
the accuracy of their spectral contribution. ROI1 and ROI3 share the same new library.

E28-29/Library #4d/ROI1, ROI3

The minerals present in Library #4d of abundance <0.1%:
anorthite, anhydrite, copiapite, and coquimbite (for ROI1), and
augite and coquimbite (for ROI3) will be removed from the final
library.

In ROI3, with Library #4, hypersthene has been observed only,
and consistently, when aerosol scattering correction is taken
into account, suggesting a bias when applying this correction
(see Section 2.4.2). Therefore, hypersthene is also removed
from the final library for ROI3.

E30-31/Library #4e/ROI2

Similarly to E28-29, the following minerals present in Library
#4e will be removed from the final library: anorthite, augite,
anhydrite, and coquimbite.

E32-33/Library #4f/ROI2

In E32-33, kieserite is replaced by polyhalite in an effort to
improve the fit in the spectral range around 1.5 um, where the
HRSZ has an absorption common to polyhalite but difficult to
generate in mixtures that include kieserite.

The experiment was to test polyhalite instead of jarosite, but
none of them is detected. Therefore, it does not add constraints
to the determination of the mineralogy of the HRSZ.

Final mineralogical composition; the minerals of abundance <0.1% are removed from the libraries.

E44/Library #5a/ROI1

Olivine, albite, augite, hypersthene, kieserite, szomolnokite,
jarosite

E45/Library #5b/ROI2

Olivine, albite, kieserite, szomolnokite, copiapite, jarosite

E47/Library #5c/ROI3

Olivine, albite, anorthite, anhydrite, kieserite, szomolnokite,
copiapite, jarosite

Supplementary Table 5. Spectral unmixing experiment justification and results
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Supplementary Figure 20. Spectral unmixing flow chart

Plots and associated ancillary data (Supplementary Data 1°°)

The mineral unmixing plots provide the spectra of the minerals in the selected library that contribute by
0.1% at least to the modelled spectrum (plots include atmosphere absorption and if relevant, aerosol effects,
in addition to mineral spectral abundance). In a given experiment, the modelled spectrum is the one that
gives the best fit to the ROl spectrum, following the algorithm explained in the Methods section. The mineral
unmixing plots also provide the ROl spectrum. The spectra shown on mineral unmixing plots are also provided
as ASClI files.

The spectral abundance plots give the contribution of each mineral, the atmosphere, and aerosols, to the
modelled spectrum. The numerical values of mineral abundances are provided as ASCII files.

The best fit plots provide the ROl spectrum and the output spectrum of the unmixing algorithm. The relative
RMS is indicated.
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Plot interpretation

In Supplementary Table 6, a given detection is marked positive when the spectral shape of a mineral on the
unmixing plot is observed to significantly contribute to the modelled spectrum.

A detection is marked questionable in two cases. One is when the mineral spectrum is displayed on this plot
but almost featureless, or is not seen to provide an unique contribution to the unmixed spectrum compared
to other minerals. In the second case, its contribution to the modelled spectrum is less than 0.1% and the
mineral is therefore not displayed on this plot, but its contribution on the spectral abundance plot is
guantitatively seen to be distinctly higher than the minerals having a null contribution (0% or numerically
very close to 0%).

A detection is marked negative when its contribution is null.
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