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Abstract

Jezero crater has been selected as the landing site for the Mars 2020 Perseverance
rover because it contains a paleolake with two fan deltas, inlet and outlet valleys. Using
the data from the High Resolution Stereo Camera (HRSC) and the High Resolution
Imaging Science Experiment (HiRISE), a quantitative geomorphological study of the
inlet valleys of the Jezero paleolake has been conducted. Results show that the strongest
erosion is related to a network of deep valleys that cut into the highland bedrock well
upstream Jezero crater, and that likely formed prior to the formation of the regional
olivine-rich unit. In contrast, the lower sections of valleys display poor bedrock erosion
and a lack of tributaries, but are characterized by the presence of pristine landforms
interpreted as fluvial bars from preserved channels, which discharge rates have been
estimated at 10%-10* m3s™™. The valleys’ lower sections postdate the olivine-rich unit and
are linked directly to the fan-deltas, thus formed in an energetic, late-stage of activity.
Although a Late Noachian age for the fan-deltas’ formation is not excluded based on
crosscutting relationships and crater counts, this finds evidence of a Hesperian age with
significant implications for exobiology.



1. Introduction

Jezero crater has been interpreted as a paleolake due to the presence of two inlet fluvial valleys
linked to two depositional fans and one outlet valley on the other side of the crater (Fassett and
Head, 2005, Schon et al., 2012, Goudge et al., 2015). Jezero crater (18.2°N, 77.6°E) is located east
of Nili Fossae, west of the Isidis Planitia, and north of Syrtis Major Planum volcanic province, in a
region dominated by a mafic ancient crust broadly associated with clay minerals indicative of a
substantial aqueous alteration (e.g., Poulet et al., 2005, Mangold et al., 2007, Mustard et al., 2007,
Ehlmann et al., 2008a, Mustard et al., 2009, Tarnas et al., 2019). Orbital spectrometers indicate the
presence of carbonates throughout the region and inside Jezero crater (Ehlmann et al., 2008a). These
characteristics made this paleolake a landing site of great interest for in-situ studies and potential
sample return (Ehlmann et al., 2008b, McLennan et al., 2011, Goudge et al., 2015, 2017, Salvatore
etal., 2018), and led to the selection of Jezero crater as the landing site for the next NASA mission,
Mars 2020, planned for launch in 2020. An important aspect of landing site selection for the
Mars2020 mission was the identification of deposits with high potential to preserve possible
biosignatures and organic compounds that could be investigated in-situ and cached by the Mars
2020 Perseverance rover.

Jezero crater has been studied for more than a decade, but the timing and duration of its fluvial and
lacustrine activity are still poorly constrained. Much work has been focused on the western delta
within Jezero crater, with duration estimates for delta deposition and lake persistence varying from
several years to millions of years, depending on studies and parameters used (Fassett and Head,
2005, Schon et al., 2012, Goudge et al., 2015). The fluvial valleys that fed the crater lake have also
been mapped and described by previous studies (Fassett and Head, 2005, Mangold et al., 2007,
Goudge et al., 2015), but these valleys have received much less attention than the paleolake and
associated fan-delta deposits. Analysis of these valleys has the potential to provide new constraints
on the relative timing and duration of aqueous activity in Jezero crater, thereby helping to clarify
and possibly resolve uncertainties regarding the climate during the deposition of the Jezero deposits,
and the persistence of conditions suitable for habitability at the surface. Such constraints are critical
for assessing and understanding the astrobiological potential and relevance of Jezero crater and
samples collected at this site.

In this study, a geomorphologic approach is used to qualitatively and quantitatively analyze the
fluvial activity that enabled the deposition of the fan-deltas inside Jezero crater. We analyze the
morphometry of the valley networks, including transverse and longitudinal profiles, estimate
discharge rates of observed channels, and analyze their stratigraphic relationships with surrounding
landforms and lithological units. These results provide new constraints on the formation of the fan-
deltas in Jezero, including the age and timescale of the paleolake activity, while a study focused on
the delta formation will further estimate the minimum lifespan of the Jezero delta (Salese et al.,
2019a) using hydrological models of Kleinhans (2005, 2010). We conclude our study with a
summary of the exobiological implications of our results for the Mars 2020 Perseverance rover’s
exploration in Jezero crater.



2. Datasets and methods

Data used in this study include visible images acquired for this region, including High Resolution
Stereo Camera images (HRSC, Neukum et al., 2004), images from the Context Camera (CTX, Malin
et al., 2007) and High Resolution Imaging Science Experiment images (HIRISE, McEwen et al.,
2007). Mosaics of these images were assembled in a Geographic Information System (GIS) enabling
morphometric measurements and mapping. This study’s morphologic assessment is placed into a
broader mineralogical and lithological context using previous studies’ observations from infrared
spectrometers in the Nili Fossae region (Poulet et al., 2005, Mangold et al., 2007, Ehlmann et al.,
2008b, Mustard et al., 2009, Goudge et al., 2015, 2017).

Regional topography was obtained from the Mars Observer Laser Altimeter (MOLA, Smith et al.,
1999) and from Digital Elevation Models (DEMs) calculated from HRSC stereo images (Gwinner
et al., 2010, Ansan et al., 2013). For local observations of the Jezero crater entrance, DEMs were
constructed using HIRISE stereo image pairs and CTX stereo image pair (see figure captions for
image numbers). The resulting DEMs have been sampled with a spatial resolution of 1m/pixel for
HIRISE and 10m/pixel for CTX. These DEMs were produced by stereo-photogrammetry using
“Socet set” software (Kirk et al., 2008).

Estimations of channel discharge rates Q require the knowledge of the channel width W and
depending on methods, the local slope s, channel height H and empirical laws. Fassett and Head
(2005) used the method developed by Irwin et al. (2005) based on the empirical knowledge of valley
widths on Earth (Osterkamp and Hedman, 1982) and accounting for Mars gravity:

Q=1.44W'? (1)

A second method is based on the Manning equation initially developed for estimating discharge
rates for pipelines with a correction for Mars gravity (e.g., Komar, 1979, Wilson et al., 2004):

Q: A(gM.s.R4’3/gEn2)1’2 (2)

In this relation, A is the flow cross-sectional area, gm and ge are gravity on Mars and Earth,
respectively, the local slope s is measured from topography, n is the Manning roughness coefficient
and R is the hydraulic radius, defined as the ratio of the flow cross-sectional area to the wetted
perimeter. A and R are calculated assuming a rectangular shape using the valley channel height H
and width W. The friction coefficient n is fixed to 0.545, a value assumed to represent coarse-
grained, clast-rich channel beds for Mars as defined by Wilson et al. (2004). Smaller values are
plausible for sandy beds, as expected for fluvial bars, but smaller values of n would increase the
discharge rates. Thus, we choose to keep the parameter at the upper bound to keep discharge
rates estimated as lower bounds. A third terrestrial method uses the Darcy-Weisbach equation
(Silberman et al., 1963). Although less popular than Manning, this equation has been applied on
several Martian fluvial systems (e.g., Kleinhans et al., 2005, 2010; Roda et al., 2014; Salese et al.,
2016), and is especially useful when estimations of the grain size distribution can be done and is
potentially more accurate than Manning (Wilson et al., 2004):

Q=A(8guRs/f)"? ®3)
where f is a friction factor established according Kleinhans (2005) following another semi-empirical
law:

(8/f)1/2:2.2 (H/DSO)-O.OSS g 0275 (4)



where Dsg is the mean grain size diameter. We will use for Dso the value measured in the
conglomerates of Gale crater at 0.01 m (Williams et al., 2013). Although this value has no reason
to apply everywhere on Mars, it is the only known ground truth yet. We will provide results from
the three methods to enable cross-comparisons.
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Figure 1: (a) CTX mosaic merged with color topography (MOLA data) with Jezero crater at the
eastern side. SV: Small valleys without clear connection with the two main valley systems. (b)
Simplified geomorphic map of the same area with all features of interest discussed in the study.
Two fluvial valleys connect into Jezero crater, including Neretva Vallis to the west. Hargraves crater
is located further north outside the boundary of this map. Its ejecta were identified by grooved
terrains.



Figure 2: (a) Deepest part of Neretva Vallis (CTX mosaic merged with color HRSC data DEM in
transparency, orbits 988 and 1347). (b) Westward 3D view looking upstream in the western valley
network displaying a 400 m deep canyon. (c) CTX close-up on a sinuous part of the valley. Note
the light-toned transverse dunes on valley floor.

3. Morphological analysis of fluvial valleys linked to Jezero crater

3.1 Morphology and topology of valley networks

Two fluvial valleys enter into Jezero crater, Neretva Vallis to its west and an unnamed valley to the
north (Fassett and Head, 2005). The basic morphology of these valleys is described first, followed
by a presentation of more quantitative parameters.

3.1.1 Inlet valleys

The main tributary of Neretva Vallis extends over ~200 km west of Jezero crater (Figure 1). This
valley is linked to several secondary tributaries ranging in length from 2 to 50 km. This valley
network presents a Strahler-order value of 3, indicating a network with low to moderate branching.
The surrounding highlands are strongly etched by wind, suggesting that the smallest tributaries
might have been degraded by this erosion and are not identifiable.

Over the westernmost 130 km, Neretva Vallis display deep canyons with steep walls (maximum
depth of 400 m), corresponding to substantial incision (Figure 2). The main tributary valley is
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sinuous, and characterized by the presence of a few bends comparable to valley meanders (Figure
2¢). Some tributaries appear to be short in length (<20 km) and display relative steep valley heads
but the main tributary is much more elongated and does not present an amphitheater-shaped valley
head. The lack of inner channels on the floor of these valleys limits the identification of the fluvial
regime. The floor is frequently covered by eolian bedforms (Figure 2c) limiting the identification
of channels in this upper section.

The easternmost 70 km of Neretva Vallis has a distinct morphology compared to the first 130 km.
Its course carves into a hilly bedrock with varying widths (from 200 m to 3 km) (Figure 3). Overall,
the following observations show that the valley presents patterns that resemble more individual
channels with local sedimentary deposits than a bedrock valley with a prolonged erosion from plenty
of streams. Firstly, the 70 km section of the main valley displays a flat floor and a rectangular side
with apparent shallow depths (<<50 m) and a lack of branching tributaries. Secondly, elongated
landforms of a homogeneously dark-toned material are present along the course of the valley in
several locations (Figures 3b-f), although eolian bedforms hide partly the valley floor. These
elongated landforms are several hundreds to a few kms in length for a few tens of meters in width.
Their location, size and aspect are consistent with fluvial longitudinal bars. These landforms are not
observed locally on the floor of the valley, but are found consistently along and over its whole width
(Figures 3c-e), which means that the fluvial pattern is closer to the features classically observed for
channels than to those of a fluvial valley incising bedrock. Assuming these landforms are fluvial
bars, the flowing river would have been marked by successive divisions and rejoinings, as classically
observed for braided rivers. This category of channel pattern can be referred to a moderately-braided
type, i.e. low braiding parameter of about 1, such as defined by Rust (1978). Thirdly, fluvial deposits
have accumulated along a 3 km wide area visible in Figure 3c (black arrows in Figure 3d). These
deposits are partly etched by wind but they are sufficiently preserved to enable recognition and
interpretation of fluvial bars (Figure 3e-f) while the valley, as a topographic depression, is no more
visible in the topography, i.e. the deposits have spread over this location without eroding the
bedrock. At this location, the deposits are likely the result of an amalgamation of deposits from
several channels, or an accumulation of streams having spread laterally as observed for braided
rivers (e.g. Reading, 1996). Note that the dark material presents 10 m scale regular polygons as
frequently observed in Martian sedimentary deposits (e.g., El Maarry et al., 2012). Fourthly, in one
location (Figure 3e), the fluvial patterns divide in two branches to the East and to the South. The
eastern branch seems to be the first to have formed, because the E-W trending bars have been buried
beneath the sediments from the N-S fluvial deposits (left of Figure 3e). Such a change in flow
direction is typically observed for channels with avulsions due to variations in discharge rates or
sedimentary deposits accommaodation, while it is uncommon for a fluvial valley to divide in two
branches in the downstream direction rather than the contrary, i.e. valleys branch together going
downstream, but do not divide (e.g., Knighton, 1998). Thus, the morphology of the lower part of
Neretva Vallis is dominated by patterns typical of channels without a significant erosion of the
bedrock, strongly contrasting with the style of the deep valleys observed in the upper 130 km of
Neretva Vallis.

The main tributary north of Jezero crater extends over ~80 km (Figure 1). Due to extensive surface
erosion and poor incision of the valley within the substrate, this valley appears discontinuous at
times, preventing a continuous trace from upstream to downstream. It is a poorly developed system
showing only one minor tributary. As for the lower 70km of Neretva Vallis, the northern valley does
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not show a well-defined topography (Figure 4a). This valley develops into hilly bedrock with a
rectangular shape, steep decameter-high sides and flat floor. Although the extensive eolian bedforms
on the floor complicate the interpretation, the northern valley displays elongated patterns also
interpreted as fluvial bars, because they are similar in shape and amplitude (several 100s of meters
in length) to those observed in the lower section of Neretva Vallis (Figure 4b). Here too, the presence
of bars suggests that the valley was formed by a channel that occupied the whole width of the valley.
These similarities in size, shape and style suggest that the northern valley and the lower 70 km of
the western valley formed under the same processes and potentially coevally. The faint aspect of
the northern valley does not allow us to determine an accurate amount the eroded volume or cross-
sections, so we limit further quantitative developments to Neretva Vallis in sections 3.2 and 3.3.

3.1.2 Other fluvial landforms

In addition to these two main valley systems, small valleys (10 to 30 km long) are observed at the
edge of Hargraves crater ejecta (Figure 1, SV crossing the East of the Hargraves ejecta (Figure 4c-
d). These valleys are oriented towards the preferential slope as are all fluvial valleys, confirming
their origin, but they lack tributaries and outlets. The valleys are located in places where ejecta from
Hargraves created a rough pattern to the SW direction. However, the valleys are filled by eolian
material and it is unclear whether or not they cut the ejecta. Thus, it is unclear whether these valleys
formed before or after these ejecta. Because of their discontinuous shape, it is also unclear whether
these valleys were once linked to the main valley networks and connected to the Jezero crater
depositional fan-deltas.

The outlet valley east of Jezero crater, displays a channel-like style over 70 km with a relief of 800
m from head to outlet. This valley decreases in width with distance to its end. The outlet valley was
not investigated in this work but has been included in a numerical model and evolutionary scenario
of Jezero basin (Salese et al., 2019a). This valley is generally interpreted as due to short-duration
episode(s) related to the breach of the crater to the East and corresponding to short release(s) of
water (<<100 years, Holo and Kite, 2017).

3.1.3 Watershed areas and drainage densities

Drainage density is a useful parameter to provide a quantitative estimation of the fluvial activity
compared to other locations on Mars or Earth. The drainage density is the ratio of the total valley
length over the watershed area. Fassett and Head (2005) estimated the total basin area from the sum
of both northern and western watersheds to be ~15,000 km?2. More recently, Goudge et al. (2015)
estimated the catchment of the western valley as 12,000 km? and that of the northern valley as
18,700 km?. These estimations have been made by a method of automatic topography extraction
with the hypothesis that the Hesperian age Hargraves impact crater formed after the fluvial activity
(Goudge et al., 2015); the basin defined from actual topographic divide being smaller than these
estimations. Because the relationships between fluvial valleys and Hargraves crater are unclear, we
use manual observations of the valley heads independent of Hargraves crater to provide more
conservative estimations of catchment areas. Our analyses define a smaller catchment area of 6,500
km? for the western watershed (Neretva Vallis). The drainage density inferred for the western
watershed is thus of approximately 0.05 km™. The lack of tributaries for the northern watershed
prevents constraint of the basin extension and the drainage density.



Fluvial
bars

Figure 3: (a) Lower section of Neretva Vallis (CTX mosaic merged with color HRSC DEM in
transparency). The flow is from left to right. (b) Close-up showing the presence of elongated interior
deposits interpreted as fluvial bars. The valley floor is blanketed by eolian bedforms. (c and d)
Close-up on CTX (c) and interpretative sketch (d) showing a widening of the valley and a diversion
into two branches to the South and to the East. Locally, the flow patterns reach 3 km in width, but
do not display any incision into the bedrock. There, dark material (gray filling pointed by black
arrows in d) display elongated features and are partly eroded (f). Q1 and Q2 are sections at which
discharge rates have been estimated (Table 2). (¢) Close-up on the diversion to the East showing
elongated features interpreted as remnants of fluvial bars. (f and g) Close-ups on elongated ridges
interpreted as a fluvial bars (HIRISE image PSP_007780_1985). The highest resolution shows that
this material is covered by regularly spaced polygons of 10-20 m wide.
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Figure 4: (a) Northern valley (CTX mosaic with color HRSC DEM in transparency). Flow from
upper left to bottom right. The valley is not well visible in the topography. (b) Close-up on CTX
image of the 500 m wide valley. The presence of fluvial bars (arrows) indicates flow features typical
of channel deposits. (c) Close-up on two valley sections (white arrows) upstream of the northern
valley without clear connection to the latter. (d) The basement is covered by Hargraves ejecta but
the valleys are blanketed by smooth eolian material discarding obvious chronological relationships.

3.2 Morphometry of fluvial valleys

3.2.1 Transverse topographic profiles

Transverse topographic profiles help to quantify valley morphology (Figure 5). The upper portion
of Neretva Vallis (westernmost 130 km) is up to 4 km wide and presents deep incisions down to
400 m deep (Figure 5b and c, sections Ul to U6). Both, depth and width of the main tributary
increase gradually downstream (similarly to canyons carving terrestrial plateaus), demonstrating an
increase in supply related to incoming tributaries and extent in drainage area (e.g., Montgomery and
Gran, 2001).

In contrast, the lower 70 km long portion of Neretva Vallis displays more subtle relief in the DEM.
It shows shallow depths strictly limited to 50 m, except at the entrance of Jezero crater where it
10



incises the rim of the crater showing locally steep walls with a 300 m elevation difference at the rim
intersection. The changes in width appear related to local variations in slope rather than a gradual
increase in supply as would be the case with a number of tributaries increasing downstream. Indeed,
no obvious tributary connects to Neretva Vallis in its last 70 km.

This difference in depth between the upper and lower sections of Neretva Vallis is also highlighted
by the difference in eroded volume. A total eroded volume of 56 km? is calculated for the whole
western valley system (in agreement with previous work, 58 km?, Fassett and Head, 2005) (Table
1). This volume takes into account only the valleys that are well defined in the topography, so it can
underestimate the total eroded volume over the whole catchment. However, the upper valleys
represent 95% of the volume (53 km®) while the lower valley accounts for only 5% (~3 km?) with
large uncertainties (~1 km?®) that were difficult to estimate because of the lack of topographic
signature in some locations. In addition, half of volume of the lower valley (~1.5 km?) corresponds
to the last 10 km at the breach into Jezero crater. Thus, the volume/length ratio of both portions of
Neretva Vallis shows that the upper section has undergone >10 times more incision than the lower
section, with a sharp transition from one to the other east of the basement plateau (East of U6 cross-
section in Figure 5Db).

3.2.2 Longitudinal profiles

Longitudinal profiles used here should be treated as a first-order-magnitude estimates for the main
tributary given that those profiles follow a topography that has been modified by more recent
processes (e.g., landslides, eolian activity). The longitudinal profile of Neretva Vallis displays a
straight, slightly convex shape (Figure 5d). The edge of the basement plateau triggers a change in
bedrock profile, which has strong implications for the erosion. In the upper section, Neretva Vallis
becomes deeper as it gets closer to the edge of the plateau, as it has been observed from the
transverse profiles (Figure 5c¢). The transition between the two types of valley style occurs near the
location of a SW-NE fracture zone that also coincides with a difference in lithology between the
pyroxene-bearing bedrock (west of the topographic step T) and the olivine-rich bedrock (East of T)
(Figure 5a, 5d). Extensive degradation of the surface complicates the identification of the main
valley at this location preventing a clear assessment of the transitions between the valleys incising
the plateau and the channel-style valleys downstream.

Downstream, the channel-style valley is shallow compared to the surrounding bedrock and shows a
straight longitudinal profile (Figure 5d). The topography of the basement in this area was difficult
to follow because of its hilly and irregular texture. As a consequence, the difference in elevation
between the plateau and the valley in the longitudinal profile between 130 and 180 km is irregular
and imprecise because the surface has been modified by degradation processes unrelated to the
fluvial erosion. The difference in elevation from the point T to the Jezero crater entrance is ~500 m
over a straight-line distance of 50 km (~1% slope), which is steeper than that of the plateau basement
(from 0 to 1%). Local slopes along the paleostreams are not significantly gentler in the lower section
(0.5 to 0.8%) than in the upper section (0.5 to 1.3%). The two latter observations need to be taken
into account in the understanding of the difference in style of the two parts of the valley (as discussed
in section 4.1).
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Lastly, at the eastern edge of the profile, there is a 200 m elevation step at the entrance of Jezero
crater, before reaching the lake deposits (-2400 m). At this location, the breach of the crater rim has
created a deep valley. The difference of elevation along the valley floor is 200 m along the last 10
km (Figure 6), including a steep topographic step of ~100 m over 1 km just before the fan deposits
(Figure 6¢, location X).

3.3 Fluvial regime and discharge rates

No obvious channel is observed in the upper section of Neretva Vallis, precluding any calculation of
hydrological parameters in this area of the watershed. The lower section is a location where an
estimate of paleo-hydrology can be performed given the presence of channel landforms. Apparent
channel widths vary from 200 m to 3 km in this lower section. Alluvial deposits are locally estimated
to be a few tens of meters thick, at most. We estimated the discharge rates in three locations where
the valley displayed channel features suggesting that the stream occupied the whole width of the
valley, at Q1 and Q2 section (Figure 3c) and at the entrance of Jezero crater.

Among the three methods for discharge estimations, both Manning and Darcy-Weisbach require an
estimation of the height of the channel. Using the apparent channel height is controversial because
it is dues to a progressive incision rather than a single episode over its whole thickness. In addition,
no HiRISE stereo images are available in key locations where the elongated landforms interpreted
as fluvial bars are observed, those being too small for the HRSC DEM resolution. A5 m high terrace
was observed at the entrance into Jezero crater (Salese et al., 2019a) that can play as a local height
for the entrance channel. For the other locations we base our estimations on empirical laws. It has
been shown on Earth based on fluvial river datasets that the channel height H varies with the width
W and the discharge rate Q: H=0.33Q%%* and W=3.67Q%® (Hey and Thorne, 1986, Knighton et al.,
1998, both for small terrestrial rivers). This turns out to give: H=0.33(W/3.67)%® at a given
discharge rate. These empirical results can slightly vary with Mars gravity. According to Irwin et
al. (2005), depending on the channel type, the height:width ratio can be down to 0.7 time the value
it has on Earth because of the gravity difference. In order to provide conservative values we use
these lowest bound to provide a channel height that is not overestimated in the three locations
considered (rounded to the closest integer, results give 5 m at 200 m width and 10 m at 500 m
width). These values are consistent with recent scaling relationships introduced by Konsoer et al.
(2018) and with the value measured from a terrace at the channel entrance into Jezero crater by
Salese et al. (2019), estimated to be 5 m depth for a width of 190 m.

Discharge rates estimated at three locations along the lower section of the valley and at the entrance
channel vary from 900 to 21,000 m®.s* by combining the extreme values of the three methods (Table
2). The comparison between the three methods gives a sense of the potentially large uncertainties
related to these calculations. However, despite these large uncertainties, all methods point towards
relatively high discharge rates (10° to 10* m*.s%) in the three locations where these calculations have
been made. These estimations of discharge rates are only valid for the last episodes of flow, possibly
linked to the entrenchment of the depositional fan at its entrance (Figure 6).
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Figure 5: (a) Lithology map from Goudge et al. (2015). Green: Mottled terrain (olivine-bearing
unit). Pink: Altered basement. Purple: Pitted capping unit. Orange: Dusty, massive basement.
Brown: Crater rim material. (b) CTX mosaic with topographic contours in color (100 m spacing),
main fluvial valley in blue and cross-section in white. (c) Transverse topographic profiles through
the sections of valleys shown in (b) from U1 to U6 for the upper section and L1 to L4 for the lower
section. (d) Longitudinal profiles of the main tributary (blue) and the surrounding plateau (brown).
Note that the irregularities (local bumps) in the profiles are usually related to subsequent activities
(small craters, fallen blocks, etc.) having modified the valley floor.
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Figure 6: (a) Mosaic of CTX and HIRISE images with merged HiRISE DEMs in color (from west
to east: ESP_036618 1985 and ESP_037119 1985, ESP_042315 1985 and ESP_037396_1985,
PSP_002387_1985 and PSP_003798 1985) at the entrance of Jezero Crater. (b) Close-up of the
entrance of Jezero Crater. The topography of the 12 km long transversal profile A-B is detailed in
(c). The difference of elevation is of 200 m from A to the start of the depositional fan. The location
X is a knickpoint with a steep slope of 10% (100 m of elevation in 1 km) preceded by a local low
linked to scouring before a resistant obstacle.

3.4 Interpretations of geomorphological results
3.4.1 Interpretation of the longitudinal profiles

Longitudinal valley profiles enable estimation of the degree of equilibrium of valleys, linked to their
process of formation and potentially their duration of activity (e.g., Knighton et al., 1998, Charlton,
2007). Concave profiles are expected for river at equilibrium, although recent progresses on
terrestrial works show that landscape evolution may not always lead to ultimately concave profile
(e.g., Willett et al., 2018). Indeed, the longitudinal profile of a river profile depends on (1) the
variations in discharge rate along the river, and, therefore, the number of incoming tributaries, (2)
the base level (sea level on Earth, Jezero crater floor and lake), (3) the pre-existing topography
and/or tectonic context and (4) the climatic conditions. For instance, on Earth, arid-zone streams
have limited concavity or convex shapes due to the lack of tributaries downstream as well as the
loss of water by evaporation and infiltration (Knighton et al., 1998, Willett et al., 2018). The
topography used here is a first order estimation of the profile because a precise profile cannot follow
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the exact location of the past river (no channel visible in the upper part) and craters or landslides
could have modified the shape locally. Keeping in mind these limitations, longitudinal profiles can
inform us on the evolution of the valley system.

None of the investigated sections of the longitudinal profile for Neretva Vallis is concave. Profiles
are either slightly convex or straight (Figure 5d). The slightly convex profile of the upper valley
section can be explained by the presence of the topographic step at the edge of the plateau, which is
progressively dissected (Figure 7a). This part of the longitudinal profile is linked to progressive
backward erosion, either related to normal faults present at the eastern edge of the plateau that
lowered down the base level progressively, or to the resistant lithology of the plateau, or both. An
equilibrium (concave profile) was not reached likely because of the low number of tributaries and
the substantial thickness (400 m) of plateau to erode.

This poorly dendritic network of deep valleys has some similarities in shape with valley networks
such as Nanedi or Nirgal Valles, with tributaries showing amphitheater heads and steep valley walls.
Steep valley heads with amphitheaters have been interpreted as sapping valleys in the past (e.g.,
Pieri et al., 1980, Laity and Malin, 1985, Malin and Carr, 1999), i.e., formed by deep subsurface
flow, groundwater seepage and related erosion. Those valleys have been taken in the past as
indicator of flows limited to the subsurface (e.g., Goldspiel & Squyres, 2000), but it has been shown
that recharges of aquifers from the surface are needed for such processes to occur and that overland
flows are required both on Earth and Mars (Howard, 1986, Craddock et al., 2002, Irwin et al., 2008,
Lamb et al., 2008; Mangold et al., 2008; Lapotre & Lamb, 2018). Volcanic bedrock, especially
basalts, has moderate porosity (10-30%) but includes some of the most permeable formations on
Earth (MacDonald et al., 1983, Davis and De Wiest, 1966, Gulick, 1998). According to Goudge et
al. (2015) these valleys are carved within a basaltic capping unit, suggesting that groundwater may
have been involved in combination with overland flows, as observed elsewhere on Mars (e.g., Salese
et al., 2019b). However, although the valleys present a paucity of downstream tributaries, their
longitudinal and transverse profiles show that the main tributary has neither amphitheater head nor
constant valley width as usually observed for sapping, but rather a progressive incision into the
plateau with gradual deepening and enlargement of the main tributary (Figure 5c) as observed for
erosion dominated by overland flow. Lastly, the sinuous shape of the valley in the plateau is created
by progressive incisions inherited from an initial state, possibly involving alluvial meandering
channels (Johnson, 2016). Progressive incision by overland flows of an igneous basement certainly
requires geologically long periods (>10,000 years), although estimations of durations are difficult
and generally reported to be >100,000 for Mars valley networks (e.g. Gulick and Baker, 1990, Carr,
1995, Gulick, 2001, Howard et al., 2005).

In contrast, the very straight longitudinal profile of the lower section can be explained by the lack
of tributaries: there is no downstream increase in stream power, thus similar erosional strength
throughout the length of the valley without downward increase. Coupled with the low eroded
volume and the presence of channel features, this straight profile is indicative of an immature valley,
therefore distinct from the upper Neretva Vallis. The drop in elevation at the Jezero crater entrance
(Figure 6) represents a change in base level that is interpreted as a knickpoint that did not propagate
much backward, in agreement with the immature morphology of the lower valley section. Note that
this drop in elevation does not correspond to the location where the river entered into the paleolake
(-2395 m of elevation, Fassett and Head, 2005) and where sedimentary deposits start to accumulate.
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Between A and X (Fig. 6c), the longitudinal profile exhibits two small depressions that may be
related to perched pools and/or local scouring of the bedrock, suggesting the flow at this location
was energetic (i.e., as rapids), as expected for such a drop in topography on a short distance. Such a
step is typical of knickpoints due to backward incision related to a change in the base level (e.g.,
Berlin and Anderson, 2009, Valla et al., 2010, Forster and Kelsey, 2012), here linked to the breach
of Jezero crater rim.

Upper section _ Lower section

Elevation

Knickpoint 1

Jezero

Knickpoint 2

Distance
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Elevation

Distance

Figure 7: (a) Simplified sketch of the longitudinal profile of Neretva Vallis with the upper section
incising into the basement and the lower section incising poorly into the olivine-rich unit and Jezero
crater rim. The convex profile of the upper section is similar to a knickpoint controlled by normal
faults and/or resistant lithology of the basement. The entrance into Jezero crater of the lower section
corresponds to a knickpoint formed by the change in base level after the flow cut into the crater
rims. (b) ldeal longitudinal profile of a long-term river with alluvial deposition at low gradient
downstream (adapted from Charlton, 2007).

3.4.2 Interpretation of the differences in morphology

Morphological results highlight a strong difference in fluvial style between the channel-free, upper
130 km of Neretva Vallis that incises strongly into the basement and the tributary-free, channel-like
morphology observed in the lower 70 km of Neretva Vallis and along the whole length of the northern
valley. Two interpretations are possible at this stage: (A) the two styles formed coevally and the
difference in morphology is related to the change in flow parameters (slopes, discharge rates, etc.)
along the valley, or (B) the two regimes were not coeval, i.e., the western valley formed in two (or
more) distinct episodes.

The longitudinal profile in Figure 5d is composed of two parts (as schematized on Figure 7a), with
a lower straight section dominated by braided streams and alluvial deposits, characteristic of
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aggradation, distinct from the upstream section dominated by erosion. Such a profile is observed on
Earth in the case of alluvial systems. For such a scenario (A) to be valid, the lower, aggradation
section should correspond to flatter areas with significant sedimentary accumulation (alluvial plains)
and should not display direct incision into the bedrock as observed upstream. Yet, local slopes along
valleys in the western basin are not significantly gentler in the lower section (0.5 to 0.8%) than in
the upper section (0.5% to 1.3%). In addition, the lower section of Neretva Vallis incises into the
olivine-rich bedrock (Figure 5b) without obvious alluvial deposits apart from the elongated deposits
present inside the valley (Figure 3d), contrary to scenario (A).

Another question linked to alluvial deposition is related to where the eroded volume of the upper
valleys (53 km?®) has been deposited. It has been shown that many deltaic deposits on Mars follow
a volume ratio of erosion to delta that is close to one, therefore suggesting single episodes and
limited dispersion of sediments within the corresponding basins (Vaz et al., 2018). Thus, the volume
eroded should fit the volume of deposited sediments in alluvial deposits and the fan delta. The dark-
toned deposits interpreted as fluvial bars and alluvial deposits in the lower valley represent <<1 km?3
of volume, far from the order of magnitude of the basement erosion and are thus not a significant
sink. The observed depositional fan deposits within Jezero crater occupy a volume of ~4-5 km?®
depending on estimations (Fassett and Head, 2005, Table 1). This is much less than the total eroded
volume as well. The eroded surface of the fan and residual buttes located in front of the fan may
sign a former extension before its erosion by wind (Goudge et al., 2018). The volume of the eroded
part of the fan has been estimated to ~2.7 km? in addition to its current volume (Goudge et al., 2018),
thus totaling 7-8 km? for its initial volume. This volume is still much insufficient to fill the gap of
volume with that recorded by erosion, making Jezero crater an anomaly in the results reported by
Vaz et al. (2018). Note that a change in volume from the erosional part to the deposition fan is
possible based on terrestrial observations, but it is usually considered to increase the volume of
deposits because the porosity of crustal rocks is lower than that of delta sediments before
compaction (e.g., Reading, 1996), as would be the case of the poorly buried Jezero crater fans.

Further evidence against interpretation (A) comes from the presence of two knickpoints in the
longitudinal profile. On one hand, the slightly convex topography upstream grabens can be
compared to a knickpoint (knickpoint 1 in Figure 7) due to the backward propagation of the edge of
the plateau progressively incised by fluvial erosion. On the other hand, the entrance in Jezero crater
is characterized by a steep slope over ~1 km (Figure 5d, knickpoint 2 on Figure 7a). Bedrock rivers
have knickpoint migration rates ranging from 0.001 to 30 m/y, with a strong dependence on drainage
areas (Loget and VVan Den Driessche, 2009). In the Alps, knickpoints initiated at the same period in
the same region have the same order of magnitude in backward incision (Valla et al., 2010). Valla
etal. (2010) found that knickpoint retreat rates vary with drainage area first, while change in bedrock
lithology is a secondary parameter. Thus, along a given river, knickpoints should display a higher
step downstream (larger basin) than upstream (smaller basin), as the drainage area increases
downstream. At least, it should be of the same order of magnitude downstream as upstream
assuming constant supply due to lack of incoming tributaries in the lowermost part of the basin. Yet,
the backward incision of the upper section is of ca. 80 km into the basement, while the backward
incision observed at the Jezero entrance is of only ~1 km. In addition, the difference in estimated
eroded volume is large (53 km?® vs 3 km®). The huge difference makes it unlikely that the same
volume of water that transited into the upper section forming this strong incision would have
transited through the observed breach of Jezero crater, or the knickpoint at this location would have
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migrated back much further. Thus, the comparison between the two knickpoints is consistent with
a difference in fluvial regimes, with a longer duration of activity in the upper valley, as suggested
by the longitudinal profiles.

These observations confirm the inconsistency in morphometry between the upper Neretva Vallis
and the lower poorly developed channels, suggesting a distinct evolution as in interpretation (B). In
this context, it may not be a coincidence that the difference in style between the strong valley
incision to the west and the limited channel incision to the east starts at the transition between two
lithologies (Figure 5). Indeed, the upper Neretva Vallis activity may have been active earlier than
the lower valley section, implying that the fluvial bars and channel-type features observed
downstream are not genetically linked to the same fluvial erosion that carved the canyons observed
in the upstream section. Such an interpretation requires evaluating whether or not the change of
lithology invoked could actually be responsible of a change in erosion style.

Rock strength is an important parameter that influences landscape erosion and fluvial incision (e.g.
Bursztyn et al., 2015 The question raised is whether the change in lithology from the crustal
basement and plateau cap rocks into the olivine bearing unit (Figure 5a) could constitute an
explanation for the difference in morphology between the upstream and downstream parts of the
valley. Assuming rock strength is the key parameter, the difference in eroded volume downstream
would imply a higher strength of the olivine-bearing unit compared to the rocks of the basement.
Yet, new studies interpret the olivine-bearing unit to be cemented ash deposits, especially based on
the texture of this unit which appears to be weak, and based on the fact that it does not retain well
small impact craters to erosion (Mandon et al., 2020). The moderate thermal inertia, the presence of
yardangs and of a sparse regolith cover also indicate that the olivine-bearing unit is composed
predominantly of friable clastic rocks (Bramble et al., 2017, Rogers et al., 2018, Kremer et al.,
2019). So, this unit should be easier to erode by fluvial processes than the resistant basement
upstream, contrary to what is deduced from the morphological analysis, thus confirming and
enhancing the inconsistency between the two sections of the valley.

Lastly, interpretation (B) requires evaluating the relative ages of the landforms and bedrock units,
given that, in such a scenario, the olivine-bearing unit should be younger than the cap rock basement
and older than the delta fan. Next section will develop these questions on the age of the fluvial
activity before to propose a complete scenario.

4. Age of the fluvial system
4.1 Chronological relationships with surrounding landforms and geological units

The plateau in the western part of the basin provided the topography for the formation of the upper
Neretva Vallis; this Noachian plateau therefore predates the fluvial valleys. Neretva Vallis displays
a change in style at the change in lithology at Nili Planum (Figure 1), between the Noachian
basement and the olivine-rich unit (Figure 5). The olivine-rich unit clearly postdates the Noachian
basement (Hoefen et al., 2000, Hamilton et al., 2005, Mustard et al., 2008) and appears to drape the
pre-existing topography in a region roughly bounded by Nili Fossae to the west and Isidis basin to
the east (Ehlmann and Mustard, 2012; Bramble et al., 2017, Kremer et al., 2019, Mandon et al.,
2020). Its age remains unclear, although Middle to Late Noachian is the most likely (Mandon et al.,
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2020.). Fluvial valleys cut the olivine-rich unit, but only those valleys that are poorly developed,
braided, channel-like such as the lower section of the western valley and the northern valley. Inside
Jezero crater, the fan-deltas can be compared to surrounding units. While the delta sits on the
olivine-rich unit, confirming the observations from previous observation, the floor unit appears to
postdate the fan-delta (Goudge et al., 2015). The impact craters superposed on this floor unit give a
model age of 2.6 £ 0.5 Ga in the Hartmann system, placing it in the Early Amazonian (Shahrzad et
al., 2019), thus providing an upper bound for the age of the delta deposition.

Crosscutting relationships with impact craters can also provide useful information. Jezero crater is
interpreted to be Noachian in age (Ehlmann et al., 2009, Goudge et al., 2015), in accordance with
its degraded morphology and the lack of obvious ejecta typical of craters of that period (Mangold
et al., 2012a). However, the crater itself provides little information about the age of the fluvial
activity. In contrast, the ejecta of the Hargraves crater (NW of the area of interest, Figure 1) drapes
part of the Early Hesperian lavas of Syrtis Major Planum in Nili Fossae (Mangold et al., 2007,
Mustard et al., 2009), providing an Early Hesperian maximum age for the crater formation. Thus,
Hargraves ejecta blanket represents an important stratigraphic marker. According to Goudge et al.
(2015), the Jezero inlet valleys are Noachian and pre-date Hargraves crater formation. However,
there is no indication that any valleys are buried by Hargraves ejecta, neither for the western nor for
the northern system. In contrast, small fluvial valleys cut its ejecta (SV in Figure 1). The relationship
between the ejecta and the main valley systems remains unclear, due to the strong etching of the
bedrock, and it is not possible to conclude definitively whether those small valleys are coeval to
Neretva Vallis or not. Nevertheless, small fluvial valleys observed inside Hargraves ejecta point
toward the occurrence of some post-Noachian fluvial activity that post-dated the Hargraves impact.

Considering relationships with tectonic features, the valleys postdate the SW-NE system of grabens
that cut into the Noachian basement, but not into Syrtis Major Hesperian plains. Nevertheless, those
grabens are deep (down to 300 m) and have not deflected the valleys toward SW or NE directions,
or any deflection is no longer visible (Figure 1). A coeval evolution of grabens and valleys is also
possible.

4.2 Age of the fluvial activity from crater counts

Crater-count techniques are commonly used for dating surface of a given age such as well-defined
volcanic plains (e.g., Hartmann and Neukum, 2001). Dating linear features such as fluvial valleys
cannot be performed exactly the same way. Buffered crater counts are most commonly used to date
linear features because they take into account the fact that the surface area over which the count
should be performed is a function of crater diameter (e.g., Tanaka, 1982). Fassett and Head (2008)
have used this technique by considering the area around the valley segments inside valley networks,
assuming that all valleys of a given network are coeval. For the basin upstream of Jezero crater, they
found a Late Noachian age (3.74 = 0.14 Gy following the Hartmann chronology). However, this
technique is powerful for dense, widespread valley networks, but statistically limited for networks
with few tributaries. Only 7 craters of more than 2 km were counted for Jezero basin, including
Hargraves crater. Yet, Hargraves crater is Hesperian with unclear relationships with the inlet valleys
entering into Jezero crater, so should not be included in such a count. In addition, its large diameter
(60 km) makes a strong load on the estimation, questioning the validity of the age found. Given the
limited basin area and valley number, we choose not to reproduce such a buffered count.
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In order to still provide a crater count age for the fluvial activity, we chose to perform a crater count
of the western fan-delta. Several craters are observed on the top of the main remnant delta fans of
Jezero crater or affecting its edge (Figure 8). The size frequency distribution of the craters shows
that craters larger than 250 m follow isochrons quite well, while the distribution of the craters
smaller than 250 m do not follow any of the isochrons. To estimate the age of the surface, we can
use the 10 craters larger than 250 m, which post-dates the fan-delta (Figure 8). Despite the low
statistical sampling, these 10 craters align along the 3.5 Gy isochron, with some error bars related
to the low statistical sampling giving possible ages from 3.2 to 3.6 Gy, thus leading to a Hesperian
age. The 3.2 Gy lower bound can be used as a minimum age in agreement with the crater counts
that were done on the postdating floor unit that returns an age of 2.6 £0.5 Gy (Shahrzad et al., 2019).
The craters lower than 250 m with a distribution lower than the isochrons imply continuous crater
obliteration/degradation (e.g. Quantin-Nataf et al., 2019). This is consistent with the partly eroded
texture of the fan-delta surface, likely connected to the aeolian erosion over >3 Gy. While only the
craters smaller than 250 m have been clearly affected by this degradation, we cannot rule out that
some erosion may have affected the cratering record of craters larger than 250 m as well, leading to
an underestimation of the model age, thus opening the possibility to slightly older ages than the 3.6
Gy upper bound provided by the crater count.

In summary, from crosscutting relationships, the formation of the fan-deltas, thus of the last phase
of the Jezero fluvial activity, postdates the formation of the olivine-rich unit (MN-LN) and predates
the formation of the floor unit (EA). From crater counts, an Early or Late Hesperian age (3.5 +0.1/-
0.3 Gy) is favored, ruling Amazonian ages, but a Late Noachian age is still possible assuming
missing craters related to a surface degradation of the fan-delta. Thus, from crater counts and cross-
cutting relationships, we cannot conclude definitively about the age of the fan-delta formation,
leaving open a Late Noachian or Hesperian age of formation.
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Figure 8: (left) CTX DEM (J03_045994 1986 and JO3_046060_1986 XN_18N282W) over
HIiRISE image mosaic on top of which the counted area and the mapped craters are highlighted in
light blue. (right) Crater size frequency distribution obtained from the craterstat software (Michael
and Neukum, 2010). PF is production function, CF is crater frequency, and EF is equilibrium
function. The age is the best fit for the 10 craters larger than 250 m.
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5. Discussion
5.1 Scenario and period of formation of fluvial landforms

Neretva Vallis is divided in an upper section (130 km long) with significant fluvial activity inferred
from the presence of deep canyons cutting into the basement plateau, and a lower section (70 km
long) with much lower eroded volume and immature valley development. Quantitative parameters
do not plead in favor of a common evolution of the two fluvial styles. Formation of the olivine-rich
unit between the two episodes of valley formation would explain why the level of erosion observed
upstream is not observed on the downstream section. We present a scenario that takes into account
these observations and interpretations (Figure 9):

(1) The basement is subjected to relatively intense erosion (53 km® at minimum) from
precipitation (rainfall and/or snow deposition and melting) with development of deep valley
networks (>100 m deep). Sediments eroded by this fluvial activity were deposited downward
in two possible locations, either in topographic lows west of Jezero, or inside Jezero crater,
which is a regional low area and was already present at that period.

(2) The olivine-rich unit blanketed the eastern part of the valley network, as well as sediments
deposits during the first phase of fluvial activity, and the interior and rim of Jezero crater, at
least partly, burying any former fluvial and lacustrine deposits deposited in this area.

(3) The valley system was reactivated, either in continuity of the previous phase, or,
independently and later, forming the lower western valley (Neretva Vallis) and the northern
valley at the same time. The observed fan-deltas formed as a result of this second stage of
activity.

According to this scenario, the fluvial activity carving the upper valley would have started before
the olivine-rich unit was emplaced, thus likely during the Middle Noachian. Morphologically, the
upper Neretva Vallis fit the valleys formed in the Middle to Late Noachian on volcanic plateaus
(e.g., Howard et al., 2002, Fassett and Head, 2008). It displays a drainage density of ~0.05 km™,
which is common in martian highlands (Carr and Chuang, 1997). The Strahler order of 3 is relatively
low, compared to 4 or 5 in densely incised martian highlands (Ansan et al., 2013), but reasons for
the low degree of branching of valleys and moderate density can be related to various parameters
such as permeable bedrock, precipitation concentrated on one region of the basin or local
groundwater seepage, or a combination (e.g. Knighton, 1998). In absence of inner channels a
reconstitution of the paleohydrology and the duration of erosion is not possible. Based on Earth and
Mars studies the minimum duration of well-developed valley networks formation is usually
considered to be in the range of 0.1 to 10 My (e.g., Carr, 1995, Gulick, 2001, Howard et al., 2005).

In contrast, the ages of the lower valley section of Neretva Vallis and of the northern valley, remain
unconstrained, Late Noachian or Hesperian. These uncertainties require looking at other fluvial
landforms in this region and on the whole planet for a better understanding of their period of
formation. The pristine fluvial landforms of the lower and northern valleys do not share similarities
with Noachian valleys observed elsewhere on Mars. Channels in well-developed fluvial Noachian
valleys on Mars are locally visible on the floor of valleys (e.g., Irwin et al., 2005), but they are
substantially narrower and shallower (>10 times) than the valleys in which they are observed, as
expected for fluvial erosion. The fluvial landforms are relatively fresh-looking, and have similarities
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with small outflow channels (e.g., Carr, 1987, Baker et al., 1992) or late-stage fluvial landforms.
For instance, fluvial bars and braided streams are observed in the Late Hesperian outflow channel
Okavango Valles (Mangold and Howard, 2013) or in Amazonian braided streams (Adeli et al.,
2016). Apparent local discontinuity in flows also exist on valleys of the NE rim of the Hellas basin
where a series of small valleys named Navua Valles (Hargitai et al. 2017, 2018, 2019) resemble in
geometry (local braiding and avulsions, poor branching) and size (tens of km long) the lower
western valley and the northern valley at Jezero crater.Navua Valles channel and valley systems
have been interpreted as due to periodic fluvial episodes resulting from localized orographic
highland precipitation and from snowmelt or hydrothermal groundwater outflow from volcanic and
impact crater sources extending from the Noachian to the Amazonian (Hargitai et al., 2017, 2018,
2019).

Reactivation of Noachian valleys is not a new observation as it has been observed in Viking images
(Baker and Partridge, 1986). Hesperian or Amazonian fluvial episodes on Mars have been observed
in several locations and display valleys similar to channels, as suggested here for the lower sections.
Although lower in intensity than the Late Noachian fluvial stage, these late-stage episodes represent
significant fluvial erosion (e.g., Kite et al., 2019). Many depositional fans of the same range of size
as Jezero crater are known to be Hesperian in age, for instance at Eberswalde crater (Mangold et al.,
2012b), in Valles Marineris area (Quantin et al., 2005, Di Achille et al., 2007) or in Xanthe Terra
(Hauber et al., 2009). Regionally, the presence of an alluvial fan inside the Hesperian crater
Hargraves (Mangold et al., 2007, Goudge et al., 2015), small valleys cutting the Hargraves ejecta
(Figure 1), and braided channels in the surrounding of the Hesperian Syrtis Major lava flows
(Mangold et al., 2008), shows that the fluvial activity in this region extended well into the Hesperian
period.

The origin of late-stage fluvial activity remains debated: climatic episodes including snowmelt and
glacial melting perhaps related to obliquity variations (e.g., Kite et al., 2017), punctual volcanic
activity (e.g., Gulick and Baker, 1990, Gulick, 1998, 2001, Hauber et al., 2005) or impact craters
(e.g., Segura et al., 2008, Jones et al., 2010, Mangold, 2012) can generate episodic activities. The
crater Hargraves is large enough to have generated melting of any subsurface ice, and Syrtis Major
volcanism could have created a regional source of heat for melting of ice (Hiesinger et al., 2004).
However, there is no direct evidence for the role of glacial ice, permafrost melting or snowmelt in
the upstream regions. So, a late-stage aqueous episode forming the depositional fans at Jezero crater
would remain of unclear origin.

Lastly, data from channel widths and discharge rates can be used to estimate the minimum duration
of the fluvial activity related to the last phase of activity. As an example, from the fan volume, we
can estimate a minimum duration taken to transport the ~4-5 km?® of sediments of the fan, assuming
continuous filling and a given water:rock ratio (W:R). The duration of 4 years is obtained using a
W:R of 50, which is a realistic ratio in moderately concentrated flows. This duration is consistent
with the ~11 years proposed by Fassett and Head (2005), using their discharge rate estimations on
the fan, and the 20-40 years of Schon et al. (2012) based on scroll bar migration. More in-depth
modeling of the discharge rates using the channels at the entrance of Jezero crater has been done by
Salese et al. (2019a). Results give durations of the hydrological activity leading to the formation of
the fan-delta in hundreds of years (90-550 years) with varying parameters. Even this duration is still
a minimum given the possible intermittency in floods; it corresponds to the overall time of the
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hydrological activity needed to form such delta fans, thus has important implications for climatic
constraints. This relatively short duration at geological scale is consistent with the possible duration
of late-stage fluvial episodes observed throughout the planet (Kite et al., 2019 and references
therein) but it does not rule out the possibility that Jezero fan-delta formations correspond to the last
gasp of the Late Noachian optimum.

1. Noachian fluvial erosion and putative sedimentary sinks

Altered basement

Jezero crater

2. Late-stage fluvial erosion and deposition in Jezero crater

Olivine-bearing unit

Jezero crater

Figure 9: Scenario of the two-stage formation of Jezero crater fluvial activity. (a) Prolonged erosion
of the basement during the Noachian period. Deposits from this period would have accumulated
inside foothills or inside Jezero crater through an initial breach into rims. (b) Reactivation of the
fluvial system after the formation of the olivine-rich unit with formation of the depositional fans.

5.2 Implications of Jezero crater as a landing site for the Mars 2020 Perseverance rover

This study highlights several important conclusions relevant to Mars 2020’s exploration and future
sampling of deposits within Jezero crater. The observed late-stage episode, potentially Hesperian,
and the high discharge rates of the channels immediately upstream the main fan-delta question the
exobiological relevance of Jezero crater regards to Early Mars climate. A late-stage, short duration
lake could have been permissive of the incipience and development of any microbial life. The same
argument might be poised against the probability that the subaqueous deposits that are the most
accessible by the rover may be dominated by Hesperian sedimentary rocks, and thus are potentially
less relevant to exobiological studies than those formed earlier (McLennan et al., 2011). Indeed, the
specific evolution of Mars as a planet suggests that the best time interval for the search for
biosignatures would be represented by early to mid-Noachian rocks, when clays were thought to be
forming (Summons et al., 2011). However, aqueous activity existed a while prior to this ultimate
episode, and may have already started a biologically active environments, incorporated and
fossilized in-situ organics.

Besides the general favorable sedimentary context, the western Jezero fan sediments contain

phyllosilicates in the form of iron—-magnesium smectite clays and carbonates (Ehlmann et al., 2008).
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Abundant observational and experimental data show that many phyllosilicates, particularly
smectites, are capably of preserving organic material due to strong absorption capacity, low
reactivity, and low permeability when compacted (Farmer and Des Marais, 1999; Meyers and
Ishiwatari, 1995). As a sedimentary sink, Jezero crater lake represents a terminal receptor for both
primary and transported organics, and Jezero crater clay-bearing deposits appear to be very
appropriate biosignature repositories. The catchment west of Jezero crater includes a broad area
with a diversity of volcanic-related rocks, including many locations with alteration minerals that
have been interpreted to be of hydrothermal origin (e.g., Mangold et al., 2007, Mustard et al., 2009,
Goudge et al., 2015). These locations could have been favorable to biological activity prior to the
fan formation. Whatever the duration and age of the fan-delta, the layers at the bottom of the fan
deposits (bottomsets) would have concentrated fine-grained materials favorable for organic
materials, especially inside phyllosilicates that are favorable to their preservation.

In terms of depositional environment, the high channel discharges estimated, at least for the latest
stages of activity, imply that deposits would be dominated by coarse-grained clastic deposits (coarse
sandstones, conglomerates) without a good potential for biosignature preservation. Nevertheless,
ancient organic molecules will be preserved only if buried in sediments, and long-term preservation
will occur only if buried organics are shielded from oxidizing fluids. The most beneficial influence
of the limited-in-time, late depositional activity at Jezero crater certainly lies in the possibility that
any potential organic matter, "pelagic” or transported in the Jezero crater, was probably buried
rapidly, impeding chemical dissociation and thermal alteration of the organic molecules. Thus, one
of the implications for exobiology of this study is that there may be a higher probability to find
organics inside the Jezero crater sedimentary deposits that would have collected and concentrated
previously formed organics in the finest-grain deposits (such as in bottomsets) rather than expecting
organics formed during Jezero paleolake activity (with poor concentration expected), or organics
preserved inside the coarser-grained locations of the delta deposits (topsets and inverted channels).

Lastly, several aspects of our work are testable from in-situ or sample returned data. The sampling
of the grain size of fluvial channels of the delta would enable to reassess the calculation made in
Salese et al. (2019a), and thus, improve the estimations made for the paleolake activity duration.
Another benefit of the coarse detrital component would be that the fan-delta would play as a
sampling bag of most types of bedrock present upstream, in a widespread basin, including
olivine/carbonate-rich rocks and clay-bearing altered basement (as discussed by Goudge et al., 2015
and 2018), thus potentially enabling the identification of source rocks in-situ. Samples returned from
coarse sedimentary rocks could enable determination of their age and magmatic origin.

6. Conclusions

The morphometry of the fluvial valleys leading to Jezero crater was studied to better understand the
context and timing of the fluvial activity that led to the formation of the Jezero paleolake and
depositional fans that were initially described by Fassett and Head (2005). Two fluvial valleys enter
Jezero crater, to its west (Neretva Vallis) and north, both forming depositional fans. Neretva Vallis
is divisible into an upper section (130 km long) with significant erosion observed from the deep
canyons (down to 400 m, 4 km wide) cutting into the basement plateau (53 km? of erosion), and a
lower section (70 km long) with less erosion (<3 km®) and immature valley development, pointing

24



towards a different erosional style and a distinct period of activity. The longitudinal and transversal
topographic profiles of the western valley show that the degree of erosion reached in the upper part
cannot account for the topography observed in the lower section and at the entrance into Jezero
crater. Our interpretation of these differences is that the main fluvial erosion occurred before the
olivine-rich unit draping part of this region was deposited, and that a subsequent fluvial episode
explains the lower valley morphometry, which is directly linked to the fan-delta inside Jezero crater.

Crosscutting relationships and crater counts on the fan-delta enabled to constrain this episode to the
Late Noachian or Hesperian. However, while the deep upper valleys are consistent with typical
Noachian fluvial activity on Mars, the lower valley morphology present pristine channel landforms,
high channel discharge rates, and a relatively short duration of formation of the main depositional
fan (Salese et al., 2019a), which are characteristics typically observed for late-stage processes
(deltaic deposits, alluvial fans, Kite et al., 2017). An Hesperian age should therefore be considered
as a serious alternative to a Noachian age for the Jezero fan-deltas formation. In contrast, crater
counts conclude for an age strictly older than 3.2 Gy, thus discarding an Amazonian age for the fan-
delta formation.

Considering the favorable depositional environment and mineralogy it affords, the western Jezero
fan has retained much credence to ensure a substantial potential for preserving biosignatures, and
maximize the science return from the robotic payload and samples. However, risks exist regarding
the timing and duration of the paleolake activity, potentially postdating the optimum of fluvial
activity and aqueous alteration on Mars in the Noachian. One of the implications for exobiology of
this study is that there may be a higher probability of finding organics inside the Jezero crater
sedimentary deposits that would have collected and concentrated previously formed organics in the
finest-grain deposits (such as in bottomsets) rather than expecting organics formed during Jezero
paleolake activity or organics preserved inside the coarser-grained locations of the delta deposits
(topsets and inverted channels). Ground truth by the Perseverance rover will provide key
information to validate or invalidate some of the interpretations made in this study. Nevertheless,
our results should be taken into account to conduct a realistic set of analyses by the rover, as well
as in the selection of samples of interest for a future mission of sample return (iMOST, 2019).
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Table 1: Main morphometric parameters measured in this study and compared to previous studies.
Previous studies from Fassett and Head, 2005 and *Goudge et al., 2015 measured channels on the

depositional fan.

valleys

Previous studies This study
Volume fan 5 km? ~4 km?3
Lake level -2395m ~-2400 m
Volume eroded by | 58 km? Lower valley : 3 km?

Upper Valley : 53 km?

Watershed area

15,000 km? (all)
*12,000 km? (western
watershed only)

~6,500 km? western
watershed (see section
3.1.3)

Channel width

50-100 m (on the fan)

200-500 m (upstream
Jezero entrance)

Discharge rates

170-400 m3.s (locally on
the fan)

900-21,000 mé.s!
(see Tab. 2 and section 3.3)

Strict minimum
period of activity
for fan formation

11y

4y
(see section 5.1)

Table 2: Channel discharge rates at four locations along the lower valley at locations Q1 and Q2 (in
Figure 3c) and at the entrance channel in Figure 6c¢ (location of the dotted line). Three methods were
used: The empirical width/depth ratio (Irwin et al., 2005), the Manning equation (Wilson et al.,
2004), and the Darcy-Weisbach equation (Kleinhans et al., 2010).

Location Width (m) | Slope Discharge rates (més?h
Empirical | Manning | Darcy-Weishach

Q1 (Fig. 3c) 500 0.007 2826 21303 9954

Q2 (Fig. 3c) | 200 0.017 924 4161 1778

Q3 (Entrance 200 0.014 924 3776 1702

channel)
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