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Abstract In situ and orbital observations have suggested that Jezero crater (field site for the Mars 2020
Perseverance rover) once hosted a paleolake fed by two inlet valleys. An outlet valley, Pliva Vallis, is present on
the eastern rim of the crater and raises the question of whether the lake system operated as an open basin or as a
closed basin system with one or more overflow events. To tackle this uncertainty, we present a detailed
morphological study of Pliva Vallis, using digital elevation models and imagery. The atypical morphology of
the valley, including reincised fluvial layered deposits, a perched valley, and bedrock incision terraces, led us to
interpret that Pliva Vallis was formed by discontinuous and episodic flows rather than from a steady outlet river.
These observations allowed us to infer at least four main breach episodes and propose a new scenario for the
evolution of the lake system over time. We give a minimum estimate of the duration of these overflow events
using a 0-D model, simulating a valley formation by breach erosion and lake overflow. Modeling results suggest
that each flood event causing a part of the incision of the outlet valley would not have lasted for more than a few
weeks, and some may have lasted only a few days. These time scales are consistent with our morphological
interpretation that the outlet valley was carved by discontinuous and temporary flows. In this scenario, Jezero
lake was predominantly a closed basin, spilling over episodically in at least four breach events.

Plain Language Summary Mars had lakes and rivers in the past. Jezero crater, an ancient lake that is
now dry, has two inlet valleys that fed water into the lake, and a single outlet valley, Pliva Vallis. We conducted
a detailed study of Pliva Vallis to understand the nature of the lake system: was Jezero crater lake an open basin,
which is a lake with rivers leading into and out of it, or a closed basin, with only rivers leading into it, or
episodically open? To answer this question, we used data from Martian orbital probes. By examining the shape
of the valley, we noticed that Pliva Vallis was not like valleys carved by continuous rivers on Earth and propose
instead that the valley was carved by at least four episodes of lake overflow. To give a minimum estimate of the
duration of these events, we use a numerical model to simulate the overflow of a lake and the incision of a valley.
Modeling suggests that the four (or more) episodes identified each incised part of the valley and that each
episode lasted a few weeks at maximum.

1. Introduction

Orbital observations by the Mariner 9 and Viking probes revealed evidence for past surface water activity on
Mars, such as valley networks (Masursky, 1973; Carr et al., 1976; Pieri, 1980; Carr, 1987; Howard et al., 2005;
Irwin, Craddock, & Howard, 2005; Irwin, Howard, et al., 2005), and paleolakes (Cabrol & Grin, 1999, 2001,
2010; De Hon, 1992; Goldspiel & Squyres, 1991; Irwin, Howard, et al., 2005; Wharton et al., 1995). At present,
>100 paleolakes have been identified on Mars, often classified as open and closed basin lakes (Cabrol &
Grin, 1999; Fassett & Head, 2008a; Goudge et al., 2012; Goudge, Aureli et al., 2015). An open basin is a basin
with an active outlet valley, whereas in a closed basin, the water does not flow through an outlet valley. Most are
dated to the Late Noachian and/or Early Hesperian (Ehlmann et al., 2008; Fassett & Head, 2005, 2008b; Hoke &
Hynek, 2009; Irwin, Howard, et al., 2005; Mangold et al., 2012, 2020), although some are younger (Kite &
Noblet, 2022).

Jezero crater, which is the landing site for the Perseverance rover sent as part of the Mars 2020 mission, is an
extensively studied palaeolake. Jezero crater, 45 km in diameter, is located west of Isidis Planitia (Figure 1a) in
the northern hemisphere (18.4°N, 77.5°E). Two inlet valleys, Neretva Vallis and Sava Vallis, each with a
depositional fan, and an outlet valley at higher elevation than the fans, Pliva Vallis (Figure 1b), attest to the
presence of a past lake (Fassett & Head, 2005; Goudge, Mustard, et al., 2015; Schon et al., 2012). In addition to
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Figure 1. (a) Location map of Jezero crater (18.4°N, 77.5°E), west of Isidis Planitia and east of Nili Fossae. (b) Detailed view
of Jezero crater and location of the two inlet valleys (Neretva Vallis and Sava Vallis) and the outlet valley (Pliva Vallis).
MOLA DTM overlain on a mosaic of CTX images (CTX_V01_E72_N20_Mosaic, CTX_V01_E76_N20_Mosaic,
CTX_VO01_E80_N20_Mosaic, CTX_VO01_E72_N16_Mosaic, CTX_VO01_E76_N16_Mosaic,

CTX_VO01_E80_N16_Mosaic, CTX_VO01_E72_N12_Mosaic, CTX_VO01_E76_N12_Mosaic,
CTX_VO01_E80_N12_Mosaic).

geomorphological evidence, orbital spectra show the presence of carbonates and phyllosilicate minerals in the
region of Nili Fossae upstream (Ehlmann et al., 2008; Mangold et al., 2007; Mustard et al., 2007, 2009; Poulet
etal., 2005) and in Jezero crater (Ehlmann et al., 2008; Goudge et al., 2012, Goudge, Mustard, et al., 2015; Horgan
et al., 2020; Tarnas et al., 2019). These detections confirm the past circulation of liquid water in the Jezero crater
region. Further, rover observations of inclined beds interpreted as delta foresets on the western fan confirm that it
is a delta (Mangold et al., 2021) recording a crater lake. Thus, the Jezero crater lake is a priority for in situ study
and potential sample return (McLennan et al., 2012; Salvatore et al., 2018).

However, the evolution and timing of the Jezero crater lake is still debated. Early work suggested that Jezero was
an open lake basin and the outlet valley was a continuous steady river (Fassett & Head, 2005; Goudge et al., 2012;
Goudge, Mustard, et al., 2015; Schon et al., 2012). However, in situ data showed that much of the delta formed
when the lake level was below that of the breach to the outlet, calling into question the open-basin hypothesis
(Caravaca et al., 2024; Mangold et al., 2021, 2024). Although erosion of the delta is not negligible, there is no
clear evidence of major erosion in the upper part of the delta, whose altitude coincides with the altitude of Neretva
Vallis at the entrance to the lake. The understanding of the nature (open or closed basin) of the Jezero crater lake is
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fundamental to understanding the evolution of the lake system over time, the water chemistry, and the habitability
of the lake. Hence, a better understanding of the outlet is needed.

In this paper, we conduct a complete morphological study of Pliva Vallis, the outlet valley of the Jezero crater
lake, and propose a scenario for its evolution over time. Based on this scenario, we use a model to estimate the
minimum duration of the outlet valley activity. The results provide new insight into the evolution of the Jezero
crater lake system.

2. Data Sets
In this study, we used data acquired from the Mars Reconnaissance Orbiter (MRO, Zurek & Smrekar, 2007).

We used orbital visible images obtained from the Context Camera (CTX, Malin et al., 2007) with a spatial
resolution around 5 m/pixel. We used version 1 of the CTX global mosaic (tile CTX_V01_E076_N16_Mosaic)
(Dickson et al., 2018, 2024), which covers the Jezero crater region, the two inlet valleys Neretva Vallis and Sava
Vallis, and the outlet valley Pliva Vallis (Figure 1b).

We also used visible images acquired from the High Resolution Imaging Science Experiment Camera (HiRISE,
McEwen et al., 2007) with a spatial resolution of 0.25-1.3 m/pixel. These data give us a precise view of the outlet
valley, its geometry and the deposits in the valley.

For both CTX and HiRISE data, DTMs are produced by MarsSI (Mars System of Information) from stereo image
pairs using the NASA Ames stereo pipeline. The DTMs have a spatial resolution of 12 m/pixel and 1 m/pixel and
a vertical precision of ~5 m and <1 m for CTX and HiRISE, respectively (Kirk et al., 2021; Quantin-Nataf
et al., 2018; Volat et al., 2022).

The HiRISE and CTX images and DTMs were then added to ArcGIS (version 10.8.1), a Geographic Information
System (GIS), to visualize the data. The projection used in this project is a sinusoidal projection centered on
Jezero crater (18.4°N, 77.5°E) to avoid distortion in length measurements in our study region. All the figures
presented here, containing images of the region and topographical data, were produced using this GIS.

3. Results of Morphological Observations in Pliva Vallis
3.1. General Characteristics

An overview of Pliva Vallis, the outlet valley of the Jezero crater lake, is shown in Figure 2. The valley, 50 km
long, is on the eastern side of Jezero crater, and runs from west to east. The valley disappears into the plains
without displaying any depositional fan. The valley is moderately sinuous (sinuosity index of 1.47, calculated as
the ratio between the length along the valley floor and the straight-line distance from the breach to the end of the
valley), where the valley's sinuosity becomes less pronounced from upstream to downstream. In contrast, a
meandering valley has relatively regular and a more pronounced sinuosity over its entire length. The valley lacks
tributaries showing that only the water that flowed across Jezero's rim carved it, but has a possible distributary
channel that is presented in Section 3.3.3.

AtlJezero's rim, the outlet valley has incised deeply (up to 250 m) into bedrock, marked by impact craters and hills.
Spectral data from orbit show that the unit incised by Pliva Vallis is an olivine-rich regional unit that has been
suggested to have been substantially scoured by wind (Farley et al., 2022; Goudge, Mustard, et al., 2015; Kremer
et al., 2019; Mandon et al., 2020; Mangold et al., 2007; Mustard et al., 2007, 2009).

3.2. Landforms in Pliva Vallis
3.2.1. Rock Exposures on Pliva Vallis

Parts of the Pliva Vallis floor are covered by aeolian dunes, but when absent, we observe layered deposits and
bedrock outcrops that are described below from upstream to downstream. The first set of layered deposits is
located just after the first bend in the valley (Figure 2). It is defined by a topographical step with a flat top on the
inner edge of the valley (Figure 3a). The western part of this deposit is ~600 m long, ~110 m wide, 30 m high and
is composed of <10 m thick, boulder-bearing beds. The eastern part of this deposit is defined by the resistant strata
indicated by the white arrows in Figure 3a. The second deposit identified is >20 km downstream on the valley
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Jezero lake

Figure 2. Part of the CTX image mosaic tile (MurrayLab_CTX_VO01_E76_N16_Mosaic) showing an overview of Pliva
Vallis, the outlet valley in Jezero crater. The white boxes show the location of the figures presented in this paper.

floor (Figures 2 and 3b), and is elongated (540 m long and 170 m wide) with faint layering and a fractured
appearance.

Further downstream, we identified three outcrops on the valley floor (Figures 2 and 3c), partly covered by modern
dunes. Figure 3d is a close-up of the largest deposit. It is ~320 m long and 100 m wide. These outcrops have a
different texture compared to the outcrops described previously with more massive appearance and rougher
surfaces.

Further downstream, we identified a set of layered deposits at the foot of the northern wall of the outlet valley.
This set is ~50 m high and composed of alternating beds with varying resistance to erosion and a few meters of
maximum thickness (Figures 2 and 4a). The most resistant deposits are made up of aligned boulders (Figure 4b,
white arrows) located between two thin beds (black arrows). The boulder-bearing strata are composed of boulders
with a maximum size of 2 m. The lateral continuity of the beds indicates a well-stratified sedimentary deposit.

Close to this outcrop sits another valley-floor deposit (Figures 2 and 4c). This is an elongated deposit, ~740 m
long, curving to follow the outlet valley. The grains are too small to be visible in the HiRISE image. Meter-sized
boulders are embedded in the deposit but without any visible alignment. The final layered deposit located
downstream (Figures 2 and 4d) also contains isolated meter-scale boulders locally aligned along strata (white
arrows).

Notably, no visible inner channel is observed on the valley floor. While aeolian dunes cover part of the valley
floor, we still observe several deposits on the valley floor, so the inner channels (had they formed) should be
visible.

3.2.2. Interpretation

The layered valley-floor deposits all have the same organization of meter-scale strata and a texture with a varying
abundance of boulder-bearing strata. We interpret them as sediments deposited during the fluvial activity of Pliva
Vallis which were then exhumed by erosion; that is, depositional terraces. The presence of boulders embedded in
all these deposits rules out aeolian transport. The texture of these deposits (boulder-bearing bedded sediments)
contrasts with bedrock exposed by valley incision (rougher, without bedding), so these are deposits not erosional
remnants of the surrounding bedrock.
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Figure 3. HiRISE images (ESP_033717_1990_RED and ESP_069653_1990_RED) of layered deposits and outcrops on the
valley floor and walls. (a) Fine-grained deposit forming a small topographic step on the wall of the valley with some boulder-
rich strata indicated by the white arrows. (b) Elongated and fractured deposits on the valley floor. (c) Three outcrops of
bedrock on the valley floor covered by aeolian dunes. (d) Close-up view of one of the largest bedrock outcrop in Figure 3¢
showing details of the texture.

Here, we assume that the fluvial terrace explanation is correct because it is the only hypothesis that can explain all
our observations. We suggest that the alternation between fine grained deposits and aligned boulders reflects
changing flow energy over time and space: stronger flows can transport large grains (such as boulders), and weak
flows can only transport fine particles (e.g., Figures 4a and 4b).

The outcrops seen in Figures 3¢ and 3d are different from the layered deposits. Their rougher texture and fractured
appearance seem similar to the bedrock observed on the plateau on either side of the valley. The presence of
outcropping bedrock on the valley floor suggests at least a low level of aeolian infilling and some erosion to
expose them.

Some of these deposits appear in the form of depositional terraces, that is, river deposits cut by subsequent phases
of flow (Figures 3a, 4a, and 4b). Other deposits are elongated and follow the flow path in the valley (Figure 4c). In
this case, we infer that these deposits were initially deposited on the valley floor and sculpted by subsequent
fluvial erosion.

Many other deposits are also observed downstream of the valley and are interpreted as stratified sedimentary
deposits resulting from the fluvial activity of Pliva Vallis (Figure S1 in Supporting Information S1).
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Figure 4. HiRISE image (ESP_079701_1990_RED) of layered deposits on the valley floor and walls. (a) Stratified
sedimentary deposits ~50 m high composed of alternating fine-grained deposits and boulder-rich strata. (b) Close up of the
alternating strata in Figure 4a. Black arrows indicate fine-grained strata and white arrows align meter-scale boulders.

(c) Elongated fine-grained deposit on the valley floor with some isolated boulders. (d) Fine-grained sedimentary deposit with
some boulder-bearing strata (white arrows).

The lack of inner channels is not a proof of their past absence due to preservation issues (i.e., late erosion, infilling
by dunes, or landslides) and overall a low number reported on Mars (Irwin, Craddock, & Howard, 2005).
Nevertheless, such an absence suggests that either the fluvial activity did not carve a channel within the existing
valley or that such a channel only be locally visible, as is the case in several other valleys on Mars (e.g., Bouley
et al., 2010; Irwin, Craddock, & Howard, 2005). A possible explanation for this absence is that the valley was
carved by a channel occupying the entire width of the valley, at least for the last episode that removed several
previous deposits.

3.3. Topographic Cross-Sections of Pliva Vallis
3.3.1. Cross-Section Along the Valley

Valley width and depth both decrease downstream (Figure 5). In Figure 5, topographic profile A is furthest
upstream. At this point, the valley is 2.1 km wide and around 280 m deep, while the valley becomes 1.4 km wide
and 120 m deep at the profile B, 8.5 km downstream. Continuing to the topographic profile C, the width and depth
of the valley continue to decrease but more slowly, tending to stabilize at profile D. At its terminus, the valley
fades into the surrounding plains and we can no longer provide any constraints on valley topography. This pattern
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is not typical of fluvial erosion, for which valleys tend to widen downstream
(Schumm & Ethridge, 1994). We return to this property in Section 5.1.

3.3.2. Local Topographic Steps Along Valley Sides

HiRISE images and DTMs show that the first bend in the valley (Figures 2
and 6a), located a few kilometers from the lake outlet breach, has an irregular
cross-section with several levels located at different elevations along its
southern inner side. A cross section, perpendicular to the valley (Figure 6b)
and shown by the blue line in Figure 6a, shows four main topographic steps,
marked by the four colored lines used in Figure 6. The red line indicates the
elevation (ca. —2,465 m) of the first topographical step identified in this re-
gion. The second topographic step is at ca. —2,520 m in purple, the third at
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Figure 5. (top) General morphology of the outlet valley in CTX mosaic
(MurrayLab_CTX_VO01_E76_N16_Mosaic) with the position of the four

—2,553 m in green and the last at —2,568 m in yellow. The valley (and the
topographic steps) are shown in 3D in Figure 6c¢.

3.3.3. Perched Secondary Channel

A shallow perched valley, connected to the main valley, is seen on the outer
bank of a valley bend (Figures 7a and 7b). The floor of this small and short
perched channel is higher in elevation than the main valley floor. This is
illustrated in Figures 7c and 7d, which show the topographic profile a-b across
the main valley and the floor of the perched valley. This perched valley is
~100 m wide, around 6 km long and a few meters deep. At the breach the
valley is ~720 m wide and ~20 m deep.

3.3.4. Interpretation

The valley narrows and shallows downstream (Figure 5). By contrast,
bedrock valleys on Earth usually widen downstream. In absence of any
tributary and climate variations from upstream to downstream, in the case of a
steady flow, the width of the valley should, at least, remain stable along its
course. This decrease in depth and width reflects a loss of flow intensity from
upstream to downstream, which may reflect a lack of continuity in flow and/
or a loss of water by infiltration and evaporation.

We interpret the four topographic steps identified in Figure 6 as erosional
terraces made by bedrock incision created by four or more distinct river flow
events (Goudge & Fassett, 2018). In this interpretation, each flow event

profiles below marked by white lines. (bottom) The four topographic would be produced by a new breach event on the eastern edge of the lake. The
profiles A-D, which are derived from CTX DTMs (UDL_CTX- only alternative explanation of the erosional terraces would be that they are an
Mosaic_DEM_Jezero-tile-0 and UDL_CTX-Mosaic_DEM_Jezero-tile-1), erosional expression of the layering in the bedrock of the valley wall. How-

illustrate the decrease in depth and width of Pliva Vallis from upstream to

downstream.

ever, such topographic steps are not observed in other locations nearby,
suggesting that the bedrock does not erode out preferentially like this by wind
activity. Thus, we propose that these steps are related to at least four lake
overflow events, one event for each of the terraces shown in Figure 6. (a) The first overflow event floods the
terrain to the east of the crater before incising a preferential valley. Figure 6 shows the location of this first incision
between the terraces at —2,465 and —2,520 m. (b) The second breach and overflow event re-uses the valley
created during the first overflow and continues the incision of the valley. This second incision is located between
the terraces at —2,520 and —2,553 m. (c) The third event continues to incise the valley created and deepened by
the previous two episodes. In Figure 6, this event is between the terraces at —2,553 and —2,568 m. The third event
seems to be the smallest overflow event. (d) A fourth and last event is identified between the terrace at —2,568 m
and the valley floor at —2,630 m. The real valley floor may be a little deeper than measured because we can
observe a late eolian infilling of unknown thickness.

Using the elevations of the four terraces identified in Figure 6, we reconstruct the lake level elevations at the
breach between each episode. The maximum lake level is set at —2,243 m (Salese et al., 2020). At the end of the
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Figure 6. Identification and location of four topographic steps at the first bend in the valley. (a) HiRISE image (ESP_033717_1990_RED) of the region where we
identified the main four topographic steps as indicated by the four colored contour lines. The blue line shows the location of the cross-profile where these four steps can
be identified. (b) Cross-profile using topographic data from HiRISE DTM (DTEED_033651_1990_033717_1990_A01) in blue and identification of the four main
topographic steps, indicated by the four colored lines. (c) 3D representation of this region where the topographic steps are shown as four colored lines. The view is
looking from the west toward the east.

first episode, the lake reaches an altitude of —2,297 m, and then at the end of the second episode, the water level
drops to —2,333 m. At the end of the third episode, the water level reaches —2,347 m, ending up at —2,390 m at the
end of the last episode.

Lastly, we interpret the presence of the perched valley (Figure 7) as an alternative flow path used by the flood
during the first episode. Indeed, the fact that the valley is perched, that is, higher in altitude than the present-day
valley floor, means that this valley was not incised by the last episode. Hence, the water incised this valley during
one of the first overflow events, such as for distributary channels, but the distributary was subsequently aban-
doned. This observation is consistent with the hypothesis of discontinuous episodic flows.

Several of these observations run counter to a valley geometry formed by steady-state flows, which are the usual
form of outlet flows in an open lake system. The morphology of Pliva Vallis is more compatible with several brief
flows caused by several phases of breach on the eastern edge of the Jezero Crater. From the erosional terraces, we
estimated the minimum number of incisions to be four.

3.4. Longitudinal Profile of Pliva Vallis
3.4.1. Description of the Valley Floor Slope

The along-valley topographic profiles (Figure 8) once again highlight the atypical characteristics of this valley.
The longitudinal profile of the valley floor (Figure 8, black profile) shows the outlet breach of the lake at an
altitude of —2,390 m. Once beyond the outer rim of the crater, the gradient is negative, around —0.028 from
kilometer 15 to kilometer 26. From the 26th kilometer to the end of the valley, the gradient shallows to around
—0.009. Where the gradient is gentler, we observe several humps in valley-floor topography. (a) The first
topographic hump is located at arrow A on the black profile in Figure 8 and (rising 83 m over 5 km), (b) the second
topographic hump is at B (rising 27 m over a distance <2 km), (c) the third hump (location C) corresponds to a
topographic rise of 49 m over a distance of 2.5 km.
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Figure 7. (a) Semitransparent CTX mosaic (CTX_VO01_E76_N16_Mosaic) overlain on the colorized DTM (UDL_CTX-
Mosaic_DEM_Jezero-tile-1) of the perched channel fork. (b) CTX mosaic view of the perched channel fork. The profiles in ¢
and d are marked as white lines. (c) Cross-profile of the main valley including the breach point and the floor of the perched
secondary channel to the right. (d) Cross-profile of the secondary channel at the breach point.

To compare the outlet valley long profile with that of the surrounding plateaus, we draw topographic profiles on
the valley's northern (dashed profile in Figure 8) and southern shoulders (dotted profile in Figure 8). In both cases,
after the breach and the crater rim, the gradient is very gentle (around —0.0025) for 8—10 km. On the remainder of
the profiles, the slope of the plateau is then —0.012. The highs on the topographic profile of the valley shoulders
correspond to the hummocky surface of the olivine-rich unit. On the profile of the northern shoulder, we observe
two main hills (b and ¢ on the dashed profile) and one hill on the profile of the southern shoulder (a on the dotted
profile).

The context map of the valley (Figure 8) shows that these hills coincide with the humps in the valley floor.
Figure 9a shows the planform configuration of the most upstream local high, where the valley rises gently to the
high point. Hill a (identified on the dotted profile in Figure 8) is located directly to the east of the high. The valley
floor is covered by aeolian dunes.

A hill several hundred meters high is located to the NE of the second downstream local high (Figure 9b and
corresponding to b on the dashed profile in Figure 8). On the southern edge of the valley, there is a topographic
rise on the valley floor that may be the deposits of a landslide that occurred after the valley formed or a landslide
scar that would have been eroded since its formation. The valley floor is also filled with dunes.

Figure 9c shows the third local high (white cross) and a corresponding hill on the northern edge of the valley,
which is several hundred meters high (corresponding to ¢ on the dashed profile in Figure 8). Aeolian filling is once
again observed but we can also see two deposits on the valley floor, which outcrop in the middle of the dunes.
These deposits are described and identified in Section 3.2.1 as bedrock outcrops (Figures 3c and 3d).
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Figure 8. Longitudinal profile of the Pliva Vallis floor (black profile) and profiles of the northern and southern edges of the valley (dashed and dotted lines, respectively)
using CTX DTMs (UDL_CTX-Mosaic_DEM_Jezero-tile-0 and UDL_CTX-Mosaic_DEM_Jezero-tile-1). Labels A, B and C identify the main humps on the valley
floor, which are spatially correlated with topographic highs on the edges of the valley (a, b and c). The inset in the top right shows the position of the profiles on the
semitransparent CTX mosaic (CTX_V01_E76_N16) overlain on the colorized DTMs (UDL_CTX-Mosaic_DEM_Jezero-tile-0 and UDL_CTX-Mosaic_DEM_Jezero-

tile-1).

There are also a number of other small irregularities downstream of the valley, but they are negligible compared to
those described above. One of these other irregularities is due to the presence of a crater about 1.1 km in diameter,
right in the middle of the valley incision, formed after the valley incision.

3.4.2. Interpretation of the Irregularities of the Valley Floor Longitudinal Profile

Pliva Vallis drops by 600 m in 50 km, corresponding to bedrock incision. However, the three main topographic
humps on the valley floor identified above are anomalous relative to expectations for river flow. One hypothesis is
that these topographic humps correspond to erosionally resistant bedrock. Indeed, the three topographic highs are
spatially correlated with hills on the northern and southern edges of the valley that may correspond to more
resistant bedrock. The discharge must have been sufficient to overtop these barriers. The presence of fluvial
sedimentary deposits and outcropping bedrock at these topographic highs and the identification of strata con-
taining meter-sized boulders downstream in the valley supports this interpretation, as to transport such boulders
the discharge must have been high. High discharge is consistent with sudden lake overflow events. However, this
does not mean that the flows submerged the entirety of the topographic rises, and some of the water could have
been impounded in depressions (Spence & Woo, 2003) (see Section 5.1).

Alternatively, we observe widespread modern aeolian bedforms that could have filled the valley heterogeneously
to construct these humps. However, this hypothesis does not fit well with two key observations. First, we observe
outcrops on the valley floor intersected by these dunes (Figure 9). In this case, the thickness of the aeolian filling
cannot be as great as the topographic irregularities identified. Second, we do not observe any change in the
morphology of these modern dunes that might suggest a thicker underlying deposit. Thus, we reject the hypothesis
that modern dunes solely explain the humps in the valley floor topography. We also considered the hypothesis of
local valley filling by impact ejecta or volcanic ash. However, there is no evidence of major impact craters or
volcanoes near the valley, so we do not consider these possible modes of infill.
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Figure 9. (left) Semitransparent HiRISE images (ESP_069310_1990_RED and ESP_069653_1990_RED) draped over
colorized CTX DTMs (UDL_CTX-Mosaic_DEM_Jezero-tile-0 and UDL_CTX-Mosaic_DEM_Jezero-tile-1) with
topographic contours and (right) HiRISE images to observe the morphology. The high point of each topographic rise on the
valley floor is marked by a white cross (a) first hump, (b) second hump, (c) third hump, the associated hills by a black cross
and possible landslide or landslide scar by a red cross.

Lastly, these humps might indicate that the valley was formed by subglacial water flow, because subglacial flows
can overtop topographic rises because of the pressure of the overlying ice (e.g., Grau Galofre et al., 2018;
Greenwood et al., 2007; Kehew et al., 2012). We do not favor this hypothesis based on circumstantial evidence:
the lack of other valleys than Pliva Vallis in the surrounding terrains, the head of the valley at a single point on the
crater rim, precisely at a topographic low, and the presence of fluvial terraces rather than subglacial deposits, but
we will return to this hypothesis in Section 5.1.
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Figure 10. Scenario for the evolution of Pliva Vallis and Jezero's crater lake over time inferred from our observations. Step
(a) illustrates the lake filling by one of the inlet valleys. Step (b) represents the four breach events and lake overflow. The last
step (c) shows the delta formation in a closed basin during the terminal stage and progressive emptying of the lake.

3.5. Formation Scenario of Pliva Vallis

Our observations point toward a peculiar geometry of Pliva Vallis, with its shallower depth and width down-
stream, one perched channel (but no tributaries), an irregular longitudinal profile, and both depositional and
erosional terraces. We interpret these observations as evidence for episodic rather than steady-state discharge.

Boulder-bearing sedimentary deposits in terraces indicate relatively high discharge. The presence of the valley
floor humps shows that sufficient energetic flow is needed to pass these obstacles and to transport and deposit
meter-sized boulders aligned in strata downstream. The topographic humps correspond to locations with hills of
resistant bedrock (Figure 9). The presence of these hills on the hummocky plateau may also explain the valley's
sinuous geometry described in Section 3.1. The path taken by the water flow would be constrained and guided by
the topographic pattern of this hummocky terrain. Observations of incision terraces suggest four distinct events of
valley incision driven by floods.

We propose the following scenario for the formation of Pliva Vallis coupled with the Jezero crater lake. First, the
Jezero crater lake fills in a closed system (Figure 10a). The maximum level reached by the water is —2,243 m, an
elevation constrained by Salese et al. (2020) from the topography of the inlet river Neretva Vallis.

The first breach event released a catastrophic flow onto the plateau (in red on Figure 10b). At least three other
events occurred (in purple, in green and in orange in Figure 10b). At each breach event, the lake volume decreased
suddenly although we do not know how much time separated each event. The irregular longitudinal profile does
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not support extended steady-state flows between episodes or after the end of the fourth episode. The absence of an
inner channel, although not a definitive argument as it would be in the case of the presence of a landform, and the
topographic characteristics rather suggest the end of Pliva Vallis activity after the last overflow (Figure 10c).

4. Numerical Model

This section builds on the scenario inferred from the morphology to estimate the maximum flow rates for the four
breach events and gives a first estimate of the duration of these four episodes based on the method proposed by
Warren et al. (2021).

4.1. Discharge Estimation for the Four Overflow Events
4.1.1. Discharge Calculations

To estimate the discharge O, we use the Darcy-Weisbach equations (Kleinhans, 2005; Wilson et al., 2004)
considering the channel width W, the water height 4, the local slope s,., the Martian gravity g,, (3.72 m.s™2), the
friction factor f and the size at which 84% of the clasts are smaller, called Dg,. The discharge is estimated as

follows:
Q —AX ' ng‘fsloc (1)

where A = Wh is the cross-sectional area assuming a rectangular shape of the channel and R is the hydraulic
radius, the ratio between the cross-sectional area A and the wetted perimeter P = 2h 4+ W. The friction factor f is
related to the roughness of the channel floor. Several experimental studies have been done to constrain the friction
factor f as a function of the hydraulic radius and the grain size of the channel floor (Kleinhans, 2005; Wilson
et al., 2004). Considering a gravel bed, we can express the friction factor f as follows:

8 R
- =575log[—]+3.514 2
\/J: Og<Ds4> " @

By combining Equation 2 and Equation 1, we obtain the following discharge rate equation, which will be used in
this paper for flow calculations in the outlet valley of Jezero crater:

R
0 = A X g, R X (5.75 log (D—) + 3.514) 3)

84

This equation is used because it is defined for coarse material such as boulder-bearing conglomerates, compared
to sand-grain size dominated flows in which the median value (Ds) is used more frequently in a slightly modified
version of this equation (e.g., Kleinhans, 2005).

4.1.2. Results of Discharge Calculations

To calculate the discharge Q (m3.s‘1) for each episode, we first measure in Figure 6b the width W of the valley
and the water depth & which corresponds to the incision depth on the profile (e.g., the work of Larsen &
Lamb, 2016). Then, we should determine the local slope s, for each event:

For the first episode, the average slope is estimated from the local slopes of the highlands on either side of the
valley. In this case, the minimum and the maximum slopes estimated for the first episode are, respectively,
0.001 and 0.01.

- For the fourth episode, we used the local slope of the valley floor. The minimum and maximum slopes estimated
are, respectively, 0.028 and 0.031.

For the second and the third episodes, the slopes are poorly constrained. For these two intermediate episodes,

we tested all slopes between the minimum slope of the first episode (i.e., 0.001) and the maximum slope of the
fourth episode (i.e., 0.031).
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Table 1
Discharges Calculated for the Minimum and Maximum Slope Estimated for Each Overflow Event Identified
Discharge Q m3.s7h
Valley width W (m) Depth & (m) Local slope s, (m/m) (Equation 3)
Episode 1 3,548 55 0.001 1.58 x 10°
0.01 4.99 x 10°
Episode 2 1,923 33 0.001 3.69 x 10°
0.031 2.05 x 106
Episode 3 1,238 15 0.001 6.47 x 10*
0.031 3.6 x 10°
Episode 4 720 62 0.028 1.9 x 10°
0.031 2 x 109
Other parameters to be considered in the equations are Martian gravity g,, = 3.72 m.s~2 and grain size. Here, we
use a Dg4 at 0.152 m (Mangold et al., 2024), which has been found on the front of the western fan of Jezero by the
SuperCam images of Perseverance rover. Although these flows are not the same flood events, the fact that they
both contain boulders up to 2 m in size, similar in size to those observed by the Perseverance rover, enables a
reasonable point of comparison for this value based on in situ observations. We calculated the discharge
0 (m3.s_1) for each episode and for each estimated slope as described above and the results for minimum and
maximum slopes are shown in Table 1, alongside the measured valley width and depth.
Figure 11 shows the calculated discharge as a function of slope for each episode. Calculated discharges are
between 6.5 x 10* and 5 x 10® m3.s~!. These high calculated discharges, are similar to the discharge of the
largest terrestrial rivers. The first episode (red line) is the most energetic episode, although with a large variability
depending on slope.
4.2. Application of the Breach Erosion Model to the Jezero Crater Lake
- «108 4.2.1. Modeling the Overflows: The Code
——Episode 1 The aim of the model used here is to investigate breach erosion processes and
i Episode 2 crater lake spill over with progressive emptying of the lake water rather than
450 Ep!sogei J only estimating the highest ranges of discharges, as done in the previous
: ——Episode
P section. The model used is a fixed channel width 0-D model proposed by
4r 1 Warren et al. (2021) and adapted from Holo and Kite (2019).
=
“E 3.51 1 The model assumes: (a) no pre-existing valley, (b) no downstream change in
E 3l ] the geometry of the valley (width and depth) during an episode, (c) no
o downstream change in flow velocity, (d) all sediments eroded are transported
(0]
g 25F 1 downstream and removed from the system, (e) the flow depth at the breach is
S much less than the width of the valley, (f) uniform grain size, and (g) channel
@ 2r 7 . . . .
a width equal to valley width. Most of these assumptions are plausible ac-
1.5 4 cording to our observations, especially the assumption that the channel width
and the valley width are equal. We know that some of the sediments have
& | been stored in the valley in places but their volume is small relative to the
05k _ whole volume eroded.
0 . : s s s s We model the formation of a lake overspill bedrock valley, including flow
0 0.005 0.01 0.015 0.02 0.025 0.03 resistance, lake draining, and sediment transport (Holo & Kite, 2019). We
Slope (m/m) solve for the transport stage and the erosion rate over time.
Figure 11. Discharge calculations as a function of slope for the four The transport stage is a measure of the capability to transport particles in a
identified episodes. given flow. It is expressed by the following ratio:
VILLETTE ET AL. 14 of 24
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Figure 12. (a) Modeling scheme for the four breach erosion processes (adapted from Warren et al., 2021). Colors represent
the different episodes identified in Figure 6. (b) Topographic cross-section used for modeling of the four breach episodes of
breach and valley incision. The parameters W and h indicate the valley width and depth, respectively.
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T= 4)

Tye

with 7, the Shield stress and 7, the critical Shield stress. The dimensionless shield stress is given by the following
ratio:

s

" Rd )

Ty

where R is submerged specific gravity, s the channel slope at the breach, &, the initial flow depth and d the grain
size. The variation of erosion over time is expressed by the following equation:

dB e qs
@ (V) 7 ©

where B is the breach floor elevation, w, the channel width, w, the valley width, ¢, the sediment transport and L
the channel length (Figure 12a). The model assumes a rectangular shape of the valley, so w. = w, = W. To
estimate the sediment transport, we use the Meyer-Peter Miiller relation (Meyer-Peter & Miiller, 1948) expressed
by the following equation:
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Table 2

Main Input Parameters for the Jezero Crater Case

Crater diameter Valley length Representative grain size Mars gravity g Critical shield Flow into crater Q;, Submerged
D (km) L (km) Ds, (m)® (m/s%) stress 7,° (m?.s7Hd gravity R®
45 50 0.078 3.72 0.045 100 1.8

Note. These parameters are the same for all four simulated overflow events. “Mangold et al. (2024). "Warren et al. (2021). “Fassett and Head (2005). YSalese et al. (2020).

qs = 8 RgdS(T* - T*c) (7)

with g the martian gravity.

The equations we use in the model are “transport-limited”” equations. Studies by Lamb and Fonstad (2010) and
Larsen and Lamb (2016) have shown that this is an appropriate assumption to describe flood events.

4.2.2. Modeling the Overflows: Input Parameters

The code was initially applied to simulate a single breach event (Warren et al., 2021). However, in Jezero crater,
we infer that four breach erosion events occurred (Section 3). We chose to apply the code four times to model each
event (Figures 12a and 12b). The input parameters used are described in the following section and in Table 2.

Valley geometry: The code considers the initial flow depth and the geometry of the valley measured at the breach.
However, we identified the four episodes of lake overflow and valley incision few kilometers downstream of the
breach (Section 3.3.2, Figure 6). Previous studies conducted by Salese et al. (2020) assumed three phases of
breach and overflow, identified on the cross-section made at the breach. However, these steps are not clearly
visible in the landscape when looking at 2D and 3D HiRISE images largely due to post-erosion filling by dunes.
So, to apply the code at the breach, we compared the total incised area at the breach and the total incised area in the
region where the four terraces are identified a few kilometers downstream. The incision at the breach is 147 m
deep with a maximum valley width of 4.9 km and the total incision of the valley where terraces are identified is
165 m high with a maximum valley width of 3.5 km. The total area of the breach in the crater rim
(Apreach = 0.257 km?) is similar to the total area of the topographic profile where we identified the four terraces
(Aprofite = 0.247 km?). Thus, we consider the region where terraces are identified to be representative of the
breach geometry for the purposes of the modeling. The width and the depth of the valley for each episode are
given in Table 1 (Section 4.1.2).

The grain size: We use D5, = 0.078 m (Mangold et al., 2024) for the same reason as explained in Section 4.1.2.

The initial flow depth: The initial flow depth is the flow depth at the breach just after breach failure. We test
several values of initial flow depth between and 10 m and the valley depth measured for each episode.

Inlet discharge flow rate: We assume a steady-state inflow of 100 m>.s™! into the lake from the inlet rivers
Neretva Vallis and Sava Vallis, which is within the range estimated by previous work (50 to 200 m3.s7!; e.g.,
Fassett & Head, 2005; Salese et al., 2020) or 100 to 500 m3.s™! (Mangold et al., 2024). This uncertainty is
acceptable given the order of magnitude differences in discharges between this steady-state process and the
overflows.

The slope: We tested a range of measured slopes for the identified episodes. The slope of the first episode cor-
responds to the slope of the outer crater rim (here fixed at 0.075) and for the last episode, the slope used is the
slope of the valley floor measured at the breach (fixed at 0.022). For the second and third episodes, we tested a
range of slopes between the slope of the fourth episode (0.022) and the slope of the first episode (0.075).

4.2.3. Modeling the Overflows: Results

Figure 13 shows the modeling results for the four breach and valley incision events. For each episode, from left to
right, we give the variation of the transport stage over time, the variation of the erosion rate and the cumulative
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Figure 13. Modeling results for the four episodes identified in Section 3. For each episode, several initial flow depths are
tested as well as several slope values for episodes 2 and 3. From left to right, we plot the transport stage as a function of time,
the erosion rate as a function of time, and the cumulative eroded depth as a function of time.
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Table 3
Modeling Results for Each Episode, Slope and Initial Flow Depth Tested

Slope Initial flow depth (m) Final erosion depth (m) Timescale (seconds) Timescale (days)

Episode 1 0.075 10 3.4 9.9 x 10° 11.5
50 132 1.15 x 10° 13.3
Episode 2 0.075 10 5.5 2.3 x 106 26.6
30 18 2.4 x 106 27.8

0.022 10 1.5 1.22 x 109 14.1
30 4 1.29 x 10° 14.9
Episode 3 0.075 5 10 5.7 x 10° 65.9
15 27 5.9 x 10° 68.3

0.022 5 12 1.9 x 10° 22
15 3.5 2.05 x 10° 23.7
Episode 4  0.022 20 8.8 4.1 x 10° 475
60 23 42 x 109 48.6

eroded depth. In the model, for each episode and for all the initial flow depths tested, the transport stage decreases
slowly and then rapidly over time for each episode. This decrease is due to the progressive discharge fall after
breaching. When the transport stage reaches a value of 1, the flow is too weak to continue to carry particles, so
erosion stops. The erosion rate follows the same trend over time: it decreases slowly at first and then rapidly when
the discharge is no longer sufficient to maintain the erosion of the valley. The initial flow depth does not have a
significant effect on the duration of sediment transport and erosion. However, it influences the efficiency of
sediment transport and therefore of erosion, particularly at the beginning of the lake overflow. Higher initial flow
depth means greater transport stage and erosion rate. Consequently, cumulative erosion over time is greater when
initial flow depths are higher. Table 3 summarizes the results for each episode in terms of final erosion depth (m)
and timescale (seconds and days).

In terms of timescale, the modeling results suggest that the transport of particles and erosion lasts for a few days to
a few weeks per event (Figure 13 and Table 3). For the second and third episodes, the slope affects the duration of
sediment transport and erosion in the valley. However, the time scale remains very rapid.

For each episode, the final erosion of the valley ranges from a few meters to around 20 m. The erosion predicted
by the model is lower than the erosion measured in the outlet valley in the region where the four episodes were
identified (Figure 6). These results will be discussed in Section 5.2.

5. Discussion
5.1. Sporadic Activity of Pliva Vallis

Our observations lead us to interpret Pliva Vallis as a fluvial valley formed by at least 4 distinct episodes of
overflows of the Jezero lake. To accommodate the data, we propose “fill-and-spill” evolution. This process,
shown in Figure 14 describes an accumulation of water in a topographic depression (Spence & Woo, 2003;
Warner et al., 2013). Initially, discharge is sufficient to pour over topographic rises on the valley floor
(Figure 14a). As discharge wanes (Figure 14b), water pools in the topographic depression, forming a small
temporary lake within the valley. The flow feeding the outlet valley ceases and this small lake is full of water; this
new lake overflows and water would spill downstream again. This progressive spill of accumulated water pro-
gressively erodes the top of the rises present in the valley floor (Figures 14c and 14d). The sediment is swept
downstream.

Other possibilities for interpreting Pliva Valis formation include: (a) a valley carved by steady flows with an open
lake system, (b) a valley formed by one flood, and (c) a subglacial valley. We discuss each of these alternate
possibilities in turn.
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Figure 14. Sketch of the fill and spill process. (a) The flow is sufficiently energetic to overcome topographic rises after breach
rupture. (b) The flow is less energetic than the initial flow. There is a progressive filling at the bottom of the topographic rise.
(c) Water reaches the top of the topographic rise and flows gently again. (d) The flow of water gradually erodes the high point
of the topographic highs on the valley floor.

A continuous flow cannot explain the formation of a valley like Pliva Vallis. The valley's overall morphology,
marked by decreasing in depth and width from upstream to downstream, is not in line with the typical valley
geometry as we know it from Earth. Normally, valley width increases downstream while depth decreases as the
slope becomes gentler (Schumm & Ethridge, 1994); although there might be exception along regions with
enhanced evaporation, the difference between upstream (~255 m depth) and downstream (~50 m depth) here is
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huge and observed over less than 50 km. The topographic rises in the valley floor highlighted in Section 3.4 also
contradict a continuous flow. A simple continuous flow would not be able to pass these rises with sufficient
energy to carry boulders downstream of at least 1 m in diameter (Figure 4). However, in the fill and spill geometry
proposed in Figure 14, we cannot exclude that a steady flow occurred between the phase of overflows. However,
after all overflows occurred, a steady flow would have to be less intense, with discharges similar or lower to that
of Neretva Vallis (estimate in the range of several 100 s of m?3.s~!; Fassett & Head, 2005; Mangold et al., 2024 in
various locations of the western fan). We do not observe deposits from such steady-flow periods nor do we
observe inner channels that would have incised the topography within the valley floor. The last overflow seems to
have produced a final “reset” of the valley without noticeable subsequent activity.

Rather than the four episodes of overflow that we propose, a single overflow valley has also been proposed (Holo
& Kite, 2019) or (alternatively) an overflow in three phases (Salese et al., 2020). The presence of re-incised
sedimentary deposits, perched valley and incision terraces in the bedrock, point to several episodes of breach
erosion and hence valley incision by multiple lake overflows, thus rejecting the single-episode hypothesis for this
valley incision. We also found better evidence of these episodes in the valley than at the breach where only three
of them have been identified by Salese et al. (2020).

Lastly, we consider the possibility of a subglacial valley. Subglacial flows are known to overcome local topo-
graphic rises on Earth (Glasser & Smith, 1999; Grau Galofre et al., 2018; Greenwood et al., 2007; Kehew
etal., 2012; Sissons, 1961). However, we have suggested in Section 3.4 that these topographic rises are due to the
greater strength of the bedrock at these points, as shown by the existence of nearby hills on the valley shoulders. In
addition, the general morphology of the valley shows a decrease in depth and width downstream, while subglacial
channels tend to remain of similar width or become larger, as the flow regime does not decrease downstream (Carr
& Malin, 2000; Grau Galofre et al., 2018). Subglacial valleys are generally wide and connected with an anas-
tomosed pattern (Grau Galofre et al., 2018; Walder & Hallet, 1979), while there is no such a geometry in the case
of Pliva Vallis, and no other such valley to the East of Jezero. Last, but not the least, the altitude of the breach is
consistent with the altitude of the delta apex on the western side of Jezero, which presumably formed after the
formation of the breach.

Thus, our results are more consistent with the sporadic activity of Pliva Vallis by, at least, four episodes of
overflows than the alternate hypotheses. This localized result has implications for the understanding of past
martian rivers in general because many include lake breaches (Goudge et al., 2021). In turn, our study shows that
this process can consist of several episodes of overflows rather than just a single breach overflow event.

5.2. Model Limitations

The model has limitations and can be discussed in the same way as we have discussed other possible in-
terpretations of the valley. The 0-D model proposed by Warren et al. (2021) gives a minimum estimate of the
duration of each breach event. For each episode, the final erosion depth of the valley predicted by the model is
lower than that predicted by observations and measurements. Possible explanations include the following.

First, simplifications in valley geometry in the model may lead to an underestimate of the erosion depth. For
example, the geometry of the valley is approximated as a uniform valley from upstream to downstream. We saw
in Section 3.3.1 that the width and depth of the valley decrease from upstream to downstream. Moreover, the
water may have overflowed the valley sides at some point, as suggested by the presence of a perched secondary
channel reported in Section 3.3.3. In this case, we can probably assume that the duration of these incision events
may vary from what we have calculated, but they should have the same order of magnitude.

Second, the assumption of a uniform grain size is not representative of what can be observed in the orbital images.
Hence, we used different grain sizes in the code to test the sensitivity of our model results to the effect of the grain
size. To do this, as explained in Section 4.1.2, we used the grain size distribution of Mangold et al. (2024). Their
results suggest that the most frequent grain sizes observed are between 0.038 and 0.431 m with a D5, of 0.078 m. We
ran the code for each episode, fixing the slope and the initial flow depth and varying the modal grain size. The fixed
slope used for each episode is, respectively, 0.075, 0.05, 0.04 and 0.022. Figure S2 in Supporting Information S1
illustrates the influence of the grain size on the transport capacity over time for the four episodes. We found that
large grains are transported for less time than small grains for a flow of the same energy. However, in terms of the
final erosion depth, the grain size does not have a significant impact on timescales. In terms of transport stage, the
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largest grains are more difficult to transport than the smaller grains. Smaller grains are transported longer than the
largest grains, but the time scale remains relatively short in both cases for each episode.

Third, another possible limitation concerns the number of overflow episodes identified in our study. We identified
4 major terraces in the landscape and the topography (Figure 6), and consequently 4 main episodes of breach and
valley incision. However, the valley could be formed by more than four overflow events because large events can
erase evidence of smaller preceding events. Such small events could incise the valley by a few meters or tens of
meters, as predicted by the model. Because we have no way of knowing how many smaller events there could
have been, we focus only on modeling the four events with good morphological evidence. Thus, we can conclude
that Pliva Vallis is a valley formed by at least four episodes of lake overflow, each lasting at least a few days to a
few weeks.

Another limitation is that the intermittency of the inlet discharge is not considered in our simulation, nor the
possible role of the second inlet river, Sava Vallis, on the inlet discharge. However, a range of inlet discharges (50
to 500 m>.s~!, Fassett & Head, 2005; Mangold et al., 2024; Salese et al., 2020) were tested and the variation of
this value has little effect on our results.

5.3. Implications for Jezero Crater Lake

Previous work interprets the Jezero paleolake as an ancient open basin (Ehlmann et al., 2008; Fassett &
Head, 2005; Goudge, Mustard, et al., 2015; Schon et al., 2012). Our results show the predominance of overflows
rather than a steady flow for the outlet river Pliva Vallis. Hence, our results suggest that the Jezero crater lake was
mainly a closed basin episodically opened during sporadic overflows, but that may never have experienced a long
period of open lake conditions.

These results are consistent with Perseverance rover observations on the delta front and Kodiak butte (Caravaca
et al., 2024; Mangold et al., 2021, 2024). The observations of deltaic topsets and foresets at elevations well below
that of the elevation of the breach point on the eastern crater rim are markers of a lake level well below that of the
breach. The delta prograded toward the interior of the lake, decreasing in altitude as it advanced into a shrinking
lake. The apex of the delta is at the same elevation as the breach, but delta topset deposits are found at lower
elevations. Thus, it is likely that the delta was formed after the overflow events and during the lake regression
rather than during the filling of the lake (Figure 10c). These results have implications for the understanding of the
Jezero lake system, for example, its evolution over time, which would be controlled by precipitation-evaporation
balance in the absence of outflow (e.g., Horvath & Andrews-Hanna, 2024). In particular, these results imply an
influence on the geochemistry of the lake, that is, an increase in salinity potentially leading to the formation of
evaporites, given that the sedimentary deposition in a closed lake differs from that in an open lake system
(Fukushi et al., 2019).

6. Conclusion

We report that Pliva Vallis, the 50 km long outlet valley of the Jezero crater lake, has several fluvial layered
sedimentary deposits on its floor and walls. HiRISE images show alternating fine-grained deposits and meter-
scale boulders, suggesting variability in the intensity of the flow creating the deposits. The valley has the
following atypical characteristics: (a) a decrease in the valley width and depth from upstream to downstream,
which is not consistent with a steady flow over time, and (b) the presence of a perched valley as well as topo-
graphic rises on the valley floor, which together suggest a discontinuous and energetic fluvial regime of the outlet
valley. In addition, re-incised fluvial deposits and, at least, four bedrock incision terraces on the upstream part of
the valley wall are consistent with a strong variability in the fluvial regime of the valley. To account for these
observations, we propose a scenario with at least four main episodes of overflow and valley incision. Modeling,
gives a minimum estimate of the duration of these episodes of a few days or a few weeks, consistent with our
interpretation of discontinuous incision of Pliva Vallis by sporadic fluvial regimes. This study helps us better
constrain the activity of the upstream lake. We propose a new scenario for the history of the Jezero crater lake, as a
predominantly closed system, which was episodically and temporarily opened during at least the four identified
overflow events but never experienced long-term open system conditions.
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