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The importance of lake breach floods for 
valley incision on early Mars

Timothy A. Goudge1,2,3,7 ✉, Alexander M. Morgan4,5,7, Gaia Stucky de Quay1,2 & Caleb I. Fassett6

The surface environment of early Mars had an active hydrologic cycle, including 
flowing liquid water that carved river valleys1–3 and filled lake basins4–6. Over 200 of 
these lake basins filled with sufficient water to breach the confining topography4,6, 
causing catastrophic flooding and incision of outlet canyons7–10. Much past work has 
recognized the local importance of lake breach floods on Mars for rapidly incising 
large valleys7–12; however, on a global scale, valley systems have often been interpreted 
as recording more persistent fluvial erosion linked to a distributed Martian hydrologic 
cycle1–3,13–16. Here, we demonstrate the global importance of lake breach flooding, and 
find that it was responsible for eroding at least 24% of the volume of incised valleys on 
early Mars, despite representing only approximately 3% of total valley length. We 
conclude that lake breach floods were a major geomorphic process responsible for 
valley incision on early Mars, which in turn influenced the topographic form of many 
Martian valley systems and the broader landscape evolution of the cratered 
highlands. Our results indicate that the importance of lake breach floods should be 
considered when reconstructing the formative conditions for Martian valley systems.

The geological record of Mars’ early history preserves evidence of sur-
face water activity that eroded river valleys1–3 and filled lake basins4–6, 
including some the size of small seas on Earth6–8. Formation of these 
landforms characterize the ‘valley network-forming era’ of Martian 
history that largely ceased by about 3.5–3.7 Ga (billion years ago), near 
the Late Noachian–Early Hesperian time period boundary2,3,5,17. The 
valley network-forming era is hypothesized to have occurred as a cli-
matic optimum that drove incision of the majority of preserved fluvial 
valley systems on Mars2,5

, which followed a period of more widespread 
landscape degradation during the Noachian2,18.

The eponymous valley networks are systems of incised, branch-
ing valleys that routed surface water across the ancient Martian land-
scape (Fig. 1). There have been extensive efforts to understand the 
environmental conditions and formative mechanisms associated with 
valley network incision, with past global studies primarily proposing 
formation by surface runoff (rainfall or snowmelt)2,3,14–16, groundwa-
ter discharge at the heads of valleys1,13,16, and/or subglacial drainage 
from large ice sheets16. One characteristic shared by these distinct 
formative mechanisms is that valley incision occurs throughout the 
valley network-forming era, at least episodically, with fluvial activity 
integrally linked to the distributed Martian hydrologic cycle. Although 
evidence suggests that such protracted valley incision did occur on 
Mars2,5, here, we further consider an alternative, catastrophic valley 
formation mechanism—lake breach flooding—whereby valley incision is 
thought to occur rapidly from high discharge draining of water stored 
in lakes on the Martian surface7–10.

During the valley network-forming era numerous lakes formed within 
deep basins defined by impact craters, as either inter- or intracrater 
basins4–6. Of the 265 previously identified palaeolakes from the valley 

network-forming era, 234 are classified as hydrologically open, with 
a single outlet canyon that drained the basin4,6,19,20 (Fig. 1b, c). These 
outlet canyons formed when water ponded within the basin interior, 
breached the confining topography (for example, via piping or direct 
overtopping), and eroded an outlet canyon, allowing stored water to 
flow out of the basin. Geological evidence such as channelized incision 
on the interior of basins has led to the interpretation that Martian pal-
aeolake outlet canyons were eroded rapidly by powerful lake breach 
floods7–9, consistent with interpretations of rapid canyon incision from 
high discharge lake breach floods on Earth21–23. In addition, the eroded 
volume of Martian palaeolake outlet canyons scales with the volume 
of water drained from the basin. This geometric scaling suggests that 
outlet canyons were carved primarily by water stored in the lake prior 
to breaching, with an incision timescale that was sufficiently rapid 
that once the breach flood started there was no further meaningful 
contribution of water from upstream inlet valleys9.

Past work on lake breach floods has shown that they can be locally 
important for shaping the Martian landscape, topographically disrupt-
ing nearby valley networks7,8,12 and sculpting large spillways in the Valles 
Marineris trough system11. Palaeolake outlet canyons also represent 
some of the largest individual fluvial valleys from Mars’ early history7–10. 
However, the influence of lake breach floods has typically been exam-
ined at the scale of individual systems7,8,10–12, and their global importance 
in driving fluvial erosion on Mars has not been fully explored. Here, we 
address this gap with the relatively straightforward, but far-reaching, 
question of how much the incision of palaeolake outlet canyons contrib-
uted to fluvial erosion during the valley network-forming era on Mars.

We started with previously compiled catalogues that mapped the 
global distribution of Martian valley systems3,24 and hydrologically 
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open palaeolakes6,19,20. However, not all valley systems included in these 
past catalogues are appropriate for analysis here, as our study aims 
to: (1) focus only on valleys carved during the period of peak fluvial 
activity on Mars, the valley network-forming era2,5; and (2) contrast 
valleys eroded by lake breach floods (palaeolake outlet canyons) with 
the more classic branching valley networks. Therefore, we manually 
reassessed the starting catalogue to remove valley segments where 
our interpretations of network topology differed from the published 
catalogue, as well as those associated with younger and/or non-fluvial 
landforms (Methods and Extended Data Fig. 1). Next, we identified 
palaeolake outlet canyons as those valley segments that source from 
a closed contour6 (Fig. 1b, c and Methods), where the segment starts 
as a perched-outlet valley with a floor elevation higher than the floor 
elevation of the upstream basin that it drains. All of the other valleys 
were classified as valley networks.

To calculate eroded valley volumes we used a progressive black top 
hat (PBTH) transformation that has been used previously to calculate 
valley volumes on Mars25,26. We applied this algorithm to Mars Orbiter 
Laser Altimeter (MOLA) gridded topography27 and our updated vector 
map of valley systems to find the elevation of the valley shoulders, which 
we used as a proxy for the pre-incision surface elevation. This elevation 
was used to locally calculate valley depth (Extended Data Fig. 2), and 
was summed over the area between the valley shoulders to obtain the 
valley volume. These valley volumes are lower limits on the total fluvially 
eroded volume, as MOLA gridded topography typically under-resolves 
valleys, valley shoulders may have been lowered subsequent to val-
ley incision, and the erosion of upland surfaces, including any unpre-
served low-order tributaries, is not included. Finally, we clipped the 
data based on two criteria: (1) a latitude mask that removed portions of 
valleys poleward of ±30°, which are likely to show the greatest effects 

a

b

c

0°

−30°

90° 180° 270° 0°

−60°

0°

30°

60°

– Valley networks – Palaeolake outlets – Latitude + age mask

b

Elevation
3,000 m

–2,000 m

0 km 80 km

c

Elevation
800 m

−2,800 m

0 km 80 km

Fig. 1 | Valley networks and palaeolake outlet canyons on Mars. a, Distribution  
of analysed valley networks (black) and palaeolake outlet canyons (white). Grey 
shading indicates the combined latitude (poleward of ±30°) and age (younger 
than Early Hesperian) mask used for volume calculations (Methods). MOLA 
topography and hillshade. Labelled boxes indicate locations of b and c.  

b, c, Examples of the early Martian landscape dissected by both valley networks 
(black) and palaeolake outlet canyons (white). Palaeolake basin extents shown 
by semi-transparent white polygons. MOLA topography overlain on the 
THEMIS daytime infrared mosaic.
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of post-incision infill from processes related to ice and glaciation28,29; 
and (2) an age mask that removed portions of valleys incised into terrain 
dated to younger than the Early Hesperian24 (Methods).

Our results indicate that (non-outlet) valley networks have a cumu-
lative eroded volume of about 4.3 × 1013 m3 and palaeolake outlet can-
yons have a cumulative eroded volume of about 1.4 × 1013 m3, giving 
a total eroded valley volume of about 5.7 × 1013 m3. Palaeolake outlet 
canyons thus account for nearly one quarter (about 24%) of the total 
eroded volume of valleys from Mars’ valley network-forming era (Fig. 2, 
inset), despite the fact that palaeolake outlet canyons make up only 
about 3% of the total length of incised valleys in our catalogue (Extended 
Data Table 1). The length–volume discrepancy in our results is read-
ily explained when looking at the depths of valley networks versus 
palaeolake outlet canyons (Fig. 2). Palaeolake outlet canyons are sys-
tematically deeper (median = 170.5 m, Q1 = 106.5 m, Q3 = 266 m) than 
valley networks (median = 77.5 m, Q1 = 47.5 m, Q3 = 97.5 m). The large 
palaeolake outlet canyon Ma’adim Vallis7,8 alone contributes about 15% 
(about 8.6 × 1012 m3) of the total eroded valley volume from the valley 
network-forming era (Extended Data Fig. 3).

Our results show that lake breach floods were a globally important 
geomorphic process during the valley network-forming era, and a major 
volumetric contributor to valley erosion on the Martian landscape 
during this era. Previous workers investigating the total amount of 
water required to form the Martian valley networks based on valley 
volumes and assumed sediment-to-water ratios have not excluded 
eroded volumes from palaeolake outlet canyons26,30. However, scaling 
relationships for the size of palaeolake outlet canyons on Mars indicates 
sediment-to-water ratios that averaged about 6% during the lake breach 
flood events9, which are approximately two to three orders of magni-
tude higher than ratios used for calculating water volumes for valley 
network incision26,30. This suggests that these previous calculations of 
total water volumes required to carve the Martian valley networks are 
likely to be too large by up to about 30%. Although this valley-forming 

water volume is itself likely to be an overconservative estimate for the 
total Martian water reservoir during the valley network-forming era26, 
our results are important when considering water cycling in the early 
Mars hydroclimate26,30,31.

We also note that our classification of valley networks versus palaeo-
lake outlet canyons is intentionally conservative (Methods), and we 
include in the latter only valleys with outlets that remain perched above 
a modern topographic low. This excludes outlet canyons incised by 
lake breach flooding where the lake completely drained by cutting the 
canyon to the basin floor. Although such completely drained basins are 
likely to exist on Mars, they have not been included in past catalogues 
of open palaeolakes, which have required the more conservative and 
easier-to-identify observation of a perched-outlet canyon based on 
modern topography6.

In contrast to perched outlets, outlet canyons sourced from com-
pletely drained palaeolake basins can only be identified as transverse 
valleys, defined as valleys that cut across topographic highs (Fig. 3), 
which may form by headward erosion and piracy32,33 or perhaps sub-
glacial erosion16, in addition to from lake breach floods33,34. Although 
early Martian valleys generally follow regional topographic slopes at 
long wavelengths35,36, at shorter wavelengths valley networks are dis-
rupted by pre-existing topography, such as uplifted crater rims, making 
development of transverse valleys a necessary component to fluvial 
integration of the early Martian landscape6,35 (Fig. 3). Noteworthy exam-
ples of this style of integration on Mars are chains of palaeolakes—in 
which the outlet canyon of one basin is the inlet valley of a downstream 
basin—which are developed over lengths of hundreds to thousands 
of kilometres6. We suggest that lake breach flooding is an important 
potential mechanism for transverse valley development on early Mars, 
in particular for cases in which there are otherwise closed contours 
upstream of the valley breach in the topographic barrier (Fig. 3).

Our conclusion that lake breach floods were an important process 
for valley incision on early Mars has interesting implications for our 
framework of understanding landscape evolution during the valley 
network-forming era. On Earth, lake breach flooding has been proposed 
as an important mechanism in the initial stages of fluvial integration 
across basin and range topography34,37,38. The early Martian landscape 
was similarly dominated by basins (impact craters) that interrupted 
topographic slopes at all scales. In order for fluvial systems to integrate 
the Martian landscape they must have overcome these topographic bar-
riers, at least partially accomplished through the breaching of lakes in 
their interiors, resulting in rapid outlet canyon incision. Therefore, we 
interpret the preserved prominence of lake breach floods in driving val-
ley incision as a signature of the immaturity of Martian valley systems, 
consistent with past work that suggests that fluvial activity on Mars 
was never able to fully dissect and integrate the landscape1,2,13–15,35,36.

In addition to our finding that palaeolake outlet canyons were major 
volumetric contributors to fluvial valley incision on Mars, we also reveal 
that they are consistently deeper than valley networks (Fig. 2). Based 
on this observation we conclude that palaeolake outlet canyons pro-
vided a prominent source of fluvially created relief during the valley 
network-forming era, probably setting the local base level for many 
valley systems. Although individual palaeolake outlet canyons tend to 
be spatially isolated, predicated by the fact that any given lake basin is 
drained by only a single outlet, outlet canyons are nonetheless widely 
distributed across the Martian surface (Fig. 1a) and are frequently 
integrated into broader systems of valley networks (Fig. 1b, c). When 
combined with the interpretation that outlet canyons were eroded 
rapidly by large floods7–10, this conclusion points to the potentially 
important influence of lake breach floods on the topography of early 
Mars fluvial valleys.

Most specifically, the topography of palaeolake outlet canyons 
themselves are likely to primarily record incision from lake breach 
flooding7–9, and hence represent a geomorphic form that is distinct 
from non-outlet valleys, such as those fed by surface runoff8. More 
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broadly, as lakes on early Mars breached and rapidly incised deep 
outlet canyons, the regional hydrology would be affected by a drop 
in local base level and the establishment of new lows for routing 
flow. This would necessarily affect the slower, but persistent, flu-
vial incision in nearby valley networks driven by water sourced 
from the surrounding catchment. Such changing of base level is a 
well-understood forcing for perturbing the topographic form of 

valley systems on Earth39,40. Indeed, evidence for this exact scenario 
is observed in the topography of Martian palaeolake outlet canyon 
systems, where tributary valleys are often hanging above the outlet 
canyon floor or have prominent knickpoints along their length7,8,12 
(Extended Data Fig. 4).

We suggest this latter point is particularly important for global 
considerations of the topography of Martian valley systems. Past 
work has commonly identified convex topography for Martian fluvial 
valleys, through analysis of both longitudinal profiles and slope–
area relationships2,13–15. Based primarily on analogy with the topog-
raphy of surface runoff-fed fluvial valleys on Earth, this convexity 
is most often interpreted as a signature of valley immaturity due to 
a formative Martian climate and hydrologic cycle that was unable 
to supply long-lived runoff13–15. Instead, we present the alternative 
interpretation that convex topography for Martian valley systems 
could be due to an incomplete response to a base-level perturbation 
from lake breach flooding, as opposed to representing a signal of 
the formative climate. In this case, a more appropriate record of 
the formative climate for these systems may be captured by the 
palaeolake basin and watershed topography, as the requirement 
that the lakes filled to breaching remains a strong constraint on the 
regional hydrology6,19,20. More generally, our results suggest that 
the importance of rapid outlet canyon incision from lake breach 
floods should be carefully considered when interpreting proper-
ties of fluvial valleys on Mars, and when comparing Martian and 
terrestrial topography.
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Methods

Valley classification and removal
For our analysis we started with a previously compiled, global map of 
Martian valley systems3, to which we added valleys from a global geo-
logical map of Mars24 that were not included in the original catalogue. 
We then removed valley segments in a series of distinct categories 
(Extended Data Fig. 1 and Extended Data Table 1) to ensure that our 
final valley dataset included only valley networks and palaeolake outlet 
canyons incised during the valley network-forming era. This resulted 
in a final dataset with about 70% of the total length of valleys in the 
original catalogue (Extended Data Table 1).

The largest category of removed valleys were those for which we 
did not find the original mapping interpretation to be robust. These 
features were identified through a manual grid search of the initial 
catalogue at a scale of 1:2,000,000 using a mosaic41 of MOLA grid-
ded topography27 and High Resolution Stereo Camera (HRSC) digital 
elevation models (DEMs)42 overlaid on the Thermal Emission Imag-
ing System (THEMIS)43 global daytime infrared mosaic44. During this 
grid search, we removed mapped candidate valley segments that we 
interpreted as unlikely to represent incised fluvial valleys on the basis 
that they: (1) cross unincised topographic drainage divides; (2) could 
not be visually identified in MOLA, HRSC or THEMIS data; (3) crosscut 
superposed impact craters; (4) correspond to evident non-valley fea-
tures (for example, ridges); and/or (5) appear to be topology errors 
from the original manual mapping (for example, hanging segments 
<1 km in length). This grid search resulted in removing about 17% of the 
valleys in the original catalogue, by length (Extended Data Fig. 1a and 
Extended Data Table 1). During the grid search, we also removed valleys 
isolated to the interior walls of craters <300 km in diameter (Extended 
Data Fig. 1b), which may be related to post-valley network-forming era 
processes such as gully formation45,46.

Next, from the original catalogue we removed mapped valleys that 
are associated with geological features not related to valley network or 
palaeolake outlet canyon formation, and valleys that have been highly 
modified subsequent to the valley network-forming era. The first such 
category was mapped valleys associated with large tectonic fractures 
along the crustal dichotomy boundary, including fretted terrain47,48 and 
valleys substantially modified by glaciation29 (Extended Data Fig. 1c). 
The next category was mapped valleys associated with outflow chan-
nel features and chaos terrain, which are proposed to have formed 
during post-valley network-forming era releases of over-pressurized, 
subsurface water49–51. This category included all mapped valleys asso-
ciated with outflow channel features and chaos terrain identified in 
the circum-Chryse and Tharsis regions in the global geological map of 
Mars24, and large release features on the northeast of the Hellas basin (for 
example, Dao Vallis) associated with Hadriacus Mons52 (Extended Data 
Fig. 1d). A third category we excluded was all valleys entering the Valles 
Marineris trough system (Extended Data Fig. 1e). Finally, we removed all 
valleys associated with volcanic edifices and volcanic plains in the global 
geological map of Mars24, in addition to valleys in the broad Tharsis 
plateau and Elysium Mons regions (Extended Data Fig. 1f). Combined, 
the above resulted in removing an additional approximately 14% of the 
valleys in the original catalogue, by length (Extended Data Table 1).

In addition, we classified each valley segment in our final catalogue as 
either a palaeolake outlet canyon or valley network. For the former, we 
relied on a database of 262 open-basin palaeolakes, including 234 from 
previously compiled catalogues6,19,20 and 28 newly identified here. Of 
the 262 open-basin palaeolakes, 62 did not have their full outlet canyon 
included in the initial mapped valley catalogue. For these basins we 
manually mapped the outlet canyon, and any unmapped portions of 
the inlet system (classified as valley networks), which were added to 
our final valley catalogue.

Palaeolake outlet canyons often become integrated into broader 
valley systems (Fig. 1b, c). We classified the mapped valley as an outlet 

canyon until it reached a confluence with another valley segment that 
had an equal or larger cross-sectional area (assessed from MOLA, HRSC 
and THEMIS). During this classification, when cross-sectional areas 
appeared near-equal, we defaulted to classifying downstream seg-
ments as valley networks to provide a conservative final estimate of 
palaeolake outlet canyon volume.

Finally, prior to calculating total volumes, we applied a series of 
masks to our catalogue based on latitude and terrain age. For latitude, 
we removed from our final catalogue valley segments poleward of ±30° 
or ±45°, both aimed at removing valleys that are likely to have been 
affected by post-valley network-forming era ice-related landscape 
degradation that is common on Mars poleward of ±30° (refs. 28,29,53). 
For age, we removed from our final catalogue valley segments on ter-
rain that is younger than Noachian or Early Hesperian in age, based on 
the Mars global geological map24. Our preferred approach used in the 
main analysis applies both the ±30° latitude mask and the Early Hes-
perian age mask (Fig. 1), which is most conservative with respect to ice 
modification and most generous with respect to valley incision timing.  
However, we calculated volumes with all combinations of masks 
applied, including no mask (Extended Data Table 2). Our results are 
insensitive to mask choice; the range in palaeolake outlet canyon 
contribution to total valley eroded volume is 21–24% across all mask 
combinations.

To keep our results conservative, two valleys, Mawrth and Uzboi Vallis 
(Extended Data Fig. 1g, h), were treated separately for our analysis, as 
they have been proposed previously to be palaeolake outlet canyons, 
although their antiquity and degradation state make this interpreta-
tion ambiguous10. We calculated the erosional volume associated with 
each of these valley segments separately (Extended Data Table 2), and 
they have a combined eroded volume of about 4.8 × 1012 m3 when using 
both the ±30° latitude mask and the Early Hesperian age mask. This 
volume leaves our conclusions relatively unaffected; if they are con-
sidered valley networks it would decrease the contribution of erosion 
for palaeolake outlet canyons to about 23% of the total eroded valley 
volume, whereas if they are considered palaeolake outlet canyons this 
would increase the contribution to about 30%.

Volume calculations
Once we compiled our final valley catalogue, we next calculated total 
erosional volumes using the MOLA Mission Experiment Gridded Data 
Record (MEGDR) DEM27 combined with a PBTH transformation25,26. 
This algorithm uses a progressively changing window size to identify 
valley shoulder elevations and the depth of each pixel within a valley 
relative to that shoulder (Extended Data Fig. 2). This approach has 
been applied previously to MOLA data for calculation of Mars valley 
network volumes25,26, as done here. For our implementation of the 
PBTH transformation we used window sizes of 3–11 MOLA MEGDR 
pixels, with the exception of Ma’adim Vallis (3–21 pixels) and Mawrth 
and Uzboi Vallis (3–31 pixels), which all required larger window sizes 
due to the substantially wider valleys.

Output depth rasters were manually inspected, and erroneously 
included features (for example, areas influenced by superposed impact 
craters) were removed. Next, we locally calculated the geodesic area 
for each pixel in the output valley depth raster. This area was multiplied 
by the pixel depth to calculate an eroded volume within that pixel. 
Finally, these volumes were summed to calculate final eroded volumes 
(Extended Data Table 2). In calculating the cumulative frequency dis-
tribution for valley depths (Fig. 2 and Extended Data Fig. 3), we also 
weighted each pixel depth by the corresponding area to avoid errors 
from projection distortion.

We assessed our valley volume estimates by comparison with results 
from two previous studies26,54 across seven test regions. These previ-
ous studies differ from our approach, using either manual valley and 
valley edge mapping with interpolation between multiple cross-valley 
profiles54, or the PBTH algorithm applied to a larger valley network 



database26, including both the original catalogue used here3 and a cata-
logue of valleys from automated topographic extraction55. In both cases 
our volume results are generally a factor of a few lower than previous 
estimates, although broadly fall within the same order of magnitude 
(Extended Data Table 3). This discrepancy is expected, as both previous 
studies include a more extensive set of interpreted valleys compared even 
with our original catalogue3, which we also then subset by about 30%.

Additional data used for figures
In addition to the data described above, figures presented here make 
use of images from the Context Camera (CTX) instrument56, and DEMs 
produced using stereo-pair CTX images and the NASA Ames Stereo Pipe-
line57,58. During production, CTX DEMs were also tied to MOLA point-shot 
data. We also present data from a global mosaic of CTX images59.

Data availability
All data used to conduct the analysis presented here have been archived 
through the Texas Data Repository and are available at https://doi.
org/10.18738/T8/STRFZH. Archived data include georeferenced shape-
files (full valley catalogue, with classifications; open-basin palaeolake 
database; and masks) and rasters (PBTH output of valley depth).
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Extended Data Fig. 1 | Distribution of valleys removed from the original 
catalogue. Final catalogue of valley networks in blue, removed valleys in 
yellow. Background is MOLA hillshade. See Methods for more complete 
description of each category. a, Inaccurate valley interpretations where the 
original mapping was not found to be robust. b, Valleys isolated to walls of 

craters with diameters < 300 km. c, Valleys associated with the crustal 
dichotomy boundary. d, Valleys associated with outflow channels. e, Valleys 
associated with Valles Marineris. f, Valleys associated with volcanic plains and 
edifices. g, Mawrth Vallis (yellow arrow points to valley). h, Uzboi Vallis (yellow 
arrow points to valley).



Extended Data Fig. 2 | Example output from the progressive black top hat 
(PBTH) transformation. Valley network depths outlined in black and 
palaeolake outlet canyon depths outlined in white. Palaeolake basins indicated 

in gold. Background is the THEMIS daytime infrared mosaic. a, Image centred 
at −9.4°N, 133.4°E. b, Image centred at −19.5°N, 344.4°E. See also Fig. 1a for 
locations.
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Extended Data Fig. 3 | Cumulative distribution of depths for valley 
networks and palaeolake outlet canyons with Ma’adim Vallis split out. Note 
the substantially deeper depths for Ma’adim Vallis (gold), but the consistently 
deeper depths for palaeolake outlet canyons even with Ma’adim Vallis removed 
(green). Total volume of each grouping is listed in the legend.



Extended Data Fig. 4 | Palaeolake outlet canyon with hanging tributaries. 
a, Mosaic of MOLA gridded topography and CTX stereo-derived DEMs 
B04_011272_1736-F05_037816_1709, B18_016507_1714-F20_043803_1714, and 
P22_009782_1707-J02_045425_1707 overlain on a mosaic of CTX images. Image 
centered at −9.0°N, 135.2°E. b–d, Topographic profiles of hanging tributaries 

entering the main outlet canyon. Data extracted from CTX stereo-derived 
DEMs. Raw data in grey, 5 point median filtered data in black. A–A’ extracted 
from DEM P22_009782_1707-J02_045425_1707. B–B’ extracted from DEM 
B18_016507_1714-F20_043803_1714. C–C’ extracted from DEMs 
B18_016507_1714-F20_043803_1714 and B04_011272_1736-F05_037816_1709.
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Extended Data Table 1 | Total lengths of valley networks, 
palaeolake outlet canyons, and valleys removed from 
catalogue, as well as length of valley networks and 
palaeolake outlet canyons with the ±30° latitude and Early 
Hesperian age masks applied



Extended Data Table 2 | Calculated volumes (m3) with different age and/or latitude masks applied

Footnote: *EH = Early Hesperian or older, N = Noachian or older.
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Extended Data Table 3 | Comparison of valley volume (m3) estimates presented here with previous work
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