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Abstract
Constraining the formation mechanism of geologic depressions on the surface of Mars can shed light on the planet’s
climatic, hydrological, and geochemical evolution. At Osuga Valles, surface morphologies indicative of catastrophic
flood events can be tracked from their chaotic origins down to their sink at terminal depressions, or cavi. The channel-
cavi morphological association suggests a genetic link between inflowing floodwater and cavi formation and evolution.
The geologic settings are consistent with a pre-flood, evaporite-containing sedimentary basin. Estimates of the water
volumes associated with the Osuga Valles floods suggest cavi formation within this sediment-filled basin by surface
collapse into voids generated by dissolution of subsurface magnesium sulfate minerals, which are commonly detected
in the region. Geologic mapping reveals that initial cavi collapse was associated with floodwaters from relatively low-
discharge floods, which likely infiltrated the subsurface through fractures. Subsequent higher-discharge floods drained
directly into the evolving cavi, causing further dissolution and collapse.

Introduction
Key constraints on the climatic history and habitability of Mars hinge on studies of the planet’s surface and inferred
understanding of its subsurface environment1–3. The paucity of direct subsurface observations on Mars can be partially
addressed by interpreting the surface expression of subsurface processes, as is often done in the case of geologic
depressions on Earth4–6. Geologic depressions that are not impact-related are common on Mars and are broadly
defined as topographic lows formed by either explosion or collapse due to substrate volume loss7–12. Martian
depressions of various shapes, sizes, and morphologies have been linked to numerous formation mechanisms including
magmatism, tectonic processes, cryosphere withdrawal and aquifer breach, dehydration of clays and dissolution of
sedimentary salts12–15.

The occurrence of salts in the sedimentary record of Mars provides one of the central lines of evidence for an early
warm and wet climate1, 2, 16, 17. The salts most commonly detected on the surface of Mars are sulfate minerals18–20, but
the surface exposure of such salts may provide only glimpses into a wider distribution in the subsurface. A better
understanding of the type, volume, and spatial distribution of ancient salts on Mars may help constrain the history of the
planet’s coupled climate, geochemistry, and potential habitability.

Multiple independent observations suggest the existence of an ancient sedimentary basin buried under kilometers of
mostly volcanic units of the Tharsis bulge and adjacent terrains. For example, thick sulfate-rich sedimentary units exist
within Valles Marineris and within adjacent chasmata, such as Juventae Chasma and Hebes Chasma20–22. The
existence of the chasmata themselves requires mobilization of large volumes of material and the dissolution of
subsurface salts (and subsequent collapse of overlying rocks) is one of the proposed mechanisms23. In addition,

dewatering of subsurface hydrated evaporites was proposed as the source of mega outflow channel systems21. While
the spatial extent of such buried salts is unclear, the boundaries of a primordial ocean or sea proposed to have occupied
the northern lowlands24–28 may provide a rough estimate for their distribution.

Under certain conditions, salts can dissolve in the Martian subsurface to form voids29. The existence of depressions
with indications of collapse into such voids may thus help constrain the subsurface distribution and characteristics of
purported buried salt units susceptible to dissolution. Since both the formation and dissolution of such deposits
requires liquid water, knowledge of their distribution and properties informs the planet’s climatic and hydrological past.
Occurrences of Martian depressions far from volcanic vents and in association with buried salt deposits overlain by
volcanic rocks have indeed been reported9, 27, 30 and in some cases, suggestions for their formation involve collapse into
subsurface salt dissolution voids9, 13, 14, 31. Furthermore, depressions ranging from a few meters to a few hundred
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meters in scale have been detected within sulfate outcrops on low-latitude Martian surfaces and were suggested to
have formed by dissolution of the sulfate salts32–36. The potential ubiquity of such geologic settings motivates further
investigation of a depression formation mechanism by surface collapse into subsurface salt dissolution voids.

Here, we focus on the Osuga Valles system near the eastern edge of Valles Mariners (Fig. 1), which provides an
opportunity to study multi-kilometer-scale depressions with an origin that appears related to aqueous processes, rather
than volcanic or structural origins. The distinctive catastrophic outflow system of Osuga Valles can be tracked from its
chaotic origins, through flood channels, down to its sink at terminal, closed-basin depressions15, 37, which we hereafter
term Osuga Cavi (name request was submitted to the IAU WGPSN). The morphological association between the cavi
and the channels that drain into them suggests a genetic link between the inflowing flood water and cavi formation.
Specifically, this genetic association indicates a possibility of cavi formation by surface collapse in response to
subsurface dissolution processes. In work on flood-related subsidence of sinkholes along the Dead Sea shores, it has
been speculated that such an association may be found on Mars4, where evaporite sequences and mega-floods are
observed in the geologic record1,38. Thus, the study of Osuga Valles may contribute to our understanding of possible salt
dissolution mechanisms in the formation of depressions on Mars and help to constrain subsurface stratigraphy.
Furthermore, the understanding that surface data can shed light on subsurface properties and processes is highly
relevant for planetary research in general, where most of the information available comes from remote sensing of the
surface.

Results and Discussion
Two major regional structures govern the pre-outflow topography and the distribution of subsurface planes that may
have served as hydraulic conduits (Fig. 2). First, two of the outer ringed ridges of the multi-ring impact structure of the
Ladon Basin (Fig. 2A)39–42 broadly divide the study area into three topographic stairs of eastwards decreasing elevation
into the basin (Fig. 2B-C). Second, the stairs are dissected by a set of generally E-W trending fractures associated with
Valles Marineris and its stress field40, 43. One of these fractures appears to divide the lowermost stair into a northern
subsided block and a southern raised block (Fig. 2B and D). Superposing this large-scale landscape are multi-terraced
valley networks that occur on the steeper slopes of the middle topographic stair and the raised block of the lowermost
stair. The valley networks dissipate at the transition to the subsided block of the lower topographic stair (Fig. 2B, D and
E; see Ref. 40 and references therein for general review on valley network behavior in this region of Mars). The
dissipation of the valley networks at the subsided block, as well as the more moderate slopes and lower relief on this
block (Fig. 2B and D), suggest that this topographic low may have been the locus of a sedimentary basin that predated
the Osuga Valles flood events (Fig. 3), consistent with previous work37. The possible existence of a sedimentary basin in
association with the lower stair is supported by additional observations along the ringed ridge that separates the middle
from the lower stairs. These observations suggest that the subsurface of the lower stair is mechanically different from
that of the middle stair, as would be the case if the lower stair were sediment filled. For example, in the Tigre Valles (TV)
system, ~ 120 km to the north of the Osuga system, outflow channels in the middle stair terminate at the transition to
the lower stair where they are cut by what appears to be a collapse morphology (Fig. 2B). Further north and east along
the transition between the middle and lower stair, the boundary of Aurora Chaos (AC) forms an embayment into the
lower stair, again suggesting that the subsurface of the lower stair was less resistant than the middle stair against the
processes that formed the chaos (Fig. 2B).

The valley networks and the proposed sedimentary basin are crosscut by the Osuga Valles system (Figs. 2E and 3).
From a regional perspective, three morphologically distinct segments in the Osuga Valles system correspond to the
three regional topographic stairs. On the upper of these stairs, two distinct zones of chaotic terrain appear to be the
origin of convoluted flood channels that cut through the middle stair (Figs. 2B, 2D, 3, and 4). Crosscutting relations imply
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that the later outflow event originated from the southern zone of the chaotic terrain, postdating outflows from the
northern zone of the chaotic terrain (Fig. 4B). In the convoluted channel segment on the middle stair, shallower channels
are crosscut by deeper and wider channels (Fig. 4C), suggesting that the later outflow events produced higher
discharges (Fig. 4B). Before the channel system terminates at Osuga Cavi, the deeper and wider channels merge to flow
through preexisting E-W fractures that breach the ringed ridge down to the sedimentary basin on the lower stair and
possibly into its subsurface, where the cavi presently occur (Fig. 4). The merging of the channels occurs at a ~ 500 m
cataract-like elevation step (Fig. 4D), from where the merged channel descends gradually (i.e., without clear topographic
steps) into the westernmost cavus. Formation of this cavus postdates the earliest flows, which are marked by lower-
discharge channels on the surface above the main merged channel (Fig. 4D). These channels record an earlier higher-
elevation base-level, the existence of which is supported by observations of remnant fluvial morphology on some of the
slumped blocks in the cavi (Fig. 4E). Irrespective of the existence of a higher-elevation basin, the location of the cataract
suggests a drop in base level followed by cataract retreat likely associated with subsequent flood events.

The Osuga Cavi complex is composed of a set of individual depressions (Figs. 2D, 3, 4A and 5A). A major cavus
(“primary” cavus), with irregular outline in map view, comprises about half of the cavi area (the western half). Remnants
of the primary cavus’ original floor are cut by a deeper “nested” cavus (Figs. 4D and 5A). The total relief from the plain of
the lower topographic stair (i.e., outside the cavi) to the lowermost point in the cavi is ~ 2,800 m, about half of which is
attributed to the primary cavus and half to the nested cavus. The merged outflow channel gradually descends eastwards
onto the primary cavus floor, which presents fluvial morphologies that are related to the latest flood events (Fig. 4D).
These morphological observations suggest direct flow of water into the primary cavus. Moreover, a diversity of
sedimentary morphologies in the primary cavus (Figs. 5, 6 and S1) may postdate this cavus formation and be remnants
of deposition by the flood waters. The absence of flow features exiting the primary cavus suggests that the flood waters
that entered the cavus either evaporated, froze and then sublimated, or drained into the subsurface. The rest of the
Osuga Cavi complex, comprises shallower (≤ 2,200 m deep), overlapping individual depressions (“peripheral” cavi),
which mostly display concentric patterns of collapse (Fig. 5A). These patterns, together with the absence of surface
flow features that exit these peripheral cavi, suggest that they formed by collapse into missing subsurface volume.

The mapped morphologic relations between the channels and cavi suggests that multiple phases of surface water flows
in the channel segment drained into the subsurface at or near the terminal cavi current location and resulted in surface
collapse within the cavi complex. Time-progressive base-level drop for the channel segment is supported by the
existence of an early higher-elevation basin and the cataract at which the channels merge (Fig. 4A and D). Evidence for
the higher-elevation basin includes the shallow, low-discharge channels near the primary cavus’ western rim that are cut
by the deeper merged channel (Fig. 4D), and the remnant fluvial morphology on some of the slumped blocks within the
cavi (Fig. 4E). No shallow, low-discharge channels are observed immediately east of the cavi. This suggests that the
water that flowed in the western channels, prior to the cavi’s formation, did not continue to flow on the surface and
possibly drained into the subsurface of the early higher-elevation basin. This sequence of events appears to have
predated the collapse of the primary cavus, and we suggest that flow events postdating the primary cavus formation
also resulted in drainage of water into the subsurface and subsequent collapse. In support of this hypothesis, the nested
cavus cuts both the primary cavus bottom and the fluvial features on its floor associated with the last flood events
(Figs. 4 and 5), suggesting that the collapse of the nested cavus postdated these floods. The flood waters entered the
primary cavus but did not exit by overland flow. We suggest that their drainage into the subsurface may be related to
formation of the nested cavus’. Blocks within the nested cavus, which display sedimentary layering (Fig. 6), appear to be
collapsed remnants of the primary cavus floor, suggesting (i) the existence of a sedimentary basin within the primary
cavus, and (ii) possible drying and induration of the sediments within this basin prior to the collapse of the nested cavus.
As in the case of the nested cavus, we further suggest that the missing subsurface volume into which the peripheral
cavi apparently collapsed is related to drainage of water from the primary cavus into the subsurface.
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Support for cavi collapse at Osuga in response to surface flows that terminated within the cavi and drained into their
subsurface can be found in a terrestrial analog site located near the Dead Sea in southeastern Israel where sinkhole
clusters morphologically resemble the Osuga Cavi complex44. In general, sinkhole formation along the Dead Sea shores
is associated with subsurface dissolution of a meters-thick late Pleistocene salt layer that is buried under a few tens of
meters of relatively insoluble mud or alluvial sediments45. Dissolution and loss of this subsurface salt volume ultimately
results in collapse of the overlying sediments to form sinkholes that are meters to tens of meters in diameter and
several meters to a few tens of meters deep45–47. Most of the subsurface salt dissolution along the Dead Sea shores is
driven by intrusion of fresh groundwater into local salty aquifers in response to lake level drop of ~ 1 m/year during the
past ~ 30 years. However, the evolution and post-collapse growth of a subset of Dead Sea sinkhole clusters that occur
within the Ze’elim alluvial fan appears to be dominated by drainage of overland flash-flood waters directly into the
sinkholes (Figs. 7 and S2)44. There, flood waters captured into initial sinkholes are directly routed into the subsurface to
become the locally dominant dissolution agent of the buried salt unit. This process greatly enlarges existing sinkholes
over time with multiple flood events progressively promoting new sinkhole formation in adjacent areas (Figs. 7 and S2)4,

44, 48, 49. More generally, it has been shown that the growth rate of Dead Sea sinkholes is highest in the vicinity of surface
water flows4, 48. The size of the Ze’elim sinkholes, which is controlled by the thicknesses of salt layer being dissolved
and the overlying sediments, is approximately three orders of magnitude smaller than that of the Osuga Cavi. However, it
appears conceivable that dissolution of salt layers that are hundreds to thousands of meters thick on Mars21, 22, 50, 51 by

the large volumes of water associated with Martian mega-floods52, could result in collapse pits that are hundreds to
thousands of meters in diameter and depth9.

The location of flow and collapse features in the Osuga system appears to follow preexisting structures, namely the
topographic stairs defined by the ringed ridges of the Ladon Basin and the superposed E-W trending fractures that
dissect the stairs. The collapse features are restricted to part of the lower (eastern) topographic stair. They are bounded
to the west by the ringed ridge, and to the south by the E-W scarp that separates the subsided (north) and raised (south)
blocks of the lower stair (Figs. 2 and 3). Demonstrating further structural control on the Osuga system, the convoluted
channels merge and breach the ringed ridge in association with the E-W fractures (Figs. 2 and 3). The crossing of two
major planes of weakness—the fault between the ringed ridge and the lower stair (which is also a contact between
bedrock and sediments), and the E-W fractures—may have facilitated the flow of water into the subsurface. If the
evaporites were deposited after the formation of the multi-ring Ladon Basin, then the impact-induced tilted block
structure of the basin suggests that water likely infiltrated the subsurface at the approximate location of maximal
evaporite thickness (i.e., closest to the fault). Formation of a subsurface void at this location and the upward
propagation of subsurface deformation may explain the location of the cavi and the absence of similar features
upstream (on the middle stair). That is, in other locations, surface collapse did not occur because of the absence of
thick, soluble sediments in the subsurface and/or the absence of suitable conduits for water flow into the subsurface.

Based on the above observations and analogy with the Ze’elim alluvial fan sinkholes, we suggest the following chain of
events for the formation of the Osuga system (Fig. 8). An evaporite sequence several kilometers thick was deposited
within a regional-scale basin. The evaporite units either (i) predate the pre-Noachian formation of the Ladon Basin53 and
were deformed by the impact that formed the basin, or (ii) postdate Ladon Basin formation and deposited in the
topographic lows related to the multi-ring basin (e.g., the troughs between the ringed ridges). These two formation
scenarios also bear on the spatial extent of the evaporites, which is at present unclear. If the evaporites formed in
association with a proposed northern ocean, they may be related to other evaporite sequences documented to underlie
the Tharsis bulge and other volcano-regolith sequences21. In this case, existence of evaporites in the subsurface of the
lower stair may constrain the spatial extent of the northern ocean, the southern shorelines of which have been buried or
destroyed in the study region27, 28.
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Irrespective of their spatial extent and depositional environment, the evaporite units were subsequently covered by an
unknown thickness of insoluble units (e.g., volcanic or siliciclastic rocks; Fig. 8A). Catastrophic outflows then originated
at the higher elevations of the upper (western) stair occupying the outer of the two ringed ridges of the Ladon Basin in
the Osuga study region. The outflows carved convoluted channels on the surface of the middle stair and breached the
inner of the two ringed ridges at the study site to flow down to the lower stair by utilizing a set of preexisting E-W
fractures (Fig. 8B1). The intersection of the E-W fractures and the fault associated with the ringed ridge resulted in
locally optimized surface-subsurface connectivity and a weakening of the insoluble roof. The unique occurrence of
surface flow at this intersection, which was located at the margin of the buried evaporite sequence, triggered volume
loss by salt dissolution (Fig. 8B2), which led to initial surface collapse and formation of the primary cavus (Fig. 8C). We
cannot rule out some subsurface dissolution by groundwater prior to the catastrophic outflow events, though we find no
morphological evidence for such pre-outflow dissolution. Subsequent outflow events, higher in discharge, drained
directly into the depressions forming at the lower stair (Fig. 8D). These flood events caused cataract retreat into the
middle stair, enlargement of the existing depressions, temporary pooling in the primary cavus, and deposition of
sediments. Infiltration of flood waters into the subsurface caused additional salt dissolution, growth of the existing cavi,
and formation of new cavi (the peripheral cavi). Following the desiccation of the sediments in the primary cavus, the last
flows probably entered a dry cavus and extended the dissolution downward, ultimately causing the collapse of the
nested cavus after the flood terminated (Fig. 8E).

Additional support for the hypothesis of Osuga Cavi formation by dissolution of subsurface salts was obtained from
order-of-magnitude agreement between estimates of (i) the volume of salt proposed to have dissolved and (ii) the
volume of water available for such dissolution. Both volumes were constrained by the volume of missing substrate in
the channel segment and the cavi complex segment of Osuga. The volumes of substrate removed were estimated as
the elevation difference between the MOLA DTM and an interpolated pre-outflow capping surface (Methods; Fig. S3),
integrated over the area within the segment boundaries (Fig. 9). Estimates of the uncertainty in the volumes of all
system segments are associated with the manual choice of segment boundaries. The measured cavi volume (best
estimate 1417 km3, range 1257–1539 km3) provides an estimate of the volume of salt proposed to have dissolved in the
subsurface. This estimate is approximate, because the surface expression of the subsurface volume loss is affected by
additional and poorly constrained factors, such as (i) the fraction of soluble and insoluble materials in the evaporite-
bearing units, (ii) dilation of the collapsed material, (iii) post-collapse aeolian or glacial deposition in the cavi, (vi) alluvial
transport within and beyond the system, and (v) loss of subsurface volatiles. As described in the Methods, a
conservatively low estimate of the volume of water available for dissolution comes from the channel segment of the
Osuga system (best estimate 931 km3, range 926–959 km3) and a conservative assumption of 5–20% sediment load.

The resulting volume of water is ~ 3700–18200 km3. The lower end of this range is comparable to the volume of the
chaotic regions (best estimate 3122 km3, range 2919–3365 km3). We note that the water can originate from a region
larger than the areal extent of the chaotic regions.

Using the reported solubility of a variety of salts observed on Mars or proposed to have formed on the planet’s surface
(Table S1), we calculated the volume of salt that would be dissolved by the above estimate of the volume of water
(Methods). Under an assumption of sufficient residence time of the water in contact with the subsurface salt to reach
saturation with respect to the salt, the volume of a specific salt that can be dissolved by the volume of water depends on
that salt’s solubility and density. Implicit in the assumption of saturation is that this is an upper limit on the salt volume
but recalling that the water volume estimate is conservatively low, we consider the uncertainty on the resulting salt
volume estimate to be acceptable. We find that only dissolution of magnesium sulfate minerals consistently yields
subsurface volume loss nearly sufficient to account for the observed volume of the cavi (Fig. 10). If the water volume
were higher than our conservative lower estimate by a factor of only ~ 1.5–1.8, then dissolution of magnesium sulfates
can explain the entire observed volume of the cavi. Alternatively, the difference can be explained by fluidization of an
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insoluble fraction by the subsurface flow or sublimation of subsurface ice exposed by the collapse. Calcium carbonate
minerals yield sufficient volume, but only if the pH of the infiltrating solution was ~ 2. Such low pH could occur, for
example, if the solutions emanating from the chaotic origin terrains contained ~ 5 mM unneutralized sulfuric acid, which
is unlikely in solutions with a subsurface origin. Alternatively, a pH of ~ 2 would be achieved by oxidation and hydrolysis
of ~ 10 mM ferrous iron upon exposure to Mars’ atmosphere, but the solubility of most ferrous iron minerals would
preclude such high dissolved iron concentrations. These considerations, together with the scarcity of carbonate
minerals on the surface of Mars17, 54, suggest magnesium sulfate minerals as the most likely candidates to explain the
subsurface volume loss that led to formation of Osuga Cavi. Indeed, sulfate minerals observed in outcrops in the relative
vicinity of the Osuga system (e.g., Capri Chasma ~ 500 km away, Arisinoes Chaos ~ 650 km away, Aureum Chaos ~ 850
km away, Juventae Chasma ~ 1500 km away, Coprates Chasma ~ 1800 km away, Meridiani Planum ~ 2,000 km away)
are consistent with magnesium sulfates20, 22, 50, 51, 55, 56. These outcrops are additionally equivalent in thickness and in

absolute elevation (of the exposures) to Osuga Cavi’s elevation and total depth57.

Our mapping and crater counting model surface ages reported in another study58 agree with the sequence of events
proposed above (i.e., repeated episodes of flow and subsequent collapse, separated by long dry intervals). Although
such model surface ages typically have large non-modeled uncertainties, especially when calculated for relatively small
surface areas like those in the channels and cavi, consistency with other geologic observations in this study supports
the crater ages. The crater counting statistics yield an Early Hesperian age (~ 3.6 Ga)58 for the basin on the lower stair’s

subsided northern block, which is cut by Osuga Cavi (Terra Depositional; Fig. 3). A similar age (~ 3.5 Ga)58 was
determined for the higher-elevation terrains surrounding this basin (i.e., the upper and middle stair and the elevated
southern block of the lower stair; Terra Erosional; Fig. 3). Further confidence in the crater counting ages is provided by
this similarity in the ages of pre-outflow surfaces, which is expected because the higher and lower terrains are
genetically linked as an erosional watershed and its associated depositional basin, respectively. The crater counting
model ages are also consistent with the mapped continuation of these units in adjacent quadrangles59, 60. Since Ladon
Basin has been dated to ~ 4.2 Ga61, the crater counting model ages58 determined for the pre-outflow surfaces imply that
the (putatively sulfate) sediments in the subsurface of the lower stair are older than ~ 4.2 Ga if they predated Ladon
Basin, or that they are aged ~ 4.2 to ~ 3.6 Ga if they postdate Ladon Basin and were deposited within topographic lows
associated with the basin’s ringed ridge structure. The latter of these age ranges is consistent with proposed ages of
sulfate mineral deposition on Mars1, though it is not possible to rule out deposition of sulfates earlier in Mars history
and their repeated remobilization until the planet’s surface froze and became desiccated62, 63.

The model ages for the channels in the middle stair vary widely but are consistently younger than ~ 1.9 Ga (ref. 58),
suggesting that outflow events in Osuga Valles initiated in the Middle Amazonian. The geomorphologically latest
channels are as young as ~ 100 Ma (ref. 58), and even considering non-modeled uncertainties in these ages, they
strongly suggest that the latest outflow events occurred in the Late Amazonian. These findings are consistent with the
crater age studies of some of the largest outflow channels in southern circum-Chryse, whose activity peaked during the
Middle Amazonian64. The Osuga channel ages58 are also consistent with a previous study in which it was suggested
that the adjacent Tigre Valles, just ~ 120 km to the north of Osuga Valles, is aged ~ 1 Ga (ref. 15). The cavi’s model ages
suggest that they are as young as, and possibly younger than the channels associated with the specific flows that
induced specific collapse events of the terminal cavi.

If, as we suggest, Osuga Cavi formed as a result of subsurface salt dissolution, our mapping and the crater counting
model ages58 indirectly constrain the spatial distribution of Hesperian or earlier salt deposits and directly support
suggestions of large-scale drainage of the Martian hydrosphere during the Amazonian64. While Osuga Cavi may be
special in their clearly observed flood-collapse association, their pre-collapse stratigraphy and/or formation mechanism
may be more common. Other large depressions on Mars may have formed by salt dissolution and may thus imply a vast
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evaporitic record that could account for the missing salts expected to have formed on a warm, wet, clay-producing early
Mars62.

Conclusions
We explored a possible subsurface salt-dissolution formation mechanism for Osuga Cavi, a tightly clustered and nested
set of depressions on Mars (centered around 14°50'S and 37°25'W), which occurs at the outlet of catastrophic outflow
channels (Osuga Valles). A hypothesized link between cavi formation and the inflowing flood water was confirmed by
mapping, photogeology, and crater-counting model ages, all of which imply that preliminary collapse (as a response to
subsurface volume loss) resulted from flood discharge drainage into the subsurface prior to the onset of collapse.
Drainage of subsequent floods directly into the forming depression likely led to further collapse. Some of the individual
cavi (the peripheral cavi) display no surface inlets or outlets of water, indicating that lateral propagation of groundwater
from the point of drainage led to subsurface volume loss at a distance from the surface floods. The direct association of
the cavi and inflow channels makes non-water-mediated processes less likely. Furthermore, our morphologic analysis
revealed no evidence of a volcanic or magmatic origin for the cavi. Structurally controlled topography and weakness
planes associated with past stress fields appear to have influenced cavi formation, particularly by controlling the flow of
water on the surface, into and within the subsurface. An origin of the cavi by aquifer breach, as suggested for some
chaotic regions on Mars, cannot be excluded, though we note that no morphologic evidence for a catastrophic outlet of
the water was observed on the surface in the region.

It is conceivable that some of the subsurface volume was lost by the release of ground volatiles and/or the physical
transport of insoluble material through excavated subsurface fractures. However, it is highly unlikely that the entire
missing volume down to ~ 2,800 m depth can be attributed solely to such mechanisms. We suggest instead that
dissolution of buried salts by the infiltrating flood water accounts for most of the subsurface volume loss. Our regional
mapping shows that the cavi occur on a Hesperian-age, low-relief surface, which we interpret as an ancient sedimentary
basin. Valley networks regionally dissipate at this proposed basin, which may have been part of a larger body of water.
The observations that the cavi specifically formed only when the outflow channels reached the basin, as well as the
overlap of the cavi’s western and southern boundaries with the basin boundaries, lead us to suggest that this
sedimentary sequence may host subsurface evaporites. In the specific location of Osuga Cavi, these evaporites may
have dissolved by interaction with the draining flood water. The estimated volume of water that formed the channels and
the volume of dissolved salts that this water could carry highlight dissolution of subsurface magnesium sulfates as a
possible explanation for most of the missing volume that caused the cavi collapse. Detections of thick sequences of
layered deposits with spectral indications of magnesium sulfates are known from several adjacent regions18–20.
Published ages of these deposits1 are consistent with crater-counting model ages of ~ 3.6 Ga for the basin58. The
plausibility of subsurface salt dissolution as a formation mechanism is further supported by analogy between the
geomorphologically constrained order of events at Osuga and a previously studied terrestrial site at the Ze’elim alluvial
fan near the Dead Sea. At the analog site, time-progressive subsurface salt dissolution by flood water drainage into
sinkholes was documented as the main agent of pit growth and surface collapse.

Although the channel-cavi association observed at Osuga is special among Martian depressions, the formation of such
depression by salt dissolution may not be unique to this site. Subsurface salt dissolution by undersaturated
groundwater may have played a role in the formation of other Martian depressions, similar to sinkhole formation on
Earth. Undersaturated groundwater could source from magmatism- or impact-driven dehydration of hydrated salts and
clays21. Contact between preexisting undersaturated groundwater and the salts may also be facilitated by changes in
salty groundwater levels (e.g., due to an adjacent sea level drop, confined aquifer breach, etc.) that cause a shift in the
location of the interface between salty and fresher groundwater. The mapped channel-cavi association at Osuga Cavi
serves to demonstrate that such mechanisms can explain the formation of some Martian depressions. Discovery of
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other depressions on Mars that plausibly formed by salt dissolution may offer opportunities to constrain the spatial
extent of buried salts. For example, such depressions in regions of insoluble volcanic or regolith cover that separates
distant salt outcrops may support the subsurface continuity of the dissolution-susceptible units. More generally, our
study showcases surface morphology as a powerful probe of subsurface stratigraphy and structure, offering unique
constraints on planetary climate, hydrology and geochemistry.

Methods
Mapping was primarily based on a Mars Reconnaissance Orbiter Context Camera (CTX)65 image mosaic rendered at 5
m per pixel (Fig. S1)66. We used elevations from Mars Express’ High-Resolution Stereo Camera (HRSC) digital terrain
models (DTMs) and anaglyphs67, 68 to support morphological interpretations and Mars Odyssey’s Thermal Emission

Imaging System (THEMIS) thermal inertia image data (Fig. S1)69 to support geologic interpretations. These different
data types (e.g., CTX, elevation and THEMIS day and night IR) emphasize different surface attributes (Fig. S1) and the
differences were used to help delineate the mapping units and their boundaries. We used High-Resolution Imaging
Science Experiment (HiRISE) images70 for detailed mapping and interpretation of small outcrops at specific locations.
The mapped area (88,000 km2; Figs. 1, 2) overlaps the − 15037 quadrangle (latitude 12.5° to 17.5° S., longitude 35° to
40° W.), except at its western boundaries where it closely follows the estimated watershed of the studied basin. We
mapped geologic features at a scale between 1:50,000 and 1:100,000 and locally at a scale between 1:1,000 and
1:10,000. Surface features were mapped using ESRI’s ArcMap® 10.6 software. At the boundaries of the mapped area,
our units are consistent with those in neighboring maps of Margaritifer Terra59, 60 and with relative terrain ages based on
crater counting58.

The volume of Osuga’s channel system, chaotic terrains and terminal cavi were calculated in the ArcGIS® software
using the Mars Global Surveyor’s Mars Orbiter Laser Altimeter (MOLA) DTM (463 m per pixel resolution)71. We manually
delineated the segment (channels, chaotic origins, cavi) boundaries using CTX images and curvature maps derived from
the MOLA DTMs. We then generated a triangular-irregular network-based raster72. The raster linearly interpolates
elevation from the surrounding surface across the segment boundaries, effectively producing a cap that represents the
preexisting (i.e., pre chaos formation, pre channel incision, pre cavi collapse) surface (Fig. S4). A similar approach was
adopted in previous studies73, 74. The spatial resolution of the CTX images, in which the chaos, channel and cavi
boundaries were identified, is higher than the MOLA DTMs used to constrain the elevation at the rims of these features.
This results in artifactually low elevation due to averaging of true elevations on either side of the feature boundaries. To
avoid such artifacts, the preexisting surface was interpolated between points located 1,150 m outward from the
boundaries identified in the CTX images. We found that this distance is sufficient to avoid elevation artifacts while
remaining representative of the boundaries’ true location. We calculated the elevation difference between the MOLA
DTM and the interpolated preexisting surface and summed these elevation differences multiplied by the pixel area to
calculate the missing volume. Volumes calculated this way are an approximate estimate of subsurface volume loss (see
Results and Discussion), with uncertainty associated with the manual choice of segment boundaries, errors in horizontal
and vertical location (~ 100 m and ~ 3 m, respectively)75, and artifacts of the interpolation to generate the pre-outflow

surface73.

The channel volume serves as a lower bound on the integrated volume of sediment carried by the floods (Vsed), since
sediments from the chaotic flood origin region and sediment deposition within the channels are not accounted for.
Assuming that most of this sediment was transported by near-peak discharge, which corresponds also to near-peak
sediment load, this lower bound on the transported sediment may be turned into a conservatively low estimate of the
volume of water that carried this sediment. Though maximal sediment loads are suggested to be ~ 40% (ref. 76), the
morphology of the channels is more consistent with lower-viscosity fluids, and we adopt a range of sediment load
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between 5 and 20%. The volume of water is then calculated as Vwater = Vsed(1/fsed – 1), where fsed is the volume fraction

of sediment in the flood77.

With the volume of water calculated as described above, we calculated the maximal volume of salts that this estimated
volume of water could have dissolved if it drained into the cavi’s subsurface. We assumed that the water reached
saturation with the buried salts of interest prior to leaving the system, which is equivalent to an assumption of
sufficiently long residence times of the water in contact with the salts. This assumption seems reasonable given
typically low rates of water flow in most subsurface conduits. In the salt volume calculations, we included mineral
families detected on Mars or in Martian meteorites78, considering a wide range of salts within those families. These
include calcium sulfates (gypsum, bassanite, anhydrite), magnesium sulfates (epsomite, hexahydrite, pentahydrite,
starkeyite, kieserite), iron sulfates (potassium/sodium/hydronium-jarosite), alunite, calcium carbonates (calcite,
aragonite), magnesium and ferroan carbonates (dolomite, magnesite, siderite), chlorides (halite, sylvite, bischofite), and
perchlorates (NaClO4⨉H2O, NaClO4⨉2H2O, KClO4, Mg(ClO4)2⨉6H2O, Mg(ClO4)2⨉8H2O, Ca(ClO4)2⨉6H2O). Most
mineral solubility constants were taken from the Lawrence Livermore National Laboratory (LLNL) Thermodynamic
Database79, to which a variety of sulfate and chloride mineral data were added in a previous study80. For consistency,
the first and second acid dissociation constants used in the calculations of the carbonate mineral volumes were taken
from the LLNL database. The mineral solubility constants of the perchlorate minerals were taken from a previous
study81. Since the temperature dependence of the solubility of many of the minerals of interest here is unknown, we
used the solubility constants at 25°C (Table S1) and note that this may result in a slight overestimate of the amounts of
sulfate, chloride and perchlorate salts dissolved, and a slight underestimate of the amounts of carbonate minerals
dissolved. The uncertainty associated with this choice and with the assumption of solution saturation is small relative to
the uncertainty associated with estimation of the water volume.
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Figure 1

Osuga Valles. (A) A false-color image of the Osuga Valles system (from HRSC image H0533_IHS). Black boxes outline
the locations of panels B-D. See inset at the upper left for location on Mars (elevation range –5,900 to +21,000 m) (B)
The chaotic terrains at the system’s origin (THEMIS Day IR with MOLA DTM, elevation range –800 to +1,700 m). (C) The
Osuga outflow channels (CTX mosaic with HRSC H0533DA4 DTM, elevation range –1,100 to +1,500 m). (D) The Osuga
terminal cavi (CTX mosaic with HRSC H0533DA4 DTM, elevation range –2,800 to +700 m). In panels B-D, warm and cool
colors denote high and low elevations, respectively.
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Figure 2

Study site and geologic setting. (A) Two regional geologic structures overlap in the study site: LB denotes the proposed
ringed-ridge remnants of Ladon Basin, and VM denote the proposed extended fracture and fault system of Valles
Marineris. Background is MOLA hill-shaded DTM. (B) The effect of the regional geologic structures at the study site.
Numbers 1, 2 and 3 mark three distinct topographic stairs in panels B, C and D. Valley networks that dissipate at the
basin on the lower stair are delineated. The thick black line is the zero-elevation contour, which closely follows the
boundaries of the lower basin, here proposed to be an ancient sedimentary basin (unmarked at Osuga and Tigre Valles
due to local destruction in those regions). Background is MOLA DTM overlying THEMIS Day IR. The color bar for the area
enclosed within the cavi is in the legend. TV: chaotic terrain at the termini of Tigre Valles. AC: collapse and surface
destruction extending south from Aurorae Chaos. (C) A MOLA-based elevation profile (~25 times vertically exaggerated)
across the three topographic stairs (profile track is shown in panel B). (D) A perspective view of Osuga’s three segments
and their transition through LB ringed ridges along VM-associated features. Background is MOLA DTM overlying
THEMIS Day IR with elevation color-coded as in panel B, three times vertically exaggerated. (E) A morphological map of
a valley network channel that is cut by Osuga Cavi. Background is CTX underlying HRSC DTM.
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Figure 3

Geologic map of Osuga Valles’ region. Unmapped areas are terrains beyond the lower stair’s drainage basin.
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Figure 4

Morphology and topography of flood-related features. (A) Morphological map of color-coded flood events. Fluvial units
are numbered 1-15 from old to young with 15 being the youngest flow. The background is a CTX mosaic. In panels B-D
the CTX images are overlain by HRSC DTMs. (B) Two separate chaotic terrains at the system’s head (elevation range 0 to
+1,300 m). The association implies that the larger channel sourced from the southern chaotic terrain (label 1) postdates
the outflow from the western chaotic terrain (label 2). (C) Smaller channels are cut by larger channels, suggesting
higher-discharge outflow events that postdate earlier, lower-discharge events (elevation range –500 to +400 m). (D)
Shallow channels on the upper plateau (label 3) are disconnected from the cavi (elevation range –2,700 to +300 m). The
larger channels merge in a cataract (label 4). The merged channel downcuts the primary cavus floor but is cut by the
internal nested cavus (label 5). (E) Fluvial morphologies are observed on top of remnant collapsed blocks within the cavi
(elevation range –1,500 to –900 m). They are interpreted to be parts of an alluvial fan that may be associated with the
sinusoidal upper channels that seem to predate the collapse.



Page 20/25

Figure 5

Stratified outcrops in Osuga’s primary cavus. (A) Perspective view of Osuga Cavi. See inset at bottom right for elevations
(elevation range –2,800 to +1,900 m). The terminal merged channel morphology outlet (label 1) continues inside the
primary cavus. (B) Perspective view of intact terrain that superposes the bottom of the primary cavus and differs from
the otherwise chaotic ruptured morphology of Osuga Cavi. Dashed lines delineate what appears as topographic benches
(layers?). The merged channel on the bottom of the primary cavus (label 2) cuts the intact terrain but terminates at the
rim of the internal nested cavus (label 5 in Fig. 4D). Panels A and B are CTX images draped on MOLA DTM (×3 vertical
exaggeration) (Google Earth, NASA/USGS/ESA/DLR/FU Berlin (G. Neukum)). (C) An outcrop at the top of the intact
terrain showing a boulder-like texture. (D) An outcrop at the center of the intact terrain showing an additional boulder-
like texture. Panels C and D are from HiRISE image ESP_027880_1650. (E) An outcrop at the primary cavus floor (i.e., the
rim of the nested cavus) showing a light-toned crust-like texture overlying a boulder-like texture. Taken from HiRISE
image ESP_066583_1650.
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Figure 6

Sedimentary outcrops at the bottom of Osuga’s internal secondary cavus. (A) A HiRISE image (ESP_060174_1650)
transecting NNW-SSE along Osuga Cavi’s primary and nested cavi. The walls and floor of the primary cavus are at the
top and bottom of the image, respectively. The nested cavus, also seen in panels B-E, is at the center of the image and
its approximate boundaries are delineated by the white dashed line. See inset for elevations (elevation range –2,800 to
+900 m). (B) A polygonal surface underlying a massive (at HiRISE resolution) unit near the primary-nested cavi
transition. (C) Blocks near the bottom of the nested cavus display discontinuous units overlain by dark eolian deposits.
(D) A rise at the nested cavus’ bottom displays E-W sub-horizontal finely bedded layering that is cut by a conjugated set
of generally N-S positive relief lineaments. (E) Layers outcrop from a tilted block.
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Figure 7

A terrestrial analog site for Osuga Valles. (A) The Dead Sea sinkhole site (31.34° N, 35.41° E). Top: Shaded relief image
of the sinkhole site. Bottom: Colorized terrain model. Both are based on airborne LiDAR acquired in 2022. The dashed
white rectangle shows the area in panel C. (B) Osuga Valles. Top: THEMIS daytime IR image for Osuga Valles, Mars (15°
S, 38° W). Bottom: Colorized terrain from MOLA topography. (C) Sinkhole evolution at the Dead Sea analog sinkhole site
from 2005 to 2019. Left: Colorized terrain models. Elevation key same as in A. Right: conceptual model for accelerated
sinkhole growth following infiltration of flood waters into a subsurface salt layer facilitated by a sinkhole that captured
flood waters.
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Figure 8

Proposed model for Osuga system formation. (A) A sedimentary basin bounded by the inner (eastern) ringed ridge
associated with Ladon Basin in the study region and an approximate E-W fracture zone. The stratigraphy of the middle
and upper stairs is unconstrained and beyond the scope of the present study. (B1) Relatively low-discharge outflow from
a chaotic region on the upper stair carves channels in the middle stair and breaches the inner ringed ridge at the
location of the fracture zone to flow down onto the lower stair. At this stage most of the water flows on the surface, but
some water infiltrates the subsurface along the intersection of the fault associated with the ringed ridge and the fracture
zone. (B2) The infiltrating water dissolves buried salts to form a cavity. (C) Upward propagation of the cavity ultimately
leads to collapse of the surface to form the primary cavus, possibly after the flow has ended. (D) Relatively high-
discharge outflow from another chaotic region carves new, deeper channels, which merge at the breach of the inner
ringed ridge to flow into the primary cavus. Further buried salt dissolution produces cavities down-flow. (E) The cavities
lead to surface collapse and formation of the peripheral cavi, with no observed relation to surface inflow or outflow. The
nested cavus also formed at this stage and cut the fluvial morphology on the floor of the primary cavus (not shown).
Two outflow events are shown, but a greater number of events is possible and supported by the observations.
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Figure 9

Osuga system’s depth relative to its surroundings. (A) The outlines of the three segments (chaotic terrains, channels,
cavi) are delineated in different colors. Dashed and dotted lines mark the alternative maximal and minimal boundaries
that were used for calculating the uncertainty in each segment’s volume, respectively. The depth of the MOLA DTM
below its reconstructed pre-erosion surface overlies a THEMIS DAY IR background. The higher opacity background
highlights the area within the chosen boundary of the system (i.e., within the solid lines). Note that outlined areas that
are not colored according to elevation represent areas where the reconstructed pre-outflow and pre-collapse surface is
lower than the MOLA DTM. (B) An east-northeast tilted view. The chaotic origin and the cavi are at the lower and upper
part of the image, respectively.

Figure 10

Comparison of observed cavi volume and the potential volume of salt dissolved. The upper gray bars denote the volume
of the cavi (see text and Methods), which serves as an estimate for the subsurface volume loss. The colored envelopes
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show the volume of salts that could be dissolved by the estimated amount of water that carved the channel system (see
text), assuming saturation of the solution with respect to the individual salts (Methods; Table S1).
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