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ABSTRACT

Sedimentary basins are the archives of ancient environmental conditions on planetary
surfaces, and on Mars they may contain the best record of surface water and habitable
conditions. While erosional valley networks have been mapped, the global distribution of
fluvial sedimentary deposits on Mars has been unknown. Here we generated an eight-trillion-
pixel global map of Mars using data from the NASA Context Camera (CTX), aboard the Mars
Reconnaissance Orbiter spacecraft, to perform the first systematic global survey of fluvial
ridges—exhumed ancient deposits that have the planform shape of river channels or channel
belts, but stand in positive relief due to preferential erosion of neighboring terrain. We used
large fluvial ridges (>70 m width) as a conservative proxy for the occurrence of depositional
rivers or river-influenced depositional areas. Results showed that fluvial ridges are as much
as 100 km long, common across the southern highlands, occur primarily in networks within
intercrater plains, and are not confined to impact basins. Ridges were dominantly found in
Noachian through Late Hesperian units, consistent with cessation of valley network activity,
and occurred downstream from valley networks, indicating regional source-to-sink transport
systems. These depositional areas mark a globally distributed class of sedimentary deposits

that contain a rich archive of Mars history, including fluvial activity on early Mars.

INTRODUCTION

A major goal in Mars science is to under-
stand the surface environments billions of
years ago when Mars had active rivers on its
surface (Carr, 1996). Sedimentary rocks are
primary archives of environmental history, and
on Earth, their study has led to our understand-
ing of the evolution of the atmosphere, oceans,
continents, and biosphere (Miall, 2010). Thick
strata accumulated in subsiding basins on Earth,
sourced in part via net depositional river systems
(Allen, 1997). It is unclear whether this large-
scale source-to-sink model is appropriate for
Mars (Grotzinger et al., 2013). In particular,
the global catalog of fluvial erosion on early
Mars (Hynek et al., 2010) is better documented
than the record of fluvial sedimentary deposits.
Deposits within craters have been mapped sys-
tematically at the local scale (Cabrol and Grin,
1999; Fassett and Head, 2008b; Goudge et al.,
2015) and non-systematically at the global scale
due to lack of global imaging (Howard et al.,

*E-mail: jdickson@caltech.edu

2005; Moore and Howard, 2005; Irwin et al.,
2005). There has yet to be a systematic survey of
fluvial ridges—exhumed ancient fluvial deposits
(Burr et al., 2009; Williams et al., 2009, 2011,
2013; DiBiase et al., 2013; Davis et al., 2016,
2019; Cardenas et al., 2018; Hayden et al., 2019;
Balme et al., 2020)—across the entire surface of
Mars, which may potentially hold a yet richer
record of environmental conditions than the
topographic record of eroded valley networks.

Unlike the surface of Earth, which is contin-
ually modified, Mars has had minimal tectonic
activity and experienced cold and hyperarid con-
ditions since valley network cessation (Fassett
and Head, 2008a), which has led to the preserva-
tion of erosional landforms in regions that have
not been resurfaced. Fluvial deposits on Mars
may also be relatively well preserved compared
to Earth, but their deposits are accessible only
where they have been partially exhumed. Here
we used the occurrence of fluvial ridges as a con-
servative proxy for river-influenced net deposi-
tional areas, in contrast to valley networks that
are net erosional river valleys. Fluvial ridges are

landforms that have the appearance of sinuous
or branching fluvial channels, or river channel
belts, in planform but stand as topographic highs
(Figs. 1 and 2) (Williams et al., 2009). Many of
these features are fluvial deposits exhumed due to
preferential erosion of weaker surrounding strata
(e.g., floodplain mudstone) (Burr et al., 2009).
Some ridges may be exhumed channel fills, while
others likely represent larger channel-belt depos-
its that typify the internal architecture of fluvial
strata (Burr et al., 2009, 2010; Williams et al.,
2011; Cardenas et al., 2018; Hayden et al., 2019).

METHODS

Our goal was not to replicate the detailed in-
vestigations that have been done using targeted
high-resolution data of ridges; e.g., in Arabia Ter-
ra (Hynek and Phillips, 2001; Davis et al., 2016,
2019) and the Medusae Fossae Formation (Burr
etal., 2009; Cardenas et al., 2018; Hayden et al.,
2019). Instead, we systematically mapped the
global distribution of ridges to understand where
fluvial-influenced depositional areas occur out-
side of craters, and whether they are associated
with valley networks as source-to-sink systems.
Systematic surveys that use global coverage (1)
eliminate targeting bias (Williams, 2007), and (2)
provide confidence regarding interpretations as
to where features of interest occur and, equally
importantly, where they do not occur.

We mapped ridges by eye across the entire
planet using the first global mosaic of data from
the NASA Context Camera (CTX) aboard the
Mars Reconnaissance Orbiter (MRO) spacecraft
(Malin et al., 2007), rendered at 5.0 m/px (Dick-
son et al., 2018). We mapped ridges as polyline
features by direct observation, without regard to
previous identifications to avoid inherited bias.
We used a compilation of ridge locations inde-
pendently mapped (Williams, 2007) to assess
our identification uncertainty (Table S1 in the
Supplemental Material'). We mapped all fluvial
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Figure 1. Fluvial ridge morphology on Mars and relationships with adjacent units. (A) NASA Context Camera (CTX) mosaic of Arabia Terra
with Mars Orbiter Laser Altimeter (MOLA) topography of fluvial ridges (black arrows) emanating downslope from valley networks and erod-
ing out of a broader sedimentary unit (Davis et al., 2016). 7.6°N, 26.3°E. Inset: High Resolution Imaging Science Experiment (HiRISE) orbit
ESP_058721_1875. (B) Flat-topped fluvial ridges within Aeolis Dorsum in CTX data. These ridges show branching and meandering patterns.
4.9°S, 155.0°E. In our mapping, systems of ridges are represented by a single marker in Figure 3. (C) CTX mosaic of fluvial ridges in direct
contact with exhumed crater fills in Arabia Terra. 16.1°N, 50.0°E. (D) Anastomosing ridges observed in CTX data in cratered plains west of
Alba Patera. 43.7°N, 232.4°E. (E) Fluvial ridge in CTX data confined within an existing valley upstream of the western fan within Jezero crater.

18.8°N, 76.9°E.

ridges globally with widths >~70 m. While we
did observe smaller ridges, they were found on
alluvial (Kraal et al., 2008) and deltaic (Fassett
and Head, 2008b) fans—these reflect local depo-
sitional environments, most commonly within
crater basins, and have been the focus of pre-
vious studies (Fassett and Head, 2008b; Kraal
et al., 2008; Goudge et al., 2015).

Fluvial ridges were identified following cri-
teria laid out in previous work (Burr et al., 2009;
Williams et al., 2011; Davis et al., 2016, 2019;
Cardenas et al., 2018; Hayden et al., 2019).
Ridges that met at least two of the following cri-
teria were included in our survey: (1) presence
of sinuosity over the scale of kilometers (Fig. 1),
(2) consistent topographic trends along region-
al topography (as measured with data from the
Mars Orbiter Laser Altimeter aboard the Mars
Global Surveyor spacecraft) for ridges within
a network (Fig. 1A), (3) branching patterns

(Fig. 1D), (4) consistent crest morphology, and
(5) occurrence in proximity to a valley network
system (Figs. 1A and 1E). Ridges with lobate
flows emanating symmetrically from the ridge
on the flanks of volcanoes were interpreted as
volcanic and not included in the survey. Box net-
work ridges with low sinuosity and orthogonal
junctions were also eliminated. Our criteria dif-
fered from the only other planet-wide survey of
ridges with high-resolution imagery (Williams,
2007), which cataloged rectilinear ridges inde-
pendent of local context because sufficient im-
agery was not available at that time. Features
that could help distinguish potential eskers from
fluvial ridges require data not available globally
(High Resolution Imaging Science Experiment
[HiRISE, aboard MRO] or CTX stereo topogra-
phy), and so were not compatible with a system-
atic approach; potential eskers were included in
our mapping as a separate class. Our criteria are

conservative such that ridges were not included
in our survey unless there existed confidence
that they represent the vestigial site of a river
or subglacial channel on Mars, thus the results
reflect a minimum for fluvial depositional areas
on Mars. Moreover, as on Earth, most deposi-
tional areas are not marked by ridges.

RESULTS AND DISCUSSION

Our results revealed 68 regions with net-
works of large (>70 m width) fluvial ridges—
referred to as ridge systems—distributed across
Mars with stream orders that ranged from 1 to
4. Eighteen (18) of these systems had not been
documented before (Table S1). The 68 systems
consist of 539 individual ridges. We captured
94% of previously known ridge systems that
match our criteria, providing an estimate of the
error resulting from our approach using the mas-
sive CTX mosaic (Table S1).
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Figure 2. (A) NASA Context Camera (CTX) mosaic with Mars Orbiter Laser Altimeter (MOLA) topography of intercrater plains northwest of
Argyre and southeast of Thaumasia (43.1°S, 292.4°E). Sinuous ridges compose margins of a low-albedo unit, down gradient from valley
networks trending from Thaumasia. Inset: High Resolution Imaging Science Experiment (HiRISE) orbit ESP_050997_1365. (B) CTX mosaic
with MOLA topography of an unnamed valley network transitioning into a fluvial ridge. 32.3°N, 46.0°E. Inset: HiRISE orbit PSP_005355_2125.
(C) CTX mosaic of fluvial ridges in northern Meridiani showing nearby inverted craters not presently in contact with ridges. 19.9°N, 343.0°E.
(D) CTX mosaic of a fluvial ridge preserved within a valley. 5.46°N, 352.63°E.

Fluvial ridges appear flat-crested at CTX
scale with the exception of large networks pre-
viously interpreted as eskers (Head and Pratt,
2001; Banks et al., 2009) (blue in Fig. 3A) found
at latitudes 60°S—85°S. Our results confirmed
that Arabia Terra and the Medusae Fossae For-
mation host the densest concentrations of fluvial
ridges on the planet. This fact yielded a bimodal
elevation distribution (Fig. 4B), but fluvial ridges
in aggregate are distributed across the southern
highlands. Branching (Fig. 1B) and anastomos-
ing (Fig. 1D) ridges are common. Ridges are
typically <20 km in length (Fig. 4A), though
some extend to 100 km, with the longest being
ridges in the Dorsa Argentea Formation. Ridges
imaged by HiRISE (Figs. 1A, 2A, and 2B) ex-
hibit a range of textures and patterns that reflect
eolian reworking, suggesting that the ridges are
an incomplete record of the length of ancient
fluvial systems.

Fluvial ridges are most common in the lower
extents of the southern highlands (Fig. 3). The
Argyre region has ridges downslope from the
Thaumasia-Warrego valley networks. Fluvi-

al ridges were observed in the Hellas region,
though they occur sparsely. Two fluvial ridge
systems were found within the Isidis region,
including deposits observed within the Jezero
crater watershed (Fig. 1E).

Ridges were not observed in geologically
young terrains, and instead are found with-
in Late Noachian or Early Hesperian units
(Figs. 3B and 4C) (Tanaka et al., 2014). The
two exceptions are those contained within the
Medusae Fossae Formation—the age of these
is challenging to ascertain and, based on strati-
graphic relationships, could be considerably
older than ages reflected in the formation’s
retained crater population (Kerber and Head,
2010)—and the ridges of the Dorsa Argentea
Formation (Head and Pratt, 2001). The Dorsa
Argentea Formation unit was mapped as Early
Hesperian age (Tanaka et al., 2014), while the
superposed crater population of the ridges them-
selves is consistent with a Late Noachian—Early
Hesperian age (Kress and Head, 2015). While
direct dating of specific ridge systems is not pos-
sible due to their low surface area and history of
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modification, which could include small-scale
local reactivation, the terrain age estimates co-
incide with buffered crater-count measurements
of cessation ages for valley networks (Fassett
and Head, 2008a). Thus, the ridges and valley
networks could be coeval.

Fluvial ridges are geographically associated
with valley networks. Ridges, on average, oc-
curred at lower elevations (mean = —341.5 m,
0 =1672.04 m) than valley networks
(Hynek et al., 2010) (mean = 1177.27 m,
o = 2044.85 m) (Figs. 3A and 4B); a pattern
expected in source-to-sink sediment transport
systems (Allen, 1997). They also occur, on av-
erage, at lower elevations than open-basin lakes
(Fassett and Head, 2008b) (mean = 32.62 m,
o = 1519.17 m) and at comparable elevations
to closed-basin lakes (Goudge et al., 2015)
(mean = —92.78 m, 0 = 1709.88 m). All flu-
vial ridges were observed within terrain that has
valley networks upslope, except in the Dorsa Ar-
gentea Formation. In specific terrains (Figs. 1A,
2A, and 2B), ridges typically transition from
valley networks, and ridges were also found
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Figure 3. (A) Global distribution of systems of fluvial ridges on Mars. Each marker represents a region with many ridges. Eighteen (18) of 68
ridge systems have not been previously mapped (see Table S1 [see footnote 1]). Features previously interpreted as eskers (Head and Pratt,
2001; Banks et al., 2009) have been mapped in blue. Mapped valley networks (Hynek et al., 2010) are shown in red. Major physiographic prov-
inces on Mars are from NASA Mars Orbiter Laser Altimeter data (Banerdt and Vidal, 2001). (B) Size of each fluvial ridge system on a simplified
age map; from Tanaka et al. (2014). Crater inversion sites contain exhumed crater fills not in contact with fluvial ridges.

within valleys (Figs. 1E and 2D). Our findings
are consistent with regional data from Arabia
Terra (Davis et al., 2016, 2019) (Fig. 3B). The
broader Argyre region has similar relation-
ships, with fluvial ridges downdip from dense
valley-network fields. Ridges were not observed
in regions predicted to have been ice fields in

Noachian time (Wordsworth, 2016) or in close
proximity to valley networks proposed to be
subglacial (Grau Galofre et al., 2020).

Most of the fluvial ridges are found in
dense networks and are commonly in contact
with broader flat sedimentary strata under-
going erosion (Figs. 1A, 2A, and 2B), sug-

gesting they may have been exhumed from
a larger depositional area. Furthermore, flu-
vial ridges were commonly (43%) found in
proximity to inverted craters (Figs. 2C and
3B), further suggesting exhumation of a thick
stratigraphic section. In some cases, the ridges
and inverted craters are not connected. One
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Figure 4. (A) Histogram of lengths of primary fluvial ridges from all 68 mapped Mars ridge
systems (Fig. 3). Ridges that have been interpreted as eskers are plotted in red. (B) Normalized
(to the maximum bin) histograms versus elevation using NASA Mars Orbiter Laser Altimeter
data from valley networks (Hynek et al., 2010), fluvial ridges, open-basin lakes (Fassett and
Head, 2008b), and closed-basin lakes (Goudge et al., 2015). (C) Histograms of fluvial deposi-
tion estimated from the ridge host unit (Tanaka et al., 2014).

explanation for isolated inverted craters is that
the sediment filling the crater was sourced by
a more regional process (e.g., airfall of ash or

mineralized groundwater deposits) rather than
transported by rivers to the crater (Hynek and
Phillips, 2001). Another possibility is that the
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craters were filled with river-transported sedi-
ments (Davis et al., 2019), but that the crater-
adjoining river either was not depositional or
did not have erosion-resistant deposits neces-
sary to form a ridge, or that the ridge was not
preserved during exhumation.

CONCLUSIONS

The majority of Martian fluvial ridge sys-
tems we mapped (61/68, ~90%) occur within
poorly constrained topographic boundaries
within intercrater plains in the southern high-
lands. The dominance of large ridges in inter-
crater plains suggests the possibility of fluvial-
influenced depositional areas, tens to hundreds
of square kilometers in scale, that are distinct
from the smaller alluvial and deltaic fan de-
posits in craters that have been the focus in
previous work (Fassett and Head, 2008b; Kraal
et al., 2008; Goudge et al., 2015). These large
depositional areas might be akin to sedimen-
tary basins on Earth, but, owing to the thicker
Martian lithosphere, they likely lacked the typ-
ical tectonic controls seen in terrestrial basins.
Future study with higher-resolution data will
help delineate the boundaries and character
of these broad depositional areas within the
highlands.

Our results expand the distribution of an-
cient fluvial activity to lower elevations from
that recognized by the distribution of valley net-
works, and indicate widespread fluvial deposits
that were not crater bound. Moreover, associa-
tions in age, geographic location, and elevation
indicate that fluvial ridges might represent the
downstream depositional equivalent of erosion-
al valley networks. Thus, our systematic map-
ping results are consistent with the hypothesis
(Grotzinger et al., 2013) that, like Earth, Mars
may have had distinct regions with net erosional
and net depositional river systems, which were
linked as source-to-sink sediment transport sys-
tems. These depositional areas could contain a
rich archive of early Mars climate.
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