
1. Introduction
Though Mars clearly had liquid water at its surface in the past, it is unclear whether surface flow was related 
to a prolonged warm and wet period or brief and episodic melting in a climate that mostly favored ice, and 
perhaps even a stable ice sheet covering much of the topographically high southern hemisphere (Cassanelli & 
Head, 2015; Cassanelli et al., 2015; Grau Galofre et al., 2020; Wordsworth et al., 2015). A test between these 
hypotheses would be whether there is geologic evidence for an ancient ocean in the northern hemisphere basin. 
Because the Vastitas Borealis Formation (VBF) which covers the northern hemisphere is much younger than 
the timing of peak hydrologic activity on Mars (Tanaka et al., 2014), investigations have primarily been based 
on shoreline and shoreline-deposit geomorphology above the VBF, and have provided little consensus (Baum 
et al., 2021, 2022; Citron et al., 2018; Di Achille & Hynek, 2010; Dickeson & Davis, 2020; Malin & Edgett, 1999; 
Parker et al., 1993; Perron et al., 2007; Ruiz et al., 2004; Sholes & Rivera-Hernández, 2022). An often-unstated 
assumption in the analysis of proposed martian shorelines and shoreline features is that erosion has had a negligi-
ble effect on the morphology of these features, such that the landforms we see now are essentially frozen-in-place 
from the time of their formation, perhaps as long as 3.5 billion years ago. For instance, fan-shaped deposits with 
shallow tops and steep flanks have been interpreted as deltas with topsets and foresets largely unmodified from 
their original depositional form (Di Achille & Hynek, 2010; Palucis et al., 2016). Studies of proposed shorelines 
cite topographic variability as evidence for structural deformation (Citron et al., 2018; Perron et al., 2007; Sholes 
& Rivera-Hernández, 2022). It is not clear if this degree of landform preservation is a reasonable assumption 
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over 3 billion years, and indeed many have examined these shorelines and argued that there is minimal evidence 
for an ancient ocean (Head III, 1999; Ivanov et al., 2017; Malin & Edgett, 1999; Sholes et al., 2019). Stronger 
evidence for or against a martian ocean could come from the stratigraphic record, as it does on Earth. Mars lacks 
the tectonic forces to uplift and tilt strata and expose it at the surface, but differential erosion is still capable of 
opening windows into stratigraphy.

1.1. Erosion of the Martian Surface

Erosion from wind-driven sand abrasion post-dating the major river-forming era of Mars has been a significant 
shaper of the modern surface of Mars (Diniega et al., 2021; Sagan, 1973). This process has excavated km-thick 
sedimentary sequences in craters (Day et al., 2016; Kite et al., 2013), including Gale crater where aeolian erosion 
created Mt. Sharp (Grotzinger et al., 2015) and Jezero and Eberswalde craters where erosion has significantly 
modified the shape of sedimentary deposits, clearly exposing internal stratigraphy (Goudge et al., 2017, 2018; 
Irwin et al., 2015; Jerolmack et al., 2004). Hundreds of meters of sedimentary rock have been removed from Arabia 
Terra (Fassett & Head, 2005). Layered deposits are even exposed in the highlands between craters, suggesting 
these regions have undergone significant deposition and erosion (Malin & Edgett,  2000, 2003). Topographic 
inversion, a process requiring erosion, is observed to have occurred in valleys, river deposits, and even craters 
across the planet (Burr et al., 2009; Davis et al., 2016; Day et al., 2019; Dickson, Lamb, et al., 2020; Fassett & 
Head, 2005; Pain et al., 2007; Pain & Oilier, 1995; Williams et al., 2013; Zaki et al., 2021). Sedimentary rock 
recycling suggests alternating phases of sediment deposition and erosion have shaped the martian surface for 
billions of years (Edgett et al., 2020; Edgett & Sarkar, 2021).

On Earth, ancient sedimentary basins contain the stratigraphic records of evolving surfaces, climate, and life. 
Basin-filling stratigraphy is studied only in small part by subsurface sampling and sounding. Most strati-
graphic analyses have occurred at locations on Earth's surface where tectonism and erosion have exposed thick, 
basin-filling sequences. On Mars, the subtler erosional process of aeolian sand abrasion at work since the Amazo-
nian (Diniega et al., 2021) also has produced three-dimensional erosional windows into stratigraphy (Cardenas 
et al., 2018; Davis et al., 2019; DiBiase et al., 2013; Hughes et al., 2019). For instance, landforms called fluvial 
ridges have formed via the exhumation of river-channel belts from basin-filling alluvial stratigraphy (Cardenas 
et al., 2018; Hayden et al., 2019; Williams et al., 2007; Zaki et al., 2021). Fluvial ridges, and thus large sedi-
mentary basins, have been identified across the planet (Dickson, Lamb, et al., 2020). It is fortunate that exhumed 
channel belts become prominent topographic features of these eroded landscapes, because channel belts are sensi-
tive recorders of surface conditions including sea-level change (Blum & Törnqvist, 2000; Fernandes et al., 2016; 
Van De Lageweg & Slangen, 2017).

1.2. Aeolis Dorsa

Aeolis Dorsa is the informal name given to the region of Mars with the densest collection of fluvial ridges on the 
planet (Burr et al., 2009; Dickson, Ehlmann et al., 2020). The modern geography of Aeolis Dorsa is defined by 
a northwest-trending, 2 km-deep trough bound by Aeolis Planum to the west, Zephyria Planum to the east, and 
the steep slope separating the southern and northern hemispheres to the south (Figure 1). To the north, the region 
is open to the low-lying northern hemisphere. Basin-scale sedimentation rates, calculated using observations of 
syn-depositional crater filling, were around 13–200 μm/year (Kite et al., 2013).

There is debate about the original depositional setting of the deposits that now form fluvial ridges at Aeolis 
Dorsa. Many of the ridges and ridge-systems are thought to be exhumed coastal-river deposits accumulated 
within a sedimentary basin, including deltas of large seas or a northern ocean (DiBiase et al., 2013; Hughes 
et al., 2019) and incised valley fills (Cardenas et al., 2018) based on analyses of high-resolution topographic 
data. Some of the same ridge-systems have been interpreted as alluvial fans (Di Pietro et al., 2018; Jacobsen & 
Burr, 2017; Kite, Howard, Lucas, Armstrong, et al., 2015), and varying ridge morphologies have been attrib-
uted to changes in martian climate, mud-to-sand ratios, and depositional slopes (Jacobsen & Burr, 2017; Kite, 
Howard, Lucas, & Lewis, 2015; Kite, Howard, Lucas, Armstrong, et al., 2015). It has been argued that branching 
ridges may form tributary patterns representing converging rivers (Kite, Howard, Lucas, Armstrong, et al., 2015; 
Lefort et al., 2012; Matsubara et al., 2015) or distributary patterns, representing either diverging rivers or channel 
switching over time (Cardenas et al., 2018; DiBiase et al., 2013; Hughes et al., 2019; Lefort et al., 2015). These 
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differing interpretations often depend on whether the branching ridges are thought to represent net-depositional 
alluvial rivers (distributaries) or inverted drainage networks (tributaries) (DiBiase et al., 2013). The ridge systems 
at Aeolis Dorsa that other publications have examined are listed in Table S1 in Supporting Information S1.

Here, we provide basin-scale context to support this prior work. We analyzed the sedimentology at the channel-belt 
scale of fluvial ridge systems across the entirety of Aeolis Dorsa. We used these measurements to show evidence 
that Aeolis Dorsa is a region defined by exhumed remnants of a significant sedimentary basin fill accumulated 
along the margin of a large water body during rising water levels. We used measurements of paleoflow direction 
and stratigraphic position to reconstruct the evolution of the shoreline that once defined the region.

2. Methods
In our effort to understand the paleogeographic evolution of Aeolis Dorsa from the ridge scale (10s of m) to 
the full basin scale (100s of km), we focused our analysis on Context Camera (CTX: Malin, 2007) images and 
stereo-pair derived digital elevation models (CTX digital elevation models; CTX DEMs) because they provide 
the best compromise in terms of spatial resolution (30 m DEMs), vertical resolution, and continuity in coverage. 
We processed 51 CTX DEMs across the region (Table S2 in Supporting Information S1; Cardenas et al., 2022) 
using the United States Geological Survey Integrated Software for Imagers and Spectrometers, and the National 
Aeronautics and Space Administration (NASA) Ames Stereo Pipeline (Beyer et al., 2018), including raising or 
lowering CTX DEMs to reduce error with shot points from the Mars Orbiter Laser Altimeter as much as possi-
ble. We mapped ridge systems in ArcMap using the CTX global mosaic (Dickson & Ehlmann, 2021; Dickson, 
Ehlmann et al., 2020). Using CTX DEMs, we extracted characteristic elevations of ridge systems. We assumed 
flow directions for ridge systems were generally in the branching direction. Downstream branching is an inherent 
result of river avulsion in depositional systems, where newly formed and abandoned channel reaches fan out 
downstream from avulsion nodes while river reaches upstream of the node remain stable (Aslan & Blum, 1999; 
Ganti et al., 2016; Jerolmack & Mohrig, 2007; Jerolmack & Paola, 2007). The use of branching direction as a 
paleoflow-direction indicator is consistent with other techniques of determining paleoflow direction, including 
the dip directions of delta-scale foresets (DiBiase et al., 2013; Hughes et al., 2019) and meander-bend asym-
metry (Cardenas et al., 2018; Guo et al., 2019). Flow in the branching direction is also consistent with fluvial 
systems entering craters, where flow must have been guided by crater topography (Bramble et al., 2019; Fassett 
& Head, 2005; Goudge et al., 2018; Pondrelli et al., 2008; Wood, 2006). However, these stratigraphic indica-
tors of paleoflow direction have been noted to oppose modern land-surface slopes, indicating that the modern 
topography may not a reliable indicator of paleo-flow direction (DiBiase et al., 2013; Hughes et al., 2019; Lefort 
et al., 2012, 2015).

Figure 1. Mars Orbiter Laser Altimeter-derived topographic map showing Aeolis Dorsa between the topographically high 
Aeolis Planum and Zephyria Planum. These features are located along the boundary between the high southern hemisphere 
and low northern hemisphere. Aeolis Serpens is mapped as a black line extending 900 km through Aeolis Dorsa. The location 
of Figure 2a is outlined.
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In ArcMap, we mapped ridges exposed across the entirety of Aeolis Dorsa by hand using the Context Camera 
seamless global mosaic (Dickson & Ehlmann, 2021; Dickson, Ehlmann et al., 2020). We grouped individual 
ridges into systems based on their proximity and intersections. This was done most confidently where ridges 
were continuous over long enough distances that they intersected or shared a common branching node, and less 
confidently where ridges did not clearly intersect but had similar orientations and were nearby. Using the ArcMap 
toolbox Generate Points Along Lines, we generated points along these lines spaced 30 m apart (the spatial reso-
lution of a CTX DEM). At each point, we extracted X, Y, and Z coordinates (elevation) from CTX DEMs where 
there was coverage.

In the Python module Numpy (Harris et al., 2020), extracted elevations were used to calculate several values for 
each ridge system: median elevation, 5th, 25th, 75th, and 95th percentile elevations, which we used to generate 
boxplots, and thickness, which we conservatively calculated as the 𝐴𝐴 95th–5th percentile . This technique only 
provides an estimate of ridge-system thickness. A true thickness measurement would require knowledge of the 
exact position of the bottom and top of the ridge system along a vertical transect, which is difficult to constrain 
given the unknown amount of erosion, incomplete exhumation and the inherent three dimensionality of alluvial 
stratigraphy, which is unlikely to form clear stratigraphic surfaces traceable over km between channel belts.

We used the X and Y coordinates and the ordering of points to calculate a paleoflow direction at each point, which 
we used to construct rose diagrams for each ridge system using the Python module Matplotlib (Hunter, 2007). 
To do this, at every point 𝐴𝐴 (𝑋𝑋𝑛𝑛, 𝑌𝑌𝑛𝑛) we identified the coordinates of the points 150 m downstream 𝐴𝐴 (𝑋𝑋𝑑𝑑, 𝑌𝑌𝑑𝑑) and 
upstream 𝐴𝐴 (𝑋𝑋𝑢𝑢, 𝑌𝑌𝑢𝑢) of 𝐴𝐴 (𝑋𝑋𝑛𝑛, 𝑌𝑌𝑛𝑛) , assuming flow was toward the system-wide direction of branching. We found 
that this spacing both preserved some of the variability associated with ridge sinuosity and smoothed the data 
enough that the rose diagrams we generated represented the branching directions well. We calculated the angle 𝐴𝐴 𝐴𝐴𝑞𝑞 
between  the upstream and downstream points.

𝜃𝜃𝑞𝑞 = tan−1
(

|𝑌𝑌𝑢𝑢 − 𝑌𝑌𝑑𝑑|
|𝑋𝑋𝑢𝑢 −𝑋𝑋𝑑𝑑|

)
 (1)

The value calculated in Equation 1 ranges from 0° to 90°, and needs to be converted to a paleoflow direction. 
To convert 𝐴𝐴 𝐴𝐴𝑞𝑞 to an azimuth paleoflow direction 𝐴𝐴 𝐴𝐴𝑝𝑝𝑝𝑝 , we corrected for the general compass-direction quadrant 
of the paleoflow direction, which we determined by comparing the X and Y coordinates of the upstream and 
downstream points.

𝜃𝜃𝑝𝑝𝑝𝑝 = 090
◦

+ 𝜃𝜃𝑞𝑞, if 𝑋𝑋𝑢𝑢 < 𝑋𝑋𝑑𝑑 and 𝑌𝑌𝑢𝑢 > 𝑌𝑌𝑑𝑑 (2)

𝜃𝜃𝑝𝑝𝑝𝑝 = 090◦ − 𝜃𝜃𝑞𝑞, if 𝑋𝑋𝑢𝑢 < 𝑋𝑋𝑑𝑑 and 𝑌𝑌𝑢𝑢 < 𝑌𝑌𝑑𝑑 (3)

𝜃𝜃𝑝𝑝𝑝𝑝 = 270◦ − 𝜃𝜃𝑞𝑞, if 𝑋𝑋𝑢𝑢 > 𝑋𝑋𝑑𝑑 and 𝑌𝑌𝑢𝑢 > 𝑌𝑌𝑑𝑑 (4)

𝜃𝜃𝑝𝑝𝑝𝑝 = 270
◦

+ 𝜃𝜃𝑞𝑞, if 𝑋𝑋𝑢𝑢 > 𝑋𝑋𝑑𝑑 and 𝑌𝑌𝑢𝑢 < 𝑌𝑌𝑑𝑑 (5)

Equations 2–5 correct measurements flowing toward the southeast (Equation 2), northeast (Equation 3), south-
west (Equation 4), and northwest (Equation 5) quadrants. We generated a rose diagram of 𝐴𝐴 𝐴𝐴𝑝𝑝𝑝𝑝 for each ridge 
system, and calculated a median paleoflow direction using the Python module Circstat (Berens, 2009). These 
coordinate directions are relative to the modern geographic north pole. Though the absolute directions may have 
been different if the geographic north pole has changed over time (e.g., Perron et al., 2007), the directions rela-
tive  to each other and relative to the highlands-lowlands boundary would not change. Ultimately, these relative 
directions formed the basis of our interpretations.

To compare other ridge systems to Aeolis Serpens, which is unique for its length and lack of branching, we 
measured the radius of curvature of its bends by fitting circles in ArcMap. We compared our measurements to 
measurements of other ridge systems across Aeolis Dorsa (Hayden & Lamb, 2020; Jacobsen & Burr, 2018; Kite, 
Howard, Lucas, Armstrong, et al., 2015).

 21699100, 2022, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JE

007390 by C
alifornia Inst of T

echnology, W
iley O

nline L
ibrary on [08/01/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Journal of Geophysical Research: Planets

CARDENAS AND LAMB

10.1029/2022JE007390

5 of 25

3. Results
We identified 20 distinct ridge systems with a total length of 6,500 km and covering an area of 𝐴𝐴 9 x 10

4
km

2 . 
Each system was composed of several individual ridges at different elevations, either nearby or intersecting, 
with exception of the 900  km long single ridge Aeolis Serpens, which we treated as a single-ridge system 
(Figures  2a and  3), and system 19, which consists of only a few isolated ridges. When adjacent, the ridges 
within a system could be relatively dated by eye based on elevation and cross-cutting patterns using the CTX 
DEMs (Figure 3). Ridge-system deposit thicknesses range from 56 to 460 m (Table 1). Previous work measured 
fluvial ridge caprock thicknesses in the region—which serve as a proxy for channel-belt thickness and channel 
depth (Hayden et al., 2019)—and found values of about 5 m (Hayden & Lamb, 2020). Thus, the ridge systems 
are likely composed of at least 10–100 stacked and amalgamated channel belt deposits. These systems could 

Figure 2. Ridge systems at Aeolis Dorsa. (a) Topographic map with ridge networks mapped in different colors. The singular 
ridge Aeolis Serpens is labeled AS. The other networks are numbered in order of increasing median elevation of ridge tops 
(shown in panel b). Topographic map is made from Mars Orbiter Laser Altimeter data. (b) Elevation ranges of ridge networks 
arranged in order of increasing median elevation. Red lines show medians, boxes show 25th and 75th percentiles, and 
whiskers show 95th and 5th percentiles. The full elevation range spans the 5th percentile of system 3 to the 95th percentile 
of system 19. Other statistics are shown in Table 1. These elevation data are extracted from several Context Camera (CTX) 
stereo-pair digital elevation models (DEMs; see Table S1 in Supporting Information S1 for the specific pairs).
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Figure 3. Networks are composed of ridges at different elevations. (a) Map showing the location of panels (b–f). (b–f) Context Camera digital elevation models 
zoomed in on ridge networks showing ridges exist at different elevations. Inset panels show mapped ridge centerlines of the same area placed in relative stratigraphic 
positions based on the topographic data. Interpretations use the color code shown at the top of the figure. Darker ridges are at lower positions, and lighter ridges are 
higher.
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often be further organized into multiple lobes per system that branch away 
from other lobes at different locations (Figure 4; DiBiase et al., 2013; Hughes 
et al., 2019).

Median elevations vary between all ridge systems. We numbered the systems 
from 1 to 19 (including Aeolis Serpens) in order of increasing median eleva-
tion. We found that median elevations increase relatively smoothly, with 
overlap at all percentile ranges (Figure 2b). The elevation difference between 
the highest 95th percentile measurement (system 19) and the lowest 5th 
percentile (system 3) is 905 m.

Paleoflow directions vary across the region with every cardinal direction 
represented, and are not consistently oriented toward the central trough of 
Aeolis Dorsa, nor toward the northern lowlands (Figure 2a). In addition, paleo-
flow directions often do not match local topographic slopes (Figures 3–5) 
(Cardenas et  al.,  2018; DiBiase et  al.,  2013; Hughes et  al.,  2019; Lefort 
et al., 2015). Four of the systems feature an hourglass shape, where two lobes 
branch in opposite directions and seem to be connected at a narrow neck 
(Figure 5). In three of the four systems (11, 12, 18), one side of the hourglass 
features relatively straight cross-cutting ridges at different elevations, and 
the other side features more sinuous ridges and lobate deposits (Figure 5). 
Each of these networks is nearby a simpler lobate system, with hourglass 
system 18 being directly superimposed on system 16 (Figures 2a and 5). We 
did not measure paleoflow directions for system 19 which was exposed over 
too short of a distance to determine a branching direction. System 7, while 
showing complex intersecting patterns, does not show clear organization of 
ridges into lobes.

Aeolis Serpens has the second lowest median elevation, 15 m higher than the 
nearby and perpendicularly oriented system 1. We assumed Aeolis Serpens 
flowed toward the northern lowlands, though topography along the ridgetop 
is variable (Lefort et al., 2012; Williams et al., 2013). At a topographic high 
near the northern boundary of Aeolis Dorsa which Aeolis Serpens crosses, 
we found its ridge shape nearly disappears, despite the feature itself being 

visible in images (Figure 6). At this location, rock along the western flank of the ridge exceeds the elevation of 
Aeolis Serpens itself (Figure 6). In addition to its unusual length and lack of branches, Aeolis Serpens is distin-
guished by the radius of curvature of its bends, which are an order of magnitude larger than those measured 
at other ridge systems (Hayden & Lamb, 2020; Jacobsen & Burr, 2018; Kite, Howard, Lucas, & Lewis, 2015, 
Figure 6).

4. Discussion
Here, we use ridge-system thicknesses, median elevations, locations, and paleoflow directions to understand the 
filling of Aeolis Dorsa and the evolution of its paleogeography.

4.1. Ridge-System Interpretations

To begin, in Section 4.1.1 we discuss results for all ridge systems, except the hourglass-shaped systems (systems 
5, 11, 12, and 17), which we address in Section 4.1.2., and Aeolis Serpens and ridge-system 1, which we address 
in Section 4.1.3. We present evidence that the lobate ridge systems are the exhumed remnants of deltas, that the 
hourglass ridge systems record the accumulation of new delta lobes, and that Aeolis Serpens and ridge-system 1 
formed in subaqueous channels.

4.1.1. Evidence for Deltaic Deposits

We first interpret each ridge system as exhumed alluvial strata that accumulated during times when rivers flowed 
and deposited sediment, consistent with previous work (Cardenas et  al.,  2018; DiBiase et  al.,  2013; Hughes 

Ridge system n
Thickness 

(m)
Median 

elevation (m)
Median paleoflow 

direction (°)

1 2,383 56 −2,475 270

Aeolis Serpens 18,284 156 −2,460 330

2 14,910 372 −2,459 211

3 14,114 229 −2,423 208

4 20,400 379 −2,418 254

5 11,950 254 −2,393 207

6 7,502 313 −2,351 150

7 15,050 264 −2,334 086

8 1,018 94 −2,253 087

9 19,120 211 −2,244 079

10 3,674 145 −2,239 234

11 5,277 231 −2,215 052

12 6,288 135 −2,211 034

13 12,957 423 −2,162 152

14 10,307 180 −2,113 239

15 11,172 460 −1,925 174

16 5,649 167 −1,914 068

17 40,962 325 −1,812 045

18 3,803 148 −1,769 029

19 1,331 130 −1,693 –

Note. Ridge systems are ordered by their median elevation.

Table 1 
Per Ridge System, the Number of Ridge-Top Elevation Measurements 
(n), Ridge-System Thickness (95th–5th Percentiles), Median Ridge-Top 
Elevation, and Median Paleoflow Direction
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Figure 4. Context Camera digital elevation models showing the lobate structures ridges are organized into, which generally capture the branching geometries and 
the increase in the number of preserved channel belts toward the lobes. (a) Location map. (b) Ridge-system 16. Black arrows point to ridge-branch locations. (c) 
Ridge-system 4. Lobes appear to be sourced from a wide region, without a clear common node. (d) Ridge-system 17. Black arrow points to yardangs forming on the 
rock between ridges. (e) Ridge-system 13. Black arrow points to a trunk channel where it can be traced back into uneroded rock. (f) Ridge-system 10. Black arrow 
points to a common trunk ridge. Note the northeastern-most lobe prograded slightly upstream of the trunk node. For additional images of ridge systems 9 and 13, we 
direct readers to Hughes et al., 2019 (ridge-system 13), and DiBiase et al., 2013 (ridge-system 9).
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et al., 2019; Kite, Howard, Lucas, Armstrong, et al., 2015). An environment of net deposition is consistent with 
multiple observations. Fluvial ridge systems range from 1 to 2 orders of magnitude thicker than a prior estimate 
of 5 m of channel depth in the region (Hayden & Lamb, 2020, Table 1). This requires aggradation of channel beds 
and floodplains over time, in contrast with the progressive incision associated with net-erosional environments. 
The history of aggradation can be seen in the DEMs where ridge tops at different elevations, and thus differ-
ent ages, intersect (Figure 3). Net deposition is also consistent with the well-defined branching directions that 
would develop with river avulsions and bifurcations, and with our assumption in the Methods section that flow 

Figure 5. Hourglass networks composed of two fans branching in opposite directions and away from an apparent connection 
at a central “neck.” One side is composed of relatively straight cross-cutting ridges, and the other is composed ridges 
organized into lobes. (a) Location map. (b) Hourglass network 12 with straight ridges branching toward the southwest and 
lobe-forming ridges branching toward the northeast. Lines and colored circles show the location of profiles shown in panel 
(c). (c) Topographic profiles shown in panel (b) Note that lobe tops together occupy 200 m of stratigraphy and exist above 
and below the straight-ridge fan. (d) A similar network (11) to the adjacent network shown in panel b, with straight ridges 
branching toward the southwest and lobe-forming ridges branching toward the northeast (note figure rotation). (e) A similar 
topographic profile to panel c, showing an elevation increase toward the lobate side of the hourglass. (f) Hourglass network 
18 formed on top of a network 17 lobe. Straight ridges branch toward the south, lobate structures branch toward the north. (g) 
Ridge network 5 superimposed on ridge network 10. Because the ridges are relatively straight and convene toward necks, we 
interpret these to be hourglass halves with the lobate side eroded—note the drop in elevation suggestion material has been 
removed.
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was toward the direction of branching. Similarly, we interpret the organization of branching ridges into distinct 
shingled lobes to reflect river avulsions occurring farther upstream that shifted the river path enough to form a 
new lobe (Fisk, 1952; Roberts & Coleman, 1996). These lobe-forming avulsions have been recognized on Mars 
before and have been interpreted as coastal features (DiBiase et al., 2013). We emphasize here that these lobes are 
mostly well defined (Figure 4), with two exceptions being ridge system 7 in the northeast of the basin showing no 
clear organization into lobes, despite showing evidence of channel belt stacking (also noted by others), and ridge 
system 19, which may be minimally exhumed. We interpret these as deltaic based on the basin context we have 
established with the other ridge systems.

The stacking of channel belts and the formation of lobes all require that the rivers were major conduits of sedi-
ment coming into the basin. Channel stacking and lobe shingling are the products of flow steering and sediment 
routing in response to topography built by depositional channels (Aslan & Blum, 1999; Sahoo et al., 2020; Straub 
et al., 2009). Though alluvial settings have low gradients, they are not flat. On Earth, several m of relief may form 
due to the decrease in sedimentation rates on a floodplain with increasing distance from an active channel (Aslan 
& Blum, 1999; Hassenruck-Gudipati et al., 2022; Swartz et al., 2022). It has been hypothesized that the ridge 
systems instead represent fluvial reworking of draped volcanic ash (Kerber & Head, 2010), but this is inconsistent 
with the evidence that rivers were important pathways of sediment into the basin. If there is an ash component 
to this basin fill, it likely enhanced channel switching and lobe formation (Heller et al., 2015) rather than being a 
major component of the stratigraphy.

We take the median elevations of each ridge network to be a representative stratigraphic position. It has been argued 
that some significant tectonic deformation may have occurred at Aeolis Dorsa by assuming that ridge-top profiles 
should preserve river beds with monotonically decreasing elevations downstream (Lefort et  al.,  2012, 2015); 

Figure 6. A reach of Aeolis Serpens in northern Aeolis Dorsa. (a) Map view showing Aeolis Serpens in the context of a topographic high in the center of the image 
bound by relative lows on either side. The location of the three profiles in panel b are shown. (b) The orange profile across the topographic high shows material at 
higher elevations on one side of the ridge and a muting of the ridge-form relative to the profiles across lows. (c) Ridge network 1 is the only network at a lower median 
elevation than Aeolis Serpens. It branches at a direction approximately perpendicular to and away from Aeolis Serpens, shown by the red arrows. (d) Histogram 
showing the radius of curvature of bends in Aeolis Serpens are an order of magnitude larger than those measured from fluvial point-bar deposits in the region (A. T. 
Hayden & Lamb, 2020; Jacobsen & Burr, 2018).
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however, measurements of stratigraphic contacts in some regions do not show evidence for tilting (DiBiase 
et  al.,  2013; Hughes et  al.,  2019). Through stratigraphic position, we infer the relative order of depositional 
activity. We interpret overlapping percentiles in stratigraphic position (Figure 2b) to represent the lateral shin-
gling of deposits due to inherent three dimensionality in distributary systems (Sadler & Jerolmack, 2015; Straub 
et al., 2009), consistent with our interpretation of the same process being active at the smaller lobe and channel 
scales.

We further interpret these ridge systems to be deltaic. The currently most accepted technique for testing whether a 
ridge system is deltaic is to look for changes in the slopes of stratigraphic surfaces that might represent transitions 
between delta topsets, foresets, and bottomsets (Bramble et al., 2019; DiBiase et al., 2013; Goudge et al., 2017; 
Hughes et al., 2019; Tebolt & Goudge, 2022; Wilson et al., 2007). Indeed, at the ridge systems at Aeolis Dorsa 
where there is the exposure to do so, this technique has been applied and the measurements are consistent with 
deltas (system 9, DiBiase et al., 2013; system 13, Hughes et al., 2019). Stacks of channel belts connected to ridge 
system 13 have similarly been interpreted as coastal incised-valley fills, reflecting episodes of cutting and filling 
interpreted to have been driven by a nearby transgressing and regressing shoreline (Cardenas et al., 2018). Thus, 
there is coastal context for the remaining ridge systems, and there is no stratigraphic or geomorphic evidence to 
suggest some ridge systems are deltaic and others are not. Without the exposures to most directly test the deltaic 
hypothesis for the untested ridge systems, we will instead invalidate the two most plausible alternatives: alluvial 
fans and megafans.

Lobes originate from a variety of points within a single ridge system (Figure 4), inconsistent with alluvial fans, 
which have been interpreted to have formed some ridge systems here (Jacobsen & Burr, 2017; Kite, Howard, 
Lucas, Armstrong, et al., 2015). Alluvial fans form at a significant change in confinement and slope (e.g., a tran-
sition from an erosional bedrock canyon to a fan) and thus have persistent avulsion nodes at that break in slope, 
whereas delta avulsion nodes are migratory (Fisk, 1952; Ganti et al., 2014; Roberts & Coleman, 1996) (Figure 4). 
In modern settings, shingling alluvial fans requires adjacent sediment sources feeding different lobes simulta-
neously (Blair & Mcpherson, 1992; DeCelles et al., 1991). This arrangement, with multiple alluvial fan lobes 
being fed from different sources, has been clearly observed at other locations across Mars (Davis et al., 2021; 
Grant & Wilson, 2019; Wilson et al., 2021), and it contrasts with the river avulsion and lobe switching fed by a 
depositional trunk channel that we show evidence for here. Instead, depositional trunk channels, migratory river 
avulsions and floodplain accumulation are all hallmarks of lowland fluvio-deltaic systems (Figures 3 and 4).

Similar to alluvial fans, fluvial megafans form at sudden changes in slope and channel confinement where rivers 
exit large mountain ranges (e.g., Shukla et al., 2001). Megafans can form lobes and downstream branching chan-
nels (Assine et al., 2014) similar to deltas. On Earth, it is thought that megafans might form a significant frac-
tion of the fluvial stratigraphic record (Hartley et al., 2010), but we reject the megafan hypothesis for several 
reasons. First, megafans tend to be strongly progradational, with significant vertical aggradation dependent on 
base-level lowering via basin subsidence (Owen et al., 2017). With some relatively minor exceptions (e.g., Davis 
et al., 2021), Mars lacked a major base-level changing mechanism other than the sea level rise. The wide spread of 
paleoflow directions across the region is inconsistent with a single megafan (Figure 2a). Alternatively, the ridge 
systems could be the record of multiple megafan systems routed from adjacent, high-relief sediment sources. 
Though these localized sources feeding ridge systems do not exist in the modern topography, we recognize that 
the sources may have since been eroded away. However, the existence of steep topography immediately adjacent 
to fans does not seem consistent with the widespread placement of ridge systems, which suggest low gradients 
and net-deposition regionally. A possible source of localized steep topography distributed across the basin at 
different times and locations is cratering into sediment. While syn-depositional cratering with fluvial sedimenta-
tion was an ongoing process here (Kite et al., 2013; Peel & Burr, 2022), there is no clear evidence of cratering at 
the ridge-system scale. Craters of the appropriate size to have contained the Aeolis Dorsa ridge systems, perhaps 
100 km in diameter, are relatively rare across the planet, making up less than 1% of craters larger than 3 km in 
diameter (Robbins & Hynek, 2012). Additionally, the trunk channel of a megafan would be located within the 
source canyon and be net erosional, and thus not create the ridges observed here. Thus, a deltaic interpretation 
is most consistent with the observations of ridge-system vertical positions, paleoflow directions, thick preserved 
trunk channels, and is consistent with prior interpretations (DiBiase et al., 2013; Hughes et al., 2019). This inter-
pretation also provides context within which we interpreted the hourglass systems and Aeolis Serpens.
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4.1.2. Hourglass Systems Were New Delta Lobes

With opposing branching directions in a single system both showing indicators of deposition, the hourglass 
systems are a more complicated case (Figure 5). We interpret these systems to represent the initiation and progra-
dation of a new delta lobe in front of an existing lobe during relatively minor sea-level fluctuations that repeatedly 
exposed and drowned delta topset-foreset transitions. Paleoflow was opposite the straight-ridge branching direc-
tion, through the neck, and toward the lobe-forming branching direction (Figure 7).

In this scenario, the straight ridges reflect more steeply sloped erosional channels that made up a drainage 
network that formed on the delta topset during a time of exposure of the slope break at the topset-foreset tran-
sition. The erosional channels formed on top of the pre-existing delta lobe, and converged toward the lowest 
central channel that cut downwards toward the neck region, which was the most deeply incised channel during 
this time (Figure 7). Incision then transitioned to deposition due to sea-level rise. On the opposite and lower side 
of the neck in front of the pre-existing delta lobe, the laterally adjacent lobes sourced from the neck region reflect 
continued deposition and channel routing steered by the locations of prior lobes (Figure 7), with no evidence of 
fluctuating between deposition and erosion.

There is evidence that the hourglass systems were formed during several such episodes of fluvial incision and 
filling, driven by several episodes of sea-level fall and rise superimposed on a larger-scale rise (Figure 7). Ridges 
are not directly traceable across necks (Figure 5), indicating erosion has cut through the accumulations of multi-
ple channel deposits at the neck location, consistent with multiple cut-and-fill cycles that summed to overall 
deposition. Similarly, the lobate networks, which we have interpreted as the downstream end, have top surfaces 
at elevations both lower and higher than the feeder side (Figure 5). This highlights the time-transgressive nature 
of the modern erosional surface which has variably exposed over one hundred meters of sedimentary rock within 
the hourglasses alone (Lefort et al., 2012). The significant volume associated with the new lobes also requires 
that incision into the older lobe was not the primary process supplying sediment, and that the larger source-to-
sink system remained active throughout the formation of the new lobe. Sea-level fluctuations on the order of 10s 
of m have been previously interpreted at Aeolis Dorsa based on cut-and-fill patterns recorded in incised-valley 
fills (Cardenas et al., 2018), a scale consistent with the observations here. Additionally, observations across the 
planet suggest a complex and spatially variable paleoclimate (Stucky de Quay et al., 2020) which may have been 
consistent with fluctuations on this level.

The interpretation of hourglass systems as early-phase delta lobes, as well as the associated interpretation of 
paleoflow direction, is consistent with the superposition of hourglass systems on larger deltaic systems observed 
in systems 16 and 18. The associations of the remaining hourglass systems with other systems are not as clear. 
Hourglass systems 11 and 12 (Figure 5), though immediately adjacent to system 9 (Figure 2a), are not clearly 
superimposed on it. Hourglass system 5 is only interpreted as an hourglass based on its straight ridges fanning 
from a neck and its positioning on system 10. This pattern was only observed in other hourglass systems. However, 
system 5 does not feature a lobate pattern on the other side of the neck (i.e., on the second half of the hourglass), 
which we interpret to have been mostly lost to erosion based on the deep trough located there (Figure 5). On 
Earth, erosional drainage networks made of tributaries, rather than distributaries, can develop along meters of 
relief in depositional coastal settings due to direct rainfall runoff (Swartz et al., 2022; Willett et al., 2014). How 
these drainage networks come to be filled with sediment in over time is unknown, but perhaps the tributary 
pattern is inherited by the depositional rivers that eventually occupy these locations as the basin fills.

Another possible interpretation is that the two sides of the hourglass are not related, and reflect opposing flow 
directions at different times in Mars history. This is an inferred interpretation of some work that has analyzed 
only a single side of the hourglass systems (Di Pietro et al., 2018; Jacobsen & Burr, 2017; Kite, Howard, Lucas, 
Armstrong, et al., 2015). We cannot directly rule this out, but it requires the formation of a neck be a purely coin-
cidental meeting of stacked deposits, which we find unlikely to have occurred multiple times under what must 
have been major changes in paleogeography to force the reversal of flow and sediment transport. This also seems 
inconsistent with the shared stratigraphic position of both sides of the hourglass (Figure 5).

4.1.3. Aeolis Serpens Was a Submarine Channel Belt

The two primary features we use to distinguish Aeolis Dorsa from the other ridge systems are its lack of branching 
(Figures 1, 2a, and 6), its continuity, and the order-of-magnitude larger radius of curvature distribution compared 
to those measured from point-bar strata of other ridge systems (Figure 6d). The lack of branching suggests Aeolis 
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Figure 7. Hourglass system formation. (a) Sea-level curve associated with hourglass formation. Times shown in panels (b–e) are shown on the curve. The fluctuations 
are superimposed on an overall sea-level rise. (b) A relative sea-level high with a drowned topset-foreset transition. (c) A relative sea-level low exposes the slope break 
at the topset-foreset transition, driving incision on the topset. Channels converge toward the deepest scour at what will become the neck of the hourglass, and a new lobe 
forms. (d) Sea-level rise again drowns the topset-foreset transition and drives the filling of the erosional channels. The new lobe continues to grow. (e) A subsequent 
sea-level fall again triggers topset incision by a network that cross-cuts the old filled erosional network. A new lobe forms.
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Serpens never avulsed. The continuity of Aeolis Serpens over 900 km suggests the deposit was originally thick 
enough to persist despite the erosional processes reshaping the ridge along its length (Williams et al., 2013). 
Assuming ridge curvature approximates channel curvature, the Aeolis Serpens channel was larger than the fluvial 
channels associated with the other ridge systems (Hayden & Lamb, 2020; Jacobsen & Burr, 2018; Kite, Howard, 
Lucas, & Lewis, 2015). These inferences are all consistent with stratigraphy produced by submarine channels, 
which tend to be wider, deeper, and generate thicker channel belts than their river counterparts (Jobe et al., 2016; 
Mahon & Wallace, 2022) and are capable of sustaining channels superelevated to multiple channel depths without 
avulsing (Jobe et al., 2020). Given the extent of the ridge and its orientation normal to the dichotomy boundary, 
we interpret paleoflow within the submarine channel to have been toward the north. A lack of lobes at the farthest 
northern end of Aeolis Serpens, which might be expected at the end of a submarine channel, is likely explained 
by erosion or burial by younger material (Williams et al., 2013), and suggests that 900 km underestimates the 
original channel's length. Lacustrine turbidites on Mars have been interpreted elsewhere from both remote sens-
ing (Burr, 2011; Kostic & Smith, 2018; Metz et al., 2009; Moscardelli, 2014; Moscardelli et al., 2012) and rover 
data (Stack et al., 2019).

An example of a submarine channel belt can be observed in the Northern Gulf of Mexico deep-water bathymetry 
grid from 3D seismic produced by the US Department of the Interior's Bureau of Ocean Energy Management 
(BOEM, 2017). This submarine channel does not branch over a distance of at least 300 km (Figures 8a and 8b), 
despite being elevated to several channel depths above the surrounding terrain (Figure 8c). At one location, the 
channel appears to have cut through its own bank (Figure 8b). This may be the location of a channel avulsion in 
the future, but a clear splay has yet to be produced. We interpret ridge network 1, which is oriented perpendicular 
to Aeolis Serpens (Figure 6c) and is the only network with a lower stratigraphic position (Figure 2a), to be a 
possible splay (e.g., Qi et al., 2022, their Figure 4).

Aeolis Serpens and its splay (Figure 6c; ridge-system 1) sit at the lowest elevation and we interpret them to 
be the stratigraphically lowest and oldest deposits (Figure 2b), which were buried and later exposed through 
erosion. Another possible interpretation is that Aeolis Serpens conforms to the modern topography between 
Aeolis and Zephyria Planum, making it the youngest ridge-forming feature as it follows the modern topography. 
However, that the ridge shape is diminished at a topographic high (Figures 6a and 6b), and that immediately adja-
cent strata are higher still than Aeolis Serpens support the alternate interpretation that Aeolis Serpens has been 
exhumed from stratigraphy. Contrast these observations with the submarine channel in the Gulf of Mexico, which 
does drape the modern bathymetry, has not been buried, and maintains its perched elevation down its length 
(Figure 8c). We also considered whether Aeolis Serpens was an axial trunk channel in a fluvial megafan system 
ultimately draining all the fans in the system to the north, but this is inconsistent with the distribution of paleo-
flow directions (Weissmann et al., 2015), which would have been oriented toward Aeolis Serpens in this scenario.

4.2. Aeolis and Zephyria Plana

The proximity of ridge systems to both Aeolis and Zephyria Plana (Figure 2a), coupled with the interpreted 
low-gradient paleoenvironment, suggests that the Plana are also composed of similar coastal stratigraphy that is 
less eroded. The net-depositional environments consistent with channel belts and river deltas do not match the 
modern high-relief landscape, and paleoflow directions do not record flow down the central Aeolis Dorsa trough 
(Figure 2a). As the central trough does not reflect a paleo-low, it follows that Aeolis Planum and Zephyria Planum 
do not reflect paleo-highs, and it stands to reason that they accumulated sediment in the same coastal setting as 
the well-exposed strata in the trough.

Erosion patterns do indeed indicate that the majority of Aeolis and Zephyria Planum may be sedimentary rock. 
Ridge system 14 is only partially exhumed, shedding light on the process and the morphology of ridge-sourcing 
rock (Figure 9). The western end of this ridge system shows well-developed fluvial ridges. To the east, the ridges 
are less clearly defined as they merge into relatively flat-lying rock, with only barely exhumed fluvial  ridges 
along the top surface. Continuing east, fluvial-ridge exposures are rare, until eventually the morphology is 
defined by yardangs. We interpret this pattern in space to represent the sequence of events in time that led to the 
creation of fluvial-ridge systems out of flat-lying alluvial strata. The eastern-most extent of this deposit is indis-
tinguishable from the very tops of Aeolis and Zephyria Plana (de Silva et al., 2010). We therefore interpret Aeolis 
and Zephyria Planum to be no different than the coastal and submarine deposits exposed at Aeolis Dorsa. They 
have simply not been differentially eroded to the same degree, although relief along their tops does indicate they 
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Figure 8. Submarine channel visible in a bathymetric model of the Gulf of Mexico shelf-slope in front of the Mississippi river delta. (a) Location map showing the 
larger context of the bathymetric model and the location of a submarine channel in panel b. (b) A superelevated submarine channel showing a splay (red arrow) and the 
locations of three topographic profiles in panel (c). (c) The channel and its levees remain relative highs across a range of elevations unlike Aeolis Serpens (Figure 6), 
suggesting this channel has not been buried.
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Figure 9. Progressive exhumation of a fluvial-ridge system. (a) Ridge network 14 branches to the west. The Locations of panels (b–e) show the decreasing exhumation 
from west to east. (b) Fluvial ridges in the branching region of the network. (c) A transition from clear fluvial ridges to more flat-lying rock. Showing NNW-SSE-
trending yardangs. Red arrows point to faint ridges east of the well-defined ridges. (d) Ridge networks exposed among yardangs etched into a relatively flat region. (e) 
Northeastern extent of the flat region dominated by yardangs with no exposed ridges, similar to the top surfaces of Aeolis Planum and Zephyria Planum.
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have been eroded by as much as a km (Figure 10), and locations along the tops of plana show exposed bedding 
(Di Pietro et al., 2018). Elsewhere in the area, fluvial ridges have been observed to continue unimpeded beneath 
yardang-forming units (Kite, Howard, Lucas, Armstrong, et al., 2015).

A sedimentary origin of Zephyria and Aeolis Plana challenges some interpretations that have used the erosional 
morphology, particularly the yardangs, to argue for a particular lithology (de Silva et al., 2010). However, what 
appears more consistent is that yardangs form in regions of homogeneous lithology, where all spatial variability in 
erosion rates is driven by interactions between the evolving yardang topography, wind, and the transport of abrad-
ing sediment (Goudie, 2007; Wang et al., 2011), without an underlying bedrock control (Pelletier, 2018). This is 
in contrast to the exhumation of rocks with channel belts that form fluvial ridges, in which the erosional morphol-
ogy is largely defined by different erosion rates for coarse-grained channel belts and fine-grained floodplain 
deposits within the source stratigraphy (Burr et al., 2009; Hayden et al., 2019; Williams et al., 2007). Thus, we 
interpret the yardang-covered surfaces, including the tops of Aeolis and Zephyria Planum, to be relatively homo-
geneous sheets of either sandstone or mudstone. This interpretation is consistent with a lack of internal reflectors 
in radar subsurface sounding (Carter et al., 2009). Sand sheets have been observed in the Gulf of Mexico related 
the reworking of more heterogeneous deposits and associated with delta deposits (Suter & Berryhill, 1985). The 
winnowing of mud from sand as well as sieving of mud into a sandy subsurface is known to occur with wave 
reworking of sediment (Rankey & Appendini, 2022; Wu et al., 2018), and could suggest the ocean was at least 
seasonally ice free. Several of the exhumed deltas appear to abut these topographic contacts (Figure 2a), but we 
do not know if delta deposits continue into the plana. Considering their proximity and erosional similarities, we 
interpret Aeolis and Zephyria Planum to be homogeneous sedimentary deposits associated in some way with the 
coastal and submarine deposits in the region.

Though the fluvial ridges are exposed over an area of about 𝐴𝐴 9 x 10
4
km

2 , the total accumulation includes the 
entirety of Aeolis and Zephyria Plana, covering an area of 𝐴𝐴 4 x 10

5
km

2 . This is near the median area of 𝐴𝐴 1.0 x 10
5
km

2 

Figure 10. Interpretation of the eroded remnants of the Aeolis Dorsa source-to-sink system. (a) A 3D model looking obliquely down Aeolis Dorsa toward the south. 
Ridge systems are mapped in yellow, with the highest ridge systems mapped in red and shown with red arrows. White arrows point to erosional remnants on Aeolis and 
Zephyria Planum that are higher than the highest ridges. Black lines in the southern highlands show valleys (Hynek et al., 2010). The erosional window where most of 
the fluvial strata have been exposed is shown between Aeolis Planum and Zephyria Planum. (b) Box plots showing the elevation ranges of the “source” valley floors 
and “sink” basin fill in the 3D scene. For the valley floors, whiskers show the 5th and 95th percentiles. The range shown for the basin fill is the full range presented in 
Figure 2b.
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of modern sedimentary accumulations along passive continental margins on Earth (Evenick, 2021) and is similar 
to ancient and modern basin areas reported by others (Klausen et al., 2019; Nyberg & Howell, 2015). An upper 
estimate of thickness at 2 km, spanning the full height of the plana, gives a stratigraphic volume of 𝐴𝐴 1.8 x 10

5
km

3 , 
several orders of magnitude larger than the volumes of most martian lake basins (Fassett & Head,  2008; 
Rivera-Hernández & Palucis, 2019) and near the median volume of sedimentary basins on Earth (𝐴𝐴 1.3 x 10

5
km

3 , 
calculated from Supporting Information of Evenick, 2021).

4.3. Paleogeographic Reconstruction

The 900 km extent of Aeolis Serpens (Figure 1), which we have interpreted as a submarine channel belt and as 
the oldest ridge in the basin, defines a minimum northern extent of the Aeolis Dorsa basin at the earliest stage of 
deposition. Within that basin, vertical and spatial distribution of delta lobes can be used to track the evolution of 
this shoreline through time. Figure 11 shows a time series of paleogeographic maps, in the style of Blakey and 
Ranney (2017), which are the product of binning ridge systems based on relative stratigraphic position and paleo-
flow directions. Even at the scale of a single ridge system, there is enough time integration to create different 
lobes and stack channel belts, so these paleogeography maps that incorporate data from multiple ridge systems 
are time-averaged generalizations in terms of their shoreline geometries and elevations.

The paleogeographic reconstruction reveals a shallowing-upward stratigraphic sequence transitioning from 
submarine (systems 1 and Aeolis Serpens) to fluvio-deltaic (systems 2–20; Figure 11). At time step 1 (Figure 11a), 
the submarine channel that will become Aeolis Serpens flowed north-northwest, away from the highlands, unim-
peded for at least 900 km. During this step, a splay formed that was oriented perpendicular to the submarine chan-
nel, likely steered directly away from it due to the significant superelevation associated with submarine channels 
(Jobe et al., 2020). The coastal zone was south of Aeolis Serpens at this time, with a shoreline elevation of at least 
−2,460 m. At time step 2, the shoreline increased in elevation to at least −2,400 m and prograded several hundred 
km. Progradation was not even across the basin, and a three dimensional shoreline developed that suggests sedi-
ment was primarily sourced from the east and steered toward the west (Figure 11b). At time step 3, the sediment 
source shifted to the western highlands, filling in previously drowned regions and drowning older coastal plains. 
Sea level continued to rise to at least −2,200 m, but the shoreline did not push farther north during this time 
(Figure 11c). At time step 4, the primary sediment source switched back to the east. Sediment transport was 
mostly lateral toward the west as shoreline elevation increased to −2,100 m. Though this time step records a local 
progradation for the eastern part of the basin (Figure 11d), overall the shoreline was pushed southward from its 
maximum northern extent in the previous two timesteps. At time step 5, the sediment source again switched to the 
western highlands with most transport eastward, generally along the highlands/lowlands boundary (Figure 11e).

Together, the reconstructions show early lobes pushing into the same lateral areas as Aeolis Serpens, record-
ing the progradation of the shoreline over the subaqueous strata. However, higher elevation deltas tended to be 
located farther south (Figure 2), suggesting that shoreline transgression eventually occurred during nearly 1 km 
of sea-level rise. Shoreline retreat can occur naturally without an external forcing under conditions of steady 
sea-level rise and constant sediment input (Kim et al., 2006; Muto & Steel, 1992). The shorelines we recon-
structed (Figure 11) agree with some independent estimates of paleoshoreline locations for a northern ocean 
(Di Achille & Hynek, 2010; Parker et al., 1993). However, our results support the presence of a large water body 
that varied in its extent and depth over time, rather than a single stable shoreline.

Two ridge-systems are incompatible with the overall interpretation in the paleogeographic reconstruction, both 
shown in t = 2 of Figure 11 and marked with red rose diagrams. Ridge-system 3 was flowing in the opposite 
direction despite being in a similar stratigraphic position. We may have misinterpreted flow direction here, as this 
system has the most ambiguous branching direction (Figure 2a). Ridge-system 10 fits the location and flow direc-
tion in Figure 11 but is at a higher stratigraphic position than the other deposits in timestep 2. This discrepancy 
may reflect a limitation in our technique for placing systems in stratigraphic order using the median elevation of 
each ridge system, as ultimately this measurement still depends on exposure and erosion. Nonetheless, there is 
still overlap in elevation with system 10 and the ridge systems it is grouped with (Figure 2b).

Beyond the evidence for overall sea-level rise, there is evidence of smaller superimposed sea-level fluctuations 
on the order of 10s of m in the form of the hourglasses and coastal incised-valley fills (Cardenas et al., 2018), as 
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Figure 11. Paleogeography of Aeolis Dorsa reconstructed at five timesteps. The slightly transparent illustrations overlay mapped ridge networks for reference. Modern 
latitude and longitude are shown. Representative shoreline elevations are shown, but minor fluctuations that created hourglass systems (Figure 5) and incised-and-filled 
valleys (Cardenas et al., 2018) are not. (a) A submarine channel flows northward following the regional slope. Shoreline elevation is at least higher than the highest 
submarine-channel elevation. (b) Rivers sourced from the east flow west-northwest. Shoreline elevation is around −2,400 m and rising. This rise is coupled with a 
progradation of the coastal system by about 200 km. (c) Rivers sourced from the west flow eastward, on strike with the regional slope. Shoreline elevation is around 
−2,200 m and rising. (d) Rivers sourced from the east flow westward, along strike of the regional topography. Shoreline elevation is around −2,100 m and rising. The 
coastal system has also retreated by tens of km since the prior step. (e) Rivers sources from the west flow eastward. The shoreline elevation has risen to about 1,700 m, 
the highest elevation of fluvial ridges we observed.
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might be expected from a spatially and temporally variable paleoclimate (e.g., Stucky de Quay et al., 2020). These 
smaller sea-level fluctuations are not included in our paleogeographic reconstructions, but time steps 2, 3, and 5 
all contain hourglass systems, suggesting possible fluctuations during these periods.

The paleogeographic reconstruction indicates there were two primary water and sediment sources, an eastern and 
a western source. Given that flow in as many as 25% of the highland valleys was buffered by crater filling and inci-
sion (Goudge et al., 2021), the apparent switching in these sources could be set by differential crater-lake filling 
and overtopping. Similar behavior is captured in a numerical model of the evolving southern hemisphere, where 
some degree of crater- and intra-crater-basin filling is required to fully integrate valley networks (Howard, 2007; 
Matsubara et  al.,  2013). Any differences in the timing of valley integration between the eastern and western 
sources could explain switching of sediment and water sources during the filling of the basin.

The basin history we have reconstructed does not include any significant structural deformation. Numerical 
modeling has shown significant uplift in this region driven by the emplacement of Tharsis and resultant crustal 
flexing during or after the formation of interpreted ocean shorelines (Citron et al., 2018). However, measure-
ments of stratigraphic contacts at Aeolis Dorsa have normal depositional dips, with no evidence of deformation 
(DiBiase et al., 2013; Hughes et al., 2019). Furthermore, since Aeolis Serpens spans the entire north-south extent 
of the basin, it should record any major deformation. We find that the moderate changes to the ridge-top topo-
graphic slope can be more simply explained by differential erosion, which is a characteristic of all fluvial ridges 
(Cardenas et al., 2020; Hayden et al., 2019), rather than deformation.

Our measurements and mapping suggest that the topography of Mars has changed substantially due to differential 
erosion since the deposition of the fluvio-deltaic deposits. Thus, we cannot entirely rule out a paleogeography 
that might have confined the deltaic and submarine deposits to within a water body smaller than an ocean, and 
that evidence for this confining topography has since vanished. However, at 900  km length, Aeolis Serpens 
sets the minimum size of such a basin. This minimum size is well beyond the size of paleolakes in the region 
(Rivera-Hernández & Palucis, 2019) and most craters on the planet (Robbins & Hynek, 2012). Moreover, Aeolis 
and Zephyria Plana extend the full 900 km of Aeolis Serpens at much higher elevations, suggesting, if the plana 
are also associated marginal deposits as we proposed, the possibility of a very large water body akin to a northern 
ocean.

Our paleogeographic reconstructions have implications for the ancient martian water budget and climate. We 
calculated the global equivalent layer of water (GEL; the depth of water spread evenly across the entire planet; 
see Supporting Information S1 for methodology) contained in the northern hemisphere basin at our lowest and 
highest reconstructed shorelines (Figure 11; −2,460 m and −1,700 m), as well as the highest point at Aeolis and 
Zephyria Plana (−500 m), which may also be part of the coastal basin-filling succession. For our reconstructed 
shorelines (Figure 11), our GEL estimates range from about 400 to 650 m, accounting for up to 43% of the upper 
bound of a water GEL on early Mars based on estimates of water lost from the martian surface to the crust and 
space (between 100 and 1,500 m, from Scheller et al., 2021). If a shoreline existed at −500 m, it would have a 
GEL of 1,250 m, or about 83% of the of the ancient water volume. Therefore, these estimates of GEL are consist-
ent with the scale of a northern ocean. Further, the volume of water required to increase shoreline elevation by 
over 900 m may represent a significant fraction of all available water on ancient Mars. Though we cannot directly 
identify the source for this volume of water, a possible scenario is the prolonged, non-transient melting of signif-
icant ice reservoirs (e.g., Cassanelli & Head, 2015; Grau Galofre et al., 2020). Together, the fluviodeltaic and 
marine deposits are indicative of prolonged runoff and an active hydrologic cycle and, hence, a warm and wet 
early Mars (Craddock & Howard, 2002).

5. Conclusions
We interpret the region Aeolis Dorsa, Mars, to be an erosional window into a sedimentary basin along a northern 
ocean. The basin-filling strata exposed here are at least 900 m thick and span an area of at least 𝐴𝐴 9 x 10

4
km

2 , 
though the total accumulation may have been as thick as 2  km and as extensive as 𝐴𝐴 4 x 10

5
km

2 . Along this 
erosional window, 20 distinct systems of fluvial ridges have been exhumed, and record deposition in river deltas 
and a submarine channel during different intervals of martian geologic history. We used the stratigraphic posi-
tions and paleoflow directions of the 20 ridge systems to track the evolution of this shoreline through 900 m of 
sea-level rise consistent with a warm and wet early Mars. The reconstruction indicates that the shoreline initially 
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prograded, and was later pushed south toward the highlands during a time of net sea-level rise. Sea-level rise of 
this magnitude is consistent with a northern ocean.

Data Availability Statement
Shapefiles and Python scripts upon which all analysis was based can be found on the CaltechDATA repository 
(Cardenas, 2022). CTX DEMs can be found on Zenodo (Cardenas et al., 2022), and were processed from CTX 
images (Malin,  2007). The CTX seamless global mosaic can be accessed through Caltech's Murray Lab for 
Planetary Visualization: http://murray-lab.caltech.edu/CTX/index.html. The Northern Gulf of Mexico deepwater 
bathymetry grid from 3D seismic produced by the US Department of the Interior's Bureau of Ocean Energy 
Management (Bureau of Ocean Energy Management, 2017) can be downloaded here: https://www.boem.gov/
oil-gas-energy/mapping-and-data/map-gallery/northern-gom-deepwater-bathymetry-grid-3d-seismic.
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