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ABSTRACT

The surface of Mars contains abundant sinuous ridges that appear similar to river chan-
nels in planform, but they stand as topographic highs. Ridges have similar curvature-to-
width ratios as terrestrial meandering rivers, which has been used to support the hypothesis
that ridges are inverted channels that directly reflect channel geometry. Anomalously wide
ridges, in turn, have been interpreted as evidence for larger rivers on Mars compared to
Earth. However, an alternate hypothesis is that ridges are exhumed channel-belt deposits—
a larger zone of relatively coarse-grained deposits formed from channel lateral migration
and aggradation. Here, we measured landform wavelength, radius of curvature, and width
to compare terrestrial channels, terrestrial channel belts, and martian ridges. We found that
all three landforms follow similar scaling relations, in which ratios of radius of curvature to
width range from 1.7 to 7.3, and wavelength-to-width ratios range from 5.8 to 13. We inter-
pret this similarity to be a geometric consequence of a sinuous curved line of finite width.
Combined with observations of ridge-stacking patterns, our results suggest that wide ridges
on Mars could indicate fluvial channel belts that formed over significant time rather than

anomalously large rivers.

INTRODUCTION

The hydrology of ancient Mars remains
poorly constrained, with major open questions
about the discharge and duration of ancient riv-
er flows (e.g., Wordsworth et al., 2018; Kite,
2019). One important landform class used to
reconstruct the hydraulics of rivers is fluvial
ridges (Burr et al., 2010; Williams et al., 2013)
(Fig. 1). Fluvial ridges are topographic highs
that commonly have a sinuous or branching
planform pattern that appears similar to river
channels or deltas. Consequently, fluvial ridges
are often called “inverted channels” (Fig. 1A),
a term used to describe the topographic inver-
sion of a channel-filling deposit that was more
resistant to erosion than the surrounding mate-
rial and was exhumed to produce a ridge that
reflects the geometry of the original channel
(e.g., Pain et al., 2007; Burr et al., 2009, 2010).
The inverted-channel hypothesis has been used
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to infer the discharge of ancient rivers on Mars
(e.g., Burr et al., 2010; Williams et al., 2013)
and interpret flow direction from the branch-
ing pattern of ridges (Lefort et al., 2012). By
comparing martian fluvial ridges to terrestrial
river channels of the same catchment area, Kite
etal. (2019) found that martian ridges are wider
and interpreted that rivers on ancient Mars must
also have been larger than those on Earth today.

The inverted-channel hypothesis, however,
is not the only possible interpretation of flu-
vial ridges. Alternatively, fluvial ridges could
be eroded remnants of channel-belt deposits
(Williams et al., 2009; Burr et al., 2010; DiBiase
etal., 2013; Hayden et al., 2019). Channel belts
are fluvial deposits built over time as rivers mi-
grate laterally and aggrade vertically; they are
commonly much wider than the channel width
(e.g., Fernandes et al., 2016) and can have com-
plex geometries of amalgamated sand and mud
(e.g., Allen, 1978). Exhumation of these depos-
its, with preferential erosion of the mudstone

and juxtaposition of channel belts at different
stratigraphic levels, has produced terrestrial
ridges and ridge networks (e.g., Williams et al.,
2009; Cardenas et al., 2020; Hayden and Lamb,
2020) that appear similar to examples on Mars.
Because ridge stratigraphy cannot easily be
observed on Mars, it is difficult to distinguish
these two formation mechanisms. Support for
the inverted-channel hypothesis has come from
a comparison of ridge geometry to that of ter-
restrial meandering rivers (e.g., Burr et al., 2010;
Kite et al., 2015, 2019). In particular, meander-
ing rivers follow scaling relations between chan-
nel-bend radius of curvature, R, or channel-bend
wavelength, X\, and channel width, W:

A=aW’, 1
R=cW¢, 2)

wherea=7.5,b=1.12,c=1.5,andd = 1.12
are empirical constants (Williams, 1988). Many
ridges on Mars follow the same scaling rela-
tions, which has been used to argue that ridges
are inverted channels and reflect channel di-
mensions (Burr et al., 2010; Kite et al., 2015,
2019). Similar arguments also have been made
for interpreting ancient river deposits observed
in reflectance seismology on Earth (e.g., Martin
etal., 2018). We examined whether Equations 1
and 2 also describe channel belts to determine
whether curvature is an unambiguous metric of
ridge origin.

METHODS

We digitized landform outlines (shapefiles)
from 16 river channels, 7 channel belts, and 10
sinuous ridges on Mars (Figs. 2 and 3; Table S1
in the Supplemental Material') to test whether
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Figure 1. Sinuous ridges in Aeolis Dorsa, Mars, shown in Mars Reconnaissance Orbiter Context Camera (CTX) images (Malin et al., 2007). (A)
Sinuous ridge (black arrows; Mars ridge 3 in Section S5 of the Supplemental Material [see footnote 1]) classified as “thin” and interpreted
as an inverted channel (Burr et al., 2009, 2010) and stacked on a low-relief ridge (white arrows). Location: 5.63°S, 152.67°E. (B) Sinuous ridge
classified as “flat” and interpreted as an exhumed channel belt (Burr et al., 2009). White arrows indicate other sinuous ridges. Location: 6.34°S,
154.15°E. (C) Sinuous ridge classified as an inverted channel (black arrows; Mars ridges 1 and 2 in Section S5 of the Supplemental Material)
and used to support the observation that rivers on ancient Mars were wider than modern terrestrial rivers (Kite et al., 2019). Other ridges (white
arrows) are stacked beneath the main ridge. Location: 3.03°S, 151.68°E.

channel belts follow similar scaling relations as
channels. The channel-belt data set contains all
published shapefiles of channel belts we could
find, including of the Mississippi River (south-
ern United States; Fernandes et al., 2016), three
belts on the Rhine-Meuse Delta (Netherlands;
Cohen et al., 2012), and three river corridors in
Vermont (northeastern United States; Vermont
Department of Environmental Conservation,
2020). Selected channels include pairs with the
channel belts (Mississippi, Meuse, Nederrijn,
and Waal Rivers), rivers in the Williams (1986)
compilation (n = 10), and two additional large

North American rivers (Assiniboine and Mack-
enzie Rivers in Canada). Shapefiles for the As-
siniboine and Mackenzie River channels were
obtained from the North America Water Poly-
gons data set (class = 1 for rivers) from Esri
(https://www.arcgis.com/home/item.html ?id=
1630b19faftbe4c9589306d967e418088), and
the remainder were obtained from OpenStreet-
Map (https://www.openstreetmap.org/) using its
Overpass API (https://overpass-api.de/) down-
loading function. Ridges on Mars were selected
from those analyzed by Kite et al. (2019) (n = 5)
and Burr et al. (2009, 2010) (n = 5) in Aeolis

Figure 2. Examples of landforms used to measure width and curvature. (A) Image of the Mis-
sissippi River (southern United States; 36.1°N, 89.5°W; Google Earth™ image). Overlay shows
active channel (blue) and channel belt, comprising many generations of amalgamated depos-
its (grayscale; modified after Fisk, 1945). (B) Sinuous ridge (red) stacked on a broader ridge
with possible lateral accretion sets indicating channel migration (white) in Aeolis Dorsa, Mars
(Mars ridge 8 in Section S5 of the Supplemental Material [see footnote 1]) (Mars Reconnais-
sance Orbiter Context Camera [CTX] image; 154.878°E, 4.92°S). Inset shows centerline (blue)
automatically extracted from red ridge segment; yellow dots are curvature-inflection points;
black line segments denote half-wavelength (A/2).
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Dorsa (late Noachian—early Hesperian) and in
Roddy, Greely, and Chukhung craters. Selec-
tions were made based on finding well-defined
caprocks in Mars Reconnaissance Orbiter Con-
text Camera (CTX) imagery (https://viewer
.mars.asu.edu/viewer/ctx), and the Aeolis Dorsa
ridges are among the clearest examples on Mars
(Burr et al., 2009). Ridge outlines were traced
manually on CTX images.

We extracted centerlines and measured land-
form width perpendicular to the centerline from
the landform shapefiles using the RivMAP pack-
age (https://www.mathworks.com/matlabcentral/
fileexchange/58264-rivmap-river-morphody-
namics-from-analysis-of-planforms; Schwenk
etal., 2017). Both manual (e.g., Williams, 1986)
and automated methods (e.g., Ferguson, 1975;
Kite et al., 2015; Vermeulen et al., 2016) require
manually digitized centerlines, which are difficult
to trace precisely or consistently. To overcome
these issues, we manually outlined landforms at a
resolution finer than half the estimated landform
width, converted it to a high-resolution binary
image mask, and used RivMAP (Schwenk et al.,
2017) to obtain a skeletonized centerline (Fig. 2B
inset; see also the Supplemental Material). The
centerline was resampled at increments equal to
the median landform width, W, to avoid bias in
comparisons across scales (e.g., Nikora, 1991)
and to be consistent with manual measurements.
To resample, we found the intersection of the
skeletonized centerline and a circle of radius W
drawn around the centerline start point, defined
the next node in the new centerline at that in-
tersection, and repeated the process along the
landform length (Fig. 2B).

We measured radius of curvature and wave-
length on the centerline for each bend. Curvature
was calculated at each centerline node follow-
ing Vermeulen et al. (2016) (Section S2 in the
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Figure 3. Comparison of landform wavelength and radius of curvature to width (Table S1 [see footnote 1]). (A,B) Each dot represents median
values for one landform, with error bars (commonly smaller than marker size) representing 5"—95" percentile range. Solid blue lines are
reduced-major-axis best fits to terrestrial river channel data, and dashed black lines are Williams (1986) relations. Gray area is nonphysical by
Equations 3 and 4. (C,D) Box-and-whisker plots of ratio between wavelength or radius of curvature and width. Each box spans the 25""-75"
percentile of the data; horizontal lines represent medians, and whiskers span the remaining data, except for outliers (indicated by red crosses).

Supplemental Material). Zero-crossings in cur-
vature defined the boundaries between individ-
ual bends (Ferguson, 1975), and we calculated
meander wavelength as twice the straight-line
distance in plan view between each crossing
(e.g., Kite et al., 2015; Fig. 2B). The radius of
curvature was calculated as the inverse of the
maximum curvature for each bend because it
approximates prior methods of fitting circles to
the tightest bend (e.g., Vermeulen et al., 2016).
We took the median values of radius of curva-
ture, R, and wavelength, \, for each landform.
Our method compares within a factor of three
of W, R, and X values measured manually by
Williams (1986) (Fig. S2).

RESULTS

We identified and analyzed 1336 bends
from river channels, 312 from channel belts,
and 194 from martian fluvial ridges. Channels
have median widths of 18—2000 m, channel
belts have widths of 210-25,000 m, and ridges
have widths of 16-210 m (Figs. 3A and 3B).
The channel belts are, on average, wider than
the channels, as expected, and they both follow
a similar scaling relation with channel width.
Wavelength and radius of curvature follow simi-
lar power-law relations (Equations 1 and 2) for
all three landforms with best-fit (using reduced-
major-axis fitting to the data in log space) b and
d values equal to 0.97 and 1.06 for channels,
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1.03 and 1.1 for channel belts, and 1.19 and
0.98 for ridges. The data follow the relation
proposed by Williams (1986) except for cases
with W > 300 m (Figs. 3A and 3B). We also
calculated the ratios /W and R/W because b
and d are near unity. The median (and inter-
quartile range) of \/W are 10.8 (8.8-12) for
channels, 6.4 (6.1-7.3) for channel belts, and
8.2 (7.8-9.5) for martian ridges (Fig. 3C). The
median (and range) of R/W are 3.2 (2.4-4.0)
for channels, 2.4 (2.3-2.6) for channel belts,
and 2.9 (1.9-3.9) for ridges (Fig. 3D). Although
channels tend to have slightly larger median val-
ues of \/W and R/W compared to channel belts,
the distributions overlap substantially, making
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these metrics undiagnostic of whether ridges
are channels or channel belts.

The reason for similar scaling between river
channels, channel belts, and ridges is that geo-
metrically they all are sinuous lines with a fi-
nite width, which places lower limits on /W
and R/W (Fig. 3). For instance, if a landform’s
centerline has a radius of curvature smaller than
half its width, its edges would contact each other
and there would no longer be a recognizable
centerline, such that

R2W/2. 3)

Similarly, for a centerline discretized with
post-spacing equal to the width, the edges would
contact when the straight-line distance between
bend end points (\/2 by definition) decreased to
the width, such that

A2zW. “

If bends along the landforms were all iden-
tical to the lower limits given by Equations 3
and 4, then the landforms would be tight, re-
peating curves. In reality, the curvature of rivers
and channel belts is fractal (e.g., Nikora, 1991;
Montgomery, 1996; Section S4), and therefore
the wavelength and curvature values occur at
many scales above the cutoff scale (Vermeulen
etal., 2016) (Figs. S1, S4-S11), which increases
the median values away from the lower bounds.
However, the fractal nature also means that each
large curve comprises many smaller curves (Ver-
meulen et al., 2016), so the abundance of small
curves weights the median values toward the
lower bounds.

DISCUSSION

Our results show that channel belts and
channels follow similar scaling relations with
landform width, and both have similar scal-
ing relations to martian ridges. Although
Kolmogorov-Smirnov tests (Section S3) can
distinguish the distributions of channels and
channel belts for \/W, they cannot for R/W,
and the similarity between the distributions,
nonetheless, makes them ambiguous metrics
for discerning whether an individual ridge is a
channel or channel belt. Slight differences in
the /W distributions (Fig. 3C) could be due to
different formation histories between channels
and channel belts. Channel belts also have more
spatial variability in their widths (e.g., Fig. 2A),
which could lead to short-wavelength oscilla-
tions in the centerline. The R/W ratio tends
more strongly toward the minimum value
(Equation 3) and therefore is similar across all
landforms (Fig. 3D). The overall similarity in
R/W and XN/W ratios across landforms necessi-
tates reevaluation of interpretations where the
similarity was used to interpret martian ridges
as direct proxies for fluvial channels.
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Ridges on Mars can exceed 1 km width;
those examined by Kite et al. (2019) are wider
by up to a factor of twenty compared to ter-
restrial channels with similar catchment areas,
which was interpreted to represent rivers with
extraordinary widths and discharges as com-
pared to those on Earth. A simpler explanation
might be that these landforms are exhumed
channel belts (e.g., Burr et al., 2010; DiBiase
et al., 2013; Cardenas et al., 2018; Davis et al.,
2019). Because channel belts form over time
due to channel lateral migration, they can be
as much as 30-fold wider than their associated
channels (Hayden et al., 2019).

On Earth, lateral accretion sets deposited
during channel migration are hallmarks of
channel belts (Mohrig et al., 2000). Although
a few examples exist from Mars orbital im-
agery (e.g., Burr et al., 2009; Cardenas et al.,
2018; Fig. 2B; Figs. SO and S10), there is a
lack of the ground-based observations neces-
sary to observe cross strata in ridges on Mars.
However, stacked coarse-grained channel belts
within a fine-grained floodplain matrix define
the typical stratigraphic architecture of fluvial
sedimentary deposits (e.g., Allen, 1978; Bridge
and Leeder, 1979). On Mars, stacked ridges have
been observed (DiBiase et al., 2013; Cardenas
et al., 2018; Davis et al., 2019), commonly in
association with “flat” ridges (e.g., Burr et al.,
2009, 2010; Kite et al., 2015), in support of the
channel-belt hypothesis. Many, but not all, of the
ridges that we analyzed are stacked (Figs. 1A,
1C and 2B). In contrast, channel fills that pre-
serve channel geometry are rare in fluvial stra-
tigraphy; they tend to be fine grained as a result
of overbank sedimentation into an abandoned
channel (e.g., Nichols and Fisher, 2007) and are
therefore unlikely to be more erosion resistant
than the surrounding material to form ridges.
Non-fluvial channel fills, such as lava flows, are
also plausible (e.g., Burr et al., 2010), but these
typically fill valleys or canyons (e.g., Stearns,
1936), such that they also would yield ridges
wider than the channels.

If martian ridges are indeed exhumed chan-
nel belts rather than inverted channels, then
ridge width and wavelength should reflect
channel-belt geometry rather than channel ge-
ometry. In this case, the bankfull discharge of
ancient martian rivers could be significantly
smaller than that calculated with the assump-
tion that ridge width and wavelength reflect the
channel geometry, though some terrestrial ex-
humed channel belts have similar dimensions
to paleochannels due to narrowing by erosion
(Hayden et al., 2019; Hayden and Lamb, 2020).
Furthermore, while ridges are interpreted to rep-
resent a preserved fluvial landscape at a snapshot
in time under the inverted-channel hypothesis
(DiBiase et al., 2013), channel belts are fluvial
deposits accumulated over thousands of years
(e.g., Torngvist et al., 1996). Moreover, thick

sequences of fluvial deposits with stacked chan-
nel belts, similar to those on Mars (e.g., DiBiase
et al., 2013; Kite et al., 2015), form on Earth
over hundreds of thousands to millions of years
(e.g., Johnson et al., 1985).

CONCLUSIONS

River channels, channel belts, and martian
ridges are all sinuous landforms with a finite
width, and they all have similar scaling rela-
tions between radius of curvature, R, and land-
form width, W, and between wavelength, \, and
width. Our results indicate that R-W and \-W
scaling relations should not be used to interpret
whether martian ridges represent inverted chan-
nels or exhumed channel belts. Channel belts are
larger than channels because they form over time
due to river lateral migration, and their depos-
its are a fundamental element of fluvial strati-
graphic architecture. Therefore, large martian
ridges might represent exhumed channel belts
representing river activity over substantial time,
rather than extraordinarily large rivers.
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