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ABSTRACT
The existence of ancient fluvial systems on Mars is widely accepted, but little is known 

about how quickly they formed, or what environmental conditions controlled their evolu-
tion. We analyzed a sequence of well-preserved inner-bank bar deposits within the meander 
bends of a multistacked sinuous fluvial ridge in Aeolis Dorsa and compared them to similar 
features on Earth to establish the conditions required for their formation. Our results reveal 
that these Martian channels were highly aggradational, rising an order of magnitude higher 
than terrestrial rivers. This evolution occurred over very rapid time scales, with our estimates 
suggesting that some entire inner-bar set deposits, and therefore the aggradational channel, 
may have formed in less than a single Martian year, with upper bounds of a few decades. We 
suggest that this unique channel topography was created by a rapidly rising downstream water 
body, triggered by a sequence of externally sourced megafloods (e.g., crater lake breaches).

INTRODUCTION
Evidence for megafloods is preserved in 

the Martian stratigraphic record and they are 
believed to have formed by the release of vast 
amounts of water from breached surface-water 
lakes or from rapid groundwater pressurization 
(Irwin et al., 2004; Rodriguez et al., 2015). 
Although these preserved erosional landforms 
offer some insight into the magnitude of the 
formative floods, they provide limited insights 
into the temporal evolution of the megafloods 
and their associated impact on local and global 
base-level rise (Larsen and Lamb, 2016). Con-
trastingly, on long-lived terrestrial fluvial sys-
tems, base-level changes are known to alter the 
channel’s flow hydrodynamics, which in turn 
produces distinct sedimentary sequences that are 
archived in the stratigraphic record (Blum and 
Aslan, 2006). We propose that inner-bank bar 
deposits from a series of well-preserved mean-
der bends in Aeolis Dorsa, Mars, formed during 
a series of megafloods, capturing and preserving 
the temporal dynamics of the system.

Meandering rivers are characterized by fre-
quently changing geometries and distinct sedi-
mentary accumulations at the insides of their 

bends, termed point bars (e.g., Constantine 
et al., 2014). Point bars grow during discrete 
flood events as sediment eroded from the outer 
banks is transported and deposited over the bar 
surface and on its margins (Peakall et al., 2007; 
Mason and Mohrig, 2019). This produces lateral 
accretion surfaces (LASs) that combine to form 
lateral accretion packages (LAPs); these have an 
undulating upper surface in exhumed point bars 
(Hayden and Lamb, 2020). Because the forma-
tion and scaling of these deposits are indicative 
of the prevailing environmental conditions, they 
can be used to infer past hydrological behav-
ior and to identify signatures of environmental 
change (Blum and Aslan, 2006).

On Mars, the presence of well-preserved flu-
vial deposits across Aeolis Dorsa makes it ideal 
for exploring mechanisms of channel formation. 
Cardenas et al. (2018) interpreted 10 inverted 
sinuous ridges as exhumed incised-valley fills 
associated with ∼50 m base-level oscillations 
driven by a dynamic downstream basin. This 
premise was supported by Hughes et al. (2019), 
who presented detailed measurements from an 
extensive delta system situated downstream of 
the inverted ridge deposits. However, despite the 
recognition of an ancient basin in Aeolis Dorsa, 
the trigger, extent, and evolutionary time scale 

remain unresolved. We present topographic 
measurements from a series of meander LAPs 
on a stacked channel in Aeolis Dorsa (AD1; 
Fig. 1) using a High Resolution Imaging Science 
Experiment (HiRISE) (McEwen et al., 2007) 
digital elevation model (DEM), and compare 
them to terrestrial deposits to postulate their for-
mative conditions and time scales of formation.

METHODS
AD1 is composed of meanders with well-

defined inner-bank growth increments, inter-
preted here as LASs (Mason and Mohrig, 2019), 
which show a consistent orientation with respect 
to the cap rock of the sinuous ridge (Fig. 1). 
This morphology in combination with the com-
pleteness of the LASs, which are indicative of 
bend expansion, indicate that these deposits rep-
resent channels rather than channel belts (cf. 
Hayden et al., 2019). At least two channels are 
stacked vertically over a streamwise distance 
of 22.6 km (Fig. 1; Fig. S1 in the Supplemental 
Material1). We inferred the position of the most 
recent active channels by digitizing the cap rock 
from a 1-m-resolution HiRISE DEM and used 
this to estimate channel width. The 17 best-pre-
served meanders were used for cross-sectional 
topographic analysis. Topographic profiles ema-
nated from the inner part of the bend, extended 
across the LAPs and onto the channel crest, and 
terminated at the highest elevation relative to 
the starting point (Fig. 2A; Fig. S2). Relative 
elevation differences were measured from each 
profile and averaged at 1 m intervals (Fig. 2B). 
Cross-LAP slopes were calculated by dividing 
the maximum relative elevation change along 
the profile by the distance (Fig. 2C).

LASs were identified as topographic peaks 
along cross-LAP transects on well-preserved 
regions of each LAP (Fig. S3; Table S1). LAS 
elevations were extracted from equidistant *E-mail: geomorphicjosh@gmail .com
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points (Fig. S4), and the 90th percentile was 
used as a representative value, since surface 
erosion disproportionately skews elevations to 
lower values. Intra-LAS elevation changes were 
computed as the difference between successive 
LAS elevations (Fig. 3A).

Estimates of AD1 channel depth, H (∼1.8 m), 
and other hydraulic geometry parameters were 
made from empirical relationships (e.g., Kon-
soer et al., 2018; see the Supplemental Material 
and Fig. S5). Illustrative basins were identified 
at the downstream end of AD1 from the Mars 
Orbiter Laser Altimeter (MOLA) DEM (USGS, 
2020) from outcrops of preserved ancient ter-
rain (Fig. 1A). The extent of each basin was 
estimated and combined with the aggradational 
deposit depths from AD1 to calculate required 
volumes necessary to raise the basin level by an 
equivalent amount.

CHANNEL EVOLUTION AND 
FORMATIVE CONDITIONS

Relative LAP elevation changes varied 
from 0.3 to 14.4 m, with an average of 5.7 m 
(Fig. 2B); the absolute vertical resolution was 
±0.5 m, although the spatial correlation of the 
data means that relative error will be far less 
(Palm et al., 2021). These changes equated to 
LAP slopes of 0.002 to 0.13 ± 0.006 based on 

absolute vertical resolution (Fig. 2C). Median 
between-LAS elevation changes varied between 
−0.3 and 1.2 m, with individual increases of 
>3 m (Fig. 3A). These elevation gains may be 
conservative in the absence of compaction and 
erosion estimates. The observed LAP elevation 
changes are far in excess of known increases 
in terrestrial systems (e.g., Durkin et al., 2015, 
their figure 11A). Critically, LAP thicknesses 
are multiples of the estimated channel depth, 
indicating that the observed inner bend mor-
phology and topography are not the product of 
differential erosion of a single extremely thick 
LAP from a deep channel, but rather they are 
the product of exceptional channel aggrada-
tion. This aggradation can be quantified using 
a superelevation index (SE) that measures the 
change in height between the lowest point of 
the inner-bend deposits and the cap-rock crest, 
hi, accounting for the LAP thickness at the basal 
point ∼H (Leeder, 1973), to give hi + H, normal-
ized by channel depth H (Fig. S5). SE values 
ranged between 1.8 and 8.0 for AD1.

The closest terrestrial analogues displaying 
aggradation of this magnitude are submarine 
channels, where the relatively small density dif-
ference between the formative gravity current 
and ambient seawater reduces the propensity 
for channel avulsion (Peakall et al., 2000). How-

ever, comparing SE for AD1 with both subaerial 
and submarine terrestrial channels (Jobe et al., 
2020), we found that median SE values for AD1 
are 2.1 × larger than values for submarine chan-
nels and 37 × larger than values for subaerial 
channels (Fig. 3B; Tables S2 and S3). Super-
elevation potential is enhanced in submarine 
environments, where the effective gravity is 
approximately three orders of magnitude lower 
than at the surface, and, while gravity on Mars 
is ∼38% of that on Earth, it is unlikely to be 
responsible for creating the extreme channel 
topography of AD1.

Stratigraphic evidence from the wider Aeo-
lis Dorsa region revealed multiple delta lobes 
downstream of AD1, suggesting that it may have 
been a feeder channel to a delta system (e.g., 
Cardenas et al., 2018; Hughes et al., 2019) sup-
plied with water from episodic rainfall events 
(Kite et al., 2019). We suggest that the forma-
tion of AD1’s exceptional vertical relief was 
likely triggered by water-level rise in a down-
stream reservoir that forced the channel bed to 
aggrade to maintain equilibrium. Because there 
are at least two stacked channels characterized 
by rapidly rising LAS deposits (Fig. 1C), this 
aggradation must have occurred more than once.

We estimated the active life span of AD1, 
using an empirically derived Martian  meander 

Figure 1. (A) Topographic 
map of Aeolis Dorsa, 
Mars. Red box highlights 
the study site chan-
nel AD1; yellow shaded 
regions demarcate fan-
like remnants interpreted 
as deltas from the lit-
erature (Di Achille and 
Hynek, 2010) and from pri-
mary observations. Three 
illustrative basins (a, b, c) 
downstream of AD1 are 
highlighted by dashed 
ellipses. (B) 22.6 km 
composite multi-aged 
(blue is older than white) 
sinuous channel (AD1) 
with cutoff meanders 
highlighted in red over 
a High Resolution Imag-
ing Science Experiment 
(HiRISE) (McEwen et al., 
2007) digital elevation 
model (DEM) using the 
Mars Sphere projection. 
Meanders are numbered 
in black. Lateral accretion 
package (LAP) cross-
profiles are displayed 
as radially distributed 
black lines. Two colored 
backgrounds indicate 
different-aged channels. 
Meander AD1–5 is pre-
sented in inset map and 
highlights how the main 
channel and cutoff mean-

ders were identified. (C) Schematic of a multi-age channel with streamwise topographic profile between AD1–8 and AD1–7 (T–T′).
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migration model (Lapôtre and Ielpi, 2020) devel-
oped from a global compilation of barren channel 
migration rates, and 38 measurements of AD1 
cap-rock channel width (see the Supplemental 
Material). Substituting channel width (B) for the 
estimated 10th, 50th, and 90th percentile widths, we 
estimated instantaneous bankfull migration rates 
(under the assumption of continuous bankfull 
flows) to be between 132 and 326 m yr–1 (Earth 
years) for AD1, which is similar to the range of 
distances over which the LAP profiles were mea-
sured (93–369 m), suggesting that each aggra-
dational phase may have been accomplished, at 
a minimum, within a single Earth year before 
avulsing to a new location (see the Supplemen-
tal Material; Fig. S6; Tables S4 and S5). Flow 
intermittency, I, estimates for Mars, measured 
over 105–106 Martian years (Mars-yr) suggest 
bankfull frequency of 1 Martian day (sol) per 
∼2–18 Mars-yr (Buhler et al., 2014) or ∼15–30 
Mars-yr (Lapôtre and Ielpi, 2020). Such rates 
imply AD1 formation by potentially hundreds 
of fluvial floods over ∼1000–10,000 Mars-yr. 
This conflicts with LAS counts (each at a sepa-
rate height), which suggest 7–20 aggradational 
phases (Fig. S3). Furthermore, channel dimen-
sions remained constant, and avulsion did not 
occur despite estimated avulsion frequency of 
∼5.7 yr (see the Supplemental Material), imply-
ing limited variation in hydrological conditions 
and extremely rapid aggradation. Consequently, 
such flow intermittency estimates are orders of 
magnitude too low for AD1. Median values of I 
on Earth are 0.1 (Hayden et al., 2021), equiva-
lent to ∼69 sol Mars-yr–1; therefore, AD1 could 
have formed in less than 1 Mars-yr, assuming 
each LAP increment formed in a single flood 
pulse. Alternatively, an assumption of bankfull 
periodicity equal to 1–2 yr as on Earth (Lapôtre 
and Ielpi, 2020) would give ∼7–40 yr. However, 
multiple LAPs can form during a single bankfull 
flow (Peakall et al., 2007), so AD1 may have 
formed more rapidly, in keeping with the avul-
sion frequency estimate.

The role of backwater hydrodynamics in 
creating these deposits is considered to be 
negligible (Nittrouer et al., 2012), since the 
estimated backwater length is 1.7–6.6 km (as 
estimated from channel depth [1.8 m] and bed 
slope [0.0005] measurements derived from 
cap-rock width [38.8 m]), and AD1 is situated 
∼40 km upstream (see the Supplemental Mate-
rial; Fig. S7).

TRIGGER FOR BASE-LEVEL RISE
In order to examine the possible mechanisms 

for rapid base-level rise, we first considered the 
nature of the downstream basin. Resolving the 
remains of a downstream basin is complicated 
by significant resurfacing and regional tectonism 
(DiBiase et al., 2013; Tanaka et al., 2014). How-
ever, we used the MOLA DEM to illustrate three 
possible highly simplified end-member basins 
(a–c) based on ancient outcrops and preserved 
delta deposits downstream of AD1 (Fig. 1A), 
proximal to a large number of enclosed paleo-
lakes (Rivera-Hernández and Palucis, 2019). 
We used the area of each basin to estimate the 
volume required to raise the water level by 6 m; 
i.e., the average elevation change for the depos-
its on AD1 (see the Supplemental Material). To 
raise basins a–c by 6 m would require a flood of 
30–240 km3; however, if all basins were to coex-
ist in a chain, then 390 km3 would be required. 
Given these illustrative basins, AD1 itself is 
unlikely to have acted as the source of water 
that resulted in base-level rise, as evaporative 
losses from the basin(s) were likely on the same 
order, or multiples of, the channel supplied flow, 
even assuming a constant bankfull flow (93.4 m3 
s–1; see the Supplemental Material). Multiple 
channels equivalent to AD1 would have been 
required to fill such a basin(s), but the lack of 
evidence for such networks, and the aforemen-
tioned discussion around flow intermittency, 
indicates that this scenario is implausible (see 
the Supplemental Material). Instead, we sug-
gest that a series of megafloods, sourced from 
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Figure 2. Lateral accretion package (LAP) 
cross-profile characteristics of channel AD1 
(Aeolis Dorsa, Mars). (A) Individual topographic 
profiles for meander AD1–7. (B) Average cross-
sectional topographic profiles for LAP deposits 
on AD1 bends 1–17. Abrupt changes in elevation 
on each averaged plot are artifacts of profile 
averaging caused by the decrease in number of 
profiles being averaged at that distance; these 
errors do not propagate. (C) Median LAP slopes 
bound (error bars) by lower and upper quartile 
slopes from population of transects. Shaded 
gray zone has statistically steeper slopes than 
the unshaded region. Kruskal-Wallis (KW) and 
Mann-Whitney U-test (MW) confidence values 
(p) are displayed for comparison of slopes in 
each zone. Filled points are main-stem mean-
ders; open points are cutoff meanders.

Figure 3. Lateral accre-
tion package (LAP) 
characteristics on Earth 
and Mars. (A) Elevation 
changes between lateral 
accretion surfaces (LASs) 
for bends 1–17. Boxes 
display median and inter-
quartile range of elevation 
changes between each 
surface of a correspond-
ing meander. Error bars 
indicate the range of 
measurements obtained 
from a meander. Median 
measurements are dis-
played for each meander. 
Kruskal-Wallis (KW) and 

Mann-Whitney (MW) U-tests were used to compare median elevations and statistical confidence (p). (B) Superelevation indices (SE) for three 
channel types on Earth and Mars. Boxes display median and interquartile ranges; error bars show range of SE. Median (SEMed) and maximum 
(SEMax) values are displayed with total number of measurements (n).
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 extrageneous reservoirs away from AD1 and 
capable of debouching large volumes of water 
over short time scales, provides a logical expla-
nation for the creation of these deposits.

For the smallest basin (a), we estimated that 
the largest-magnitude megaflood (106 m3 s–1) 
could raise the basin water level by 6 m in less 
than a sol, while a flood of ∼103 m3 s–1 could fill 
the basin in <1 Mars-yr (Fig. 4). Filling times 
for basins b and c were estimated to range from 
days to a few Martian years, depending on flow 
rate (Fig. 4), consistent with our independent 
estimates of channel evolution time scales. The 
megafloods could have originated from crater 
breaches to the south of the basin (Fig. 1A), 
with water supplied in series as each basin was 
progressively filled and overspilled (e.g., Irwin 
et al., 2005). These volumes are modest com-
pared to other suggested megafloods (Irwin 
et al., 2004). During hiatuses between mega-
floods, catchment-supplied sediments would 
have been deposited in the valleys, thus raising 
the level of the surrounding floodplain to the 
elevation of the former channel (cf. Cardenas 
et al., 2018) before the next flood-driven aggra-
dational channel commenced. The channel and 
delta networks in Aeolis Dorsa are estimated as 
late Noachian or early Hesperian in age (DiBi-
ase et al., 2013; Cardenas et al., 2018), which 
also aligns with independent estimates of fluvial 
activity across Mars (Irwin et al., 2004; Di Pietro 
et al., 2018). Despite widespread acceptance of 
fluvial activity and the formation of end-member 
basins across Mars during this period, we pro-
vide, for the first time, stratigraphic evidence 
that constrains the timing and magnitude of rap-
idly paced base-level rise on the planet and posit 
that fluvial activity and megaflooding occurred 
concomitantly at this time.

CONCLUSIONS
Aggradation estimates from 17 well-pre-

served meander lateral accretion packages on a 
stacked sinuous ridge in the Aeolis Dorsa were 
found to be more than 100% larger than any ter-
restrial equivalent. Stratigraphic evidence, sup-
ported by empirical relations, suggests that these 
deposits formed through at least two distinct 

phases of rapidly paced aggradation, punctu-
ated by a topographic hiatus during which the 
adjacent valley was infilled by fluvially derived 
sediments. By combining topographic measure-
ments with empirical relations for channel evo-
lution, we found that the aggradational pulses 
may have occurred within a single Mars-year 
driven by a rapidly rising downstream water 
body. We present evidence suggesting that this 
base-level rise was produced by localized mega-
flooding sourced from breached crater lakes.
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