
Title Aram Dorsum: An Extensive Mid�Noachian Age Fluvial
Depositional System in Arabia Terra, Mars

Authors Balme, MR; Gupta, S; Davis, Joel; Fawdon, P; M. Grindrod, P;
Bridges, JC; Sefton�Nash, E; Williams, RME

Date Submitted 2020-05-11



Journal of Geophysical Research Planets

Supporting Information for

ARAM DORSUM: AN EXTENSIVE NOACHIAN-AGE FLUVIAL DEPOSITIONAL 
SYSTEM IN ARABIA TERRA, MARS 

Matthew R. Balme1*, Sanjeev Gupta2, Joel M. Davis3, Peter Fawdon1, Peter M. 
Grindrod3, John C. Bridges4, Elliot Sefton-Nash5, Rebecca M. E. Williams6

1School of Physical Sciences, The Open University, Walton Hall, Milton Keynes, MK7 
6AA, UK
2Department of Earth Sciences and Engineering, Imperial College London, London, SW7
2AZ, UK
3Department of Earth Sciences, Natural History Museum, Cromwell Road, Kensington, 
London, SW7 5BD, UK
4Space Research Centre, School of Physics and Astronomy, University of Leicester, 
Leicester, LE1 7RH, UK
5European Space Research and Technology Centre, Keperlaan 1, 2201 AZ Noordwijk, 
Netherlands
6Planetary Science Institute, 1700 East Fort Lowell, Suite 106, Tucson, AZ  85719, USA

*corresponding author Matt.balme@open.ac.uk 

Contents of this file 

Text S1, S2
Figures S1 to S6
Tables S1 to S2

Additional Supporting Information (Files uploaded separately)

None.

Introduction 

1

mailto:Matt.balme@open.ac.uk


Included here are additional supporting materials that are either too deeply descriptive, 
or of an administrative or technical nature, and so do not belong in the main manuscript. 
Included are: (1) a more detailed description of map units to support the map shown in 
Figure 3 of the main paper; (2) topographic profiles illustrating the relief shown by the 
Aram Dorsum ridge; (3) a table listing the remote sensing image IDs used in this study; 
and (4) a table summarizing observations made of subsidiary ridges in the study area to 
support material presented in section 4.2.2 of the main paper.

Text S1. Map Units: description and interpretation 

We have grouped the units in the map by their position in the stratigraphy. We do not 
suggest that these are geological “groups” in the sense that they are assemblages of 
formation, only that they are easier to discuss if grouped. The groups are ‘Basal units’, 
‘Aram Dorsum formation units, and ‘Overburden units’.

Note that because the map was originally created to support ExoMars Rover landing site
selection work, different areas were digitized at different scales (~1:30,000 to 
1:100,000), depending on the ‘level of interest’. The aim of the map was to inform about 
the Aram Dorsum system, not to provide a consistent level of detail across the whole 
area. The version of the map shown in Figure 3 is at a scale of about 1:500,000, so any 
differences in linework vertex density that occurred during mapping are irrelevant at the 
scale presented.

S1.1 Basal Units (stratigraphically below Aram Dorsum formation)
Rugged Basal Unit
Appearance: RBu (Fig S1a,b) consists of rugged relief elements when viewed in CTX 
images, and contains many circular depressions inferred to be impact craters – many of 
which have a degraded appearance. No obvious layering can be seen.
Stratigraphy: The Rugged Basal unit (RBu) is the stratigraphically lowest unit in the 
study area. Importantly though, the contact between RBu and overlying units is almost 
always demarcated by what appears to be an erosional scarp, and the RBu units 
commonly contain steep-sided erosional outliers of superposing material. In some 
cases, these outliers superpose degraded impact craters within the RBu. This 
demonstrates that RBu was unconformably overlain by a formerly more extensive unit 
that has now been removed in many places. Generally, this superposing unit is the 
Undivided Plains unit (UPu). It is not possible to determine whether the various regions 
mapped as RBu are correlated with one another, as the exposures are discrete.
Lithological information: When examined in nighttime THEMIS data, RBu upper surfaces
are of moderate brightness (i.e., temperature) compared to other surfaces in the study 
area. The exception to this rule are that some pits or impact craters in RBu are dark (i.e. 
cool), owing to the presence of fine-grained aeolian materials such as Transverse 
Aeolian Ridges  on their floors. No further information about the lithology can be 
determined.
Thickness: No measurements can be made as only the upper surface can be seen.
Interpretation: No interpretation as to the origin of RBu can be reliably proposed, given 
its lack of morphological indicators, position at the base of the stratigraphy, and long 
history of burial, exhumation and exposure to the martian environment. It is presumably 
ancient terrain consisting of a mixture of impact, volcanic and possible sedimentary 
material.

Pit Units

2



Appearance: Pu surfaces (Figure S1c) are generally of moderate brightness and smooth
textured in CTX images. They are exposed within flat-bottomed, pits occurring in units 
that superpose them (SMu, TMu, or UPu). Pu pits are generally up to a few tens of 
meters deep and range from only a few 100 meters to several kilometers in horizontal 
extent. The shapes of the pits can be simple (e.g. circular or oval) or complex. They form
in similar settings to RBu in that they are demarcated primarily by being surfaces 
bounded by scarps at their margins, within what appear to be erosional windows. Like 
RBu, they contain outliers of the materials which surround them, which are generally 
units related to the smooth terrain surrounding Aram Dorsum, but are sometimes 
Undivided Plains units. 

In HiRISE images, most Pu pits have morphologies that distinguish them from 
the RBu units: they generally have low-relief floors with lower albedos than surrounding 
plains, and contain metre-to decameter-scale pits, polygonal fractures and curvilinear 
ridges. These are described more in section 4.2.4 of the main paper. Where HiRISE 
images and DEMs are available, examples of the upper surfaces of Pu materials 
becoming progressively more discontinuous, and the fracturing more severe, towards a 
local topographic low. At the lowest point, the Pu surface disappears completely 
revealing a more rugged surface below. In addition, many of the Pu pit floors contain 
~10-100 m scale circular features with concentric layering. The largest areas of Pu are 
morphologically similar to RBu at CTX scale, and there appears to be a continuum of 
form from the smallest examples of Pu, which are too small to appear on our map, 
through various kilometer-scale Pu examples, to larger ten kilometer-scale RBu 
exposures.
Stratigraphy: Pu all occur within erosional windows and have erosional outliers of what 
appear to be superposing units within them. They are therefore low in the stratigraphy – 
certainly below UPu and all Aram Dorsum formation units. HiRISE observations show 
that Pu-like surfaces are found discontinuously superposing RBu-like surfaces, so we 
conclude that Pu superposes RBu.
Lithological information: Pu surfaces are generally of moderate brightness (but usually 
brighter than RBu) in nighttime THEMIS images, suggesting they contain coarser 
sediments at the surface, or are better consolidated. Pu commonly contain wide-fracture 
polygons (see main paper, section 4.2.4) and sometimes contain layered circular 
depressions (probably degraded impact craters). Where Pu surfaces become 
discontinuous, they break down into discrete ‘plates’. These observations suggest that 
the Pu lithology is sedimentary and competent. It appears to be more erosion resistant 
than the surperposing materials as it forms a barrier to erosion.  
Thickness: 1-2 m thick when the margin can be measured in HiRISE DEMs.
Interpretation: Pu material is clearly different to RBu, although they form in similar 
settings. RBu upper surfaces are characterized by impact craters of various sizes, and 
moderate relief at decameter scale. Pu are smoother and almost always contain Wide-
Fracture polygons. Some regions of RBu have similarly surface morphologies to Pu 
(circular concentric layers, and polygonal fracturing) suggesting that there is a continuum
between them, or that there is a thin or discontinuous covering of Pu material within the 
RBu exposure. Where Pu-like textures appear within RBu units, they appear to 
superpose the more rugged, cratered areas. This suggests that these more rugged RBu 
units are exposed in deeper erosional windows that expose ‘basement-like’ rock units, 
whereas the erosional windows that expose Pu penetrate less deeply, to a thin 
sedimentary layer that is more resistant to erosion than the units above it. Our 
observations suggest that Pu is a continuous layer (or layers) that are found across the 
study area, rather than as a later fill within pits. It is possible that the Pu belongs to the 
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Aram Dorsum formation, as it appears to form mainly in areas spatially associated with 
Aram Dorsum formation or follow the trace of subsidiary ridges.
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Figure S1. Morphological examples of Basal units (stratigraphically beneath the Aram 
Dorsum formation). All images from CTX mosaic. a) Relatively poorly-cratered rugged 
Basal unit (RBu). b) Craterred example of RBu surrounded by Undivided Plains unit, 
UPu. c) Example of Pu (Pit unit) set within an erosional pit that punctures UPu and Aram
Dorsum marginal units (SMu/TMu). Image credits: NASA/JPL/MSSS

S1.2 Aram Dorsum formation units
Aram Dorsum unit (ADu)
Appearance: The Aram Dorsum unit (ADu) comprises the main Aram Dorsum ridge, ~85
km in length, up to 1.3 km wide and standing ~ 5-30 m above the adjacent low relief unit 
SMu. In CTX images, the main Aram Dorsum trunk has a smooth, flat top and contains 
few impact craters, but contains subtle curvilinear ridges and grooves lying parallel and 
sub-parallel to the ridge margins. These margins are generally steep and well-defined, 
sometimes with visible layers when viewed in HiRISE images. In some areas, the 
channel margins are degrading to form rubbly material at their bases, but in other area 
there is little rubble present. In some reaches the edges are linear and smooth, but in 
others the margin is heavily degraded (Fig. 1). The channel and its relationship with the 
surrounding units is described more fully in section 4.2 and 5.1 of the main paper.
Stratigraphy: ADu overlies the marginal units that surround it (usually SMu) but is 
superposed by outliers of local and regional plains materials (UPu and LRO/URO). 
Lithological information: The Aram Dorsum main trunk can be clearly distinguished from 
the marginal unit SMu in nighttime THEMIS data, being darker (cooler) than this unit. It is
of similar THEMIS nighttime brightness to the Undivided Plains unit (UPu). This 
suggests that the surface of the main Aram Dorsum trunk is composed of a finer-
grained, or more poorly consolidated, material than the adjacent material, or that the 
ADu surface includes a higher proportion of fine material. 

In contrast, the ADu uppermost surface is clearly cliff-forming, boulder shedding 
in places, and thus more resistant than the flanks. There is evidence that the ADu 
contains interbedded resistant and less-resistant lithologies, as resistant layers can be 
seen cropping out within the flanks of Aram Dorsum, and in some cases there appear to 
be multiple level in the ridge system, each with its own resistant upper surface. HiRISE 
images reveal that some scarps on the margins of ADu contain meter-scale layering.
Thickness: In places the ADu is up to 30 m above the surrounding terrain. Rare 
occurrences of 40-50 m are also seen, but also some areas where it is flush with the 
surrounding units. Using HiRISE and CTX DEMs, we have measured the thickness of 
many section of ADu and conclude that the typical thickness is 15-30 m.
Interpretation: As described in the main paper, we interpret ADu to be an inverted fluvial 
channel, preserved as a combination of erosion resistant sand-bodies protecting 
subjacent finer-grained sediments, which are interpreted to be flood-plains or overbank 
facies.

Smooth Marginal unit (SMu)
Appearance: SMu is visible on the surface as an area of smooth terrain extending tens 
to thousands of meters either side of the Aram Dorsum main trunk, and which also 
surrounds many of the smaller subsidiary ridge systems that feed into Aram Dorsum. In 
CTX images, SMu is of low relief, contains relatively few impact craters, and has a 
slightly lower albedo than the main Aram Dorsum inverted channel. HiRISE images 
confirm that SMu is very smooth at the ten to hundred meter-scale, except where it 
contains Pu pits. 
Stratigraphy: SMu is consistently superposed by the continuous parts of ADu, but the 
smaller contributory ridges that intersect with Aram dorsum have a more complex 
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interleaving relationship with SMu, as described in section 4.3. At least one moderately 
sized (~ 2 km diameter) impact crater has been superposed by both ADu and SMu units,
showing that the marginal unit was deposited in such a ways as to bury local relief and 
infill topographic lows. 
Lithological information: In daytime THEMIS data, the channel marginal materials appear
darker (and are amongst the darkest surfaces in the study area, in fact) than the main 
channel and the overlying overburden units. In nighttime THEMIS data, the SMu units 
are brighter. These observations show that this unit is one of the most competent, or that
its upper surface contains the smallest proportions of loose fine material of all the units 
in the study area. Near Pu pit margins, boulders can be seen at the base of scarps, and 
the SMu upper surface at these margins is eroding into small, fractured blocks. Also, 
fresh, ~ 100 m diameter impact craters in SMu show blocky ejecta. This means that the 
material that composes the SMu is indurated enough to form steep scarps, and to be 
block-forming when undergoing scarp retreat or impact cratering. Thus, it is a competent
bedrock unit, and not a mantle of loose material. This interpretation is reinforced by the 
presence of an array of polygonal and sub-linear fractures within the SMu which 
demonstrate that this material is competent enough to be subject to brittle fracturing. The
polygonal fracture systems are described in more detail in section 4.2.4 in the main 
paper. Finally, a few examples of subtle layering in the SMu can be seen where it crops 
out on the Pu pit walls, and there is a sparse population of 50-100 m diameter, 
concentrically-layered circular depressions (probably ancient, heavily eroded impact 
craters) within the SMu unit. Both observations provide some evidence for layering in the
SMu. However, if persistent layering exists within SMu, then it is generally of sub-meter 
scale and cannot be easily resolved in HiRISE images. 
Thickness: Where Pu pits occur within the SMu unit, HiRISE DEM analysis reveals that 
they are generally 5-20 m deep with steep margins and flat bottoms; this suggests that 
the SMu unit is 5-20 m thick. Where subsidiary ridges occur within the SMu, these can 
be up to 25 m above the base of the nearest Pu pit. We suggest that the SMu is 
generally ~ 10-20 m thick.
Interpretation: We interpret SMu to be related to Aram Dorsum and its subsidiary 
channels, and to be formed from floodplains or overbank deposits, similar to those now 
overlain by the Aram Dorsum resistant materials. 

Transitional Margin unit (TMu)
Appearance: The Marginal Transitional unit (TMu) is exposed as a surface similar in 
many ways to SMu, but with a slightly more rugged surface texture when examined in 
CTX images. It is located adjacent to and surrounding the SMu in most cases, but has 
also been mapped around some of the minor ridges that feed into Aram Dorsum, or in 
isolated regions.

TMu appears as a degraded transitional unit between the SMu and the 
surrounding materials in the Overburden groups. HiRISE images show that TMu is 
equivalent to SMu, but contain thin, blocky remnants of overburden materials, many of 
which are too small to be directly observed in CTX images. Thus this unit as mapped is 
not a unique bedrock unit, but instead is part of the SMu. As mapped, TMu marks a 
transition zone in the SMu which has a surface containing a mixture of SMu-like surface 
morphologies and overlying overburden unit surface morphologies (usually the undivided
local plains unit, UPu). 
Stratigraphy: TMu is equivalent in stratigraphy to SMu
Lithological information: THEMIS daytime and nighttime images reinforce the transitional
nature of the unit – its signature in this dataset is between that of the channel marginal 
materials SMu and that of overlying plains units such as the UPu.
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Thickness: Similar to SMu; 10-20 m thick
Interpretation: We interpret TMu to have formed by overbank or flood plains deposits.  

Figure S2. Morphological examples of Aram Dorsum Formation units. 

S1.3 Overburden units
Stratigraphically above the Aram Dorsum formation is a series of superposing plains-
forming units of local to regional extent. Local overburden materials defined as the 
Undivided Plains unit (UPu) unconformably superpose both Rugged Basal units (RBu) 
and Aram Dorsum formation units. Unconformably overlying UPu are regional-scale 
overburden units that including the lower and upper regional overburden units (LRO and 
URO) and a distinct plains-forming unit (the Ejecta Conditioned unit, ECu) found only in 
the southwest of the map. The ECu is associated with a 50 km dimeter impact crater that
lies 140 km southwest of the center of the study area (i.e. outside of the map). All of 
these units appear to have undergone significant erosion, as shown by the presence of 
erosional pits and scarps, apparently deeply eroded impact craters, and isolated outliers 
away from the main units.

Undivided Plains unit, UPu
Appearance: UPu examples are characterized by low-relief with a smooth to undulating 
surface texture at CTX-scale, except where they contain impact craters and erosional 
pits. North of Aram Dorsum, the margins of the unit are defined by scarps and outliers, 
and often have cuspate margins suggestive of back wasting and erosion. South of Aram 
Dorsum, the morphology is similar, but less pronounced. In many places there are 
erosional pits (Pu), the deepest and largest of which expose basal materials (RBu). 

There are considerable variations in surface morphology, albedo and thermal 
properties within the unit, as well as internal partitioning by moderate-to-gentle breaks in 
slope that are visible in topography data. These might be inter-unit emplacement 
boundaries, so these observations suggest that this is not a single formational unit. In 
particular, there appears to be three main types: (i) a northern type, with high crater 
density, common erosional morphologies, and significant relief, (ii) a southern type, 
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showing lower relief and fewer craters, and (iii) an eastern type with slightly higher 
albedo in CTX images, significant erosional morphologies, and the highest relief of the 
three types. There could be many more than three such sub-units, however, as it is very 
difficult to define where one such sub-unit ends and another begins – many contacts are 
gradational, and sub-dividing the unit would be highly interpretive. However, the unit as a
whole appears to occupy a consistent place in the stratigraphy, overlying the Aram 
Dorsum group units, and being overlain by other regional overburden. Hence, we have 
grouped these surfaces to form the undivided plains unit, UPu. 
Stratigraphy: Materials mapped as UPu form the stratigraphically lowest part of the units 
that superpose the Aram Dorsum-related units. Determining the superposition 
relationships between UPu and Aram Dorsum units is difficult using CTX, but HiRISE 
images show small outliers of UPu materials superposing the Aram Dorsum marginal 
units, confirming that the UPu materials superpose the Aram Dorsum group (Figure S6). 

Impact craters within the UPu are filled by other overburden materials. For example,
in the southwest, outliers of the ECu occur within two craters (each >4 km in diameter) in
UPu and, in the east, a ~5 km diameter crater contains LRO materials. In addition, 
outliers of both these regional units superpose the local UPu overburden in many parts 
of the study area. This demonstrates both that the UPu is consistently stratigraphically 
lower than the more regiona-scale overburden units, and that these materials were once 
far more extensive. Also, as the outlier-containing craters appear to have formed within 
UPu (as opposed to themselves being superposed by UPu), then the upper contact 
between UPu and LRO must be unconformable, and there must have been enough time 
between the emplacement of UPu and the emplacement of the regional overburden 
materials for UPu to accumulate several impact craters with diameters greater than a 
few kilometers.

The lower contact of UPu is also unconformable – it overlies both RBu and Aram 
Dorsum materials: the lower unit boundary cross-cuts RBu and Aram Dorsum formation 
boundaries and there are outliers of UPu visible on both the superposed units. 
Lithological information: In THEMIS nighttime data, UPu has a moderate but mottled 
appearance, although it is significantly darker (i.e., finer grained, or less well 
consolidated) than the lowermost superposing regional overburden unit (LRO). Within 
UPu, many crater-fills appear dark in THEMIS nighttime data, and are seen to contain 
small fields of aeolian bedforms such as Transverse Aeolian Ridges [e.g., Balme et al., 
2008]. The materials which compose UPu are sufficiently competent to form steep 
scarps and low cliffs and some scarps are shedding blocky boulders. Several of the 100 
m to kilometer-sized craters in the UPu show evidence for some layering at the metre-
scale, but the unit generally appears massive at the meter to decameter-scale. 
Thickness: The erosional scarps and outliers of this unit can be used to measure its 
thickness: the unit is generally 40 – 100 m thick, and appears slightly thicker (up to 150 
m) in the north of the study area. However, near the contact with the Aram Dorsum 
group, UPu thins considerably. This thinning of UPu towards Aram Dorsum appears to 
occur both north and south of Aram Dorsum.
Interpretation: We interpret the UPu to be mainly impact crater ejecta from large craters 
outside of the study area, or other materials conditioned or cemented by the 
emplacement of distal ejecta from such craters. The UPu probably also contain materials
of other origin, as they have a significant degree of spatial heterogeneity in morphology 
and thermal inertia, contain some evidence for layering, and so could also include 
sedimentary material derived from aeolian or volcanoclastic materials. Importantly, UPu 
was emplaced unconformably onto RBu and Aram Dorsum group units, which must 
therefore have been an already heavily eroded surface. This interpretation in keeping 
with a dominantly impact-ejecta origin.
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Figure S3. HiRISE image showing superposition relationship between Undivided Plains 
unit UPu and Aram Dorsum Smooth Marginal unit, SMu. Outliers of UPu (arrowed) can 
be seen overlying SMU. Overlying UPu is an outlier of LRO or URO. Contacts between 
UPu and SMu are shown by dashed lines. Image credit NASA/JPL/UoA.

Lower Regional Overburden Unit, LRO
Appearance: LRO crops out across the east of the study area, uncomfortably overlaying 
all units it superposes. LRO is rough at the 100 m scale when examined in CTX images. 
It is extensively pitted, covered with small steep hills, and fields of ‘inverted boat hull-
shaped’ mounds of various sizes which have all the morphological hallmarks of 
yardangs (i.e., wind-eroded mounds; Figure S4). HiRise images reveal that many of the 
yarding, especially in the north east of the study area, are obviously layered. Yardangs 
can have flanks of 10-20 m height that contain up to ten distinct layers, some of which 
have a blocky appearance. When viewed in HiRISE images, the unit has a diverse 
surface texture, including morphologies such as ‘undulating’  ‘rectilinear to sub-linearly 
ridges’ (decameter-scale spacing), ‘pitted’, ‘smooth’ and ‘scaly’. 
Stratigraphy: Large (5-10 km across) outliers of materials with identical morphology to 
the continuous LRO outcrops are found across the study area. Also, across much of the 
eastern part of the study area, the unit occupies local topographic lows, infilling valleys 
and larger impact craters. A particularly large patch of LRO material occupies most of 
the floor of a 10 km dimeter impact crater in the north west of the study area – nearly 50 
km away from the main deposit, suggesting that the LRO was once more extensive and 
that it unconformably superposes almost all other units in the study area. 
Lithological information: The presence of yardangs, together with a relative lack of fresh-
looking impact craters, suggests the unit is undergoing active aeolian erosion. In 
general, though, this unit has very few loose boulder or float rocks on the surface, 
suggesting it is to be of cohesive, but easily eroded, lithology. Night-time THEMIS 
images reveal LRO to be consistently the brightest unit in the study area, indicating a 
relatively high thermal inertia, again, showing that is composed of a competent material.
Thickness: The thickness of the unit is hard to measure. Although the heights of the 
yardangs in the unit can be measured (some of which are 70-100 m high) using HiRISE 
and CTX DEMs, it is not certain that the yardangs are composed entirely of LRO-forming
material, and some of their height could be made up of overlying URO material. In the 
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east, where the LRO unit crops out as a series of steep scarps and cliffs, the vertical 
extent of the unit is up to about 240 m thick, but in other areas it is thin and 
discontinuous. It is likely that the original vertical thickness of the unit was a few hundred
metres in the east of the study area, but it is unknown if it thinned towards the west, or 
was similarly thick across the whole study area. 
Interpretation: Because our observations of LRO are similar in morphological 
description, stratigraphy and thermal inertia to the description of the lowermost unit of 
the three regional “etched units”, NMe1, described by Hynek and Di Achille ), we 
consider the LRO unit to be equivalent to this NMe1 unit. Hynek and DiAchille (2017) 
map NMe1 as covering most of the Aram Dorsum study area, including our local 
overburden unit (UPu), the lower regional overburden unit (LRO), and all of the Aram 
Dorsum formation and Basal units. That Hynek and DiAchille [2017] did not further divide
NMe1, is unsurprising – their map was constructed at a very different scale, and covered
a vastly greater spatial extent. Given that the description of NMe1 in Hynek and DiAchille
[2017] matches the description of our lower regional overburden unit LRO, we further 
suggest that these two units also are equivalent, and that the difference in the mapped 
extents is due to scale of mapping. This suggests that LRO dates to the mid/late 
Noachian boundary, following the chronology of Hynek and Di Achille . Furthermore, we 
find no good reason to disagree with their interpretation, that this unit: “…formed as 
result of groundwater-cemented eolian deposits and (or) volcanic depositional processes
and modest fluvial activity. Isolated outliers suggest significant eolian erosion and larger 
and more contiguous extent over region in the past.”

Upper Regional Overburden, URO
Appearance: The Upper Regional Overburden (URO) is a terrain type found at the 
eastern edge of the study area and (somewhat uncertainly) as small outliers towards the
center of the map. URO is a cliff-forming plains unit with low relief and, at CTX-scale, a 
smoother surface appearance than the LRO unit which it superposes. Similarly to the 
LRO unit, URO contains qualitatively few fresh impact craters. Towards the edge of the 
LRO unit are numerous hundred meter-scale shallow pits which become increasingly 
linked to form coalescing niches that finally become indented cliffs and mesas 
surrounded by colluvium. Below this, the boundary with LRO is generally sharp, with a 
well-defined contact demarcated by a low cliff. Layering – similar to that in the yardang-
like mounds in LRO – is often seen in scarps or low mesas.
Stratigraphy: Outliers of URO materials, some about a kilometer across, are seen on top
of the LRO, indicating that URO was also once more extensive and has undergone 
significant erosion. Some of the URO outliers have aerodynamic or yardang-like forms, 
indicating erosion by wind. Others are approximately circular, and may therefore be the 
heavily eroded remnant of infilled and exhumed impact craters. Other outliers are found 
farther west in the study area, and appear to directly overly the local UPu overburden 
unit, although in these cases it is very hard to tell whether the outlier contains a stack of 
LRO and URO materials, or just one unit-type. 
Lithological information: URO is generally dark in night-time THEMIS images, indicating 
that it is a material of relatively low thermal inertia, or that on its surface it contains 
significant amounts of loose, fine materials.
Thickness: The URO unit is at least 100 m thick in the east of the study area, so 
between them, the major eastern areas of LRO and URO form a plateau that is about 
300 m above the main flat-lying part of the study area.
Interpretation: The spatial extent and morphological description of URO, as mapped 
here, are identical to that of the Noachian Middle etched unit (NMe2), as described by 
Hynek and Di Achille (2015). Hynek and Di Achille (2017) interpret NMe2 as being 
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“Formed as result of groundwater-cemented eolian deposits and (or) volcanic 
depositional processes. Isolated outliers suggest significant eolian erosion and much 
larger and more contiguous extent over region in the past. Crater ejecta armored and 
preserved outcrops”, and we do not disagree. Importantly, URO provides a stratigraphic 
marker that ties the whole study area into a regional geology. The URO must date to the 
early part of the late-Noachian, following the chronology of Hynek and Di Achille .

Ejecta Condition plains unit, ECu
Appearance: The Ejecta Conditioned plains unit (ECu) occurs only in the southwest of 
the study area. It has a flat-lying upper surface with similar smooth surface and similar 
marginal degradation style to LRO/URO units, showing steep cliffs, with many small 
outliers and mesas. It also has a generally similar surface texture to LRO. Near the 
margins of ECu are kilometer-scale and smaller approximately circular pits. These pits 
could be degraded impact craters, but in some areas appear to occur in sub-linear 
chains. At the margin of the unit isolated or linked mesas occur in collinear patterns, 
suggesting zones of more resistant materials. These linear patterns radiate outwards 
from an unnamed ~50 km diameter crater, lying ~50 km southwest of the study area. 
Other such linear patterns of mesas radiate from this southwest crater outside of the 
study area. 
Stratigraphy: ECu overlies all major units it is in contact with in the mapped area. 
However, ECu is spatially isolated from the LRO/URO units so cannot be 
stratigraphically correlated with them, and cannot be pinned to the local stratigraphy with
any certainty. 
Lithological information: ECu has a moderate brightness in THEMIS nighttime data, but 
the degraded margins are very bright – suggesting the presence of high thermal inertia 
blocks exposed where scarp retreat has occurred and debris has formed on the slopes. 
This is confirmed by HiRISE observations of outliers and mesas of ECu, which reveal 
the presence of meter-scale layering and blocky material.
Thickness: MOLA DEM analysis shows that outliers of ECu are ~ 100-150 m high, 
although it is unknown what part of this is made up of lower units within the outlier. The 
bulk of the unit is ~ 200 m above the surface of the UPu it superposes. We conclude this
unit is 100-200 m thick.
Interpretation: The patterns of the linear chains of pits and craters suggest some kind of 
genetic link between this unit and the impact crater to the southwest. However, if the unit
is simply interpreted as being continuous ejecta from this crater, then its furthest extent 
would be ~125 km from the crater center – or about five crater radii. This appears too 
great a distance for continuous ejecta to be emplaced to, although it is possible that the 
chains of pits and mesas could have formed as proximal secondaries (or inverted, 
resistant crater-fills) from the southwest crater. Also, it is possible that thin, distal ejecta 
might have protected the materials present here from erosion, forming a resistant layer 
at the surface. This resistant surface, when subjected to regional erosion, could explain 
the distinctive pattern of steep outlying mesas and scarps seen at the present day. We 
conclude that the ECu could be equivalent to the LRO/URO unit, but there is no 
unequivocal evidence to link them. Thus this unit is interpreted simply as a regional 
overburden unit of broadly unknown origin that is similar in character to, but independent
of, the eastern units LRO and URO.
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Figure S4. CTX images showing examples of overburden units. a) Typical UPu surface 
types. b) LRO example showing wind eroded yardangs (small inverted boat hull-like 
structures) and a defined lower contact with UPu (although note some yardang outliers). 
c) Sequence showing UPu superposed by LRO, which is in turn superposed by URO. d) 
Ejecta Conditioned unit example. cONTINUOUS ECu ca be seen bottom left, becoming 
progressively more eroded towards the middle of the image. Outliers of ECu can be 
seen within a UPu crater, demonstrating an unconformable contact between the two. 
Image credits: NASA/JPL/MSSS.
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Figure S5. Morphological and thermophysical examples of overburden units. a) CTX 
mosaic showing smooth, moderate albedo UPu material overlain by slightly darker, more
rugged LRO, which in turn is overlain by URO. URO becomes progressively more 
eroded in the transition from more central parts of the unit towards the margin and 
contact with LRO. Note possible outliers of URO at X and Y. Dashed lines show contacts
as mapped using the CTX mosaic. White box shows extent of c). b) Same extent as a), 
but with THEMIS night time image displayed. Note the difference in thermosphysical 
properties between URO and LRO (LRO is inferred to be higher thermal inertia, as it is 
brighter in nighttime THEMIS data) and that X and Y are shown to be similar in nighttime
THEMIS brightness to URO, and hence are demonstrably outliers of URO. c) layered 
infill of impact crater in LRO. Although the impact crater could be beneath LRO, with only
the rim protruding above the exposed LRO surface, it does instead appear to have 
formed within LRO. This suggest both that URO is unconformably overlain on LRO, and 
that LRO is persistently layered to an extent not seen in most of its eroded margins.
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S1.4 Minor units
The map contains several other unit that do not fit in to the main groups, or that 
are not relevant to the formation of Aram Dorsum. These are included for sake of
completeness. These additional units are:

Crater materials (C): Defined ejecta, rim and floor materials of impact craters. 

Aeolian materials: Only the largest areas of aeolian materials are shown. In all cases 
these are TARs  as there are no dark dunes materials  in the study area.

Crater Infill (CI): Two large (>5 km diameter) craters in the extreme north and extreme 
west of the study area have low albedo floor-fills of unknown origin.
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Text S2. Aram Dorsum topographic profiles

Figure S6 shows topographic long and cross profiles of Aram Dorsum. The long Profile 
uses MOLA gridded elevation data . The cross profile covers several branches of Aram 
dorsum and uses topographic data derived from a HiRISE stereo DEM . 

 
Figure S6. Topographic profiles across and along Aram Dorsum
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Table S1 Figure instrument and image ID numbers

Figure number Instrument Image IDs
1d, 3, 4 CTX Mosaic includes: 

B01_009840_1885_XN_08N010W 
B02_010407_1888_XI_08N010W 
B02_010618_1891_XI_09N011W 
B03_010684_1893_XI_09N012W 
B03_010829_1892_XI_09N012W 
B04_011396_1893_XI_09N011W
D09_030714_1876_XI_07N011W 
F05_037729_1876_XN_07N011W
F19_043162_1880_XN_08N011W
G23_027180_1889_XI_08N011W
J07_047395_1884_XN_08N010W
J11_048964_1877_XN_07N011W

5 CTX
HiRISE DEM

HiRISE image

CTX mosaic
ESP_036384_1880/ESP_037162_1880 (a and b) 
ESP_036384_1880/ESP_037162_1880 (c)
ESP_043162_1880

6 HiRISE DEM
HiRISE images

ESP_047461_18810/ESP_038428_1880
ESP_047461_18810

7 HiRISE images ESP_039747_1880
ESP_028591_1880

8 CTX CTX mosaic
9 HiRISE images ESP_035962_1880

ESP_036740_1880 
ESP_036885_1880
ESP_040881_1880

10 HiRISE images ESP_041949_1880
ESP_042305_1880
ESP_038151_1880

12 THEMIS Day? Global mosaic
13 e,d CTX CTX mosaic
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Table S2. Description of subsidiary ridge/channel systems that appear to feed into Aram 
Dorsum. L is the length of the subsidiary, measured from Aram Dorsum to the furthest 
point of that tributary system. Gradient is positive if sloping towards Aram Dorsum.
# Description of feature and estimated 

reliability of identification
L (km) Width 

(m)
Gradien
t

Strahler
order

1 Continuous, subtly defined, ridge, pitted ridge 
and furrow system. Robust identification in 
HiRISE.

3.5 40-80 0.007 1

2 Discontinuous, well defined linear/curvilinear 
ridges. Tentative identification (no HiRISE).

4 ~60 0 1/2

3 Discontinuous, poorly defined linear ridges and 
subtle channel. Tentative identification (No 
HiRISE).

~7-22 50-100 0.0035 1

4 Discontinuous pit chains and subtle curvilinear 
furrow-like forms. Possible transition into subtle 
ridge form close to Aram Dorsum. Tentative 
identification (possibly coincidentally aligned 
pits).

4 ~50 0 1

5 Well-defined, mainly continuous, sinuous and 
branching ridge system. Some segments have 
resistant capping material, others are 
composite, multi-thread ridge/furrow landforms. 
Comprises many contributory branches with 
extensive catchment (~500 km2). Robust 
identification across several HiRISE images.

~45 50-150 0.002 3/4

6 Mainly well-defined, continuous, sinuous furrow/
ridge complex to the north trends into subtle, 
sinuous ridge system nearer to Aram Dorsum. 
One segment has possible resistant capping 
layer. Robust identification of southern part of 
system, slightly less robust identification for the 
northern part.

~15 30-50 
(furrow)

40-100 
(ridge)

0.003 1/2

7 Short, linear, poorly defined ridge. Appears to 
be being exposed from beneath mantling 
materials. Tentative identification (uncertain 
morphology).

1.2 50 N/A (too 
short)

1

8 Mainly well defined, continuous, sinuous to 
curvilinear channel/furrow system. Furrow 
systems includes inner ridge(s) in places. 
Transitions into subtle ridge system in a few 
areas, and trends into a discontinuous ridge 
systems further south. Robust identification.

~40 50-150 0.002 2
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