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Introduction: Fluvial valley networks are pre-
served throughout the highlands of Mars [1] and are 
widely believed to have formed through the warm and 
wet climate processes of areally distributed precipita-
tion and runoff [e.g. 2-3] around the Noachian–
Hesperian boundary [4]. More recently, inverted chan-
nels preserved in positive relief have been linked with 
depositional fluvial activity at the time of valley net-
work formation [5-6]. Most inverted fluvial channels 
have been found in the Arabia Terra region near the 
dichotomy boundary and are several hundreds of me-
ters wide and 10s to 100s of kilometers long [5-8]. In 
previous work, we characterized a subset of smaller 
Noachian to Early Hesperian inverted channel systems 
found exclusively within degraded craters in the Terra 
Sabaea region of the southern hemisphere [9]. Given 
their similarity to geologically recent ice-related flow 
features on Mars [10-14], we hypothesized that the 
inverted channels in Terra Sabaea may have formed 
through the generation of glacial meltwater runoff in a 
much earlier period, potentially coincident with the 
formation of the highland valley networks and inverted 
depositional channels in Arabia Terra. An unnamed 
54-km crater in Terra Sabaea (20.2˚S, 42.6˚E; Fig. 1a)
contains a well-preserved assemblage of inverted
channels, arcuate ridges, and crater wall alcoves that
we use as an example to further explore climate-
dependent formation hypotheses for the class of small,
intracrater inverted channel systems we have previous-
ly identified.

Geologic context: Terra Sabaea is a heavily cra-
tered region of the southern highlands and is mostly 
Noachian in age [15]. Recent studies have concluded 
that, despite the lack of regionally integrated drainage 
in the area, the craters in Terra Sabaea have been mod-
ified by fluvial activity in a transport-limited regime 
[16-18]. The crater we describe here is labeled “B” in 
the study by Irwin et al. [16] and is one of the most 
degraded large craters in the region. While the exist-
ence of fluvial deposits in the crater floor has been 
noted [16], we have made additional observations and 
mapped the crater floor units in detail using a combina-
tion of THEMIS infrared, CTX, and HiRISE imagery 
(Fig. 1b). The most prominent feature is a dense net-
work of sinuous inverted channels that begin at a slope 
break at the bottom of the crater wall and flow 
downslope, terminating at a fine-grained sedimentary 
deposit that may represent the channel effluent. Indi-
vidual channels display branching relations implying 
that they formed via runoff from liquid water, but there 
is no evidence of drainage originating anywhere out-
side the crater. Their origin at a slope break suggests a 

similar depositional mechanism as the inverted chan-
nels in Arabia Terra [5-6]. The courser sediment lag 
within the channels would have been more resistant to 
erosion than the surrounding fine-grained substrate, 
leading to terrain inversion. Situated directly above the 
channels is an arcuate ridge and a series of crater wall 
alcoves, with each alcove approximately correlating to 
the location of a single ridge segment and channel head 
(Fig. 1c-d). Thus, it appears that whatever process 
formed the inverted channels may have originated 
within individual crater wall alcoves and also formed 
the arcuate ridge. A dark-toned mantling unit covers 
the crater and is stratigraphically higher than the in-
verted channels, which appear to emerge from beneath 
the mantle in a number of locations. Crater counting on 
this unit gives an Early Hesperian age date of ~3.5 Ga 
[19]. Likewise, Mangold et al. [20] suggested that flu-
vially dissected craters that lack ejecta such as crater B 
formed no later than ~3.7 Ga, meaning the fluvial ac-
tivity we observe likely occurred sometime within this 
approximately 200 Myr window in the Late Noachian 
or Early Hesperian. 

Climate-dependent formation hypotheses: A 
formation mechanism for the features we observe in 
the unnamed Terra Sabaea crater B must explain the 
occurrence of inverted channels, arcuate ridges, and 
alcoves within a crater that lacks any observable exte-
rior drainage. A number of ice-related flow features 
have been described within mid-latitude craters on 
Mars that have undergone glaciation due to recent, 
obliquity-driven climate variations [10-14]. As the 
climate warmed, glacial ice on crater walls began to 
retreat, leaving behind one or more terminal or lateral 
moraines (Fig. 1e). During subsequent temperature 
excursions, remnant glacial ice held within cold traps 
in crater wall alcoves could melt and flow downhill, 
forming glaciofluvial valleys (Fig. 1f) [10,12-13]. The 
sedimentary deposits we observe in crater B could 
have formed in a similar manner, leading to at least 
one widespread melting event in which fluvial sedi-
ments were deposited in the crater floor. If the sur-
rounding substrate still contained snow or ice, subse-
quent melting or sublimation would have served as an 
efficient topographic inversion mechanism (slopes 
would have been too shallow to produce additional 
streams from melting on the crater floor). The glacial 
melt hypothesis is consistent with predictions of a re-
gionally extensive highlands ice sheet in a cold and icy 
early Mars climate [21-22]. If the higher-altitude inter-
crater plains were ice-covered at the time, then this 
would explain the lack of fluvial dissection in these 
areas. 
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Fig. 1. (a) CTX mosaic of Terra Sabaea crater B [16]. (b) Sketch map of major geologic units within the crater. (c) Relationship between 
crater wall alcoves, arcuate ridge, and channel heads. (d) Detail image of arcuate ridge segments. (e-f) Examples of recently glaciated 
mid-latitude craters showing similar ridge-like moraines (e) [11,14] and glaciofluvial valleys sourced from retreating glacial ice (f) [13]. 

Ongoing work: Our observations of a well-
preserved inverted fluvial channel system within an 
unnamed crater in Terra Sabaea provide the possibility 
that these features formed in the presence of wide-
spread glaciation in the Late Noachian or Early Hespe-
rian, which would support a cold and icy early Mars 
climate hypothesis [21-22]. This is much older than 
any other confirmed glacial activity on Mars [10-14], 
although evidence has recently been presented of val-
leys with glacial-like channel geometry of Noachian 
age [23]. The lack of preserved fluvial features outside 
the crater argues against an origin as the depositional 
remnants of valley networks in a warm climate driven 
by liquid precipitation. We are currently testing end 
member climate-dependent formation hypotheses us-
ing a modified version of the MARSSIM landform 
evolution model [24]. Glacial meltwater runoff will 
typically originate from a one-dimensional margin, 
whereas runoff from precipitation will contribute to 
drainage across an entire two-dimensional area. These 
differences are programmed as input to MARSSIM 

that can then be analyzed to determine differences in 
regional hydrologic characteristics between these sce-
narios. By comparing the model results to our observa-
tions, we can use mechanistic evidence to test our hy-
potheses on the likely formation mechanism for the 
inverted channels in Terra Sabaea. 
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