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Introduction: We previously described a degraded 

Noachian-aged crater in Terra Sabaea, provisionally 
named “B,” that contained inverted fluvial channel net-
works and lacustrine deposits [1-2]. Crater B is not 
breached by fluvial channels and lacks depositional 
morphologies such as fans or deltas, which sets it apart 
from previously described open- and closed-basin lakes 
on Mars that are hydrologically connected to their sur-
roundings [3-4]. This “closed-source drainage basin” 
(CSDB) therefore represents a new type of paleolake on 
Mars. The lack of hydrologic connectivity, along with 
additional evidence of remnant cold-based glacial mor-
phologies within the crater, led us to hypothesize top-
down melting of a cold-based crater wall glacier as the 
source of runoff and sediment for the fluvial and lacus-
trine deposits, which produced one or more proglacial 
lakes within the crater [1-2]. This interpretation is con-
sistent with model predictions of the early Mars climate 
[5-7] and is the first potential geomorphic evidence of 
Noachian cold-based glaciation, sedimentation, and 
proglacial lake formation found on Mars. 

Using the geomorphic criteria established by our in-
itial studies of crater B, we conducted a wider regional 
survey in Terra Sabaea to search for further evidence of 
cold-based glaciation and glacially sourced fluvial and 
lacustrine deposits within degraded craters [8]. Here, we 
highlight an additional example from our survey that 
suggests geologic processes similar to those in crater B 
were acting at regional scales, and how this second ex-
ample may shed light on aspects of this era of Mars 
crater modification that we had not previously observed. 

Geology of the second crater: Our regional survey 
revealed 42 distinct inverted fluvial channel systems 
within a ~500-km radius of crater B [8]. Among these, 
approximately half were located in other unbreached 
(CSDB) craters that lacked evidence of either inflow or 
outflow channels as potential drainage sources. Of the 
unbreached craters, approximately one in three fell 
within the Type II classification of Mangold et al. [9] 
that are modified by fluvial activity but maintain faintly 
visible ejecta deposits, in contrast to Type I, whose 
ejecta deposits have been completely removed. Type I 
craters are thought to have formed mostly in the Noa-
chian while Type II craters formed in the Hesperian [9]. 

The unnamed second crater we highlight here is lo-
cated at 22.46˚S 46.19˚E, or ~250 km southeast of crater 
B (Fig. 1A; Robbins crater ID 21-000144 [10]). It is 
slightly smaller than B, with a diameter of 47 km. De-
spite being located in an Early Noachian highlands unit 
(eNh) [11], visible ejecta to the southwest suggests this 
crater is Type II and thus younger than B, which is Type 
I. Below we describe the notable geologic features 
within this crater and then compare them to our previous 
observations of crater B.  

Cross-cutting ridges. A single large, sinuous ridge 
network is exposed in the southwest floor of the crater 
(Fig. 1B). It is partly interrupted by multiple small, fresh 

impacts, but in the unobscured areas there is a clear dis-
tinction between the higher, flat-topped tributaries and 
the surrounding floor that suggests a downslope flow di-
rection toward the center of the crater. As in crater B, 
these ridges appear to be inverted fluvial channels with 
distinct proximal and distal morphologies. An isolated 
branch further to the south contains two superposed 
ridges. HiRISE images show a higher ridge flowing ap-
proximately N–S with two branches that curve off to the 
east (Fig. 1C). These branches superpose a lower pair of 
subparallel N–S ridges at a ~90˚ angle. Although indi-
vidual ridges may represent channel belts with multiple 
avulsions, the intersection of two stratigraphically dis-
tinct ridges is more likely representative of two separate 
channel-forming events [12]. Unlike in crater B, the 
channel cross-cutting in the second crater strongly sug-
gests that multiple episodes of fluvial activity occurred 
during this period of crater modification on Mars. 

Aeolian activity. The southeast floor of the crater has 
a more chaotic texture, although smaller inverted chan-
nels are visible here as well. The overall appearance of 
this area at HiRISE resolution is rough and pitted. The 
pit boundaries often have perpendicular sets of small 
linear ridges extending outward from them (Fig. 1D). 
These ridges closely match the description of topo-
graphically influenced transverse aeolian ridges (TARs) 
[13], linear dune-like features that form normal to the 
local wind field. Topographically influenced TARs do 
not readily appear in crater B, where they mostly occur 
as topographically independent ridges in wide, low-
slope plains. In some instances the TARs in the second 
crater are found in close proximity to the inverted chan-
nels. While both TARs and inverted fluvial channels can 
appear as quasi-linear ridges conforming to topography, 
the inverted channels tend to be flat-topped with some 
amount of sinuosity and branching, while the TARs are 
typically sharp-crested, linear, and subparallel. On av-
erage, the inverted channels we observe also have 
longer length scales (~1-5 km) than TARs (<1 km). 

Discussion: We have described in detail a second 
example of a crater containing features similar to those 
identified in the closed-sourced drainage basin crater 
“B” [1-2] as further demonstration of this style of crater 
modification on Mars. Major differences between this 
second crater and the original crater B include the iden-
tification of cross-cutting inverted fluvial channels and 
the close interrelationship between some inverted chan-
nels and transverse aeolian ridges, or TARs. In crater B, 
we interpreted the inverted channels as alluvial sedi-
ment lags that had become indurated, making them re-
sistant to erosion as surrounding unconsolidated mate-
rial was removed. Widespread deflation surfaces in 
crater B suggested that later aeolian activity was primar-
ily responsible for the removal of sediment within the 
crater. Thus, our overall interpretation of crater modifi-
cation in the Late Noachian can be updated in the fol-
lowing ways: 
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1. Fluvial channel formation within craters occurred 
in multiple episodes. The identification of inverted flu-
vial channels within a Type II crater suggests that this 
type of crater modification on Mars continued at least 
into the early period of Type II crater formation, beyond 
the end of the Noachian [9]. 

2. Alluvial sediment lags underwent topographic in-
version due to removal of material through aeolian de-
flation. Similar activity also led to the formation of pit-
ted terrain and transverse aeolian ridges. 

3. The identification of inverted fluvial channels 
within an unbreached CSDB crater outside the original 
crater B suggests that the processes that led to the for-
mation of inverted fluvial channels and lacustrine de-
posits in the first crater – namely, cold-based crater wall 
glaciation and top-down melting – may have been ac-
tive at wider regional scales in the southern highlands. 

Future work: Beyond the two CSDB craters we  
 

have now described, we are continuing to study inverted 
fluvial channels that occur in breached craters and 
within non-crater topographic basins [8]. By applying 
the criteria we first formulated for crater B and now 
have broadened by incorporating a second example, we 
are working toward characterizing the full range of an-
cient glacial environments in the southern highlands in 
order to further test hypotheses of Mars climate evolu-
tion. 
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Fig. 1. (A) 47-km crater located ~250 km southeast of crater B; blended CTX/MOLA DEM. (B) Southwest part of the crater 
floor with primary ridge network. (C) Multiple generations of cross-cutting ridges; HiRISE visible image. (D) Pitted terrain and 
transverse aeolian ridges in southeast crater floor.
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