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Introduction: Impact crater degradation, including 

reduction of rim relief and denudation of ejecta blan-

kets, was active on early Mars [e.g., 1-3]. Many de-

graded impact craters with low rim relief also have 

inlet valleys [4, 5]. Previously we found that the crater 

rim removal accomplished during degradation on early 

Mars may have prepared craters for inlet incision dur-

ing the valley network (VN)-forming era [5]. However, 

not all rimless craters on Mars have inlets, so degrada-

tional rim removal could not have been the only control 

on VN inlet formation. In this study, we ask: Why were 

some, but not all, low-rimmed craters breached during 

the VN-forming era? To answer this, we test whether 

there are any measurable distinctions between VN-

breached and non-breached degraded Noachian craters. 

A full explanation of the methods, results and discus-

sion detailed here is available in [13].  

Hypotheses: All else being equal, we hypothesize 

that inlet formation was promoted for craters: (i) on 

longer and steeper slopes; (ii) with larger catchments, 

(iii) with greater local VN drainage densities; and (iv) 

that are more deeply inset into the landscape. We also 

hypothesize that terrain roughness and rim topographic 

variability may have had an effect on inlet formation. 

Other features (erodibility, climate variations) may 

have played a role, but we do not test them here.  

Approach: We evaluated the topography and hy-

drology around 103 degraded impact craters, 51 with 

and 52 without VN inlets, between 40°N and 40°S, 

with diameters 12-150 km. VN-breached degraded 

craters were selected from catalogs of martian paleo-

lakes [4, 5]. Non-breached craters, in the S. highlands 

within 100 km of a VN and other paleolakes, were se-

lected from a catalog of martian craters [6].  

Topography. We used products derived from 

MOLA elevation to measure slope and roughness. A 

clip of the spherical harmonic model (SHM) of Mars’ 

topography up to degree 20 (~500 km on Mars) [7] 

was extracted at each circular buffer distance and used 

to calculate the regional slope. A “sector” 60° either 

side of the upslope orientation was mapped for each 

buffer distance (“upslope sector”). Median differential 

slope (MDS) maps [8] were clipped to each sector 

buffer area, and the median value of MDS serves as the 

regional roughness metric. Roughness was assessed at 

0.6, 2.4, and 9.2 km baseline length scales.  

Where CTX and HRSC DEMs were available, we 

mapped the along-rim profile within the upslope sector 

and evaluated crater rim topographic variability follow-

ing [8], with MDS calculated for baseline length scales 

of: 25 m, a tenth of the crater radius, and 0.6, 1.0, 2.4, 

10.0 and 19.2 km. 

Hydrology. To measure the catchment area from 

which runoff, if present, would contribute to the crater 

(potential contributing area), we calculated flow accu-

mulation maps from MOLA elevation, and measured 

the upstream watershed area from selected pour points 

using ArcMap’s hydrology tools. Breached craters’ 

pour points are the point of highest flow accumulation 

at one crater radius from the crater center and within an 

inlet valley. Non-breached craters’ pour points are the 

point of highest flow accumulation outside the crater 

and within 1.25 R of the crater center. 

We estimated VN drainage density (VN length per 

area) for each buffer distance. To avoid bias due to the 

presence of the required inlet valley around breached 

craters, we calculated drainage density over the circular 

buffer area excluding the upslope sector (where the 

inlet is usually located) and crater interior. Valley 

length was estimated from the map of VNs by [9], ex-

cluding all non-VN valley types.  

Lastly, we calculated an inset index, Ι: 

I = (mean Z upslope – min Z inside crater) / crater depth 

Where Z is absolute elevation. I is a dimensionless 

factor which quantifies the number of crater depths (d) 

the crater floor is below the average upstream terrain. 

We suggest a deeply inset crater (high Ι value), is likely 

to be a strong regional sink for water, versus a crater 

relatively perched above the surrounding terrain, which 

might receive limited water.  

Results: Topography. The magnitude of regional 

slope does not differ significantly between breached 

and non-breached craters (mean = 0.0036 m/m and 

0.0035 m/m respectively; Figure 1A). These slope val-

ues are high compared to Earth’s river slopes [11]. 

Breached and non-breached craters also have similar 

surface roughness (Figure 1B) and median differential 

slope values of the along-rim topographic profile, rep-

resenting rim topography variability. This holds for all 

baseline length scales. The lack of divergence in topo-

graphic metrics between breached and non-breached 
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craters is contrary to our initial hypotheses, but con-

sistent with previous modeling [10].  

 
Figure 1: Violin plots for regional slope magnitude (a), and 

roughness at the 2.4 km baseline length (b), split by 

breached (left, n=51) and non-breached (right, n=52). White 

circle: median; Bold black line: upper and lower quartiles; 

thin black vertical line; range of non-outlier data; solid 

violin: kernel density estimation of whole distribution.  

 
Figure 2: Violin plots for topographic inset (I) (a), and po-

tential contributing area (note the log y scale) (b), split by 

breached (left, n=51) and non-breached (right, n=52). See 

Figure 1 caption for plot details. 

Hydrology. The Ι value distribution for breached 

craters is broader and skewed to higher values than 

non-breached craters (Figure 2A). There is a greater 

than twenty-fold difference in the measured potential 

contributing area between breached (~1.1 × 105 km2) 

and non-breached craters (~5.3 × 103 km2) (Figure 2B). 

There is also a large difference in the mean and distri-

bution of VN drainage density for breached (0.0230 

km/km2) versus non-breached (0.0127 km/km2) craters 

(which is even more pronounced for areal limits closer 

to the crater center).  

Discussion: In contrast to the topographic metrics, 

hydrologic metrics are very different between breached 

and non-breached craters (Figure 2). We suggest this 

demonstrates that slope and surface roughness typically 

surpassed any thresholds for VN incision on Mars, 

making hydrologic factors the limiting control on 

whether incision was possible.  

Features that we are not able to measure, such as 

variations in climate or hydrological conditions (e.g., 

permeability, subglacial melt production) may explain 

the observed hydrologic differences between breached 

and non-breached craters. However, breached craters 

are also more deeply inset into the landscape. Such 

deeply inset craters likely acted as regional sinks for 

water, and hampered fluvial activity (i.e., inlet for-

mation) around nearby, less inset craters. The observed 

importance of inset is likely a consequence of Mars’ 

dominantly impact-generated relief structure, where 

craters segregate the landscape into disconnected ba-

sins that hinder fluvial connectivity [e.g., 3, 7, 9, 12].  
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