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Introduction:  Studying the morphology of Mar-

tian gullies can give insight into their formation mech-

anisms, which in turn can provide clues to Mars' past 

geologic, hydrologic, and potential paleoclimatic con-

ditions. Numerous hypotheses have been put forward 

to explain gully formation, including dry flows, debris 

flows, and fluvial flows caused by volatiles found in 

the sediment [1]. 

In this study, we examine gullies along the northern 

rim of Nqutu Crater to determine what clues their mor-

phology might reveal about the mechanism(s) that 

were likely involved in their formation. Approximately 

20 km in diameter and located in Mars’ southern mid-

latitudes (38.04° S, 169.55° E), Nqutu Crater has nu-

merous gullies running along its northern slope. The 

crater is fairly unique in having gullies form at differ-

ent levels of elevation along the same crater wall. As 

only a section of the northern slope has a HiRISE 

DTM, any potential gullies along the southern, eastern, 

or western slopes were not considered in this study. 
 

 
Figure 1. A cropped portion of HiRISE image PSP_004085_1420 

with all four of the representative gullies circled and labeled. Notice 

how gully 2 is located at a lower elevation level than gullies 1, 3, and 

4. (NASA/JPL/Univ. of Arizona) 
 

Methods:  We examined a HiRISE stereo image, 

orthoimage, Digital Terrain Model (DTM), and gener-

ated hillshade of Nqutu Crater. Using ArcGIS Pro, we 

measured and mapped the gully systems by viewing 

the orthoimage at full resolution and hand-tracing the 

tributary and channel pathways to produce drainage 

diagrams. We utilized the stereo anaglyph as a 3D vis-

ualization of the gullies to validate depth perception 

not apparent in the orthoimage. 

After delineating the majority of the gully systems 

visible in the HiRISE image, we chose four prominent 

gullies as representatives to be analyzed in further de-

tail (Figure 1). Three of the gullies chosen were from 

the higher elevation level of the crater, and one was 

from the lower (Figure 2). 

 
Figure 2. Relative elevation and length of gullies along their CSLs. 

 

We then used the method described in Gulick et al. 

[2] to produce a slope profile along each representative 

gully’s center stream line (CSL, the longest and deep-

est channel in system) using ENVI. We generated tran-

sects perpendicular to the gullies’ CSLs and along their 

aprons (Figure 3). With these transects, we generated 

gully cross-sections that show the shape of the chan-

nels carved into the bedrock and the material deposited 

into the apron. 
 

  

Figure 3. Gully 1 with CSL and transects. Bolded transects correlate 

to graphs beside them. Notice how cross-sections are V-shaped. 

(NASA/JPL/Univ. of Arizona) 
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 Using these cross-sections, we recorded bank sta-

tions marking the point of highest elevation within the 

drainage basin along each transect. The bank stations 

were then used to produce a full outline of each gully’s 

drainage basin and apron. Using these outlines in 

ArcGIS Pro, we estimated the volume of material lost 

in the alcove and gained in the apron by approximating 

the difference in the original crater shape and the cur-

rent elevation data. 

Findings: 

Center stream profile: The profiles generated along 

all four of the gullies' center stream lines are clearly 

concave, with gully 2 having the most concavity (Fig-

ure 4). Dry flow processes tend towards straight or 

convex profiles, while fluvial systems tend to have 

more concave profiles [4]. All of these gullies having 

distinctly concave profiles is indicative of formation by 

fluidized flows. Additionally, the cross-sections of 

these gullies are predominantly V-shaped, another in-

dication of formation by wet flow processes. 
 

 
Figure 4. The gullies’ slope profiles along their center stream lines. 

The black dotted line represents what a perfectly straight slope profile 

would look like. Notice how all the profiles are clearly concave. 
 

Slope analysis: The slope profiles following each 

of the representative gullies' center stream lines show 

that gully 1 has an average slope of ~15.4°, gully 2's 

slope is ~12.3°, gully 3's is ~14.6°, and gully 4's is 

~14.7°. This is significant, as all of the gully slopes 

were well below the angle of repose (~33°), suggesting 

that gravitational force alone would not be sufficient to 

move loose sediment from the alcove downslope to the 

apron. 

Volume analysis: Preliminary volume analysis of the 

four gullies found that all lost significantly more vol-

ume in their alcoves than was found in their aprons 

(Figure 5). Our previous gully studies suggest that this 

usually occurs when gully formation was driven by 

wet flow processes, as dry flow processes tend to have 

equal or greater volume in the apron than the alcove [2, 

4]. As for wet flow processes, apron volume tends to 

be significantly lower than volume lost in the alcove 

due to loss of volatile (water and/or CO2) content. This 

is further evidence that the gullies in Nqutu Crater 

were formed via fluidized flows. 

 

 
Figure 5. Plot of the gully vs apron volume. Apron volumes are all 

less than gully volumes, suggesting original substrate was volatile-

rich. 
 

Conclusion: By using several morphometric analy-

sis techniques on HiRISE images of Martian gullies, 

we are able to gain insight into gully formation mecha-

nisms. Our findings suggest that the gullies at our 

study site, Nqutu Crater's northern rim, could not have 

been formed by dry flow processes, but were rather 

formed via fluidized flows. 

All four of the representative gullies were found to 

have lost more volume in their alcoves than were 

gained in their aprons, which has been previously 

found to typically correspond with wet flow processes. 

Additionally, the gullies had concave longitudinal pro-

files, which has also been found to be an indication of 

formation by fluid processes. Finally, all of the gullies 

have average slopes well below the angle of repose 

that would be necessary for their formation to be driv-

en by dry flow movement alone. 
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