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Background:  Sedimentary rocks record condi-

tions about the environment in which they were depos-
ited. Through the use of orbital data, it is possible to 
examine sedimentary fan features on the surface of 
Mars to drive investigations into the nature and evolu-
tion of the past climate, and constrain the amount of 
water that was present on the surface [e.g., 1-4]. Previ-
ous studies examining these fan features have mainly 
focused on the geomorphology of the fans alone to 
infer the depositional environment [e.g., 5-7], but this 
method has limitations. Billions of years of erosion 
may have significantly altered the geomorphology of a 
fan deposit; however, the overall stratigraphy, or inter-
nal architecture, will remain preserved. 

Here, we consider the stratigraphy of 18 fan fea-
tures and test whether each formed subaqueously as a 
delta in an ancient lake. Specifically, we search for 
evidence of a slope break in the fan stratigraphy, a key 
distinguishing feature of a delta clinoform that is not 
typically found in the stratigraphy of alluvial or fluvial 
fans [8-11]. However, the absence of a slope break 
does not necessarily rule out the possibility of the fan 
feature being a delta, the fan feature may have eroded 
so the exposed region does not contain a slope break. 
In this case, we cannot confidently reject the hypothe-
sis that the feature is an alluvial/fluvial fan. Finally, we 
use our results to make interpretations about the loca-
tion and timing of water reservoirs recorded in the sed-
imentary rock record. 

Methods:  We selected a subset of fan features 
from various global databases [5, 12-14]. Layers were 
manually mapped on HiRISE orthorectified images 
(resolution ~0.25-0.5m/px) in Arcmap GIS by tracing 
along outcrop exposures interpreted as stratigraphic 
layers presented either as a topographic bench or a 
horizontal band of tonal change on a scarp. Location 
and elevation data were then extracted using a coregis-
tered HiRISE stereo digital elevation model (DEM) 
with a resolution of 1m/px. Each DEM was construct-
ed using the open source NASA Ames Stereo Pipeline 
(ASP) [15-18]. A three-dimensional plane was then fit 
to each layer in order to measure dip. A series of quali-
ty checks were preformed to filter out low-quality lay-
ers based on previous work [19].  

Analysis: The dips of the measured layers were 
plotted against elevation (as a proxy for stratigraphic 
height) and two different analyses were performed in 
order to quantitatively check for a slope break: a curva-
ture analysis and a piecewise analysis (Fig. 1). 

 
Figure 1. Idealized delta stratigraphy. A) Shows the delta 
clinoform stratigraphy with an erosional surface represented 
by B-B’’ B) Shows the fit of a polynomial function to the 
idealized dip vs. elevation data. C) Shows the fit of a piece-
wise function to the idealized dip vs. elevation data.  

For the curvature analysis, a second degree poly-
nomial is fit to the data. If there is a slope break, the 
resulting parabola will resemble Fig. 1B, where the 
prediction bounds for each polynomial fit have the 
same direction of curvature. The trend will vary de-
pending on the cut of the erosional surface, but the 
function of the polynomial will either have the shape 
of a concave down parabola (red lines Fig. 1B), or half 
of a concave up parabola (blue lines Fig. 1B).  

Next, a piecewise linear regression is fit after bin-
ning the data into 20 bins using the median dip value. 
Using the code of [20], linear segments were fit to the 
points, with the possibility of multiple line segments to 
produce the best fit. If a slope break is present, the 
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piecewise function will have multiple line segments, 
(Fig. 1C). 

Results: Of the 18 fans used in our analysis, 15 had 
sufficient mappable layers to make interpretations. The 
fan in Hargraves crater has a clear trend where the dips 
of the layers increase with decreasing elevation. The 
plotted data has a consistent concave up shape (Fig. 
2B) that follows the trends expected to be caused by a 
slope break. The piecewise test on the data for the 
Hargraves fan has two segments (Figure 2C) that also 
follow the same trend expected for a slope break. 
Based on these results, we interpret the fan feature in 
Hargraves crater to be a delta. No other fans in our 
catalog are interpreted as deltas. 

Discussion: Of the 15 fans mapped, only the fan in 
Hargraves crater passed all of the tests to confirm the 
presence of a slope break. Three other fans partially 
passed the tests (e.g., passed one of two). Although it 
is possible these fans are indeed deltas, we cannot con-
fidently confirm the presence of a slope break, and so 
cannot reject the possibility of subaerial deposition. 
However, many of the fans share characteristics with 
previously interpreted martian alluvial fans [21], in-
cluding boulders on and downslope of scarps, and line-
ar planform ridges and layered deposits. They also fit 
into the Type I fans described by [22] which are rela-
tively small, but are thought to have formed in a 
subaerial depositional environment. 

We also note that the fan features have undergone a 
significant amount of erosion. Even the most pristine 
fans in our study have surfaces that are changed con-
siderably from the time of deposition. The fan in Har-
graves crater has a surface slope of ~11.0o and an aver-
age stratigraphic dip value of 4.2o. This shows that the 
shallower slopes of the original stratigraphy have been 
eroded back into relatively steeper slopes. There were 
also fans that were so degraded they were challenging 
or impossible to map. Therefore, we find it is best to 
exercise caution when making interpretations about the 
original geomorphology of the fan, and use the stratig-
raphy as a starting point when making interpretations 
about the depositional environment. 
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Figure 2. Results from the fan in Hargraves crater mirroring 
the expected trends illustrated in Fig. 1. A) Shows the meas-
ured dips of the layers (colored dots, with warm colors rep-
resenting higher dip values) on the erosional surface of the 
fan (solid lines). B) Shows how the measured dips of the 
layers change with decreasing elevation along the surface of 
the fan with a polynomial fit and 95% confidence bounds 
(dashed lines) C) Shows the fit of a piecewise function to the 
dip vs. elevation data with standard deviation. 
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