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Introduction:  Despite substantial evidence for an-

cient fluvial erosion on the Martian surface, primarily 
manifested in the form of valley networks, there have 
been relatively few observations of unambiguous fluvial 
sedimentary deposits on Mars.  The lack of sediments 
anticipated at the MER Spirit landing site on the floor of 
Gusev Crater [1], and recent work questioning the inter-
pretations of features as lacustrine sediments in a crater in 
western Memnonia [2], provides motivation for studying 
the presence (or lack thereof) of candidate fluvial sedi-
mentary deposits on the Martian surface.  Clear evidence 
for sedimentation associated with at least some valley 
networks would help to demonstrate that fluvial processes 
are indeed important on Mars.  

The recent observation of a large, inverted fan deposit 
in a basin northeast of Holden crater [3,4] is the strongest 
evidence yet observed of fluvial sedimentation on the 
Martian surface.  In the case of Holden NE crater, it is 
unclear whether sedimentation occurred as an alluvial fan 
or as deltaic sedimentation into a standing body of water.  

Here, we present new observations of distributary fan 
deposits in a 40-km unnamed crater, centered at 77.6°40’ 
E and 18° 25’ N (Fig. 1).  For reasons discussed below, 
we believe that these fans were (1) deposited as deltas in a 
standing body of water, and (2) likely required an ex-
tended period of time to form.   

Observations: Input Valleys: The two input valleys 
that transported sediment to the fans are long, sinuous 
valleys; the valley feeding the western fan extends at least 
200 km to the west, and the valley associated with the 
northern fan extends at least 80 km to the north and west.   
The drainage area for these valleys is ~11,500 km2, sig-
nificantly larger than that of Holden NE crater (~4000 
km2 [3]), despite the smaller areal extent of the fan depos-
its here.   

Fan Deposits: At THEMIS IR scale, both fans have a 
broadly triangular shape, though the western fan (Fig. 2) 
appears to be more well-preserved and have a more clas-
sic “birdfoot” geometry than the northern fan (Fig. 1).  
MOC narrow angle images reveal that both features have 
been heavily modified, and suggest that the features ob-
served on the western fan [5] are inverted deposits similar 
to those seen at Holden NE crater (Fig. 2).  The mecha-
nism responsible for this inversion is interpreted to be 
wind erosion, which can preferentially remove fine-grain 
particles [3].   

The morphology of the western fan allows us to make 
some inferences about the conditions under which it was 
deposited.  Old channel pathways are stacked in a manner 
that is consistent with channel switching and aggradation 
as the fan was formed.  Individual channel deposits ap-
pear generally to be on the order of fifty meters wide, and 
the largest width is ~200 m.   

The present cumulative extent of the fan deposits is 
~56 km2, and we estimate the cumulative volume of sedi-
ment deposited in the fans is ~5 km3.  It is very difficult to 
assess how much this might have been decreased by post-
depositional erosion, though it seems unlikely that the 
volume could have been substantially greater given the 
apparent lack of erosional remnants beyond the presently 
defined fan edges.  Thus, we infer an upper limit for the 
volume of sediment deposited in the crater of ~10 km3, 
allowing for greater extent of removal than we see evi-
dence for at present. 

Output Channel and the Crater Lake:  The channel 
cut into the eastern rim of the crater is a short, sinuous 
valley incising the eastern crater rim at least 100 meters, 
to approximately -2395 m elevation.  This elevation is 
well above much of the central crater, and most of the fan 
deposits lie below this elevation (with a median elevation 
~50 meters below this contour).  Thus, the most plausible 
interpretation is that the crater was ponded into a substan-
tial lake, whose breach resulted in the formation of the 
outlet channel and its erosion of the eastern crater rim.  

The area delineated by the -2395 m contour is only 
the minimum extent for the proposed lake.  There are 
several reasons we believe the initial stand was probably 
higher, with our best estimate for a peak stand at -2260 m 
elevation: (1) The eastern rim incision is substantial, and 
the initial rim height was likely at least -2300 m.  (2)  The 
input valleys widen and deepen as they enter the crater, 
consistent with a large drop in base level, and (3) there is 
an apparently consistent break in slope observed in MOC 
images E13-01894, E11-01284, and R23-00833 at ap-
proximately -2260 m.  A firm upper limit in the size of 
the crater lake is the next lowest point at which a spillway 
might have developed, which occurs at ~-2200 m (if we 
neglect the section of the southeastern rim which was 
cratered subsequently).   

Implications:  If the fan deposits were deposited as 
deltas in a lake environment: (1) What constraints can we 
place on the need for persistent flow to form the observed 
features? (2) What does this imply for our understanding 
of Martian hydrological and climate history? 

The length of time that fluvial features were active is 
of great interest because of its potential for informing us 
about early Martian climate.  Thus, there has been sub-
stantial discussion of how long it took to form the Holden 
NE deposits [3,4,6], and the problem is of equal interest 
here.  An advantage of the geological situation under con-
sideration here is that we can develop a relatively firm 
minimum amount of water that must have flowed through 
the system to overtop the eastern rim and form the ob-
served exit breach.  Thus, we consider two basic ap-
proaches to model the minimum formation time – first, we 
estimate how long it would take at maximum inferred 
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flow conditions to fill the crater lake to the maximum 
stand, and secondly, we discuss whether this is consistent 
with other geological observations. 

The present volume of the crater to the -2300 meter 
contour is ~400 km3.  This is the minimum amount of 
water needed to fill the crater and overtop the eastern rim, 
not accounting for later infilling by erosion (including the 
fans themselves).  If we take reasonable estimates of flow 
parameters for peak flow into the crater (which are highly 
uncertain), this suggests that the crater might be filled on 
a timescale of the order of years, consistent with mini-
mum results for Holden NE crater [3,4,6].   

However, it seems unlikely that a single, sustained 
peak flow of that sort formed the deposits we observe 
here (see also [4]).  On Earth, different climate conditions 
create a great deal of variation in the length and frequency 
of channel-forming flow conditions, and it is relatively 
hard to generalize about the time between major events.  
Jarelmack et al. [6] suggested that if discharges that 
formed the Holden NE fan were intermittent, formation 
times might be increased by a factor of 20 (following [7]).  
Parker et al. [7] suggest this factor of 20 is reasonable for 
humid or subhumid climates on Earth.  In arid or hy-
perarid environments, a factor of 100 or more is likely 
more appropriate.  Such a scenario is more applicable to 
Mars.  Hence, it is reasonable to believe that it took at 
least hundreds of years and possibly much longer to fill 
the crater, cut the exit breach, and form the delta deposits 
we observe.  Formation over this length of time is consis-
tent with the timescale for climate excursions that might 
be expected due to variation in Mars’ orbital parameters.   

An independent approach to the problem can be taken 
by considering sediment to water ratios.  If we take our 
maximum estimate for the total volume of sediment de-
posited in the fans (10 km3), and divide it into the mini-
mum amount of water to fill the crater (400 km3), we get 
0.025.  This is essentially consistent with typical fluvial 
systems on Earth [e.g., 8], and significantly less than es-

timates of sediment-water ratio for forming Ma’adim Val-
lis (~0.1), which is hypothesized to form more catastro-
phically [9]. 

In summary, we believe that the features discussed 
here provide strong evidence for persistent flow on the 
surface of Mars, and that catastrophic formation seems 
unlikely.  Our observations and interpretations imply that 
the Martian climate, at least locally, had to be sufficient to 
allow for substantial amounts of liquid water on the Mar-
tian surface, for at hundreds of years and possibly longer.   
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Figure 2.  A portion of 
MOC NA image R23-
00833 [5], showing the 
western fan.  An ap-
proximate location for 
this image is shown in 
Figure 1.  

 

Fig. 2 

Figure 1. A THEMIS IR mosaic (overlaid with MOLA false color) and sketch map of the crater and the fans it contains.  
The analysis discussed in the text is based on HRSC, THEMIS, MOC, and MOLA data processed in the ArcMap GIS 
environment. 
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