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Introduction: Valley networks provide a record for 
the location, quantity, source, and timing of flowing 
water on the surface of Mars. Most of the martian valley 
networks are located on the oldest surfaces, and appear 
to have formed during a final stage of fluvial erosion 
that occurred sometime during the Late Noachian to 
Early Hesperian [e.g. 1-4].  Determining the ages of the 
valley networks themselves through crater density 
analysis provides constraints on the timing and duration 
of warmer, thicker atmospheric conditions.   

Drainage systems can be quantitatively described 
by numerous parameters, including stream order and 
drainage density.  Stream order is a measure of the 
maturity of the network, while drainage density reflects 
the average spacing of the channels within the drainage 
basin.       

Ten of the largest valley networks in the Arabia 
Terra and Terra Meridiani regions of Mars were 
mapped, crater-age dated, and analyzed in order to 
understand changes in fluvial erosion through time.    

Method: Valley networks were mapped through 
visual inspection of coregistered THEMIS day IR and 
MOLA data in ArcGIS, and the Strahler [5] stream 
order was determined from their branching behavior.  
Drainage density was determined by dividing the total 
stream length of the mapped stream segments by the 
network area, and was then compared with stream 
order, surface slope, elevation, surface mineralogy, 
thermal inertia, and other variables. 

Following the method outlined by Tanaka [6] and 
Hoke and Hynek [7] for counting craters along narrow 
linear features, overlapping craters 1 km to 35 km in 
diameter were counted for each valley network to 
determine the density of the cratering population since 
the formation of the valley.  The cumulative crater 
densities of each valley network were plotted vs. the 
corresponding weighted mean crater diameter on a 
logarithmic plot and compared to age isochrons from 
Hartmann and Neukum [8] and Hartmann [9] to assess 
the approximate age of each valley network.   

Results: The drainage densities of the valley 
networks analyzed in this study range from 0.053 km

-1
 

to 0.14 km
-1

 and are mostly within the range of the 
terrestrial values determined in a similar manner [10].  
All of the valley networks analyzed here have stream 
orders of 5 or 6, which, because of the large extent of 
the networks, do not represent the average martian 
valley network but rather the upper range of what is 
visible today in these regions.   

Figure 1 shows the cumulative crater density plots 
for representative old, middle, and young networks, 
together with the crater densities of all the valley 
networks analyzed in this study.  Past resurfacing events 
that preferentially removed smaller craters are marked 
by a shallower crater density slope on a log-log plot.  
Most of the networks have clear production, 
equilibrium, and resurfacing regimes in their crater 
density slopes, as would be expected for features of this 
age.  The shift from production to equilibrium occurs at 
a variety of diameters, indicating different ages of 

valley networks, but is complicated by past resurfacing 
events.  The crater density plots place the end of valley 
network formation in Arabia Terra and Terra Meridiani 
at the end of the Late Noachian, consistent with results 
from Hynek and Phillips [1].   

Discussion: All of these networks demonstrate 
characteristics consistent with formation by 
precipitation, including dendritic form with V- and U-
shaped interiors that increase in size downstream; 
meandering main trunks and major tributaries that 
occasionally also exhibit multiple interior channels, 
braiding, and terracing; tributaries reaching right up to 
drainage divides; and high stream order and drainage 
density.  Many of these valley networks appear to be in 
different stages of preservation, with several indicating 
multiple periods of formation.  

Martian drainage density can be affected by many 
variables, such as the slope of the surface, resistance of 
the surface layer to erosion, the infiltration capacity of 
the soil, the initial water content of the soil, and the 
frequency and/or duration of fluvial events.  The 
drainage densities in Table 1 appear to be reasonably 
correlated with overall surface slope.  They do not, 
however, appear to correlate significantly with stream 
order, latitude, or age.  The degraded older networks are 
expected to have lower drainage densities due to the 
difficulty of identifying tributaries, and the better 
preserved younger networks should likewise have 
greater drainage densities.  This is not the case in Table 
1.  Instead, Table 1 may be demonstrating the counter 
effect of a waning wetter climate that produced lower 
drainage densities in younger networks and resulting in 
the lack of a trend between drainage density and valley 
network age.      

The older networks, based on crater-age dating, are 
all characterized by high degrees of erosion and/or in-
filling, particularly in low-lying areas.  The main trunks 
and major tributaries of these older valley networks 
follow meandering paths with both U- and V-shaped 
interiors and some evidence for braiding and terracing 
within their main channels.  Additionally, several of the 
older networks show signs of multiple periods of fluvial 

Table 1.  Stream order and drainage density for large 
valley networks in Arabia Terra and Terra Meridiani in 
order of approximate age, oldest to youngest. 

Valley  
Network  
Location 

Drainage 
Density 
(km-1) 

Stream 
Order 

Overall 
Surface 
Slope (°) 

7°N, 31°E West  0.12 5   0.11 
15°N, 29°E  0.056 5   0.17 
7°S, 3°E  0.079 6   0.13 
3°S, 5°E  0.13 5   0.20 
10°S, 14°W  0.053 6   0.086 
12°S, 10°E  0.060 5   0.18 
22°S, 10°W  0.14 6   0.51 
12°N, 43°E  0.093 6   0.23 
7°N, 31°E East  0.058 6   0.14 
6°S, 44°E  0.10 6   0.29 
0°N, 23°E  0.12 5   0.22 
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Figure 1.  The cumulative crater 
densities of the valley networks at 
a) 15°N, 29°E; b) 12°N, 43°E; and 
c) 0°N, 23°E are plotted with the 
crater densities of other valley 
networks in this study.  The iso-
chrons (dashed lines) mark the 
boundaries between (from lower 
left to upper right) the Amazonian-
Hesperian (A-H), Hesperian-Late 
Noachian(H-LN), Late-Middle 
Noachian (LN-MN), and Middle-
Early Noachian (MN-EN) epochs.  
Error bars represent a one-σ 
interval of ± √nj/Aj. 

activity.   
The apparent resurfacing that is seen in the older 

valley network morphology is also reflected in the 
drainage densities and crater-age dating (Fig. 1).  The 
resurfacing processes that preferentially affected these 
older valley networks may also have erased the smaller 
tributaries, resulting in lower drainage densities seen 
today than what once existed.  The low slope at 
intermediate crater diameters of these older networks 
also indicate these valley networks have experienced 
significant resurfacing that has preferentially removed 
smaller craters (and valleys).  Only these older valley 
networks exhibit crater densities that indicate a 
resurfacing regime; the middle-age and younger 
networks only have slopes representative of production 
and equilibrium (Fig. 1).   

The younger valley networks in this study are all 
located in Arabia Terra and have ages that cluster at the 
Noachian-Hesperian boundary (Fig. 1). These valley 
networks appear overall to be less eroded and/or filled-
in than their older neighbors and have no indication of 
multiple periods of formation or late-stage fluvial 
activity, which is consistent with their formation toward 
the end of fluvial activity in this region of Mars.  The 
main trunk and major tributaries of these younger 
networks are well-defined with predominantly V-shaped 
interiors, follow a meandering path, and are overall 
smaller in width and depth than the older valley 
networks in this study.  The youngest networks, based 
on crater-age dating, have few overlapping craters 
larger than 4 km in diameter, consistent with a younger 
age. However, this also limits the information that can 
be gained from their crater density plots, making their 
relative ages less certain (see error bars in Fig. 1).   

Three of the valley networks (22°S, 10°W; 12°S, 
10°E; and 12°N, 43°E) have very similar crater 
densities that suggest they share the same timing of 
formation, even though they span ~50° longitude and 
~35° latitude.  These coeval, middle-age networks are 
well-defined and have some evidence of localized 
resurfacing.  Their main trunks and major tributaries 
have both U- and V-shaped interiors.  The valley 
network at 12°S, 10°E follows a curving, meandering 
path along a surface of low slope, while the networks at 
22°S, 10°W and 12°N, 43°E have mostly long, parallel, 
densely spaced tributaries that likely reflect the steeper 
slopes on which they formed. 

Conclusions: The large valley networks mapped in 
this study are characterized by morphologies that 

suggest formation by precipitation.  Their high stream 
orders and drainage densities are comparable to 
terrestrial drainage basins, if maybe on the low end.  
Their stream orders and drainage densities are also 
reasonably correlated with overall surface slope, very 
loosely with age, and are not correlated with geography 
or latitude.  Rather, martian valley network formation 
was likely more dependent on local spatial and temporal 
variations in climate and geology.  

The crater densities of all the valley networks 
analyzed cluster in the Late Noachian to Early 
Hesperian period (Fig. 1), consistent with their 
formation during the hypothesized final stages of fluvial 
erosion [e.g. 1-4]. The lack of valley networks older 
than the middle of the Late Noachian and roughly 
comparable morphologies between old and young 
networks (i.e. the oldest networks don’t degrade to the 
point of non-detection) suggests valley network 
formation did not extend into earlier martian history.  
These valley networks also appear to be in different 
stages of preservation, with some densely cratered 
networks being highly eroded and/or in-filled while 
other relatively less cratered ones appear pristine.  There 
is clear evidence of multiple periods of formation within 
several networks, consistent with reactivation after the 
primary valley-forming phase had ceased.  This could 
indicate punctuated events in which the climate was 
temporarily warmer and wet, allowing valley network 
formation, as suggested by Baker [11], Phillips et al. 
[12], and others.  These results support the hypothesis 
that intense Late Noachian outgassing related to Tharsis 
formation was a major contributor to climate change 
and valley network formation during this time period 
[e.g. 12, 13].   
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