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Introduction:  At 900 km long, 8−15 km wide and 

up to 2,100 m deep, Ma’adim Vallis is one of the larg-
est valleys in the Martian highlands.  The valley de-
scends northward and terminates at the landing site for 
the Spirit Mars Exploration Rover at Gusev Crater, 
which acted as a detention pond or terminal basin for 
Ma’adim flows [1].  Previously we identified the val-
ley head at the breached drainage divide of an en-
closed basin in the mid-latitude highlands.  Along with 
characteristics of the head basin, this feature suggested 
that the valley was carved primarily during a single 
paleolake overflow at the Noachian/Hesperian bound-
ary [2] (~3.7 Ga [3]).  Earlier work had suggested that 
Ma’adim Vallis was carved over a prolonged period up 
to 1.8 Ga by episodic groundwater-fed flows [4−10].  
Here we investigate the valley’s longevity using crater 
counting, topography, and flow hydraulics.  These 
analyses provide quantitative support for development 
of the valley during a brief overflow, followed by a 
geologically brief period of tributary development. 
 
Table 1.  Fresh impact crater counts for the enclosed 
head basin floor, Gusev floor, and Ma’adim watershed. 
 

Unit n N(2) N(5) Age ‡  
Head basin 
floor 
<1100 m 
elevation 

732 633 ± 
27 

192 ± 
16 

Ma’adim 
watershed 

144 696 ± 
58 

197 ± 
31 

Gusev cra-
ter floor * 

24 541 ± 
221 

None 

Ma’adim 
Vallis * 

5 708 ± 
306 

None 

Ma’adim 
delta * 

10 619 ± 
206 

None 

N(5):  Late 
Noachian / 
Early Hes-
perian 
boundary, 
>3.5–3.7 Ga 
 
N(2):  Late 
Hesperian, 
~2.9−3.6 Ga 

* Data from [7].  ‡ Absolute age inferred by [3]. 
 
Crater Counts:  Prior crater counts on Ma’adim 

Vallis and Gusev Crater suffer from a small surface 
area and low number (n) of craters, which yield large 
errors in the resulting crater density estimates [7,9].  
Furthermore, if the Tanaka stratigraphic scheme [11] is 
used, N(2) crater counts yield a younger age than do 
N(5) counts for cratered and dissected units Npl1 and 
Npld [2,3,12] (Table 1).  We minimized these issues 
by counting fresh craters on the watershed that sup-

plied Ma’adim Vallis directly (excluding the enclosed 
head basin), maximizing the available area and allow-
ing 5 km craters to be used.  As the tributary valleys 
crosscut the Ma’adim Vallis sidewalls, they are con-
temporary or younger than the main valley and provide 
a lower bound on surface age.  Fresh crater counts of 
N(5) ~ 195 yield an age near the Noachian/Hesperian 
boundary, similar to the age of the enclosed head basin 
floor.  Table 1 shows that the N(2) counts of the Gusev 
Crater floor materials are indistinguishable from the 
counts at the same diameter on the head basin floor, 
which yield a Noachian/Hesperian boundary age using 
N(5).  Therefore the young age of the Gusev Crater 
floor reported previously [7,9] is an error associated 
with crater numbers in the stratigraphic age system, 
and it does not reflect great longevity for Ma’adim. 

Topography:  We tested the paleolake overflow 
hypothesis by reconstructing the topography of the 
region prior to the incision of Ma’adim Vallis.  The 
sharp crests of the valley sidewalls allow an accurate 
estimation of the pre-valley surface, and the backfilled 
14,000 km3 volume closely matches earlier estimates 
using individual cross sections [2,4,13].  The modern 
valley course is entirely consistent with overland flow 
over the pre-valley surface.  In Fig. 1, water from two 
overflow points (A) was directed into an enclosed in-
termediate basin by pre-existing ridges (B−E).  After 
overflowing the intermediate basin at its low point (F), 
water was directed into Gusev Crater by other ridges 
(G, H), cross-cutting several craters (C1, C2, and X) in 
the process.  We observe no structural lineation or 
other influences on the valley course. 

Flow Hydraulics:  The geometry of the Ma’adim 
Vallis inner channel is suitable for first-order calcula-
tions of discharge.  We used the step-backwater 
method [14], sinuosity, and channel width [15] as three 
independent means to estimate the flow volume.  Re-
sults from all three methods yield results on the order 
of 106 m3/s, on the low end of estimates for Martian 
outflow channels and terrestrial paleolake Missoula 
[16] but similar to discharges from Lake Bonneville 
[14].  Consistent with the overflow hypothesis, the 
valley is full-born with a width of 2.5−4 km that is 
commensurate with downstream inner channel dimen-
sions.  The lower reach of the valley, downstream from 
point F in Fig. 1, contains terraces that demarcate a 
wide outer valley, 9−15 km across.  The terrace level 
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likely records a larger peak discharge from the head 
basin that occurred prior to the inner channel incision. 

   
 
Figure 1.  Reconstructed topography prior to the 
Ma’adim Vallis flows, which are indicated by arrows. 
 

Valley Geometry:  Fluvial dissection and mass 
wasting of the valley sidewalls have not substantially 
modified terraces, interior ridges, and a medial bar 
after the valley was incised.  Breached craters all have 
atypically wide gaps in their rims to accommodate a 
large flow.  Tributaries to Ma’adim Vallis have poorly 
graded (convex-up) longitudinal profiles.  These char-
acteristics are all consistent with rapid incision of the 
main valley during a large paleolake overflow near the 
end of fluvial activity, followed by limited time for the 
development of tributaries. 

Damburst Concept:  The head of Ma’adim Vallis 
is displaced 25 km from the original intermediate basin 
rim into the enclosed head basin [2], as illustrated con-
ceptually in Fig. 2.  Initially, the paleolake overtopped 

the dividing ridge (black line) at the L1 level.  Flood-
waters downcut the divide with a relatively high 
stream power on the steep S1 slope, regrading the out-
let to the lower S2 slope and releasing a large volume 
of water stored between the L1 and L2 levels.  Further 
incision of the outlet slope below the L2 level suffers 
from lower slope and stream power, plus lower dis-
charge from the lake per unit incision of the outlet.  
Ultimately, incision terminates and a remnant lake is 
impounded below the L3 level. 

 

 

 
Figure 2.  Damburst flow concept. Outlets at the head 
of Ma’adim Vallis are labeled O1, O2.  The modern 
divide at O1 is the S3/L3 level; O2 is at ~S2/L2. 
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