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Abstract
On the highlands of Mars early in the history of the planet precipitation-driven fluvial erosion competed with ongoing impact
cratering. This disruption, and the multiple enclosed basins produced by impacts, is partially responsible for a long debate
concerning the processes and effectiveness of fluvial erosion. The role of fluvial erosion in sculpting the early Martian landscape is
explored here using a simulation model that incorporates formation of impact craters, erosion by fluvial and slope processes,
deposition in basins, and flow routing through depressions. Under assumed arid hydrologic conditions, enclosed basins created by
cratering do not overflow, drainage networks are short, and fluvial bajadas infill crater basins with sediment supplied from erosion
of interior crater slopes and, occasionally from adjacent steep slopes. Even under arid conditions adjacent crater basins can become
integrated into larger basins through lateral erosion of crater rims or by rim burial by sediment infilling. Fluvial erosion on early
Mars was sufficient to infill craters of 10 km or more in diameter with 500–1500 m of sediment. When the amount of runoff
relative to evaporation is assumed to be larger, enclosed basins overflow and deeply incised valleys interconnect basins. Examples
of such overflow and interconnection on the Martian highlands suggest an active hydrological cycle on early Mars, at least
episodically. When fluvial erosion and cratering occur together, the drainage network is often disrupted and fragmented, but it
reintegrates quickly from smaller impacts. Even when rates of impact are high, a subtle fluvial signature is retained on the
landscape as broad, smooth intercrater plains that feature craters with variable amounts of infilling and rim erosion, including
nearly buried “ghost” craters. The widespread occurrence of such intercrater plains on Mars suggests a strong fluvial imprint on the
landscape despite the absence of deep, integrated valley networks. Indisputable deltas and alluvial fans are rare in the crater basins
on Mars, in part because of subsequent destruction of surficial fluvial features by impact gardening and eolian processes.
Simulations, however, suggest that temporally-varying lake levels and a high percentage of suspended to bedload supplied to the
basins could also result in poor definition of fan–delta complexes.
© 2007 Elsevier B.V. All rights reserved.
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In this paper modeling of erosional and depositional
features on the ancient highlands of Mars is discussed in
the context of the competition between impact cratering
and fluvial erosion, and its relationship to the concept of

Author's personal copy

A.D. Howard / Geomorphology 91 (2007) 332–363

geomorphic complexity. As with most abstract concepts,
complexity as applied to surface processes can be
attributed to a wide range of possible process–response
interactions. One type of complexity occurs when
relatively constant process forcing produces temporally
complicated responses, such as stream meandering
(Ikeda et al., 1981; Howard, 1991; Howard, 1996; Sun
et al., 2001), stream braiding and avulsion (Murray and
Paola, 1994, 1997; Sun et al., 2002), cyclic erosional
steps (Parker and Izumi, 2000; Sun and Parker, 2005),
epicycles of arroyo cutting and filling (Bull, 1997), and
mass wasting on steep slopes characterized by weathering to form regolith interrupted by episodic removal
by rapid mass wasting (White, 1949). Another type of
complexity occurs when gradual spatial or temporal
changes in the intensity or pattern of forcing produce
discontinuous responses or thresholds (Schumm, 1973,
1979), such as geomorphic thresholds in sediment
transport (i.e., the critical shear stress), gullying
(Howard, 1999; Tucker et al., 2006), some types of
landslides, and changes of bed type in stream channels
(Howard, 1980). Another type of complexity occurs
when the “normal” mode of functioning of a geomorphic system is interrupted by episodic high-magnitude
forcing, such as large precipitation events, volcanic
eruptions, and direct and indirect effects of earthquakes,
so that transient geomorphic responses are triggered.
The type of complexity discussed here is of the latter
case, where the relatively continuous development of
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fluvial drainage networks is episodically interrupted by
impact craters, resulting in a landscape that is in
perpetually transient evolution. A subset of cratering–
fluvial interactions is also examined where a landscape
formed by multiple impacts serves as the initial
condition for subsequent fluvial erosion, with the
attendant complication of multiple enclosed basins that
may or may not be hydrologically connected.
Perhaps the most universal cause for complex
patterns of landform evolution is where multiple
processes affect the landscape with nearly equal
magnitude, particularly if one of the processes is
episodic but of high magnitude (as is the case with
impact cratering). On Earth, tectonic deformation often
causes disruptions of geomorphic systems by creating
relief, altering drainage paths, warping stream profiles,
and, through earthquakes, causing rapid earth movements (e.g., Burbank and Pinter, 1999; Schumm, 2000;
Summerfield, 2000; Burbank and Anderson, 2001;
Schumm, 2005). On the other two Solar System bodies
that have demonstrably experienced fluvial erosion
(Mars and Titan) tectonic deformation has been modest
during the periods of fluvial activity, but cratering has
played much the same role in creating relief and
disturbing fluvial systems.
The origin and formative environment for fluvial
landforms on the ancient cratered terrain on Mars (Fig. 1)
has been debated since the first global image was
provided by Mariner 9 in the early 1970s. These images

Fig. 1. Elevation-cued shaded relief map of Mars showing location of figures. Latitudes and east longitudes are labeled. Boxes shown only for images
of larger regions. Elevations in meters relative to Martian datum. The ancient cratered highlands occupies the southern half of the map, and features
the large impact basins Hellas (left side) and Argyre (right side). The Tharsis volcanic province spans the equatorial latitudes in the longitude range
from 210°E to 310°E. The northern lowlands at the top of the image is a younger surface mantled in sediment and volcanic flows.
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revealed two types of fluvial features, fragmentary
dendritic valley systems (valley networks) in the heavily
cratered, ancient uplands and generally younger, large
channels (outflow channels), often more than 100 km
wide, located mostly near the boundary between the
ancient uplands and the younger northern lowlands.
Although the origin of both types of fluvial features has
remained controversial, the focus of discussion in this
paper concerns the evolution of fluvial features on the
ancient highlands of Mars during the first few hundred
million years. Crater counts on the highlands of Mars and
comparison with the lunar cratering chronology indicate
that almost all fluvial erosion on the highlands of Mars
occurred prior to about 3.7 Ga ago (Tanaka et al., 1992;
Hartmann, 2005a).
The debate about the origin of the ancient valley
networks and associated crater and basin fills centers on
their discontinuous distribution and low apparent
drainage density. The uncertainty about the formative
environment of the valley networks has been slow to be
resolved because of several factors. Until the last several
years the majority of the surface of Mars was imaged
only at resolutions coarser than 200 m per pixel. In
addition, during the last 3700 million years, the nowinactive valley networks have become degraded by
continuing impact cratering, modest weathering, mass
wasting, and eolian erosion and deposition. In addition,
because of the lower gravity of Mars, its greater distance
from the Sun, and the expectation that the luminosity of
the Sun was about 30% lower during the time period
when the valley networks formed, atmospheric scientists have generally concluded that the environment of
early Mars would be unlikely to have been warm
enough to have supported an Earth-like hydrological
cycle. For a more comprehensive treatment of these
issues see Craddock and Howard (2002). Because of the
low drainage densities and fragmentary nature of the
valley networks, as well as some valley networks with
box-canyon morphologies suggestive of groundwater
sapping (but see Lamb et al., 2006), some planetary
scientists suggested that the primary mechanism for
excavating valley networks was groundwater sapping,
driven either by hydrothermal circulation or recharge
from low intensity precipitation (Pieri, 1980a,b; Malin
and Carr, 1999; Grant, 2000). Recently-returned high
resolution images, however, have revealed fluvial
features such as deltas and alluvial fans that suggest
an active, precipitation-driven hydrological cycle that
persisted at least a few hundred years and more likely
tens of thousands of years (Malin and Edgett, 2003;
Moore et al., 2003; Jerolmack et al., 2004; Bhattacharya
et al., 2005; Fassett and Head, 2005; Moore and

Howard, 2005a; Wood, 2006). Estimates of the areal
extent and degree of integration of fluvial networks have
increased (e.g., (Hynek and Phillips, 2001; Grant and
Parker, 2002; Irwin and Howard, 2002; Hynek and
Phillips, 2003; Crumpler and Tanaka, 2003; Howard
et al., 2005), including identification of a fluvial
network more than 4000 km in length (Irwin et al.,
2005b). In addition, the dimensions of channel floors in
high resolution images suggests formative discharges
approximately equal to the mean annual flood in
terrestrial streams of equivalent source areas (Moore
et al., 2003; Howard et al., 2005; Irwin et al., 2005a).
Mars never experienced the intensity and duration of
fluvial erosion that we see on most terrestrial continents
because of the incomplete drainage integration and the
presence of numerous enclosed basins (mostly partially
eroded and infilled impact craters). Part of the reason for
the fragmentary drainage networks, however, may have
been episodic disruption because of crater impacts rather
than low intensity of fluvial erosion. This is the primary
hypothesis investigated in this paper, utilizing computer
simulation modeling of concomitant cratering and
fluvial erosion.
The first section of the paper presents the cratering
model and discusses implications of cratering as a
geomorphic process, particularly with regard to the role
of cratering as a diffusive transport process. Then the
interaction of fluvial and cratering processes will be
discussed, firstly in terms of the complications that a
cratered surface as initial conditions introduces into the
pattern of fluvial erosion, and then in terms of the effects
of continuing impacts on the development of fluvial
networks.
2. A cratering model
A cratered landscape can be simulated utilizing
random impacts with crater scaling derived from
measurements of the geometry of fresh Martian craters
using photoclinometry (Pike and Davis, 1984; Craddock
et al., 1997) and observations from the Mars Orbiter Laser
Altimeter (MOLA) (Garvin et al., 2000, 2002, 2003). The
simulation approach used is similar to that of Sugita and
Matsui (1992), Gaskell (1993), and Hartmann and
Gaskell (1997). Over a broad range of crater diameters,
D, fresh crater dimensions closely follow power law
relationships:
H1 ¼ KH1 Dg1 ; H2 ¼ KH2 Dg2 ; m ¼ Km Dgm ;

ð1Þ

where H1 is the depth of the crater relative to a reference
level of the far field elevation, H2 is the maximum rim
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Table 1
Parameters for Martian crater geometry in Eq. (1) for crater
dimensions in meters
Parameter

Craters N7 km diameter

Craters b7 km diameter

KH1
η1
KH2
η2
Km
ηm

12.20
0.49
0.79
0.6
0.64
0.13

2.54
0.67
1.93
0.52
0.73
0.11

1) An impacting site is picked at random within the
target domain. If a “normal” landscape is used the
target domain is made larger than the area actually
used so that ejecta derived from outside the area is
adequately modeled. Some simulations, however,
use doubly periodic boundary conditions such that
excavation and deposition extend across the opposite
boundary.
2) On planetary surfaces the frequency of impacts is a
function of crater diameter, and this “production
function” is generally expressed as a cumulative
frequency distribution, where the total number of
impact craters per unit area per unit time, ND, greater
than diameter D can be expressed as a power function
of diameter:
ND ¼ Kx Dd ;

was limited to diameters greater than 3 mesh cells and
less than 1/2 of the total domain size.
3) The crater shape is based upon a power function
description of the inner bowl and outer ejecta
blanket. The elevation differential, ΔH, of the crater
interior relative to the surrounding terrain is modeled
as a power function:
DH ¼ ðH2  H1 Þ þ H1 ð2r=DÞm ;

height and m is an exponent governing the shape of the
crater interior (Eq. (8)). Values of the constants K and η in
Eq. (1) appropriate for fresh Martian craters differ for
simple craters less than 7 km in diameter and for larger
complex craters (Table 1, based on Garvin et al., 2003).
The impact events are modeled geometrically, not
dynamically, as materials are excavated from the crater
bowl and deposited on the rim and ejecta blanket. The
model proceeds as follows:

ð2Þ

where Kx is a scaling coefficient. A crater diameter,
D, is drawn randomly from a distribution such that the
cumulative frequency, N, of impacts is related to
diameter by Eq. (2). The coefficients in Eq. (2) vary
for very large and very small crater sizes (see
Hartmann and Neukum, 2001; Hartmann, 2005a).
Over a few orders of magnitude, however, crater size
coefficients can be considered constant. The assumed
exponent, δ, for the simulations is 2.0, which is about
the observed value for primary craters of diameter
greater than 1 km (Melosh, 1989; Hartmann and
Gaskell, 1997), and slightly larger than the value of
1.75 assumed for Earth by Ward (2002). Crater size
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ð3Þ

where r is distance from the center of the crater. The
value of m from Eq. (1) ranges from about 2 for a
7 km diameter crater to 3 for a 250 km crater. The
exterior crater shape follows a different power law:
DH ¼ H2 ð2r=DÞn :

ð4Þ

The exponent n is constrained such that volume
deposited on the rim equals the volume excavated
from the bowl and ranges from a value of about 3 for
a 7 km crater to 3.5 for a 250 km crater.
4) Because of cratering dynamics and gravitational
effects, crater excavation and deposition are not
linearly superimposed upon pre-existing topography.
The excavated bowl effectively obliterates preexisting topography, whereas outer ejecta deposits
are essentially superimposed. That is, near the center
of impact craters the floor geometry is mostly
determined by the interaction of blast processes and
gravitational forces. In this region the pre-impact
topography is important only in setting the mean
elevation. In the rim region the geometry of the rim
may be affected by pre-existing topography plus
impact processes. Finally, in the region of the outer
ejecta blanket, surface modification is almost entirely
depositional. This outward gradation, in effect of the
pre-existing topography, is simulated by selective
“leveling” of the pre-existing topography coupled
with an inheritance parameter, Ii, discussed below.
Cratering is referenced to an elevation, Er, which is
calculated as the average of the pre-impact elevation
over the location of the new crater interior plus the
pre-impact elevations outside the crater rim weighted
by (r/R)− n. The degree of leveling diminishes from
the center of the crater outwards, and is governed by
a parameter, Ii, that determines the degree of
inheritance (typically assumed to be in the range
0.5 to 1.0). For the crater interior the change in
elevation, DE, produced by cratering is given by:
h
i
DE ¼ DH þ ðEr  Ei Þ 1  Ii ð2r=DÞ2 ;

ð5Þ
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where Ei is the pre-crater local elevation. For the
exterior the degree of inheritance is governed by the
parameter G:
G ¼ minf½1  Ii ; ½DH=H2 g;

ð6Þ

and the elevation change is:
DE ¼ DH þ GðEr  Ei Þ

ð7Þ

5) Some random variability of excavation and deposition is permitted to provide a more realistic surface texture, roughly corresponding to ejecta blanket

irregularity and crater wall slumping. The random
variability is a lognormally distributed variation
varying as eH1(2r/D)m in the crater interior and as
eH2(2r/D)−n on the crater exterior, where e is the
specified standard deviation.
6) In most simulations crater impacts are continued
until a saturation density is achieved to serve as initial
conditions for modification by eolian deposition,
mass wasting and fluvial deposition, or lava
emplacement (Fig. 2).
7) The model does not attempt to portray the masswasting of the rim by slumping, development of
central peaks, realistic texturing of the crater surface,

Fig. 2. Elevation-cued shaded relief images of simulations of cratered terrain development. Each simulation occurs on a 1000 × 1000 km domain with
106 total impacts with random locations and sizes drawn from a cumulative crater distribution given by Eq. (2). Craters are scaled to Martian fresh
crater dimensions and simulated geometrically rather than dynamically. For simulations (a) through (c) the elevation scale is shown. Elevation scales
in this and other illustrations are in meters. Simulation (d) is the same as that in (c) but shading and the scale represents the thickness of the
megaregolith produced by crater excavation, in meters. The simulations differ only in the assumed value of an inheritance parameter, Ii, in Eqs. (5)
and (6), as follows: Ii = 0.4 in (a), Ii = 1.0 in (b), and Ii = 0.9 in (c) and (d).
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or multi-ring structures found on craters greater than
about 40 km in diameter. Therefore, the crater
simulation is not an attempt to duplicate all aspects
of crater morphology, but is only a tool to create an
initial surface that reasonably approximates the relief
created by repeated crater impacts upon which crater
modification processes act. Secondary impacts are
also not modeled. On early Mars, if its atmosphere
were thick, secondary impacts would be reduced in
number and range. Also not simulated by this model
is the long-distance redistribution of ejecta from large
impact basins (i.e., those larger than about 100 km),
which would eject gasses and debris through the
atmosphere with some escaping to space but the rest
raining down globally as hot airfall deposits several
meters thick (Segura et al., 2002).
2.1. Impact cratering as a geomorphic agent
All solid-surface planetary bodies in the Solar
System have been assembled by impacting bodies, and
most of these, including Mars, retain a record of this
primordial cratering on the surface (Fig. 1). On heavily
cratered surfaces new impacts are superimposed upon
older until saturation conditions are reached where each
new impact, on the average, destroys a previous impact
of similar size. An important concern for superimposed
impacts is the degree to which the pre-existing
topography influences a subsequent impact. In the
model this is governed by the inheritance parameter, Ii
(Eqs. (5) and (6)). The role of the inheritance parameter
is best explained for a crater superimposed on a uniform
regional gradient. If Ii = 1 the crater rim slopes parallel to
the pre-existing topography, whereas the rim is
horizontal for Ii = 0. Irwin et al. (2005b) show that the
rim crests of Martian impact craters on regional slopes
nearly parallel the regional slope, suggesting an value of
Ii ≈ 1. Fig. 2b shows a simulation of a saturated impact
cratered surface with Ii = 1. This simulation is scaled to
represent 106 impacts on a domain of 1000 × 1000 km
with 1 km2 grid cells. Impacts range from a minimum
size of 4 km and a maximum size of 500 km, with a
size–frequency distribution given by Eq. (2). To reduce
the artificial influence of the lateral boundaries, impacts
are permitted to occur beyond the limits of the simulated
domain but to have effects within the domain. The
resulting topography is unlike actual cratered surfaces,
such as the lunar south pole shown in Fig. 3, in that
individual impact crater rims lack definition and local
extreme elevations occur where the rims of several large
impacts coincided. On the other hand, for values of Ii
considerably less than unity (Fig. 2a) saturation cratered

Fig. 3. Image mosaic and topographic map of the lunar south polar
region. (a) Mosaic of Clementine orbiter images extending from 90°S
to 70°S. (b) Elevation map of the same region (note that this map covers
a larger region than (b)). Topography courtesy of http://astrogeology.
usgs.gov. Clementine image mosaic from http://photojournal.jpl.nasa.
gov/catalog/PIA00001. Note that the topographic map covers a somewhat larger areal extent.

surfaces feature broad, flat intercrater uplands not seen
on the saturated Lunar highlands (comparison is made
with Lunar craters rather than Martian craters because
volcanic, eolian, and fluvial processes have strongly
modified the latter). A value of Ii of about 0.9 (Fig. 2c)
produces a saturated crater surface that features welldefined craters but locally high topography very similar
to that of the Moon (cf. Figs. 2c and 3). That the final
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cratered surface is essentially that of impact saturation
can be shown by comparison of surface topography at
different time stages during the simulation. Although
not shown here, a comparison of the simulated cratered
surface after 0.8 × 106 impacts with that after 1.0 × 106
impacts demonstrates nearly complete lack of topographic inheritance from the earlier state.
Impact cratering is a powerful agent of pulverization
of surface materials, and produces a “megaregolith” of
debris of a wide range of grain sizes (e.g., Melosh, 1996;
Hartmann et al., 2001). Fig. 2d shows the final surface
for simulation shown in Fig. 2c but the color coding
shows the maximum thickness of debris displaced by
the cratering process, ranging up to 8 km deep. Beneath
the deeper impacts the megaregolith is thin, and it is
thick under the higher crater rims, but the thickness is
quite variable on the cratered surface (intercrater plains)
between major impacts, depending upon the impact
history. Beneath the physically displaced megaregolith
on planetary surfaces several kilometers of highly
fractured rock exist.
2.2. Complexity is in the eye of the beholder: regolith
creep and impact cratering as diffusive processes
Regolith creep probably strikes most geomorphologists as the antithesis of a complex geomorphic process.
Creep is generally viewed as a continuous process,
slowly and continuously acting to erode hillslopes, and
it is generally described in quantitative models by the
simplest of equations, the linear diffusion relationship
analogous to heat conduction (expressed below in two
dimensions):
Az Aqm
Az Az
¼
¼ Ks j2 z;
; qm ¼ Ks ;
At
Ax At
Ax

ð8Þ

where z is the land surface elevation, x is horizontal
distance, Ks is regolith diffusivity, and qm is the
volumetric rate of creep per unit slope width (e.g.
Willgoose et al., 1991; Howard, 1994b). In some cases
creep is described by a generalized relationship that is
non-linear in surface slope but still represented as a
continuous process (e.g., Howard, 1994b; Roering et al.,
1999). Geomorphologists realize, however, that creep
results from the long-term integration of many small
disturbances, from animal and insect burrowing to tree
fall (e.g., Culling, 1960, 1963; Kirkby, 1967; Black and
Montgomery, 1991; Gabet, 2000; Yoo et al., 2005).
From the viewpoint of a small insect, regolith crater
production by the impact of large raindrops may
resemble shelling on a WWI battlefield. We are able

to treat creep as a continuous process only because the
spatial scale of the disturbances is generally small
relative to the hillslope dimensions and erosion results
only after the action of a multitude of small events. In
some cases the spatial continuity assumption may be of
questionable validity where treefalls are the dominant
creep process the slope is rough at the multi-meter scale,
and temporal and spatial continuity break down when
rapid mass wasting processes become important.
On the other hand, most geomorphologists would not
characterize impact cratering as a geomorphically
simple diffusive process, but I argue here that cratering
is indeed a process that can be described in terms of an
effective diffusivity (as was recognized for the Lunar
surface by Soderblom, 1970). An impact can be viewed
as a process that excavates material from the central
crater, lifts it against gravity, and disperses it laterally. In
this sense it is analogous, but generally at a larger scale,
to the effect of a raindrop mentioned earlier. The volume
of material excavated during creation of an impact crater
is proportional to the square of the crater diameter, D,
and to the crater depth, H, and to the net distance of
transport which is approximately equal to the crater
diameter. Thus, the net lateral volumetric transport, T,
from a single impact is approximately equal to:
T ¼ Kc D3 H;

ð9Þ

where Kc is a constant that depends upon crater shape.
In general, over a limited range of crater diameters, the
depth of impact craters (H1 in Eq. (1)) can be expressed
as a power function of crater diameter where, for
example, the exponent η1 for Martian craters greater
than 7 km in diameter is about 0.5 (Garvin et al., 2003).
By analogy with raindrop impacts, the effective
diffusivity, Ki, of impacts of diameter D should be
proportional to the areal frequency of impacts, F, times
the lateral volumetric transport, T, or, using Eq. (1):
Ki ¼ FKc KH1 Dð3þg1 Þ :

ð10Þ

Craters can only act diffusively if a net downslope
transport bias exists. In the crater model this is
controlled by the inheritance parameter, Ii. For Ii = 1 no
downslope bias exists and cratering is not diffusive. This
is apparent in Fig. 2b, where surface relief is high and
features steep peaks formed where the rims of adjacent
craters overlap. For lower values of Ii (Fig. 2a and c)
cratering is diffusive.
The applicability of a cratering diffusivity has been
tested by simulating the long-term effects of the cratering
process on a landscape using the geometric cratering model
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with Ii =0.5. In this modeling (not presented here) the initial
condition is a 2-D Gaussian hill with a length scale about 20
times the size of the simulated impact craters. The hill is
subjected to many impact craters and the hill relief was
observed to diminish through time at a rate that conforms to
diffusional erosion (e.g., Eq. (8)), with a diffusivity that
relates to crater diameter as given by Eq. (10).
On hillslopes the ability to treat creep as a spatially
continuous process is predicated on the spatial size of
disturbances being small. Impact cratering will produce
a relatively smooth landscape at a given scale if the
majority of impacts are much finer than the landscape
scale. The frequency, FD, of impact craters in a given
size range is given by — dND/dD in Eq. (2). The net
diffusivity related to a given crater size is then:
KiD ~Kx Kc Kd Dð2þg1 dÞ

ð11Þ

In the Solar System the exponent δ is typically about
1.8–2.0 for craters greater than a few kilometers in size
(Melosh, 1989; Hartmann and Gaskell, 1997). Thus, since
η1 ∼0.5, large craters do more work in constructing a
planetary landscape (if cratering is the dominant process)
than do smaller craters. The visibility of large crater basins
on the Moon and the dominance of the craters Hellas and
Argyre on the highlands of Mars are cases in point
(Fig. 1). And, as a result, we cannot represent impact
cratering on a planetary scale as a continuous process
despite the diffusive nature of impact processes.
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But, in seeming opposition to the previous discussion, images of the Moon taken by the Apollo astronauts
(Fig. 4) show the Lunar highlands to be broadly
rounded, the hallmark of a creep-like diffusive process
that could be represented to a first approximation as a
continuous process. The explanation is a sharp increase
in the value of δ for craters less than about 100 m in
diameter, produced by impactors less than 10 m in
diameter and reflects the presence of abundant small
debris in the inner Solar System from sources such as
the disintegration of comets (Hartmann, 2005b). The
value of δ is apparently sufficiently high to reverse the
sign of the exponent in Eq. (11), making cratering a
quasi-continuous process at small scales on an airless
body (the same does not hold for planets with appreciable atmospheres, where small bolides are consumed before impact).
3. Fluvial processes and hydrology
3.1. The fluvial model
The landscape model, used in the simulations reported
here, is essentially the DELIM model as reported in
Howard (1994b, 1997) and Forsberg-Taylor et al. (2004)
with components modeling physical or chemical weathering of rocks to form transportable colluvium, mass
wasting by non-linear creep, fluvial detachment, and
fluvial transport and deposition. Parameters used for these

Fig. 4. Apollo 17 photographic image (AS17-138-21159) of a portion of the Lunar highlands. Note the rounded, diffusive appearance of the
topography. Digitized photographic image courtesy of http://www.apolloarchive.com.
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simulations are based upon terrestrial values in semi-arid
or arid landscapes except for correcting for the difference
in gravity between Mars and Earth.
It is assumed that the materials below the surface
(lava, sediments, ejecta, etc., collectively termed
‘bedrock’) may be indurated, but can be weathered at
a finite rate by physical or chemical processes to form
colluvium. The rate of bedrock weathering, ·zb ≡ ∂zb/∂t,
is assumed to decrease exponentially with the thickness,
Zr, of overlying colluvium:
:
ð12Þ
z b ¼ Kb ecZr ;
where Kb is the intrinsic maximum weathering rate (a joint
function of rock properties and climate), and c governs the
rate of decay of weathering rate with colluvium thickness
In accord with terrestrial observations (Heimsath et al.,
1997, 1999, 2000) in semi-arid landscapes c is set to
0.03 m− 1, while Kb is takes the value of 0.02 m/yr for the
simulations shown in Figs. 18, 19, and 20a,b,c, 0.001 m/yr
for the simulations shown in Figs. 7, 12, and 15, and
0.0002 m/yr for the simulation in Fig. 20d. Conversion of
bedrock to colluvium is assumed to be isovolumetric. Note
that zb is the rate of lowering of the colluvial–bedrock
contact, and when weathering is isovolumetric it does not
change the land surface elevation.
:
The potential rate of erosion by mass wasting, z m , is
proportional to the spatial divergence of colluvial mass
flux, qm:
:
ð13Þ
z m ¼ j  qm
Colluvial flux is given by a non-linear relationship:



1
 1 s:
ð14Þ
qm ¼ Ks jSj þ Kf
1  fjSj=St ga
where |S| is the absolute value of local slope, s is the unit
vector in the downslope direction, g is gravitational
acceleration, St is a threshold gradient at which the rate of
mass wasting becomes infinite (i.e., landsliding) (assumed
to be 0.8), and Ks is creep diffusivity, which is assumed to
be 0.0005 m2/yr for the simulations shown in Figs. 18, 19,
and 20 and 0.02 m2/yr for the simulations shown in Figs.
7, 12, and 15. The rate law in Eq. (14) is similar in effect to
the nonlinear relationship proposed by Roering (Roering
et al., 1999, 2001a,b) such that it predicts rounded
diffusive slopes for low rates of erosion and linear slopes
near the limit of slope stability, St, for rapid rates of
incision. The influence of gravity upon Ks is uncertain,
but its influence should affect diffusivity by a maximum
of a factor of 2.6. The exponent, a, is assumed to be 3.0,

and Kf takes a value (0.5) that provides for a smooth but
rapid approach to threshold slopes for rapid rates of
erosion. Erosion of bare bedrock slopes (exposed when
rates of erosion are greater than the maximum weathering
rate given by Eq. (12)) follows Eq. (14), but with Ks set to
zero and a critical gradient, St, of 2.7. Erosion of bedrock
slopes involves a wide variety of processes and resultant
forms (e.g., Howard and Selby, 1994), and the assumed
critical gradient (about 70°) is chosen to represent bedrock
slopes in rapidly incising canyons.
Because of the large cell size in the simulations
discussed below (400 to 1000 m) mass transport by
linear creep (Ks in Eq. (14)) and the shape of small
slopes is not well characterized. Longer slopes in
rapidly-eroding locations (e.g., on crater rims), however,
tend to be close to the threshold gradient (0.8).
The mechanics of erosion of channel beds is a topic of
considerable current research. A large variety of models
have been proposed (see the comprehensive review in
Sklar and Dietrich, 2006) that can be differentiated by the
formulation of 1) rate of erosion dependence on flow
intensity; 2) the effect of bedload size and quantity on
erosion potential; and 3) the role of bed cover by sediment
in transport in inhibiting erosion. The choice of erosion
rate law has strong influence on predicted patterns of
channel incision, particularly under transient forcing by
tectonic deformation, variation in base level, and climate
change (Whipple and Tucker, 1999, 2002; Tucker and
Whipple, 2002; Whipple and Tucker, 2004; Gasparini
et al., 2006, 2007). A multiplicity of processes can
participate in bed erosion, including scour by bedload
(Sklar and Dietrich, 1998, 2001, 2004), plucking and
cavitation (Tinkler, 1997; Whipple et al., 2000), weathering between flows (Howard, 1994a, 1998; Stock et al.,
2005), erosion by debris flows (Stock and Dietrich, 2003),
and dissolution (Groves and Howard, 1994; Howard and
Groves, 1995). A rate law covering all circumstances may
be impossible.
In the present modeling potential erosion by fluvial
detachment, ·zf in bedrock channels and on steep slopes
where the flow is carrying less than a capacity load is
assumed to be proportional to the shear stress, τ, exerted
by flowing water. This assumption is commonly used in
simulation models and has some empirical validation
(Howard and Kerby, 1983; Stock and Montgomery,
1999; Tucker and Whipple, 2002; Tomkin et al., 2003;
van der Beek and Bishop, 2003):
:
z f ¼ Kf ðs  sc Þ;
ð15Þ
where Kf is a parameter taking the value of 0.0002 m2
yr kg− 1 for the simulations shown in Figs. 18–20 and
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0.0001 m2 yr kg− 1 for the simulations shown in Figs. 7,
12, and 15. The critical shear stress, τc, is assumed to be
zero in the present simulations. Assuming that the
reference shear stress is that which corresponds to the
mean annual flood, these values correspond to terrestrial
rates of erosion in moderately strong sedimentary or
metamorphic rocks. Flow of water is assumed to be
channelized and originating from runoff. Shear stress
can be related to channel gradient and drainage area
using equations of hydraulic geometry and steady,
uniform flow as discussed by Howard (1994b):
s ¼ qf gRS;

ð16Þ

V ¼ Kn g 1=2 R2=3 S 1=2 =N ;

ð17Þ

Q ¼ RWV ;

ð18Þ

Q ¼ PAe ;

ð19Þ

W ¼ Kw Qb ;

ð20Þ

where R is hydraulic radius, S is channel gradient, V is
mean velocity, N is Manning's resistance coefficient, P is
a specific runoff yield (depth per unit area per unit time),
Q is an effective discharge, W is channel width, A is
drainage area, and Kn, Kp, Ka, Kw are coefficients.
Channel width, as parameterized in Eq. (20), is generally
much less than the size of an individual grid cell, and
following Howard (1994b), each grid cell is assumed to
host a single channel that carries the total discharge
through that cell. The coefficients and exponents in Eqs.
(16)–(20) are assumed temporally and spatially invariant.
The following parameter values are assumed: N = 0.03,
Kn = 0.3 (for metric units); P = 3.0 × 10− 5 m1.6/s, e = 0.7,
b = 0.5, and Kw = 5.0 s0.5 m− 0.5.
Regolith is assumed to be more erodible than the
bedrock by a factor M, which is assumed to influence
the bed erodibility and the threshold of erosion; thus, the
potential rate of fluvial erosion of channels flowing on
regolith, ·zr, is calculated from Eq. (15) by multiplying
Kf by M and dividing τc by M.
When the flux of sediment transported as bed and
suspended load reaches or exceeds the transporting
capacity of the flow (an alluvial channel as opposed to a
bedrock channel), the rate of erosion or deposition, ·zf, is
proportional to the spatial divergence of transport flux qs
(volume per unit time per unit width):
:
z f ¼ j  qs

ð21Þ

Sediment transport flux is estimated using a bedload
transport formula that expressed as the relationship between
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a dimensionless transport rate, Φ, and a dimensionless
shear stress, τ⁎ (e.g., Yalin, 1977):
n
op
ð22Þ
U ¼ Ke s4  s4c ;
where
U¼

qsb ð1  lÞ
g 1=2 d 3=2 ðS

s

 1Þ

1=2

and s4 ¼

s
qf g ðSs  1Þd

:

ð23Þ

In these equations τc⁎ is the value of τ⁎ at the
threshold of motion, qsb is bed sediment transport rate in
bulk volume of sediment per unit time per unit channel
width, Ss is the specific gravity of the sediment, g is
gravitational acceleration, ρf is the fluid density, d is the
sediment grain size, and μ is alluvium porosity. For the
simulations shown in Figs. 18–20 a bed of fine gravel is
assumed, d = 0.02 m is assumed, with Ke = 8.0, and
p = 1.5. For the simulations shown in Figs. 7, 12, and 15
a sand bed is assumed with d = 0.0002 m, Ke = 40.0, and
p = 3.0. For all simulations τc⁎ = 0.05, and Ss = 2.65 and
μ = 0.5. The shear stress is estimated from Eqs. (16)–
(20), with the dominant discharge for sediment transport
assumed to be 0.6 of the mean annual flood, flowing 3%
of the year. Rivers vary from those transporting
dominantly suspended load to those carrying primarily
bedload (e.g., Schumm, 1977). In the absence of
information for Martian channels, bed sediment load is
assumed to constitute 20% of sediment eroded from
slopes.
Because of the low gradients of alluvial stream
channels relative to bedrock channels and crater slopes,
varying the assumptions about sediment grain size,
flow frequencies, and proportion of bed load has only
slight effect on the simulated patterns of erosion and
deposition.
The shear stress rate law, coupled with transition to
transport-limited conditions, therefore, includes a flow
effect but no “tools” effect in bedrock abrasion. It also
incorporates a sudden transition from detachmentlimited to transport-limited conditions. The use of abrupt
transitions to transport-limited conditions correspond to
the dominance of equally abrupt transitions from
bedrock-floored to sand-bed channels in landscapes
eroded into weak rocks (Howard and Kerby, 1983;
Howard, 1994a).
Simulations of cratered terrain erosion have also been
conducted with the parabolic sediment flux-dependent
erosion model of Whipple and Tucker (2002) and the
bedload abrasion model of Sklar and Dietrich (2004,
2006), both of which include a tools effect and gradual
transitions from detachment-limited to transport-limited
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Fig. 5. Simulated distribution of lakes on a portion of the highlands of Mars as a function of the evaporation ratio parameter, X. Colors indicate
maximum extent of lakes for values of X indicated at the bottom of the figure. The map covers the region from 140–210°E and 20–55°S. For values of
X less than about 2.0 the lake system overflows into the northward-flowing Ma'adim Valles (white arrow) as proposed by (Irwin et al., 2002; 2004). All
edges of the simulation matrix are specified as drainage exits, so that the predicted lake distribution is not well-represented near the edges of the figure.
Note that all enclosed basins have at least a small lake even for high evaporation ratios because of the requirement for evaporation balancing runoff. If a
high evaporation ratio did occur, these small predicted lakes would probably be ephemeral playas. Grey-scale background shows relative elevations.

conditions. Because no erosion occurs in tools-effect
models without upstream addition of sediment, these
models for bedrock channel erosion were combined
with the shear-stress model for detachment of regolith in
headwater locations. Simulations with these alternative
model formulations, although not discussed here, differ
only slightly from those using the shear stress model in
terms of general patterns of landform evolution.
The simulations assume that the amount of erosion
accomplished during an individual erosional event is
small compared to the scale of the landform, so that the
above processes can be approximated as being continuous. The actual erosion (or deposition) occurring at a
point on a slope or in a bedrock channel, ·z ≡ ∂z/∂t, is a
weighted sum of the potential weathering, mass wasting
and fluvial rates of erosion. The weighting procedure is
similar to that used by (Howard, 1994b), except that
variable regolith thickness, including exposure of
bedrock, is considered. The appropriate relationships
(which are not derived here) are:
:
:
:
z ¼ zm þ nzr;
ð24aÞ

and of regolith generated by weathering and imported
into the cell by mass wasting, giving:

: :
: 
zf
: zm zf
:
ð24bÞ
z ¼ : þ R 1  : þ n zf ;
zr
zr

where ξ is the ratio of the channel width, W, to the
simulation cell dimension, δx. Eq. (24a) holds when
erosion during the time increment, Δt, occurs solely in
regolith. When the regolith is thin, fluvial erosion during
a time increment is divided between erosion of bedrock

3.2. Flow routing

where for bedrock slopes R = ·zb and for regolith-mantled
Zr
slopes R ¼ Dt
. Finally, on some bedrock slopes the potential rate of erosion by mass wasting, ·zm, is greater
than the potential rate of weathering, ·zb, and
:
:
:
z ¼ zb þ nzf :

ð24cÞ

In alluvial channels and where a sediment cover is
present, the rate of erosion is proportional to sediment
flux divergence (Eq. (21)). Temporal transitions from
bedrock to alluvial channels occur when and where the
flow becomes saturated with sediment (or, if the fluxdependent model of (Whipple and Tucker, 2002; Sklar
and Dietrich, 2004) is used, the transition is gradual). In
the simulations reported here the transport and erosion
relationships are scaled for Martian surface gravity,
g = 3.7 m/s2.

In most terrestrial fluvial systems surface depressions
along stream courses are rare, because long-term fluvial
erosion either fills or breaches depressions. When fluvial
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With sufficient precipitation the lake may overflow at a
yearly volumetric rate VO, and overflow from other
basins may contribute to the present basin at a rate VI. A
yearly water balance for the basin is thus:
VO ¼ VI þ ðAT  AL ÞPRB þ AL P  EAL :

ð25Þ

If the lake does not overflow (VO = 0), then Eq. (25)
can be solved for the requisite size of the lake. Each
basin has a maximum lake area ALM at which overflow
into an adjacent basin occurs, which depends upon the
basin topography. If the solution assuming VO = 0 and
VI = 0 indicates a lake area AL N ALM, then VO is
determined by substitution of ALM for AL into Eq. (25).
To determine the water balance for a large basin with
multiple enclosed sub-basins an iterative approach must
be used, because the output from several overflowing enclosed sub-basins can serve as inputs for the next
sub-basin downstream. The solution for given input

Fig. 6. Elevation cued, shaded relief image of initial cratered surface
for simulations of regional drainage development. Craters are superimposed on a regional slope of 0.01. Simulation domain is
128 × 512 km, with periodic lateral boundary conditions and grid
cells 1 km square. Top boundary is a drainage divide and the bottom
boundary is fixed and a drainage exit. Elevation scale is in meters.

erosion was active early during Martian history, however,
creation and integration of drainage networks competed
with disruption by impacts. As a result, drainage
networks were composed of valley networks interspersed
with crater and intercrater basins which would have
overflowed only if contributing basin size and rainfall
amounts exceeded evaporation in basin lakes (Irwin and
Howard, 2002; Kramer et al., 2003; Newsom et al., 2003;
Irwin and Howard, 2004; Howard et al., 2005; Irwin
et al., 2005b). The pattern of erosion and development of
fluvial erosional and depositional landforms, therefore,
depended strongly on the relative amounts of evaporation
and precipitation (and, probably to a lesser extent, on
groundwater infiltration and seepage not modeled here).
3.2.1. A hydrologic balance
Consider an enclosed drainage basin of total area AT
with an included lake of area AL. We treat a multi-year
water balance with the average rate of precipitation P
(depth per year). On the uplands the fractional runoff
yield is RB. Yearly rate of evaporation on the lake is E.

Fig. 7. Simulated erosion of a cratered surface under hyperarid conditions
in which no basin overflow occurs. Initial conditions shown in Fig. 6.
(a) Individual basin floors are at different levels and valley networks are
short. Total simulated elapsed time is 1.3 ma. Red arrows point to
locations where lateral erosion of continuous crater rims results in
incision of the floor of the smaller, higher crater. (b) Elevation change
during course of simulation, with color scale indicating magnitude of
change, in meters.
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Fig. 8. Elevation-cued shaded relief map of a portion of the Margaritifer Sinus region of Mars. The multiple Parana Valles drain into Parana Basin,
whose floor features dissected deposits that are probable lacustrine sediment (see inset at upper right). Loire Valles drains this basin at an exit breach
that is above the level of the basin floor. North to top of image. Image centered at about 348°E and 21.5°S. Inset is from THEMIS VIS image
V02298003 and is about 12.9 km across, located near the “B” in “Parana Basin” in the main image. The box shows the location of Fig. 16. The “#”
symbols mark basins formed from adjacent craters through lateral erosion of the crater rims.

parameters P, RB, and E starts by routing water through
the channel network to the low point of the basin,
assuming no evaporation losses en-route. In addition,
the basin area AT and maximum lake area ALM are
determined. Then the lake area AL is calculated for each
basin from Eq. (25) assuming VI = 0. If AL N ALM then
VO is calculated and this is used as an input, VI, for the
next sub-basin downstream during the next iterative
calculation cycle. Iterations continue until no change of
VI occurs into any sub-basin. Additional complications
arise because two or more overflowing basins may
mutually drain, and filling of a downstream basin may
submerge the outlet for an upstream basin. In such
occurrences the basins are combined into a new subbasin for subsequent iterations.
In the general case P, RB, and E may have areallyvarying values. For example, in mountainous terrain
these parameters are generally strong functions of ele-

vation and latitude. This routing model has successfully
been applied to prediction of the distribution of modern
and last-glacial-maximum lakes in the Great Basin and
Mojave regions of the southwestern United States
through spatially explicit modeling of precipitation,
runoff, and evaporation (Matsubara and Howard, 2006).
For Mars early in its history we have little direct evidence of the actual rates of precipitation and dependence
on time, latitude, elevation, etc. The degree of basin
overflow, however, and hence drainage network integration, largely depends on the ratio of evaporation to
runoff. For the present simulations I assume that P, RB,
and E are spatially invariable. The value of PRB is taken
to be the same as the value of P in Eq. (19). A parameter
X is defined which is the ratio of net lake evaporation
rate to runoff depth:
X ¼ ð E  PÞ=PRB ;

ð26Þ
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Fig. 9. A portion of the Martian highlands featuring a crater with entrance and exit breaches (Crater C). Craters at A and B (and several smaller craters)
postdate most fluvial activity. The crater at A exhibits well-defined fluidized ejecta. Most of the other craters more than 5 km in diameter have been
strongly infilled with sediment, and the crater rims are nearly destroyed, presumably by lateral fluvial erosion of the interior crater rim (see, e.g.,
Forsberg-Taylor et al., 2004). Crater C is breached by an inflowing and exiting channel (white arrows). This crater also exhibits a prominent bench
that may be a depositional or erosional shoreline (interior white arrows). Crater D also exhibits terraces that are less obviously because of standing
water (arrows). Crater B clearly disrupted the southwestward-flowing drainage network flowing through Crater C, but the inset at lower left shows a
shallow channel (arrow) on the west side of Crater B that suggests that modest flows occurred after the impact of that crater. The extensive intercrater
plains are nearly devoid of craters. Image centered at 24.1°E and 18.0°S. Image base is THEMIS daytime IR with missing data filled in by Viking
MDIM 2.1 image mosaic. Scale in kilometers labeled on image margins. Elevation cueing in color version of figure from a topographic map based
upon Mars Orbiter Laser Altimeter data.

so that for a basin without inflows or outflows the lake
area is given by:
AL ¼ AT =ð X þ 1Þ:

ð27Þ

All lakes overflow as X → 0, and lakes become
indefinitely small as X → ∞.
Fig. 5 shows an example simulation for the highland
region between 140–210°E and 20–55°S, showing extent of lakes as a function of X. For X b 2 the lakes
overflow to the north through Ma'adim Valles as suggested by (Irwin et al., 2002, 2004).
For this and other simulations in this paper precipitation and evaporation are assumed to be areally uniform.

When runoff occurred on early Mars, large basins with
small contributing areas probably never overflowed, but
small depressions easily overflowed. Layered sediments are
common within basins (Malin and Edgett, 2000). At present
Mars undergoes strong changes in radiation balance because
of quasi-periodic changes in orbital eccentricity and
obliquity (Ward, 1979; Laskar et al., 2004). The presence
of repetitive layering in the ancient Martian sediments
suggests that the climate of early Mars underwent similar
quasi-periodic fluctuations as the recent past (although
wetter). In a landscape with enclosed depressions discharge
per unit area within the channel network probably increased
non-linearly with precipitation as additional enclosed
upstream basins were added to the drainage network.
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4. Interaction of fluvial and cratering processes
4.1. A cratered surface as initial conditions for fluvial
erosion
An initial set of simulations explores the effects of
modification of an impact-saturated surface under a variety
of assumptions about the prevailing hydrologic and
sedimentary conditions. No additional cratering is assumed
to occur during the fluvial erosion. Comparisons are made
with possibly analogous Martian landforms. As discussed
above the values of simulation parameters reflect a situation
with hydraulic conditions and channel geometry similar to
terrestrial semi-arid conditions. Bedrock erodibility is
assumed to be equivalent to weakly indurated sedimentary
rock. Weathering rates are similar to terrestrial values, and

regolith is assumed to be 3 times more erodible by fluvial
runoff than bedrock. Where bedrock channels occur,
erosion is assumed to be detachment-limited, with erosion
proportional to shear stress with negligible critical shear
stress. Rates of runoff are assumed to vary from iteration to
iteration following a negative exponential distribution with
a mean equivalent to mean annual floods in terrestrial
fluvial systems and a logarithmic standard deviation of
twice the mean. Moore et al. (2003), Howard et al. (2005)
and Irwin et al. (2005a) present evidence that the dominant
discharges during channel formation on Mars were
equivalent in magnitude (but not necessarily in frequency)
to flows in terrestrial channels with equivalent contributing
areas. Flow routing is accomplished as discussed above,
governed by the parameter X relating the ratio of annual
lake evaporation to average yearly depth of runoff. If

Fig. 10. Dissected floor of a crater basin contiguous to a larger, deeper basin. The dissected basin predates the larger basin. White arrow points to a
circular structure on the larger crater floor that is probably the surface trace of a buried impact basin possibly revealed by differential consolidation of
basin floor deposits. The floors of highly degraded impact craters on the highlands often appear dark in daytime thermal infrared images (white arrow)
and bright on nighttime IR images (not shown). This indicates that the floor is composed of higher thermal inertia materials, either coarser grained or
more indurated than surrounding material. Standing water in these basins may have caused solute precipitation or modest cementation of floor
deposits. Indistinct circular structures on the generally smooth intercrater plains (black arrows) probably mark buried or highly eroded impact craters.
Image centered at 64.8°E and 16.3°S. See Fig. 9 for further explanation.
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Fig. 11. Highly dissected landscape in the Noachis Terra region of Mars. The region is drained by a northward-flowing regional drainage system
(white arrows) that eventually flows through Mädler Crater (Fig. 21). The central eastern portion of the image features a plateau elevated about
1500 m above the drainage system. This plateau probably formed by coalescence of degraded and infilled crater basins on an elevated region of the
highlands. This plateau was dissected by radial drainage systems on its flanks analogous to the plateau in Fig. 18c. The rims of degraded craters
marked by “#” near the edge of the plateau were breached by valleys just prior to cessation of flows. In addition, the top of the plateau was drained by
an encroaching valley system at “@”. Black arrows point to the rim of a highly degraded basin on the plateau whose rim may have been breached by
northward-flowing drainage, and the plateau top northeastward of “@” may also be remains of an infilled basin. Image centered at 31.8°E and 9.8°S.

streams enter standing water, a deltaic deposit is assumed to
form, with topset bed gradient at the equilibrium transport
gradient, and a foreset bed gradient of 0.2, producing
“Gilbert” delta deposits. In most simulations the dominant
sediment size on the bed is assumed to be sand, producing
alluvial streams and sedimentary deposits with low
gradients. In some simulations a portion of the sediment
load reaching the standing water is assumed to be wash load
which is assumed, for simplicity, to be deposited uniformly
over the submerged area but reworked by diffusion,
producing a smooth sedimentary surface.
To investigate the development of regional drainage,
the initial saturation cratered surface was created on a
sloping surface with gradient of 0.01 towards the lower
boundary, which is a drainage exit (Fig. 6). The simulation
domain is 128 × 512 km with a cell size of 1 km2. Lateral

boundaries are periodic for impact cratering and fluvial
processes, so that the topography repeats across both
lateral edges. The top boundary is reflective, permitting no
water or mass to pass, and the bottom boundary is fixed.
Craters up to 64 km in diameter were permitted, but the
maximum size of impacts was restricted near the top and
bottom boundaries to provide simple boundaries (Fig. 6).
4.1.1. Case I. Extreme arid conditions
In this simulation a hyperarid condition is assumed
such that rates of evaporation are high enough so that no
appreciable water ponds in depressions (X → ∞) and no
overflows occur from one basin to another. Fig. 7a shows
the simulated modification of the initial cratered landscape
(Fig. 6) after a model simulation time of 1.3 × 106 years
(assuming terrestrial magnitudes and frequency of
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Fig. 12. Simulated erosion of a cratered surface under different hydrologic conditions. All simulations start from the initial surface in Fig. 6.
(a) Simulation in which all runoff reaches lower boundary (no evaporation). Note that overflow between basins excavated deep connecting valleys
(white arrows). Deltaic complexes form at the margins of crater basins. (b) Simulation in which the evaporation ratio, X (Eq. (26)), is 2.5. Large basins
do not overflow. Because of the lower water levels, deltaic plains can extend further into basins. (c) Simulation with X = 5. In many cases delta
complexes nearly infill crater floors, leaving small central depressions. All simulations represent a total elapsed model time of about 1 ma. Elevation
range is similar to that shown in Fig. 6.

discharges). Crater floors have become deeply infilled by
sediment primarily derived from erosion of crater rims and
adjacent steep slopes. Because of the assumption that rates
of erosion are proportional to shear stress, the larger
exponent on gradient (0.7) than on contributing area (0.3)
means that the deepest incision occur where regional
gradients are highest, and flat intercrater uplands remain
poorly dissected. Craddock and Howard (2002) and Irwin
and Howard (2002) show that this pattern dominates the
cratered highlands of Mars, with greatest amounts of
incision on the steepest slopes. In addition, Howard et al.
(2005) show that depths of Martian valley incision during
a late-stage period of fluvial erosion exhibit a relationship
to gradient and contributing area that is consistent with a
shear stress dependency. Although integration of regional

drainage does not occur under this scenario, originally
separate basins can merge either through sedimentary
infilling that submerges inter-basin divides or by lateral
erosion that incises divides. Crater rims are narrow, so that
widening of craters through lateral erosion effectively
destroys the rims (see, e.g., the simulations in ForsbergTaylor et al. (2004)), integrating contiguous basins into
one larger basin (basins marked by “#” in Fig. 8). Rimless
craters are common on the Martian highlands (Fig. 9), and
rim obliteration is largely accomplished by lateral retreat
of the steep, inward-facing rim wall. Martian craters that
are shallow with smooth, nearly flat floors and, often, with
low or missing rims are called by the process-independent
term “degraded”. Although degradation can occur by
depositional processes, such as by airfall deposits or lava
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Fig. 13. A 100-km diameter crater on the Hellas Basin Rim (at 28.5°S, 310°W). Detail at right shows abrupt scarps separating nearly flat crater floor
from interior depression. Note the complicated, cumulate planform of the scarps, possibly similar to those reported in (Howard and Moore, 2004).
The crater walls show the smooth crater rims characteristic of mid-southern latitudes that might have resulted from preferential sedimentation or
nonlinear creep (Howard, 2004). Shallow channels draining the rim appear to have deposited thin fan-like deposits at the base of the crater wall whose
age relationship to the central pits is uncertain.

flows, the obliteration of crater rims is a hallmark of fluvial
erosion (Craddock et al., 1997; Forsberg-Taylor et al.,
2004).
Breaching of divides between a large, deep crater and
an adjacent shallow crater results in dissection of the
floor of the higher crater (green arrows in Fig. 7a). Such
circumstances are fairly common on Mars (Fig. 10).
After extensive erosion of the smaller craters on intercrater uplands the uplands become flatter, but there
remain low, narrow intersecting remnants of crater rims,
sometimes exhibiting stubby radial valleys as well as
occasional higher remnant hills (cf. Figs. 7a and 11).
Because individual infilled basins do not share throughflowing drainage, nearby basins can have floors at
markedly different elevations (Figs. 7a, 10, 11).
In general, low areas (crater floors) are infilled to a
greater depth than uplands are reduced in height (because
slopes generally retreat laterally). Deep erosion is limited
to valley networks (Fig. 7b). Interestingly, larger and
smaller crater basins are infilled to similar depths, about
500-1000 m, except for deeper fills where smaller craters
occur on the floor of larger craters (Fig. 7b). This is the
range of depths inferred for fills in degraded Martian
highland craters of the diameter range of 10–50 km based
upon comparison of actual depth and expected depth for

fresh craters of equivalent size (Craddock et al., 1997;
Craddock and Howard, 2002; Forsberg-Taylor et al.,
2004). Although not illustrated here, simulations of
individual crater degradation show that the rate of
infilling of craters by fluvial processes occurs rapidly at
first but progressively slows as the height of the source
crater inner rim walls diminishes (Craddock and Howard,
2002; Forsberg-Taylor et al., 2004).
4.1.2. Case II. Complete runoff
The opposite hydrologic extreme occurs if evaporation
is very small compared to runoff. In the simulation
illustrated in Fig. 12a all basins overflow, so that a
regional drainage system is established. Deep valleys are
excavated between major basins (white arrows show
examples). Even though regional drainage occurs, the
valley system remains fragmented until intervening basins
become sediment filled. The Parana–Loire Valles system
(Grant, 2000; Grant and Parker, 2002) is a Martian
example of a system with an unfilled intermediate basin
(Fig. 8). The multiple valleys of the Parana Valles system
empty into a large, degraded crater basin (the Parana
Basin) which forms the source for Loire Valles draining to
the northwest. The Parana Basin floor contains intricately
dissected (presumably by wind) sedimentary deposits
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Fig. 14. A 50-km diameter crater at about 60.5°E and 12.5°S with large inflowing valleys (a) and a smooth floor at 20 m/pixel scale (b). Although a
broad bench occurs near the inflowing streams, the crater floor exhibits no obvious fluvial or lacustrine features. White box in (a) shows location of
(b). Image is a portion of the High Resolution Stereo Camera image 0532. Contour interval 20 m.

which probably originated from deposition from suspension or density flows in the paleolake. In the simulation
shown in Fig. 12a all sediment is assumed to be of sand
size, so prominent deltas are created and crater interiors
remain unaffected until delta fronts encroach laterally. In
cases where most sediment is derived from erosion of
the adjacent crater rim the deltaic deposition forms a
nearly symmetrical bench surrounding the crater interior
(Fig. 12a). Craters with well-developed interior benches
are rare on Mars, and it is difficult to distinguish between a
possible origin of the bench by sediment deposition,
through wave-induced erosion (Kraal et al., 2006), as
expressions of resistant beds in crater walls (exposed
either during crater formation or later erosion), or possibly
as lava lake marginal terraces (Leverington and Maxwell,
2004). Examples of possible sedimentary benches are
cited in Irwin et al. (2005b), and Fig. 9 presents a compelling example where a bench encircles a degraded crater
basin which features a through-flowing paleovalley with
entrance and exit breaches through the crater rim. In the
simulations as deltas advance towards the center of the
crater, a central depression remains.

4.1.3. Case III: crater lakes with high rates of evaporation
Fig. 12b and c show simulations using the hydrological flow routing model in which the yearly depth of
evaporation in lakes are 2.5 and 5.0 times the yearly
depth of runoff over the contributing basins, respectively
(parameter X in Eq. (26)). The main differences from the
previous case are 1) the lack of incised channels connecting the major basins because of the lack of overflow
and 2) a greater degree of infilling of the crater floor with
deltaic plains for a given elapsed time due to the lower
lake levels. In particular, for the higher rate of evaporation only small interior depressions remain at the close
of the simulation (Fig. 12c). A few craters, particularly
on the eastern rim of the major Hellas basin, exhibit
pronounced central depressions surrounded by broad
plains sloping inward from the crater rim (Korteniemi
et al., 2005; Moore and Howard, 2005b) (e.g., Fig. 13).
Formation by encroaching deltaic plains into a waterfilled basin is a potential explanation for such depressions. Most of these depressions, however, expose
apparently horizontal layering on the steep walls of the
depression, which would be unlikely features of delta-
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Fig. 15. Simulated erosion of a cratered surface under different hydrologic and sedimentary conditions. (a). Simulation with temporally varying
evaporation rate, X, with a mean value of 2.5. Basins occasionally overflow, excavating connecting valleys between basins. Deltaic complexes are
more irregular, reflecting time-varying lake levels. Deltas formed at highstands become dissected during lowstands. (b) Simulation with total runoff
(no evaporation) as in Fig. 12a, but 50% of supplied sediment is deposited as a diffusive pelagic deposit in submerged portions of basins and the other
50% in deltas. (c). Simulation with X = 2.5 as in Fig. 12b, but with 50% of supplied sediment occurring as pelagic deposits. Notice the similarity of the
final topography to that simulated under hyperarid conditions (Fig. 7a). Elevation range is similar to that shown in Fig. 6.

deposited sediment unless extensive lateral erosion had
occurred subsequent to deposition, stripping the foreset
deposits.
4.1.4. The surprising rarity of Martian deltas
Convincing examples of deltas within basins on Mars
are few. The best documented is the Eberswalde Crater
fan delta whose distributary network has been exposed
by eolian erosion (Malin and Edgett, 2003; Moore et al.,
2003; Jerolmack et al., 2004; Bhattacharya et al., 2005;
Lewis and Aharonson, 2006; Wood, 2006). Other
examples are presented by Ori et al. (2000), Howard
et al. (2005), Irwin et al. (2005b), Di Achille et al. (2006),
and Weitz et al. (2006). Most of the clear examples of
deltas occur in just a few craters at the distal end of sparse

incised valley networks that appear to have been incised
during short terminal period of fluvial activity on Mars,
probably about 3.7 b.y. ago (Howard et al., 2005; Irwin
et al., 2005b). Prior to this time, however, craters had
been extensively eroded and craters deeply infilled, probably by fluvial deposits. But little evidence is found of
deltas associated with this earlier period of fluvial erosion.
Even where deep valley systems debouch into craters,
deltaic landforms are rare. An example is shown in
Fig. 14. Several valleys enter from the west side, but the
crater floor is smooth, although a broad platform exists on
the west side of the crater floor where a delta complex
might be expected. One possibility is that a former delta
has been either buried (by lava, eolian sediment, or
lacustrine deposits) or degraded by later reworking of the
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Fig. 16. Detail of the southern margin of the Parana Basin. See Fig. 8 for location. Note dissected basin fill in center of basin at northern edge. The sloping
platform marked with “#” symbols may be a fan or fan–delta deposited by part of the Parana Valles system entering the basin from the right and lower
sides. The outer edge of this platform is at about the level of Loire Valles at the outflow from the Parana Basin. The benches marked by “&” may be
remnants of a depositional fan–delta complex that became dissected as lake levels dropped, perhaps in response to downcutting of Loire Valles. This
bench is slightly below the level of the western divide of Parana Basin prior to incision of Loire Valles. Crater A has entrance and exit breaches.

surface by small impacts (“impact gardening”, see
Hartmann et al., 2001). Other possibilities for the lack
of well-defined deltas in Martian craters include hyperarid
fluvial conditions (Case I, above), highly fluctuating lake
levels, and most deposition occurring in the interior of the
crater lake basin rather than at the shoreline. The latter two
scenarios are explored in the following simulations.
4.1.5. Case IV. Fluctuating lake levels
The simulation shown in Fig. 15a employs timevarying values of the evaporation ratio, X. Lake levels
change every 20 iterations (over a total simulation of
2500 iterations) by random normal deviates about a
mean value of X of 2.5 and a standard deviation of 2.0.
Over the course of the simulations conditions range
from close to Case I to conditions close to Case II. As a
result of the varying lake levels earlier deltaic deposits

become reworked during periods of low lake levels and
submerged during highstands. As a result the sedimentary platform is more diffuse and irregular, sometimes
exhibiting multiple benches that correspond to chance
periods of time when the lake level remained close to
stationary. A well-formed bench is found, however, in
those basins with occasional overflowing conditions.
Erosional and depositional shorelines in the Southwestern U. S. Great Basin region are commonly multiple,
and poorly developed, in situations where lake levels
were not controlled by a stable outlet (e.g., Zimbelman
et al., 2005). Despite the “smearing” of the depositional
benches because of fluctuating lake levels, deltaic
complexes and unfilled basin centers remain prominent,
suggesting that fluctuating lake levels are not a
sufficient explanation for the paucity of interior benches
and obvious deltas in Martian crater basins.
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4.1.6. Case V: offshore sedimentation
If a considerable fraction of sediment delivered to
water-filled basins is deposited as offshore, pelagic
sediments then the topset and foreset deltaic landforms
become less prominent relative to bottomset and basin
center deposits, as is the case with many large terrestrial
river systems, such as the Mississippi and Amazon
Rivers. Offshore depositional processes are varied,
including deposition from suspension, wave and current
resuspension, density currents, and turbidity currents
generated by slope failures. A very simplified heuristic
is used to represent the sum of these processes in the
present model. A given fraction of the sediment
delivered by streams to the shore is deposited across
the submerged portion of the basin, with the remainder
as normal topset and foreset beds. The offshore fraction
is assumed to be deposited uniformly over the
submerged basin area (ignoring the spatial pattern of
real depositional mechanisms). A uniform vertical
accretion, however, would just replicate the existing
bottom topography at a higher elevation (e.g., Howard,
2004), whereas natural pelagic sedimentation tends to
smooth pre-existing topography by selective scour and
fill. This effect is simulated in the present model by
applying strong diffusive creep to the deposited
sediment.
Fig. 15b is a simulation with the same hydrological
assumptions as with Case I (total overflow of all basins)
but with half of the supplied sediment being deposited
by the pelagic model. Deltas still form, but are smaller
and have less relief, and basin floors become smoothly
concave. With just slight reworking of the basin surface
by post-fluvial processes, the basin floor topography in
Fig. 15b would be a good possible analog to the Martian
basin in Fig. 14.
If rates of evaporation are higher so that most large
basins do not overflow, then assuming half of the
supplied sediment is deposited offshore produces nearly
flat-floored basins that are essentially indistinguishable
from the hyperarid Case I (compare Figs. 7 and 15c).
For this circumstance the computer model is probably a
good first approximation to the sedimentation pattern
that occurs in playa lakes and that produced, for
example, the exceedingly flat beds of the Pleistocene
Bonneville and Lahontan paleolakes.
A number of Martian basins contain benches that
may be fan–delta complexes although exposures of
channel features and sedimentary layering are not
apparent in available images. The southeastern margin
of the Parana Basin (Figs. 8 and 16) features marginal
benches at two levels that resemble the deltaic
deposits in Figs. 12 and 15. The flat floor of the
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basin shown in Fig. 17, displaying traces of buried
craters, may result from pelagic sedimentation similar
to the simulations in Fig. 15. In addition, benches at
two levels occur on the western side of the basin that
may reflect deposition at different lake levels and the
dissection as the lake levels fell, as in the simulation
in Fig. 15a.
In conclusion, the modeling suggests that having a
large proportion of the sediment delivered to crater
basins be deposited across the submerged basin floor is a
sufficient explanation for the paucity of well-formed,
Gilbert-type deltas in Martian paleolakes. This would
suggest that the sediment eroded and carried by the
paleostreams had at least several tens of percent of silt
and clay grain sizes.
4.2. Concomitant fluvial erosion and impact cratering
In the previous simulations a cratered landscape
served as the initial conditions, but no crater impacts
occurred during subsequent fluvial erosion. It is clear
that impact cratering occurred in concert with fluvial
erosion during the early history of Mars, because craters
occur in a wide range of stages of rim erosion and
sedimentary infilling (e.g., Craddock and Maxwell,
1993; Craddock et al., 1997; Forsberg-Taylor et al.,
2004). In addition, Irwin and Howard (2002) cite
examples where impact craters occurring during the
time period of active fluvial erosion have caused
rearrangement of the drainage network (and, of course,
a large set of cases exist where impact craters have
obliterated portions of valley networks subsequent to the
cessation of all fluvial flow). This section presents
simulations in which fluvial erosion and impact
cratering occurred together. In such modeling, fluvial
erosion is assumed to be a continuous process, but
impact events occur randomly through time and space
and in the sizes of resulting craters.
The simulations presented below start from a heavily
cratered surface lacking any prior fluvial erosion. Boundary conditions are doubly periodic, and the extreme arid
conditions are assumed in which no standing water occurs
in depressions. For the simulations shown in Fig. 18, the
initial cratered surface was had appreciable large-scale
relief (Fig. 18a). The successive panels show stages of
landform evolution over a simulated time interval of
0.46 ma. Several general evolutionary patterns emerge
during the simulation.
1). The lowest areas of the original landscape (top and
bottom of the simulation domain) become sedimentary basins, and the gradual infilling and submergence
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of crater rims integrates smaller basins into larger
ones (with occasional cratering disruptions).
2). Steep regional slopes become strongly dissected.
3). Adjacent craters can become integrated into
perched upland flats, surviving for extended periods
because of crater rims (Location “#” in Fig. 18c,

although the perched basin just begins to be dissected
in panels (c) and (d)). Fig. 11 shows a Martian example
of a perched upland basin that probably resulted from
integration of several high-elevation craters coupled
with lateral erosion of the regional slopes at the edge of
the highlands.
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Fig. 18. Simulated landscape eroded by fluvial processes with continuing impact cratering. Initial conditions, a saturation-cratered landscape, are
shown in (a). In this simulation both the top and lateral boundaries are periodic. Appreciable long-wavelength relief has been imposed. Strongly arid
hydrologic conditions are assumed so that enclosed basins do not overflow. Colors range from black to white over an elevation range of 3000 m. The
simulation domain is 102 × 102 km. Simulated elapsed times are 0.26 ma at (b), 0.40 ma at (c) and 0.46 ma at (d). See text for explanation of symbols.

Fig. 17. A large basin on the Martian highlands filled by sediment derived from adjacent dissected slopes. The center of the basin is at about x = 40 km
and y = − 80 km. The dissected slopes are the outer rims of the impact basins Huygens to the south and Schroeter to the north. With the exception of
scattered fresh craters postdating fluvial activity, the basin floor is smooth and nearly flat. The overall shape of the basin suggests that it is a highlydegraded impact basin of about 150 km in diameter, possibly intergrading with another large, degraded impact on the east side of the image. The
center of other highly eroded and infilled craters are shown by “@”. A few vaguely circular features on the main basin floor (e.g., the one shown by
the white arrows) suggest the presence of buried craters that were superimposed upon the larger crater. Although numerous valley systems empty into
the central basin, terminal fans or deltas are not obvious. The low bench in the vicinity of “A” could be a dissected fan–delta complex, and the
presence of a broad surface indicated by “#” symbols could be a shore platform subsequently dissected as water levels fell. The crater at “B” has been
infilled by several valleys entering from the north, and the southern rim of the crater has been dissected by valleys draining towards the main basin. An
exit breach (black arrow) began to form only during the terminal stages of fluvial erosion. The black arrow at upper left points to a valley network that
had partially recovered from a crater impact by creating a new channel around the outside rim. Image centered at 55.1°E and 6.7°S.
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4). Even though no overflow occurs across divides
(because of the hyperarid assumption), breaching of
divides between basins at different elevations can
occur and the higher basin floor can become
dissected as a result (Location “@” in Fig. 18c).
This occurs because infilling of the upper basin
submerges the rim of the lower basin and because of
lateral erosion of the rim of the lower basin. The
valleys resulting from this dissection propagate
headward through the upper basin floor, but these
incised valleys can later become infilled as the lower
basin fills with sediment (Fig. 18d).
5). Crater rims adjacent to regional slopes draining
toward the crater are usually rapidly breached by
inflowing valleys.
6). Small craters are rapidly breached and eroded on
steep regional slopes, and are rapidly buried in
basins, so that craters persist longest on low relief
uplands. This means that the crater density in basins
and on steep regional slopes is less than on uplands,
making them appear younger in crater counts (the
basis for most relative age dating on planetary
surfaces) despite equivalent actual ages.
7). Some eroded upland craters can retain unbreached
floors even after extensive erosion of surrounding
slopes raises the crater floor into positive relief (“&”
in Fig. 18d).
8). Lateral erosion of crater rims often results in
linear and intersecting dissected ridges that persist for
long time periods as isolated uplands surrounded by
low-relief surfaces. The ridges on the left and upper
right sides of Fig. 11 are Martian examples.
9). The extent and depth of valley networks varies
greatly over the simulation domain, being greatest on
long or steep regional slopes and on the interior rims
of larger craters (although impacts can disrupt the
general pattern). Figs. 14 and 17 show examples of
deep dissection of long, steep regional slopes on
Mars.
Fig. 19 shows two stages in evolution of the same
initial cratered surface shown in Fig. 18 but with a
higher relative rate of cratering. Valley networks are
shorter and, in general, shallower. Because of the
diverse age of impact craters, the extent of rim
dissection varies greatly. Larger craters of intermediate
age exhibit the greatest fluvial dissection, because of
limited time of erosion of younger craters and the
diminished available relief on older craters. Valley
networks can diminish in depth because of infilling of
the terminal basin and by reduction in relief of the
contributing highlands. Valley networks can also be

Fig. 19. Simulated landscape eroded by fluvial processes with
continuing impact cratering. The frequency of impacts in this
simulation is twice that in Fig. 18, producing a more fragmented
drainage network. Initial conditions are the same as shown in Fig. 18.
The fluvial network indicated by the arrow in (a) is disrupted by
multiple impacts by the time shown in (b). The Simulated elapsed
times are 0.24 ma at (a) and 0.41 ma in (b).

disrupted by impact cratering (Fig. 19). On the other
hand, valley networks can recover rapidly from small
impacts along the course. A Martian example is shown
by the black arrow in the upper right of Fig. 17.
The simulation shown in Fig. 20a,b,c starts from a
cratered surface with minimal long wavelength relief
(panel (a)). As a result less regional relief exists to drive
establishment of long fluvial networks. By the end of the

Author's personal copy

A.D. Howard / Geomorphology 91 (2007) 332–363

357

Fig. 20. Simulated landscape eroded by fluvial processes with continuing impact cratering. Initial cratered conditions for the simulation are shown in
(a). In this simulation no long-wavelength relief is assumed, so that broad, nearly flat intercrater plains are present. Color coding goes from black to
white over an elevation range of 2400 m. As a result of the flat initial relief, fluvial network development is muted during the subsequent erosion
shown in (b) and (c) at simulated times of 0.29 ma and 0.46 ma. Cratering rate is the same as shown in Fig. 19. Panel (d) shows a simulation starting
from the same initial conditions (a), but with a cratering rate 2.5 times greater than in panels (b) and (c) at a simulated time of 1.12 ma. The resulting
landscape is characterized by flat intercrater plains with shallow, strongly eroded and infilled craters interspersed with scattered fresher craters.

simulation after 0.41 ma model years a landscape is
created which features a broad plain indented by craters
in various stages of infilling. Fig. 20d shows a
simulation with an even higher rate of cratering starting
from the same initial conditions (Fig. 20a), with even
fewer recognizable fluvial valleys and formation of
broad intercrater plains with several very low relief,
“ghost” craters after 1.18 ma. The Martian intercrater

plains in Figs. 9, 10 and 11 similarly feature smooth
surfaces interrupted by occasional craters in varying
degrees of degradation, including ghost craters. Fluvial
erosion and deposition, therefore, appear to be a
sufficient process to create broad intercrater plains,
although airfall deposition has certainly been important
in some locations, and lava flows have created flat plains
in several volcanic provinces on Mars.

Author's personal copy

358

A.D. Howard / Geomorphology 91 (2007) 332–363

4.3. Hydrologic significance of exit breaches of craters
and basins
The simulations show that erosion of crater or basin
rims to form exit breaches can occur either by lateral
erosion that narrows and lowers the divide, or by
overtopping of the rims by ponded water. The former
case can occur even in very arid conditions if the exterior
rim is steep, as with craters superimposed on steep
regional slopes or craters that are bordered by deeper
neighboring craters (e.g., the dissected basins indicated
by red arrows in Fig. 7a and the basin breach at “@” in
Fig. 18c). On the other hand, with no overflow from the
interior of craters, basin floors can remain undissected
even when exterior erosion has progressed to the point
that the crater floor is higher than the surrounding terrain
(as at “&” in Fig. 18d). A similar Martian case is shown

in Fig. 15 of Howard et al. (2005). Valley creation by
overflow of the basin rim is illustrated by the white
arrows in Fig. 12a. Resolving whether an exit breach
formed from exterior erosion of the rim or by overflow
(or some of both) is not easy for Martian craters. The
morphology of the crater wall, however, can strongly
indicate which might have occurred. If lateral erosion is
the predominant cause, the breached rim most likely
occurs where the exterior rim is part of a long regional
slope leading away from the rim and neighboring
locations on the crater rim have been reduced to low
relief. The breach of crater B in Fig. 17 is a probable
example, and others are shown in Fig. 16 of Howard
et al. (2005). On the other hand, if the crater rim is
generally high except for the exit breach, overflow
probably created the exit valley. The exit breach of
Mädler crater (Fig. 21) is a probable example of overflow

Fig. 21. Degraded impact basin (Mädler Crater) with entrance and exit rim breaches (white arrows). Flow may also have entered the main basin
through the connected basins to the southeast (black arrow at lower right). A crater basin on the northern edge of the image also has an entrance breach
(black arrow). The channel entering the main basin from the south has been disrupted by three post-flow impacts. The nearly flat floors of the several
degraded and infilled craters occur at widely varying elevations. Image centered at 2.5°E and 10.6°S.

Author's personal copy

A.D. Howard / Geomorphology 91 (2007) 332–363

erosion, because of the generally intact crater rim and the
large contributing area of the inflowing valleys (including the region shown in Fig. 11). The exit breach of crater
C in Fig. 9 is another probable example of overflow. Less
certain are the exit breaches of crater A in Fig. 16 and the
overflows marked by “#” in Fig. 11. In cases where
overflow can be demonstrated, the minimum volume of
runoff necessary to cause overflow can be calculated
(about 105 km3 in the case of Mädler) and an estimate
can be made of the maximum evaporation ratio X
sufficient to permit overflow (about 4.0 for Mädler).
Breaching of crater rims by groundwater seepage
processes might occur, however, before full overflow
conditions, as suggested by Irwin and Howard (2002)
and Mangold and Ansan (2006).
5. Conclusions
The use of simulation modeling has proven useful for
understanding the interaction between fluvial processes
and impact cratering on early Mars. From moderateresolution imaging of the Martian surface during the
1970s, the extent and depth of the fluvial networks was
uncertain, and appraisals of the degree of fluvial
reworking of the surface during the early history of
Mars suggested very modest and localized erosion.
Recent high resolution images from orbiting spacecraft
and topographic information from the Mars Orbiter Laser
Altimeter have greatly increased estimates of the amount
of fluvial erosion and revealed indisputable fan–deltas
and alluvial fans. Simulation modeling adds another
dimension to this reappraisal through revealing characteristic patterns of landforms created through the interplay
of impact cratering and fluvial erosion and deposition.
Impact cratering produces a landscape replete with
basins of a wide spectrum of sizes (Figs. 1–3, 6). As a
result, the degree of integration of the fluvial network
depends greatly on the relative amounts of runoff versus
lake evaporation (as measured by the parameter X in Eq.
(26)). If rates of evaporation are high, basins seldom
overflow, and craters are filled with sediment derived
from erosion of the interior crater rims and any adjacent
uplands (Fig. 7). Fluvial infilling of basins rapidly
progresses to depths of 500–1500 m (Fig. 7b), in
agreement with estimates of infilling of Martian
highland craters (Craddock et al., 1997; Forsberg-Taylor
et al., 2004). Even in strongly arid conditions adjacent
impact craters can become integrated through lateral
erosion crater rims or burial of rims by sedimentary
burial (Fig. 7a, red arrows, Fig. 18c, locations “@” and
“#”). Examples of divide breaching and basin integration are common on the Martian highlands (Fig. 8, “#”
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locations, 10, 11, 17, 21). If runoff is high relative to
evaporation, basin overflow creates incised valleys
interconnecting basins into a regional network
(Fig. 12a). Exterior breaches of crater basins occur
frequently on Mars, and isolated breaches of otherwise
high crater rims probably required ponded water and
basin overflow (Figs. 8, 9, 21). In other cases it is
uncertain whether exit breaches were formed by
sediment burial and rim erosion or by flow overtopping
(e.g., crater A in Fig. 16 and Crater B in Fig. 17). The
development of integrated drainage systems exceeding
1000 km in length on the Martian highlands must have
required at least episodically-overflowing lakes in many
small to moderate sized basins.
Sparsely cratered plains featuring highly degraded
craters are widespread on the highlands of Mars (Fig. 8–
11, 17, 21). Simulations show that such plains can be a
consequence of fluvial erosion and deposition coupled
with continuing impact cratering (Figs. 18–20). If the
initial relief is high, isolated high plateaus can develop
through integration of basins on the highland coupled
with lateral erosion of the plateau slopes (Fig. 18c,
location “#”). A high plateau floored with degraded
impact craters on Mars may have formed by such a
process (Fig. 11). In addition to fluvial erosion and
deposition, it is likely that eolian mantling and lava
inundation may have locally contributed to formation of
intercrater plains.
Basins on Mars often have received appreciable
sediment input from eroding tributary valleys, but most
basin floors show little direct evidence of fluvial deposition
in the form of distributary channels, well-developed fans,
or fan–deltas (e.g, Figs. 14 and 17). A few clear examples
of fans and deltas, as discussed earlier, do exist. A variety
of explanations may account for the paucity of clearly
defined depositional features, including later modification
by cratering and eolian modification. Simulations suggest,
however, that classic delta fronts may be inhibited either by
fluctuating lake levels which spread deposition over a
vertical interval and encourage re-incision of earlier
deposits (Fig. 15a) or by burial of the base of deltas by a
large relative supply of suspended load relative to bedload
(Figs. 15b,c). Examples of possible cryptic fan–delta
complexes in Martian basins, associated with varying lake
levels, include features in Fig. 16 (“#” and “&” symbols)
and Fig. 17 (location “A” and “#” symbols).
This simulation modeling and probable Martian
correspondences reinforce the emerging paradigm that
fluvial erosion on Mars early in its history was intense,
and that the earlier lack of appreciation of the intensity
of fluvial erosion is largely because of the confounding
effects of impact cratering.
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