
Chapter 10

Badlands and Gullying

Alan D. Howard

Introduction

Badlands have fascinated geomorphologists for the
same reasons that they inhibit agricultural use: lack
of vegetation, steep slopes, high drainage density,
shallow to non-existent regolith, and rapid erosion
rates. Badlands appear to offer in a miniature spatial
scale and a shortened temporal scale many of the
processes and landforms exhibited by more normal
fluvial landscapes, including a variety of slope forms,
bedrock or alluvium-floored rills and washes, and flat
alluvial expanses similar to large-scale pediments.
Although badlands evoke an arid image, they can
develop in nearly any climate in soft sediments where
vegetation is absent or disturbed. For example, short-
lived badlands have been documented in the temperate
climate of the eastern United States in sediment waste
piles (Schumm 1956a) and borrow pits (Howard and
Kerby 1983).

Gullies are closely related to badlands in that they
record accelerated erosion into regolith or soft sedi-
ment by processes that are generally identical to those
occurring in badlands. Large gully systems can evolve
into badlands. Gullying occurs primarily in response
to local disturbance of a vegetation cover by climate
change, fire, or land-use changes and some badlands,
such as the classic ones in South Dakota, have evolved
through incision into a vegetated uplands.

This chapter will emphasize the relationship be-
tween process and form in badlands and gullied land-
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scapes and their long-term evolution through both de-
scriptive and quantitative modelling.

Badlands

General reviews of badlands and badland processes
are provided by Campbell (1989) and Bryan and
Yair (1982a), including discussion of the climatic,
geologic, and geographic setting of badlands, sedi-
ment yields, host rock and regolith variations among
badlands, field measurements of processes.

Badland Regolith and Processes

The often (but not universally) rapid landform evo-
lution in badlands provides the prospect of direct
observational coupling of process and landform
evolution in both natural and man-induced bad-
lands. However, Campbell (1989) and Campbell and
Honsaker (1982) caution about problems of scaling
between processes on badland slopes and channels
to larger landforms. Furthermore, although badland
slopes commonly exhibit smooth profiles and are-
ally uniform surface texture, (Figs. 10.1 and 10.2),
recent studies have demonstrated that weathering,
mass-wasting, and water erosional processes on
badland slopes exhibit complex spatial and temporal
variability and that weathering and erosional processes
are largely hidden from direct observation in cracks
and micropipes (Bryan et al. 1978, Yair et al. 1980,
Bouma and Imeson 2000, Kuhn and Yair 2004,
Kasanin-Grubin and Bryan 2007).
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Fig. 10.1 Badlands in Mancos Shale near Caineville, Utah. Top
of North Caineville Mesa in background is 360 m above allu-
vial surface in middle distance, and is capped by the 60 m thick
Emery Sandstone. Note the sharp-crested, straight-sloped bad-
lands in Mancos Shale in the middle distance which rise abruptly
30–50 m above the Holocene alluvial surface. Level ridge crests
marked by ‘∗’ are remnants of the Early Wisconsin (Bull Lake)
pediment (photo by A. Howard)

Fig. 10.2 Rounded badland slopes in Morrison Formation near
Hanksville, Utah (photo by A. Howard)

An Example: Badlands in the Henry Mountains
Area, Utah

Shales of Jurassic and Cretaceous age exposed in the
vicinity of the Henry Mountains, Utah, have in places
been sculpted into dramatic badlands. The climate in
the desert areas at about 1500 m above M.S.L. is arid,
with about 125 mm of annual precipitation, most of
which occurs as summer thunderstorms. These bad-
lands provide premier examples of the erosional condi-
tions favouring badlands, badland slope form and pro-
cess, relationship between fluvial and slope processes,
and variations of badland form with rock type. In par-
ticular, the great thickness and uniform lithology of the

Upper Cretaceous Mancos Shale (Hunt 1953) results in
an unusual spatial uniformity of slope form and process
(Figs. 10.1 and 10.2), first described by Gilbert (1880).
Badlands developed in this area on the Mancos Shale,
the Morrison Formation, and the Summerville Forma-
tion will be used here as examples. These badlands are
discussed more fully by Howard (1970, 1997).

Badland Regolith

Badlands generally have very thin regoliths in arid
regions, ranging from about 30 cm to essentially un-
weathered bedrock. Many badland areas share a simi-
lar regolith profile. The top 1–5 cm is a surface layer
exhibiting dessication cracks when dry. This surface
layer is a compact crust with narrow polygonal crack-
ing in the case of shales with modest shrink-swell
(<25%) behavior, such as the Mancos Shale badlands
in Utah (Fig. 10.3), the Brule Formation badlands in
South Dakota (Schumm 1956a,b), and portions of the
Dinosaur Badlands, Canada (Bryan et al. 1978, 1984,
Hodges and Bryan 1982). With higher shrink-swell be-
haviour the surface layer is broken into irregular, loose
‘popcorn’ fragments with large intervening voids, as
exemplified in badlands on the Chadron Formation in
South Dakota, the Morrison (Fig. 10.4) and Chinle For-
mations in Utah, and portions of the Dinosaur Bad-
lands, Canada. The surface layer may be thicker (10
or more centimeters) in such cases. Although the sur-
face layer may contain a few partially weathered frag-
ments of shale, vein fillings, nodules, etc., it is primar-
ily composed of disaggregated and remolded shale, silt
and sand weathered from the shale which is leached
of highly soluble components (particularly when de-
rived from marine shales such as the Mancos Shale
(Laronne 1982).

Beneath the surface layer is a sublayer (crust)
averaging about 5–10 cm in thickness which may
range from a dense, amorphous crust (Hodges and
Bryan 1982, Gerits et al. 1987) to a loose, granular
layer (Howard 1970, Schumm and Lusby 1963).
Part of the apparent variability of surface layer and
crust may be due to differences among researchers in
locating the division between these units. Below the
crust there occurs a transitional ‘shard layer’ ranging
from 10 to 40 cm in thickness consisting of partially
disaggregated and weathered shale chips grading to
firm, unweathered shale.
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Fig. 10.3 Regolith profile in Mancos Shale badlands. Note
smooth, mud-cracked surface crust, shard layer, and essentially
unweathered shale at depth of about 15 cm. This is a marine shale
dominated by Illite clay mineralogy. Note watch for scale (photo
by A. Howard)

Fig. 10.4 Popcorn surface crust on Morrison Formation shale.
Clays in these badlands are dominated by Smectite (Mont-
morillonite) clays with high shrink-swell potential (photo by
A. Howard)

However, there is considerable variability in
badland regoliths. Well-cemented sandstone layers
outcrop as bare rock, often creating ledges or caprocks.
Slightly cemented sand layers (often with CaCO3 ce-
ment) generally form steep slopes with regolith
1–5 mm thick or less (Gerits et al. 1987, Hodges and
Bryan 1982, Bowyer-Bower and Bryan 1986). These
sandstones may develop permanent rill networks
(Kasanin-Grubin and Bryan 2007). Carman (1958)
described a regolith in fluted badlands in a clay
matrix-supported conglomerate composed of a hard
veneer of sandy clay 10–15 cm thick over a softer
interior layer and a hard core. Badlands on shaly
sandstones in the Summerville Formation have a
non-cohesive surface layer of sand grains and shale
chips which grades fairly uniformly to unweathered
bedrock within 10–20 cm. Some badland surfaces are
cemented with a biological crust of algae or lichens
(Yair et al. 1980, Finlayson et al. 1987). In badlands
where the shale has non-dispersive clays or physical
weathering processes dominate, surface crusts may be
absent, with a thin shard layer grading to solid shale
within a few centimetres (Figs. 10.5 and 10.6). Bad-
lands in marine shales, such as the Mancos Shale, may
have salt recrystallization in the sublayers and local
areas of salt surface crusts (Laronne 1982). Due to the
frequent occurrence of rapid mass wasting on steep
badland slopes, recently denuded areas have atypically
thin regoliths with poor development of the surface
layer.

Systematic variations in regolith properties may
be associated with slope aspect. Churchill (1981), in

Fig. 10.5 Badlands near Lumbier, Navarra, Spain. Note rounded
divides and linear lower slope profiles. (Photo by A. Howard)
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Fig. 10.6 Surface texture of badlands shown in Fig. 10.5. Re-
golith consists primary of shards up to 1 cm in size with unaltered
bedrock within a few centimeters (photo by A. Howard)

a comparison of north- and south-facing slopes in
Brule Formation Badlands (South Dakota), found the
north-facing slopes to be more gently sloping, more
densely rilled, with deeper regoliths, and characterized
by infrequent mass-wasting involving much of the
regolith (20–30 cm). By contrast, south-facing slopes
have frequent shallow (3–10 cm thick) sloughing
failures. Churchill suggested that slower evaporation
promotes deeper infiltration on north-facing slopes.
Yair et al. (1980) and Kuhn and Yair (2004) found
that north-facing slopes in the Zin badlands of the
Negev desert to have a rough, lichen-covered surface, a
deeper regolith, few rills, and relatively high runoff and
erosion. South-facing slopes are smoother, with greater
runoff, frequent mudflows, and pipe development, but
they experience less runoff erosion overall.

Weathering processes of badland regolith develop-
ment involve relatively modest changes in mineral-
ogy, since the source rocks are poorly lithified sed-
imentary rocks. Simple wetting may be sufficient to
disaggregate the shale and disperse the clay miner-
als. For example, unweathered blocks of Morrison For-
mation smectitic shales will completely disaggregate
and disperse within a few minutes to a few hours in
just enough water to completely saturate the sample
(this may be a considerable relative volume of wa-
ter because of the pronounced swelling). Rapid slak-
ing accompanies this disaggregation. The shallow re-
golith on these slopes testifies to the absorptive capac-
ity and impermeability of the surface layers. On the
other hand, samples of unweathered Mancos Shale, a
marine shale in which illite is dominant, decompose

more slowly, with less swelling and incomplete dis-
persion. A yellowish liquor of dissolved salts (mostly
sodium and calcium sulfates: Laronne 1981, 1982) is
produced, the accumulation of which apparently in-
hibits further disintegration. Leaching of these solutes
is apparently required for complete weathering, and
salt concentrations decrease upwards within the re-
golith (Laronne 1982). Some clayey sandstones may
have a calcite cementing which requires dissolution be-
fore erosion, and the regolith is only a few millime-
ters thick (Bowyer-Bower and Bryan 1986). On the
other hand, marls composed of more than 50% cal-
cite and gypsum may be essentially free from cemen-
tation. Consequently clay mineral dispersion is all that
is required to form a disaggregated regolith (Finlayson
et al. 1987, Imeson and Verstraten 1985). Some uncon-
solidated sediments require no weathering prior to en-
trainment by rainsplash and runoff, so that regolith is
absent or only seasonally present due to frost heaving
(for example, the artificial Perth Amboy badlands of
Schumm 1956a).

The structure and appearance of badland regolith
may change appreciably in response to the sequence of
precipitation events. Kasanin-Grubin and Bryan (2007)
document a change in surface texture over two years
on badlands in Alberta, Canada from an open, popcorn
surface (similar to Fig. 10.4) to a dense, cracked crust
(similar to Fig. 10.3) over a two year period in response
to snowfalls and low intensity, long-duration rainfall.
They also conducted experiments demonstrating that
low duration rainstorms produce popcorn textures
through shrinkage and swelling while long-duration
rainstorms produce coherent crusts through clay
dispersion. Greater runoff and deeper rill erosion
accompany the formation of coherent crusts.

The physical and chemical properties of clay min-
erals, grain size distribution, density, and cementation
affect the weathering by wetting and leaching, runoff
characteristics, sediment and solute yields, and bad-
land form. The properties of shales relevant to their
erosional behaviour can be measured by a number of
simple physico-chemical tests of cation-exchange ca-
pacity, solute extracts (concentration and chemistry),
Atterberg (consistency) limits, vane shear strength, dis-
persion index, aggregate stability, shrink-swell behav-
ior (Imeson et al. 1982, Imeson and Verstraten 1988,
Hodges and Bryan 1982, Bryan et al. 1984, Gerits et al.
1987, Bouma and Imeson, 2000, Faulkner et al., 2000,
2003).
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Erosional Processes on Badland Slopes

Discussion of slope erosional processes is conven-
tionally divided into mass-wasting (creep, sliding,
and flowage) and wash processes (runoff and rain-
splash erosion). This discussion follows that division,
although these processes are so interrelated and
intergrading that such divisions are primarily for
convenience.

Mass-Wasting

The rounded slopes of the Morrison (Fig. 10.2),
Chinle, and Chadron formations have been attributed
to the dominance of creep as a slope-forming pro-
cess (Davis 1892, Schumm 1956b, Howard 1970).
These formations contain clays with high dispersive
and shrink-swell potential. The volume changes
occurring during wetting together with the loss of
bulk strength encourage downslope sag and creep
of surface layers. Schumm (1963) found surface
creep rates to be proportional to the sine of the slope
gradient for slope gradients less than 40◦ on Mancos
Shale, and such a relationship is likely to be a good
approximation to mass-wasting rates for low slope
gradients.

Many badland sideslopes are close to their maxi-
mum angle of stability, as long, narrow, shallow slips
are common occurrences. Because these slopes are
generally at angles of 40◦ or more, and failures occur
during rainstorms, slope stability can be analyzed by
the well known infinite slope model for saturated re-
golith and flow parallel to the slope (e.g., Lambe and
Whitman 1969, pp. 352–356, Carson 1969, p. 87, Car-
son and Kirkby 1972, pp. 152–159). Figure 10.7 shows
the definitions for an analysis similar to Lambe and
Whitman’s except that uniform surface flow is also al-
lowed. Conditions for failure at a depth dr below the
surface are assumed to be approximated by a linear re-
lationship:

τ f = c + σe tanϕ, (10.1)

where τ f is the shear stress on the failure plane, σe is
the effective normal stress on the failure plane, c is the
saturated cohesion, and φ is the saturated friction angle
for the regolith material.

Fig. 10.7 Definition of terms for infinite slope failure with water
flowing parallel to the slope surface

Based upon Fig. 10.3 for the case when dw ≥ dr

the shear and effective normal stresses on the potential
failure plane are:

σe = ρb dr g cos2 θ (10.2)

and

τ = [
ρt dr + ρw(dw − dr )

]
g sin θ cos θ (10.3)

where ρb and ρt are the buoyant and total densities of
the regolith, respectively, ρw is the water density, g is
the gravitational constant, θ is the slope angle, and dw
is the depth of water flow above the regolith surface.
For the case when dw < dr

σe = [
ρu(dr − dw)+ ρb dw

]
g cos2 θ (10.4)

and

τ = [
ρu(dr − dw)+ ρt dw

]
g sin θ cos θ (10.5)

where ρu is the unsaturated unit weight of the regolith
(which is likely to be very close to ρt).

Failure occurs when τ ≥ τ f . For the shallow
badland regoliths only slight cohesion is necessary to
permit slopes greater than 40◦ if water flow depths are
small. For typical values of regolith density complete
saturation with flow parallel to the surface reduces
maximum slope angles by a factor of about two
(Lambe and Whitman, 1969). Under such conditions
badland slopes may fail as mudflows (Yair et al. 1980,
Battaglia et al. 2002, Kuhn and Yair 2004, Desir and
Marı́n 2006, Nadal-Romero et al., 2007).
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Wash Processes

Wash processes on badlands occur only during and
immediately after rainstorms. If a rainstorm starts with
a dry regolith (the usual case) much of the initial rain-
fall is absorbed by the regolith and initially penetrates
deeply along cracks and between popcorn aggregates,
if present. Runoff from badland slopes is delayed for
several minutes after rainfall initiates; for example,
Bryan et al. (1984) note a delay of 10–15 min after
initiation of sprinkling at a rate of 10–20 mm h−1. The
depth of wetting is limited either by absorption along

crack and fissure edges or by ponding on top of the
dense crust layer, if present (Hodges and Bryan 1982).
Swelling of the regolith clays rapidly begins to close
the cracks and gaps, so that flow is increasingly
restricted to lateral flow in larger cracks and, in many
cases to micropipes developed near the crust-shard
layer boundary (Hodges and Bryan 1982) (Fig. 10.8).
The flow in the larger cracks which receive appreciable
flow from upslope may be able to erode their walls
and keep pace with regolith swelling (Engelen 1973).
Most of these will be ephemeral rills, which are
partly or wholly eradicated by continued swelling

Fig. 10.8 Regolith structure
and runoff behavior on shale
badland slopes. Diagrams
(a–f) portray successive
stages in wetting and runoff
development. (from Hodges
and Bryan 1982, Fig. 2.7)
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Fig. 10.9 Development of a
perched water table on top of
shard layer in badland
regolith and lateral drainage
to rills. Note development of
a saturated, soft layer
between the rills which may
fail, forming a pipe and
eventually a new rill. (from
Imeson and Verstraten 1988,
Fig. 10.1)

and subsequent drying and cracking of the surface
layer. Sediment is added to the flow both by shear
and dispersion of clay minerals, and the sediment
load may range up to mudflow concentrations. Flow
in the cracks and micropipes eventually feeds into
rills or onto alluvial surfaces. Badland interflow has
been compared to intergranular flow to drains (the
rills) (Gerits et al. 1987, Imeson and Verstraten 1988)
(Fig. 10.9). Surface rills may initiate through liquefac-
tion of saturated, dispersed crust above the shard layer
with accompanying runout, pipe formation and surface
collapse in the zones of greatest depth of saturation
between surface rills (Fig. 10.9).

Hodges and Bryan (1982) pointed out that in Di-
nosaur Badlands, Canada, runoff occurs more rapidly
and more completely on silty surfaces which locally
encrust badland rills than on the cracked surface layers
of badland slopes. Such silty layers in rills are uncom-
mon on badlands in the Henry Mountains region, but
alluvial surfaces are generally covered by such sedi-
ment and have rapid runoff response. Cerdà and Garcı́a
Fayos (1997) also note more complete runoff from al-
luvial surfaces than badland slopes. A few very gen-
tle badland slopes in Morrison Shale exhibit a band-
ing alternating between typical popcorn-textured bad-
land slopes and short alluvial surfaces (Fig. 10.10).
The absence of shrink-swell cracking of the alluvial
surfaces suggests that the silt layers are very effec-
tive at preventing infiltration. The banding may be
an expression of layering in the shale or it may in-
dicate a natural bifurcation at low slope gradient be-
tween normal badland slopes with swelling enhanced
by water shed from upslope alluvial patches and allu-

Fig. 10.10 Low, terraced hillslope on shale in Morrison Forma-
tion. White bands are small segments of alluvial surface (photo
by A. Howard)

vial surfaces graded downstream to the swollen shale
bands.

In some badlands much of the slope drainage is
routed through deep, corrasional pipe networks (see
reviews in Campbell 1989, Harvey 1982, Jones 1990,
Parker et al. 1990, several papers in Bryan and
Yair 1982b, Faulkner et al. 2007). Piping in suscep-
tible lithologies is encouraged by prominent jointing
and steeper hydraulic gradients via underground rather
than surface paths caused by layering in the bedrock or
though dissection of an originally flat upland (Camp-
bell 1989). Faulkner et al. (2007) discuss a badlands
landscape in which the initial response to downcutting
by the master drainage is development of a deep
piping network which then, through collapse, forms an
integrated surface network of channels. Piping is rare
in the Henry Mountains badlands discussed here.
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Rainsplash

Rainsplash erosion is important on badlands both as
a direct agent of detachment and splash transport and
indirectly as detachment contributes to runoff erosion
and affects the flow hydraulics of shallow flows. A
considerable experimental literature exists on rain-
splash erosion mechanics (see Chapter 9); the major
controlling variables are raindrop size and velocity,
rain intensity, and regolith characteristics. Few direct
measurements exist of the contribution of rainsplash
to badland slope erosion. Howard (1970) and Mose-
ley (1973) attributed narrow, rounded divides on some
badlands to the action of rainsplash rather than creep,
and the rounded slopes with very thin regolith on
the badlands in Fig. 10.5 may be due to diffusive
rainsplash erosion. Carson and Kirkby (1972, p. 221)
also suggest divide convexity may be caused by rain-
splash on some arid slopes. The influence of rainsplash
may be limited at the beginning of rainstorms by
the cohesiveness of the dry clay, and biotic crusts,
where present, protect shale regolith from rainsplash
entrainment (Yair et al. 1980, Finlayson et al. 1987).
In contrast to rock-mantled slopes, rainsplash has
modest direct influence on overland flow hydraulics
due to the concentration of flow into cracks and
micropipes.

Runoff Erosion

Runoff on badlands seldom exemplifies the classic
characteristics of overland flow on agricultural land
because of the concentration of flow into cracks,
micropipes, and ephemeral rills. The rate of erosion
in such channelled overland- and inter-flow, as well
as in larger rills and washes functionally depends
upon flow conditions and resistance of the bedrock or
regolith to weathering or detachment. The processes of
erosion are poorly understood but may involve direct
detachment from the bedrock, scour by sediment, and
weathering processes such as leaching and wetting
with dispersion.

Several approaches have been used to quantify
runoff erosion in both rills and interrill areas. The most
common approach on agricultural slopes is to estimate
sediment transport rates using bedload or total load
transport formulas assuming that the flow is loaded

to capacity in the sand size ranges (transport-limited
conditions). These are often empirically corrected for
rainsplash effects based upon results of plot experi-
ments in non-cohesive sediments or weakly cohesive
soils (e.g. Meyer and Monke 1965, Komura 1976,
Gilley et al. 1985, Julian and Simons 1985, Ev-
eraert 1991, Kinnell 1990, 1991). Detachment by
rainsplash is assumed to assure capacity transport
even where soils are moderately cohesive. Theoretical
and empirical runoff erosion models commonly
assume capacity transport (e.g. Kirkby 1971, 1980a,
Carson and Kirkby 1972 pp. 207–219, Smith and
Bretherton 1972, Hirano 1975), but such assumptions
often overestimate actual transport rates severalfold
(Dunne and Aubrey 1986). Due to the cohesion and
the small sand-sized component of badland regoliths,
coupled with the steep slope gradients, runoff and
interflow are likely to carry bed sediment loads well
below capacity.

A few researchers have recognized that flow on
steep slopes is commonly detachment limited and sug-
gest that the detachment (or deposition) by the flow D f

is related to an intrinsic detachment capacity Dc (for
zero sediment load), the actual sediment load G and
the flow transport capacity Tc (Foster and Meyer 1972,
Meyer 1986, Lane et al. 1988, Foster 1990)

D f = Dc(1 − G/Tc) (10.6)

This relationship implies an interaction between
deposition and entrainment on the bed. However, rills
and badland slopes seldom show evidence of sediment
redeposition or partial surface mantling until flow
reaches alluvial washes or alluvial surfaces (miniature
pediments). The downstream transition from bare
regolith to sand- and silt-mantled alluvial surfaces
is generally abrupt (Schumm 1956a, b, Smith 1958,
Howard 1970). The high roughness and possibly the
greater grain rebound on badland regolith may make
transport capacity greater than for an alluvial surface
at the same gradient (Howard 1980). This suggests that
on steep badland slopes and rills actual detachment
D f can reasonably be assumed to equal the intrinsic
detachment Dc. This approach is used in the following
models.

Howard and Kerby (1983) successfully related areal
variations in observed rates of erosion of bedrock chan-
nels on shales to the pattern that would be expected
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if erosion rates were determined by dominant shear
stress in the channel. Following Howard (1970) they
suggested that erosion rate �y /�t (detachment rate) is
determined by shear stress τ :

�y

�t
= Kc(τ − τc)

β (10.7)

where τc is a critical shear stress, β is an exponent, and
the constant of proportionality Kc depends upon both
flow durations and bedrock erodibility. Foster (1982)
and Foster and Lane (1983) assume a similar rela-
tionship (with β = 1) for rill detachment capacity.
Numerous experiments on fluvial erosion of cohesive
deposits indicate scour rates that correlate with the ap-
plied shear stress (Parthenaides 1965, Parthenaides and
Paaswell 1970, Akky and Shen 1973, Parchure and
Mehta 1985, Ariathurai and Arulandan 1986, Kuijper
et al. 1989, Knapen et al. 2007). Assuming certain
hydraulic geometry and resistance equations, and fur-
ther assuming that the dominant values of shear stress
greatly exceed the critical value, then Equation (10.7)
can be re-expressed as a function of local gradient
S and contributing drainage area Ad (Howard 1994b,
1997, 2007):

�y

�t
= Kc(Ke Am

d Sn − τc)
β (10.8)

where the constant of proportionality, Ke, likewise
depends upon constants in the hydraulic geometry
equations. Theoretical values for m and n for the
assumed hydraulic geometry relationships are ∼0.3
and ∼0.7, respectively, with observed values being
0.45 and 0.7.

In some badland washes and in much of the
throughflow in badland regolith the limiting factor
may be the rate of decrease of shear strength of
surface rinds either due to weathering of the bedrock
or to wetting and dispersion of regolith crusts and
shards. Even though the weathering rate is a limiting
factor, flow conditions can still affect erosion rates,
as illustrated in a simple model by (Howard 1994a,
1998) that assumes that flocs can be removed when
weathering, progressing from the surface inward,
reduces cohesion to below the applied shear stress.
The resulting erosion rate increases as a joint function
of shear stress and intrinsic weathering rate.

Both of these models suggest an erosion rate that
increases with some measure of the strength of the ef-

fective flow. However, data on erosion rates in badland
channels is limited, and that on the accompanying flow
is essentially nonexistent.

In some cases flow in bedrock rills may become
so sediment laden that they exhibit Bingham flow
properties with development of levees on rills and de-
positional mudflow fans. The common occurrence of
localized slumps and draping flows on badland slopes
might be appropriately characterized by Bingham flow
as well.

Requisite conditions for rill development and the
overall control of drainage density in badlands has been
a continuing theme in badlands geomorphology, start-
ing with Schumm’s (1956a) introduction of the ‘con-
stant of channel maintenance’, a characteristic length
from the divide to the head of rills. Rills have been dis-
cussed in two contexts. The first is the critical hydraulic
conditions required for the transition from dispersed
overland flow to channelized rill flow (see general dis-
cussions in Bryan 1987, Gerits et al. 1987, Rauws
and Govers 1988, and Torri et al. 1987). Several cri-
teria have been proposed, including critical slope gra-
dients (Savat and De Ploey 1982), a critical Froude
number (Savat 1976, 1980, Savat and De Ploey 1982,
Hodges 1982, Karcz and Kersey 1980), and a critical
shear stress or shear velocity (Moss and Walker 1978,
Moss et al. 1979, 1982, Savat 1982, Chisci et al. 1985,
Govers 1985, Govers and Rauws 1986, Rauws 1987).
On the steep badland slopes with strongly channelized
flow in cracks, microrills and pipes much of the flow on
badland slope exceeds critical conditions for rill initia-
tion by any of these criteria. Rill initiation on badland
slopes has also been related to unroofing of tunnels and
micropipes (Hodges and Bryan 1982) which may be re-
lated as much to saturation, swelling and softening of
badland regolith as to the hydraulic factors mentioned
above (see Fig. 10.5, Gerits et al. 1987, Imeson and
Verstraten 1988).

Runoff thus seems to be capable of rill initiation
over most of badland slope surfaces, with the possible
exception of well-cemented sandstone layers with thin
regoliths. The development and maintenance of semi-
permanent rills requires a balance between the ten-
dency of runoff to incise and other processes that tend
to destroy small rills (Schumm 1956a, Kirkby 1980b).
Such processes include shrink-swell of the surface lay-
ers, which destroys microrills (Engelen 1973), needle-
ice growth (Howard and Kerby 1983), mass wasting by
creep and shallow slides (Schumm 1956a, b, Howard
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and Kerby 1983) and rainsplash (Howard 1970, Mose-
ley 1973, Dunne and Aubrey 1986). On badlands in hu-
mid climates a well-defined seasonal cycle of rill cre-
ation and obliteration occurs (Schumm 1956a, Howard
and Kerby 1983). In arid regions advance and retreat of
rill systems on slopes may occur over much longer time
scales, but may also be dramatically altered by a single
heavy summer rainfall or a winter mass-wasting event.
In the discussion below the emphasis is on ‘permanent’
rills and gullies that have persisted long enough to have
created well-defined valleys. In the simulation mod-
elling discussed below the location of permanent rills is
determined by the balance between runoff erosion us-
ing Equation 10.8 and diffusive processes (rainsplash
or mass-wasting).

Badland Architecture and Evolution

This section emphasizes the spatial process variations
that determine the overall architecture of both slope
and channel features of badlands. Furthermore, the
temporal evolution of badlands will be examined both
through reference to the specific case of the Henry
Mountains area and through the use of simulation
models.

Evolution and Areal Distribution of Badlands

The rapid erosion of badland slopes means that they
occur only where high relief has been created in shaly
rocks. In the Henry Mountains area this has occurred
through erosional removal of a protective caprock or
through rapid master stream downcutting. The ram-
parts of sandstone cuestas feature local badlands in
sub-caprock shales, and more extensive badland areas
occur where buttes have been recently denuded of their
caprock. However, the badlands on cuesta ramparts are
well developed only during relatively arid epochs (such
as the present) when mass-wasting of caprocks is rela-
tively quiescent (see discussion in Chapter 8).

The master stream is the Dirty Devil-Fremont River
system which, during the Quaternary, has had a history
of alternating stability or slight aggradation during plu-
vial epochs with rapid downcutting, followed by stabil-
ity at the close of non-pluvial epochs (Howard 1970,
1997). During the pluvial epochs the stable base level

coupled with physical weathering and mass-wasting
of the sandstone cuestas resulted in development of
extensive talus slopes on the ramparts of the escarp-
ments coupled with gravel-veneered alluvial surfaces
(pediments) mantling the shales. Thus badlands were
rare during pluvial epochs, probably occurring only lo-
cally on scarp ramparts or caprock-stripped buttes. The
post-pluvial (Bull Lake) dissection of river terraces and
alluvial surfaces underlain by Mancos Shale has cre-
ated the spectacular badland landscape near Caineville,
Utah (Fig. 10.1). The river apparently downcut about
65 m shortly after the close of the Bull Lake pluvial (of
Early Wisconsin age, Anderson et al. 1996), followed
by stability at about its present level (Howard 1970,
1997). As a result, a wave of dissection has moved
headwards towards the sandstone cuestas to which the
alluvial surfaces were graded, producing a sequence
of landforms from scattered Bull Lake alluvial sur-
face remnants near the scarps (remaining primarily
where the capping gravels were thickest) through a
zone of high-relief (50 to 60-m) badlands to modern
alluvial surfaces near the master drainage where the
badlands have been completely eroded (Fig. 10.11).
Shale areas that are either remote from the master
drainage or have been protected from stream down-
cutting by downstream sandstone exposures are either
undissected Pleistocene alluvial surfaces or very-low-
relief badlands.

Similar post-glacial downcutting has been impli-
cated in forming the shale badland landscapes of the
Great Plains of the United States and Canada (Bryan
et al. 1987, Campbell 1989, Wells and Gutierrez 1982,
Slaymaker 1982), with a similar progression from
undissected uplands (often capped by a protective
grassland cover) through high-relief badlands to
modern alluvial surfaces. In semi-arid and humid
regions, badlands occur primarily where a former
vegetation has been removed from shales or easily
eroded regolith. Thus such occurrences are similar to
relief generation through a protective caprock and its
subsequent removal.

Relationship Between form and Processes

Badlands exhibit a surprisingly wide range of slope
form. A contrast between steep, straight-sloped bad-
lands with very narrow divides and a convex form with
generally gentler slopes was noted quite early in the



10 Badlands and Gullying 275

Fig. 10.11 Geomorphic map of part of the Caineville Area, near
the Henry Mountains, Utah. Bull Lake surfaces are Early Wis-
consin in age. Bull Lake surface includes terraces of the Fremont
River and alluvial surfaces graded to these terraces. The Fremont
River is the black sinuous line near the bottom of the illustration.
The large area of Bull Lake surface at the right edge is preserved

because it drains across a sandstone caprock that acts as a local
baselevel. Pre- and Post-Bull Lake surfaces are Fremont River
terraces. Holocene surface is Fremont River floodplain and allu-
vial surface graded to modern river level. Scarp rampart includes
both rockfall-mantled shale and high-relief badlands (based on
Howard 1970 Plate 6)

literature on badlands and is exemplified in the classic
South Dakota badlands by slopes in the Brule and
Chadron formations, respectively (Schumm 1956b). In
the Henry Mountains area a similar contrast occurs be-
tween badlands on the Mancos Shale and those in the
Morrison Formation (compare Figs. 10.1 and 10.2).
Badlands in the Summerville Formation are similar to
the Mancos Shale badlands in having straight slopes
and narrow divides, but they have significantly lower
maximum slope gradients (Table 10.1). Many badlands
have quite complicated slope forms due to contrast-
ing lithology and interbedded resistant layers (e.g., the
Dinosaur badlands of Canada). Occasionally, pinnacle
forms of badlands are found that are characterized by
extremely high drainage density, knife-edge divides,
and generally concave slope form (Fig. 10.12). The fol-
lowing discussion of badland erosional processes links
these differences in slope form to variations in lithol-
ogy and climate.

The broadly rounded upper slopes of the Morrison,
Chinle, and Chadron formations are probably due
to creep processes (see above). The popcorn texture
of surface aggregates allows relatively large relative

Table 10.1 Comparison of slope angles (in degrees) on bad-
lands in Mancos Shale, the Summerville Formation, and the
Morrison Formation

Formation Angle-of-
repose
slopes1

Unstable
slopes2

Average slope
angle3

Summerville 31.5 31.7 27
Mancos 32 34.8 40
Morrison – 34.8 –
1Slopes constructed of unweathered shale shards.
2Constructional talus slopes of mass-wasted regolith below
vertical cliffs in shale.
3Average gradient of long natural slopes in areas of moderate to
high relief.

movements of the aggregates as their edges become
wet and slippery. However, lower sideslopes some-
times exceed 40◦, locally resulting in rapid flowage of
the popcorn surface layer off the slope. This results
in long, narrow tracks of exposed subsoil on the
lower slopes which rapidly develop a new surface
layer of popcorn aggregates. Convex slopes develop
through creep in any circumstance where the creep rate
increases monotonically with slope gradient and where
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Fig. 10.12 Pinnacle badland slopes in Cathedral Valley, near
Caineville, Utah. The steep slopes were formerly protected by

a caprock. Note the low-gradient slopes in the same formation at
the base of the slope (Entrada Sandstone) (photo by A. Howard)

creep is the dominant erosional process; this was first
elaborated by Davis (1892) and Gilbert (1909).

Even on these rounded slopes runoff erosion be-
comes increasingly important downslope, becoming
dominant in rills and locally within shallow pipes and
cracks in the thin regolith.

The Mancos badlands have a nearly linear profile
with narrow, rounded divides, which range in width
from less than 0.5 m in high-relief badlands to 1–2 m
in low-relief areas (Fig. 10.1). Because of the very
thin regolith on these narrow divides and a tendency
for development of a shale-chip surface armoring,
Howard (1970) and Moseley (1973) attributed the
divide rounding to rainsplash. This process is effective
on narrow divides even at low gradient because the
maximum splash distance is greater than the divide
width.

Virtually all high-relief badland slopes in the Henry
Mountains region have nearly constant gradient on
their lower portions, even on the broadly convex slopes
in the Morrison Formation. These maximum gradients
are usually within a few degrees of the angle of
repose of dry detritus weathered from the formations.
Maximum gradients on the Summerville Formation,
with its loose weathered layer, are 3–5◦ less than
the angle of repose, probably due to seepage flow
decreasing the maximum stable slope angle (implied

in Equations (10.1, 10.2, 10.3, 10.4 and 10.5); see
Lambe and Whitman 1969, p. 354). However, in the
Morrison and Mancos badlands the slopes are 3–10◦
higher than the repose angle for loose weathered shale
due to cohesion. Consequently, many lower slopes
are on the verge of failing by flowage and slipping.
Many such slopes do occasionally fail, involving
only the thin surface layer (5–10 cm) and leaving
long, narrow tracks of exposed subsoil on the lower
slopes. Such flows are numerous on steep slopes on
the Morrison and Summerville Formations, but are
rare on the Mancos badlands. However, on the Mancos
badlands, whole sections of hillside appear to slip
or slump short distances downhill during rainstorms,
producing tension cracks arranged in waves sug-
gesting differential movement and, rarely, extensive
shallow slumping (Fig. 10.13). Tension cracks are
the more numerous and wider the steeper the gradi-
ent, particularly on slopes undercut by meandering
washes.

On low-gradient portions of slopes, creep-like
movement of the surface layer predominates, which
is generally modeled as a linear function of slope
gradient (Culling 1963, Carson and Kirkby 1972,
Howard 1994b, Fernandes and Dietrich 1997). How-
ever, for the gradients approaching the limiting slope
angle (which in actuality is temporally and spatially
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Fig. 10.13 Steep Mancos Shale slopes showing evidence of ac-
celerated rate of mass wasting. The regolith mass at “@” de-
rived from the scar immediately above. Elsewhere in this picture
are numerous scars and regolith masses suggestive of episodic
slumping or flow. New regolith rapidly forms whenever it be-
comes exposed. Contrast the lack of rills on this slope with the
Mancos Shale slopes in Fig. 10.1 (photo by A. Howard)

variable), mass wasting rates can be functionally repre-
sented by a rapid rate increase (Kirkby (1984, 1985b),
Howard (1994b), Roering et al. 1999, 2001a, b).

Nearly linear lower slopes on regolith-mantled,
high-relief badlands would be expected if mass-
wasting determines slope form. Close to the divide,
where creep rates are low (due to modest amounts of
regolith supplied from upslope) and corresponding
gradients are low, mass wasting rate follows the sine
relationship. Consequently, gradients increase rapidly
downslope. Rainsplash erosion is also a diffusive

process, producing divide convexity. As the total
volume of mass wasting debris increases downslope,
equivalent rates of erosion may require gradients
approaching the limiting slope angle where slippage
or flowage becomes important. In these lower slope
regions the incremental addition of weathered material
along the slope can be accommodated by a very slight
increase in gradient, thereby creating a nearly straight
profile. Such lower slopes are essentially equivalent
to the threshold slopes of Carson (1971) and Carson
and Petley, (1970) except that they are probably best
modelled by a rapid but continuous increase in mass
wasting rate as the limiting angle is approached rather
than by an abrupt threshold (Howard, 1994b, Roering
et al. 2001a).

Indirect evidence for threshold slopes in steep
badlands comes from areal variations in badland
form. Average hillslope gradients in badlands of the
Summerville and Mancos Formations show little
variation with slope length except for very short slopes
(Fig. 10.14). However, the drainage density exhibits a
complicated relationship to relief ratio, generally in-
creasing with relief ratio up to a value of about 0.5, but
decreasing in very high relief badlands (Fig. 10.15).
The relatively low drainage density of areas with very
high relief ratio may be explained by the onset of
sliding and slumping on steep slopes. In areas of high
relief large increases of the rate of erosion of a slope at
its base should be accompanied by only a slight change
in slope gradient (Fig. 10.14). But the small increase

Fig. 10.14 Plot of hillslope
gradient versus slope length
in badlands in the
Summerville (triangles)
Formation and Mancos Shale
(squares) (based on
Howard 1970, Fig. 43). The
short slopes with very high
gradients occur on undercut
banks along meandering
washes
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Fig. 10.15 Drainage density versus relief ratio for badland ar-
eas on Mancos Shale. Measurements made on areal photographs
with a scale of approximately 1:12,000. Relief ratio determined
by inscribing a 150 m diameter circle around a badland divide
and measuring the maximum relief photogrammetrically and di-
viding by 75 m. Drainage density is defined as total length of all

hollows and valleys visible on the photograph in the circle di-
vided by the area of the circle. Ephemeral rills lacking defining
ridge lines are not included. Regression lines are A for all points,
B for values of relief ratio less than 0.35 and C for values greater
for 0.2. All are statistically significant

in slope angle increases the efficiency of erosion on
the slope relative to the channel, so that the critical
drainage area necessary to support a channel increases,
with a resulting decrease in drainage density. Average
slope length L and drainage density D are related to
the average slope angle θ by (Schumm 1956a, p. 99)

L Cos θ = 2/D. (10.9)

Because slope angles vary little with relief ratio
in steep badlands, the decrease in drainage density
accompanying increase in relief ratio is accom-
panied by a proportional increase in slope length.
This decrease in drainage density with increasing
erosion rates for landscapes with threshold slopes
has been theoretically justified and demonstrated in
simulation modeling by Howard (1997) and Tucker
and Bras, (1998). By contrast, in areas of low overall
gradient, increase in relief ratio is accompanied by
increases in drainage density. Therefore, slope length
decreases nearly in proportion since the cosine term
is near unity. Modelling by Howard, (1997) suggests
that this occurs when slopes are eroded by classic

linear diffusion and channel erosion occurs with shear
stresses not much above the threshold of detachment
(τc in Equations 10.7 and 10.8).

At least four types of surfaces occur on badlands:
(1) slopes with exposed bedrock; (2) regolith-mantled
slopes; (3) Rills and washes with exposed bedrock;
and (4) alluvium-mantled surfaces. These surfaces
generally sharply abut against each other, with the
transitions corresponding to thresholds in the relative
importance of processes. Most badland slopes are
regolith-mantled, albeit shallowly. However, on steep
slopes or where bedrock is resistant to weathering the
surface is irregular, expressing variations in weathering
characteristics of the rock, jointing, and stratigraphy
(Fig. 10.16). In contrast, minor differences in lithology
of the rocks underlying regolith-mantled badlands
(non-undercut areas in Fig. 10.13) do not affect slope
form, for the geometry is determined by processes
of downslope transport of the weathered debris. The
threshold between bare and regolith-mantled slopes is
commonly equated with weathering- versus transport-
limited conditions, respectively (Culling 1963, Carson
and Kirkby 1972 pp. 104–106). However, there are
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Fig. 10.16 Near-vertical slopes in shale of the Morrison For-
mation formed by past undercutting by the Fremont River. Dif-
ferences in bedding are strongly expressed in vertical slopes in

contrast to the smoother, gentler slopes mantled by 20+ cm of
regolith (photo by A. Howard)

four factors that may limit overall slope erosion rate,
the potential weathering rate PW, the potential mass
wasting rate PM, the potential detachment rate by
runoff (combined splash and runoff detachment)
PD, and the potential fluvial transport rate PT. On
regolith-mantled slopes PW > (P M + P D) and PD <

PT. Either mass-wasting or runoff detachment may be
quantitatively dominant on such slopes; measurements
by Schumm (1963) suggest runoff dominance. The use
of the term transport-limiting for these mantled slopes
is inaccurate, because the runoff component of erosion
is detachment- rather than transport-limited. Bare
bedrock slopes have PW< (P M + P D) and PD< PT,
so that the term weathering-limiting is appropriate. Al-
luvial surfaces have PD > PT, and generally P M ≈ 0
because of the low gradients. Bedrock-floored rills
and washes have similar conditions to bare rock
slopes except that P M ≈ 0. The rock-mantled slopes
considered in Chapter 9 would appear to be similar to
badland regolith-mantled slopes. However, the surface
layer is often a lag pavement that greatly restricts
runoff erosion, so that the overall rate of erosion is
often determined either by (1) the rate of breakdown of

the pavement by weathering or (2) the rate of upward
migration of fines due to freeze-thaw or bioturbation,
or (3) mass-wasting rates.

The supply of moisture is the primary factor deter-
mining the weathering rate of the soft rocks forming
badlands. For vertically falling precipitation the inter-
ception per unit surface area of slope diminishes with
the cosine of the slope angle (in actuality some wa-
ter attacks vertical or overhanging slopes, for escarp-
ment caprocks often project beyond underlying shales).
This suggests that a critical gradient separates man-
tled slopes on which rates of mass wasting increase
with slope gradient from steeper bedrock slopes which
erode less rapidly as gradients increase (at least until
slope relief is great enough to cause bulk failure in the
shale bedrock).

Badlands with steep slopes and exposed bedrock
commonly develop pinnacle forms (alternatively
termed needle-like, serrate, or fluted) (Fig. 10.12).
Examples include the Brice Canyon pinnacles, the
badlands described by Carman (1958), the spires of
Cathedral Valley, Utah, and portions of the badlands
of South Dakota. Pinnacle badlands commonly are
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initiated as a result of near-vertical slopes develop-
ing in non-resistant shales lying beneath a resistant
caprock which erodes very slowly as compared to
downwearing in the surrounding badlands. Eventually
the caprock is weathered away or fails, and the under-
lying shales rapidly erode, developing the fluted form
due to rapid rill incision because of the steep relief.
Drainage densities are exceedingly high on these
slopes and owing to the absence of a mantling regolith
and mass wasting processes divides are knife-edged.
Slope profiles are generally concave, indicating the
dominant role of runoff (both unconcentrated and in
rills) in erosion. Although the steepness of the fluted
slopes is partially due to the high initial relief, the
slopes at divides generally steepen during development
of fluted badlands because rill erosion rapidly erodes
slope bases and weathering and erosion rates on
sideslopes decrease with increasing slope gradient due
to less interception of moisture. As the fluted slopes
downwaste, they are generally replaced by mantled
badland slopes with lower drainage density at a very
sharp transition, as a Bryce Canyon.

Fluvial Processes and Landforms of Badland
Landscapes

Howard (1980) distinguished three types of fluvial
channels, bedrock, fine-bed alluvial, and coarse-bed
alluvial. In most cases these types of channel are
separated by clear thresholds in form and process. In
badlands coarse-bed alluvial channels usually occur
only where gravel interbeds are present.

Alluvial Surfaces

Few contrasts in landscape are as distinct as that
between badland and alluvial surfaces on shaly
rocks. Low-relief, alluvium-mantled surfaces in
badland areas have been referred to by a variety of
names, including miniature pediment (Bradley 1940,
Schumm 1956b, 1962, Smith 1958), pseudo- and
peri-pediment (Hodges 1982), and alluvial surface
(Howard 1970, Howard and Kerby 1983). The last
term is used here because of its neutral connotation
regarding the numerous and conflicting definitions of
‘pediment’.

Fig. 10.17 Runoff on alluvial surfaces on Morrison Formation
Shales. Photo was taken during waning flow stages (photo by
A. Howard)

Flow on alluvial surfaces is either unconfined
or concentrated in wide, braided washes inset very
slightly below the general level of the alluvial surface
(Fig. 10.17). Alluvial surfaces may be of any width
compared to that of the surrounding badlands, con-
trasting with the confinement of flow in bedrock rills
and washes. The alluvium underlying most alluvial
surfaces is bedload carried during runoff events and
redeposited as the flow wanes, but adjacent to major
washes overbank flood deposits may predominate.
Although the surface of alluvial surfaces and washes
is very smooth when dry, during runoff events flow
is characterized by ephemeral roll waves and shallow
chute rilling which heals during recessional flows
(Hodges 1982).

An alluvial surface and badlands commonly meet at
a sharp, angular discordance (Figs. 10.18 and 10.19).
At such junctures slopes, rills and small washes with
inclinations up to 45◦ abut alluvial surfaces with gra-
dients of a few degrees. In most instances the alluvial
surfaces receive their drainage from badlands upstream
and are lower in gradient than the slopes or washes.
The layer of active alluvium beneath an alluvial sur-
face may be as thin as 2 mm, but increases to 10 cm or
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Fig. 10.18 Sharp junction between steep badland slopes and alluvial surface in Mancos Shale. Arrows are at the level of Bull Lake
terrace. Fremont River flows just in front of the terrace shown by the arrows (photo by A. Howard)

more below larger braided washes. Below the active al-
luvium there occurs either a thin weathered layer grad-
ing to bedrock or, in cases where the alluvial surface
has been aggrading, more alluvium.

Generally alluvial surfaces and their alluvial washes
obey the same pattern of smaller gradients for larger
contributing areas. Howard (1970, 1980) and Howard
and Kerby (1983) showed that the gradient of alluvial
surfaces is systematically related to the contributing
drainage area per unit width (or equivalent length) L
in badlands both in arid and humid climates:

S = C Lz, (10.10)

where the exponent z may range from −0.25 to −0.3.
The equivalent length for washes on alluvial surfaces is
simply the drainage area divided by the channel width,
but on unconfined flow on smaller alluvial surfaces it
is the drainage area contributing to an arbitrary unit
width perpendicular to the gradient. The proportional-
ity constant C can be functionally related to areal varia-
tions in sediment yield, runoff, and alluvium grain size.
Howard (1980) and Howard and Kerby (1983) showed
that the value of the exponent z is consistent with the
assumption that alluvial surface gradients are adjusted
to transport sand-sized bedload at high transport rates.

Badland alluvial surfaces are therefore comparable
to sand-bedded alluvial river systems in general in that
gradients decrease with increasing contributing area
(downstream). The major contrast is the presence of
unchannelled areas in the headward portion of alluvial
surfaces. Their presence is probably related to the ab-
sence of vegetation and flashy flow, which discourages
formation of banks and floodplains. The alluvial sur-
faces contrast with alluvial fans in that the former are
through-flowing systems with only minor losses of wa-
ter downstream and contributions of water and sedi-
ment from the entire drainage area. Furthermore, the
alluvial surfaces are generally slowly lowering. If they
are aggrading, they do so at a very slow rate. Thus the
downstream spreading of discharge characteristic of al-
luvial fans (and deltas) generally does not occur on al-
luvial surfaces.

Alluvial surfaces are surfaces of transportation, with
a gradient determined by the long-term balance be-
tween supplied load and discharge (Smith 1958). Thus
they are graded surfaces in the sense of Mackin (1948).
Howard (1982) and Howard and Kerby (1983) dis-
cussed the applicability of this concept in the con-
text of seasonal and long-term changes in the balance
of sediment load and discharge, and the limits to the
concept of grade. Interestingly, most badland alluvial
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Fig. 10.19 Downstream transition between bedrock wash and
alluvial surface in Mancos Shale badlands. Slope gradients are
about the same whether grading to bedrock wash or to alluvial
surface (photo by A. Howard)

surfaces slowly lower through time, as indicated both
by direct measurements (Schumm 1962, Howard and
Kerby 1983) and by the presence of rocks on pedestals
of shale surrounded by an alluvial surface that has
lowered around it. Thus the alluvial surfaces are not
destroyed by slow lowering of base level, but they
become readily dissected by bedrock washes if base
level drops too rapidly (Fig. 10.20). Howard (1970) and
Howard and Kerby (1983) present evidence that larger
alluvial channels are capable of more rapid erosion
than smaller ones without being converted to bedrock
channels. Howard and Kerby (1983) suggest that the
maximum erosion rate is proportional to about the 0.2
power of drainage area. It is uncertain whether the
erosion (or aggradation) rate on alluvial surfaces sys-
tematically influences their gradients.

Bedrock Channels

Badland washes and rills are usually floored by
slightly weathered bedrock. Beneath the smallest
rills the weathered zone is about as thick as that
on adjacent unrilled slopes, although this thickness
varies with the seasonal rill cycle (Schumm 1956a,
1964, Schumm and Lusby 1963). In larger badland
washes, weathering products are rapidly removed,
exposing bedrock. Deposits of alluvium occur only
locally in scour depressions. Larger bedrock washes
often display marked meandering with the wavelength
increasing systematically with the 0.4 power of
drainage area (Howard 1970), which is consistent with
meander wavelength in alluvial streams. In contrast to
the alluvial surfaces, the gradient of bedrock washes
is not uniquely related to the size of contributing
drainage area and their gradient is steeper than alluvial
washes of equivalent area (Howard 1970, Howard and
Kerby 1983).

Slope-Channel Interactions in Badlands

Erosion in large bedrock streams may be nearly inde-
pendent of the sediment load supplied by slope erosion
(e.g., Equations 10.7 and 10.8), so that the nature of the
surrounding slopes has minor influence on stream ero-
sion rates. Thus, in general, evolution of hillslopes fol-
lows rather than leads that of the stream network. How-
ever, the low-order tributaries, including rills, interact
with adjacent slopes and their gradients are largely de-
termined by hillslope gradients. The smallest rills are
ephemeral (Schumm 1956a, Schumm and Lusby 1963,
Howard and Kerby 1983) and have gradients essen-
tially equal to hillslope gradients.

The nature of hillslope-channel interactions is
poorly understood. Permanent channels occur only
where runoff is sufficient such that streams erode as
rapidly as the surrounding slopes and with a lesser
gradient. Diffusive processes (creep and rainsplash)
are more efficient than channel erosion for small
contributing areas. This is suggested by models of
bedrock channel erosion (e.g., Equation 10.8) where,
for a given erosion rate, gradients would have to
approach infinity as contributing area approaches
zero. In contrast, mass wasting slope processes and
rainsplash function even at divides. Ephemeral rills are
generally not inset into the slope because seasonal (or
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Fig. 10.20 Badlands and dissected alluvial surface in Mancos Shale. The former boundary between badland slopes and the alluvial
surface occurred at the light-dark transition (photo by A. Howard)

year-to-year) mass wasting by needle ice or shallow
slips and direct frost heaving episodically destroys
them. Permanent rills and washes are distinguished by
(and can be defined by) being inset within a definable
drainage basin, so that they have a lower gradient
than surrounding slopes. Even so, such permanent rills
may occasionally be partially infilled by mass-wasting
debris.

The sharpness of the junction between badland
slopes and adjacent alluvial surface (e.g., Figs. 10.1
and 10.18) as well as its spatio-temporal persistence
has fascinated generations of geomorphologists, and
a variety of hypotheses have been offered for its
origin and maintenance. Badlands rising from alluvial
surfaces have gradients nearly equal to nearby slopes
terminating at bedrock channels (Fig. 10.19), implying
nearly equal rates of erosion, even though the alluvial
surfaces may be stable or very slowly degrading.
Moreover the slope form (straight-sided or broadly
convex) remains the same. In Fig. 10.19 successive
profiles across the valley in a downstream direction
may be similar to changes in profiles through time
at one location, assuming that the alluvial surface
remains at a stable level. The alluvial surfaces expand
at the expense of the adjacent slope, as measured by
Schumm (1962).

Schumm (1962), Smith (1958), Emmett (1970), and
Hodges (1982) suggested that the abrupt contact is cre-
ated and maintained by erosion concentrated at the
foot of the slope, due perhaps to spreading of dis-

charge from the rills at the base of the slope (a type
of lateral planation), re-emergence of interflow, and
changes of flow regime (subcritical to supercritical)
at the slope-alluvial surface junction. Engelen (1973)
suggested that spreading of water emerging onto allu-
vial surfaces from ephemeral micro-rills may be as im-
portant as spreading flow from more permanent rills.
Hodges (1982) provided experimental information and
observations on flow on badland slopes, rills, and al-
luvial surfaces. These data indicate the complicated
nature of flow on these surfaces, including ephemeral
rilling of the alluvial surface.

Howard (1970) suggested that the abrupt change
of gradient at the head of an alluvial surface can be
maintained without recourse to special processes act-
ing at this location. Simulation modelling of coupled
bedrock and alluvial channel evolution (using an equa-
tion similar to Equation (10.8) for bedrock erosion) in-
dicated that bedrock channels maintained a nearly uni-
form gradient as they downcut until they were abruptly
replaced by alluvial surface when elevations dropped
to the level that the gradients were just sufficient to
transport supplied alluvium (Fig. 10.21, discussed be-
low). Although these simulations were targeted to the
bedrock channel system on badlands, a similar situa-
tion may pertain to unrilled badland slopes. Water ero-
sion is the dominant erosional process at the base of
badland slopes (Schumm and Lusby 1963) and may
be governed by similar rate laws as permanent rills
and washes. As noted above, most seemingly unrilled
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Fig. 10.21 Simulated
badland landscape replicating
the evolution of the Mancos
Shale badlands near
Caineville, Utah, based upon
Howard (1997). Top
boundary is a drainage
divide, lateral boundaries are
periodic, and bottom
boundary is the base level
control, conceived to be the
Fremont River. The
simulation started with initial
conditions of a sloping
alluvial surface at the level of
the Bull Lake surface. Rapid
incision then occurred to the
modern level of the Fremont
River followed by base level
stability. The narrow divides
near “#” are close to the level
of the initial alluvial surface.
Note that a new alluvial
surface is extending
headward from the fixed
baselevel as badland slopes
erode and retreat. As in
Figs. 10.17 and 10.18, steep
slopes are maintained as the
badland slopes undergo
nearly parallel retreat

badland slopes are primarily drained by concentrated
flow either through an ephemeral surface network of
crack flows (which are obliterated during the swelling
and reshrinking of the surface layer) or as interflow in
deeper cracks and micropipes.

Theoretical Models of Badland Evolution

There has been a rich history of quantitative modelling
of slope and channel processes. These models have not
primarily been directed towards specific issues related
to badland slopes, but they have a general formulation
that could be adapted to specific processes and materi-
als in badlands. Early models were primarily applied to
evolution of slopes in profile only, either for ease of an-
alytical solutions or for numerical solutions with mod-
est computational demands. A variety of approaches
has been used, but two end members can be identified.
Some investigators, as exemplified by the approaches
of Kirkby (Kirkby 1971, 1976a,b, 1985a,b, Carson and

Kirkby 1972, Kirkby and Bull 2000b) have attempted
to quantify almost all of the processes thought to be
acting on slopes and their distribution both on the sur-
face and throughout the regolith. This approach offers
the promise of detailed understanding of the spatio-
temporal evolution of regolith and soils as well as the
potential for addressing site-specific issues of erosion
processes, slope hydrology, surface water geochem-
istry, and soil and water pollution. Some attempts have
been made to apply such models to cover areal as well
as profile characteristics of slopes, including issues of
initiation of drainage (Kirkby 1986, 1990). However,
the generality of such models restricts their use over
large spatial or temporal domains due to present limi-
tations of computer resources and the large number of
parameters that must be specified.

Another approach has been to deliberately simplify
models in order to address issues of drainage basin
morphology and landscape evolution. Ahnert (1976,
1977) has been a pioneer in developing 3-D models of
landscape evolution, although most of his efforts have
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been directed to cross-sectional evolution of slope
profiles (Ahnert 1987a,b, 1988). Recent advances
in computer capabilities have permitted spatially
explicit modeling of drainage basin evolution, and
general reviews of these models are presented in
Coulthard (2001) and Willgoose (2005). Typically
these models include components for representing
weathering, diffusive slope evolution by rainsplash
and mass wasting, fluvial detachment, and sediment
transport and deposition. Landform evolution models
have been utilized, for example, to explore controls
on drainage density (Howard 1997, Tucker and
Bras 1998), effects of different processes of slope
and channel coupling (Tucker and Bras 1998), effects
of climate change and tectonic forcing (Tucker and
Slingerland 1997, Coulthard et al. 2000, Tucker 2004,
Gasparini et al. 2007), continental shelf incision
during sea level lowstands (Fagherazzi et al. 2004),
formation of alluvial fans (Coulthard et al. 2002,
Garcia-Castellanos 2002), and incision of gullies
(Howard 1999, Kirkby and Bull 2000a, Istanbulluoglu
et al. 2005).

Howard (1997) applied a spatially explicit model to
explore the evolution of the badland landscape in Man-
cos Shale discussed above. The model (Howard 1994b,
1997, 2007) incorporates bedrock weathering, diffu-
sive mass wasting including enhanced transport rates
as a critical slope steepness is approached (Roering
et al. 1999, 2001a,b), shear stress dependent fluvial
detachment (Equations 10.7 and 10.8), and sediment
transport and deposition in alluvial channels using a
bedload transport model. For the badland evolution
simulations, weathering was assumed to be able to
keep pace with erosion so that a regolith cover is
assumed to be present on all slopes and regolith
thickness is assumed not to be a limiting factor in
determining the erosion rate. In accord with the obser-
vation that high relief Mancos Shale slopes are nearly
linear in profile and exhibit instability suggestive of
rapid mass wasting near the limiting angle of regolith
stability (e.g. Fig. 10.13), the badland slopes were
modelled such that they were eroding in the region
of strong non-linear dependence of erosion rate on
gradient. See Howard (1994b, 1997) for model details.

The specific issue examined by Howard (1997) is
which history of river incision by the Fremont River
best explains the pattern of slopes and alluvial surfaces
in the Mancos Shale badlands in the area shown in
Fig. 10.11. The existence of broad modern alluvial

surfaces grading to the Fremont River coexisting
with high-relief badlands created by dissection of an
Early Wisconsin alluvial surface was postulated by
Howard (1970) to be best explained by fairly rapid
downcutting from the Early Wisconsin level of the
Fremont river about 60 m above the present level to
the level of the modern river followed by subsequent
relative stability of base level. This scenario was
explored in simulation modelling and compared with
an alternative hypothesis that the river level lowered
gradually from its Early Wisconsin level. Figure 10.21
shows the result of a simulation with the preferred
hypothesis of rapid downcutting followed by stability.
In early stages during the rapid downcutting, incision
occurs first near the base level control (the lower
boundary, corresponding to the Fremont River),
with high relief slopes and steep channels gradually
extending further inland. Extensive areas of nearly
undissected original alluvial surface remained in head-
water areas. Following cessation of downcutting, the
downstream channel gradients decline until they reach
a transport-limited condition. At this point an alluvial
surface develops and extends headward, gradually
replacing the badland slopes which undergo nearly
parallel retreat (Fig. 10.20). The simulation duplicates
the expected pattern of remote divides remaining near
the level of the Early Wisconsin alluvial surface (e.g.,
at “#” in Fig. 10.20), high relief badlands occupying
most of the simulation domain away from the main
drainage (the lower boundary of the simulation do-
main), and an advancing modern alluvial surface near
the main drainage. Simulations with gradual lowering
of the river level failed to produce broad modern
alluvial surfaces coexisting with high-relief badlands.

Landform evolution modeling of badlands thus has
the potential to investigate both the landscape morphol-
ogy resulting from different sets of process assump-
tions as well as different evolutionary scenarios.

Gullies

Localized accelerated erosion, including gully erosion,
is a recurrent problem in most landscapes with deep
regolith or soft bedrock. Gullying is most commonly
associated with landscapes with climates near the
semi-arid to arid transition or in regions with strongly
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seasonal precipitation where rapid erosion is triggered
by disruption of the vegetation cover by agricultural
mismanagement, construction activities, fire, local
landslides, or climatic change. However, rilling and
gullying can occur even in humid climates with an
erodible substrate lacking a coherent vegetation cover.
Badlands can be viewed as the extreme end of gullying
in which large areas become intensely dissected with
sparse vegetation.

At the small end of the size spectrum agricultural
fields are commonly plagued by rilling and ephemeral
gullies (gullies small enough to be filled in by yearly
ploughing, e.g., Poesen et al. (2006)). At the large
end of the spectrum are incised river channels (e.g.
Schumm et al. 1984, Wang et al. 1997, Darby and
Simon 1999). The emphasis here will be in the mid-
dle scale, where localized deep incision attacks valley
slopes and low-order valleys. General reviews of gul-
lying are provided by Bull and Kirkby (1997), Poesen
et al. (2003, 2006), and Valentin et al. (2005), including
issues of mitigation and societal impacts not empha-
sized by this review that emphasizes gullying processes
and the role of gullies in landform evolution.

Role of Vegetation

The discussion here will concentrate on the most
common circumstance where channelized incision
occurs through a vegetated substrate into weak sub-
surface regolith or sediment. Gully erosion generally
initiates when applied fluvial shear stresses exceed the
strength of the vegetation cover, and the vegetation is
unable to recover between flow events. Thus erosion
can occur when the shear resistance of the vegetation
is diminished or as a result of increased stress from
overland flow due to change in infiltration capacity
or topographic changes concentrating flow, and less
commonly, to extreme storm events. Once accelerated
erosion has been initiated, return to a normal rate of
erosion on all parts of the landscape may not occur
until specific restorative actions are taken, such as
seeding, fertilization, surface stabilization, grade
control structures, and land recontouring. Incised
valley bottoms are eventually stabilized due to lowered
erosion rates and enhanced moisture availability
(e.g., Ireland et al. 1939). In some landscapes natural
revegetation on gully walls and headcuts occurs when

slope gradients drop below critical values for rapid
failure or when a year or two of frequent, low intensity
rainstorms encourages vegetation establishment (e.g.,
Harvey 1992, Alexander et al. 1994). Gully systems
considered here develop in low-order channels, head-
water hollows, and the lower portions of slopes (e.g.,
Fig. 10.22).

In most landscapes in humid climates the natural
vegetation significantly restricts erosion by runoff
due to root cohesion, an open soil structure that
encourages infiltration, and a high surface roughness
that diminishes runoff velocity (Thornes 1985). The
importance of this vegetative cover is made apparent
when it is removed during construction, when erosion
rates may increase by a factor of several hundred
to ten thousand (Guy 1965, 1972, Wolman 1967,
Vice et al. 1968, Howard and Kerby 1983). The deep
regolith present throughout much of the southeastern
United States could only have developed beneath a
protective vegetation cover persisting during much
of the Cenozoic (Pavich 1989). Accelerated erosion
in this region due to poor agricultural practices from
colonial times through the beginning of this century
transferred immense quantities of sediment from
hillslopes to valley bottoms, often resulting in deep
gullying and valley sedimentation of a metre or more
(Ireland et al. 1939, Happ et al. 1940, Trimble 1974,
Jacobson and Coleman 1986).

Vegetation cover is often undervalued in terms of its
control over landscape evolution. Its resistance to ero-
sion, however, may be of the same order of magnitude
as the underlying bedrock. In the Piedmont region of

Fig. 10.22 A gully system advancing through a broad hollow
in the coast ranges of Northern California east of Point Reyes,
USA. Some revegetation of the channel bottom is occurring
even though the gully headwalls are still advancing (photo by
A. Howard)
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the southeastern United States, bedrock is commonly
exposed in low-order stream channels, whereas deep
regolith occurs beneath slopes and divides. If these
landscapes approximate steady state denudation, then
erosion of the hillslopes beneath a vegetative cover
by creep and water erosion occurs only as rapidly as
bedrock scour in nearby channels.

A vegetated landscape can thus be viewed as a
three-layer structure: a thin vegetation cover, a more
erodible regolith, and underlying bedrock. In some
cases either the outer or inner layer effectively may
be absent as with unvegetated badlands in the case
of the former or deep unconsolidated sediments in
the case of the latter. Where bedrock is exposed both
outer layers are absent. Such a three-layer structure is
incorporated in the present model. In some cases it may
be necessary to incorporate a more complicated struc-
ture. For example, the B-horizon in soils in the south-
eastern U.S. often has greater erosional resistance than
the overlying A-horizon, producing appreciable scarps
in the clay-rich layer during gully incision (Ireland
et al. 1939). Hardpans, fragipan, calcrete, silcrete, and
ferricrete layers may play similar roles in other soils
(Poesen and Govers 1990).

Reduction of erosional resistance through dis-
turbance of the vegetation cover, either directly by
fire, cultivation, overgrazing, etc., or indirectly by
landslides, is a common cause of accelerated ero-
sion (Thornes 1985, Foster 1990). In some cases,
the enhanced erosion may instead arise from high
stresses imposed by storm runoff, in part due to higher
specific runoff yield and reduced hydraulic resistance
where vegetation density is diminished (Graf 1979,
Bull 1997). In order for erosion to continue to the
point of producing a gullied landscape, reestablish-
ment of vegetation must be inhibited; this inhibition
is the second requirement for a accelerated erosional
regime. Several factors related to the rapid erosion
following vegetation disturbance are responsible for
this inhibition: physical undermining of vegetation by
erosion; removal of the seed and nutrient reservoir of
the upper soil layers, rapid drying of unvegetated soil,
and high temperatures on sunlit soils, among others.
The inhibition of vegetation recovery in areas of
high erosion rates is incorporated in some ecological
models (Williams et al. 1984, Biot 1990, Collins
et al. 2004, Istanbulluoglu and Bras 2005).

Accelerated erosion may also be triggered by rapid
entrenchment of master drainage channels, creating

migrating knickpoints on tributaries that encroach into
headwater hollows and slopes. The entrenchment may
be due either to human interference, such as channel-
ization (e.g., Daniels 1960, Daniels and Jordan 1966)
or overgrazing, or to climatic change (e.g., Brice 1966,
Faulkner et al. 2007); a general review of the con-
troversy surrounding climatic versus anthropogenic
control over gullying in the US Southwest is provide d
by Cooke and Reeves (1976). Master-channel incision
can be caused by vegetation degradation within the
channel, for example, in the grass-covered cienega
channels of the Southwest US (Melton 1965, Schumm
and Hadley 1957, Bull 1997) and the Australian
dambo channels (Boast 1990, Prosser and Slade 1994,
Prosser et al. 1994, 1995, Rutherford et al. 1997). In
this instance gully extension is just a larger example of
the simulations presented here. Alternatively, incision
may be due to unrelated causes such as climate change
or base level change.

Erosional Processes

A variety of processes has been observed to oper-
ate at gully headwalls, including fluvial incision,
seepage erosion (Howard and McLane 1988), piping
(Jones 1971, 1981, Bryan and Yair 1982a, Prosser and
Abernethy 1996, Fartifteh and Soeters 1999, Faulkner
et al. 2000, 2007, Dı́az et al. 2007), plunge-pool
erosion (Stein and Julien 1993; Moore et al. 1994;
Robinson and Hanson 1994, 1995, Bennett et al. 1997;
Hanson et al. 1997, Stein et al. 1997: Bennett 1999,
Bennett et al. 2000, Alonso et al. 2002, Bennett and
Alonso 2006), and mass-wasting (Bradford et al. 1973,
1978, Blong et al. 1982; Poesen and Govers 1990:
Istanbulluoglu et al. 2005; Tucker et al. 2006).
General reviews are provided by Gardner (1983),
Poesen and Govers (1990), Bocco (1991), Dietrich
and Dunne (1993), and Bull and Kirkby (1997). The
relative importance of each process varies amongst
different geologic, vegetation, and climatic environ-
ments, and each process depends somewhat differently
upon flow and material properties. Ephemeral gullies
commonly erode by knickpoint recession of a plunge
pool whereas larger gullies erode by a variety of pro-
cess including plunge-pool incision, seepage erosion,
piping, and mass wasting.
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Predicting the initiation and temporal evolution of
gully systems is difficult because of the multiplicity
of processes and the threshold behaviour of gully
incision. The most common approach is diagnostic
rather than prognostic, assessing the spatial pattern of
established gully systems. The most common approach
is to examine the contributing area – slope gradient
relationship at either the site of initial gullying or at
its maximum extent. This approach was pioneered by
Brice (1966), Patton and Schumm (1975) and Begin
and Schumm (1979), put on a mechanistic foundation
for a range of processes by Dietrich et al., (1992,
1993) and Montgomery and Dietrich (1994), and
has been used in a number of studies of gullies
(Moore et al. 1988, Vandaele et al. 1996, Vandeker-
ckhove et al. 1998, Desmet et al. 1999, Nachtergaele
et al. 2001, Morgan and Mngomezulu 2003, Poe-
sen et al. 2003, Beechie et al. 2007, Gabet and
Bookter 2007). The observed relationships between
gradient and contributing area at gully heads are gener-
ally consistent with control by a shear stress threshold
(e.g. Eqn. 10.8).

Gully Models

A variety of models has been used to predict the rate of
gully erosion utilizing a wide range of approaches. A
representative model is the Ephemeral Gully Erosion
Model (EGEM) (Woodward 1999) which uses a de-
tachment capacity proportional to applied shear stress
(Equation 10.7) and a net detachment rate decreas-
ing as sediment transport rate approaches capacity
(Equation 10.6). A hydrological flow routing model
is also utilized. Other theoretical approaches to gully
erosion are presented by Kirkby and Bull (2000a),
Casalı́ et al. (2003), Kirkby et al. (2003), Torri and
Borselli (2003) and Sidorchuk (2005). Nachtergaele
et al. (2001) and Capra et al. (2005) applied the EGEM
model to a field example of ephemeral gully erosion,
but found that the model had limited predictive
capability, presumably due to difficulties in adequately
characterizing the values of input parameters required
by the model. Poesen et al. (2003, 2006) provides a
comprehensive review of gully modeling approaches
ranging between empirical and theoretical, conclud-
ing that extant theoretical models lack validation
and calibration. Empirical models, however, while

performing better for specific settings, cannot be
extrapolated.

Simulating Gully Evolution

Most of the theoretical models discussed above
target the evolution of individual gullies and lack
the capability of predicting their areal distribution.
Only a few models have attempted to explicitly
model the spatial development of gullies, including
Howard (1999), Kirkby and Bull (2000a), and Is-
tanbulluoglu et al. (2005). At their present stage of
development, such models are exploratory rather than
useful predictive tools, but they are useful in under-
standing the important controls on gully development.
A brief summary of the Howard (1999) model is
presented here.

The Howard (1999) model assumes that erosion
rates due to the dominant processes correlate with
shear stress (Equation 10.7) or alternatively with
drainage area and gradient (Equation 10.8). Often
seepage, piping, mass wasting and plunge-pool erosion
at headwalls depend upon relief generated by channel
incision occurring downstream from the headwall, and
therefore indirectly upon the shear stress or stream
power. Where seepage erosion dominates, however,
drainage area may not be a good measure of subsurface
discharge ( Coelho Netto and Fernandes 1990).

When the vegetation is undisturbed the critical shear
stress, τc (Eqn. 10.7), is assumed to be areally and tem-
porally constant. However, the critical shear stress is
assumed to also depend upon the rate of erosion in a
threshold manner. This critical shear stress is assumed
to have a high value, τcu , so long as the local ero-
sion rate, E (or − �y

�t ), is lower than a critical value,
Eu. However, if erosion locally exceeds this rate, the
critical shear stress drops to a lower value, τcd , until
the erosion rate drops to a low value Ed, when it is
assumed that the vegetation is able to become reestab-
lished and the critical shear stress is reestablished at the
undisturbed value, τcu . In addition, the intrinsic erodi-
bility, Kc, may increase for bare (Kcd) versus vegetated
land surface (Kcu). When the erosion rate is governed
by the disturbed critical shear stress, the specific runoff
yield is assumed to be greater by a factor R than that
of the undisturbed landscape, due to the reduction in
infiltration capacity that accompanies vegetation dis-
turbance; enhanced runoff rates from sites of vegeta-
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tion disturbance or removal has been noted in several
studies (Graf 1979; Prosser and Slade 1994; Parsons
et al. 1996; Bull 1997). Thus, two erosional states are
possible at each location in the landscape, normal and
accelerated (Fig. 10.23). As is illustrated in this figure,
there may be a range of steady-state erosion rates, En,
with (Ed < En < Eu), such that the whole landscape
might be in either the normal or the accelerated state
depending upon the initial conditions.

Direct experimental measurements on undisturbed
grasslands suggests values of critical shear stress
of about 100–240 Pascals (Newtons/m2) for undis-
turbed grasslands, dropping to about 70 Pascals for
heavily disturbed vegetation (Reid 1989; Prosser
and Slade 1994; Prosser and Dietrich 1995; Prosser
et al. 1995). Bare soils have a critical shear stress
of only about 0–40 Pascals (Prosser et al. 1995,
Reid 1989, Knapen et al. 2007), suggesting that the
ratio of τcu/τcd ranges upwards from 3 to 10 or more.
Additionally, increase in vegetation density appears to
decrease the erodibility coefficient, Kc, in Equation
(10.7) (De Baets et al. 2006).

Fig. 10.23 Conceptual diagram of the limits of stability of the
normal and accelerated erosional regimes in gullied landscapes.
Units for erosion rates are arbitrary and the transition erosion
rates Eu and Ed are discussed in the text

The initial conditions for the simulations assume
that erosion has been operating in the undisturbed state
and that the landscape is in steady state adjustment to
an erosion rate En (En < Ed < Eu) with a critical
shear stress τcu (e.g., broadly rounded slopes and shal-
low hollows in Fig. 10.24). A short-lived disturbance of
the vegetation cover is assumed to occur due, perhaps,
to fire, cultivation, or overgrazing. The duration of this
disturbance, Td, is assumed to be very short compared
with the timescale for development of the steady state
landscape, Te. During the disturbance interval the crit-
ical shear stress is assumed to drop to a value, τcx that
is less than τcu but may be greater or lesser than τcd .
Following this period of disturbance the vegetation is
assumed to recover, so that the critical shear stress re-
turns to its undisturbed value, τcu , except for those por-
tions of the landscape where E > Eu. In the disturbed
areas fluvial erosion is governed by the parameters val-
ues τcd and Ktd, until the erosion rate should drop to a
value E < Ed, whereupon the undisturbed values τcu

and Ktu are reestablished.
A short-duration lowering of the critical shear stress

for fluvial erosion may be sufficient to trigger acceler-
ated erosion in landscapes with highly erodible regolith
sandwiched between a resistant vegetation cover and
bedrock. The accelerated erosion may continue over
periods many times the duration of the initial distur-
bance. Incision rates are greatest on steep hillslopes
and in hollows and low-order valleys (Fig. 10.24a),
whereas divides and upper slopes may revert to normal
erosion rates after the short duration of vegetational
stress. Erosion in high-order valleys is limited by base
level control. The locus of maximum erosion gradually
works headward as a shock front and eventually may
consume the divide areas, even though the disturbance
initiating accelerated erosion might have lasted only a
short while. If the vegetation undergoes no additional
disturbance, erosion will eventually reduce gradients to
the point that erosion rates will revert to the normal
state. A different fate may occur if the regolith is thin,
because bedrock will be exposed, and reversion to the
previous state of thick regolith protected by vegetation
would be difficult.

The proportion of the landscape which is triggered
into accelerated erosion depends upon: (1) how much
the erosion resistance offered by the vegetation cover
is temporarily reduced (the ratio τcx/τcu in the model);
(2) the relative shearing resistance and intrinsic erodi-
bility of the regolith compared to the vegetated surface
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Fig. 10.24 Simulated gullying of vegetated landscape (based on
Howard 1999). Boundary conditions as in Fig. 10.21. Smooth,
rounded slopes and channelways are vegetated, darker areas with
closely spaced contours are gullies. (a) Gullies developed as a re-

sult of incision through vegetation into underlying easily-eroded
regolith or shale. (b) Gullies developed as a result of rapid down-
cutting of the master drainage along the lower boundary

(τcd/τcu and Ktd/Ktu); (3) the rate of induced erosion
which assures that the vegetation cannot become
reestablished by recovery of the normal vegetation
(Eu); (4) the erosion rate at which vegetation recovery
is assured following the cessation of disturbance (Ed);
and 5) the degree to which specific runoff is enhanced
in areas with disturbed vegetation (R).

The model also illustrates the two major approaches
to controlling accelerated erosion: (1) enhancement of
the vegetation cover growth potential to reduce Ed, re-
duce runoff (R), and increase Eu; and (2) protection
of the surface to increase erosional resistance (increase
τc). Because steep, rapidly-eroding erosional fronts are
created by the initial disturbance, uplands are pro-
gressively consumed by the advancing headwall even
though the vegetation cover may be fully recovered.
Thus structural treatments in the gullies (grade control
structures, bank stabilization, etc.) are commonly re-
quired to halt their advance.

The model simulations clearly suggest that, once
initiated, gullying in thick, erodible regolith or weak
rocks may continue until all slopes are consumed
by the wave of dissection if there is no intervention.
In some environments, such unconstrained gullying
and badland development may gradually consume
the undisturbed areas. One well-known example
is the badlands of South Dakota, which originated
due to downcutting by the White River through
Cenozoic shale and mudstone. These badlands have

gradually advanced over thousands of years as a
steep erosional front consuming a rolling, grassy
upland (Fig. 10.25). Dissection of the loess terrain
of China has continued over a similar timespan (Zhu
Xianmo 1986). Gradual encroachment of gullies and
badlands into vegetated slopes has continued over
hundreds of years in Spain and Italy. In light of such
examples, Bocco (1991) and Hudson (1985) suggest
that gullying is not self-healing. On the other hand,
inactive, naturally revegetated gullies can be found
in many environments, such as the coastal ranges of
California (Fig. 10.26). Graf (1977) suggests that the
rate of gully extension follows a negative exponential
function, decreasing to zero as the gully approaches
an equilibrium length, and Graf (1977), Prosser and
Abernethy (1996), and Rutherford et al. (1997) present
supporting data. This equilibrium length occurs when
contributing area and slope drop below threshold
values (e.g., Equation 10.8).

Gullying can also be initiated by a rapid incision of
the master drainage, resulting in headward knickpoint
migration (Fig. 10.24b), resulting in a pattern of inci-
sion radiating from the master drainage channels.

Gullying clearly ceases in many landscapes before
the entire landscape is consumed. An example is shown
in Fig. 10.26. The steep, grassy landscape in the north-
ern California Coast Ranges shown in Fig. 10.26a has
been dissected by two gullies occupying colluvial hol-
lows. The gullying may have been initiated by vege-
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Fig. 10.25 An advancing erosional front in the Badlands of
South Dakota, USA. Remnants of the gently-rolling grassy up-
land surface are visible. The gullying was triggered by late Pleis-
tocene downcutting of the master drainage, possibly aided by
a drier Holocene climate that has reduced vegetation cover. As
the upland is consumed by the narrow zone of advancing bad-

land slopes, an alluvial surface develops and extends headward.
The alluvial surface in turn becomes vegetated and stabilized. In
some locations additional master stream downcutting has caused
dissection of the alluvial surfaces as a second erosional front.
(photo by A. Howard)

tation disturbance or small landslides in the colluvial
fill. The left gully in Fig. 10.26a is undergoing active
extension (Fig. 10.26b), whereas the right gully (which
is probably older) has become stabilized by vegetation
(Fig. 10.26c). The factors leading to the restabiliza-
tion are uncertain, but may include diminished inci-
sion rates when incision of the main channel reached
bedrock, the greater moisture supply in the gully floor
encouraging vegetation regrowth, and wet seasons with
abundant moisture but no strong storms.

Several circumstances can encourage gully stabi-
lization. Headward erosion of gullies in the landscape
studied by Prosser and Abernethy (1996) cease when
the gullies incised into alluvium reach the base of the
hillslopes, which are shallowly underlain by bedrock.
Exposure of bedrock may prevent plunge-pool erosion
and enhance revegetation by reducing erosion rates
in valley bottoms and encouraging seepage discharge
along gully walls.

The simple Howard (1999) model assumes spatially
and temporally invariant erosion rate thresholds and
spatially invariant critical shear stress. Spatial varia-
tion may occur in both erosion thresholds and critical
shear stress. In semi-arid landscapes vegetation den-
sity and growth rates may be greatest in hollows and

valley bottoms. As a result, the critical shear stress,
(τc), may be higher in valleys as might be the erosion
rate, Eu required to initiate gully development. In some
circumstances, gullies might develop on convex hill-
slopes while hollows and valleys remain stable despite
their greater source drainage area. Gully incision also
may increase the delivery of moisture to headwalls
by groundwater seepage or baseflow, thus encouraging
revegetation due to a higher erosion rate reversion to
normal condition, Ed, not accounted for in the present
model. This erosion rate transition, Ed, may also be
time-dependent, increasing during wet periods. Reveg-
etation can also be encouraged during periods of low
erosion rates in intervals lacking major storm runoff.
Finally, supply of subsurface water to headwalls ex-
tended by groundwater seepage may drop to zero as the
channels become less incised upon reaching the upper
portions of hollows and sideslopes.

A more elaborate treatment of precipitation forcing
and vegetative growth is presented by Istanbulluoglu
et al. (2005) and Tucker et al. (2006) involving simu-
lation of individual precipitation events and vegetative
growth and disturbance dynamics. High intensity rains
encourage incision by increasing the applied shear
stress (high values of Kc in Equation 10.7). Frequent
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low intensity events encourage vegetation growth by
increasing τc, Eu, and Ed, whereas droughts would
have the opposite effect.

Some landscapes may experience natural epicycles
of gully erosion without external forcing, possibly
analogous to the cycles of colluvial infilling and
landslide excavation in hollows in steep landscapes of
the Pacific Rim (Dietrich and Dunne 1978, Reneau and
Dietrich 1991, Benda and Dunne 1997). In fact, the
partial excavation of hollows by landslides can trigger
further incision by gully extension. Such a mechanism
might have triggered the gullies shown in Figs. 10.22
and 10.26. Landsliding may not be a necessary trig-
ger, however, because colluvial infilling of hollows
may provide a sufficient imbalance. Colluvial filling
decreases the concavity of hollows, which increases
gradients at the base of the hollow where contributing

drainage area is the greatest, so that shear stresses
are increased. In addition, the decreased concavity
may reduce available moisture and thus decrease the
vegetation density.

A similar approach can be utilized to predict en-
trenchment in larger vegetated streams or unchanneled
valleys, such as in cienegas (Leopold and Miller 1956,
Melton 1965, Bull 1997) and dambos (Boast 1990,
Prosser and Slade 1994, Prosser et al. 1994). If chan-
nels have modest maximum flow intensities and a high
frequency of low flows, vegetation (often grasses and
sedges) may cover the channel bed. This reduces shear
stresses on the bed and encourages sedimentation.
However, as with the gullying discussed above, rapid
incision into the vegetation cover can occur due to ei-
ther high flow intensities or reduced vegetation density
following droughts. This leads to a tendency for valley

Fig. 10.26 Stable and active gullies in the coastal hills north of
San Francisco, California, USA. (a) The left gully is actively
extending headwards, whereas the right gully has become sta-
blilized. Both gully systems occupy colluvial hollows. (b) View
looking across the head of the left gully in (a). Note the abrupt
headwall, the steep slopes undergoing rapid mass wasting, and
the high drainage density on the headwall. Headwall retreat oc-

curs both by runoff and shallow slumping as well as deeper ro-
tational slumps. (c) View across the right gully in (a), showing
the high vegetation density in the hollow, which has inhibited
downcutting and promoted revegetation of the headwalls. Some
localized headwall retreat is still occurring, as below and to the
left of the figures. The causes for the contrast between the two
gully systems is discussed in the text. (photos by A. Howard)
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bottoms to alternate between periods of aggradation
when flows are broad and shallow through abundant
vegetation versus cycles of entrenchment in narrow,
unvegetated incised channels. Autogenic cycles of
incision and aggradation influenced by vegetation may
alternate not only temporally, but spatially as well
in the guise of discontinuous gullies (Schumm and
Hadley 1957, Leopold and Miller 1956, Blong 1970,
Bull 1997).

Conclusions

Despite the apparent morphologic simplicity of bad-
land and gully systems and the similarity in features
over a wide range of environments and lithology, the
formative processes are surprisingly diverse and re-
main difficult to quantify. For example, runoff and ero-
sion of badland slopes involves a complex combination
of runoff, infiltration through cracks, flow in macrop-
ores, clay swelling and dispersion, chemical leaching,
and a strong dependence of these processes on precipi-
tation history. Similarly, erosion of gully heads may oc-
cur through vegetation disturbance, plunge pool scour,
mass wasting, seepage erosion, and piping. Further un-
derstanding of badlands will require studies conducted
at a range of temporal and spatial scales. Approaches
include unraveling the erosional history, runoff plot
experiments conducted either in the field regolith or
laboratory, study of weathering processes and regolith
structure, and development of mathematical models.
Badlands and gully systems offer a unique opportunity
for development and testing of quantitative landform
models, because we not only have the landform mor-
phology to compare with theoretical models, but pro-
cesses are rapid enough that rates of landform change
can be measured with reasonable accuracy over periods
of just a few years.
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E. and Sólyom, P. 2006. Headwater channel dynamics in
semiarid rangelands, Colorado high plains, USA. Bulletin of
the Geological Society of America 118, 959–974.

Tucker, G.E. and Slingerland, R. 1997. Drainage basin responses
to climate change. Water Resources Research 33, 2031–2047.

Valentin, C., Poesen, J. and Li, Y. 2005. Gully erosion: Impacts,
factors and control. Catena 63, 132–153.

Vandaele, K., Poesen, J., Govers, G. and van Wesemael, B.
1996. Geomorphic threshold conditions for ephemeral gully
incision. Geomorphology 16, 161–173.

Vandekerckhove, L., Poesen, J., Wijdenes, D.O. and de
Figueiredo, T. 1998. Topographical thresholds for ephemeral
gully initiation in intensively cultivated areas of the Mediter-
ranean. Catena 33, 271–292.

Vice, R.B., Guy, H.P. and Ferguson, G.E. 1968. Sediment
movement in an area of suburban highway construction –
Scott Run Basin, Virginia – 1961–64. U.S. Geology Survey
Water-Supply Paper 1591-E, 41pp.

Wang, S.S.Y., Langendoen, E.J. and Shields, F.D.J. (eds.).
1997. Management of Landscapes Disturbed by Channel
Incision: Stabilization, Rehabilitation, Restoration. Cen-
ter for Computational Hydroscience and Engineering,
University of Mississippi, University, Mississippi,
1134pp.

Wells, S.G. and Gutierrez, A.A. 1982. Quaternary evolution
of badlands in the southeastern Colorado Plateau, U.S.A.
InBadland Geomorphology and Piping, R. Bryan and A.
Yair (eds), 239–257. Norwich: Geo Books.

Willgoose, G. 2005. Mathematical modeling of whole landscape
evolution. Annual Review of Earth and Planetary Sciences
33, 443–459.

Williams, J.R., Jones, C.A. and Dyke, P.T. 1984. A modeling
approach to determining the relationship between erosion
and soil productivity. Transactions of the American Society
of Civil Engineers 27, 129–144.

Wolman, M.G. 1967. A cycle of sedimentation and ero-
sion in urban river channels. Geografiska Annaler 49A,
385–395.

Woodward, D.E. 1999. Method to predict cropland ephemeral
gully erosion. Catena 37, 393–399.

Yair, A., Lavee, H., Bryan, R.B. and Adar, E. 1980. Runoff
and erosion processes and rates in the Zin Valley bad-
lands, northern Negev, Israel. Earth Surface Processes 5,
205–225.

Zhu Xianmo (ed.), 1986. Land Resources on the Loess Plateau
of China, Northwest Inst. Soil and Water Conserva-
tion., Academia Sinica, Shaanxi Science and Technique
Press.


