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Abstract

Wave-cut pluvial shoreline scarps are ideal natural experiments in hillslope evolution because the ages of these scarps are often

precisely known and because they form with a range of heights, alluvial textures, and microclimates (i.e., orientation). Previous work

using midpoint-slope methods on pluvial scarps in the Basin and Range concluded that scarp evolution is nonlinear and micro-

climatically controlled. The purpose of this study was to further examine the influence of scarp height, texture and microclimate in an

attempt to calibrate a nonlinear model of scarp evolution. To do this, over 150 profiles of the Bonneville shoreline in the adjacent

Snake and Tule Valleys, west-central Utah were collected and analyzed by fitting the entire scarp profile to diffusion-equation

solutions, taking into account uncertainty in the initial scarp angle. In contrast to previous studies, this analysis revealed no evidence

for nonlinearity or microclimatic control. To understand the reason for this discrepancy, we undertook a systematic study of the

accuracy of each scarp-analysis method. The midpoint-slope-inverse method was found to yield biased results, with systematically

higher diffusion ages for young, tall scarps. The slope-offset method is unbiased but has limited resolution because it requires many

scarp profiles to yield a single diffusion age. A method that incorporates the full scarp profile and uncertainty in the initial scarp angle

was found to be the most accurate technique. The application of the full-scarp method to the Bonneville shoreline supports the use of a

linear diffusion model for scarps up to 20 m in height. Scarp orientation had no discernable effect on diffusivity values. Soil texture

was found to have a weak but significant inverse relationship with diffusivity values.
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1. Introduction

Pluvial scarps have played a central role in research

on hillslope geomorphology in arid regions throughout

the world (Enzel et al., 1994; Hanks, 2000). Pluvial

shoreline scarps form by wave-cut action during a

prolonged period of lake-level high stand. Following

lake-level fall, scarps formed in unconsolidated alluvi-

um evolve to an bangle of reposeQ by mass movements

and then further evolve by diffusive hillslope processes

(Wallace, 1977). If a linear relationship between sedi-

ment flux (F) and slope is assumed:

F ¼ j
Bh

Bx
ð1Þ

where h is elevation, j is diffusivity, and x is distance

along a profile, then the scarp evolves from the angle
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of repose according to the classic linear diffusion

equation:

Bh

Bt
¼ BF

Bx
¼ j

B
2h

Bx2
ð2Þ

where t is time. Measured scarp profiles may be

compared to solutions of Eq. (2) in order to infer

the scarp diffusion age, jT, where T is the scarp age.

Morphologic scarp analysis was pioneered by Buck-

nam and Anderson (1979), Nash (1980a,b, 1984),

Hanks et al. (1984), and Hanks and Wallace (1985).

Using well-dated, late glacial pluvial scarps in the Basin

and Range, values for j between 0.1 and 10 m2/kyr

were calculated. These j values have then been used in

regional paleoseismic studies (e.g., Pearthree and

Calvo, 1987). Pluvial scarps can also be used to test

alternative mathematical models of hillslope evolution

(i.e., linear vs. nonlinear diffusion).

As shown in Eq. (1), the linear diffusion model for

hillslope evolution, first proposed by Culling (1960,

1963), assumes that the flux of material is proportional

to the hillslope gradient. This model is most appropriate

for unconsolidated alluvium with low gradients. Hill-

slope processes that can be approximated with the

diffusion equation include creep, bioturbation and rain-

splash on low-gradient slopes. Slope wash is not in-

cluded in this list because sediment transport by slope

wash increases with distance from the divide, leading to

diffusivity values that vary along the length of the slope

(Carson and Kirkby, 1972; Hallet and Putkonen, 1994).

Application of the diffusion equation to creep processes

has theoretical support from the particle-based model

developed by Furbish and Haff (1999). Cosmogenic-

isotope studies have also provided empirical support for

the diffusion model in certain environments (e.g.,

McKean et al., 1993; Heimsath et al., 1997). For

steep slopes, it is well understood that the diffusion

equation does not apply (e.g., Roering et al., 1999;

Martin, 2000).

A fundamental uncertainty in scarp analysis is the

value of the initial scarp angle or gradient (Mayer,

1984). The initial gradient cannot be measured from

the scarp itself because time has erased the initial

condition. The initial gradient cannot readily be esti-

mated because it depends on material texture, cohesion

and other factors in a complex manner. For example,

scarp orientation may affect the initial gradient because

it affects evapotranspiration, pore pressure, slope sta-

bility, and hence, initial gradient. Even the angle of

repose of dry, cohesionless sand varies between 288
and 428, depending on grain size and angularity

(Simons and Albertson, 1963). Variations in cohesion

are likely to broaden this range considerably in real

scarps, especially between scarps formed on alluvial

deposits of different ages with variable soil material

properties. The uncertainty in initial gradient should

correspond directly to a numerical uncertainty in diffu-

sion age, but techniques for incorporating quantitative

uncertainty in scarp analysis on a profile-by-profile

basis have only recently been implemented (e.g., Matt-

son and Bruhn, 2001). As a result, the impact of

uncertainty in scarp initial conditions on the resulting

diffusion ages, although widely recognized in previous

studies, has not been quantitatively evaluated.

Scarp methods come in two basic types: midpoint-

slope methods and full-scarp methods. Midpoint slope

methods can be further divided into two basic types. In

the first type, the midpoint slope of a single scarp is

inverted for diffusion age using the analytic solution to

the diffusion equation (Andrews and Hanks, 1985). In

the second approach, the midpoint gradient is plotted vs.

scarp offset for a collection of many scarps with different

heights (Bucknam and Anderson, 1979; Hanks and

Andrews, 1989). In this approach, the far-field gradient

(i.e., the gradient far from the scarp) must first be sub-

tracted from the midpoint gradient to take into account

the effects of scarps cut into sloping surfaces. The plot of

midpoint gradient (reduced by the far-field gradient) is

compared against characteristic curves for the diffusion

equation with different parameter values (e.g., Bucknam

and Anderson, 1979; Hanks et al., 1984) to determine

which parameters best match the observed data. Both

methods are potentially unreliable because they reduce

the information content of the scarp to the slope at a

single point. The scarp midpoint is the least diagnostic

point along the entire scarp profile, and it is the point that

is also most sensitive to uncertainty in the initial scarp

angle. As a scarp evolves, the greatest amount of aggra-

dation and degradation occurs where the magnitude of

the hillslope curvature is greatest, near the top and bot-

tom of the scarp. The scarp midpoint is a point of

inflection with zero curvature, and hence, this point

changes the least of all points along the profile. An

alternative approach is to fit the entire scarp (or its

derivative, the hillslope gradient) to analytic or numeri-

cal solutions of the diffusion equation (linear or nonlin-

ear). Avouac et al. (Avouac, 1993; Avouac and Peltzer,

1993) pioneered the use of this technique in fault-scarp

studies in Asia. Mattson and Bruhn (2001) extended the

technique to include uncertainty in the initial scarp angle.

To date, however, no study has undertaken a systematic

reassessment of the classic pluvial scarps of the Basin

and Range based on these new techniques. This study is

designed to fill that gap.
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2. Previous work and open questions

The literature on scarp analysis has included a vig-

orous debate on linear vs. nonlinear diffusion models.

For example, Andrews and Hanks (1985) proposed that

the flux of material is proportional to the gradient for

small values, but increases towards infinity as the gra-

dient reaches a critical value Sc:

F ¼ j
Bh=Bx

1� jBh=Bxj
Sc

�n� ð3Þ

where n is a constant. If this relationship is assumed,

Eq. (2) becomes

Bh

Bt
¼ BF

Bx
¼ j

Bh=Bx

1�
� jBh=Bxj

Sc

�n

� 1þ njBh=Bxjn

Snc

�
1�

� jBh=Bxj
Sc

�n�
3
75: ð4Þ

2
64

Andrews and Hanks (1985) proposed using Eq. (4)

with n =1, while Andrews and Bucknam (1987) and

Mattson and Bruhn (2001) assumed n =2. On the one

hand, it may seem obvious that a nonlinear model

should be used to model scarp evolution, since hill-

slope transport rates do increase as diffusive process-

es give way to mass-movement processes with

increasing gradient. On the other hand, it is difficult

to prove which particular nonlinear model is most

applicable in any given environment. Eq. (4) is just

one possible nonlinear model, and it remains to be

shown whether scarp evolution in the Basin and

Range follows this or any other specific nonlinear

diffusion equation. Previous scarp studies have ar-

gued that nonlinearity is important for scarps of

essentially all heights (e.g., empirical results of Pierce

and Colman, 1986), a result inconsistent with the

abrupt transition to nonlinearity represented in Eq.

(4) as the gradient approaches Sc. There is an addi-

tional danger in using any nonlinear diffusion model

without direct supporting evidence, because nonlinear

models incorporate additional unconstrained model

parameters that may lead to an under-determined

inverse problem. In the nonlinear diffusion-model

framework, for example, the diffusion age, the initial

scarp gradient and the parameters of the nonlinear

model (e.g., Sc and n in Eq. (4)) must all be deter-

mined by inversion from a single scarp or a collec-

tion of scarps. As the number of unconstrained

parameters grows, however, the likelihood that a

best-fit solution will accurately constrain any one

particular parameter (i.e., diffusion age) decreases. If

the goal is to extract the most accurate diffusion age,

it is best to determine the form and parameter values

of the nonlinear model from empirical evidence or

from an understanding of hillslope processes and then

apply the most appropriate model based on that

evidence.

Pierce and Colman (1986) obtained perhaps the

most widely cited evidence for nonlinearity and mi-

croclimatic control in scarp evolution. They used the

maximum-slope-scarp-offset method to analyze Late

Pleistocene fluvial terrace scarps in Idaho. Their

study showed that diffusivity values varied locally

by as much as a factor of 30 depending on scarp

height and orientation. Despite the extensive analysis

presented in their study, it should be noted that fluvial

terrace scarps are fundamentally unreliable landforms

for scarp analysis. It is commonly assumed that the

morphologic age of a fluvial terrace scarp and the age

of the terrace tread are equivalent (Pierce and Colman,

1986; Nash, 1984). Fluvial terrace scarps, however, do

not record the age of entrenchment and terrace aban-

donment but instead record the last time the terrace

scarp was eroded by a laterally migrating incised

channel. Incised channels commonly widen by bank

retreat following entrenchment, reworking deposits

laterally and maintaining steep scarps in deposits of

any age they encounter. This reworking can be spa-

tially complex; a terrace may be recently reworked on

one side of the channel and completely preserved on

the other side. As a result, there may be no relation-

ship between the terrace abandonment age and the

time since the terrace scarp was last modified by

non-diffusive processes (i.e., its morphologic age).

Terrace scarps may not even be of uniform age on

the same side of the channel (due to complex lateral

migration patterns) or even within a single profile (i.e.,

reworking of the lower half by bank retreat may leave

the top half unscathed). To avoid this problem, Hsu

and Pelletier (2004) performed scarp analysis on gully

slopes incised into the terrace interior. This technique

requires that other conditions be met, however, spe-

cifically that gullies reach lateral and vertical stability

soon after they form.

To corroborate their work in Idaho, Pierce and Col-

man (1986) also documented nonlinear evolution in

the Bonneville shoreline scarp. Shoreline scarps do not

suffer from the problems of terrace scarps discussed

above. The maximum-slope scarp-angle method that

they used, however, was subsequently updated to

J.D. Pelletier et al. / Geomorphology 74 (2006) 257–270 259



account for the far-field gradient (the surface gradient

far from the scarp), and no evidence for nonlinearity

was detected (Hanks and Andrews, 1989). More re-

cently, Mattson and Bruhn (2001) utilized a full-scarp

method and did detect nonlinearity in Bonneville

scarps greater than 20 m in height. The diversity of

results from these studies leaves the question of linear

or nonlinear evolution unresolved and suggests that a

systematic analysis of the accuracy of each scarp

method would be useful.

3. Study area and field methods

Our study area is the adjacent Snake and Tule

Valleys of west-central Utah (Fig. 1). This area was

chosen because Lake Bonneville cut deposits with a

wide range of textures and orientations, forming scarps

of 1–20 m in height, and because Tule Valley was

mapped in detail by Sack (1990). Fig. 2 presents an

oblique aerial view of the shoreline in east-central Tule

Valley as it cuts across several distinct geomorphic

surfaces. This figure illustrates that scarp height is

controlled primarily by the slope of the deposit, with

the tallest scarps formed in steeply dipping alluvial fan

deposits and debris cones close to the mountain front.

Scarps in the study area are predominantly oriented

towards the east and west, but locally, there are also

segments of south- and north-facing scarps. Wave-cut

piedmont deposits are debris-flow dominated in this

area. Debris-flow levees were observed in modern

channels, and older deposits are comprised of matrix-

supported, angular and poorly sorted deposits charac-

teristic of debris flows.

Between December 2003 and February 2004, we

measured over 150 profiles of the Bonneville shore-

line using a pole-mounted laser rangefinder and the-

odolite. Profiles were obtained by positioning the

rangefinder near the top of the scarp to ensure a

Fig. 1. Location map of study sites, Snake and Tule Valleys, southwestern Utah. The extent of Lake Bonneville at left is adapted from Reheis

(1999). Landsat image is at right. Locations of survey stations are shown with circles.
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continuous line-of-sight upslope and downslope so

that the entire profile could be acquired without mov-

ing the rangefinder mount. We took special care to

continue each profile well past the upper and lower

halves of each scarp in order to identify the far-field

gradient accurately. Profile points were spaced be-

tween 0.5 and 2 m apart, depending on overall scarp

length. At each scarp bstation,Q two to four profiles

were measured within close proximity to quantify

profile-to-profile variability. Repeat profiles resulted

in variations of approximately 5 cm, similar to the

variability reported by Mattson and Bruhn (2001),

who also used a laser rangefinder. This variability

included measurement error and the effects of micro-

topography, including plant mounds, animal burrows

and large clasts. Coarse, bouldery scarps yielded

somewhat larger point-to-point variations (c10 cm)

between repeat profiles. Scarp profiles were carefully

chosen to avoid the effects of nearby gullies, which

can lead to three-dimensional effects such as

bcrowningQ of the upper half of the scarp and localized

fan deposition at the bottom half. At each station,

vegetation cover, scarp orientation, and the maximum

and mean clast intermediate-axis diameters (averaged

from 100 samples) were measured. Light snow cover

on one field trip prevented the collection of textural

data for all of the scarp stations.

4. Evaluation and comparison of scarp-analysis

methods

4.1. Mathematical background

The geometry of a general scarp is defined by the

scarp height 2a, initial gradient a, and far-field gradient

b (Fig. 3A). The initial and far-field gradients can be

combined for the purposes of scarp analysis into a

single variable: the reduced initial gradient a�b. The

analytic solution to the linear diffusion equation for a

general scarp was given by Hanks and Andrews (1989)

as

h x; tð Þ ¼ a� bð Þ
ffiffiffiffiffi
jt
p

r  
e�

xþa= a�bð Þð Þ2
4jt � e

x�a= a�bð Þð Þ2
4jt

�

þ a� bð Þ
2

xþ a

a� b

� �
erf

xþ a= a� bð Þffiffiffiffiffiffiffi
4jt

p
� ��

� x� a

a� b

� �
erf

x� a= a� bð Þffiffiffiffiffiffiffi
4jt

p
� ��

þ bx

ð5Þ

Fig. 2. Virtual oblique aerial photograph (i.e., aerial photo draped over digital topography) of pluvial features on the east side of central Tule Valley.

Scarp height is primarily controlled by the slope of the alluvial-fan and debris-cone deposits, i.e., wave-cut erosion of steeply dipping deposits tends

to produce steep, tall scarps. Inset photo shows 8-m-tall scarp at the entrance to Dome Canyon.
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where erf is the error function. Full-scarp analyses

can be performed by comparing the measured ele-

vation profile of a scarp to Eq. (5), or by taking the

derivative of the elevation profile and working with the

slope or gradient profile. Working with the gradient

profile is mathematically simpler because the derivative

of Eq. (5) is a more compact expression:

Bh x; tð Þ
Bx

� b ¼ a� bð Þ
2

�
erf

�
xþ a= a� bð Þffiffiffiffiffiffiffi

4jt
p

�

� erf

�
x� a= a� bð Þffiffiffiffiffiffiffi

4jt
p

��
: ð6Þ

The left-hand side of Eq. (6) is called the reduced

gradient profile (i.e., the gradient profile breducedQ by
b, in order to take the far-field gradient into account as

discussed in more detail below). Eqs. (5) and (6) are

plotted in Fig. 3 for a range of diffusion ages jt and
reduced initial scarp gradients, a�b. Fig. 3B illustrates

that the midpoint of the scarp is insensitive to age for

young, tall scarps. Note that in Fig. 3, the units of the x-

axis are scaled to the scarp width x0, which, in turn, is

scaled to the scarp height through the relationship

x0=a / (a�b). Fig. 3C illustrates that as the reduced

initial gradient decreases, the age-diagnostic portion of

the scarp becomes progressively concentrated away

from the midpoint towards the top and bottom of the

scarp. These plots suggest that full-scarp methods are

necessary to extract the independent controls of scarp

age and initial gradient on scarp morphology.

4.2. Midpoint-slope and slope-offset methods

The midpoint-slope-inverse method works with the

reduced gradient of the scarp measured at the midpoint.

In this method, Eq. (5) is evaluated at x=0 and inverted

to obtain

jT ¼
�
a

�
2 a� bð Þerf�1 Bh=Bxjx¼0 � b

a� b

�� �� �2

:

ð7Þ
Andrews and Hanks (1985) described this method

somewhat differently in terms of moments, but the

approach is the same. The far-field gradient can be

measured directly in the field, but the initial scarp

gradient a, needed to evaluate Eq. (7), must be as-

sumed. A range of values for a have been used, with

values between 308 and 358 being the most common.

The 30–358 range is lower than the range observed for

dry sand, so it may be unrealistically narrow for real

scarps. The difference between 308 and 358 may seem

small, but it is a very significant difference for young,

tall scarps that require long periods of time to evolve

significantly from the initial gradient.

We used Eq. (7) to compute the diffusivity of each of

the Bonneville shoreline profiles measured in Snake

Fig. 3. (A) Analytic solutions of the linear diffusion equation,

starting from an initial gradient a, scarp height 2a, and far-field

slope b. The initial scarp width, 2x0, is related to height and

reduced initial gradient by x0=a/(a�b). (B) Plots of reduced

gradient corresponding to the profiles in (A). For small jt values

(b0.1), no change in the midpoint slope is observed, illustrating the

insensitivity of the midpoint slope to diffusion age for young

scarps. (C) Plots of reduced gradient vs. distance along the profile,

for families of solutions corresponding to a range of diffusion ages

(jt =0.25, 0.5, 1) and a range of reduced initial gradients

(a�b =0.2, 0.35, 0.5).
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and Tule Valleys, assuming an initial scarp gradient of

0.6 (318) and a scarp age of 15.4 ka (Oviatt et al.,

1992). The initial scarp gradient was converted to a

reduced scarp gradient unique to each profile using the

far-field gradient measured in the field for each scarp.

Then Eq. (6) was applied, using the midpoint gradient

also measured in the field. The resulting diffusivity

values are plotted in Fig. 4A as a function of scarp

height. This plot shows a systematic increase in diffu-

sivity values with increasing height. Twenty of the

measured profiles had midpoint gradients greater than

our assumed initial value of 0.6 and, hence, yielded

bnegativeQ ages. In Fig. 6, these points are plotted at the

lowest point on the y-axis with the label bno finite

value.Q To avoid these anomalous results, the assumed

initial scarp gradient can be increased to a value greater

than the steepest measured scarp in the region (Nash,

1980a). However, results described below indicate that

increasing the assumed initial gradient also increases

the likelihood of biased results.

To evaluate the accuracy of the midpoint-slope-in-

verse method, we used Eq. (7) to calculate the diffusion

age for synthetic profiles in which the diffusion age and

initial gradient were precisely known. We used two

types of synthetic profiles for this analysis: (1) analytic

solutions of Eq. (5), and (2) the same profiles with

small, 5-cm root-mean-squared, random variability

superimposed. Random variability was included to

make this analysis more relevant to actual scarps,

which often include some small-scale variability or

roughness due to local plant and animal disturbances

(Jyotsna and Haff, 1997). Synthetic profiles were cre-

ated using j =1 m2/kyr, a scarp age of 10 ka, a reduced

initial gradient of a�b =0.6 (i.e., a =0.6, b =0), and a

range of scarp heights. The initial gradient is unknown

in real applications, so we have performed this analysis

using a range of assumed reduced initial gradients,

ranging from a�b =0.4 to a�b =0.7. Fig. 4B illus-

trates the results as a function of scarp height and

assumed reduced initial gradient. As scarp height

increases, the diffusivity values increase significantly

relative to the correct answer, denoted by the horizontal

line with j =1 m2/kyr. These results illustrate that the

midpoint-slope-inverse method yields biased diffusion

ages for tall scarps, unless the initial angle is exactly

known. Since the initial angle is generally unknown

and somewhat variable from scarp to scarp, in practice

this method will always produce biased results. In

addition, it is dangerous to simply increase the assumed

initial gradient in order to match the steepest scarp in a

region (thereby avoiding bnegativeQ ages), because un-

less all the scarps in a region have identical initial

gradients, increasing the assumed angle to match the

steepest scarp will have the effect of increasing the bias

in this method for the remaining scarps. The bias will

be particularly extreme if tall, steep scarps have initial

gradients that are systematically greater than short,

gentle scarps. Field observations in west-central Utah

suggest that this is the case because tall, steep scarps

were observed to form preferentially in coarse, angular

Fig. 4. Diffusivity values inferred from midpoint-slope-inverse meth-

od for (A) Bonneville scarps, (B) analytic solutions of the diffusion

equation with j =1 m2/kyr, T =10 kyr, and a range of scarp heights

(2a =1–20 m) and initial gradients (a�b =0.4–0.7), and (C) analytic

solutions (same as B), with small-scale (5-cm root-mean-squared)

random variability superimposed. Scarps with midpoint gradients

greater than the assumed initial value yield bnegativeQ ages and are

plotted here on the lowest point on the y-axis with the label bno finite

value.Q
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alluvial-fan deposits and debris cones. Coarse, angular

sediments have systematically higher angles of repose

(Simons and Albertson, 1963), and hence, their initial

gradients are probably also larger.

Fig. 4C presents results of the same sequence of

analyses with 5-cm root-mean-squared (RMS) random

variability superimposed on the analytic solutions. As

in Fig. 4B, the correct result is a horizontal line with

j =1 m2/kyr. These results indicate that random vari-

ability in scarp morphology results in a concomitant

variability in diffusion ages. The presence of random

variability, however, does not affect all scarps to the

same extent: short scarps are particularly sensitive to

small-scale variability, yielding diffusivity values more

than an order of magnitude in error for scarps less

than 3 m tall. This result suggests that problems with

scarp-analysis methods cannot be avoided simply by

analyzing short scarps, as suggested by Nash (1998),

because the signal-to-noise ratio is lower in short

scarps.

Bucknam and Anderson (1979) advocated plotting

the relationship between the maximum slope and the

scarp height for a collection of scarps in a given

region. They noted that maximum scarp angle and

scarp height have a strong linear correlation but are

offset vertically from one another on a graph accord-

ing to diffusion age. Hanks and Andrews (1989)

improved this method by incorporating the far-field

gradient. This method is referred to as the slope-offset

method.

To evaluate the slope-offset method, we performed a

set of analyses analogous to those shown in Fig. 4. The

slope-offset method yields a single scatter plot of results

rather than a unique value for each scarp. The diffusion

age can be determined by fitting the scatter plot to

characteristic curves for different diffusion ages and

reduced initial gradients. This fitting can be done visu-

ally or formally using multivariate curve-fitting meth-

ods. The results for the Bonneville scarps are shown in

Fig. 5A, along with characteristic curves corresponding

to j =1 m2/kyr and j =2 m2/kyr, both assuming

a�b=0.6. Comparing these two curves, j =1 m2/kyr

is clearly a better fit to the data, indicating that the

method can determine the average diffusion age for a

collection of scarps to within roughly a factor of 2. The

disadvantage of this method is twofold: it has limited

ability to determine the diffusion age uniquely, and it can

only determine the average value for a collection of

scarps since it cannot be applied on a profile-by-profile

basis. The large scatter in the data for both short and tall

scarps means that a range of initial gradients and diffu-

sion ages are equally consistent with the data. The meth-

od also implicitly assumes that all scarps in the collection

have the same diffusion age and initial gradient. There-

fore, the method is not well suited to identifying local

controls on diffusion age, such as texture and orientation,

which would be better detected on a profile-by-profile

basis.

Fig. 5B illustrates the results of the slope-offset

method for analytic solutions in the absence of noise.

This method avoids the bias of the midpoint-slope-

inverse method, because the plateau in the reduced

Fig. 5. Diffusivity values inferred from midpoint-slope-inverse meth-

od for (A) Bonneville scarps, (B) analytic solutions of the diffusion

equation with j =1 m2/kyr, T=10 kyr, and a range of scarp heights

(2a =1–20 m) and reduced initial gradients (a�b =0.4–0.7), and (C)

analytic solutions (same as B) with small-scale (5-cm root-mean-

squared) random variability superimposed.
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gradient for tall scarps provides an effective measure

for the value of the reduced initial gradient. This meth-

od still assumes, however, that initial scarp angles are

uniform and independent of scarp height, assumptions

which are unlikely to hold for a collection of many

scarps. The performance of this method in the presence

of noise is illustrated in Fig. 5C. The method is able to

detect the reduced initial gradient with considerable

precision (assuming it is uniform, as in the synthetic

data), but the small-scale variability presents a problem

for uniquely determining the shape of the curve for

scarps less than 3 m tall.

4.3. Full-scarp methods

As an alternative to midpoint-slope methods, the

entire scarp profile can be fit to analytic or numerical

solutions for a range of parameter values until an

optimal fit is achieved. Two approaches can be used

to find this optimal fit. First, a nonlinear, multivariate

curve-fitting technique such as the Levenberg–Mar-

quardt algorithm (Press et al., 1992) can be used to

search for the best fit in an automated fashion. In this

approach, the user prescribes estimated values for the

initial gradient and diffusion age. The algorithm then

Fig. 6. Full-scarp curve-fitting method illustrated for (A) short and (B) tall example Bonneville scarps. The reduced gradient is plotted as a function

of distance from the scarp midpoint. Grayscale maps to the right of each plot illustrate the relative error between the observed and modeled scarp as

a function of diffusivity j and reduced initial gradient a�b. In both maps, black colors represent the lowest mismatch and X marks the spot of the

optimal fit. The location of this best-fit solution in the model parameter space simultaneously determines diffusivity and reduced initial gradient on a

profile-by-profile basis. In the short-scarp example case in (A), the best-fit solution corresponds to j =0.95 m2/kyr and a�b =0.70. The black band

running across the grayscale map illustrates that, although the best-fit solution occurs for a�b =0.70, the solution is essentially independent of the

reduced initial gradient. This makes physical sense because, for a short, narrow scarp, diffusive smoothing quickly reduces the maximum slope to a

value far below the angle of repose. For a tall, broad scarp (B), however, the solution is sensitive to the initial angle. The best-fit model parameters

in this case have well-defined values for both diffusion age and reduced initial gradient (j =0.78 m2/kyr and a�b =0.48).
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calculates the difference between the model prediction

and observed data (i.e., the model berrorQ), as well as

the local derivatives of the error with respect to each

parameter. Using a type of bsmartQ search based on the

derivatives of the model error, the Levenberg–Mar-

quardt algorithm narrows in on the best-fit parameter

values. Alternatively, a brute-force approach can be

used which computes analytic or numerical solutions

corresponding to a full range of model parameters and

then plots the error between the model and measured

profiles as a function of each parameter value (e.g.,

diffusion age and initial gradient). The diffusion age is

then constrained by the model profile that has the

lowest error relative to the measured data. This brute-

force approach is most often used, and it has the

advantage that the goodness of fit can be evaluated

visually on a profile-by-profile basis. Avouac (1993)

and Arrowsmith et al. (1998) pioneered this technique,

assuming initial scarp angles between 308 and 358.
Mattson and Bruhn (2001) improved upon this ap-

proach by including a range of initial gradients in the

analysis. Mattson and Bruhn’s error plots are thus two-

dimensional, including a range of both diffusion age

and reduced initial angle in the analysis.

Fig. 6A and B illustrates the full-scarp method on a

short and a tall scarp, respectively, each selected from

the set of Bonneville scarps. The reduced gradient is

plotted as a function of distance along the profile. To

the right of each plot is a grayscale map that illustrates

the relative least-square error between the model and

observed profiles for a range of diffusivity values and

reduced initial gradients. In both maps, black colors

represent the lowest mismatch and X marks the spot of

the optimal fit. The location of this best-fit solution in

the model parameter space simultaneously determines

diffusivity and reduced initial gradient on a profile-by-

profile basis. In the short-scarp example case, the best-

fit solution corresponds to j =0.95 m2/kyr and

a�b=0.70. The black band running across the grays-

cale map illustrates that, although the best-fit solution

Fig. 7. Diffusivity values inferred from full-scarp-fitting method. (A) All Bonneville scarps. (B) Bonneville scarps, station-averaged (error bars

represent standard deviation of diffusivity values between different profiles at the same station). (C) Analytic solutions of the diffusion equation

with j =1 m2/kyr, T =10 kyr, and a range of scarp heights (2a =1–20 m) and initial gradients (a�b =0.4–0.7), and (D) analytic solutions (same as

C) with small-scale (5-cm root-mean-squared) random variability superimposed.
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occurs for a�b =0.70, the solution is essentially inde-

pendent of the reduced initial gradient. This makes

physical sense because, for a short, narrow scarp, dif-

fusive smoothing quickly reduces the maximum slope

to a value far below the angle of repose. For a tall,

broad scarp (Fig. 6B), however, the scarp form is

sensitive to the initial angle. The best-fit model para-

meters in this case have well-defined values for both

diffusion age and reduced initial gradient (j =0.78 m2/

kyr and a�b =0.48). Physically, fitting the full scarp

works best because the scarp profile contains indepen-

dent information about the diffusion age and the initial

gradient. The diffusion age is determined primarily by

the width of the slope break at the top and bottom of the

scarp. The reduced initial gradient is determined by the

shape of the flat, central portion of the gradient profile

shown in Fig. 6B (also shown in the analytic solutions

of Fig. 3C).

Fig. 7 illustrates the results of the full-scarp method

for the Bonneville scarp database and the synthetic

profiles considered in Section 4.2. For the Bonneville

scarps, the data have been plotted in two ways: Fig. 7A

illustrates all of the scarps, and Fig. 7B illustrates the

data averaged by station. Station averaging was per-

formed by computing the average and standard devia-

tion of the j values obtained for all of the profiles

acquired at a given station (between two and four

profiles). Diffusivity values in Fig. 7A and B show

no systematic change with scarp height, indicating no

evidence for nonlinear scarp processes to within the

uncertainty inherent in the analysis. It should be noted

that Mattson and Bruhn (2001), also using full-scarp

methods, presented evidence for nonlinear evolution of

the Bonneville shoreline for scarps between 20 and 30

m tall. Their study, however, included data from only

four stations. Analysis of our larger data set from west-

central Utah provides results fully consistent with linear

diffusion up to 20 m in height, but scarps taller than 20

m could not be evaluated because none were present in

the study area.

The results of the full-scarp method on analytic

solutions of the diffusion equation are shown in Fig.

7C (without noise) and Fig. 7D (with noise). Fig. 7C

illustrates that the method returns the exact result (j =1
m2/kyr) for all scarp heights and initial gradients. This

is an ideal result, signifying that the method is unbiased

and can bdetectQ the initial gradient in the profile and

separate its effect from that of the diffusion age. In the

presence of noise (Fig. 4D), the method shares the

limited signal-to-noise ratio of all short scarps, but the

variability in diffusivity values decreases steadily with

increasing scarp height.

The full-scarp method can also be applied to the

lower and upper half of the scarp separately. There

are several reasons why diffusivity values might differ

between the two halves of a scarp. Preferential transport

of fine-grained material from the top half of the scarp to

the lower half, for example, could lead to progressive

armoring of the top portion of the scarp and hence

lower diffusivity values. Similarly, petrocalcic or argil-

lic soil horizons near the upper surface could cause

lower diffusivity values at the top half of the scarp

relative to the bottom half. Fig. 8A illustrates the dif-

fusivity values for the top and bottom halves, indicating

that, in fact, there is no significant difference. The

histogram of diffusivity values, plotted in Fig. 8B,

further illustrates that result. A Kolmogorov–Smirnov

test (Press et al., 1992) confirmed that the two distribu-

tions were not distinct to even a 50% confidence level.

The influence of scarp orientation and texture on

diffusivity values of the Bonneville scarps is evaluated

in Fig. 9. Fig. 9A plots diffusivity values as a function

Fig. 8. (A) Diffusivity values obtained by dividing each profile into a

top and bottom half and performing scarp analysis separately on each

half. (B) Histogram of diffusivity values (from j =0–4 m2/kyr), for

scarp tops and bottoms. Neither the mean nor the distribution of

diffusivity values shows a significant difference between the top

and bottom of the scarp.
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of scarp orientation. No significant trend can be

detected. The relationship between diffusivity and max-

imum clast diameter (Fig. 9B) shows a weak but sig-

nificant inverse trend at the 85% confidence level. This

inverse trend suggests that coarse-grained alluvial-fan

deposits evolve more slowly than fine-grained deposits,

and it provides a preliminary quantitative relationship

between the two variables. A least-square fit to the data

in Fig. 9B (note the logarithmic scales) suggests that

diffusivity values and maximum texture are related by

j ¼ j0d
�0:5 ð8Þ

where d is equal to the maximum clast diameter, and

j0=1.5 m2/kyr for this climatic region. It should be

noted that many other functions could be fit to the data,

and Eq. (8) represents only one possible form. Eq. (8)

provides a preliminary means of incorporating soil

texture into regional calibrations of diffusivity values

needed for paleoseismic studies. In addition to measur-

ing maximum clast diameter, we also recorded the

mean clast diameter from an average of 100 surface

clasts. Mean clast diameter is not representative of the

underlying parent material, however, because it pre-

dominantly reflects desert-pavement processes acting

on the surface. As a result, we found no significant

correlation between diffusivity values and mean clast

diameter.

5. Discussion

To help interpret the results of Fig. 9, we must first

identify the predominant hillslope processes acting on

gravelly scarps in west-central Utah. The absence of

significant armoring and asymmetry in the Bonneville

scarps (Fig. 8) suggests that the predominant hillslope

processes are capable of transporting fine- and coarse-

grained material with roughly equal efficiency. Rain-

splash and slope wash, while potentially important for

transporting fine-grained sediment locally, are unlikely

to influence the scarp as a whole for this reason. Field

observations on small-scale disturbances associated

with plant mounds and animal burrowing suggest that

floral and faunal bioturbation are, together with creep,

the predominant hillslope processes in the area.

If floral bioturbation is important, then the absence

of microclimatic control seems, at first, to be a very

surprising result. Slope orientation clearly influences

mean vegetation density throughout the Basin and

Range, i.e., north-facing slopes have lower evapotrans-

piration rates and, hence, higher vegetation density in

arid and semi-arid climates of the northern hemisphere.

Therefore, one might expect that floral bioturbation

rates must be greater on north-facing slopes. The driv-

ing factor in floral bioturbation, however, is the turn-

over in vegetation cover, not the vegetation cover itself.

As a result, north-facing slopes may have a higher mean

vegetation cover but fewer life cycles. The results of

Fig. 9A suggest that any increase in bioturbation rates

associated with higher mean vegetation densities are

offset by lower turnover rates in these microclimates.

As a caveat, scarp orientation may, in fact, be a signif-

icant influence on scarp evolution but undetectable

given the inherent variability in scarp profiles illustrated

by the large scatter in Figs. 7–9.

6. Conclusion

The results of this study indicate that scarp evolution

in west-central Utah is consistent with the linear diffu-

sion equation for scarps 20 m or less in height, with no

variation in diffusivity values with scarp orientation.

Diffusivity values also do not differ between the tops

Fig. 9. Diffusivity values plotted as a function of scarp (A) orientation

(08 is due east) and (B) texture, characterized by maximum clast

diameter. No significant relationship was found between diffusivity

values and orientation. Diffusivity values have a weak but significant

inverse relationship with maximum clast diameter. The best-fit rela-

tionship is j =1.5d�1/2, but with a great deal of scatter.
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and bottoms of scarps, but they do have a weakly

significant inverse relationship with texture. These

results are broadly consistent with the observation

that bioturbation and creep are the predominant hill-

slope processes acting on these scarps. Our systematic

study of scarp-analysis methods has highlighted the

importance of analyzing the full scarp profile in order

to maximize the information content of each scarp.

Full-scarp analysis that incorporates a range of initial

gradients is the most accurate and robust method for

scarp analysis on a profile-by-profile basis. The inher-

ent uncertainty remaining in scarps, however, is quite

significant and can lead to an order-of-magnitude var-

iation in diffusion age. This uncertainty appears to be a

combination of random spatial variability in hillslope

evolution and small-scale disturbances in the modern

scarp profile.
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