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Abstract
Desert pavements are widely used as a relative surface-dating tool because they are progressively better developed on surfaces ranging from thousands to hundreds of thousands of
years in age. Recent work, however, has highlighted the dynamic nature of pavements and
undermined their use as surface-age indicators. Quade (2001) proposed that latest Pleistocene
vegetation advances destroyed all Mojave Desert pavements above 400 m elevation, making
all such pavements Holocene in age. In an effort to reconcile young-pavement evidence with
their widespread use as Pleistocene surface-age indicators, we developed a numerical model
based on the classic conceptual model in which pavements co-evolve with their underlying
eolian epipedons over millennial timescales. In this co-evolutionary process, fine-grained
eolian deposition and Av-horizon development within the eolian epipedon promotes surface
clast motion and pavement development, enhancing the eolian-sediment-trapping ability of
the pavement in a positive feedback. Model results illustrate the multi-scale nature of pavement dynamics: pavements may require tens of thousands of years to fully develop from a
newly abandoned alluvial surface, but may heal over timescales of decades to centuries if a
mature eolian epipedon is present. As such, there is no inconsistency between rapid pavement healing and a Pleistocene age for the underlying alluvial surface.
To calibrate the model, we conducted surficial geologic mapping and pavementsedimentological analysis on two desert piedmonts. Our study areas include both proximal
and distal fan environments, illustrating the role of parent-material texture in controlling
the mode of pavement formation. Using available geochronology, our work provides a rigorous calibration of pavement formation rates in our study areas and provides evidence supporting the use of pavements as local relative surface-age indicators over Holocene to late
Pleistocene timescales. Copyright © 2007 John Wiley & Sons, Ltd.
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Introduction
Desert pavements have long been used as relative-age indicators on arid-region alluvial surfaces (Wells et al., 1985;
McFadden et al., 1987; Bull, 1991; Wells et al., 1995; Anderson et al., 2002; Valentine and Harrington, 2006).
Pavements form as eolian sediments are progressively accumulated on desert surfaces. On these surfaces, a stony
monolayer rises and organizes atop a thickening cumulic eolian epipedon (Wells et al., 1985, 1987; McFadden et al.,
1987). While pavements are often used as surface-age indicators from Holocene to late Pleistocene timescales, other
evidence suggests that desert pavements may form and heal over much shorter timescales (Haff and Werner, 1996;
Quade, 2001). Quade (2001), for example, argued that all Mojave Desert pavements above 400 m elevation must be
early Holocene in age or younger due to the existence of pavement-disrupting plants at those elevations during the last
glacial maximum. This argument undermines the widely assumed long-term stability of pavements and the relationship between the age of a desert pavement and the underlying alluvial deposit. Marchetti and Cerling (2005) provided
further evidence that pavement ages might differ from surface ages by demonstrating that pavement clasts have
Copyright © 2007 John Wiley & Sons, Ltd.

Earth Surf. Process. Landforms 32, 1913–1927 (2007)
DOI: 10.1002/esp

1914

J. D. Pelletier et al.

systematically younger cosmogenic exposure ages than boulders on the same abandoned depositional surface. Their
results imply that pavements formed significantly later than the age of abandonment of the underlying alluvial deposit
and/or that pavement clasts were subject to episodic burial and excavation. Experiments conducted by Haff and
Werner (1996) and observations by Haff (2005) provide evidence for the dynamic nature of pavements over annual to
decadal timescales. Extrapolating their measured rates of pavement healing, Haff and Werner (1996) concluded that a
decimeter-scale clearing on a pavement surface could completely ‘heal’ in approximately 80 yr. Similarly, Prose and
Wilshire (2000) observed that pavement disturbance by Patton’s tank tracks during the 1942–1944 Mojave Desert
exercises and 1964 Desert Strike tank exercises shows significant pavement healing. Both studies noted that pavements tend to heal with smaller clasts than the original pavement.
Recently, Valentine and Harrington (2006) noted that desert pavements on a 75–80 ka volcanic surface and a ca.
1 Ma surface differed in ‘tightness, reddening of clast undersides and varnishing of clast tops’. They concluded that
their findings contradicted Quade’s (2001) conclusion that all pavements above 400 m are Holocene in age. Valentine
and Harrington dismissed the idea that multiple cycles of pavement formation and healing could result in a more
mature pavement, and suggested that a more favorable possibility was that the older pavement has been vegetation
free since initial formation.
In light of these seemingly conflicting observations, we gathered new field data and developed a numerical model
of desert pavement formation and healing that treats the stony monolayer and its underlying eolian epipedon as a
coupled system. Our work was motivated by the evidence that vegetation and other periodic disturbances on old desert
surfaces likely influence pavement dynamics, but that pavements are nonetheless relative age indicators on Pleistocene
timescales. Our field results indicate that desert pavements are useful age indicators on Holocene and late Pleistoceneaged alluvial surfaces and our model demonstrates that there is no inconsistency between rapid pavement healing and
much slower pavement formation on a newly abandoned alluvial surface.

Desert Pavement Formation
Most desert pavements are understood to form by an inflationary process in which eolian sediment is trapped beneath
surface clasts. The presence of a subsurface eolian layer promotes the surface motion of clasts by a variety of
processes, leading to the interlocking and suturing of clasts to form a pavement. These processes include wetting–
drying cycles, freeze–thaw cycles and bioturbation (Springer, 1958; Corte, 1963; Inglis, 1965; Haff and Werner,
1996). Each of these processes is enhanced by the presence of the fine-grained epipedon itself. For example, wetting–
drying and freeze–thaw cycles are intensified by the presence of fine-grained sediments with a high water-storage
potential. Faunal bioturbation is enhanced when the epipedon is sufficiently thick to accommodate animal burrowing.
Fracturing of the coarsest clasts to form smaller, more-angular clasts with greater coverage potential has also been
suggested as an important pavement-forming process (McFadden et al., 2005; Al-Farraj and Harvey, 2000; Amit et al.,
1993). Although this process is unrelated to eolian-layer thickness, because it is also time dependent it serves as an
enhancement to other processes that accelerate as the eolian layer thickens.
Our fieldwork focused on three primary goals. First, by examining two piedmonts with contrasting textures, we
aimed to identify the role of texture in the processes and timescales of pavement development. Second, we aimed to
evaluate alternative quantitative measures of pavement formation (i.e. fraction clast cover, mean clast size and clastsize autocorrelation function) and identify which measures were most appropriate for each piedmont environment. Our
third goal was to use geochronology and measures of pavement development on a range of surfaces with different
ages to calibrate the timescale for pavement development in our study areas.

Study Areas
Our field work focused on two piedmonts in Amargosa Valley (Nevada and California) (location map in Figure 1). The
Fortymile Wash alluvial fan is an alluvial-channel-fed, low-relief, distal alluvial fan, which transports and deposits
moderately sorted sandy alluvium and is strongly influenced by sand-dominated eolian input. The Eagle Mountain
piedmont, in contrast, is a small, proximal, steep, poorly sorted, gravel-to-cobble-dominated bajada with dominantly
silty eolian input. Our study sites on each fan were chosen to be between 600 and 700 m above sea level. In this way,
the effects of elevation (and hence vegetation) on pavement development were minimized.
We conducted detailed surficial geologic mapping in both study areas (Figure 2). The Fortymile Wash alluvial fan is
located in northern Amargosa Valley, NV. Fortymile Wash drains a 970 km2 drainage basin that includes the proposed
Nuclear Waste Repository at Yucca Mountain. A portion of the fan was mapped at a 1:10 000 scale by the authors to
Copyright © 2007 John Wiley & Sons, Ltd.
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Figure 1. Location map of the study areas in Fortymile Wash alluvial fan and Eagle Mountain piedmont.

support volcanic-hazard assessment for the Yucca Mountain Project (i.e. modeling the fluvial and eolian redistribution
of ash following a hypothetical eruption that intersects the repository). The gradient of the fan rarely exceeds 1%. The
fan is dominated by sandy, gravelly and occasionally cobbly material, with rare boulders up to 1 m in diameter. The
eolian-silt input is likely sourced by nearby playas, especially Franklin Lake Playa, but the dominant eolian input is
fine to medium-grained sand derived from local active channels along Fortymile Wash and the Amargosa River. This
sand locally forms coppice dunes and is visible as bright, NNW-directed streaks on aerial photographs. Silt-dominated
vesicular Av horizons on Fortymile Wash alluvial fan are fairly thin (<5 cm) and spatially discontinuous. The maximum relief from the oldest unit (Qa3) to the active channels (Qa7) is 1–2 m, decreasing down-fan. Relief between
units of adjacent age is typically 0·5 m, and often the intra-surface bar-and-swale relief approaches the relief between
surface units.
Eagle Mountain piedmont is located in southern Amargosa Valley, CA, where Franklin Lake Playa abuts the Eagle
Mountain piedmont. This piedmont is fed by a series of small (<5 km2), high-relief drainage basins. The water table in
Franklin Playa is less than 3 m below the surface (Czarnecki, 1997). Vapor discharge from this shallow aquifer creates
a ‘soft, puffy, porous’ surface responsible for unusually high dust fluxes (Czarnecki, 1997). Eagle Mountain piedmont
acts as the depositional substrate for dust emitted from Franklin Lake playa under northerly-wind conditions.
The surficial geology of Fortymile Wash fan and Eagle Mountain piedmont was mapped using the elevation above
active channels, terrace dip, depth-of-dissection, degree of planarity, drainage pattern (tributary versus distributary)
and development of pavement, varnish and calcic soils as relative-age indicators (McFadden et al., 1989; Bull, 1991)
(Table I). Holocene and Pleistocene units were readily distinguished using pavement and varnish development, as is
the case elsewhere in Amargosa Valley (Whitney et al., 2004). The degree of surface planarity was particularly useful
for distinguishing between middle-to-late (Qa2) and late Pleistocene (Qa3) units on Eagle Mountain piedmont, both of
which have moderate to strong pavement and varnish development. Middle-to-late Pleistocene terraces are ‘crowned,’
reflecting a longer interval of diffusive hillslope adjustment compared to late Pleistocene surfaces. Approximate ages
have been assigned based on correlation with the regional chronology of Whitney et al. (2004), who established a
uniquely detailed Quaternary alluvial chronology in northern Amargosa Valley and surrounding areas in support of the
Yucca Mountain Project. Terraces on the Eagle Mountain piedmont range in age from middle Pleistocene (Qa2),
middle to late Pleistocene (Qa3), late Pleistocene (Qa4), and latest Pleistocene to active (Qa5–Qa7) based on this
correlation.
We utilized surface characteristics uncontrolled or only loosely controlled by eolian influx to the greatest extent
possible in our mapping. In particular, we relied heavily on landscape position, drainage pattern development, degree
of planarity and the degree of preserved bar-and-swale patterns in order to distinguish between surfaces and correlate
with the Whitney et al. (2004) chronology. Progressively older surfaces are characterized by a systematic decrease in
bar-and-swale micro-topography and texture, and a gradual rounding of gully and terrace edges by diffusive hillslope
processes (Hsu and Pelletier, 2004). On both piedmonts, hillslope erosion has performed only minor rounding of Qa6
and Qa5 surfaces. Fluvial scarps bounding these map units rise abruptly to planar surfaces over a distance of less than
Copyright © 2007 John Wiley & Sons, Ltd.
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Figure 2. Surficial-geologic maps of the study areas on (A) Eagle Mountain piedmont and (B) Fortymile Wash alluvial fan.
Approximate surface ages are Qa2 – middle Pleistocene, Qa3 – middle to late Pleistocene, Qa4 – late Pleistocene, Qa5–Qa7 –
latest Pleistocene to active, based on correlation with the chronology of Whitney et al. (2004). This figure is available in colour
online at www.interscience.wiley.com/journal/espl

1 m. On Qa4 surfaces, the terrace-bounding scarp is wider: backwearing and hillslope rounding has penetrated 2–4 m
horizontally into the terrace tread. The extent of hillslope rounding increases greatly as one steps up onto the Qa3 and
Qa2 deposits (to approximately 10 m and 20–40 m, respectively), reflecting the much longer duration of hillslope
erosion experienced by these surfaces. Utilizing the extent of preserved bar-and-swale texture and micro-topography is
potentially problematic as a method to correlate equal-age surfaces between distinct piedmonts, because this process is
partly dependent on eolian influx. It does appear, however, to be a robust method for distinguishing differing-age
surfaces within a single piedmont.

Role of Parent-Material Texture in Pavement Formation and Measurement
The texture of the alluvial-fan parent material plays an important role in determining the specific mode of pavement
formation in each of the study areas. In a gravel-dominated parent-material environment such as a proximal fan, clast
motion is unlikely to be significant until the eolian layer is sufficiently thick to cause expansion/contraction of
Copyright © 2007 John Wiley & Sons, Ltd.
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Table I. Map unit descriptions on Fortymile Wash alluvial fan
Qa7

Qa6

Qa5

Qa4

Age range (ka)†

Historical

0–5?

7 + 10/−5

27 ± 10

86 + 40/−16

Pavement development

None

Extremely weak

Weak

Moderate

Strong

Bar/swale relief;
drainage pattern

Variable

1 m relief;
distributary

0·5–1 m relief;
distributary

Subdued, sub-planar;
<30 cm relief, tributary

Planar; indistinct drainage

Relief above active
channel (m)

N/A

0·3–1

0·5–1

0·5–1

0·5–2·0

Rubification and varnish

None

None

None

Weak to moderate

Moderate to strong

Maximum soil
development

None

Rare incipient
petrocalcic
development on
sands and some
gravels

Stage I+ petrocalcic
development

Stage II+ petrocalcic
development at 0·5 m;
Bcambic horizon below 60 cm

Stage IV petrocalcic K
horizon at 1·2 m;
incipient Bt
horizon at 0·8–1 m

Eolian epipedon
thickness (cm)

None

10

20–35

30–60

60–80

Epipedon description

None

Rare, sandy

Loamy sand;
floating clasts in
lower epipedon

Loamy sand; floating clasts;
discontinuous Av with max.
thickness 10 mm

Loamy sand; floating clasts;
discontinuous Av with max.
thickness 50 mm

Areal %

12

3

42

26

16 (area only includes
internal portions of fan)

Qa3

Based on correlation with Whitney et al. 2004.

the surface through wet–dry and freeze–thaw cycles. In a sand-dominated parent-material environment such as a distal
fan, the initial surface has relatively few clasts with which to form a pavement. In these cases, pavement clasts
must first be pushed to the surface vertically and/or distributed horizontally by freeze–thaw, wetting–drying cycles
and bioturbation (Springer, 1958; Corte, 1963; Inglis, 1965), or other size-segregative processes, or possibly made
available through progressive fracturing of larger clasts (Al-Farraj and Harvey, 2000; McFadden et al., 2005). As the
surface gains clast-material coverage, lateral migration serves to interlock and suture the clasts as in the graveldominated case. These two distinct modes of pavement formation are found in the Fortymile Wash and Eagle
Mountain study areas, and they are illustrated schematically in Figure 3.

Pavement Development Measurement
On the sand-dominated Fortymile Wash alluvial fan we used the fraction clast coverage to quantify pavement development. Fraction clast coverage was determined by point counting using wire-framed grids. We measured pavements at
29 sites, comprising two transects along the upper and lower parts of the fan (Figure 2(B)). We chose a 4 mm diameter
cutoff to distinguish between clasts that are part of the pavement and sand and granules that are most likely either
parent material or eolian material and not part of the pavement. Sampling sites were chosen on intershrub areas, where
pavements were least disturbed by modern vegetation. We also measured the mean and standard deviation of clast
diameter (on the intermediate axis) on each surface as an alternative measure of pavement development. The mean
and standard deviation of clast size did not show systematic variations with surface age. Most likely, these measures
are a complex combination of pavement development and parent-material differences (Mayer and Bull, 1981). We also
described the underlying epipedon at each site.
In gravel-dominated parent materials, the modern channel is comprised almost entirely of gravel-sized clasts. In this
case, fraction clast coverage is not a meaningful measure of pavement development, since it begins at or near unity
and stays constant. We therefore designed a new method for pavement-development measurements on the Eagle
Mountain piedmont. In gravel-dominated environments such as this, pavement development is best characterized by a
gradual reduction in the bar-and-swale texture through time (Figure 3). The processes causing reduction in bar-andswale texture include the aforementioned freeze–thaw, wetting–drying and bioturbation. Because of the relatively
pronounced original topography on the gravel-dominated alluvial surfaces, sediment transfer related to gravity-driven
processes such as overland flow, and locally increased water and dust flux in swale soils (Eppes and Harrison, 1999),
Copyright © 2007 John Wiley & Sons, Ltd.
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Figure 3. Modes of pavement formation in sand-dominated and gravel-dominated parent materials, exemplified by the Fortymile
Wash and Eagle Mountain study areas. In a gravel-dominated environment, pavement development is characterized by a progressive
loss of bar-and-swale texture through time. The eolian epipedon promotes expansion/contraction processes that move clasts
laterally on the surface, gradually eliminating the bar-and-swale texture and microtopography inherited from alluvial-channel
processes. This progressive loss of bar-and-swale pattern can be quantified as 1 − ρx, where ρx is the correlation coefficient of clast
diameters separated by a distance x. In sand-dominated parent material, pavement development involves the upward migration of
large clasts by expansion/contraction processes in addition to lateral migration. Pavement development in these cases can be
quantified using fraction clast coverage.

may play important roles in reducing bar-and-swale texture. Matmon et al. (2006) concluded that spatially variable bar
to swale sediment transfer on abandoned alluvial fans decreases over geologic timescales as fan surfaces are smoothed.
Matmon et al. (2006), however, also concluded that, based on cosmogenic data, abandoned fans in their study area
were dominated by surface lowering and lack pavement formation during smoothing. This contrasts with the fans in
our study areas that are dominated by surface inflation due to eolian input and pavement development over geologic
timescales.
Young gravel-dominated alluvial surfaces have a relatively strong bar-and-swale texture (i.e. coarse clasts tend to be
clustered on bars and fine clasts are clustered in swales), while older surfaces have progressively less clustering,
gradually approaching a state in which each clast size is independent of adjacent clast sizes. This evolution can be
characterized using the autocorrelation function of clast size along transects that run perpendicular to the surface dip
and flow direction. The autocorrelation function is a measure of the average similarity between two values in a series
separated by a distance x. Mathematically, the autocorrelation function is defined by (Box et al., 1994)

ρx =

∑ (di − ∂ )(dx+i − ∂ )
i
∑ (di − ∂ )2

(1)

i

where di is the intermediate-axis clast diameter at a position i along the transect and ∂ is the mean intermediate clast
diameter. For young surfaces, the value of ρx is significantly above zero (for spatial lags x less than the typical barand-swale width). Over time, ρx tends towards zero as the bar-and-swale texture is gradually eliminated by random
clast motion along the surface. In order to use ρ as part of an index of pavement development that increases over time,
1 − ρx should be used. We call this function the ‘textural randomness’ because it increases in value as the surface
Copyright © 2007 John Wiley & Sons, Ltd.
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Figure 4. Clast-size autocorrelation-function analysis for Eagle Mountain piedmont, showing photo-mosaic, along-strike transects
of clast diameter and autocorrelation function for (A) Qa6, (B) Qa5 and (C) Qa4. Photo-mosaics show a decrease in bar-and-swale
texture with age. The autocorrelation function values for lags 20–40 cm capture effect quantitatively.

texture becomes more random over time. The value of the spatial lag x should be chosen to be larger than the coarsest
clasts (to avoid double-counting) but smaller than the typical width of bars and swales.
Figure 4 illustrates examples of the textural randomness on Qa6, Qa5 and Qa4 surfaces of Eagle Mountain
piedmont. Due to the large number of clast counts required for this analysis we used photo-mosaics rather than direct
field measurements. In doing so, we assumed that each pavement clast is embedded in the pavement with its short
Copyright © 2007 John Wiley & Sons, Ltd.
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axis aligned vertically. With this assumption, the intermediate-axis diameter is measured along the short axis in the
photographs. Photographs were acquired using a high-resolution digital camera located approximated 1·2 m from the
surface and aimed straight down. Photographs were acquired along transects oriented along-strike (i.e. perpendicular
to the surface dip and direction of flow). A tape measure was used for scale. The photographs were mosaicked and a
grid was overlain to aid in clast counting.
Clast counting took place in two steps. First, the intermediate-axis diameter was measured for five clasts located
along short transects oriented perpendicular to the main transect. The diameters of these clasts were then averaged to
yield a single measurement along the main transect. Averaging of clasts in this way was necessary to improve the
signal-to-noise ratio in the analysis. The eye does an excellent job at identifying bar-and-swale texture because it can
sense many surface clasts at once. Measurements of single clasts along the main transect do not illustrate the bar and
swale pattern well, however, because the presence of some small clasts on bars obscures the pattern. This problem can
be rectified by averaging the sizes of many clasts perpendicular to the main transect. Second, clast-averaging was
repeated for each point along the main transect, separated by a 20 cm spacing. This spacing value is also used as the
spatial lag in the autocorrelation analysis. The clast-diameter transects obtained in this way are plotted in Figure 4 for
each of the photo-mosaics, along with their corresponding autocorrelation functions. Although Figure 4 plots the
entire autocorrelation function at all lags, only the average value of the lag-1 and lag-2 autocorrelation values (i.e.
20–40 cm spacing) was used to quantify the pavement development p. As surface age increases, the value of the
autocorrelation function at lags between 20 and 40 cm decreases from ρ20–40 = 0·45 on Qa6 to ρ20–40 = 0·38 on Qa5 to
ρ20–40 = −0·02 (i.e. indistinguishable from white noise) on Qa4.

Numerical Modeling Design and Behavior
The goal of this section is to translate this conceptual model of pavement formation into a numerical model aimed at
understanding the timescales of desert-pavement formation and healing. The numerical model is designed specifically
to illustrate the ‘life cycle’ of desert-pavement formation and its co-evolutionary relationship with the underlying eolian
epipedon, and to generate hypotheses that can be tested in the field. Wainwright et al. (1999) was the first to construct
a model of desert pavement formation, but their model assumed desert pavements to be erosional in origin. As such,
their model is not applicable to the inflationary desert pavements most commonly observed in the southwestern US.
The cumulic eolian epipedon is represented by a steadily accumulating layer of thickness h (cm) and deposition rate
e (cm/yr) in the model:
dh
=e
dt

(2)

The surface clast motion takes place by a complex set of processes that are difficult to quantify. In our model, we
approximate the integrated effects of clast-moving processes with a pavement-formation rate k that increases with
epipedon thickness. We assume that k increases rapidly as the epipedon first begins to accumulate, then flattens out
to a maximum value as the epipedon reaches a characteristic value related to the mean diameter of surface clasts.
Mathematically, we assume that the rate of pavement formation k (yr−1) has an S-shaped dependence on epipedon
thickness h:
k=

kmax ⎛ 2h ⎞
⎜ ⎟
2 ⎝ hc ⎠

k = kmax

2

k ⎛ 2(h − hc ) ⎞
− max ⎜
⎟
hc
2 ⎝
⎠

if h <
2

hc
,
2

h
if h ≥ c
2

(3)

Equation (3) states that the rate of pavement formation increases quadratically with h for low h values, then asymptotically approaches its maximum value of kmax at a critical epipedon thickness hc (Figure 1(A)). This mathematical
expression is not unique, however, and other functions (or more process-based modeling) could be used to express the
positive correlation between h and k. The relationship in (3) assumes that thin epipedons are relatively ineffective at
moving clasts of a given size until a certain critical thickness is achieved. Above this thickness, the increase in
pavement-formation rate per unit thickness steadily decreases. The specific value of hc for a given surface depends
on the mean surface clast diameter and on the specific clast-moving processes. All else being equal, pavements formed
on initially gravel-dominated parent material will require a thicker epipedon (i.e. a larger hc value) to achieve the
same clast mobility compared with pavements developed on sand-dominated parent material. As such, an increase in
parent-material grain size can be represented in the model by a larger value of hc. The variable kmax predominantly
Copyright © 2007 John Wiley & Sons, Ltd.
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reflects the amplitude of climatic variability. Climatic regimes with more frequent wetting–drying and freeze–thaw
cycles may be represented in the model with higher kmax values.
Clast mobility in nature may depend on the overall epipedon thickness (which may be very sandy) or the thinner,
vesicular, silt-dominated Av-horizon thickness that sometimes characterizes the upper portion of a desert epipedon, or
both, depending on the texture of the epipedon. In the Fortymile Wash study site, sand from the active channels of
Fortymile Wash contributes to a thick, sandy epipedon. The relatively coarse silty-sand texture of these epipedons
most likely results in little expansion and contraction, however, compared with the much thinner Av horizon. Our
model does not resolve the epipedon and Av horizons separately, but instead combines them into a single clast-moving
eolian layer related to pavement-formation rate k through the S-shaped curve in (3). As such, the ‘epipedon thickness’
in the model may, for some study sites, be more closely approximated by the Av-horizon thickness.
Pavement development in the model depends both on the value of k and on the difference between the pavement
and its ideal state:
dp
= k( pmax − p),
dt

(4)

where pmax represents the measure of pavement development corresponding to an ideal pavement. The variable p is a
measure of pavement development, varying from an initial value of pmin to a maximum value of pmax. The specific
values of pmin and of pmax reflect local conditions. For example, if pavement development is quantified using the
fraction of clast coverage, pmin is the parent-material clast fraction. The value of pmax for a bare surface will usually be
unity, but continuous pavement disturbance (e.g. by vegetation) may lower pmax locally.
The term pmax − p in (4) represents the gradual reduction in unoccupied pavement sites as the pavement develops.
Early on in the pavement-formation ‘life cycle’, clast motion on the surface leads to rapid pavement formation
because there are many unoccupied sites for a clast to be lodged and sutured into the pavement. As the pavement
matures, however, the number of unoccupied sites becomes progressively smaller as the pavement approaches an ideal
state. As a result of this process, the same value of k leads to progressively slower pavement development as the
pavement matures. The same ‘diminishing returns’ occurs when pavement development is characterized by a reduction in bar-and-swale texture (as in the Eagle Mountain study site). In such cases, pavement development is associated
with the randomizing effect of clast motions, which gradually destroys the bar-and-swale textural ‘order’ inherited
from alluvial depositional processes. Early on in pavement formation, when the bar-and-swale texture is pronounced,
nearly every clast movement contributes to a reduction in textural ‘order’. As the pavement matures and the clast
arrangement becomes more random, subsequent clast movements have less of a randomizing influence. This effect is
also represented by the pmax − p term.
The model behavior is illustrated in Figure 5(A) for a representative set of model parameters. The straight line
labeled by h represents a linear increase in epipedon thickness with time (Equation (1)) using e = 0·2 cm/kyr and zero
initial thickness. Assuming a linear increase in eolian epipedon thickness is an approximation to the natural system, in
which changes in aridity, vegetation cover, regional streamflow characteristics and playa moisture contribute to variations in the regional eolian deposition rate (McFadden et al., 1998).
Eolian deposition rates also vary regionally as a function of distance from playa and fluvial sources as well as
prevailing wind directions, but 0·2 cm/kyr is a reasonable value for Holocene deposition (Reheis et al., 1995). The
S-shaped curve labeled by k represents the relationship between pavement-formation rate and epipedon thickness
(Equation (3)) using hc = 5 cm and kmax = 0·002 yr−1. The curve labeled by p represents pavement development starting
from a minimum value of pmin, increasing to a maximum of pmax. The plot is normalized to apply to any value of
pmin and pmax.
The value of k is small during the early stage of pavement development, reflecting the limited ability of a thin
epipedon to promote surface clast motion. As the epipedon thickens, however, the rate of pavement development
rapidly increases. Eventually, the number of sites available for clast emplacement (i.e. the pmax − p term) decreases the
rate of pavement development as the pavement approaches its ideal state. The result is an S-shaped curve broadly
similar to the shape of the k curve, but with a significantly shorter timescale. The timescale for pavement development
can be quantified using the interval of time between the initial surface formation (t = 0) and the time when the
pavement becomes 50% developed (i.e. (p − pmin)/(pmax − pmin) = 0·5). For the parameter values in Figure 1(A), the
50% pavement-formation time is 5 kyr. The results shown in Figure 5(A) (using e = 0·2 cm/kyr, hc = 5 cm and
kmax = 0·002 yr−1) are referred to as the ‘reference case’ for comparison with other model results.
The effects of differing eolian deposition rate are illustrated in Figure 5B. In this example, the deposition rate is
equal to 0·1 cm/kyr, or one-half of the value in Figure 5A. The timescale for 50% pavement formation is 8·5 kyr in
this example. This value is slightly less than twice the value of the pavement-formation timescale for the previous
example, shown in Figure 5(A).
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Figure 5. Plots of normalized pavement development (p − pmin)/(pmax − pmin), development rate k/kmax and Av-horizon thickness h/hc
as a function of time in the numerical model. (A) Results for the reference case of e = 0·2 cm/kyr, hc = 5 cm and kmax = 0·002 yr−1.
(B) Results for the same values as (A), but with a lower deposition rate e = 0·1 cm/kyr. (C), (D) Plots of normalized pavement
development for the same model runs as (A) and (B), respectively, with pavement erasure at t = 3 kyr and every 9 kyr thereafter.
As the Av horizon thickens, the healing time τh decreases. These results suggest that pavement formation time and healing time can
vary by one to two orders of magnitude.

Pavement response to a hypothetical mechanical disturbance is illustrated in Figure 5(C) and (D). These graphs
illustrate pavement development through time using the same model parameters as in Figure 5(A) and (B), respectively, except that the pavement is assumed to be completely erased at t = 3 kyr, and periodically every 9 kyr thereafter, without affecting the underlying epipedon. This hypothetical pavement erasure is analogous to a pavement-healing
experiment (see, e.g., Haff and Werner, 1996). In each case of simulated pavement disturbance, the pavement
rebounds to an ideal state with a timescale that decreases as the epipedon thickens. In Figure 5(A), for example, the
timescale for pavement healing decreases from a high value of τh = 2 kyr to a low value of τh = 500 yr. These results
illustrate that pavement formation and healing can occur on vastly different timescales, controlled by where within the
pavement ‘life cycle’ the disturbance occurs.
The model sensitivity to the values of hc and kmax is illustrated in Figure 6(A) and (B) respectively. Figure 6(A)
shows the model result for the same parameters as the reference case (Figure 1(A)) but using hc = 7 cm instead of
hc = 5 cm. The results of Figure 6(A) show that increasing the value of hc results in a corresponding increase in
pavement formation time. This example demonstrates the effects of coarser pavement material, because a thicker
epipedon is required to move larger clasts under otherwise similar conditions. Increasing the value of kmax from 0·002
to 0·003 yr−1 decreases the pavement formation time, mimicking the effect of more variable climatic conditions that
lead to more frequent and/or larger-amplitude clast motions.
The results of the model sensitivity analysis are summarized in Figure 7. In this figure, the 50% pavementformation time τf is plotted as a function of e, hc and kmax. Each plot represents the model results obtained by varying
each parameter value over the plot domain, keeping the other parameters the same as the reference case of
Figure 5(A). The plot labeled by e, for example, graphs τf values corresponding to hc = 5 cm, kmax = 0·002 yr−1, with
e values ranging from 0·05 to 1 cm yr−1. The strongest controlling variable in the model is the eolian deposition rate e.
The kmax parameter follows the same inverse relationship with τf as e does, but the dependence of τf on kmax is not
quite as strong as with e. Increasing the value of hc results in τf values that increase approximately as the square
root of hc.
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Figure 6. Plots of normalized pavement development (p − pmin)/(pmax − pmin), development rate k/kmax and Av-horizon thickness
h/hc as a function of time in the numerical model. (A) Results for the reference case of Figure 1(A) but with a larger value of
hc = 7 cm, illustrating the delayed pavement development in cases of coarser parent material. (B) Results for the reference case of
Figure 1(A) but with a larger value of kmax = 0·003 yr−1, illustrating the effects of a climatic regime with more frequent or largermagnitude expansion/contraction events. (C) Results for the reference case but with a feedback between pavement development
and eolian deposition added (Equation (4)) with c = 1. (D) Results for the reference case but with c = 2.

Figure 7. Plots of 50% pavement formation time τf versus normalized model parameters, illustrating the model sensitivity to each
parameter. Formation time increases sublinearly with eolian deposition rate e and inversely with characteristic Av-horizon thickness
hc and maximum development rate kmax.

One potentially important feature of pavement development neglected in the model is a feedback between pavement
development and eolian deposition rate. As a pavement develops, its ability to trap eolian material generally increases
(Goosens, 1995). This effect is difficult to quantify, but one approach is to make the rate of eolian deposition an
explicit function of p:
Copyright © 2007 John Wiley & Sons, Ltd.
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Figure 8. Plots of model results for the reference case (e = 0·2 cm kyr−1, hc = 5 cm and kmax = 0·002 yr−1) with random disturbances
in p included. Increasing the magnitude of disturbance (η = 0·001, 0·003 and 0·01) results in a lower maximum pavement
development and delayed development.

dh
= e(1 + c( p − pmin )/( pmax − pmin ))
dt

(5)

Equation (5) assumes that the eolian deposition rate increases linearly with pavement development. For example, if
c = 1, then a fully developed pavement accumulates dust 100% faster than the newly abandoned alluvial surface.
Figure 7(C) and (D) illustrates the effects of the feedback term on the model, using (5) in place of (2) and c = 1 and
c = 2, respectively. The presence of the feedback term decreases the pavement-formation time, but not significantly.
Even for a large value of c = 2 (i.e. the mature pavement captures 200% more dust than the original surface), the
pavement-formation time is lowered only by about 10% compared with the results in Figure 6(A).
The effects of random pavement disturbances are illustrated in Figure 8. Episodic events (e.g. opportunistic vegetation growth or overland flows) continually disturb pavement development in many areas. Random disturbance was
simulated in the model by reducing the value of p by a random number evenly distributed between 0 and η for each
time step in the model (i.e. 1 yr). The underlying epipedon was not disturbed. For a relatively small disturbances
(η = 0·001), pavement development follows a similar curve as in Figure 1(A), except that the ‘ideal’ pavement has a
lower p value, reflecting the dynamic steady state between disturbance and healing that keeps the pavement slightly
away from its ideal state. In addition to the lower pmax value, the pavement formation time τf is lengthened with the
introduction of random variability. As the magnitude of the variability increases (i.e. η = 0·003 and 0·01 in Figure 8),
the value of pmax decreases and τf increases.

Model Calibration with Field Measurements
Plots of the fraction clast coverage and textural randomness are shown in Figure 9 for the study areas. Fortymile Wash
fan sites were divided into upper and lower fan sites (Figure 9(A) and (B)) and treated separately in the analysis. The
vertical error bars are the standard deviations between different samples on the same surface unit. The horizontal error
bars correspond to the age range given by Whitney et al. (2004) for each surface based on available age control.
The measured field data were fitted to a curve with a single exponential timescale given by
p = pmin + ( pmax − pmin )(1 − e −

2 t /τ f

).

(6)

Equation (6) is the solution to (4) assuming a constant value for k and written in terms of the 50% pavement formation
time τf used in Figure 8. Equation (6) is a simplification of the full model but it has the advantage of fewer free
parameters. The best-fit parameters for the upper Fortymile Wash fan are τf = 5·7 kyr, pmin = 0·25 and pmax = 0·73. The
value of pmax can be determined visually based on the asymptotic trend of the data. The remaining two parameters are
determined using the Levenberg–Marquardt algorithm, a nonlinear least-squares curve-fitting routine (Press et al.,
1992). The best-fit values for the lower fan are τf = 8·4 kyr, pmin = 0·05 and pmax = 0·53. These results indicate that the
lower fan has a smaller parent-material clast frequency since both the initial and final clast coverages are approximately 20% smaller on the lower fan compared with the upper fan. This pattern is consistent with downstream fining.
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Figure 9. Plots of pavement development for Qa6–Qa3 surfaces of Fortymile Wash fan and Eagle Mountain piedmont. (A) Plot of
fraction clast coverage for upper Fortymile Wash fan surfaces (study-site locations in Figure 5(B)). Vertical error bars are the
standard deviation between surfaces, horizontal error bars reflect the range in age control given by Whitney et al. (2004). A best
fit to the data using (6) gives a pavement formation timescale of τf = 5·7 kyr, pmin = 0·25 and pmax = 0·73. (B) Plot of fraction clast
coverage for lower Fortymile Wash fan surfaces. A best fit to the data using (6) gives τf = 8·4 kyr, pmin = 0·05 and pmax = 0·53.
(C) Plot of 1 − ρx for the Eagle Mountain piedmont surfaces (study-site locations in Figure 5(A)). A best fit to the data using
(6) gives τf = 14 kyr, pmin = 0·42 and pmax = 1·0. No vertical error bars are given in (C) because only one site was analyzed for each
surface unit.

The larger value for τf on the lower fan is not statistically significant given the error bars in the data and the range of
τf values that can be adequately fitted to the data. The best-fit parameters for textural randomness on Eagle Mountain
piedmont are τf = 14 kyr, pmin = 0·42 and pmax = 1·0. All else being equal, we would expect τf values to be smaller on
Eagle Mountain piedmont than Fortymile Wash because of its proximity to the active fine-grained dust source of
Franklin Lake playa. The average clast size on Eagle Mountain piedmont is several times larger than that of Fortymile
Wash, however. Model results suggest that larger pavement clasts require a thicker epipedon to initiate surface clast
motion, and hence develop more slowly. These competing effects result in a pavement-formation time on Eagle
Mountain piedmont that is approximately twice as large as that of Fortymile Wash fan. It should also be noted,
however, that surface coarsening on Fortymile Wash fan and bar-and-swale reduction on Eagle Mountain piedmont are
driven by somewhat different processes and hence may not be quantitatively comparable. As a follow-up to this work,
it would be interesting to measure pavement-formation times at several positions on Eagle Mountain piedmont
downwind of Franklin Lake playa in order to test for a correlation between pavement-formation time and eolian
deposition rate.
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Discussion
Our results highlight the multi-scale nature of desert-pavement dynamics and provide a means for reconciling the
disparate timescales observed in pavement formation and healing. Measurements at Fortymile Wash fan and Eagle
Mountain piedmont show the 50% pavement-formation time to be approximately 5–10 kyr in these areas. Pavements
can be useful surface-age indicators up to larger timescales, however, because pavements asymptotically approach an
ideal state (e.g. (p − pmin)/(pmax − pmin) = 0·5 at t = τf, (p − pmin)/(pmax − pmin) ≈ 0·75 at t = 2τf, (p − pmin)/(pmax − pmin) ≈ 0·875
at t = 3τf etc.). The ‘saturation’ time for desert pavements as diagnostic age indicators, therefore, is several times
larger than τf.
Pavement-formation times may be longer or shorter at other sites depending on parent-material texture, eolian
deposition rate and other factors. In areas of fine-grained parent material downwind of active playa sources, for
example, well developed pavements may form on newly abandoned alluvial surfaces in only a few thousand years.
The sensitivity of pavement development to eolian deposition rate in our model suggests that pavement-formation
times may vary strongly with distance from nearby dust sources, prevailing-wind direction and through time with
climatic variations. Pelletier and Cook (2005) mapped the spatial distribution of dust deposition downwind of Franklin
Lake playa over Quaternary timescales and showed that deposition rates decrease by approximately a factor of two for
every 1 km of distance. Given that playas are typically separated by 10–20 km in the Basin and Range, these results
imply that eolian deposition rates vary by at least an order of magnitude depending on distance from nearby playas
and prevailing-wind directions. Pavement development, therefore, may not be a reliable relative-age indicator over
regional spatial scales where eolian deposition rates vary greatly. This is consistent with the results of Quade (2001),
who clearly demonstrated locations in Las Vegas Valley where well developed pavements had formed on early-to-midHolocene alluvial surfaces. Previous work had generally assumed that strongly developed pavements were indicative
of late Pleistocene surface age or older.
Several studies suggest that pavement healing can take place up to 100 times faster than pavement formation.
Haff and Werner (1996), for example, conducted experiments in the Mojave Desert that showed average resurfacing rates of 6·2% over 5 years, with lower resurfacing rates for larger plots. These results imply pavement-healing
times of 80 yr, which is significantly faster than the pavement formation times inferred for our study areas. We
propose that the fast healing observed in these studies can be associated with the presence of a mature underlying
eolian epipedon. This hypothesis may be tested using pavement-healing experiments with and without epipedon
removal.
Our model results illustrate the dynamic steady state between mature pavements and continuous vegetative disturbance. Even in the presence of continuous disturbance (e.g. bioturbation by annual grasses), pavements undergo a life
cycle dictated by the accumulation of their underlying eolian epipedon. In these cases, pavements achieve a steadystate balance between disturbance and healing characterized by a pavement of less-than-ideal quality that nevertheless
returns rapidly towards an ideal state once it is disturbed. These results may help to interpret those of recent studies
emphasizing the effect of vegetative disturbance on pavement development. Quade (2001), for example, documented
a strong inverse correlation between fraction clast coverage and elevation greater than 400 m in Amargosa and
neighboring valleys. Quade interpreted his results in terms of pavement disturbance by Pleistocene mature vegetation
(e.g. piñon and ponderosa pine, and juniper), because this type of vegetation reached a low elevation of about 400 m
at the last glacial maximum. The results of our study suggest that pavements are more likely to be in dynamic
equilibrium with modern brushy vegetation (which also strongly correlates with elevation), rather than being a relict
of Pleistocene mature vegetation, because such rapid pavement healing is possible in the presence of a mature eolian
epipedon. This interpretation is consistent with Wood et al. (2005), who documented a correlation between vegetation
density and clast coverage at constant elevation, implying a dynamic steady state between pavements and modern
vegetation.
Our work has implications for understanding and predicting desert-surface response to anthropogenic activity.
Qualitatively, our results suggest that desert pavements are able to recover over human timescales if the underlying
eolian epipedon is preserved. Even if disturbance completely eliminates the clast coverage from the surface, our
results suggest that an intact epipedon should promote healing at the rates similar to those observed by Haff and
Werner (1996).
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