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Soil thickness and soil texture, and their spatial variability at hillslope scales, are important inputs for hydrologic
models. Recent studies have demonstrated that mechanistic models can accurately predict the spatial distribution
of soil thickness in areas where soil thickness varies gradually along hillslope profiles. To date, however, these
models have not been tested in arid regions, where soils are often thin and highly variable at small scales (i.e.,
1–10 m) and where the influence of aeolian accretion on soil thickness and soil texture may be significant. In ad-
dition, most of the data available for the fraction of the soil derived from aeolian deposition (which can serve as a
proxy for soil texture) originate from soils developed on stable depositional landforms; data for aeolian fractions
from upland soils are scarce. In this study, we developed and tested a numerical model for the prediction of thick-
ness and aeolian fraction of soils in arid upland areas. Themodel assumes a long-termbalance between the rates of
soil production from bedrock, aeolian accretion, and soil erosion. Rates of soil production are quantified in the
model using the exponential and humped soil production functions, and soil erosion rates are quantified using
the nonlinear depth- and slope-dependent transport functions, assuming that only the upper soil horizons
(A+B) are capable of transport. The rate of aeolian deposition is assumed to be spatially uniform. We calibrated
the three free parameters of the model at a site in the Mojave Desert with a granite lithology using a combination
of 1) field-measured data for soil thickness and 2) estimation of the aeolian fraction in the soil using laboratory
analysis of immobile element concentrations. We validated the model results in three nearby sites using a combi-
nation ofmeasured soil thickness in soil pits and the presence/absence of soil, and laboratory analysis of the aeolian
fraction of soil. The study area is characterized by generally thin soils (b1 m) and extreme variability in soil thick-
ness at small scales. The model does a relatively poor job of predicting the soil thickness on a point-by-point basis
due to the extreme small-scale variability, but the model does a much better job at predicting the average soil
thickness at the scale of tens of meters and greater. The model predicts soil thickness with a root-mean-square
error of 15–32 cm in regions characterized by poorly- to moderately-developed calcic soils, but fails to accurately
predict soil thickness at a site characterized by well-developed soils (carbonate stages II–IV) and low-relief topog-
raphy. The model predicts the aeolian fraction and content in soil with root-mean-square errors of 10–13% and
8 cm, respectively. The prediction of aeolian content captures the overall pattern of increasing trend in aeolian con-
tent towards the lower portions of slopes. Our results show that the model can simultaneously predict the spatial
variation of thickness and aeolian fraction/content of soils even in arid, dust-rich environmentswhere soils are thin
and spatial variability is extreme.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Soil thickness and texture control the hydrologic, biologic and geo-
chemical response of uplandwatersheds to seasonal and annual climate
forcing (e.g., Gochis et al., 2010). Spatial patterns of soil thickness and
texture correspond to and control spatial patterns of soil moisture,
water holding capacity, runoff generation, vegetation dynamics, slope
stability, and carbon and soluble salts content and depth of accumulation

(e.g., Follain et al., 2006; Gochis et al., 2010; McNamara et al., 2005; Yoo
et al., 2006). Soil thickness and texture, especially in arid and semi-arid
regions, are highly variable at the hillslope scale (e.g., Yair, 1990), and
thus direct measurement of these properties, even for a small water-
shed, is practically difficult. As such, process-based numerical modeling
may be useful in providing geomorphically-based predictions of soil
thickness, soil texture, and their spatial variations across the landscape.
Carson and Kirkby (1972), followed by Dietrich et al. (1995) proposed a
process-basedmodeling approach to predicting soil thickness in water-
sheds. In that study, the authors assumed that the soil production rate
(the rate in which the bedrock turns into soil through physical
weathering processes) is a function of the soil thickness, and that soil
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transport (erosion) is a diffusive process in which colluvial transport
rate is proportional to slope (hereafter referred to as the ‘slope-
dependent transport model’). Following Carson and Kirkby (1972)
and Dietrich et al. (1995), additional studies were conducted to test
the ability of mechanistic models to predict the spatial patterns of soil
thickness (e.g., Nicotina et al., 2011; Pelletier and Rasmussen, 2009a;
Pelletier et al., 2011; Roering, 2008). For example, Pelletier and
Rasmussen (2009a) proposed a model that assumes a soil thickness
steady-state condition, without assuming an uplift rate or integrating
the model equations forward in time as done in previous studies
(such as in Dietrich et al., 1995; Roering, 2008). A steady-state condition
assumes that the rates of soil production and erosion by colluvial pro-
cesses are in balance everywhere in the landscape. In addition, recent
studies (Pelletier and Rasmussen, 2009a; Pelletier et al., 2011) have
shown that colluvial transport modeled as a function of both slope
and soil thickness (hereafter ‘depth- and slope-dependent transport
model’) (Anderson, 2002; Furbish et al., 2009; Heimsath et al., 2005;
Roering, 2008) more accurately predicts soil thickness in convergent
hillslope areas whether or not the soil thickness steady state condition
is assumed; the slope-dependent transportmodel breaks down entirely
in such areas when a soil thickness steady-state condition is used. The
various modeling approaches used in the past demonstrate success in
predicting soil thickness in regions characterized by semi-arid and tem-
perate climates (e.g., root-mean-square error of 0.14–0.16 m; Pelletier
and Rasmussen, 2009a), where soil thickness often varies more gradu-
ally along hillslope profiles compared to dry, arid regions with shallow
soils and abrupt changes in soil thickness (e.g., Yair, 1990). To date,
however, none of these models have been tested in arid regions
(i.e., mean annual precipitation rates b200 mm yr−1), where the influ-
ence of aeolian accretion on soil thickness and on soil texture may be
much more significant than in more humid environments. The only
study that considered the addition of aeolian input into mechanistic
models of soil production and erosion was Pelletier et al. (2011), which
explicitly quantified the aeolian content of soils in their study region
using immobile element concentrations and showed that the aeolian
content of soils was sufficiently small to be neglected. Recent studies
(e.g., McFadden et al., 2010; Persico et al., 2011), however, have cast
doubts on the ability of mechanistic-based models for soil development
to accurately predict soil thickness in dust-dominated regions, suggesting
that in these regions soil thickness is governed by dust addition into the
soil, rather than by soil production. In these places, the existingmechanis-
tic models need to be revised to accommodate dust fluxes.

The accretion of aeolian sediments has been recognized as an impor-
tant factor affecting soil development rates, soil geochemistry, soiltexture,
and in turn, soil hydrology (McFadden et al., 1987; Reheis et al., 1995;
Yaalon and Ganor, 1973). Although most of the aeolian-derived sedi-
ments that are added to soils can be considered to be dust particles
(here we use dust to describe silt and clay grains, b63 μm) we will use
the term ‘aeolian sediments’ rather than ‘dust’ as aeolian input can in
places (as in this study) also include fine and very fine sand grains.
Most of the published data for aeolian accretion rates and aeolian fraction
in soils come from soils developed on stable, low-relief depositional land-
forms (such as alluvial surfaces and playas) (e.g., Amit et al., 2011; Gerson
and Amit, 1987; Reheis et al., 1995). However, only few studies have esti-
mated these properties in upland soils (Ferrier et al., 2011; Hirmas and
Graham, 2011; Lawrence et al., 2011). The studies by Ferrier et al.
(2011) and Lawrence et al. (2011) are limited in that they provide esti-
mates of aeolian fraction only at specific sites, where soil data were ana-
lyzed. Hirmas and Graham (2011) present a continuous estimation of
dust content over a large area based on interpolation of data from over
60 pedons. To date, no spatially-distributed, process-based prediction of
aeolian fraction or content in upland soils has been published.

The goal of this study is to develop and test a numerical model for
the prediction of soil thickness and aeolian fraction in soil in arid,
dust-rich regions. We chose the Mojave Desert as a study site as it is
characterized by an arid climate, high aeolian accretion rates and

extreme variability in soil thickness at essentially all spatial scales.
We hypothesize that a model-based approach that takes into account
both soil production and aeolian input together with soil transport,
can accurately predict soil thickness and the aeolian fraction in soil
in these regions. To test this hypothesis, we extended the model
developed by Pelletier and Rasmussen (2009a) by explicitly adding
an aeolian accretion rate to the soil production function, and assum-
ing that both are in balance with soil erosion. The resulting model is
more challenging to calibrate, since it includes an additional model
parameter, but it also provides more information since it predicts
the aeolian fraction and content in the soil and its spatial variability
across the landscape, which in turn can be used to provide constraints
on soil texture and soil formation.

2. Background

Soil-mantled uplands comprise a large proportion of Earth's surface.
Hillslopes in these landscapes evolve predominantly through a combina-
tion of soil production (i.e., physical weathering of the bedrock) and soil
erosion. Although landscape denudation occurs through a combination
of bothphysical and chemicalweatheringprocesses, chemicalweathering
fluxes have been shown to be less than 10–20% of the total mass fluxes in
semi-arid regions for non-carbonate-rich lithologies in arid and semi-arid
climates (mean annual precipitation rates >220 mm yr−1) (e.g., Riebe
et al., 2004). In regions where the mean annual precipitation rates are
even lower (i.e., 100 mm yr−1), the role of chemical weathering is
expected to be even lower. Under these conditions, the conservation of
mass equation for soil thickness, h, states that the change in soil mass
with time, t, is equal to the conversion of bedrock to soil due to the low-
ering of the bedrock–soil interface less the divergence of transported
soil mass (erosion) (Fig. 1) (Heimsath et al., 1997):

ρs
∂h
∂t ¼ −ρr

∂zb
∂t −∇⋅ρsq̃s ð1Þ

where ρs and ρr are the bulk densities for soil and bedrock, respectively, zb
is the elevation of the soil–bedrock interface, and ˜qs is the volumetric
sediment flux.

In this study, we add a constant aeolian flux (a) to the mass bal-
ance Eq. (1) (Fig. 1), assuming that the density of the added aeolian
grains is identical to the density of the underlying soil:

ρs
∂h
∂t ¼ −ρr

∂zb
∂t þ ρsa−∇⋅ρsq̃s ð2Þ

We should note that the aeolian flux (a) represents the aeolian
accretion rate, which is only a fraction of the rate in which aeolian
material is deposited on the soil. The vertical lowering rate of the

Fig. 1. Schematic diagram of the main model components.
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soil–bedrock boundary,−∂zb/∂t, can be considered as the weathering
rate or soil production rate, P, which has been shown to be an expo-
nential function of soil thickness measured normal to the surface
(Heimsath et al., 1997, 2001):

P ¼ P0

cosθ
e−h cosθ=h0 ð3Þ

where P0 is the potential weathering of bare bedrock, and h0 is a con-
stant equal to 0.5 m (Heimsath et al., 1997, 1999). The cosθ dependence
in Eq. (3) has a small effect formost landscapes but becomes very signif-
icant for the cliff-dominated landscapes common in arid environments.
An alternative to the exponential relationship of soil production to soil
thickness is the humped soil production function (Dietrich et al.,
1995; Heimsath et al., 2001, 2009; Minasny and McBratney, 2006;
Strudley et al., 2006), which suggests that the rate of soil production is
optimal at some finite soil thickness. One possible form of the humped
soil production function is (Furbish and Fagherazzi, 2001):

P ¼ P0

cosθ
h cosθ
h0

� �
e−h cosθ=h0 ð4Þ

where for Eq. (4) h0 is equal to 0.3 m (Pelletier and Rasmussen, 2009a).
As for the exponential equation, the cosθ dependence originates from the
fact that soil production is a function of soil production normal to the sur-
face (Pelletier and Rasmussen, 2009a). In this study wewill use both the
exponential- and humped-production functions to describe the depen-
dence of soil production rate on soil thickness.

Erosion on hillslopes occurs by colluvial processes, such as creep
and bioturbation, and by flowing water. In the absence of rilling, col-
luvial processes dominate over slopewash/overland flow on hillslopes
upslope from valley heads (e.g., Perron et al., 2008), hence we assume
in the model that erosion is dominated by colluvial transport. Erosion
and deposition of soil through colluvial transport are related to the
divergence of the flux of soil (the rightmost term in Eq. (2)). Early
studies on colluvial transport modeling (Culling, 1960; Culling,
1963) assumed that the soil flux was proportional to the slope gradi-
ent:

q̃s ¼ −κ∇z ð5Þ

where κ is a coefficient which has units of length2 time−1. Combining
the right term in Eq. (2) with Eq. (5) yields the diffusion equation
for soil-mantled hillslopes, which suggests that the erosion rate
depends on the topographic curvature. However, the linear relation-
ship between soil flux and slope gradient breaks down as the slope
becomes steep. Thus, Roering et al. (1999), following Andrews and
Bucknam (1987), suggested a nonlinear slope-dependent transport
model:

q̃s ¼ − κ∇z
1− ∇zj j=Scð Þ2 ð6Þ

where Sc is an angle of stability. Recently, a new, more realistic soil
transport model was suggested, which assumes that the sediment
flux is also proportional to the soil thickness for relatively thin soils
(Furbish et al., 2009; Roering, 2008):

q̃s ¼ − κdh cosθ∇z
1− ∇zj j=Scð Þ2 ð7Þ

where κd has units of L1 T−1. This nonlinear depth- and slope-dependent
transport model assumes that the colluvial transport rate is proportional
to the thickness of the soil measured normal to the surface. This propor-
tionality is likely a good approximation for relatively thin soils. More
generally, however, the dependence of colluvial transport rate on soil
thickness increases to some maximum value and then levels off
(Furbish et al., 2009; Heimsath et al., 2005; Roering, 2008). Support

for the application of a depth- and slope-dependent transport model
over one that includes no depth dependence comes from theoretical-
and field-based studies (Furbish et al., 2009; Heimsath et al., 2005;
Pelletier et al., 2011; Roering, 2008). It is important to note that using
the depth- and slope-dependent transportmodel suggests that soil ero-
sion is a function of both topographic curvature and slope.

Eq. (7) assumes that all of the soil thickness (h, from surface to bed-
rock) is transported downslope (Fig. 1). Yet, as noted recently by Yoo
and Mudd (2008), the soil should be divided into two distinct layers:
a physically disturbed soil zone at the soil's upper part, and a physically
undisturbed but chemically altered (with alteration degree dependent
on climate) zone at the soil's lower part (often termed saprolite). Here
we adopt this distinction, and define the A and B horizons of the soil
as the colluvial layer that can be transported downslope, and the C hori-
zon (weathered rock) as the non-transported soil layer (Fig. 1). Thus, the
thickness of soil that can be transported (h in Eq. (7)) should be only a
fraction of the soil thickness that is produced frombedrock (h in Eqs. (3)
and (4)). As such, we scaled Eq. (7) by themedian ratio of the thickness
of the A+B horizons to the total soil thickness in the study area, which
was found to be approximately 0.5. Thus, Eq. (7) can be nowwritten as:

q̃s ¼ − κdh cosθ∇z

2 1− ∇zj j
Sc

� �2
� � ð8Þ

Following Pelletier and Rasmussen (2009a), we assume a soil thick-
ness steady-state condition that suggests that physical erosion is in
balance with the sum of soil production from bedrock and aeolian accre-
tion everywhere on the landscape. This is done by setting the soil thick-
ness change with time to zero (∂h/∂t=0), and thus Eqs. (2), (3) and (8)
can be written as follows (in the case of the exponential soil production
function):

∂h
∂t ¼ 0 ¼ ρr

ρs

P0e
−h cosθ=h0

cosθ
þ aþ κd∇⋅ h cosθ∇z

2 1− ∇zj j
Sc

� �2
� �

0
BB@

1
CCA ð9Þ

Dividing Eq. (9) by κd yields:

∂h
∂t ¼ 0 ¼ ρr

ρs

P0

κd

e−h cosθ=h0

cosθ
þ a
κd

þ∇⋅ h cosθ∇z

2 1− ∇zj j
Sc

� �2
� �

0
BB@

1
CCA ð10Þ

which can also be written as:

∂h
∂t ¼ 0 ¼ e−h cosθ=h0

cosθ
þ ρs

ρr

a
P0

þ∇⋅ h cosθ∇z

2 1− ∇zj j
Sc

� �2
� �

0
BB@

1
CCA=

ρr

ρs

P0

κd

� �
ð11Þ

Thus, to predict soil thickness (h) using this model we need to cali-
brate two constant terms: the aeolian accretion-soil production ratio
(ρs/ρr∗a/P0), and the soil production-transport ratio (ρr/ρs∗P0/κd). Note
that we assume here that the terms a, P0, and κd are spatially constant.

For the humped soil production function, a similar equation can be
written:

∂h
∂t ¼ 0 ¼ h cosθ

h0

� �
e−h cosθ=h0

cosθ
þ ρs

ρr

a
P0

þ∇⋅ h cosθ∇z

2 1− ∇zj j
Sc

� �2
� �

0
BB@

1
CCA=

ρr

ρs

P0

κd

ð12Þ
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3. Study area

The study area is located in the National Training Center at Ft. Irwin,
south-central California, in thewesternMojave Desert (Fig. 2). The area
is part of the Basin and Range Province, which is characterized by
isolated mountain ranges rising abruptly from broad, alluvium-filled
basins. Rocks within the study area are variable in lithology and age,
but most outcrops are composed of Mesozoic plutonic rocks, which
are the focus of this research.

The climate of the region is arid, with hot and dry summers andwarm
and less drywinters. Precipitation is typically scarce and spotty, and varies
from 110 to 150 mm yr−1. The major vegetation types in the upland
watersheds are the Mojave creosotebush scrub and the blackbrush
scrub, which are dominated by creosotebush (Larrea tridentata). white
bursage (Ambrosia dumosa), and blackbrush (Coleogyne ramosissima)
(Fahnestock and Novak-Echenique, 2000). According to a recent soil sur-
vey of the area (Fahnestock and Novak-Echenique, 2000), the soils on
upland watersheds are developed in residuum and colluvium from plu-
tonic rocks and are generally very shallow (b25 cm) to shallow
(25–50 cm) (Fig. 3),well drainedwith coarse sandy loam to loam texture,
and classified as loamy-skeletal, mixed, superactive, calcareous, thermic
Lithic Torriorthents and loamy-skeletal, mixed, mesic Lithic Haplargids.
The soils exhibit high spatial variability in thickness (Figs. 3 and 4). Calcic
soils are common to the arid and semiarid parts of the southwestern
Unites states (e.g., Gile et al., 1966, 1981). Carbonatemorphology in calcic
soils provide insight as to the soil age and dissolution–precipitation histo-
ry (Machette, 1985). The stages of carbonatemorphology are described in
the field, and range from stage I, which represents an undeveloped calcic
soil, to stage VI, which represents a well-developed calcic soil, with an
indurated petrocalcic horizon (Gile et al., 1966, 1981; Machette, 1985).

The contribution of aeolian influx (mainly dust) into soils in the
Mojave Desert has been studied extensively on soils developed on allu-
vial terraces and volcanicfields (e.g., McFadden et al., 1987; Reheis et al.,

1989;Wells et al., 1987). These soils are thought to have formed largely
by incorporation of dust and contain significant quantities of silt, clay,
carbonate and gypsum, which were neither present in the original par-
ent material in significant quantities nor formed from it by weathering.
Dust mass accumulation rates of the silt and clay grains were found to
vary in time, as late Pleistocene soils exhibit much lower rates than
the Holocene soils (average values of 2.0–2.9 g m−2 yr−1 versus
8.8 g m−2 yr−1, respectively; calculated from Figure 5d in Reheis
et al. (1995)). Assuming a soil bulk density of 1.2 g cm−3, these average
rates are equivalent to average dust accretion rates of 0.0017–
0.0024 m ka−1 and 0.0073 m ka−1, for the late Pleistocene and Holo-
cene soils, respectively. Thus, if we assume that the adjacent upland
soils received a similar dust flux, then the content of aeolian-derived
silt and clay grains may be an important fraction of the total soil thick-
ness (i.e., thickness of ~15 cm for a 40 ka soil).

4. Methods

4.1. Field surveys and LIDAR collection

As input to the model, we used a 1 m/pixel digital elevation model
(DEM) bare-earth dataset derived from LIDAR. Prior to calculating the
slope and curvature of the topography, we smoothed the DEM, which
contains significant small-scale variability due to animal burrows,
shrubs, etc., by diffusing the landscape forward in time with κt=
3 m2. This smoothing procedure greatly reduces the small-scale vari-
ability in the DEM without significantly affecting the shape of the
landscape at the hillslope scale when using the depth- and slope-
dependent transport model (Pelletier and Rasmussen, 2009a;
Pelletier et al., 2011).

We focused our study on four research sites, ranging in size from
200 m×200 m to 600 m×600 m (Fig. 2, Table 1). Three study sites are
located at the southern part of the study area, east of the Paradise

Fig. 2. Location map of the study site in the southern part of Ft. Irwin, the Mojave Desert, southern CA.
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Range (Fig. 2, termed as EPR1, 2, and 3), and one site is located in the cen-
ter of the study area on ‘Brigade Hill’ (termed as BRH). The EPR3 site,
which is composed of granite, was chosen for calibration due to its rela-
tive surficial homogeneity, with minimal areas of exposed rock outcrops
compared to the other study sites (Fig. 4a–b). The other three sites were
used to validate the model results on various lithologies (granite and di-
orite), slope degrees (average slope ranges from 5° to 21°), and degree of
soil development (weakly-developed to well-developed soils) (Table 1).

To calibrate and validate themodel,wedug a total of 75 soil pits, 17 to
21 for each site,measured the soil thickness and completed a general soil
description. Soil thickness is defined here as the entire regolith (includ-
ing the saprolite layer), down to the depth of unweathered bedrock (or
R horizon) defined as the “depth to refusal”, the contact where soil can

no longer be excavated by hand, hydraulic core, or drill (Soil Survey
Staff, 1999). In a fewpits depth to bedrockwas not achieved due to logis-
tical constraints, and thus for those pits the soil thickness is a minimum
value. The pits were dug along a general downslope transect, from ridge
top to the base of the slope. Every 20 to 30 malong this transectwedug1
to 4 soil pits parallel to the topographic contours (b15 m one from the
other). Pits were dug using a hand shovel and a trencher.

In two validation sites, which are characterized bymoderate to steep
slopes (~>15°; EPR1 and EPR2), extreme heterogeneity in soil thickness
and texture exists (Fig. 4c–f). In the upper and middle parts of these
slopes, piles of boulders occur adjacent to areas covered with coarse to
very coarse gravels (2–5 cm), which in turn cover soil up to 1 m thick.
To overcome this extreme spatial heterogeneity, we developed a

a b

c

Fig. 3. Field photos showing the extreme variability in soil thickness at Ft. Irwin, and the relationships between slope, curvature and soil thickness. (a) Common mountainous ter-
rain, showing bare rocks (no soil) on the upper parts of the slopes, and presence of soils further down slope. Steep (b) and highly convex (c) slopes show little to no soil cover.

a

b

c

d

e

f

g

h

0.42 m deep soil

0.75 m deep soil

Boulder piles

Boulder piles

0.52 m deep soil

Boulder piles

0.60 m deep soil

Boulder
piles

0.34 m deep soil

1.5 m deep soil

A

0.15  m deep soil

i

Rk

15 cm

11
0 

cm

EPR3 EPR1 EPR2 BRH

j k

Fig. 4. Field photos showing the surficial appearance of the study sites. The calibration site, EPR3, is composed of granite, and exhibits shallow soil thicknesses on ridge top (a) and
thicker soils at the lower parts of the slope (b); The validation site EPR1 is composed also of granite, but exhibits steeper slopes and higher spatial heterogeneity in soil thickness and
surficial components (c, d); the second validation site, EPR2, is composed of diorite (e, f), with evident high spatial heterogeneity similar to EPR1; the third validation site, BRH, is a
very shallow hill composed of granite, with eroded soil on the summits (g, h) and very well-developed soils on the lower parts of the slopes (i); soil developed on a flat basalt hill (j)
is assumed to be composed mostly of aeolian particles, with negligible addition of sediments from rock weathering (k).
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composite method for mapping soil thickness in which soil thickness
was estimated using both soil thickness in pits and the presence and
absence of soil along contour transects without pits (Fig. 5). The idea
behind this method is that, in areas with high spatial variability, the
thickness of one soil pit cannot characterize the average thickness
along a contour transect, yet measuring the many soil pits that would
be required to obtain a representative value is unfeasible. In such cases
the presence/absence of soil, which contains limited information but
can be quickly recorded for hundreds of locations in a short period of
time, provides useful information that, combined with soil thickness
(where present) from a small number of pits, provides a more represen-
tative average for soil thickness at points of similar topographic position.
We laid tapemeasures on the ground in 6 transects, each 50 m in length,
parallel to the contour and perpendicular to the downslope transect, and
noted the presence and absence of soil at points separated by 1 m. Ab-
sence of soil was defined as a boulder greater than 0.5 m in diameter
or a rock outcrop.We then used a 3 m-widemoving average to calculate
the soil thickness for each of the 51 points along each transect. We used
the average soil thickness from the 2–3 soil pits thatwere dug along each
transect as the representative value for soil thickness in locations where
soil was observed, and a soil thickness of zero for locations where soil
was absent (Fig. 5). These transects provided 306 values of soil thickness

for each validation site. For the third validation site, BRH, we used only
the soil thickness data gained from the soil pits as no exposed rocks
were observed.

4.2. Characterization of soil development and aeolian fraction and
content in soil

Four to seven soil pits in each site were chosen for detailed
description and sampling, following standard methods (Soil Survey
Staff, 1999). Samples were collected from genetic horizons which
were brought back to the laboratory, air-dried, sieved with a 2 mm
sieve and split for further analyses.

Analysis of particle size distribution (PSD) was carried out using a
Beckman Coulter LS 13 320 laser diffraction particle size analyzer. Organ-
ic matter was removed from the soil samples using NaOCl before the
analysis. A determined mass of sample was weighed out into 15 ml
auto-sampler tubes. The amount of sample weighed was chosen to pro-
vide optical obscuration within an optimal working range, typically
between 0.2 and 0.1 g for most soils. Auto-dilution of samples causing
obscuration greater than the optimal range is performed by the instru-
ment. Samples weighed into tubes were mixed for 24 h with 5 ml of
deionized water using a Thermo Scientific: Labquake® shaker/rotator.
Five milliliters of 5% sodium hexametaphosphate solution was added to
each tube and mixed for an additional 24 h to ensure dispersion of soil
particles. PSDwas calculated using a locally calibratedMie theory optical
model.

To estimate the fraction of aeolian-derived sediments within the soil
we measured the concentration of two immobile elements, Ti and Zr
(e.g., Brimhall et al., 1988), in soil samples and two parent material
end-members: local bedrock and aeolian-derived sediments. We ana-
lyzed samples from two soil profiles from each study site (except for
site BRH), one at ridge top location and the second on the lower part of
the slope. For the local bedrock end member, we analyzed two samples
of freshly-broken surficial rock for each site, and then averaged the
results. For the aeolian end-memberwe sampled soil thatwas developed
on a flat basalt summit with a well-developed desert pavement, located
adjacent to our study sites (Figs. 2 and 4j–k). We assume that this soil
is composed mostly of aeolian sediments based on previous studies
in the Mojave Desert that demonstrate that surface soils developed
on such landscapes are largely composed of silt-rich dust deposits
(e.g., McFadden et al., 1987; Reheis et al., 1989; Wells et al., 1985). Two

Table 1
Characteristics of the study sites.

Site EPR1 EPR2 EPR3 BRH

Lithology and geologic
period

Granite,
Cretaceous

Dioritea,
Jurassic

Granite,
Cretaceous

Granite,
Jurassic–Cretaceous

Average slope (°) and
aspect

21 N 16 NW 7 NNE
13 SSW

5 NNW
10 SW

Elevation (m) 950 910 750 780
Avg. and st. dev. of soil
thickness (cm)
[# of soil pits]

47±21b

[17]
58±29
[19]

70±36
[16]c

58±50
[16]c

Stage of carbonate
morphology
[# of soil pits]

II–III
[6]

I–II
[6]

I–II
[5]

III–IV
[16]

Periods and lithologies are after Walker et al. (2002).
a The lithology was determined through field and mineralogical analysis.
b Minimal value of average soil thickness. In several of the soil pits the underlying

bedrock was not reached. See text for further explanations.
c Soil pits in which fluvial sediments were identified were excluded (2 for EPR3, 5 for

BRH). See text for further explanations.

Fig. 5. The smoothing procedure of the validation field data, shown here on data taken from a transect at EPR2 site. The 3 triangles are the soil pits, and the rhombuses are the pres-
ence/absence data (1 for soil, 0 for rock with no soil underneath). The average soil thickness for this transect is 45.7±5.9 cm based on the three soil pits (see line in the middle of
the figure). Circles represent the smoothed soil thickness data, after averaging the soil thickness along a 3 m running average window, using the soil average thickness as the soil
thickness for the presence data and zero soil for the absence data.
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samples, from depths of 0–2 and 2–5 cm, were analyzed and averaged to
represent the aeolian end-member. The samples were prepared
according to the following protocol: 4 g of ground samples (b2 mm)
was mixed with 1 g of Licowax C micropowder (Spectro) and pressed
into pellets at a pressure of 22 tons for 120 s and analyzed using a polar-
ized energy-dispersive X-ray fluorescence spectrometer (EDXRF —

SPECTRO XEPOS, Kleve — Germany). Measurements were carried out
under a helium atmosphere and 4 secondary targets (HOPG, Mo,
Al2O3 and Co) were used to provide different excitation conditions at
different voltage and current settings. Acquisition time was set to 300 s
for each secondary target. The detector consisted of a silicon drift detector.
Calibration of the EDXRF was performed using 25 certified reference
materials and 18 uncertified materials previously analyzed by ICP-MS
following Li-metaborate fusion. Three repetitions were analyzed and av-
eraged for each sample.

The aeolian fraction of each soil sample, fa, was calculated using
the expression of Ferrier et al. (2011):

f a ¼
Tir
Tis

− Zrr
Zrs

� �
Tir−Tia

Tis
− Zrr−Zra

Zrs

� �−1
ð13Þ

where subscripts r, s and a are the immobile element concentrations in
the rock, soil and aeolian-derived sediments, respectively. The Ferrier
et al. (2011) expression is considered more accurate than a previous
expression proposed by Eberly et al. (1996), as the latter neglects chem-
ical mass losses that may have occurred by chemical erosion of solutes
during soil development. In this study we tested both expressions and
found good agreement for most samples between fa calculated using
these two approaches. For simplicity, we will show only the results cal-
culated using the expression of Ferrier et al. (2011). Using Eq. (13) fa
was calculated per horizon, and it represents the aeolian fraction of
the sieved (b2 mm) sample. Assuming that no aeolian input contrib-
utes to the >2 mm fraction, we calculated the total aeolian volumetric
fraction (%) of the soil pit fatotal using the following equation:

f totala ¼
∑n

i¼1f ai 1−f gi

� �
1−f csi
� 	

hi
h

ð14Þ

where n is the number of horizons, f ai is the aeolian fraction of the ith
horizon, f gi is the volumetric fraction of gravels (2–75 mm) of the ith ho-
rizon, f csi is the volumetric fractionof cobbles and stones (75–600 mm)of
the ith horizon, and hi is the thickness of the ith horizon. f gi is calculated
for each sample out of the weighed >2 mm fraction, using average soil
bulk density and rock density of granite assumed to be 2.66 g cm−3

(Twidale and Vidal Romani, 2005). To represent the soil bulk density,
eight samples from selected soil pits at the EPR sites (mostly B horizons
at depths of 5–20 cm)were sampled and analyzed. f csi is visually estimat-
ed in thefield and it accounts for the largest error in the calculationof fatotal.
The error of the field measures is estimated at ±10% (not a relative per-
centage; for example, 80% of cobbles and stones range from 70% to 90%,
whereas 20%of cobbles and stones range from10% to 30%).We calculated
the error of fatotal according to the error involved in the estimation of the
fraction of cobbles and stones.

The estimation of fatotal also enables us to calculate the ratio be-
tween aeolian-derived sediments and soil production sediments fs,
per soil profile, as follows:

f totala

f s
¼ f totala

1−f totala
ð15Þ

4.3. Numerical modeling

4.3.1. Calibration
The calibration process was done on the EPR3 site, with the aid of

16 soil pits that were dug along two downslope transects.

The calibration process can be divided into two parts:

a) Estimation of the aeolian accretion-soil production ratio (ρs/ρr∗a/P0):
we estimated this ratio using one soil pit (with known soil thickness,
hcal) located on the ridge top of the calibration site (Fig. 4a). We first
express the aeolian accretion-soil production ratio using the specific
soil production rate at the calibration soil pit (Pcal) using Eq. (3) (in
case of an exponential-production function):

ρs

ρr

a
P0

¼ ρs

ρr

a
Pcal

e−hcal cosθ=h0 ð16Þ

We assume that the ratio between the aeolian fraction and the frac-
tion of the soil-production sediments in the soil (fatotal/fs) is equal to
the ratio between rates of aeolian accretion and soil production at
the location of the specific soil pit (a/Pcal). At the ridge top there is
no addition of sediments from upslope, and thus the only sources of
sediments are soil production from bedrock (from below) and aeo-
lian input (from above). Thus, the following expression can be writ-
ten:

f totala

f s
¼ ρs

ρr

a
Pcal

ð17Þ

Thus, using Eqs. (16) and (17)we can calculate the aeolian accretion-
soil production ratio if we know the value of fatotal/fs for the calibration
soil pit through laboratory analysis:

ρs

ρr

a
P0

¼ f totala

f s
e−hcal cosθ=h0 ð18Þ

For the humped soil production function, a similar expression can be
written:

ρs

ρr

a
P0

¼ f totala

f s

hcal
h0

e−hcal cosθ=h0 ð19Þ

b) Estimation of the soil production-kappa ratio (ρr/ρs∗P0/κd): using the
above-calculated aeolian accretion-soil production ratio, we solved
Eq. (11) for multiple trial values of the soil production-kappa ratio
(ρr/ρs∗P0/κd), ranging from 0 to 0.1 in intervals of 0.001. We exam-
ined for each set of constants the root-mean-square error (RMSE)
between the predicted soil thickness and measured soil thickness
and performed one dimensional error minimization to find the best
value of the soil production-kappa ratio. We repeated this process
for the humped soil production function. As the calibration site is rel-
atively shallow, the calibration process is not sensitive to the Sc value,
which determines the non-linearity of the transport term. Thus, we
set the value of Sc to 0.6, as this is the approximate value of the
angle of repose for dry loose soil (33°).

4.3.2. Application and validation
We applied the model, using the two constant calibration values,

to three different sites and solved the model for the soil thickness,
h, for each pixel. The accuracies of the predicted soil thickness maps
were evaluated using the RMSE between the predicted and measured
soil thickness values for site BRH. For sites EPR1 and EPR2, we evalu-
ated the RMSE of the geometric mean calculated for the estimated
306 soil thickness values per site.

To calculate the aeolian fraction in soil, we first consider the sim-
ple case of ridge top soils. As mentioned above, for ridge top locations
we assume that the ratio between aeolian-derived and soil-produced
sediments is equal to the aeolian accretion-soil production ratio at a
specific soil pit at pixel indices i and j (ρs/ρr∗a/Pij). Thus, the aeolian
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fraction can be calculated according to the following equation:

f totala ¼
ρs
ρr

a
Pij

ρs
ρr

a
Pij

� �
þ 1

ð20Þ

Away from ridge top localities, the aeolian fraction of the soil de-
pends on the ‘inherited’ aeolian fraction from upslope in addition to
the local contributions of aeolian input and soil production from bed-
rock at that location. To estimate the aeolian fraction over the entire
study area, we calculated the aeolian fraction from the highest eleva-
tion to lowest (similar to the way that soil thickness is calculated, for
more details see Pelletier and Rasmussen (2009a)). The total aeolian
fraction of a given pixel is the weighted average of the aeolian fraction
derived from upslope (either in the x or in y direction) and of aeolian
fraction derived directly by aeolian influx. Mathematically, it can be
expressed as:

f totalaij ¼
ρs
ρr

a
Pij

ρs
ρr

a
Pij

� �
þ 1

∇⋅ h cosθ∇z

2 1− ∇zj j
Sc

� 	2
� �

0
@

1
A

∇⋅ h cosθ∇z

2 1− ∇zj j
Sc

� 	2
� �

0
@

1
Aþ fluxxinþ fluxyin

þ f totalaiupj

fluxxin

∇⋅ h cosθ∇z

2 1− ∇zj j
Sc

� 	2
� �

0
@

1
Aþ fluxxinþ fluxyin

þ f totalaijup

fluxyin

∇⋅ h cosθ∇z

2 1− ∇zj j
Sc

� 	2
� �

0
@

1
Aþ fluxxinþ fluxyin

ð21Þ

where the indices iup and jup refer to the adjacent pixels that are
upslope in the x and y directions, respectively, the denominator is
the erosive term in Eq. (10), without the κd factor, fluxxin is the sed-
iment flux that is transported to pixel i,j from the upslope x direction,
fluxyin is the sediment flux that is transported to pixel i,j from the
upslope y direction. Note that in the case of ridge top locations,
there are no upslope neighbors, and thus Eq. (21) equals Eq. (20).

Aeolian content, in meters, is calculated using the total aeolian
fraction and the soil thickness:

ca ¼ f totala h ð22Þ

The accuracy of the predicted aeolian fraction and content was eval-
uated for all of the study sites together, as we had laboratory data only
for six soil pits (two for each site except for BRH). As for the soil thick-
ness, we calculated the RMSE between the predicted and measured
values.

5. Results

5.1. Soil characteristics

The locations and thicknesses of the 75 soil pits excavated in this
study are shown in Supplementary data Table S1. For more than
half of the soils we also noted the thickness of the A+B horizons.
The median fraction of the A+B horizons out of the total soil thick-
ness, for soils from sites EPR1, EPR2 and EPR3, is 0.56 (n=27). In
the model we used the ratio 0.5. The soils from site BRH were omitted
from this calculation as most of them exhibit an eroded soil profile
(see below).

At the calibration site EPR3, which is characterized by relatively gen-
tle slope gradients (7° to 13°), soil thickness generally increases down-
slope, from about 40 cm at the ridge tops, through 60–80 cm along the

slopes, to 80–150 cm at the base of slopes (Fig. 6a). We found fluvial
deposits at the base of two soil pits (1.4 m and 1.9 m)which are located
on the lower part of the slopes. As these sediments probably originated
from adjacent washes, the two soil pits were not used in ourmodel and
will not be further addressed. We found some correlation between soil
thickness and curvature at this site: soil thickness generally decreases
with increasing negative curvature (Fig. 6b). This relationship suggests
that colluvial transport controls, at least partly, the soil thickness. No
relationship is evident between soil thickness and topographic slope
(Fig. 6c). Soil texture is mostly sandy-loam (Table 2); cobble and
stone percentages range from 30% to 80% in the A and B horizons.
Generally the soils are notwell-developed,with carbonatemorphologic
stages of I–II for soils at the upper and middle parts of the slope (Gile
et al., 1966). Only at lower parts of the slope were moderately devel-
oped soils (stages II–III) observed.

At site EPR1 we found higher variability in soil thickness, mostly in
the range of 20–90 cm along the slope, generally increasing down-
slope (Fig. 6d). This high variability likely relates to the steeper
slope gradient of this site (21°) relative to other sites (Table 1). Out
of the 17 soil pits that were dug in this site, eight represent only a
minimal soil thickness value, as bedrock was not reached due to the
presence of well-developed petrocalcic horizons. Similar to EPR3,
soil thickness is a function of the topographic curvature, whereas it
is not related to the slope (Fig. 6e–f). Soil texture is generally similar
to EPR3, mostly sandy-loam but the soils are less cobble- and
stone-rich (20–50% in the A and B horizons). The soils generally ex-
hibit more development than in EPR3, with carbonate morphologic
stages of I–II for soils at the upper part of the slope, and stages II–IV
for soils at the middle and lower parts.

Site EPR2 is composed of Jurassic quartz monzonite according to
the geologic map (Walker et al., 2002), but field examination of the
rocks indicates that they are diorite. Subsequent mineralogical analy-
sis of these rocks (results not presented) confirmed our field identifi-
cation. Slope gradient is 16°. Soil thickness values do not show a clear
downslope trend, and vary mostly from 20 to 60 cm; only near the
base of the slope were thicker soils observed (70–130 cm) (Fig. 6g).
Soil thickness does not show a clear relationship with the topographic
curvature, but rather demonstrates a strong inverse relationship with
slope (Fig. 6h–i). The soils are coarser than in the other sites, with
mostly sandy-loam to loamy-sand texture, and are relatively cobble-
and stone-poor, with 10–30% in the A and B horizons. The soils at
EPR2 are the least developed in terms of carbonate morphology,
with carbonate stages of I–II throughout the area.

Site BRH is characterized by shallow slopes (5°–10°). The soil
thickness varies between very shallow (~0.2 m) on the flat summits
to thicker soils (1–1.7 m) that appear further downslope (Fig. 6j). Flu-
vial sediments were found at the base of five soil pits, located at the
lower part of the slope, and were not used as validation points. Soil
thickness is not related either to the curvature or to the slope
(Fig. 6k–l) and soil texture is finer than the other sites (clay-loam,
loam to silt-loam). The thin soils (~0.2 m) exhibit an eroded profile,
composed of ~20 cm thick A horizon with no observed pedogenic
carbonate, abruptly overlaying unweathered granite blocks that are
heavily coated with pedogenic carbonates (Rk horizon) (Fig. 4g–h).
The thicker soils express the greatest degree of carbonate morpholo-
gy development, with stages III–IV characterized by a thick and hard
petrocalcic horizon (Fig. 4i) (Gile et al., 1966).

The soil on top of the flat basalt summit that was used as the
aeolian-derived sediment end-member for estimating the aeolian
fraction is characterized by well-developed desert pavement with
extensive desert varnish on surficial gravels and cobbles (Fig. 4j–k);
a Bkm horizon is present at a depth of ~30 cm. The upper part of
the soil (0–30 cm) is characterized by silt-loam/loam/clay-loam tex-
ture, with 25% sand, 50% silt and 25% clay, and PSD modes at 170,
60, 30, 6 and 0.3 μm (Fig. 7). Several observations strengthen our as-
sumption that these samples are mostly of aeolian origin and contain
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limited weathering products of the basalt: 1) the PSD of the assumed
aeolian material ends abruptly at ~300 μm, which suggests wind
transport sorting, as opposed to a large grain size population>
300 μm in the PSD of the granitic and dioritic soils (Fig. 7); 2) using
a binocular we noted that the sand grains of the assumed
aeolian-derived sediments are made of quartz and are rounded —

these grains cannot be the weathering products of basalt; and 3)
XRD analysis of the soil found no traces of pyroxene and olivine,
which are common minerals found in basalt (and are not found in
granite and diorite). Careful examination of the PSDs of the studied
granitic and dioritic soils show similar modes as the PSD of the soil
on the basalt. This observation suggests a common grain size popula-
tion for both the assumed aeolian-derived sediments and the granitic
and dioritic soils, and points to the addition of aeolian materials to the
hillslope soils (Fig. 7).

5.2. Aeolian fraction and content in soils

The average concentrations of Ti and Zr in the aeolian-derived sedi-
ments are 0.45% and 174 ppm, respectively. The Ti/Zr ratio, after
converting Zr content to percentage, is 25.9; this is similar to the Ti/Zr
ratio found in deposited dust in nearby sites (27, measured in Soda
Lake by Reheis and Kihl (1995)). This serves as an additional line of evi-
dence that supports our assumption that the soil on the basalt summit
can be used to represent the aeolian-derived sediment end-member.
The bedrock concentrations were found to be different from the
aeolian-derived sediments (Supplementary data Table S2): the granitic
samples (sites EPR1 and EPR3) exhibit below-detection-limit concentra-
tions of Ti (set as 0.002%), and an average Zr concentration of 161 ppm
(EPR1) and 253 ppm (EPR3). The dioritic samples (site EPR2) exhibit a
similar average Ti concentration as the aeolian-derived sediments, but

ca b

fd e

ig h

lj k

EPR3 EPR3 EPR3

EPR1 EPR1 EPR1

EPR2 EPR2 EPR2

BRH BRH BRH

Fig. 6. The relationships between soil thickness and topography properties (elevation, curvature and slope) at the location of the soil pits, for sites (a–c) EPR3, (d–f) EPR1, (g–i) EPR2
and (j–l) BRH. For EPR1, soil pits for which only minimal soil thickness was recorded appear as gray circles; the regression was performed without the minimal soil thickness data;
arrow shows that the actual thickness of these soil pits should be higher and thus increasing the strength of the regression (higher R2).
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a lower average Zr concentration (120 ppm). Most soil samples exhibit
intermediate concentrations between the aeolian end-member and
their parent rock end-member: Ti concentrations in the granitic soils
range between 0.25% and 0.33% for EPR1 and between 0.20% and 0.46%
for EPR3, whereas for the dioritic soil (EPR2) they range between 0.27%
and 0.54%; concentrations of Zr range between 156 ppm and 181 ppm
for EPR1 and between 210 ppm and 250 ppm for EPR3, whereas they
are much lower for EPR2 (99–141 ppm). Note that for site EPR2, one
sample from the base the soil (C horizon) yielded an impossible result
(negative aeolian fraction), due to the high concentration of Ti, likely
associated with the high biotite content, where Ti is substituted into
biotite octahedral sheet. For this sample we assumed that aeolian frac-
tion is equal to the fraction of the overlying sample (i.e., horizon Bk2).
The average soil bulk density, based on eight soil samples from EPR
sites (used for the calculation of the aeolian content) is 1.2±
0.2 g cm−3.

Using Eq. (13) we found that the aeolian fraction fa for most of the
analyzed samples (b2 mm) is relatively high, ranging from 50% to
100% (except for the ridge top profile of EPR2, where much lower
values of 20–30% were found) (Table 2). Calculating fa

total using
Eq. (14) suggests that only 11% to 33% of total soil profiles were derived
from aeolian influx, depending on the site and on the topographic loca-
tion (Table 2). All sites show higher fatotal and ca at the base of the slopes
(21–33% and 14–24 cm)when compared to the ridge top soils (11–21%
and 4–12 cm).

5.3. Numerical modeling

5.3.1. Calibration
The aeolian accretion-soil production ratio (ρs/ρr∗a/P0), calculated

using Eqs. (18) and (19) and the fa
total of the calibration soil pit (=

11%) is 0.0628 for the exponential soil production function and 0.0453
for the humped production function. The soil production-kappa ratio
(ρr/ρs∗P0/κd), which yields the lowest RMSE between the predicted

soil thickness and the measured ones, is 0.005 (RMSE=0.31 m) and
0.007 (RMSE=0.33 m) for the exponential- and humped-soil produc-
tion, respectively. The predicted vs. measured soil thickness are gener-
ally correlated but there is a considerable scatter around the 1:1 line,
which suggests that there is a considerable variability in soil thickness
that the model does not capture (Fig. 8). Both models predict the grad-
ual increase in thickness downslope, aswas observed in the field survey
(Fig. 9a–b), with the humped soil production model predicting thinner
soils on the ridge tops as compared to the exponential model. Both
models predict gradual increase in aeolian fraction and content in soil

Table 2
Soil characteristics for selected pits in the study area.

Site Profile
location

Horizon Depth
(cm)

Thickness
(cm)

Texturea Gravel
(%) b

Cobble and
stone (%)c

Aeolian content
(%) of b2mmd

Aeolian content
(cm) in horizon

Aeolian content in profile
(cm, %)

EPR1 Ridge top A1 0–3 3 SL 16 20 57 1.1 12.2, 21±5
A2 3–13 10 SL 22 50 62 2.4
Bk 13–26 13 SL 19 50 56 3.0
BkC 26–45 19 SL 23 50 58 4.3
Ck 45–57 12 LS 18 80 73 1.4

Base A1 0–3 3 SL 28 20 68 1.2 22.0, 27±4
A2 3–20 17 SL 40 30 79 5.6
Bw1 20–40 20 SL 42 20 67 6.2
Bw2 40–55 15 SL 47 30 76 4.2
Ck 55–80 25 SL 45 50 69 4.7

EPR2 Ridge top A 0–3 3 SL 12 30 26 0.5 5.7, 11±2e

Bk1 3–10 7 SL 14 30 24 1.0
Bk2 10–17 7 LS 13 30 21 0.9
BkC 17–52 35 LS 13 50 21 3.3

Base A 0–3 3 SL 7 20 61 1.4 22.5, 33±4
Bk1 3–7 4 SL 4 10 71 2.5
Bk2 7–20 13 SL 10 10 91 9.6
Bk2 20–34 14 SL 10 10 79 9.0
Ck 34–68 34 LS 16 80 2 0.1

EPR3 Ridge top Av 0–2 2 L 10 30 89 1.1 3.7, 11±4
A 2–18 16 SCL 29 80 75 1.7
Btk 18–34 16 SL 36 80 44 0.9

Base A1 0–2 2 SL 15 30 83 1.0 20.0, 26±5
A2 2–24 22 SL 15 40 81 9.1
Bw 24–49 25 SL 31 60 69 4.8
Bkt 49–77 28 CL 47 60 85 5.0

a Texture determined using laser diffraction; LS—loamy sand, SL—sandy loam, SCL—sandy clay loam, L—loam, CL—clay loam.
b The volumetric fraction of gravels (2–75 mm) was calculated using the weighed fraction of the sieved samples and bulk densities of the soil and rock.
c The volumetric fraction of cobbles and stones (75–600 mm) was estimated visually in the field. Error is estimated to be ±10% (not relative).
d Based on the immobile element analysis (Table S2).
e Total aeolian content was estimated assuming that aeolian content (%) of BkC horizon is the same as for Bk2 horizon.

Fig. 7. Particle size distribution (PSD) of the soil on basalt (black line), which serves as
the aeolian end-member in the aeolian fraction calculation based on the immobile
element content. In gray lines are the Bk and Ck horizons of the ridge top soil in the
granitic site EPR1. Note the similarities between the PSDs of the soil on basalt and of
the Bk horizon at EPR1 — both exhibit similar modes at 170, 60, 30, 6 and 0.3 μm.
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downslope (Fig. 9c–d). Field and laboratory data from two soil pits con-
firm these predicted trends (see below).

5.3.2. Application and validation
We first applied the model to site EPR1 that is composed of the same

lithology as the calibration site but is steeper (Table 1). The model
exhibits RMSE values of 32 cm and 26 cm for the exponential and
humped models, respectively (Fig. 10a–b). Note that the observed data
is incomplete, as about half of our soil pits used for validation is of min-
imal soil thickness (Figs. 10a–b, 11a–b). Thus, the observed soil thickness
data in Fig. 10a–b should increase (move to the right), which will prob-
ably increase the RMSEmostly for the humped functionmodel. On amap
view, both models succeed in predicting the general increment in soil
thickness downslope and the locations of the boulder piles (Fig. 11a–
b). However, the humped model predicts wide areas of zero soil thick-
ness on ridge tops, as opposed to the exponential model (Fig. 11a–b).
Considering the prediction of aeolian fraction, both models predict in
some areas (e.g., along the slope where the validation soil pits were
dug) almost constant values from ridge tops to the slope bases
(7–13%), with minimal values at the boulder piles (b7%) (Fig. 11c). On
the other hand, in other areas an abrupt increase or decrease in aeolian
fraction is observed. The models show a clearer trend in the prediction
of aeolian content in soils (Fig. 11d) along the slope of the validation

Fig. 8. Observed versus modeled soil thickness of the 16 points used for the calibration
at site EPR3 with the constant (ρs/ρr∗a/P0) values, and the best (ρr/ρs∗P0/κd) values.
The RMSE values are 0.31 m and 0.33 m, for the exponential and humped models, re-
spectively. Dashed line is 1:1 line.

a b

c d

Fig. 9. Maps of the predicted soil thickness for site EPR3 using the (a) exponential soil production function, and (b) humped soil production function. Soil pits used for the calibra-
tion appear in white circles with their soil observed thickness; two additional soil pits, located at the base of the slopes, were not used for the calibration as their lower parts were
found to contain fluvial sediments (in gray circles). The soil pit on the ridge top (0.34 m thick) was used for calibrating the aeolian accretion-soil production ratio. Maps of predicted
aeolian (c) fraction and (d) content in soil. Note the two validation values, one at the ridge top and the other at the base of the slope.
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pits, with a gradual increment downslope (from b5 cm at ridge tops to
5–25 cm at the base of the slopes). Based on data from two soil pits
the models underestimate both predicted properties. The model that
uses the humped soil production function produced similar maps and
thus these maps are not shown here.

At the dioritic site (EPR2) the model performed better, with RMSE
values of 16 cm and 15 cm for the exponential and humped functions,
respectively (Fig. 10c–d). As for EPR1, both models predict well the

location of the boulders, whereas the humped model predicts wider
areas of absent of soils on ridge tops (Fig. 12a–b). The predicted maps
of aeolian fraction and content in soil indicate a gradual increasing
trenddownslope inmost areas (Fig. 12c–d). Predicted values are similar
to site EPR1, and are also underestimated by themodel compared to the
observed data.

At site BRH, the model failed to accurately predict soil thickness.
RMSE is high (50 cm) for both models (Fig. 10e). Although the model

a b

c d

e

EPR1;
exponential

EPR1;
humped

EPR2;
exponential

EPR2;
humped

BRH

Fig. 10. Validation graphs for site EPR1 using the (a) exponential model, RMSE=32 cm, and (b) humped model, RMSE=26 cm, for site EPR2 using the (c) exponential model,
RMSE=16 cm, and (d) humped model, RMSE=15 cm, and (e) for site BRH, RMSE=50 cm. The rhombuses are the 306 calibration soil thicknesses, calculated from the 17–19
soil pits and the presence/absence data; the filled rhombuses that appear in (a) and (b) represent minimal soil thickness (see text). In rectangles are the geometric means of
these points. As five rectangles out of seven represent the geometric mean of partly minimal soil thickness data they should be offset to the right.
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predicts an increase in soil thickness downslope, it cannot explain the
appearance of very thin soils (0.2 m) located at the ridge tops or the
thicker soils (1–1.7 m) located further downslope (Fig. 13). Due to the
low accuracy of the model in predicting soil thickness, we do not pres-
ent the prediction of aeolian fraction and content for this site.

The overall success of the model in predicting aeolian fraction and
content in soil and the RMSE for the exponential function are 13% and
8 cm, respectively (Fig. 14). The humped model exhibit slightly better
results (10% and 8 cm). Overall, the model predicts the aeolian fraction
well at the ridge tops, but does not capture well the increased aeolian
fraction for soils located at the base of the slope (Fig. 14a). The aeolian
content, on the other hand, is predicted more successfully, generally
reproducing the observed increase in aeolian content at the base of
the slope, making the predicted values closer to the 1:1 line (Fig. 14b).

6. Discussion

The spatial variability in soil thickness at Ft. Irwin is high, showing
abrupt transitions between bare rock surfaceswith no soil development
and locations with soil of highly variable thickness and degree of devel-
opment. This is especially evident at the steeper study sites and at the
upper parts of the slopes. While this heterogeneity makes the research
areamost suitable for our study purpose, it also posed a great challenge.
To overcome the extreme heterogeneity in soil thickness we dug on the
order of 20 soil pits along the hillslopes per site, and combined these

data with presence–absence data. This novel technique is easy to
work with in the field, and it increased our sample size to over 300
soil thickness values per site, as it includes data on zero soil thickness.
With these data we were able to show that although the model does a
relatively poor job of predicting soil thickness on a point-by-point
basis, it does a much better job at predicting average soil thickness at
the hillslope scale, with RMSE values of 15 to 32 cm.

The model was calibrated on a granitic lithology, and was applied
successfully (RMSE=15 to 16 cm) to a dioritic lithology, despite the
fact that the soils at the dioritic site (EPR2) exhibit a coarser texture
than the granitic soils. This relative insensitivity of the model to varia-
tions in plutonic lithology is encouraging, as plutonic environments
can present a wide range of chemical and mineralogical composition.
For instance, in Ft. Irwin one can find granite, quartz monzonite, diorite
and granodiorite all in the same areawith gradual contacts between the
lithologies (Walker et al., 2002). Thus, in order to apply the model over
a large area without calibration for each individual lithology, it should
provide reasonable results with the same calibration parameters for
various plutonic lithologies. We found that to be the case.

Three out of the four study sites exhibited strong relationships
(p-valueb0.05) between soil thickness and either curvature or slope
despite the high variability in soil thickness and high aeolian accretion
rates that characterize the area (only one study site, BRH, is an exception
and it will be discussed later). These relationships are a prerequisite for
the successful application of the depth- and slope-dependent transport

a b

c d

Fig. 11. Maps of the predicted soil thickness for site EPR1 using the (a) exponential soil production function, and (b) humped soil production function. Soil pits used for the vali-
dation appear as circles with their soil thickness; those pits in which only minimal thickness was recorded appear as circles with a black dot. Arrows point to piles of boulders iden-
tified in the field (Fig. 4c,d) that were successfully mapped by the model as very thin soils. Maps of predicted aeolian (c) fraction and (d) content in soil. Note the two validation
values, one at the ridge top and the other at the base of the slope.
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model, which assumes that soil thickness is controlled by curvature and/
or slope. Thus, using this colluvial transport model, the topography has
two roles in the model, as opposed to the widely used slope-dependent
transport model, which assumes that erosion rate is controlled only by
curvature. In addition, the erosion term in the slope-dependent transport
model is not sensitive to soil thickness, making soil thickness steady state
conditions possible under a smaller range of conditions compared with
those of the depth- and slope-dependent model (i.e., the depth- and
slope-dependent model enables soil to exist in regions characterized
with positive curvature values (concave up)) (Pelletier and Rasmussen,
2009a; Pelletier et al., 2011).

Comparing the results of the two soil production functions used in
this study shows that, as expected, using the humped function resulted
in thinner soils (mostly on ridge tops) compared to the exponential func-
tion. In the steeper sites (EPR1 and EPR2), large areas away from the val-
idation soil pits were mapped as zero soil thickness using the humped
function, which are unrealistic and not observed in the field surveys.
These observations suggest that overall, the performance of the expo-
nential soil production function is better than that of the humped
function.

At site BRH the model failed in predicting soil thickness using both
soil production functions. Field observations indicate that soils at BRH
are well developed in terms of carbonate morphology with stage III
and IV carbonate classes with many of the pits containing an indurat-
ed petrocalcic horizon (as opposed to stages I–II and to a lesser extent

III, at the other study sites). The soils located on the flat summits of
BRH are very thin (0.2 m), and exhibit eroded profiles (A-Rk horizon
sequences), as opposed to more complete profiles observed further
downslope (with A-Bkm-Rk horizon sequences). The presence of a
petrocalcic horizon indicates that these soils are likely of middle- to
early Pleistocene age (e.g., Birkeland, 1999; Gile et al., 1981; Wells
et al., 1985). Together with the subdued topography at this site,
these observations suggest that the soils on the summits underwent
period(s) of erosion during their long-term development. The upper
horizon (A) is similar in thickness and in PSD for all soils at BRH,
suggesting a relatively recent accretion of aeolian sediments on top
of an eroded topography. Considering the model, the field evidence
for spatially-variable erosion at site BRH suggests that the assumption
of a soil thickness steady state is not valid for this site. The fact that for
this site we also found no correlation between soil thickness and
topographic curvature or slope (Fig. 6k–l) further strengthens this
conclusion. Our results, although limited to only 4 study sites, suggest
that mechanistic models which are based on soil thickness steady
state, and involve the processes of soil production from bedrock and
colluvial transport, should be applied with great caution in areas
that are characterized by well-developed calcic and petrocalcic hori-
zons (stages III–IV) and subdued topography, as these locales may
be related to periods of spatially-variable erosion which contradict
the model's assumptions. On plutonic environments, such landscapes
can be readily mapped using remote sensing techniques (e.g., using

a b

c d

EPR2;
exponential

EPR2;
humped

Fig. 12. Maps of the predicted soil thickness for site EPR2 using the (a) exponential soil production function, and (b) humped soil production function. Soil pits used for the vali-
dation appear as circles with their soil thickness. Arrows point to piles of boulders identified in the field (Fig. 4e,f) that were successfully mapped by the model as very thin soils.
Maps of predicted aeolian (c) fraction and (d) content in soil. Note the two validation values, one at the ridge top and the other at the base of the slope.
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the unique spectral absorption feature of the carbonate) and be ruled
out in subsequent modeling of soil thickness and aeolian fraction and
content.

In this studyweused a factor of 2 todistinguish in themodel between
the upper part of the soil that is mobile down the slope, and the lower
part of the soil that is assumed to be immobile. As we focus our study
onmodeling the entire thickness of the soil, this distinction is important.
A constant factor calibratedwith local field data is the simplest way to do
this that does not add new unconstrained parameters to the model,
making it difficult or impossible to calibrate. In this sense, our approach
is the best approximation possible using data currently available. We
note that whereas this factor might be similar in comparable climatic
regions, it should be investigated before applying this model to other
localities.

The goal of this study was to predict simultaneously the soil thick-
ness and the aeolian fraction in soil in arid, dust-rich regions, and it
was achieved by adding a constant aeolian influx term to themechanis-
tic model developed by Pelletier and Rasmussen (2009a). We should
note that if the estimation of aeolian fraction is not an objective, the
model can still accurately predict soil thickness in its original form
(i.e., as in Pelletier and Rasmussen, 2009a). Results of the model runs
without the addition of the aeolian influx (not shown), yield similar
soil thickness maps, with similar accuracies as found in this study. The
reason for that is that in Pelletier and Rasmussen (2009a), a is implicitly
included in P0 during the calibration process. The fa

total values, which
were found to be 11–33% in the study sites, are not high enough to
obscure the model predictions even without considering the aeolian
influx. Thus, we stress that the main contribution of adding a constant
aeolian influx term is the ability of themodel to predict the aeolian frac-
tion on uplands.

The prediction of aeolian fraction is less successful than the predic-
tion of aeolian content: whereas for both properties the predictions
are reasonable at the ridge top locations, only the predicted aeolian con-
tent follows the increment in observed aeolian content in the lower
parts of the slope (Fig. 14). This discrepancy can be explained by the dif-
ference in calculating the aeolian fraction and the aeolian content: fatotal

calculation in Eq. (21) is based on the aeolian accretion-soil production

ratio (ρs/ρr∗a/P0), calibrated according to a single soil pit and assuming
a uniformvalue of a. Thus, for soils located at different study sites but on
similar topographic positions (i.e., ridge tops) we expect an accurate
estimation of aeolian fraction. The fact that the aeolian fraction is not
predicted well at the lower part of the slopes might suggest that our
assumption of uniform a is not accurate, and that a should be higher
at these locations. The calculation of ca in Eq. (22), on the other hand,
also takes into account the soil thickness data which is in turn modeled
with relatively high accuracy. This increases the overall accuracy of the
predicted aeolian content values and captures its increment at the
lower part of the slopes. The overall underestimation of the aeolian frac-
tion and content by themodel can be explained in several ways: 1) spa-
tially variable a — this is the most likely explanation, as aeolian
accretion rate was shown in the past to be spatially variable, as it de-
pends, among other parameters, on the location of the studied area rel-
ative to the regional aeolian sources (e.g., Ganor and Foner, 1996), and
on the topographic aspect, slope and curvature (e.g., Goossens, 2000).
Recent studies have suggested that the location of local sources (i.e.,
dunes, playas) also control the aeolian accretion rate by showing evi-
dence for greater silt content in soils located directly downwind to
these specific sources (Cook and Pelletier, 2005; Hirmas and Graham,
2011). Yet, applying these dependencies requires knowledge of the
exact location of aeolian sources that is beyond the scope of this
study. 2) Temporally variable a— temporal changes in aeolian accretion
rate were documented in the past for the Mojave Desert (Reheis et al.,
1995). Pelletier (2007) used Reheis et al.'s (1995) data and found that
a exhibits a power-law trend with time. In this study we tested the in-
corporation of this trend and found no improvement in the model pre-
dictions (results are not shown). 3) A preferable erosion of aeolian
sediments by slopewash— this processmight increase the aeolian frac-
tion and content at the lower part of the slopes. Overall, given the prob-
able high variability of a, we conclude that the application of our model
to other arid regionswith similar climatic regime and lithologieswill re-
quire re-calibration of the aeolian accretion–soil production ratio.

Our results enable estimation of the potential soil production rate P0 if
we have good constraint on the value of aeolian accretion rate a as a real-
ity check for our calibrated values. Assuming that upland soils accumulate
aeolian particles at the same rate as the adjacent soils on alluvial fans, the
average rates reported by Reheis et al. (1995) (0.0017–0.0024 m ka−1

and 0.0073 m ka−1, for the late Pleistocene and Holocene soils, respec-
tively) can be used as the values of a. Solving Eqs. (18) and (19) for
both soil production functions using the values of the calibration soil pit
with the above mentioned a values reveals that P0 is estimated to be
0.012–0.023 m ka−1 if the calibration soil pit is of late Pleistocene age,
and 0.052–0.073 m ka−1 if this soil is of Holocene age. As there are no di-
rect measurements of P0 in the Mojave Desert (or in similar climatic
areas), these estimations can only be compared with other estimations
of P0, which are based on themean annual precipitation and temperature
(Pelletier and Rasmussen, 2009b; Pelletier et al., 2011). Using the climatic
data for Ft. Irwin P0 is estimated to be 0.055 m ka−1 (Pelletier and
Rasmussen, 2009b; Pelletier et al., 2011). This value is in general agree-
ment with the estimates from the current study.We can further examine
the soil production rate at the calibration soil pit Pcal using Eq. (17) and
the above mentioned estimations for a. Pcal is estimated to be
0.006–0.009 m ka−1 if the calibration soil pit is of late Pleistocene age,
and 0.027 m ka−1 if this soil is of Holocene age. Previous estimations of
soil production rates for this area of the Mojave Desert are available
only for tertiary alluvial fan deposits (Nichols et al., 2007). Based on
10Be and 26Al data, Nichols et al. (2007) estimated that the upland basins
are lowering at an average rate of 0.013±0.003 m ka−1. Assuming that
the denudation rate is equal to the soil production rate, our estimations
of Pcal are in general agreementwith the cosmogenic data. Direct soil pro-
duction rates that were estimated using cosmogenic nuclides range from
0.044 m ka−1 to 0.051 m ka−1 in Yuma, Arizona, and the Negev Desert,
Israel (Clapp et al., 2000, 2002). In the Atacama Desert, Chile, Owen et al.
(2011) found soil production rates ranging from 0.001 m ka−1 to

BRH;
exponential

Fig. 13. Map of the predicted soil thickness at BRH site, using the exponential soil pro-
duction function. Soil pits used for the validation appear as white circles with their soil
thickness value. Five soil pits, located at the base of the slope at the SW part of the
study site were not used for the validation as their lower parts were found to contain
fluvial sediments (gray circles).
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0.04 m ka−1 along a hyperarid to semiarid climate gradient. Thus, our
estimated soil production rates are in agreement with published rates
from other arid regions.

7. Conclusions

In this study we developed a new mechanistic tool for the concur-
rent prediction of soil thickness and aeolian fraction and content on
the watershed scale. We based our model on field calibration, which
allows us to predict soil thickness and aeolian fraction and content
without the need to estimate the exact values of P0, a, and κd, which
in most places are poorly constrained. In addition, we found that the
model, whichwas calibrated using soils developed on granitic lithology,
can be applied to at least one more plutonic lithology, suggesting that
the model may be applicative to a wider range of plutonic lithologies
in arid regions. We caution against the use of this model (and other
similarmodels) in regions that are characterized bywell-developed cal-
cic and petrocalcic horizons and subdued topography, as these regions
may represent spatially variable erosion that contradicts at least one
of the model's basic assumptions. In this study we assumed a spatially

constant value of a, which resulted in the underestimation of the
aeolian fraction and content. Future improvements to themodel should
focus efforts on finding a quantitative estimate of the spatial
dependency of a. Despite the above mentioned limitations, we stress
that thismodel can be applied to other arid regionswhich are character-
ized by high aeolian accretion rates, similar to the Mojave Desert.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.geoderma.2012.11.015.
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