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ABSTRACT:  Decoupling the impacts of climate and tectonics on hillslope erosion rates is a challenging problem. Hillslope erosion
rates are well known to respond to changes in hillslope boundary conditions (e.g. channel incision rates) through their dependence
on soil thickness, and precipitation is an important control on soil formation. Surprisingly though, compilations of hillslope
denudation rates suggest little precipitation sensitivity. To isolate the effects of precipitation and boundary condition, we measured
rates of soil production from bedrock and described soils on hillslopes along a semi-arid to hyperarid precipitation gradient in
northern Chile. In each climate zone, hillslopes with contrasting boundary conditions (actively incising channels versus non-
eroding landforms) were studied.

Channel incision rates, which ultimately drive hillslope erosion, varied with precipitation rather than tectonic setting throughout
the study area. These precipitation-dependent incision rates are mirrored on the hillslopes, where erosion shifts from relatively fast
and biologically-driven to extremely slow and salt-driven as precipitation decreases. Contrary to studies in humid regions, bedrock
erosion rates increase with precipitation following a power law, from ~1 m Ma™ in the hyperarid region to ~40 m Ma™" in the
semi-arid region. The effect of boundary condition on soil thickness was observed in all climate zones (thicker soils on hillslopes
with stable boundaries compared to hillslopes bounded by active channels), but the difference in bedrock erosion rates between
the hillslopes within a climate region (slower erosion rates on hillslopes with stable boundaries) decreased as precipitation
decreased. The biotic-abiotic threshold also marks the precipitation rate below which bedrock erosion rates are no longer a function
of soil thickness. Our work shows that hillslope processes become sensitive to precipitation as life disappears and the ability of the

landscape to respond to tectonics decreases. Copyright © 2010 John Wiley & Sons, Ltd.
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Introduction

How does precipitation affect the mechanisms and rates of
geomorphic processes, particularly those driving bedrock
erosion, on soil-mantled, non-landsliding hillslopes? The
imprint of precipitation and biota on soil formation processes
has long been recognized (e.g. Jenny, 1941, and references
cited therein), but only recently have the rates of hillslope soil
production and transport been quantifiable using cosmogenic
radionuclides (CRN). Despite a growing database of CRN-
derived denudation rates (denudation rate is the rate of physi-
cal and chemical erosion, equal to the rate of soil production
from bedrock when soil mass is at steady state), evidence of
precipitation-dependence remains elusive. Riebe et al.
(2004a) found that 42 denudation rates for 14 gentle, non-
glaciated hillslopes spanning a broad spectrum of mean
annual temperature (MAT: 2-25 °C) and mean annual precipi-

tation (MAP: 250-4200 mm) were not correlated with MAP or
MAT. In another compilation, von Blanckenburg (2006) found
catchment-averaged denudation rates (calculated using stream
sediment CRN) at sites worldwide were independent of MAP
and MAT.

No clear linkage between denudation rate and MAP or
MAT has been observed, and large variations in the mea-
sured denudation rates in any given climate suggest that
other factors, such as tectonics, bedrock characteristics (par-
ticularly fracturing), and the co-variation of precipitation and
temperature, may obscure the precipitation signal. Riebe
etal. (2001) found that hillslopes bounded by faulting-
affected river canyons erode faster compared to hillslopes
bounded by low-relief surfaces (indicative of less incision).
They concluded that tectonic uplift, through its effect on
channel incision rates (i.e. local boundary condition) and
subsequent hillslope response, is the primary control on
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denudation rates. This was confirmed by von Blanckenburg
(2006) who showed that variation in tectonic setting (affect-
ing hillslopes through channel incision response to uplift)
obscures any MAP or MAT signal. Alternatively, Molnar et al.
(2007) argue that it is not the uplift rate but the disintegration
of bedrock due to tectonic stresses that influences erosion
rates. In that vein, Selby (1980) proposed a classification
system for rock mass strength to address the effect of jointing
and residual stress on hillslope geomorphology. Hillslope
erosion may also be bedrock-dependent due to small varia-
tions in mineralogy or grain size (e.g. Onda, 1992).
However, no study has attempted to account for degree of
fracturing or grain size in addition to precipitation and
boundary condition. MAT may obscure the role of MAP, par-
ticularly when elevation gradients are used to create climose-
quences (e.g. Riebe et al., 2004b; Dixon et al., 2009). MAP
and MAT often vary inversely with elevation and so their
individual effects upon process rates are difficult to separate
(e.g. Dahlgren etal., 1997). Without careful site selection,
teasing apart the effects of precipitation, temperature,
bedrock characteristics, and boundary condition may be
difficult.

Here we examine hillslopes in northern Chile at the dry
end of the Earth’s precipitation spectrum to quantify the
response of hillslope processes to increasing aridity and dif-
fering boundary conditions. This study was motivated by our
observations of large variations in soil thickness and chem-
istry (Ewing et al., 2006) along the precipitation gradient in
this region, particularly at the threshold for plant growth. We
studied pairs of hillslopes along a precipitation gradient
which had similar bedrock types, uplift rates, and MAT. Each
pair had one hillslope responding to active channel incision
and one responding to a non-eroding surface. We measured
the thickness and chemical nature of the soil mantle, iden-
tified the mechanisms of bedrock erosion and soil transport,
and quantified bedrock erosion rates (the rates of hillslope
soil production from bedrock and local channel incision
rates). Our observations reveal systematic differences in soil
thickness and bedrock erosion due to boundary condition, as
expected from geomorphic models but, in contrast to previ-
ous work (Riebe etal.,, 2004a; von Blanckenburg, 2006),
bedrock erosion rate decreases with decreasing MAP. This
decrease coincides with changes in the mechanisms of soil
production and transport. When compared with work in
more humid settings, a critical MAP-threshold appears to
exist below which bedrock erosion is MAP-dependent and
above which soil production from bedrock is controlled by
the complex interaction of other factors including tectonic
uplift, biota, and MAT.

Theoretical Framework

The relationship between hillslope soil processes, boundary
conditions, and precipitation can be approached through a
mass balance. Here we outline the components of the mass
balance and their potential responses to boundary conditions
and precipitation. Throughout this paper, ‘soil’ refers to the
physically disrupted, chemically altered material that lacks
relict bedrock structure (bedding, foliation, etc.) and is
subject to downslope transport; ‘saprolite’ is bedrock that has
been sufficiently weathered such that it has become a soil-
like material (in strength and chemical alteration) but has
relict rock structure and has not been physically transported;
and ‘weathered rock’ refers to bedrock that shows some signs
of physical and/or chemical alteration, but is mechanically
resistant.

Copyright © 2010 John Wiley & Sons, Ltd.
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Figure 1. A diagram of a hillslope soil profile showing inputs and
outputs as described in Equation 1. Soil production from bedrock can
be calculated using cosmogenic radionuclides if the soil is at steady
state (i.e. production from bedrock and soil mass have been constant).

Hillslope soil mass balance and the soil
production function

The mass of the hillslope soil mantle is determined by the
balance between soil erosion and soil production (Figure 1).
This can be expressed as the difference between soil inputs
and outputs per unit area of hillslope:

d(psh ~
U= ph v A VO~ W
at production atmospheric physical chemical
from deposition erosion erosion (‘] )

bedrock
soil loss

soil production mechanisms
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where p; is the soil bulk density (M L), h is the vertical soil
thickness (L), p; is the bedrock bulk density (M L), P is the
bedrock erosion rate (L T™'), A is the deposition rate of silicate
dust and salts from the atmosphere (M L2 T™), V. Q. is the rate
of physical erosion (the divergence of soil flux, Q;) (M LT,
and W is the rate of chemical erosion (M L2 T™"). Here P is
called the ‘bedrock erosion rate’ rather than the ‘soil produc-
tion rate’ because both P and A are rates of soil production.
Chemical erosion of bedrock (Anderson et al., 2002; Dixon
et al., 2009; Lebedeva et al., 2010) is not considered here.
Hillslopes evolve in response to channel incision at their
base, the rate of which defines a ‘boundary condition’ which
can drive hillslope erosion rates. A slope-dependent soil trans-
port law, Q, = f(Vz) where Vz is slope, enables ‘communica-
tion” between the boundary condition at the base of the slope
and the soils upslope from it (e.g. Fernandes and Dietrich,
1997). The expression for Qs reflects the erosion processes
involved and may include a combination of the following
expressions (Braun et al., 2001). Soil creep (e.g. freeze-thaw
and shrink-swell) and biologically-driven transport (e.g. tree
throw and animal burrowing) are either a function of slope, Qs
=-KVz, or of the depth-slope product, Q, = -KyHVz (where K
and K, are empirical ‘transport coefficients” and H is the slope-
normal soil thickness, equal to hcos6) (Heimsath et al., 1997;
Heimsath et al., 2005; Heimsath et al., 2006; Braun et al.,
2007; Yoo et al., 2007). On sufficiently steep slopes, soil flux
may increase non-linearly with slope (e.g. Roering et al., 1999;
Roering, 2008). Where overland flow is important, soil flux is
also a function of drainage area (or distance from the upslope
divide). Transport laws for this process are less established, but
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Qs = —-K,A"Vz" is commonly assumed, where A is upslope
area and K, m, and n are empirical constants (e.g. Dietrich
etal, 2003). In any of these cases, an increase in slope
increases soil flux and the more negative the hillslope curva-
ture (V2z, where positive is concave and negative is convex)
the greater the physical erosion rate. Where curvature is zero
(i.e. Vz is constant), soil flux is constant and where curvature
is positive there is deposition rather than erosion.

Increased erosion will thin the soil, which will tend
to increase P (Dietrich etal., 2003; Dietrich and Perron,
2006). The hypothesis that P varies inversely with soil
thickness originated with Gilbert (1877), and CRN-derived
rates of P in California and Australia (Heimsath et al., 1997,
1999; Heimsath et al., 2000; Wilkinson and Humphreys,
2005) demonstrate that P decreases exponentially with
increasing H:

P=Pe (2)

where P, is the bedrock erosion rate under zero soil cover
and o is an empirical rate constant. Equation 2 (the soil pro-
duction function) predicts that bare bedrock has the highest
P. A ‘humped’ function, with maximum P at some critical
soil thickness (Carson and Kirkby, 1972; Dietrich et al., 1995;
Furbish and Fagherazzi, 2001; Anderson, 2002), may be
more reasonable, in that some soil is required to store
water, support plants, and harbor burrowing animals, all of
which increase P. Work in Australia (Heimsath et al., 2006;
Heimsath et al., 2009), South Africa (Heimsath et al., 2008),
and Wyoming (Small etal., 1999) supports the humped
function.

Regardless of the ‘shape’ of the soil production function, the
combination of depth-dependent bedrock erosion and slope-
dependent soil flux produces a feedback between physical
erosion and P such that P is sensitive to varying channel
incision rates. If incision rates increase at the hillslope bound-
ary, steepening slopes will increase physical erosion, thinning
the soil, increasing P, and driving soil erosion, hillslope form,
and soil thickness to a new equilibrium (e.g. Dietrich et al.,
1995). Modeling experiments incorporating slope-dependent
soil flux (but not depth-dependent P) illustrate the impact of
downslope boundary conditions on the shape of the hillslope
(Kirkby, 1971; Ahnert, 1987; Armstrong, 1987; Anderson and
Humphrey, 1989; Fernandes and Dietrich, 1997). Other
models include the effects of soil thickness on hillslope
response (e.g. Ahnert, 1970; Furbish and Fagherazzi, 2001;
Furbish, 2003; Mudd and Furbish, 2004; Mudd and Furbish,
2007). These models show that a constant incision rate can
produce steady-state soil thicknesses at upslope positions,
whereas the cessation of incision leads to progressive upslope
deviation from steady state.

Precipitation is not explicitly expressed in the equations
shown earlier. However, it likely influences K in the soil flux
equations, a constant that may also incorporate geologic and
biotic effects. In the soil production function, P, should mostly
depend on bedrock characteristics but could be sensitive to
precipitation, as could a. An interesting question is how pre-
cipitation (and resulting biota) impacts K, P, and ¢, and how
these might affect W (Riebe et al., 2004a; Dixon et al., 2009),
but that is beyond the scope of this work.

Cosmogenic radionuclide analysis

CRNs are produced near the Earth’s surface by cosmic rays,
and the rate of production decreases exponentially with

Copyright © 2010 John Wiley & Sons, Ltd.

increasing depth. CRNs produced in situ in rock are used to
calculate bedrock denudation rates, determine if local soil
mass has been constant, and constrain the age of land surfaces
(e.g. Lal, 1991). The concentration of a CRN, C (atom g™'), in a
rock reflects the time during which it has been near the
surface, and is controlled by the rates of erosion and deposi-
tion above it. At depth H (in centimeters), if the CRN produc-
tion rate at the surface (Pcrn, in atom g™ a™'), and bedrock
erosion rate (P, cma™', equivalent to P in Equation 1), are
constant, then

pst 1

C(H)=Prne A

where A is the CRN decay constant (in a™), ps is the bulk
density of the soil or overlying material (in g cm™), A is the
mean attenuation length of cosmic ray interaction (in g cm™),
pr is the bedrock bulk density (in g cm™), and t is the cosmic
ray exposure time (unit of time used annus, a) (e.g. Lal and
Arnold, 1985; Lal, 1991). This calculation assumes no inher-
ited CRN and negligible muon contribution.

P is often called the ‘denudation rate’ because, if A (Equa-
tion 1) is ignored, a steady-state soil mass balance (d(p;h)/dt =
0) requires that P is equal to the rate of soil loss
(V-Q.+W in Equation 1). In this paper, because of the influ-
ence of A, we avoid using ‘denudation rate’ and refer to the
erosion rate calculated from CRN concentrations as the
bedrock erosion rate. At steady state, weathering of rock (e.g.
saprolitization) should keep pace with bedrock erosion.
However, we have no measurements or observations as to
whether this is occurring in our field areas.

For a continuous, long-term cosmic ray irradiation [t >> (A +
pr PAT)™'], and constant erosion, Equation 3 reduces to:

_pst 1
— A
C = Ferne ;L+M 4)
A
which can be rearranged to solve for P:
_psh
A
P= A PCRL_ A (5)
P c

P calculated from Equation 5 is a maximum erosion rate
because it assumes long-term irradiation of the sample by
cosmic rays.

Pairs of CRN, such as aluminum-26 (*°Al) and beryllium-10
("°Be) produced in quartz, are often analyzed because they
have different response times to perturbations in steady-state
conditions. A comparison of their concentrations in a sample
can, under certain conditions, reveal deviation from steady
state that would not be recognized with a single nuclide. In
quartz, the production rate ratio, Ry, of 2°Al and '°Be is 6-7
(Nishiizumi et al., 1989, revised in Nishiizumi et al., 2007). At
steady state, the ratio of their concentrations in the sample,
R = *Al/'°Be, can be derived from Equation 4,

p:P
Czs/\, el }HOBEJF A
—AL =R=R, (6)
CmBe A +7prP
Al
A
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(a) site locations (b) MAP (c) plant (d) uplift Figure2. (a) A shaded relief map

(mm) cover (%) (mm a™) showing site locations as black tri-

72°W  70°W  68°W  66°W 100 200 300 0 25 50 0 1 2 angles (created with GeoMapApp
22°Sp- F R 1 1 g —T— v.1.7.8). Only in the hyperarid region
- . i - were the two hillslopes sufficiently
apart (~70 km) to necessitate separate

24°S - markers on the map. Nearby towns are
oglol_ocene marked with white dots. (b) Mean

2 m.Fleistocens annual precipitation (MAP) increases

6°5 i with  longitude (Worldclimate.com,
2 & B accessed November 18, 2009). (c)

28°S

30°s

32°s

Plant density (measured in this study)
follows MAP and increases with lati-
R tude. (d) Coastal uplift rates have been
uniform across the study area in the
- Holocene. Uplift data compiled from
Leonard and Wehmiller (1992), Ota
- et al. (1995), Ortlieb et al. (1996), Mar-
quardt etal. (2004), Le Roux etal.
(2005, 2006), Encinas etal. (2006),

Rearranged, Equation 6 can be used to calculate P:

P A(R}LZGA' —RoAuog, ] (7)
o Ry —R

R decreases with decreasing P and increasing cosmic ray
exposure time, t, reaching a minimum of 3-5 when bedrock
erosion is zero and exposure is longer than the half-life of
%Be. This is illustrated on a '°Be-**Al/"°Be plot, in which
the upper boundary of an ‘erosion window’ is defined by the
evolution of 2°Al/'°Be over time with zero erosion, and the
window’s lower boundary by steady-state C for a range of
erosion rates (illustrated in the Results section). If the ratio of
a sample plots below the erosion window, then the sample
has experienced a complex exposure history (dh/ot # O or
oP/ot # 0) or there is experimental error (e.g. Lal, 1991;
Nishiizumi etal, 1991). Although a sample’s exposure
history cannot be completely resolved with only two
nuclides, Equations 5 and 7 can be used to better constrain
it. If a sample was exposed to cosmic rays under constant
erosion for sufficient time, the P values obtained from
Equations 5 and 7 are the same. At low erosion rates (higher
CRN concentration), P values calculated from Equation 5
have larger uncertainty because the calculation is more sen-
sitive to uncertainty in C. At high erosion rates (lower
CRN concentration), P calculated from Equation 7 have
larger uncertainty because R is closer to R,. Discretion
is required to interpret data from slowly eroding, ancient
landscapes.

The minimum exposure age of a sample can be calculated
from Equation 3 if there is no inheritance of CRN, no erosion
(P =0), and simple exposure:

t——lln(1— C;t) 8
i) (8)

CRN

This approach has been used extensively to calculate the ages
of stable landforms (e.g. Nishiizumi et al., 2005). Potential
complications include the movement of the target material on
the surface and non-zero erosion which may produce a non-
zero initial CRN content or change the orientation of the rock
to cosmic ray flux. Field observations and the evaluation of
26Al/"°Be isochrones can often determine if these complica-
tions are significant.

Copyright © 2010 John Wiley & Sons, Ltd.

Quezada etal. (2007), and Saillard
et al. (2009).

Study Area

Northern Chile (Figure 2a) was selected for our study because
a long-term precipitation gradient exists over a region with
spatially-uniform uplift and areas of similar bedrock. The
Atacama Desert is primarily located in a north-south trending
valley, the Central Depression, bounded on the west by the
Coastal Cordillera and on the east by the pre-Andean ranges.
The Central Depression becomes increasingly discontinuous
south of about 26°S, though the general features of the Coastal
Cordillera and pre-Andean ranges remain in place (Mortimer,
1973). The southern boundary of the Atacama is subject to
debate. Rundel et al. (1991) suggest the present-day border lies
near 30°S based on a shift in vegetation from semi-arid coastal
scrub to succulent desert plants, but the nearly lifeless zone for
which the Atacama is renowned ends near 26-3°S.

Climate and biota

Present-day coastal MAP decreases exponentially with
decreasing latitude (Ericksen, 1981) (Figure 2b). South of
~21°S, winter Pacific Westerlies are the source of rainfall to the
Coast Range and Central Depression, whereas north of ~21°S
the summer Atlantic Easterlies are the main source (Houston,
2006). Regardless of its source, rainfall in the Central Depres-
sion may fail to occur for decades (Ericksen, 1981; Vargas et al.
2006). Fog is a significant source of moisture at elevations
below ~1000 m near the coast (Rundel etal, 1991).
Geochemical evidence suggests that dry conditions have per-
sisted at least periodically since the middle to late Miocene
(Alpers and Brimhall, 1988; Sillitoe and McKee, 1996; Hartley
and Chong, 2002; Dunai et al., 2005; Nishiizumi et al., 2005;
Clarke, 2006; Houston, 2006; Kober et al., 2007), and possibly
much earlier (Hartley etal., 2005; Clarke, 2006; Evenstar
et al., 2009). Research in the southern Pacific suggests that the
present Pacific circulation (EI Nifo-Southern Oscillation,
ENSO) was emplaced near the end of the Pliocene (Ravelo
et al., 2004) and may signal the onset of the present episode of
hyperaridity.

Within this long (>2 Ma) period of aridity have been epi-
sodes of more pluvial conditions. Offshore sediment deposits
between 24°S and 44°S indicate that the position of the South-
ern Westerlies has occasionally moved north as much as 5°
latitude from its current position during the last 80 ka (Lamy
et al., 2000; Hebbeln et al., 2007). Other short-term variations
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have been recorded in paleowetland deposits (Rech et al.,
2003) and rodent middens (Betancourt et al., 2000; Latorre
et al., 2002; Latorre et al., 2003). In the northern part of the
Atacama Desert, these periods of greater precipitation have
been of insufficient magnitude and duration to remove or
chemically alter highly water-soluble and biologically-reactive
compounds such as nitrate, which have been accumulating
since the early Pliocene (Ewing et al., 2007). Thus, present
regional trends in rainfall are indicative of post-Pliocene
climate conditions (generally more arid).

In the Central Depression and Coastal Cordillera, systematic
changes in biota occur with latitude due to the changes in
MAP (Figure 2c). The hyperarid north (~19°-23°S) is a nearly
abiotic landscape (Navarro-Gonzalez et al., 2003; Warren-
Rhodes et al., 2006) with no vascular plants. Biota increases
with increasing latitude, such that scattered fog-adapted plants
appear around 26°S, and a succulent desert scrub ecosystem is
present by ~29°S (Rundel et al., 1991).

Geologic setting

Bedrock in the Atacama Desert is a complex mixture of vol-
canic, plutonic, and metasedimentary rock due to multiple
volcanic episodes and long-term plate convergence (Ericksen,
1981). The Atacama Gravels blanket much of the region from
the foothills of the pre-Andean ranges, through the Central
Depression, and into the Coastal Cordillera. They are a widely-
distributed, thick sequence of fluvial sediments and tuff inter-
beds, deposited beginning in the Oligocene with the onset of
Andean uplift and through the late Miocene (Ericksen, 1981).
Up to several hundred meters of this sediment has been locally
removed since the Miocene, but Quaternary reworking of
sediment is extremely limited despite continuing regional
uplift (Figure 2d). Many low hills (<200 m relief) in the Central
Depression, possibly including the hillslopes at the north end
of our study transect, were likely completely or partially buried
by the Atacama Gravels and have been re-exposed by post-
Miocene erosion (Nester, 2008). However, arid conditions
have limited erosion (see later), therefore, the general shapes
of some hillslopes, particularly in the hyperarid core of the
desert, were likely achieved in the Miocene or earlier and have
since been only slightly altered. Many topographic features are
likely relicts of a wetter past that are being slowly reworked
under arid to hyperarid conditions.

Landform change since the Miocene has been remarkably
slow. CRN-derived calculations of bedrock and boulder
erosion rates in the northern pre-Andean range and throughout
the Atacama are generally <2 m Ma™' but increase more than
two-orders of magnitude with increasing elevation (i.e. pre-
cipitation) (Kober et al., 2007; Nishiizumi et al., 2005; Placzek
et al., 2010). Boulders provide a minimum erosion rate for the
landscape because bare rock outcrops and boulders may
experience little chemical weathering (e.g. Carson and Kirkby,
1972; Oberlander, 1972). Average hillslope P may provide a
better estimate of the landscape erosion rate because it is more
sensitive to precipitation and boundary condition.

Soils on non-eroding alluvial surfaces show extreme sensi-
tivity to MAP in their salt composition and concentration
(Ewing et al., 2006), in the degree of chemical weathering
(Ewing et al., 2006; Amundson et al., 2007), and in the abun-
dance of microbial life (Navarro-Gonzdlez etal., 2003;
Warren-Rhodes et al., 2006). Gypsum, anhydrite, halite, car-
bonate, iodate and borate are found in alluvial soils in the
northern part of the Atacama, above ~24°S (Ericksen, 1981;
Ewing et al., 2006), due in part to the deposition of material
derived from marine and volcanic sources in the region

Copyright © 2010 John Wiley & Sons, Ltd.

(Bohlke et al., 1997; Rech et al., 2003; Michalski et al., 2004).
As precipitation increases, the salt content of alluvial soils
decreases and organic matter increases (Ewing et al., 2006).
Uplift of the Coastal Cordillera between 22°-33°S has aver-
aged 0-2 mm a™" over the last 100-800 ka (Figure 2d). Long
profiles of rivers cutting through the Coastal Cordillera at these
latitudes have convex or straight regions near the coast, indica-
tive of a geomorphic system out of equilibrium with baselevel
(Mortimer, 1980). Hypsometric curves (the cumulative fraction
of total area versus normalized elevation) of the land surface of
the Atacama Desert are generally convex (Montgomery et al.,
2001), a pattern consistent with a landscape where fluvial
incision is unable to match tectonic uplift. This suggests that
inland hillslopes are isolated from current marine baselevel
and local channel incision may differ greatly from uplift rate.

Methods

Site selection

Pairs of non-landsliding, convex, granitic hillslopes were
selected in three climate regions: hyperarid, arid, and semi-
arid (Figure 2, Table 1), all of which receive precipitation from
the west. In each pair, one hillslope is bounded by an actively
incising channel (currently bedrock-bedded) and the other is
bounded by a stable landform (e.g. uppermost stream terrace,
pediment, or alluvial fan) (Figures 2 and 3). These are referred
to as the ‘active hillslope” and ‘stable hillslope’, respectively.
This nomenclature is not meant to imply that the stable hills-
lope is not eroding, only that its boundary is currently inactive
and isolates the hillslope from regional baselevel conditions.

The precipitation gradient spans two-orders of magnitude
(Figure 2b, Table 1), with MAP decreasing from 119 mm, to
9-5 mm, to <2 mm for the semi-arid, arid, and hyperarid
regions, respectively (McKay et al., 2003; Worldclimate.com,
accessed November 18, 2009). The range of MAP is one- to
two-orders of magnitude within each region. MAP is likely not
the best metric for geomorphically important precipitation
because in arid regions erosion is often driven by large, rare
events (e.g. Coppus and Imeson, 2002, and references cited
therein). However, it is the only precipitation metric available
in this little-studied area.

Fog input also varies between sites due to their varying
elevations and distance inland from the coast (Table I). This
variation was unavoidable because analysis of 2°Al and '°Be
requires quartz, and quartz-bearing rock is relatively rare in
the southern part of our study. Dew and fog contribute another
5-10 mma™' of moisture in the semi-arid region (Kalthoff
et al., 2006). Fog inputs at the arid site are frequent due to the
local connection to the coast via an east-west trending valley,
and great enough to support scattered fog-adapted vegetation,
but unquantified. Fog input is modest in the hyperarid region
due to the elevation and distance inland (Caceres et al., 2007).
Because fog inputs enhance the precipitation gradient, they do
not compromise the interpretation of our results. MAT
decreases slightly from north to south (Table 1), but this differ-
ence is less than one-order of magnitude. Thus, the largest
climate signal is precipitation.

Field observations and analyses

On each hillslope,10-40 soil pits were excavated, 5-6 of
which formed a slope-parallel transect extending from the
ridge top (or as close to the ridge top as possible) to the bottom
of the hillslope (Figure 4). Soil thickness was measured in all

Earth Surf. Process. Landforms, Vol. 36, 117-135 (2011)
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Table I. Comparison of hillslope characteristics

Semi-arid Arid Hyperarid
MAP (mm) (average, range) 119, 10-410 9-5, 0-80 <2, 0-?
MAT (°C) (average, range)b 13-5, 21-8 16, 27-11 17, 32-0
Elevation (masl) 400 680 1170
Distance from coast (km) 15 21 50
Plant density (% area) 32 6 0

Bedrock® Pluton Santa Gracia: 100 Ma, Pluton Cerros del Vetado: Unidad Herradura:
felsic, coarse-grained 217 Ma, coarse-grained middle-Cretaceous, mafic,
monzogranite monzogranite (contains mafic fine-grained granodiorite
dikes but none were in the
studied hillslopes)
Incision rate of active boundary 34 =17 37 =01 09 = 05
(m Ma™')?
Age of stable boundary surface 0-25 = 0-11 0-63 * 0-14¢ Pliocene-Holocene
(Ma)

Average slope-normal soil 146 = 6:7/23:2 = 64 2:0 £34/46 * 46 55 *35/76 22
thickness (cm) (active/stable)

Average bedrock erosion rate
(m Ma™) (active/stable)?

Geomorphic processes

26+ 7:0/11 =27 2:7 =04/075 = 0-70 096 = 0-31 /062 = 0-94
Bioturbation, salt shrink—swell,

overland flow

Bioturbation, chemical weathering Salt shrink—swell, overland flow

2 Semi-arid MAP is an 80-year average for La Serena from Worldclimate.com (accessed November 18, 2009) and the range is from Kalthoff et al.
(2006). Arid MAP is a 53-year average for Chanaral from Worldclimate.com and the range is from Rundel et al. (1996). Hyperarid data is from McKay
etal. (2003) and is in general agreement with the Worldclimate.com data for Antofagasta, the nearest town.

b MAT data from Squeo et al. (2006), Rundel et al. (1996), and McKay et al. (2003), for the semi-arid, arid, and hyperarid sites, respectively.

¢ Geologic data from Emparan and Pineda (2000), Godoy and Lara (1998), and Marinovic et al. (1992) for the semi-arid, arid, and hyperarid sites,
respectively.

4 Incision rate and bedrock erosion rates were calculated using Equation 5 and are the average of the '°Be- and °Al-derived values, except for the
bedrock erosion rates of the arid stable hillslope which were calculated with Equation 7 and the incision rate of the hyperarid region which has been
recalculated as described in the text.

¢ Arid stable boundary condition is given as the erosion rate of the pediplain adjacent to the stable hillslope (in m Ma™).

(c) arid active (e) hyperarid active

(b) semiarid stable

=

Figure 3. A pair of hillslopes with contrasting boundary conditions (actively incising channel versus non-eroding landform) was studied within
each climate zone (semi-arid, arid, and hyperarid). (a) The semi-arid active hillslope, looking up-transect from the channel. (b) The semi-arid stable
hillslope viewed from the bounding terrace. The arid active (c) and stable (d) hillslopes, looking uptransect. The hyperarid active (e) and stable (f)
hillslopes, looking up-transect.

excavations, with the base of the soil defined as the transition
to unexpanded or unperturbed bedrock textures at the semi-
arid and arid sites, and as the transition to >85% rock frag-
ments at the hyperarid sites. The soils along the downslope

transect were described for color, organic matter content,
structure, porosity, and consistence following the methods of
Schoenenberger et al. (2002) and were sampled by horizon for
analysis of chemical composition, bulk density, and texture.

Copyright © 2010 John Wiley & Sons, Ltd. Earth Surf. Process. Landforms, Vol. 36, 117-135 (2011)
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actual surface elevation.

Evidence of the processes forming and transporting soil was
recorded. Topographic surveys of each hillslope were made
using a Trimble global positioning system (GPS) and analyzed
with Golden Surfer Software (v. 8.0). Vegetation density was
measured by calculating the length fraction underlain by veg-
etation along three 50-m transects on each hillslope.

Saprolite at the soil-saprolite interface (at the semi-arid sites)
or fractured bedrock at the soil-bedrock interface (at the arid
and hyperarid sites) was collected from excavations along the
downslope transects for CRN analysis. On the semi-arid active
hillslope, three additional saprolite samples near the transect
were collected (Table Il). Exposed bedrock from channels adja-
cent to the active hillslopes was collected to measure local
incision rate. Quartz pebbles on the surface of the terrace
bounding the semi-arid hillslope were collected and pro-
cessed as an amalgamated sample to determine the exposure
age of the stable boundary. Weathered bedrock from excava-
tions in the pediplain surrounding the arid hillslopes was
collected to determine the rate and uniformity of pediplain
lowering.

The samples for CRN analysis were processed following
Kohl and Nishiizumi (1992). The samples were ground to
<0-5 mm. Quartz grains were isolated through a series of acid
leaches, dissolved with HF-HNO; solution, and mixed with Be
carrier. The concentration of Al in the quartz was measured by

Copyright © 2010 John Wiley & Sons, Ltd.

distance downslope (m)

atomic absorption spectrometry, then Be and Al were chemi-
cally isolated and purified. '°Be/’Be and *°Al/”’Al were mea-
sured by accelerator mass spectrometry (AMS) at the Lawrence
Livermore National Laboratory Center for AMS and the Purdue
Rare Isotope Measurement Laboratory and normalized to the
'Be AMS standard (Nishiizumi et al., 2007) or the 2°Al AMS
standard (Nishiizumi, 2003), respectively. Accordingly, the
1%Be half-life of 1-36 Ma and the 2°Al half-life of 0-705 Ma
were used. Erosion rates and exposure ages were calculated
using the scaling functions of Lal (1991) and assuming 2-5%
muon contribution at sea level. Production rates (at sea level
and high latitude) of 5-1 atoms '"Be g-quartz” a' and
34-1 atoms *°Al g-quartz' a™' were used after being corrected
for modern soil cover thickness and bulk density. We report P
calculated using both Equations 5 and 7, though Equation 7
could not be used for all samples.

Rock samples from the bedrock-soil interface were thin-
sectioned by Spectrum Petrographics, Inc. (Vancouver, WA)
and the Department of Earth and Planetary Sciences at the
University of California, Berkeley (EPS-UCB). Samples from
the hyperarid and arid sites were impregnated with epoxy and
then cut using a waterless technique to preserve any salt within
the rock fragments. The samples were imaged on a Leo 430
scanning electron microscope-energy dispersive X-ray spec-
trometer (SEM-EDS) at the EPS-UCB.

Earth Surf. Process. Landforms, Vol. 36, 117-135 (2011)
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saprolite

Figure 5. A soil profile on the semi-arid active hillslope. Bioturbation
is apparent in roots, root traces, and burrows extending to the soil-
saprolite boundary, which are the main processes converting the
saprolite into soil. The dashed white line marks the approximate
boundary between the soil and saprolite. Note that the saprolite is
not considered part of the soil because it has not been physically
transported.

Results

Both boundary condition and MAP exert control on landscape
development. In order to tease apart their contributions, the
results from each climate region are presented separately
before a site-to-site comparison is made. For each site we
describe the soils, identify the processes of soil formation and
transport, and quantify the rate of soil production.

Semi-arid hillslopes

The semi-arid hillslopes provide useful reference points
because the climate is wet enough to support vegetation and
animals as well as drive chemical weathering. Thus, the soil
production and transport processes are similar to those found
in previous studies of semi-arid to humid hillslopes (e.g. Heim-
sath et al., 1999; Yoo et al., 2005). The availability of water,
CO,, and organic matter in the soil facilitates deep weathering,
and hand excavations could not reach unweathered bedrock.
Thick, red, clay films surround in-place mineral grains in the
saprolite and weathered bedrock. Carbonate and other salts
were undetectable in the soils. The soil surface is coarse sand
and fine gravel which overlie a dense, finer-textured soil inter-
woven with roots. Cacti and shrubs cover 32% of the soil
surface (Figures 2a and 2b) and their roots, though concen-
trated in the upper tens of centimeters of the soil, extend into
the top of the saprolite (Figure 5). The vegetation is patchy,
leaving areas of bare ground, but the coarse-textured surface
limits rainsplash and minimizes overland flow, except for
strongly disturbed areas where trails have been eroded tens of
centimeters deep. The vegetation supports small burrowing
mammals and insects, as well as introduced grazers (including
mules, horses, and goats). A population of native grazers likely
existed prior to ranching (Wheeler, 1995). Chemical weather-
ing (as evidenced by clay films and soil reddening) weakens
the bedrock and leads to some chemical erosion, while bio-
turbation (as evidenced by burrows and root traces) disrupts
the weathered bedrock, converts it to soil, and transports it
downslope. Wetting and drying of the soil likely produces
some shrink—swell driven soil creep (Kirkby, 1967). Bioturba-

Copyright © 2010 John Wiley & Sons, Ltd.

tion and soil creep are depth dependent (e.g. Kirkby, 1967;
Gabet et al., 2003; Yoo etal., 2005) and slope dependent
(Heimsath et al.,, 1999; Braun et al., 2001; Yoo et al., 2007).
Thus, hillslopes with different boundary conditions in this
region should have different values of P and H.

The active hillslope is bounded by a small tributary of the
Quebrada de Santa Gracia and Rio Elqui (the major drainage
from the Andes at this latitude), draining to La Serena Bay
(~20 km downstream). The Quebrada de Santa Gracia is a
gravel-bedded, braided river that rarely flows [the last major
flood was in 1997 during a strong El Nifo year (Pérez, 2005)].
Sediment records from the bay show that this region, like most
of the Chilean coast, experienced periods of uplift and trans-
gression during the Miocene (Le Roux et al., 2006). Over the
last 2-1 Ma, the coast has uplifted ~80 m Ma™" relative to sea
level (Le Roux et al., 2005). The channel adjacent to the active
hillslope has an incision rate of 34 = 2mMa™ (sample
SGAO05-14b, Tables I and Il, we use Equation 5 because the
CRN concentrations are low), less than half of the average
Quaternary uplift rate. The sample plots near the steady-state
erosion line in *°Al/"°Be—'°Be space (Figure 6a), indicating
that the calculated P represents the average over the last 20 ka.
The difference between the incision rate at the base of the
active hillslope and the regional uplift rate suggests that signal
of marine baselevel has not been fully transmitted upstream.

The stable hillslope is located on the other side of the ridge
and is bounded by the highest of a series of stream terraces
along the Quebrada de Santa Gracia (Figures 3b and 4a). The
terrace gravel sample had a minimum exposure age of 220 =
110 ka (Equation 8). The 26Al/'°Be ratio of this sample is low
(Figure 6a) indicating a complex exposure history. This is not
unexpected because the sampled gravels were small and have
probably moved for longer than 220 ka. Additionally, biotur-
bation could have buried and brought to the surface some of
the pebbles. The CRN calculation gives a minimum apparent
exposure time, so it is likely that the uppermost terrace formed
at least 220 ka.

Active hillslope H values increase downslope from 7 to
27 cm, with an average of 14-5 = 6:7 cm (n = 30) (Figure 6b).
Deviations from constant H are sometimes interpreted as evi-
dence of deviation from steady state, but this applies only if
soil flux is solely dependent on slope. Other expressions of soil
flux produce non-uniform H on steady-state hillslopes (e.g.
Furbish, 2003), and are expected for many biotic hillslopes
(Heimsath et al., 2005). Stable hillslope H are higher than on
the active hillslope, averaging 23-2 = 6-4 cm (n = 25). They
increase slightly downslope (Figure 6b), but were expected to
increase more given the stable boundary condition. The
absence of soil accumulation at the base may be due to the
uniformly low gradient across the hillslope (averaging 0-19 =
0-03 versus 0-39 = 0-06 on the active hillslope, Figure 4f) and
its location upslope from the concave transition from hillslope
to terrace (>60 m, Figure 4a).

Most data points from both hillslopes plot near the steady-
state erosion window in Figure 6(a), within =20 error (x10
error is plotted in Figure 6a). Thus, they suggest that H and P
have been nearly constant, at least for the last ~10* a. The P
calculated from both Equations 5 and 7 are reported where
possible (Table 1), but the relatively low CRN concentrations
(*°Al/'°Be ratios near Ro) result in erroneous P values using
Equation 7. These values are negative (and therefore impos-
sible) or incongruously low (based on the evidence of exten-
sive bioturbation and disruption of the soil-bedrock interface).
Thus, we focus on P calculated from Equation 5.

Average P is greater on the active hillslope than the stable
hillslope (26 = 7 m Ma™ versus 11 = 3 m Ma™', respectively)
(Table ). When considered with the difference in average hill-
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Semi-arid hillslope data. Error bars are 1o uncertainty in the AMS analysis. (a) Most cosmogenic radionuclide data from both the active and

stable hillslope plot near the erosion window and indicate near steady-state bedrock erosion and soil cover for ~20 ka. Data plotting below the erosion
window indicate samples have experienced a complex exposure history including changes in the overlying soil thickness or the bedrock erosion rate.
The sample from the terrace adjacent to the stable hillslope is an amalgamated sample of several gravels, which have experienced a complex exposure
history. (b) Slope-normal soil thickness increases with distance downslope on the active hillslope but is essentially constant on the stable hillslope. Soil
thickness is greater on the stable hillslope than active hillslope. (c) The rate of soil production from bedrock on the semi-arid hillslopes is correlated
to slope-normal soil thickness. If all data points are considered P = 34-2e7%337H (2 = 0-30). (d) The rate of soil production from bedrock varies
parabolically with distance downslope on the active hillslope but is nearly constant on the stable hillslope.

slope H, these data suggest that the boundary condition affects
bedrock erosion in this region through the slope-thickness-
erosion feedbacks described earlier. Indeed, P appears to
decrease exponentially with increasing soil thickness, with
P =34-2e709337H (2 = 0-30) when data from both hillslopes are
considered (H is in centimeters as in Heimsath et al., 1997)
(Figure 6¢).

Based on the trends in Figures 6(b) and 6(c), P should mono-
tonically increase with distance from the channel as H
decreases. P is ~35 m Ma™" at the channel and the excavations
between 15-40 m downslope, and decreases to ~20 m Ma™" at
the lowest hillslope positions and at the uppermost excavation
(SGA-1) (Figure 6d). Excluding SGA-1, the trend in P versus
distance downslope varies as expected based on H. From
40 m downslope to the channel, the hillslope is slightly
concave (average V?z = -0-0064 m™', Figure 4f). This hillslope
form is inconsistent with steady channel incision, and, in
combination with the lower P on this portion of the hillslope,
suggests some transient variation in channel incision rate has
been recorded across the hillslope.

SGA-1 has a low P relative to the other upslope positions on
the active hillslope. The similarity in P between SGA-1 and
SGS-1(the highest point on the stable hillslope) suggests that
the midslope P (35 m Ma™) has not propagated all the way up
the active hillslope. SGA-1 also has a low H compared to the
rest of the active hillslope. This may be because a trail follows
the ridge between the two transects (but favors the side
towards the active slope) resulting in deep, slope-parallel
rilling which has locally thinned the soil. Guanacos (coastal
cameloids similar to Ilamas) create trails and have occupied
the area for thousands of years (Wheeler, 1995), but these trails
do not show the same degree of erosion based on our few
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observations. Temporary human settlements in this region of
Chile are 12-13 ka (Mostny, 1972; Jackson et al., 2007). An
agricultural culture developed in the Elqui valley ~2ka
(Mostny, 1972) and the region has been inhabited ever since.
If humans were responsible for the formation of the trail, then
the removal of soil from the ridge is a geologically recent
phenomenon and may not have yet affected erosion rates,
depending on the response time of P to changes in H.

However, P on the stable hillslope is nearly constant except
for the uppermost excavation which is higher (SGS-1, 13-2 *
0-3 m Ma™) (Figure 6d). The consistency of H and P suggests
that it may be in a relict steady state, adjusted to an incision
rate of ~10 m Ma™, and the effect of the stable boundary has
not propagated significantly upslope.

In summary, H and P on the active hillslope are thinner and
faster, respectively, compared to the stable hillslope. These
values may record the effect of variations in channel incision
on the active hillslope, whereas they indicate the stable hills-
lope may be near steady state, but a steady state adjusted to a
previous boundary condition.

Arid hillslopes

The arid hillslopes lie in the biotic-abiotic transition zone and
have sparse soil cover (generally =3 c¢m) and biota (Figures 3c
and 3d). The soil cover, where present, is dominated by coarse
sand and fine gravels that abruptly overlie fractured bedrock
(Figure 7a). Road cuts in the area reveal bedrock joint systems
extending >6 m-deep (Figure 7b). The bedrock shows almost
no evidence of chemical weathering (only a few reddish rinds
are visible in thin section) and no saprolite. Accumulations of
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Figure 7. (a) An example of a soil
profile at the arid site showing the thin,
sandy soil underlain by fractured
bedrock. (b) A nearby road cut showing
the deep fracturing in the bedrock. (c)
An SEM-EDS image showing salt accu-
mulation in  microcracks in the
bedrock. (d) The exposed soil-bedrock
interface showing the rounding of the
tops of the bedrock fragments below
the soil and root traces extending into
the dust-filled cracks.

gypsum and halite in microfractures are detectable with SEM-
EDS (Figure 7c). Vertical fractures in the near-surface bedrock
are filled with fine, reddish-brown dust. The dust is loose in the
fractures and does not form films on the rock fragments. Based
on observations during a fog event, the dust may act as a wick,
transporting fog water and salt into the bedrock. Bedrock
fragments extend vertically into the soil, but unlike the frac-
tures a few centimeters deeper, the upper ends of these frag-
ments are rounded and slightly chemically altered (Figure 7d).
This rounding may be due to granular disintegration by chemi-
cal and salt-driven physical weathering driven by fog conden-
sation and salt deposition on the surface. But bioturbation may
also contribute to rock fracturing.

Shrubs and cacti cover 6% of the ground surface (Figures 3b
and 3c). Roots and root traces were found in dust-filled frac-
tures across the hillslopes suggesting that over long timescales
the bioturbative effect of vegetation is dispersed over the entire
hillslope (Figure 7d). Guanaco paths crisscross the hills, and
this trampling dislodges bedrock fragments and mobilizes
them downslope. Although burrowing lizards and insects are
present in the region, they are found only on the plains sur-
rounding the hills and not on the hills themselves due to the
shallow soil cover. Small-scale surface gravel sorting on the
hillslopes (Figure 8) suggests that rare overland flow events
may transport material. Indeed, despite the arid climate, soil
transport appears to be through both bioturbation and over-
land flow and should be largely slope-dependent.

MAP was greater 2 Ma ago than at present, during which time
the hillslopes were likely mantled with a chemically-weathered
soil which overlay saprolite. The absence of any trace of this
weathered material on the hillslopes today suggests that this
material was eroded, possibly quite rapidly, during aridifica-
tion. Similarly, the removal of saprolite during aridification has
been invoked as the formation mechanism of granitic boulder
slopes in the Mojave Desert (Oberlander, 1972). This change in
the soil mantle may be recorded in the CRN concentrations of
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Figure 8. Surface-gravel sorting on a hillslope in the arid region
which is highlighted by the colonization of coarse gravels by dark-
colored lichens.

the bedrock; they may have *°Al/'°Be ratios that reflect the
long-term hillslope P and low CRN concentrations that reflect
the depth of the sample prior to the stripping of the soil.
However, the CRN concentrations may have adjusted to the
new exposure conditions if erosion has been fast enough and
exposure long enough since the soil was stripped.

The hillslopes are surrounded by an expansive pediplain
grading to the Quebrada de Peralilla. About T km from the
coast, the Peralilla drops over a cliff formed by a fault (Grocott
and Taylor, 2002). The fault has created a knickpoint which has
not propagated upchannel, isolating the study site from
present-day sea level (similar to the hanging valleys of Wobus
etal., 2006). The pediplain is covered with a network of
shallow (<1-m-deep) channels. Excavations in non-
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channelized portions of the pediplain and from the sides of the
channels show ~1 m of soil and soft saprolite overlie weath-
ered bedrock. A sample from the soil-saprolite boundary from
one interfluve plots on the steady-state CRN line (CHS-PP)
(Figure 9a) and P is ~0-8 m Ma™' (regardless of calculation
method). In contrast, a sample near the soil-saprolite bound-
ary from the side of a shallow (~1 m) channel in the pediplain
(CHA-PP) plots below the erosion window. Thus, P calculated
with Equation 5 (2-5 m Ma™) is an overestimate, but the *°Al/
19Be ratio is so low that Equation 7 produces a negative P. This
combination of '°Be concentration and low 2°Al/'°Be ratio is
possible if the sample at CHA-PP was experiencing near-zero
erosion and was only recently exposed by the channel
(<10° ya, i.e. t short enough that CRN concentrations have not
adjusted to new exposure conditions). If this interpretation is
correct, then the low 2°Al/"°Be ratios in the channel record the
long-term ratio of these nuclides while the individual nuclide
concentrations are low due to the shielding by the now-absent
soil mantle (removed by meandering channels). The P values
derived from Equation 5 are 2-3 times larger than those
derived from Equation 7 (Table 1) and are not consistent with
the likely exposure history of these samples.

Despite the erosion of the pediplain, hillslopes with differing
boundary conditions were identified. The active hillslope is
bounded by a bedrock channel (Figures 3c and 4b) with 2°Al
and '"°Be concentrations indicating near steady-state erosion,
within error (Figure 9a). Because this sample (CH-7) has a
relatively low '°Be concentration and is near the steady-state
erosion line, we use Equation 5 to calculate an incision rate of
3-1 = 0-1 m Ma™". The stable hillslope faces away from the
Peralilla (upslope along the pediplain), and small channels
split around the hillslope, leaving a non-eroding wedge at the
base of the slope (Figures 3d and 4c). A sample from an
excavation in this wedge (CHS-06-7) had the lowest 2°Al/'°Be
ratio (4-21, Figure 9a) and P (Table I1) of the hillslope samples.
Compared to the surrounding pediplain, it appears that the
stable hillslope is responding to a boundary condition whose
rate of erosion has slowed. This will produce changes in H and
P progressively upslope as if a non-eroding boundary condi-
tion was emplaced, but the changes will be smaller in magni-
tude (e.g. Fernandes and Dietrich, 1997).
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slope-normal soil thickness (cm)

is a relationship between soil thickness
and bedrock erosion rate.

The active hillslope is convexo-planar, whereas the stable
hillslope is convexo-concave (Figure 4g). Correspondingly,
average H is slightly smaller on the active hillslope (2 cm,
n = 40) compared to the stable one (4:-6 cm, n = 25). H is
almost constant on the active hillslope and the convexo-planar
section of the stable hillslope, but increases in the concave
section of the stable hillslope (Figure 9b). Though H is small,
the difference in trends between the two hillslopes is indicative
of slope-dependent soil transport and boundary condition
forcing.

6Al/'°Be ratios on the active hillslope plot slightly below the
erosion window in a tight cluster (Figure 9a) and have '°Be
concentrations low enough that P calculated with Equation 5
are likely more accurate than those from Equation 7. Using
Equation 5, P decreases slightly from ~3 to ~2:-5m Ma™
downslope (Table II, Figure 9¢) and P derived from Equation 7
are 30-50% slower. The similarity between hillslope P and the
incision rate of the bounding channel indicate this hillslope is
near geomorphic steady state (uniform lowering) and adjusted
to its boundary condition. If a soil mantle was stripped and
enough material was removed to alter the CRN concentrations
and ratios as described earlier, the surface would require 200-
400 ka to reset to steady-state CRN values (the time required to
remove ~70 cm, about one attenuation length, of rock if P =
1-4-3 m Ma™" and assuming p, = 2-5 g cm™). This provides a
minimum estimate of when the soil may have been removed.

In contrast, most data from the stable hillslope plot in the
complex exposure zone (Figure 9a), with lower 2°Al/'°Be ratios
and higher '°Be concentrations compared to the active hills-
lope. These correspond to lower P than the active hillslope,
regardless of calculation method (0-2-1-9 m Ma™' with Equa-
tion 7, 0:6-2-1 m Ma™" with Equation 5, Table Il, Figure 9c).
This is consistent with the hypothesis that the CRN concentra-
tions in the active hillslope bedrock are more likely to be near
steady state, whereas on the stable hillslope they should be
progressively deviating from steady state. However, the CRN
concentrations of the samples from the stable hillslope may
reflect more than simple slowing of erosion and accumulation
of soil progressing upslope because of the regional stripping of
weathered material. The "°Be concentrations measured in most
of the samples from the stable hillslope are a factor of two
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Figure 10. (a) A soil profile on the
hyperarid active hillslope (pen is 15 cm
long). (b) A soil profile near the summit
of the hyperarid stable hillslope (exca-
vation is 1 m deep). Angular, gray
bedrock fragments are suspended in
the white, gypsum-rich soil. The verti-
cal feature on the right is a sandfilled
crack. (c) SEM-EDS image of a rock
fragment from the bedrock—soil inter-
face on the active hillslope. The vertical
crack is filled with both light gray halite
and dark gray nitrate. The texture of the
salt along the borders of the crack sug-
gests episodes of dissolution and
re-precipitation.

lower than the expected values from steady-state 2°Al/'°Be
ratios. Many exposure histories can produce this combination
of 2°Al/"Be ratios and '°Be concentrations, and without
another cosmogenic nuclide we cannot definitively select one.
However, one possible end member is steady, low erosion of
0-2-1-0 m Ma™ for >1 Ma (to produce the low *°Al/'°Be ratio),
followed by recent (= a few 10° a) removal of ~70 cm (~one-
half an attenuation length if p, = 1-5 g cm™) of material above
the samples. This is broadly consistent with our interpretation
of the development of the soil in response to changing climate,
described earlier. Though this model accounts for soil stripping
during aridification, the extremely low P seem too low to
represent rates under pre-aridification MAP (i.e. they are as
much as three orders of magnitude smaller than the P calcu-
lated for the semi-arid site). The true P for samples with 2°Al/
'9Be ratios in the complex exposure zone lie between those
calculated from Equations 5 and 7. In any case, the active
hillslope is near geomorphic steady state with a constant and
relatively fast erosion rate, whereas the stable hillslope con-
tains a record of non-steady erosion rates and/or soil thickness
and is eroding slower. Though the differences in P and H
between the two hillslopes might suggest some relationship
between P and H, the range of H is too small to determine a
trend (Figure 9d).

In summary, the active hillslope is near steady state and is
eroding faster than the stable hillslope. Both have P and H
significantly lower than the semi-arid hillslopes. The low °Al/
19Be ratios may record the stripping of the soil mantle less than
a few 10° a ago, possibly in response to increasing aridity.

Hyperarid hillslopes

The soils on the hyperarid hillslopes are similar to soils on the
adjacent alluvial fans in that they have accumulated
atmospherically-deposited salts and are plant-free. Thus, hill-
slope processes are very different compared to the other sites.
The soils on the hillslopes are a mixture of gypsum, nitrate,
halite, and fine silicate dust, plus bedrock fragments ranging
from sand to cobble size (Figures 10a and 10b). The bedrock
fragments are angular and lack evidence of chemical weath-
ering. Soils are comprised of a thin (~1-2 cm) surface layer of
loose, fine-grained, silicate-rich material which is underlain by
salt-rich, porous horizons with weak polygonal structure,
which overlie increasingly salt-cemented, gravel-rich horizons
(Figures 10a and 10b). Road cuts reveal deep (>4 m) fracture
systems that are permeated with gypsum and halite. We con-
sidered the base of the horizon with polygonal structure devel-
opment (above where rock fragment content >85%) as the
relevant soil depth over geologic time, though on the stable
hillslope the depth to this contact varied substantially (often
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>20 cm) over small distances. The polygonal soil structure is
developed through the shrinking and swelling of soil salts,
likely due to changes in soil moisture. On the stable hillslope,
sand-filled cracks, tens of centimeters wide, penetrate to the
soil-bedrock interface (Figure 10b). Though some cracking in
northern Chile may be linked to earthquakes (Loveless et al.,
2005), shrink—swell events are the more likely cause because
the material filling many of the cracks is layered, indicative of
progressive crack opening and in-filling. The wetting events
driving soil shrink-swell must be extremely rare, given the
preservation of salts in the soils.

Biotic processes are essentially absent (Figures 3e and 3f).
Instead, salt-driven processes and overland flow dominate
erosion. Salt pries apart the rock using pre-existing fractures
(Figure 10c) and eventually ‘lifts” bedrock fragments into the
soil column through salt growth and shrink-swell. Crystalliza-
tion pressures of gypsum and halite have been modeled to be
more than adequate to fracture rock (Winkler and Singer,
1972; Steiger, 2005), and many experimental studies support
this (e.g. Rodriguez-Navarro and Doehne, 1999; Cardell et al.,
2003; Viles and Goudie, 2007). The polygonal soil structure
indicates that salt shrink—swell is important in soil transport.
Transport by clay shrink—swell is slope-dependent (e.g.
Fleming and Johnson, 1975), and though no work has been
done on salt-driven soil transport it is likely also slope-
dependent. Sorting of surface gravels into contour-parallel
bands (Figure 3f) suggests that overland flow occurs during
extremely rare precipitation events. Thus, soil transport is likely
slope-dependent but in a more complicated way than on the
other hillslopes.

As at the other sites, the hillslopes in this region have
experienced decreasing MAP, likely since the Miocene. Pres-
ently, the hillslopes are mantled with salt and dust which
overlie fresh, fractured bedrock. Most hillslopes are sur-
rounded by locally-derived alluvial fill. This alluvium was
emplaced ~2-2 Ma based on ash and CRN dating (Ewing
et al., 2006). On a Pliocene alluvial fan near the active hill-
slope, root fragments were found at depth and provide evi-
dence of semi-arid conditions prior to ~2 Ma (Ewing et al.,
2006). Thus, the slopes may have been mantled with weath-
ered soil and saprolite (like the semi-arid site today) prior to
2:2 Ma. Decreased MAP led to the erosion of the soil and
saprolite from the hillslopes (similar to the arid site today) to
create the alluvium, an event that ended about 2-2 Ma. Since
then, the previously exposed bedrock has been buried by
eolian material and eroded by salt-driven mechanisms. As at
the arid site, this variation in P and H may be recorded in
bedrock CRN concentrations.

The active hillslope is located in an internally-drained basin
which has been disconnected from marine baselevel since
about the Pliocene. The incision rate of the channel bounding
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this hillslope is, therefore, controlled by climate, relict topog-
raphy, and local baselevel. The channel sample (YH-05-44b,
Table 1) plots in the complex exposure zone (Figure 11a) and
Equations 5 and 7 give significantly different incision rates
(17 £ 0-5 m Ma™' and 0-15 = 0-08 m Ma™', respectively). The
26Al/"Be-derived P would require that the average channel
incision over >1 Ma has been ~0-15 m Ma™ (in order to estab-
lish the low 2°Al/'°Be ratio), followed by recent (= a few 10° a)
removal of >70 cm (~one-half an attenuation length if p, =
1-5 g cm™) of material (to decrease the CRN concentration).
This exposure history seems unlikely for two reasons. First, the
consistency of P on the active hillslope (Table II) suggests that
itis in near adjustment to its boundary condition, which would
imply channel incision is ~0-9 m Ma™". Second, soils thin
rapidly towards the channel in some places (H decreases from
~10 to 0 cm, over <30 cm distance), forming small cliffs and
indicating possible periodic excavation of material from the
channel during rare storm events. Based on a smoothed topo-
graphic map, this fill likely did not exceed ~50 cm. This
channel fill would cause P calculated with Equation 5 to be
too high because the shielding is underestimated. If channel
erosion is recalculated using Equation 5, assuming ~50 cm of
fill is present most of the time and the p, = 1-5 g cm™, the
revised rate is ~0-7-1-1 m Ma™". In contrast, the stable hills-
lope is abutted by Miocene to Holocene alluvium accumulat-
ing in an internally-drained basin with localized salar deposits
(Marinovic et al., 1992).

On the active hillslope, H increases slightly with distance
downslope and averages 5-5 cm (n = 43) (Figure 11b). There
are a few places where H is greater, up to 24 cm, and these
coincide with rare, hydrothermally-altered zones in the
bedrock. Bedrock in these zones is more susceptible to salt
intrusion and disintegrates into finer pieces compared to the
unaltered bedrock. On the stable hillslope, only seven soils
could be excavated to the base of the soil due to the degree of
salt cementation and their greater H (average = 57 cm). The
retention of atmospheric inputs is likely increased on the
gentler stable hillslope by low soil flux (Vz = 0-13 to 0-36,
versus 0-34 to 0-65 on the active hillslope) (Figure 4h).

On the active hillslope, P are nearly uniform, ranging from
0-7 to 1-:3 m Ma™" regardless of calculation method (Table I1)
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slope-normal soil thickness (cm)

rates show no correlation with soil
thickness.

(Figure 11c). Equations 5 and 7 produce similar P values
because the 2°Al/'°Be ratios plot near the steady-state erosion
window, within error (Figure 11a). These ratios suggest that the
soil on the active hillslope is near steady state (dH/dt = 0 and
dP/ot = 0), and is near geomorphic steady state (P of the
hillslope and channel are the same), despite the extremely
slow rates of bedrock erosion and soil development.

On the stable hillslope, P are lower and show no trend with
distance downslope (Figure 11c¢, Table Il). The error for many
of these samples is large due to difficulties in measuring low
2°Al/27Al in the high-Al quartz and the extremely low *°Al/ "°Be
ratios of some samples (Figure 11a). Several exposure histories
could produce the low 2°Al/'°Be ratios and relatively high CRN
concentrations of the hillslope bedrock. As described earlier,
the bedrock has likely experienced erosion at the surface
followed by burial by salt and dust. For this exposure history,
P values are more accurate with Equation 5 but are overesti-
mates because present-day H is likely greater than past H.
Thus, present-day P on the stable hillslope may be near zero
under the relatively thick soil.

The ranges of P and H on the active hillslope are narrow, as
expected for a hillslope in geomorphic steady state, and
cannot be used to test Equation 2 (Figure 11d). Though the
stable hillslope has a wider range of H, P are independent of
H and have likely experienced non-steady H (Figure 11d). We
can only say that on the stable hillslope, where H is much
greater than the active hillslope, P may be lower.

In summary, the active hillslope has thinner H and faster P
compared to the stable hillslope. This suggests that soil trans-
port is slope-dependent and P is H-dependent, as described
earlier. P could not be described as a function of H in the form
of Equation 2, but our results suggest there is some H above
which P declines. However P values are somewhat slower
than on the arid hillslopes and 10 times slower than on the
semi-arid hillslopes.

Discussion

Our data reveal systematic changes in soil thickness and the
rate of soil production from bedrock due to both boundary
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condition and climate. Here we explore the different ways
climate affects the hillslope soils and erosion rates and
compare our results with those from semi-arid to humid hill-
slopes. Together, these results define a precipitation-dependent
geomorphic threshold.

One complication in interpreting CRN-derived P is that they
integrate over different timescales depending on P (i.e. P from
the semi-arid hillslopes integrate over ~40 ka, whereas P from
the hyperarid hillslopes integrate over >600 ka). However,
on the active hillslopes CRN concentrations are near steady
state, such that most of any inherited CRN signature from an
earlier wetter period appears to have been removed. On the
stable hillslopes, we used this CRN inheritance to interpret the
exposure history of the samples.

Channels at the base of the active hillslopes are incising at
rates much slower than local tectonic uplift; the semi-arid
channel is incising at less than one-half the local uplift rate,
while the arid channel site is above a knickpoint and the
hyperarid active channel drains to an internal drainage.
Channel incision rates appear to be MAP-limited (Figure 12).
As described earlier, channel incision ultimately sets the
erosion rate of the hillslope, thus the differences between
hillslopes in different climate zones are largely due to the
MAP-driven changes in boundary condition, as mediated by
soil production and transport processes.

Though consistent differences in H with hillslope boundary
condition were observed, they were not as large as the varia-
tion with MAP (Tablel). Average H changes non-
monotonically with MAP: it is thickest at the hyperarid and
semi-arid sites and nearly absent at the arid site (Table I). Soil
production and erosion mechanisms change from biotically-
driven to salt-driven with decreasing MAP, and this change
impacts the soil mass balance. The changes in P and H appear
to be recorded in the low 2°Al/'°Be ratios in the hyperarid
hillslope bedrock. This demonstrates the utility of measuring
two CRN if non-steady exposure histories are suspected.

Copyright © 2010 John Wiley & Sons, Ltd.

e Atacama active hillslopes
o Atacama stable hillslopes
o Atacama channels

x U.S. Southwest and Mexico (Riebe et al., 2004a)

+ California Coast (Heimsath et al., 2005)

o Australia (Heimsath et al., 2000 and 2009; Yoo et al., 2007)

¢ Sierra Nevada, CA (Dixon et al., 2009)

A Sri Lanka (Hewawasam et al., 2003; von Blanckenburg et al., 2004)

MAP (mm)

The shift from thick and chemically-weathered soils, to
nearly bare bedrock, to thick and salty soils with decreasing
MAP occurs regardless of boundary condition and demon-
strates the profound impact climate has on the development
of soils. It also suggests a positive correlation between MAP
and K (or similar transport coefficient), particularly since hill-
slope gradients are similar on the active hillslopes. The simi-
larity between the active hillslope P and the incision rates of
their respective channels supports that channel incision is an
important control on P and the soil mass balance. If P and H
on the active hillslopes were unable to respond to faster
channel incision due to precipitation limitation, topographic
discontinuities (bedrock cliffs) would form at the hillslope-
channel transition as evidence of geomorphic disequilibrium.
Instead, the hillslopes transition smoothly to the channels.

In order to put our results in a global context, P calculated
using similar methods to ours (i.e. from samples from the
soil-bedrock interface) on other non-landsliding, granitic hill-
slopes were compiled and plotted against MAP (Figure 12).
Along the precipitation gradient in this study, P increases
with increasing MAP following a power law (for active hill-
slopes P = 0-46(MAP)*%, 1> = 0-97, Figure 12), and the varia-
tion between climatic regions is greater than variations
within a climatic region (i.e. due to boundary condition). In
contrast, for MAP > 100 mm, P and MAP are not correlated
and P varies by an order of magnitude at a given MAP. Our
semi-arid data plot within the variance of the data from more
humid regions, but our arid and hyperarid data plot signifi-
cantly below. The source of the variance in P is generally
attributed to variations in tectonic uplift, though bedrock
characteristics and temperature may also be important
factors.

At sufficient precipitation other factors (e.g. uplift rates, sedi-
ment size and supply, and bedrock resistance) control local
channel incision rates, and the response of hillslope soils to
these rates is biologically mediated. Biota plays the dual role of
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(1) loosening bedrock and dispersing soil downslope, and (2)
stabilizing the soil by holding it together by root strength,
shielding it from raindrop impacts, and slowing overland flow.
Thus, the humid landscapes may record multiple factors effec-
tive over various spatial and temporal scales and this produces
large variability in P. The arid site in this study marks the
transition from biotic to abiotic hillslope processes, where soils
that are no longer supported by roots are stripped from the
hillslope by trampling and rare overland flows. At the extreme,
hyperarid channel incision and P are controlled primarily by
precipitation and perhaps slightly by relict topography.

The surprising discovery here is that increasing aridity,
and concurrent decreases in biota, produce systematic and
dramatic decreases in channel incision and hillslope bedrock
erosion rates. A threshold may exist below which MAP is the
dominant control on P, and above which other factors (tec-
tonic setting, biota, and/or chemical weathering) dominate.

Conclusions

This work provides the first evidence for precipitation-
dependent hillslope bedrock erosion rates and quantifies the
effect of boundary condition on hillslope erosion rates and
processes. Counter to observations from more humid regions,
bedrock erosion rate decreases following a power law as pre-
cipitation decreases from semi-arid to hyperarid, and this trend
is observed regardless of boundary condition. At our study
sites, geomorphic processes shift from relatively fast and
biotically-driven in the semi-arid south, to slow and abiotic
(salt-driven) in the hyperarid north. Hyperarid hillslopes, with
their exceedingly low soil production and soil erosion rates,
approach (but do not reach) the role of passive accumulators
of atmospheric input. Because the region receives occasional
precipitation, soil thickness is still a function of hillslope gra-
dient but rates of soil production from bedrock are largely
independent of soil thickness.

The Atacama Desert provides a multi-million year-old
experiment testing the effect of water and life on geophysical
and geochemical processes. In contrast with portions of the
planet where biota modulates soil production and erosion
through complex and rapid feedbacks (Yoo et al., 2005), the
absence of biota in the driest parts of the Atacama Desert
results in the rates and mechanisms of geomorphic processes
being extremely precipitation-sensitive. This unusual environ-
ment, for Earth, illuminates the uniqueness and complexity of
a planet whose surface bears the indelible imprint of life.
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