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1. Introduction

ABSTRACT

Hillslopes have been intensively studied by both geomorphologists and soil scientists. Whereas
geomorphologists have focused on the physical soil production and transport on hillslopes, soil scientists
have been concerned with the topographic variation of soil geochemical properties. We combined these
differing approaches and quantified soil chemical weathering rates along a grass covered hillslope in Coastal
California. The hillslope is comprised of both erosional and depositional sections. In the upper eroding
section, soil production is balanced by physical erosion and chemical weathering. The hillslope then
transitions to a depositional slope where soil accumulates due to a historical reduction of channel incision at
the hillslope's base. Measurements of hillslope morphology and soil thickness were combined with the
elemental composition of the soil and saprolite, and interpreted through a process-based model that
accounts for both chemical weathering and sediment transport. Chemical weathering of the minerals as they
moved downslope via sediment transport imparted spatial variation in the geochemical properties of the
soil. Inverse modeling of the field and laboratory data revealed that the long-term soil chemical weathering
rates peak at 5gm ™~ 2yr~ ! at the downslope end of the eroding section and decrease to 1.5gm ™ ?yr~ ' within
the depositional section. In the eroding section, soil chemical weathering rates appear to be primarily
controlled by the rate of mineral supply via colluvial input from upslope. In the depositional slope,
geochemical equilibrium between soil water and minerals appeared to limit the chemical weathering rate.
Soil chemical weathering was responsible for removing 6% of the soil production in the eroding section and
5% of colluvial influx in the depositional slope. These were among the lowest weathering rates reported for
actively eroding watersheds, which was attributed to the parent material with low amount of weatherable
minerals and intense coating of the primary minerals by secondary clay and iron oxides. We showed that
both the morphologic disequilibrium of the hillslope and the spatial heterogeneity of soil properties are due
to spatial variations in the physical and chemical processes that removed mass from the soil.

© 2009 Elsevier B.V. All rights reserved.

1995). In this hypothesis, the ability of tectonic uplift to drawdown
CO, hinges on the rates of geochemical reactions taking place within

Some of the major challenges in Earth science are to understand
the complex feedbacks between the tectonic and climatic forcings,
geomorphic and geochemical processes, and morphological and
geochemical properties of landscapes. Unraveling this complex web
has far reaching implications. Tectonic uplift is considered to be
intimately linked to enhanced silicate weathering, which affects the
drawdown of atmospheric CO, (Raymo and Ruddiman, 1992; Berner,
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eroding landscapes. In addition, mineral exposure by uplift and
erosion is required for chemical weathering to proceed which is
crucial for releasing inorganic nutrients that help drive the biogeo-
chemical cycles of the Earth (Porder et al., 2005, 2007).

Soil mantled hillslopes provide a convenient observational setting to
unravel the complex mechanisms and feedbacks using a quantitative,
process-based approach. Over the past century, two disciplinary groups
have studied soil mantled hillslopes from significantly differing
perspectives, and the resulting disciplinary gap has hindered integration
of the largely complementary approaches (Anderson et al, 2007;
Humphreys and Wilkinson, 2007; Yoo and Mudd, 2008a). Gemorphol-
ogists have focused largely on hillslope physical processes, revealing
that the surface horizons of soils are “conveyor belts” which transport
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soil material downslope. Many feedbacks occur within this conveyor
system. Any increase in channel incision at the base of a hillslope leads to
steeper gradients, which in turn accelerates the colluvial soil transport.
The increased soil transport will propagate upslope, which in turn
causes soil thinning (Furbish and Fagherazzi, 2001; Mudd and Furbish,
2005). Soil thinning typically leads to increased soil production
(Heimsath et al., 1997), which in turn replaces the thinning soil and
thus the hillslope evolves toward a new steady state soil mantle and,
over long time periods, morphology. Based on early analyses of the
convexity of hillslopes (Davis, 1892; Gilbert, 1909), the morphologic
evolution of hillslopes has been considered the result of physical soil
production and soil transport (Fernandes and Dietrich, 1997; Roering
etal,, 1999; Dietrich et al., 2003). Only a few studies have recently begun
to incorporate chemical weathering as a process that sculpts landscapes
in non-karst terrain (eg., Anderson et al., 2002; Riebe et al., 2004; Mudd
and Furbish, 2004).

In contrast, the majority of soil scientists and geochemists have
focused on chemical processes in soils. To determine weathering
rates, chronosequences of soils (similar climate, parent material, biota
but differing ages) are studied. The mass loss via chemical weathering
in each soil can be determined using geochemical comparison of the
soil to its parent material (Brimhall and Dietrich, 1987). This mass loss
can be converted into a chemical weathering rate by dividing it by the
soil age which is defined as the time since the cessation of either
erosion or deposition (Amundson, 2004; Yoo and Mudd, 2008b). On
hillslopes, however, soil age cannot be defined because erosion
continues to rejuvenate the soil material. This necessitates an
alternative means of quantifying time within eroding soils. An
additional but rarely studied complication is that a soil at a given
topographic position is made not only of material from the underlying
parent material, but is also comprised of material eroded from
upslope. Due to these complications there has been little progress in
deciphering spatially variable rates of soil chemical weathering within
morphologically dynamic landscapes. Indeed, the common descrip-
tion of upland soils as “residual” reflects the historical neglect of
physical transport by many soil scientists.

It is clear that both geochemical and geomorphic processes shape
soil mantled hillslopes simultaneously. The impact of topography-
dependent chemical weathering on the morphologic evolution of
hillslopes has been theoretically explored (Mudd and Furbish, 2004),
and studies of the topographic variation of soil geochemistry have
begun to consider the geomorphic setting of the soil (Nezat, et al.
2004; Green et al., 2006; Mudd and Furbish, 2006; Yoo, et al. 2007)
Two recent studies (Green, et al. 2006; Yoo, et al. 2007) combined a
mass balance of hillslope sediment and soil geochemistry, and found
systematic variations in chemical weathering rates along hillslope
transects. Yoo et al. (2007) revealed a previously unexplored coupling
between colluvial flux and chemical weathering rates, demonstrating
how topographic variation of chemical weathering rates drive the
chemical weathering rates at the larger scale of watersheds (Yoo, et al.
2007; Yoo and Mudd, 2008a).

This study expands on these recent studies in three ways. Previous
models have been derived for steady state soil mantled slopes (Yoo
et al.,, 2007). Here, we include a new time-dependent mass balance to
examine a depositional hillslope. Second, we begin to elucidate the
mechanisms that control the topography-dependent soil chemical
weathering rates. Lastly, we extend previous studies’ focus on granitic
landscapes to hillslopes underlain by sedimentary sandstone.

2. Conceptual framework

We have derived equations of mass conservation wherein the rate
of mass loss due to chemical weathering from a soil is proportional to
two mineral supply rates: colluvial soil input from upslope and soil
production from the underlying saprolite (Figs. 1 and 2). For a steady
state soil on a hillslope, the total chemical weathering rate (all

elements) and the chemical weathering rate of an individual element,
j, can be represented in the following equations. For a detailed
derivation of the mass balance equations, see Yoo and Mudd (2008a)
and Yoo et al. (2007).
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where W is the chemical weathering loss (negative) or gain (positive)
rate [kgm~2yr~ '], p is bulk density [kgm™3], P is the rate of soil
production, defined as the lowering rate of the soil-saprolite interface
[myr~'], @, is the volume of colluvium crossing a contour line of unit
length per time [m?yr~ ], h is the soil thickness [m], the subscript s
represents colluvial soil, the subscript 1) represents the values of the
saprolite at its interface to the colluvial soil, and the gradients of
elemental concentrations (VC) represent the rates that the concen-
trations vary per unit length along the hillslope transect. The physical
flux of colluvial soil can be calculated by integrating the excess of soil
production rate over chemical weathering rate in the upslope area:

‘Qs‘x = (P,—W,y)dx + ax‘és|x—dxv (2)

Where « is the ratio of the contour lengths (I, ax/ly in Fig. 1c).
The value of « is 1 on planar slope, <1 on horizontally divergent
slope, and >1 on horizontally convergent slopes.

We calculated the soil production rate as a function of position
using measurements of soil thickness and the relationship between
soil thickness and soil production reported at this site by Heimsath
etal. (1997). This information, as well as the elemental concentrations
in the colluvial soil and saprolite, was used in Egs. (1a), (1b) and (2) to
simultaneously calculate the colluvial flux and the total weathering
rate of the soil and of its individual elements (Yoo et al., 2007). The
calculations require an iterative technique: the total weathering rate
was first calculated using Eq. (1a) based on an arbitrary colluvial flux
rate, and the resulting chemical weathering rate was inserted into
Eq. (2) in order to solve for the colluvial flux rates. This process was
repeated until the changes in weathering and physical flux rates
between iterations became insignificant. This method does not
require a specific mathematical form for the soil transport (e.g. a
slope-dependent versus a soil thickness-slope product soil transport
law as in Dietrich et al., 2003; Heimsath et al., 2005) because colluvial
flux is, by definition, the integral of the soil produced upslope minus
the mass lost chemically upslope of a given point. Though this paper
focuses on chemical weathering, this iterative technique was also
used to demonstrate the slope-depth dependency of colluvial flux
(Yoo et al., 2007).

In some portions of the landscape, or indeed throughout entire
landscapes, soil production may not be balanced by erosion and
chemical weathering. This leads to transient thinning or thickening of
the soil and is often caused by changes in the rate of incision or
deposition in the channel at the base of the hillslope. As we will show
later in this paper, the hillslope examined here is at or near steady
state in its upper eroding portion, but is in a transient state in the
lower depositional area. For this depositional hillslope, we developed
a simplified mass balance which does not require the steady state
assumption. Fig. 2 describes a depositional section of a hillslope where
mass balance is largely determined by colluvial accumulation. The
depositional section begins where the slope curvature shifts from
convexity to concavity and extends to the hillslope-channel (or
hollow axis) boundary. It is assumed that the colluvial loss from this
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Fig. 1. Solid and solute mass fluxes on hillslope soils: (a) mass fluxes of dissolvable soil materials in and out of a modeled soil system, (b) mass fluxes of an insoluble soil component,

and (c) plan view of colluvial soil flux (from Yoo et al., 2007).

area is negligible relative to the colluvial input. The mass balance of
depositional soil (Eq. (3a)), immobile elements (Eq. (3b)), and an
element j (Eq. (3¢)) can be constructed for this section of hillslope as:

P><Q>T = Pshs gep(L—1) + <Wioiargep™(L—DT, (3a)
<P><Cis><Q>T = PLCis depls dep(L—1). (3b)
and

<P><Cis7<Q>T = PCis depls dep(L—1) + <W gop>(L—DT. (3¢)

The bracketed terms represent the time-averaged values during
the accumulation of the depositional soil. T represents the time length
of the accumulation which is obtained by dividing the mass of
deposited sediment by the sediment influx from the upslope area. The
time-dependent behavior of chemical weathering during the depo-
sition is beyond the scope of this work. Unlike in the steady-state
hillslope where the chemical weathering rate is calculated as a
continuous function of hillslope positions, in the depositional hillslope
the calculated chemical weathering rates (terms with upper bars in
Eqgs. (3a)-(3c)) are values averaged over the depositional area. The
term [ represents the distance from the hillslope ridge to the point
where the transition from steady state to transient areas occurs, and L
represents the distance from the ridge to the lower end of the hillslope
or the channel, and subscript dep represents the depositional transient
component of the hillslope. Rearranging Eqs. (3a)-(3c), we find that
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Fig. 2. Chemical and physical mass balance at the lower segments of a hillslope, which
includes planar and convergent slopes.

the total and elemental chemical weathering rates of the transient
hillslope are described as:

Cisi \ P Q 1
<Wt0tal.dep> = (1 _C;;ep> (Z—Sl) ) (4a)
and
E’. d P. Q 1
Wiy = (Gt ) S8 )

3. Study site and laboratory analysis

We investigated a grass covered hillslope in the Tennessee Valley
located in coastal California (Fig. 3). Mean annual rainfall is roughly
1100 mm, and the mean annual temperature is 14 °C (NCDC, 2007).
At this site, the generation of mobile colluvial soil and its downslope
transport are largely mediated by burrowing pocket gophers
(Thomomys bottae) (Black and Montgomery, 1991; Heimsath et al.,
1997; Yoo et al., 2005b). The rate of soil production at Tennessee
Valley decreases exponentially with increasing soil thickness (Heim-
sath et al., 1997). Quantification of long-term fluxes indicates that
colluvial soil flux is proportional to the product of slope gradient and
soil thickness (Heimsath et al., 2005; Yoo et al., 2005b). The region is
vegetated with annual and perennial grasses, with a discontinuous
cover of coyote brush (Baccharis piluaris), which has been expanding
across the landscape from the depositional hollows since grazing
ceased in 1982 (O'Farrell et al, 2007). The Tennessee Valley is
underlain by a mixture of Franciscan greywacke sand stone,
serpentines, and chert (Wahrhaftig, 1984), which is to some degree
visually manifested in the topography and the rockiness of the soils.
The site is located near the San Andreas Fault, and the area has been
exposed to a complex tectonic history associated with the lateral
faults and uplift (Wakabayashi, 1999).

We selected a well defined smooth hillslope transect that
stretched from a convex or eroding summit to a convergent or
depositional footslope. The hillslope's lower boundary is set by an
ephemeral 1st order channel; flow in the channel is generally
confined to wet winter months. Our lowermost soil pit was water
saturated during our sampling efforts in March 2005, which contrasts
with the soils at shoulder and planar slope positions that remained
well drained. This indicates dramatically different soil moisture
conditions along the hillslope (Sanderman et al., 2009). Previous
studies showed that the heads of the 1st order channels in this area
migrate as a function of climate (Montgomery and Dietrich, 1989;
Montgomery, 1999). Near the channel, saturation overland flow can
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Fig. 3. Location of the study site.

develop during heavy rainfall (Montgomery and Dietrich, 1995) but
overland flow results in minimal erosion due to the resistance from
the grass cover (Prosser et al., 1995; Prosser and Dietrich, 1995).
Reneau et al. (1990) demonstrated that the episodic landslide events
occurring in unchanneled hollows were more common during the
wet-to-dry climate transition in the early Holocene.

We defined soil as a physically mixed colluvial layer which is
composed of A horizons at the site. Lack of physical disturbance and
visual signs of rock texture in the saprolite suggests that the saprolite has
been iso-volumetrically weathered. No data is available regarding the
depth to fresh bedrock and its geochemistry at the site. It is unlikely that
bedrock outcrops in the adjacent hillslopes, which probably survived
weathering due to their distinct weathering properties, represent the
fresh bedrock of the studied hillslope. Fifteen locations were chosen
along a water flow line on the hillslope (Fig. 3). One location at the lowest
end of the hillslope was augured due to the saturated conditions
mentioned earlier. At the remaining locations, soils were excavated to a
depth that extended ~30 cm beyond the boundary between soil and
saprolite. At nine of the fifteen locations soils were sampled for
geochemical analyses. Soil samples were collected in 5 to 15 cm depth
intervals, with the highest density of samples taken near the surface.
Because the physical breakdown of the saprolite is responsible for soil
production, the saprolite samples used as parent material were taken
near the soil-saprolite boundary. We sampled the four corners of
saprolite exposed in soil pits that had basal areas of roughly ~1 m? and
used their averaged elemental compositions to ascertain the local
heterogeneity of the soil's parent material. Our field observation suggests
that the saprolite is derived from clay-rich sandstone and is at least
visually homogenous within the studied transect. Furthermore, the
absence of weathering resistant rock outcrops supports the bedrock
homogeneity of the studied transect. Differential GPS was used to create
a topographic map of the site, and the locations of the sampling sites
were mapped with sub-meter accuracy.

The soil samples were oven dried and divided into fine (<2 mm)
and coarse (>2 mm) fractions using a sieve. Approximately 10 gram
sub samples were taken from both size fractions of the soil samples
using a splitter. Each sub-sample was then pulverized in a tungsten
carbide ring using the SPEX Shatter Box for five minutes. Saprolite
samples were not divided into different size fractions but were
otherwise treated identically to soil samples. Pulverized samples were
submitted to ALS Chemex for chemical analyses, where samples were
first fused with lithium meta-borate prior to ICP-MS determination of
elemental chemistry. Elemental compositions of the two soil particle
size groups were combined with measured mass ratios of the fine and
coarse fractions to calculate the total soil concentrations.

To investigate the mineralogical composition of the soil and
saprolite, quantitative X-ray diffraction (XRD) analyses were conducted
for fine and coarse fractions of soil and saprolite samples at an eroding
and a depositional location within the studied hillslope. One gram of
sample was ground for 5 minutes in a McCrone mill with a ZnO internal
standard, then sieved and side packed in a random mount. XRD spectra
were collected on a Siemens D500 instrument from 5 to 65 degrees 26,
with Cu Ko radiation, at 0.02° step, and a two second count time.
Mineral concentrations were determined using the Rockjock program
(Eberl, 2003), which fits the observed sample spectra as the sum of the
spectra from measured mineral standards, with the fitted scaling factors
for the standards reflecting the mineral abundances in the sample. The
details of sample preparation and RockJock calculations are described in
Eberl (2003). The accuracy and detection limits of the RockJock
technique are difficult to quantify, and sample dependent. In general,
the precision of an individual mineral abundance is about + 5% of the
reported abundance. However, highly crystalline phases with little
chemical variability, such as quartz, have higher precisions, while
phases with highly variable chemistry and crystallinity, and minerals
with diagnostic peaks in inconvenient locations, such as biotite, may
have greater uncertainties.
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4. Results and discussion
4.1. Geomorphic context

Three distinct zones of soil thickness and hillslope morphology can
be identified at the filed site (Fig. 4). The first zone, starting at the
summit and extending downslope, has convex topography and little
variation in soil thickness. The second zone begins ~29 m from the
summit. In this zone the topography becomes planar and there is a
sharp increase in soil thickness. Finally, beginning ~44 m from the
summit, the topography becomes convergent with soil that is of
relatively uniform thickness when compared with the planar zone but
is substantially thicker than in the convex zone.

The relatively uniform soil thickness on the convex slope is indicative
of steady state conditions, i.e. a condition in which soils do not thicken or
thin over time. Previous investigations have suggested that convex
hillslopes do not feel transient changes in the channel incision at their
lower hillslope boundaries. According to Heimsath et al. (2005) and Yoo
etal. (2005a,b), sediment transport at Tennessee Valley is proportional to
the product of local slope and soil thickness. Based on a theoretical
relationship among the timescale of eroding hillslope's morphologic
adjustment to changing channel incision, the length of hillslope, and
sediment flux (Mudd and Furbish, 2007), this time scale at Tennessee
Valley is between ~100 ka-350 ka (the variation is due to the range in
soil thickness): significantly longer than the reported time scale of ~10 ka
for the cycles of hollow accumulation and evacuation which may involve
channel head migration in the area (Reneau et al., 1990). Because short-
term fluctuations in the rate of channel incision propagate only a short
distance upslope (Furbish and Fagherazzi, 2001; Mudd and Furbish,
2005), the convex portion of the hillslope near the summit can achieve a
long-term balance between soil production and both physical and
chemical denudation. In contrast, the thick soils in the depositional
section of the hillslope indicate that soil production is not balanced by
denudation in the planar and concave zones of the hillslope, and that this
transient portion of the hillslope is responding to a reduction in the rate
that the channel removes colluvial soil from the base of the hillslope.

4.2. Mineralogical context

According to the quantitative XRD (electronic supplement), the
abundance of minerals is similar in the soils and saprolites and
between the eroding and depositional locations. This suggests that
bedrock underlying the transect is relatively homogenous. Quartz was
the most abundant mineral species with an average concentration of
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Fig. 4. Measured soil thicknesses and three morphologically distinct zones within the
studied hillslope.

40 4 1.0% (standard error including fine and coarse soil fractions and
saprolite samples n=24). Another major primary mineral is plagio-
clase that comprises 10-20% of the samples (14 4+ 0.5%). The presence
of goethite is also evident (240.1%). In total, non-clay minerals
comprised 56-64% of the sample masses. The second most abundant
minerals were the phyllosilicate clay minerals including mica, illite,
and smectites (244-1.0%). Together with kaolinite (1040.5%) and
chlorite groups (94 0.4%), clay minerals explain 36-45% of the total
mass of soil, which agrees well with clay contents measured with
hydrometer. Soil texture is clay loam to clay.

4.3. Elemental concentrations of soils and saprolites

Our mass balance calculations require the identification of a
chemically immobile element to serve as an index. Zirconium was
chosen as the index after comparing prospective immobile elements
using the methodology of Kurtz et al. (2000). The contents of major
oxides and trace elements in the soil and saprolite are presented in the
electronic supplement. Continuous functional relationships were
sought between the elemental concentrations and the distance from
the ridge (Fig. 5). These relationships were then used in calculating
chemical weathering rates using the mass balance models (Eqs. (1a)-
(4b)). These empirically fitted equations can be found in the
electronic supplement, and the goodness of the fits (r?) was generally
above 0.8.

In general, Zr concentrations in the soil progressively increased in
the downslope direction and became spatially uniform in the
convergent area of the hillslope. Saprolite Zr concentrations showed
significant variations within the eroding and planar slopes but
relatively uniform and higher values in the convergent area
(Fig. 5a). Colluvial Zr concentrations were slightly higher or similar
to the underlying saprolite values in the upper part of the hillslope. If
the soil in the convergent area was formed via weathering of in-situ
saprolite, the soil would have equivalent or higher Zr concentrations
relative to the local saprolite. The data show, however, that Zr
concentrations are greater in the saprolite compared to soil in the
depositional zone of the hillslope, indicating that the soil in the
depositional zone is not a weathering product of the underlying
saprolite. This demonstrates that proper assessment of chemical
weathering in soils on hillslopes cannot be obtained by comparing the
soil and the underlying parent material: an understanding of lateral
sediment transport is required to adequately interpret soil weathering
history at any point on a hillslope transect.

Based on the elemental relationships between the colluvial soil
and the underlying in-situ saprolite, the major oxides can be
divided into three groups: (1) SiO,, (2) Fe,0s, Al;03, K;0, Nay0,
MgO, and (3) CaO and P,0s. The concentration of SiO, was higher in
the soil than in the underlying saprolite in the convex and planar
zones of the hillslope; their values, however, converged in the
depositional zone (Fig. 5b). For Fe,03, Al,03, K,0, and Na,O, the
colluvial soils had concentrations lower than the underlying
saprolites in the upper part of the hillslope (except Fe,O3 at the
ridge) whereas the soil and saprolite show similar values in the
convergent area (see electronic supplement). Calcium and P, two
biologically cycled elements, were consistently enriched in the
colluvial soil relative to the underlying saprolite (Fig. 5c, d). This
indicates the biological uptake of Ca and P from the saprolite and
subsequent retention within the soil.

4.4. Inverse modeling calculation of colluvial flux

We calculated colluvial flux along the steady state part of the
hillslope (Fig. 6) using Egs. (1a), (1b) and (2). Additionally, soil
production rates were calculated from the soil thickness using the
published relationship between soil thickness and soil production rate
(Heimsath et al., 1997). The calculated colluvial flux across unit
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Fig. 5. Measured elemental concentrations along the hillslope transect. (a) Zr, (b) SiO,, (c) Ca0O, and (d) P,0s. For the values of concentrations of all major oxides, see electronic
supplement. The lines connecting the data are empirical polynomial fits that were used in calculating chemical weathering rates. The equations of polynomial fits are in the electronic
supplement. The numbers represent the goodness of the fits (r?). The vertical lines indicate the transition from convex to planar to convergent slopes.

contour length increased in the downslope direction from zero (a
prescribed value) at the summit to 1.2kgm™ 'yr~ ' at 30 m from the
summit, where the transient slope begins. This is approximately 70%
of the sediment flux estimated by the calibrated flux relationship
reported by Heimsath et al. (2005). Heimsath et al. (2005) did not
account for chemical weathering in their calculations, so it is not
surprising that our estimate of flux is lower than the Heimsath et al.
(2005) estimate. Apart from the first several meters near the summit,
the colluvial flux explained more than 80% of the mass inputs to the
soil columns along the eroding slope (Fig. 6b).

4.5. Inverse modeling calculation of chemical weathering rates in the
colluvial soil

The mass balance calculation (Eq. (1a)) showed that within the
eroding slope, the total mass loss rate via chemical weathering
increased in the downslope direction reaching the maximum value of
5gm~2yr~! (Fig. 7a) at the lower end of the steady state zone. The
weathering rate associated with colluvial flux increased linearly in the
downslope direction and increasingly dominated the total weathering
loss rate (Fig. 7b). Therefore, without considering the colluvial flux and

its chemical weathering, a direct comparison of the soil to the
underlying saprolite would yield spurious interpretations of weath-
ering, which is consistent with our previous work (Mudd and Furbish,
2006; Yoo et al., 2007). In the transient slope segment (Figs. 2 and 4),
the time and space averaged weathering loss rate is 1.5 gm~2yr~ !,
which s less than half of the averaged rate of 3.9 gm ™ 2yr~ ! within the
eroding slope (Fig. 7a).

The trends in the weathering rates of three most abundant
elements, Si, Al, and Fe (Fig. 7c) are similar to the trend in the total
chemical weathering rate. Considering that the total weathering loss
rate includes the loss of oxygen ions, the sum of the elemental
weathering rates of Si, Al, and Fe was in a good agreement with the
independently calculated total chemical weathering rates (using only
Zr). One puzzling result, however, was that the summit soil showed Fe
accumulation at a rate of ~0.7gm~2yr~!. Though we do not have
data to explain this result, during our sampling, we found that the
summit soil was filled with water for several days after a storm, which
contrasted with rapid drainage of other soils in the convex and planar
slope. Such temporary saturation may have resulted in the reduction
of Fe+3 to +2 and the introduction of the reduced Fe from the
saprolite to the overlying soil.
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Fig. 6. Calculated physical mass fluxes of colluvial soil transport and soil production
along the steady state part of the hillslope. (a) Mass inputs of soil production and
colluvial soil entering soils with 1 m? surface area and (b) Relative percentage of soil
production and colluvial flux in the total mass input to the soils with 1 m? surface area.

Within the steady state section, the spatial trends in the calculated
Ca and P weathering rates differed significantly from those of total and
major elemental weathering rates (Fig. 7d). Positive weathering rates
indicated gradual enrichment of these elements in soils as the soil is
transported downslope. The retention rates of Ca and P was higher in
the eroding steady state slope than in the depositional area (Fig. 7d).
Because biological retention of nutrient elements is a decreasing
function of depth in soils, the thick depositional soil may be less
efficient at retaining Ca and P. Previous studies have found that
organic carbon contents of the depositional soil decreased from 3-4%
at the top 0-5 cm to below 1% at the depth of ~50-60 cm at the site
(Yoo et al., 2005a, 2006), reflecting the decreasing biological activity
with increasing soil depth. The convex slope, however, does not have
the deep soil zone (Fig. 4) with low carbon contents (<1%) (Yoo et al.,
2005a, 2006). Despite the significantly lowered Ca and P retention
rates in the depositional slope (Fig. 7d), its soil is still significantly
enriched in Ca and P relative to the underlying saprolite (Fig. 5g and
h) because of the continuous influx of soil enriched in Ca and P from
upslope. Therefore, the retention rate and topographic distribution of
nutrient elements are tightly controlled by the geomorphic processes
shaping the hillslope's morphology.

4.6. Contribution of soil chemical weathering to landscape denudation

In the eroding steady state hillslope, chemical weathering removed
soil mass at an average rate of 3.8gm™2yr~ !, which is approximately
6% of the averaged soil production rate of 64gm~2yr—'. On the
eroding slope, soil formation is thus largely driven by physical
breakdown of parent material and its subsequent mixing and
transport. However, mineral dissolution and leaching, which is largely
a function of colluvial flux, result in soil chemical weathering rates that
systematically vary with topographic position (Fig. 7) and impart a
geochemical variation along the hillslope (Fig. 5).

Approximately 1200gm™ 'yr~ ! of soil mass erodes from the convex
slope and enters the transient slope (Fig. 6a). At this rate, it would have
taken ~44 Kyrs for the sedimentation to create the depositional soils.
Over this time span, about 1.5gm ™2 of mass has been annually lost via
chemical weathering in the depositional area (Fig. 7a). When integrated
over the depositional slope, this is ~60gm™ 'yr~ ! of mass loss rate or
about 5% of the sediment input from the convex upslope.

These rates of chemical weathering and their contribution to mass
removal are the lowest among the previously reported long-term
values from actively eroding upland landscapes. This is particularly
interesting given the active tectonic history of the study site. In a
eucalyptus-grass hillslope in New South Wales, Australia, the
hillslope-averaged soil chemical weathering rate was 21gm™2yr~!
or 40% of the soil production (Yoo et al., 2007). In a nearby but wetter
hillslope sharing similar bedrock, Green et al. (2006) reported Si
weathering rates ranging from 12 to 20gm~2yr~' and concluded
that chemical weathering had accounted for 35-55% of the total
denudation. Riebe et al. (2004) compiled watershed denudation rates
and chemical weathering rates from granitic landscapes spanning a
wide range of climate. According to their data, an average chemical
weathering rate is ~10gm™2yr~ ! which is ~17% of the averaged soil
production rate. In a steep headwater catchment in Oregon Coastal
Range, Anderson et al. (2002) reported a silicon weathering rate of
10.7+7.1gm 2yr— 1,

These previously studied sites, compared to Tennessee Valley, are
underlain by bedrock or saprolite with significantly greater abundances
of weatherable minerals. At our site, in both soil and saprolite, ~40% of
the masses are accounted for by weathering resistant quartz. Plagio-
clase, which is the only primary mineral species other than quartz with a
significant presence, is 10-20% of the soil and saprolite mass. In
comparison, the soil formed from granodiorite in Australia (Yoo et al.,
2007) was composed of 23% of K-feldspar, ~10% of Na-plagioclase, and
4% biotite (Yoo, unpublished data). Among the sites surveyed in Riebe
et al. (2004), the quartz diorite bedrock at Panola Mountain, GA, USA
contained plagioclase (32%), K-feldspar (21%), and biotite (13%) (White
et al.,, 2001), and Rio Icacos, Puerto Rico was underlain by quartz diorite
with ~60% plagioclase (Riebe et al., 2003a). Lastly, bedrock at the head
water catchment in Oregon Coastal range (Anderson et al,, 2002) is
greywacke sandstone with significant (~40%) contributions from easily
weatherable feldspars and volcanic fragments (Anderson and Dietrich,
2001). Therefore, low soil chemical weathering rates at Tennessee
Valley are at least partly due to a low abundance of weatherable
minerals in the parent material.

Additionally, at Tennessee Valley, ~40% of both soil and saprolite is
occupied by secondary phyllosilicate minerals (see Section 4.2),
indicating that clay minerals in soils are entirely inherited from the
saprolite via physical breakdown of the saprolite. It is also likely that the
significant portion of the saprolite clay is originated from the clay-rich
greywacke sandstone. Likewise, in an adjacent hillslope within
Tennessee Valley that share virtually identical soils and hillslope
morphology (for the site information, see Sanderman et al., 2009), the
amounts of amorphous and crystalline iron oxides (quantified by the
difference between the Fe pools extracted by dithionite citrate and
ammonium oxalate) were found to vary from 1.4 to 2.5% (Fig. 8). Soils
developing on clay-free parent materials accumulate such high contents
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Fig. 7. Chemical weathering rates in the colluvial soil. The rates are calculated with steady state solution for the convex slope (Egs. (3a)-(3c)), which resulted in continuous local
values along the transect (Eqs. (1a) and (1b)). In contrast, in the depositional area, spatially averaged chemical weathering rates were calculated (Egs. (4a) and (4b)). (a) Total
chemical weathering rate (W) over the entire hillslope transect. (b) Enlarged steady state solution of total chemical weathering rate (W), chemical weathering rates
associated with soil production (Wp) and with colluvial flux (Wq) within the convex hillslope. c) elemental chemical weathering rates of Si. Al, and Fe, and (d) Ca and P. Negative
values indicate the mass losses via chemical weathering, while the positives represent the mass gain via precipitation. Grey vertical lines represent the boundary between the convex

and planar parts of the hillslope (Fig. 4).

of clay and pedogenic iron oxides over time lengths that greatly exceed
the soil residence time at Tennessee Valley hillslopes. Along a soil
chronosequence formed on clay poor beach sand in coastal California,
only soils with the age of 240 Kyrs accumulated similar clay and
pedogenic iron oxide contents (Merrits et al., 1991). Abundant clay and
iron oxides in the soil, which were inherited from the saprolite, may
have contributed to the slow chemical weathering rate at Tennessee
Valley. In a comprehensive review of mineral dissolution rate and soil
chemical weathering as a function of time, White and Brantley (2003)
documented that increased coating of primary mineral surface by
secondary clay and oxide minerals and the loss of reactive surface area
can explain why mineral dissolution rates decrease over time.

4.7. Topographic pattern of total chemical weathering rates within the
eroding hillslope

Several explanations are possible for the pattern that the chemical
weathering rate increases in the downslope direction within the

eroding hillslope. For chemical weathering to occur, an influx of
weatherable minerals with reactive surfaces is required. For each
mineral species, this flux can be written as the product of the following
variables: (1) concentration of the mineral species, (2) specific mineral
surface area of the mineral species, (3) fraction of reactive area per
mineral surface area, and (4) the rate of the colluvial flux. Below these
factors are examined as a function of hillslope positions.

The concentration of plagioclase varies little between the hillslope
summit and the lower end of the hillslope, suggesting changes in
mineral concentration do not significantly affect the chemical
weathering rate. On the other hand, the reactivity of mineral surfaces
may vary with topographic position as minerals are transported in the
downslope direction. In the adjacent first order hillslope within
Tennessee Valley (for the site information, see Sanderman et al.,
2009), the pedogenic crystalline Fe oxides gradually increased in the
downslope direction within the well drained shoulder and backslope
areas (Fig. 8). The increased Fe oxide coating, if persists in the studied
hillslope transect, may negatively affect the dissolution of primary
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Fig. 8. Pedogenic crystalline Fe contents in soils along an adjacent hillslope transect
within the Tennessee Valley. This adjacent hillslope shares virtually identical soil
morphology and geochemistry and hillslope morphology (Sanderman et al., 2009) with
the hillslope transect described in Fig. 3.

minerals, which contradicts the increasing chemical weathering rate
in the downslope direction within the steady state hillslope (Fig. 7a).
Therefore the increasing colluvial flux in the downslope direction
(Fig. 6a) is likely to cause the chemical weathering rate to increase in
the downslope direction.

4.8. Reduction in chemical weathering rate as the colluvial soil moves
from the eroding to depositional slope

The rate of mass loss via soil chemical weathering was found to be
less in the depositional slope than in the eroding area. This was
somewhat unexpected because in the depositional area a greater mass
of minerals (due to thicker soils) reacts with more abundant soil
water. Indeed, while the fraction of plagioclase grains is not
significantly different between the eroding and depositional soil
pits, mineral input via sediment flux is largest in the depositional area.
Furthermore, the amounts of crystalline Fe oxides, which may protect
the surface of weatherable minerals from dissolution, likely decrease
in the depositional slope because of seasonally reducing conditions
induced by soil saturation (Fig. 8). Therefore, the reduced chemical
weathering rate in the depositional area may not be explained by the
prevalent view that mineral supply or reactive mineral surface area
limits chemical weathering.

An alternative explanation is that subsurface water may be
approaching thermodynamic equilibrium with minerals and thus
suppressing weathering rates. In the eroding part of the studied
hillslope, soil water has brief residence time because of the thin soil
and the small contributing area and thus may not reach equilibrium
with the minerals. However, in the lower convergent slope, the
collection of water that has migrated through the sub-soil and
saprolite as observed in an adjacent first order watershed within
Tennessee Valley (Sanderman et al., 2009), may have highly elevated
solute concentrations. Lastly, it appears that secondary minerals may
have precipitated from soil pore water in the depositional soil. Despite
relatively constant clay content over the hillslope transect, we found
that clay-associated cation exchange capacity increased from 50-
70 cmole/100 g clay in the eroding soil to 80-95cmole/100 g clay in
the depositional soil, indicating different clay species present in the
eroding vs. depositional soils. Detailed geochemical modeling of soil
solutes and minerals should be undertaken together with spatially-
referenced measurements of hydrological flow paths and fluxes.

At watershed scales, a positive relationship between chemical
weathering rate and mineral supply rate (ie., total denudation rate)
has been recognized (Riebe et al., 2001, 2003a,b, 2004). More
mechanistic investigations into the causes for this positive relation-
ship have begun to consider the residence time of minerals within a
watershed (West et al.,, 2005; Hren et al., 2007; Gabet and Mudd,
2009), and it has been suggested that at high erosion rates chemical
weathering rates could be reduced by a lack of soil mass (e.g thin
mobile soil layers) (Ferrier and Kirchner, 2008; Gabet and Mudd,
2009). To our knowledge, however, the concept of mineral supply
limitation on weathering has not been applied in order to understand
topographic patterns of chemical weathering. The results here suggest
that mineral supply control of chemical weathering may be limited to
thin soils on actively eroding areas of hillslopes. In depositional
hillslopes, depending on hydrochemistry of the site, soil chemical
weathering rates may be controlled by thermodynamic equilibrium
between soil pore water and minerals.

5. Conclusions

Over a hillslope transect that includes both steady state and
transient areas of soil thickness, this study demonstrated that soil
chemical weathering rates were greatest in the lower part of the
eroding hillslope and that the chemical weathering rates were
significantly lower in the thick depositional soils. It was suggested
that geomorphic changes in hillslopes in response to channel
activities ultimately determine how the two competing controls of
weathering rate, mineral supply rate vs. mineral-solute interactions,
were spatially distributed over landscapes. This study also extended
the data on the feedback between sediment transport and chemical
weathering rate to include hillslopes underlain by clay-rich sedimen-
tary rock. Significant amounts of clay already present in the saprolite
at Tennessee Valley led to the soil that behaved like aged soils in terms
of dissolution characteristics of its minerals. The calculated long-term
chemical weathering rates, which are the lowest among the
previously reported values from eroding landscapes, are in agreement
with the growing consensus that mineral dissolution rate decreases
over time as minerals’ surface reactivity is reduced. Spatial patterns of
Ca and P suggested that the vertical extent of biological activities, in
combination with morphologic evolution of hillslopes, may have
significantly modulated the topographic distribution of biologically
important elements. This is because organisms compete with
sediment transport and soil water fluxes in controlling the fate of
these elements.

Hillslopes provide a convenient platform where the interactions
among major earth surface processes of generation and transport of
sediments and geochemical soil formation can be scrutinized at the
process level in response to the external forcings of climate change
and tectonic activity. Previous works coupling physical denudation
and chemical weathering at watershed scales (Riebe et al., 2001,
2003a,b, 2004), relying on point measurements of soils, saprolites,
and bedrock, have resulted in important hypotheses or observations
about landscape processes. This work and others (Nezat et al., 2004;
Green et al.,, 2006; Yoo et al., 2007) provide insight into how these
processes vary with topographic position. Accurate determination of
long-term chemical weathering rates at watershed scales may require
or should be complemented by a toposequence approach. The next
major step is to add soil solute chemistry and hydrology and the
processes occurring within the underlying saprolite. However, in the
absence of such comprehensive work, the soil solids on hillslopes hold
great insight into what are largely unanticipated complexities.
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