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Ol model that integrates geochemical and geomorphic processes responsible for

soils' elemental and mineralogical evolution on diverse landforms: eroding to depositional to level grounds.
This new model combines a hillslope sediment mass balance and a soil geochemical mass balance. We model
soils as the sum of a physically disturbed zone (PDZ) and the underlying physically undisturbed but
chemically altered zone (CAZ). The model considers processes including the production of PDZ, weathering
front propagation, mineral-

^
specific dissolution, colloidal translocation, and colluvial transport. Thus this

study serves to (1) review preexisting models of pedogenic processes and to (2) offer a framework to
integrate the geochemical and geomorphic processes active in soils. We further discuss the implications of
our model in (1) scaling chemical weathering reactions from mineral grains to pedons to soil catenas,
(2) understanding the emergence of geochemical soil catenas, and (3) coupling physical and chemical
weathering processes.

© 2008 Published by Elsevier B.V.
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1. Introduction

Elemental or mineralogical compositions of soils evolve due to
complex feedbacks among geochemical and geomorphic processes
within and at the boundaries of the soil layer. Geochemical processes
involve dissolution, leaching, precipitation, and colloidal translocation,
whereas geomorphic processes include the conversion of parent
material to soilmaterials and the colluvial transport of the soilmaterials.
Mathematical modeling that functionally relates these processes to the
evolution of elemental and mineralogical compositions of soil from
unweathered bedrock to the soil surface could bear significant insight
into advancing our knowledge of soil formation and its interactionwith
the evolution of landscape morphology. Kirkby (1977, 1985) presented
models of soil profile development within the context of eroding
hillslopes, but in the time since this pioneering work relatively few
attempts have been made to couple geochemical soil formation and
geomorphic processes despite a number of significant advances in both
hillslope sediment transport and geochemical mass balance techniques.

Whereas some pedogenic models have focused on the energy
fluxes through soil systems [e.g., Rasmussen and Tabor, 2007], most
conceptual models of soil formation involve processes responsible for
mass additions, removals, translocation, and transformation (Simon-
son, 1959). Though qualitative in nature, the concept still provides
powerful insights into linking observed soil properties and processes
72

73

74mudd@ed.ac.uk (S.M. Mudd).

lsevier B.V.

., Toward process-
^
based mod

), doi:10.1016/j.geoderma.20
T(Schaetzl and Anderson, 2005). The geochemical mass balance
approach (Marshall and Haseman, 1942; April et al., 1986; Brimhall
and Dietrich, 1987), which embodies the concept of Simonson (1959),
has proven to be a powerful method to quantify mass losses, gains,
and translocation during the soil formation.

In addition to geochemical alteration within a soil, mass inputs and
outputs through the boundaries of the soil directly affect the geochemical
composition of the soil profile. Those mass fluxes are responsible for
lowering the land surface or the soil-

^
bedrock interface. In the time since its

introduction by Culling (1963), the mass balance approach to hillslope
sediment (i.e., colluvial soil) transport has matured into awidely used tool
for geomorphic analysis (e.g., Dietrich et al., 1995). Such mathematical
analysesare increasinglycombinedwithdenudation ratesdeterminedwith
cosmogenic radionuclides (e.g., Heimsath et al.,1997; Bierman andNichols,
2004) and/or topographic surveys (Heimsath et al., 1999). These advances
inhillslopegeomorphology, togetherwith the successesof thegeochemical
massbalance, lay the foundations forquantitatively integratinggeomorphic
and geochemical processes in modeling of soil formation.

Recently the quantitative separation of the mass losses via physical
vs. chemical weathering from soils has beenmade at catchment scales
(Riebe et al., 2003a,b, 2004). In addition, the spatial variation of soil
chemical weathering rates and their contribution to denudation
within hillslope transects is beginning to be quantified (Nezat et al.,
2004; Green et al., 2006; Yoo et al., 2007) and considered in modeling
the geomorphic evolution of hillslopes (Mudd and Furbish, 2004).
These advances provide opportunities to pursue the co-

^
evolution

of soil geochemistry and hillslope morphology through a unifying
eling of geochemical soil formation across diverse landforms: A new
08.05.029
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mathematical model (e.g., Minasny and McBratney, 1999, 2001; Yoo
et al., 2005b, 2006; Minasny and McBratney, 2006; Yoo et al., 2007),
but a comprehensive and quantitative framework is lacking. Filling
this gap is the purpose of this study.

2. Background and issues

The geochemical mass balance (Marshall and Haseman, 1942;
Brimhall and Dietrich, 1987) has been applied to soils formed from
underlying parent material (an exception being cases where aeolian
inputs are considered, e.g., Brimhall et al., 1988). The total mass loss,
δ [M L−

^
2], during soil formation is described as

d ¼ Ciw

Cir
� 1

� �
qwhw; ð1aÞ

and the mass loss rate by chemical weathering S [M L−
^
2 T−

^
1] is

S ¼ Ad
At

; ð1bÞ

where C is mass concentration [MM−

^
1], ρw is soil bulk density [M L−

^
3],

hw is soil thickness [L], t is soil age which is equivalent of the time since
the cessation of erosion or deposition [T], the subscript i represents
weathering resistant index elements or minerals, and the subscripts w
and r represent soil and parent material, respectively. While this
approach has been successful in studying soil chronosequences
(Amundson, 2004), it is not applicable to eroding or depositional
landscapes: the soil age cannot be defined because erosion and
deposition continuously rejuvenate the soils (Almond et al., 2007;
Yoo et al., 2007; Yoo andMudd, 2008). Additionally, the parent material
for eroding or depositional soil is poorly defined due to sediment input
from upslope (Mudd and Furbish, 2006; Yoo et al., 2007).

In contrast, geomorphologists have described the soil-
^
mantled

landscapes by including the physical conversion of bedrock to
colluvial soil (referred to as colluvial soil production) and the physical
removal of that soil but without considering the mass fluxes due to
chemical weathering (Dietrich et al., 1995; Heimsath et al., 1997):

A qwhwð Þ
At

¼ qrp�j � qw
Y
Qw

� �
; ð2Þ

inwhichhw is the thicknessof colluvial soil [L],p is theproduction rateof the
colluvial soil [L T−

^
1], andQw is the volume of colluvial flux crossing across a

unit length of a contour line (referred to as sediment flux in geomorphic
literature) [L2 T−

^
1]. The divergence of mass sediment flux is equal to soil

erosion rate which has the dimension of mass per area per time.
In summary, colluvial soil production and colluvial transport have

not been considered in the geochemical evolution of soils (Eq. (1)) and
chemical weathering has been neglected in understanding the
geomorphology of soil covered hillslopes (Eq. (2)). The division
between the two approaches was first addressed by Riebe et al.
(2001, 2003a,b, 2004). They separately quantified long term rates of
soil chemical weathering and physical soil erosion at catchment scales
under two assumptions: 1) the catchment denudation rate is in
equilibrium with the rate of soil production and 2) the catchment
soils' elemental composition does not change over time because of the
continuous removal of the soils by physical erosion. Riebe et al. (2001,
2003a,b, 2004) found that the mass loss rate via chemical weathering
from colluvial soil within a catchment may be calculated by
quantifying the enrichment of weathering resistant soil components
and soil production rates:

S ¼ 1� Cir

Ciw

� �
qrp: ð3Þ

This model, however, has limited utility in understanding soils'
geochemical catena because of the steady state assumption and its
nature of averaging out the topographic variation of soils.
Please cite this article as: Yoo, K., Mudd, S.M., Toward process-
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1More comprehensive models for determining the soil chemical
1weathering rate as a function of hillslope position were recently
1developed (Mudd and Furbish, 2006; Yoo et al., 2007). If one assumes
1a soil's mass and chemical composition are in steady state, the
1chemical weathering rate can be described as a function of the
1topographic variation of colluvial soils' elemental composition, the
1production rate of colluvial soil, and the colluvial flux (Mudd and
1Furbish, 2006; Yoo et al., 2007):

S ¼ 1� Cir

Ciw

� �
qrpþjCiw

Ciw
qw �YQw: ð4Þ

1

1

1

For the detailed derivation of Eq. (4), see Yoo et al. (2007).
1This most recent model (Eq. (4)) (Mudd and Furbish, 2006;
1Yoo et al., 2007) still lacks several essential features required for
1integrating geomorphic processes and soils' geochemical evolution.
1The model defines soils in a way that differs from most pedogenesis
1studies. In pedological studies, a soil includes colluvial soil as a subset
1of the entire soil profile without explicitly identifying physically
1disturbed colluvial soil from physically undisturbed material. In
1contrast, the application of models described in Eqs. (2), (3), and (4)
1is limited to the colluvial component of a soil.
1Additionally, steady state assumptions need to be relaxed. Due to
1the continuous rejuvenation of the soil via erosion and soil produc-
1tion, many geomorphic studies have assumed that the soil layer on
1eroding hillslopes is in steady state (e.g., Heimsath et al., 1999). Such
1mass replacements do not occur for depositional soils or soils on level
1grounds. In addition, a number of studies have found evidence for
1transient behavior both in terms of geochemistry (e.g., Birkeland and
1Berry,1991) and soil thickness (e.g., Birkeland and Berry,1991; Roering
1et al., 2004; Roering and Gerber, 2005) on eroding hillslopes. Indeed,
1hillslopes' response to changes in climate and tectonics occurs at the
1timescales that are longer than the period of recent glacial and
1interglacial cycles (Fernades and Dietrich, 1997; Roering et al., 2001;
1Mudd and Furbish, 2007).

13. Model development

13.1. Defining a soil system

1We begin with a soil of thickness h and unit area (1 m2) at the soil
1surface; this volume is often the smallest observable unit of soil called
1a pedon (Fig. 1). The arbitrary nature of defining the vertical extent of
1soils (Jenny,1941) has resulted in numerous terms for a certain vertical
1portion of the materials mantling unweathered geological materials
1(Tandarich et al., 2002). One immediate problemwe face in this study
1is to set the boundary between colluvial soil and in-

^
situ soil. Despite

1the elaborate schemes of determining soil horizons based on various
1morphologic features including color, texture and structure (Buol
1et al., 1997) and the acknowledgement of physically mixed soil zone
1(Johnson, 1990), current soil surveys (Soil Survey Division Staff, 1993)
1do not explicitly factor the physical soil disturbance in dividing master
1horizons.
1We consider a soil as the sum of two distinct layers: a physically
1disturbed soil zone (hereafter PDZ) and a physically undisturbed but
1chemically altered soil zone (hereafter CAZ). In the PDZ, materials are
1physically perturbed by animal burrowing, the growth and decay of
1plant roots, tree falls, shrinking and swelling of 2:1 clay minerals, etc
1(e.g., Carson and Kirkby, 1972; Hole, 1961, 1981; Gabet et al., 2003).
1When organisms cause the physical perturbation, the PDZ is
1equivalent to the biomantle (Johnson, 1990). On hillslopes, the PDZ
1is synonymous with colluvial soil, which was the object of the mass
1balance described in

^
Eqs. (2), (3) and (4). The PDZ includes at least A

1horizons. In the grass covered hillslopes in Coastal California where
1the colluvial soil production function was first empirically quantified
1(Heimsath et al., 1997), the colluvial soil is awell mixed dark A horizon
eling of geochemical soil formation across diverse landforms: A new
08.05.029
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Fig. 1. Schematic of the modeled soil system at the pedon scale.

3K. Yoo, S.M. Mudd / Geoderma xxx (2008) xxx-xxx

ARTICLE IN PRESS
UN
CO

RR
EC

overlying a clay rich saprolite or Bt horizon (Monaghan et al., 1992;
McKean et al., 1993; Heimsath et al., 1997; Yoo et al., 2005a, 2006). In
other circumstances, the PDZ may include the B horizon in its entirety
or a portion thereof. Some B horizon materials may continuously mix
with the overlying A horizon without retaining a low value of the
Munsell color system (Munsell Color, 2000) because of the lack of
organic matter. Indeed, in the semi-

^
arid highlands in Southeast

Australia, the bioturbated colluvial soil includes Bw horizons
(Heimsath et al., 2000; Heimsath et al., 2001a; Yoo et al., 2007).

In the PDZ, continuous physical perturbations lead to gross lateral
mass flux (q PDZ) where this flux is defined as the volume of materials
crossing a unit contour line per unit time [L2 T−

^
1]. Mathematically, the

PDZ is a layer inwhich the gross lateral mass flux has non-
^
zero values.

Note that the gross flux is a vector; it has both direction and quantity:

YqPDZp0: ð5Þ

Chemical alteration of minerals, in general, extends beyond the
PDZ; virtually all mature soils exhibit a CAZ underneath the PDZ.
Water, dissolved or colloidal organic acids, oxidizing ions, and
microorganisms travel through pores, and the diurnal to seasonal
cycles of soil moisture and temperature temper out with increasing
soil depth. One notable example of the CAZ is saprolite of which the
original definition is “thoroughly decomposed, earthy, but untran-
sported rock” (Becker, 1895; Tandarich et al., 2002). The CAZ, as
noted earlier, may include a portion or all of the B horizons. Physical
disturbance in the B horizon is, however, poorly understood. Even at
depths where soil perturbing animals cannot reach, prolonged
chemical weathering may result in the volumetric collapse of the
soil matrix (Merritts et al., 1992). In this study, we do not consider such
chemical weathering-

^
driven collapse as a part of physical soil

perturbation. In soils with B horizons such as duripan, fragipan and
placic horizon, bioturbation could be further limited to the overlying
horizons, as dense clay layers prevent the access of soil bioturbators.
Stone lines, which are interpreted as materials too big or heavy for
bioturbation, virtually always occur at the interface between A and B
horizons (Johnson, 1994). Thus, in many cases (but not in every case)
the boundary between the PDZ and CAZ occurs at the boundary
between the A and B horizons.

Mathematically, the CAZ is defined by the absence of grossmaterial
movements. The CAZ may develop a diffuse boundary with the
underlying fresh parent material and thus this boundary should be
Please cite this article as: Yoo, K., Mudd, S.M., Toward process-
^
based mod
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considered an idealization for the mathematical treatment. We define
the lower boundary as the deepest depth where detectable mass loss
via dissolution and leaching is found for at least one element or a
mineral species (subscript j):

YqCAZ ¼ 0; ð6aÞ

and

dj;CAZ ¼ Cj;r
Ci;CAZ

Ci;r
� Cj;CAZ

� �
qCAZhCAZp0: ð6bÞ

Although volumetric change is not considered in dividing a soil
profile into the two layers, in general, bioturbation tends to increase
the volume of a given soil material.

We acknowledge that the models presented in this study have the
risk of oversimplifying soil profiles. Biological and physical soil
perturbation and chemical weathering, however, are universal and
extend to different maximum depths. Additionally, the model
development below illustrates that even for this simplified soil profile,
the basic processes contributing to geochemical evolution of soils
have not been well identified and measured. Though promising
multilayered models of soils have been constructed (e.g., Salvarodr-

^
Blanes et al., 2007), these models have not included lateral sediment
fluxes that occur on eroding hillslopes, nor have these models ex-
plicitly incorporated the geochemical mass balance. As our computa-
tional power grows and empirical data on major mass fluxes as a
function of soil depth accumulates, ourmodels can be also extended to
include a number of soil layers.

3.2. Governing mass balances

3.2.1. Mass balance of the PDZ
Among many properties characterizing the PDZ, we track its bulk

mass and the amounts of weathering susceptible soil elements or
mineral species and weathering resistant soil components as a
function of time. Typical insoluble elements include Zr, Ti, and Nb,
which commonly reside in chemically resistant oxideminerals such as
zircon and rutile (e.g., Nb in Kurtz et al., 2000, Zr in Brimhall et al.,
1988). The mineral quartz has been also used as an index soil
component (White et al., 1996).

A PDZ mass budget is determined by the production of the PDZ
from the CAZ or fresh parent material, aeolian deposition, colluvial
eling of geochemical soil formation across diverse landforms: A new
08.05.029

Original_text: - 
Original_text: - 
Original_text: - 
Original_text: - 
Original_text: - 
Original_text: - 
Original_text: - 
Original_text: - 
Original_text: - 
Original_text: - 
Original_text: - 
Original_text: - 
Original_text: - 
Original_text: - 
Original_text: - 
Original_text: - 
Original_text: - 
Original_text: - 
Original_text: - 
Original_text: - 
Original_text: - 
Original_text: - 
Original_text: - 
Original_text: - 
Original_text: - 
http://dx.doi.org/10.1016/j.geoderma.2008.05.029


C

OF

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

286

287

288

289

290

291
292
293
294
295
296

297

298

299

300

01

02

03

04

05

06

07

08

09

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Fig. 2. Schematic of the modeled soil system. Note that d is defined as positive up, whereas p and ϕ are defined as positive down. In the schematic we show QPDZ, sPDZ, xPDZ, sCAZ, and
xCAZ as local values (no overbars), whereas in the model mass balances are calculated using depth-

^
averaged values.

4 K. Yoo, S.M. Mudd / Geoderma xxx (2008) xxx-xxx

ARTICLE IN PRESS
UN
CO

RR
E

fluxes, chemical weathering, and clay translocation. The chemical
weathering rate is defined as the rate of net mass loss or gain via
dissolution, precipitation, and leaching in the PDZ. The mass balance
of insoluble soil components, however, is not affected by chemical
weathering. Translocation terms represent the eluviation or illuvia-
tion of clay sized minerals.

The PDZ has an upper boundary at the elevation (z) of ζ and a lower
boundary of η such that the thickness of the PDZ is hPDZ=ζ^

−
^̂
η (Fig. 2).

The reference elevation (z) to which the vertical boundary conditions
of a PDZ are measured could be defined differently depending on
research questions. The mass balances of the bulk materials, weath-
ering susceptible soil components with subscript j (e.g., the element
Ca or the mineral plagioclase), and weathering resistant soil
components with subscript i (e.g., element Ti or mineral zircon) in
the PDZ are respectively:

A qPDZhPDZð Þ
At

¼ qgpþ qfd�j � qPDZQ PDZ

� �
� hPDZ sPDZ þ xPDZð Þ; ð7aÞ

A qPDZC j;PDZhPDZ
� �

At
¼ qgCj;gpþ qfCj;fd�j � qPDZC j;PDZQ PDZ

� �
� hPDZ s j;PDZ þ x j;PDZ

� �
; ð7bÞ

and

A qPDZC i;PDZhPDZ
� �

At
¼ qgCi;gpþ qfCi;fd�j � qPDZC i;PDZQ PDZ

� �
� hPDZx j;PDZ; ð7cÞ

where d is a deposition (if positive, e.g., aeolian deposition) or erosion
(if negative, e.g., overland flow) rate at the surface of the PDZ [L T−

^
1], s

is the rate that soil mass is lost or gained via chemical weathering per
unit soil volume [M L−

^
3 T−

^
1], x is the rate that soil mass is gained or lost

due to clay translocation per unit soil volume [M L−
^
3 T−

^
1] (Fig. 2).

Terms with overbars are depth-averaged values such that, for
example:

C j;PDZ ¼ 1
hPDZ

Z f

g
Cj;PDZdz: ð8Þ

Subsequently, the weathering rate from the PDZ (SPDZ, with the
dimension of M L−

^
2 T−

^
1) is SPDZ=hPDZs PDZ. Where the PDZ directly
Please cite this article as: Yoo, K., Mudd, S.M., Toward process-
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3subscript η should be replaced by r which represents fresh parent
3material. Production of the PDZ is defined as positive. If mass is lost
3due to either chemical weathering or translocation the terms s and x
3are positive, respectively.
3The functional relationship between the rates of the processes
3shaping the PDZ can be stated by combining

^
Eqs .

^
(7a)–

^
(c):

AC j;PDZ

At
¼ qgp

qPDZhPDZ
Cj;g � C j;PDZ

� �
þ qfd
qPDZhPDZ

Cj;f � C j;PDZ

� �

� Q PDZ

hPDZ
jC j;PDZ þ

C j;PDZsPDZ � sj;PDZ
� �

qPDZ

þ
C j;PDZxPDZ � xj;PDZ
� �

qPDZ
ð9aÞ

3

3

and

AC i;PDZ

At
¼ qgp

qPDZhPDZ
Ci;g � C i;PDZ

� �
þ qfd
qPDZhPDZ

Ci;f � C i;PDZ

� �

� Q PDZ

hPDZ
jC i;PDZ þ

C j;PDZsPDZ
qPDZ

þ
C j;PDZxPDZ � x j;PDZ
� �

qPDZ
: ð9bÞ

3

3

3

The first two terms to the right of the equality in Eqs. (9a) and (9b)
3are the enrichment or depletion of the soil component i or j due to the
3production of the PDZ and aeolian deposition (or runoff erosion),
3respectively. The third term is the enrichment or depletion due to
3colluvial transport. The fourth term is the enrichment or depletion of a
3chemically soluble species due to chemical weathering, whereas the
3fifth term is the enrichment or depletion of the soil component i or
3j due to clay translocation.

33.2.2. Mass balance of the CAZ
3The PDZ is coupled to the CAZ through production of the PDZ. The
3lower boundary of the CAZ is at an elevation of z=μ such that the
3thickness of the CAZ is hCAZ=η−^

μ (Fig. 2). The mass balances of the
3bulk materials, weathering susceptible element (mineral j), and
3weathering resistant element (mineral i) in the CAZ are:

A qCAZhCAZð Þ
At

¼ qr/� qgp� hCAZsCAZ � hCAZxCAZ; ð10aÞ
eling of geochemical soil formation across diverse landforms: A new
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A qCAZC j;CAZhCAZ
� �

At
¼ qrCj;r/� qgCj;gp� hCAZsj;CAZ � hCAZx j;CAZ; ð10bÞ

and

A qCAZC i;CAZhCAZ
� �

At
¼ qrCi;r/� qgCi;gp� hCAZxi;CAZ; ð10cÞ

where the subscript r represents fresh parent material, and ϕ is the
weathering front propagation rate at the boundary between the CAZ
and fresh parent material [L T−

^
1]. The overbars again indicate a depth-

averaged quantity within the CAZ, for example,

C j;CAZ ¼ 1
hCAZ

Z g

A
Cj;CAZdz: ð11Þ

As we have done for the PDZ (9a)–(b) we solve Eqs. (10a)–(c) to
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^ ^ ^arrive at the changes in elemental or mineralogical compositions of
the CAZ over time as a function of physical and chemical processes
within and at the boundaries of the CAZ.

AC j;CAZ

At
¼ qr/

qCAZhCAZ
Cj;r � C j;CAZ

� �
� qgp
qCAZhCAZ

Cj;g � C j;CAZ

� �

þ
C j;CAZsCAZ � s j;CAZ
� �

qCAZ
þ

C j;CAZxCAZ � xj;CAZ
� �

qCAZ
ð12aÞ

and

AC i;CAZ

At
¼ qr/

qCAZhCAZ
Ci;r � C i;CAZ

� �
� qgp
qCAZhCAZ

Ci;g � C i;CAZ

� �

þ C i;CAZsCAZ
qCAZ

þ
C i;CAZxCAZ � xi;CAZ
� �

qCAZ
: ð12bÞ

Eqs. (12a) and (12b) are nearly identical to Eqs. (9a) and (9b).
However, colluvial transport and atmospheric deposition do not
appear. Downward propagation of the weathering front is instead
included, and PDZ production takes the opposite sign.

4. Sub-
^
models

The newly developed mass balances explicitly state how each
geochemical or geomorphic process contributes to the abundance of
elements andminerals in a soil. In the context of ourmodel, we review
the currently available models of those processes: (1) PDZ production
rate, (2) weathering front propagation rate, (3) colluvial flux,
(4) chemical weathering rates of minerals, and (5) colloidal clay
translocation.

4.1. The rates of PDZ production and weathering front propagation

While Ahnert (1977) made a distinction between physical soil
production (equivalent to mechanical lowering of the bedrock surface
in his paper) and the propagation of a chemical weathering front
(equivalent to chemical lowering of the bedrock surface in his paper),
it was not explicitly noted that the two processes may simultaneously
occur at different depthswithin a single soil profile. In general, the two
processes have been implicitly combined to occur at a single interface
that demarcates soils and parent material; these collective processes
have been termed soil or regolith production in the geomorphic
literature (e.g., Humphreys and Wilkinson, 2007). Soil production
rates have been long modeled as a function of the overlying soil
thickness (Davis, 1892; Gilbert, 1909), and this function has been
called the soil production function (e.g., Carson and Kirkby, 1972).

We use PDZ production to represent the mass flux from the CAZ
(if present) or parent material to the PDZ and weathering front
propagation for the mass flux from parent material to the CAZ. Several
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published works, using in-
^
situ and meteoritic cosmogenic nuclides,

determined the physical production rate of the PDZ (Heimsath et al.,
1997; Small et al., 1999; Heimsath et al., 2000, 2001a,b; Wilkinson
et al., 2005) and chemical production rate of saprolite (Pavich, 1986,
1989), but the rates of both processes at two distinct interfaces within
a single soil profile have not been considered or determined.

Two competing thoughts about the soil production function are
available, and we treat the function as applicable for both PDZ
production rate (p) and weathering front propagation rate (ϕ). One
states that the rate exponentially decreases with increasing thickness
of the overlying materials, and the other proposes that the rate peaks
under a certain thickness because the overlying soil helps maintain
soil moisture and presence of plants. When organisms are the major
agents of PDZ production, their access to the undisturbed layer
becomes increasingly difficult with increasing thickness of the PDZ.
Likewise, the physical processes that break down material via freeze–
thaw etc or chemical reaction between moisture and minerals
may be most vigorous at an intermediate soil depth [e.g., Carson
and Kirkby, 1972; Anderson, 2002]. The exponential and peak PDZ
production functions and weathering front propagation rates can be
described as:

p ¼ p0e
�hPDZ

gPDZ ; or / ¼ /0e
�hPDZþhCAZ

gCAZ ð13aÞ
and

p ¼ min p0 þ pp � p0
hPDZ;p

hPDZ; ppe
�hPDZ�hPDZ;p

gPDZ

� 	
;

or

/ ¼ min /0 þ
/p � /0

hw;p
hw; /pe

� hPDZþhCAZð Þ�hw;p
gCAZ

� 	
ð13bÞ

where p0 is the colluvial soil production rate at zero colluvial
thickness [L T−

^
1], ϕ0 is the weathering front propagation rate at

zero soil thickness [L T−
^
1], pp is the peak colluvial soil production rate

[L T−
^
1], ϕp is the peak weathering front propagation rate [L T−

^
1], γ is

a length scale describing how the colluvial soil production rate
(subscript PDZ) or weathering front propagation rate (subscript CAZ)
decreases with increasing depth [L], hPDZ, p is the colluvial thickness at
the peak colluvial soil production rate [L], hw, p is the soil thickness
at the peak weathering front propagation rate, and the function
min takes the value of the minimum of the two equations within the
brackets; this is one way to describe the peaked soil production
function.

The depth dependency of the PDZ production or weathering front
propagation is based on the assumption that the thickness of the
overlyingmaterials is the only variable determining the vertical extent
of weathering agents and reagents. This approach may be reasonable
for soils on eroding landscapes where the soil residence time is short.
As soils age, however, soil properties other than soil thickness may
further control PDZ production and weathering front propagation
rates. For instance, as a soil becomes depleted in phosphorous due to
mineral dissolution loss and the occlusion of the phosphorous with
secondary minerals (e.g., Chadwick et al., 1999, Brenner et al., 2001),
declining plant productivity may lead to the reduction of biological
burrowing and of organic acidity. Likewise, the development of dense
layers such as argillic horizons may dramatically affect water move-
ment (Eppes et al., 2002), inhibiting the access of oxygen and organic
acid bearing water to the deeper subsurface.

The existing functions described in Eqs. (13a) and (13b) are able to
capture the rapid thickening of solum (A+B horizon) in the early
phase of soil formation followed by the stabilization of solum
thickness commonly seen in chronosequences (e.g., Merritts et al.,
1992; White et al., 1996). It also appears that the profile development
in older soils listed above tends to reduce the production rates of both
eling of geochemical soil formation across diverse landforms: A new
08.05.029

Original_text: - 
Original_text: - 
Original_text: - 
Original_text: - 
Original_text: - 
Original_text: - 
Original_text: - 
Original_text: - 
Original_text: uations
Original_text: uations
Original_text: uations
Original_text: uations
Original_text: - 
Original_text: - 
Original_text: - 
Original_text: - 
Original_text: - 
Original_text: - 
Original_text: - 
Original_text: - 
Original_text: - 
Original_text: - 
Original_text: - 
Original_text: - 
Original_text: - 
Original_text: - 
Original_text: - 
Original_text: - 
Original_text: - 
Original_text: - 
Original_text: - 
Original_text: - 
Original_text: - 
Original_text: - 
Original_text: - 
Original_text: - 
Original_text: - 
Original_text: - 
Original_text: - 
Original_text: - 
Original_text: - 
Original_text: - 
Original_text: - 
Original_text: - 
http://dx.doi.org/10.1016/j.geoderma.2008.05.029


C

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

85
87

88

89

90

91

92

93

94

95

96

97

98

99

00

01

02

03

04

05

06

07

08

09

10

11

12

13

14

15

16 Q3
17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

6 K. Yoo, S.M. Mudd / Geoderma xxx (2008) xxx-xxx

ARTICLE IN PRESS
UN
CO

RR
E

the PDZ and CAZ. Thus, while incomplete, the present functions may
still be used to simulate the overall change in soil thicknesses.

4.2. PDZ flux (colluvial flux)

This paper focuses on soil bioturbation as a major process that
generates colluvial flux. On level grounds (∇ξ=0, where ξ is the
ground surface elevation) bioturbation moves PDZ materials in all
directions with equal probability such that the net colluvial flux or
the gross fluxes integrated along the entire direction becomes
negligible:

lYqPDZdl ¼ 0; where jn ¼ 0: ð14Þ

On sloping grounds, in the upslope direction colluvial motions
need to overcome both ground surface friction and gravity while flux
in the downslope direction is aided by gravity (Andrews and Bucknam,
1987; Roering et al., 1999). Although soil perturbing organisms
populate both level and sloping grounds, the anisotropic effects that
generate net colluvial flux only occur in areas of non-zero hillslope
gradient:

lYqPDZdlp0 where jnp0: ð15Þ

The difference between Eqs. (14) and (15) separates the soils on
slopes from those on level grounds.

The colluvial flux has been described as linearly (Culling, 1963;
Dietrich et al., 2003) or non-linearly (e.g., Roering et al., 1999) pro-
portional to the slope gradient. There are indications, however, that
the colluvial flux is a function of both soil thickness and slope gradient
(Ahnert, 1967; Braun et al., 2001; Anderson, 2002; Furbish, 2003;
Heimsath et al., 2005; Yoo et al., 2007). The linear and depth-
dependant flux laws can be written respectively as:

Y
QPDZ ¼ Kjn; ð16aÞ
and

Y
QPDZ ¼ K VhPDZjn; ð16bÞ

where K [L2 T−
^
1] and K′ [L T−

^
1] are constants.

Processes other than bioturbation may contribute to the colluvial
flux. Rain splash and overland flow, for example, may act directly on
the minerals lying on ground surface; processes acting on the surface
of the soil are incorporated into the model through the variable d in
the governing equations.

4.3. Mineral chemical weathering rates

Dissolution of mineral grains has often been modeled with a first
order decay law, in which the rate of mass change of minerals is
described as the product of a reaction coefficient (kwith the unit of T−

^
1)

and the mineral surface area. Conventional dissolution kinetics states
that the mineral dissolution rate coefficient is a function of tempera-
ture and the chemistry of soil water (e.g., Sverdrup and Warfvinge,
1988; Lasaga 1998) and is thus independent of time. There are,
however, empirical data suggesting that the reactive coefficient
reduces with increasing time length that minerals are exposed to
dissolution (White et al., 1996; Hodson and Langan, 1999; White and
Brantley, 2003). The two competing ideas can be described by using
either a constant or time-

^
dependent mineral-

^
specific mineral dissolu-

tion rate, k [T−
^
1]:

s j;s ¼ �Amj

As
¼ kj �mj ¼ Rj � Aj �wj

� �|fflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflffl}
¼kj

�mj; ð17Þ
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4wheremj is the mass of mineral j per volume of soil materials [M L−
^
3],

4R is chemical reaction coefficient in moles reacted per mineral
4surface area per time [mol L−

^
2 T−

^
1], A is the mineral-specific surface

4area [L2 M−

^
1],wj is the molar weight of the consideredmineral species

4[M mol−
^
1], and τ is the time length that the minerals are exposed to

4dissolution reaction.
4Eq. (17) can be solved for the amount of remaining minerals as a
4function of their initial mass and the time length of dissolution
4exposure. In both cases the dissolution rate from theminerals declines
4over time because the remaining mass of minerals decreases. For the
4sake of simplicity in demonstrating how the rate law is incorporated
4into our soil model, the case of constant reactive coefficient is solved
4here. The mass remaining of the minerals after some elapsed time τ
4since the initiation of chemical weathering reaction is:

mj ¼ mj;0e
�kjs; ð18Þ

5

5

where mj,0 is the mass of the mineral j in the volume of investigated
5soil materials at the beginning of mineral dissolution.

54.4. Clay translocation

5Subsurface soil water flux also carries clay minerals. Despite being
5solid, the clay translocation term is included separately from colluvial
5flux because it follows soil water, whichmay have a flow direction that
5is distinct from the direction of colluvial flux (Table 1). Eluviation and
5illuviation of layered phyllosilicate clays and pedogenic iron and
5aluminum oxides and hydroxides have been long considered as one of
5the fundamental soil forming processes (Jenny and Smith, 1935). It is
5only recent, however, that the colloidal fluxes of clay minerals have
5become the subject of empirical quantification because of their role in
5contaminant transport (Jonge et al., 2004; McCarthy and McKay,
52004).
5Clay translocation requires an independent term in our mass
5balance (Eqs. (9a) and (9b)

^
to (12a) and (12b)

^
) because its contribution

5to the soil's geochemical composition is distinct from those of
5dissolved ions in soil water and colluvial flux. Unlike chemical
5weathering, clay translocation contributes to the mass balance of the
5immobile element such as Zr (Table 1). The concentrations of elements
5such as Zr and Ti —

^
generally considered insoluble —

^
are found to be

5significant in clay size particles (Taboada et al., 2006). Process-
^
based

5modeling of colloidal transport addressing themobilization, transloca-
5tion, and settlement of the colloidal particles is only beginning to be
5pursued (DeNovio et al., 2004). Initial attempts to incorporate colloidal
5transport into vadose zone hydrology model such as HYDRUS have
5been recently made (e.g., Šimunek et al., 2006), which may develop in
5the future to a sub-

^
model that could be integrated into our mass

5balance models.

55. Implication in scaling issues

5Our model offers an opportunity to systematically construct mass
5balances of soil systems at different spatial scales. The boundary of the
5modeled soil system can be defined at the scale of mineral grains to
5the pedon scale, and also at watershed scale (Fig. 3).

55.1. Mineral grains (laboratory) vs. pedon scales

5The discrepancy between laboratory measurements of mineral
5dissolution rates and weathering rates measured in the field has been
5identified as one of the major questions in weathering science
5(Anderson et al., 2004). A critical task is to examine the mechanisms
5responsible for this discrepancy and also to correctly scale rates up
5from the mineral scale to the scale of a soil profile, a problem raised by
5Yoo and Mudd (2008). Following their approach, we consider a soil as
5a sum of numerous mineral grains and organic matter. The role of
eling of geochemical soil formation across diverse landforms: A new
08.05.029
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Table 1t1:1

Mass fluxes within and at the boundary of a soil system
t1:2
t1:3 Mass flux Location Mass phase Agents or processes Fractionation of minerals or elements

t1:4 Surface erosion or deposition PDZ surface Solid Overland flow, Aeolian deposition Yes
t1:5 PDZ production PDZ to CAZ (or PMa) boundary Solid Biophysical perturbation No
t1:6 Weathering front propagation CAZ-

^
PMa boundary Solid Chemical reaction No

t1:7 Colluvial flux PDZ Solid Biophysical perturbation No
t1:8 Solute flux PDZ and CAZ Dissolved Soil water flux Yesb

t1:9 Colloidal flux PDZ and CAZ Solid Soil water flux Yesc

Summary of mass fluxes described in our mass balances based on their location, phase of flux, responsible agents or processes, and their fractionating impact on soils' geochemical
composition as described in our models.

t1:10

a Parent material.t1:11
b Due to weatherability of minerals and solubility of elements.t1:12
c Only suspendable fine mineral particles, which are likely to be secondary minerals, are transported.t1:13
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organic matter can be considered by treating the elemental budget of
carbon. Unlike laboratory batch experiments in which minerals'
exposure to chemical reaction starts with the well-

^
defined initiation

of the experiments, the minerals in a soil profile have the range of
residence times in the soil (Mudd and Furbish, 2006; Almond et al.,
2007; Yoo and Mudd, 2008). The PDZ, for instance, continuously
incorporates minerals from the underlying CAZ or fresh parent
material via PDZ production. Another factor determining the
residence time of a mineral species in the PDZ is the mineral-

^
specific

susceptibility to chemical weathering. For example, plagioclase
minerals have less chance of surviving dissolution/leaching for a
given length of time than quartz.

Here we make two modifications to Yoo and Mudd (2008). First,
mineral grains are incorporated into the PDZ from the underlying CAZ,
the mineralogical composition of which also changes over time.
Second, instead of time-

^
dependent mineral dissolution rate used in

Yoo and Mudd (2008), a constant rate coefficient is used for the sake
of simplicity. In a soil of age Г, we first focus on a group of mineral
species j that entered the PDZ during the time interval between soil
ages of t and t+Δt. The initial mass of this mineral group is thus equal
to (Cj,CAZ,t^

ρCAZ^
pt)Δt; the values in the parenthesis include the

mineralogical composition of the CAZ and the PDZ production rate.
The mass of this mineral group declines with soil age according to the
dissolution law which is a solution of Eq. (18):

mj;tYC ¼ Cj;CAZ;tqCAZpt
� �

Dt � e�kj C�tð Þ: ð19Þ

Since the soil is made up ofminerals that entered the soil sometime
between the initiation of soil formation and Г

^
, the totalmass ofmineral
UN
CO

RR

Fig. 3. Heuristic simulation of a soil formation showing the evolution of soil thickness and
within the simulated soil when the soil age reaches 100

^
kyr

^
. Exponential soil production

(Heimsath et al., 1997). Bulk densities of soil and saprolite are assumed to be 1.3 g cm−

^
3 an
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Fspecies j in the soil (mj,Г) can be represented as a sum ofmineral grains

thatwere incorporated into the PDZ at different periods during the soil
formation and have survived dissolution and leaching:

mj;C ¼
Xt¼C

t¼0

mj;tYC: ð20Þ

These two equations (Eqs. (19) and (20)) allow describing the mass
of mineral species j that entered the PDZ at a particular period of PDZ
formation as a function of the soil age, PDZ production rate, and the
mineral-specific weathering susceptibility. Similar equations can be
derived for the CAZ.

Here we provide a heuristic application of our model. The evolution
of the mineralogical composition of a PDZ is simulated for the first
100

^
k
^
yr
^
of the soil's formation. For the sake of simplicity, PDZ is assumed

to develop directly from in-
^
situ bedrock on a level geomorphic surface.

The process of soil production incorporates minerals from the bedrock
into the soil (equivalent of PDZ in this example), and the minerals
chemically weather in the soil. The exponential soil production function
is used, and this simulation focuses on soil thickness and the minerals
Ca-

^
plagioclase and quartz, which are known to have dramatically

different chemical weathering susceptibility. For the sake of simplicity,
we assume that the mass loss rate of quartz mineral grains via
dissolution and leaching is negligible, whereas Ca-

^
plagioclase has the

first order decomposition rate of 0.0001 yr−
^
1 (Eq. (17)).

Initially the soil thickens, but the thickening rate gradually reduces
as the soil production rate declines (Fig. 3a). After the 100

^
k
^
yr
^
of

soil formation, the soil thickness reaches ∼80 cm with the prescribed
soil production function (the parameters used fall within the range
soil production rate (a) and the residence time distribution of the two mineral species
function (Eq. (13a)) is used with the following parameters: po=75 m Ma−

^
1, γ=0.3 m

d 2.0 g cm−

^
3, respectively.

eling of geochemical soil formation across diverse landforms: A new
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Fig. 4. Schematic showing how the model boundaries can be adjusted to address soils of different scales. In this case, we illustrate the pedon and watershed scales.
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Emeasured in the field, e.g., Heimsath et al., 1999). This 100

^
kyr

^
old soil,

however, is comprised of minerals that have dramatically different
residence times in the soil. The mineral quartz, because it survives
chemical weathering, continues to accumulate in the soil. Quartz
grains that are introduced to the soil during the initial period of soil
formation when the soil production rate is relatively high largely
explain the older residence time of theseminerals (Fig. 3b). In contrast,
Ca-

^
plagioclase that entered the soil in the early soil formation period

has been lost from the soil. As a result, the residence time distribution
of the Ca-

^
plagioclase in the soil is skewed toward shorter residence

time (Fig. 3b). This heuristic simulation shows (1) a mineral species'
mean mineral residence time in a soil, regardless of its weathering
susceptibility, is less than the soil age, and (2) mean residence time of
a mineral species with greater susceptibility to chemical weathering
will be shorter than those of weathering resistant mineral species, and
(3) individual mineral grains of a same mineral species have distinct
ages, and their distribution is a function of the mineral species'
weathering susceptibility, soil production history, and soil age. Most
importantly, this simulation shows that our model allows examining
soil profiles as a sum of mineral grains and thus scaling up the
laboratory based understanding of mineral grain scale chemical
weathering reaction rates to soil profiles and vice versa.

Unlike soil age,mineral residence time can be defined and quantified
for geomorphically dynamic eroding and depositional landscapes.
Efforts to simulate the mineral residence time along eroding hillslope
Please cite this article as: Yoo, K., Mudd, S.M., Toward process-
^
based mod

mathematical framework, Geoderma (2008), doi:10.1016/j.geoderma.20
6transects have been carried out (Mudd and Furbish, 2006; Almond et al.,
62007). In addition, by combining a detailed topographic survey with a
6colluvial transport model, Yoo et al. (2006, 2005a) estimated the time
6lengths that minerals resided in a depositional hollow since sedimenta-
6tion within a zero order watershed.

65.2. Pedon to watershed scales

6The modeled soil system can be expanded to have an upper lateral
6boundary at the hillslope ridge and a lower lateral boundary at the
6basin's channels (Fig. 4). In this case the PDZ does not receive colluvial
6flux fromupslope, and the outflux is simply equal to the soil erosion rate
6integrated over the watershed. Our mass balances of the PDZ (Eqs. (7a)
6and (7c)) may be recast as:

A qPDZhPDZA
� �

At
¼ qgpAþ qfdA� qlQ l 2lð Þ � hPDZsPDZA; ð21aÞ

6

6

and

A qPDZC i;PDZhPDZA
� �

At
¼ qgC i;gpAþ qfC i;fdA� qlC i;lQ l 2lð Þ; ð21bÞ

6

6

where the overbars now represent values spatially averaged over the
6watershed, A represents thewatershed area [L2], subscript l represents
6the interface between hillslope and channel, and L represents the
eling of geochemical soil formation across diverse landforms: A new
08.05.029
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channel length within the watershed (2
^
L is thus the length of the

interface between the channel and upland). Mass balances for the CAZ
at the watershed scale can be similarly constructed.

For the sake of simplicity, we assume a steady state PDZ with
negligible atmospheric deposition at the watershed

^
scale, which is the

case considered in Riebe et al. (2004, 2003a,b, 2001):

hPDZsPDZ ¼ qgp 1� C i;g=C i;l

� �h i
; ð22Þ

where the underlying CAZ is also in steady state, the PDZ production
rate can be replaced by a weathering front propagation rate, and the
soil elemental chemistry at the PDZ-

^
CAZ boundary is replaced by the

value of fresh parent material. In this scenario, the chemical weath-
ering rate is determined for the entire soil profile.

The result (Eq. (22)) may appear identical to the model by Riebe
et al. (2004, 2003a,b, 2001) (Eq. (3)), but there is an important
difference. In their work, catchment-

^
averaged PDZ production rates

were determined by measuring cosmogenic radionuclides (such as
10Be and 26Al) of stream sediments, which can be equated to the
catchment-

^
averaged soil production rate with the steady state

assumption. In parallel, soil elemental chemistry
^̂
was determined at

various positions within catchments. Our detailed derivation, how-
ever, reveals that the elemental chemistry of soil should be measured
where the soil leaves the system of interest, as noted in the subscript l
indicating streams. By doing so, we integrate the changes in
geochemical composition of PDZ due to chemical weathering during
the colluvial transport within the hillslope. If soil elemental composi-
tions vary along a hillslope transect as observed in numerous
hillslopes (Nezat et al., 2004; Green et al., 2006; Yoo et al., 2006),
correctly determining soil sampling locations for elemental or
mineralogical compositions is critical in determining the catchment
integrated chemical weathering rate as a fraction of total denudation
rate (see also, Mudd and Furbish, 2006).

To illustrate the utility of
^
Eq. (22) in estimating the hillslope or

watershed integrated chemical weathering rates, we merged the
equation with the published toposequence data in Yoo et al. (2007)
(Fig. 5). Yoo et al. (2007), using the steady state form of Eq. (9a),
calculated pedon-

^
scale chemical weathering rates from the ridge to the

hillslope base along a convex hillslope transect in Southwestern
Australia. For the hillslope averaged chemical weathering rate, they
added the pedon-scale weathering rates along the transect and then
divided the sum by the hillslope length. In contrast, Eq. (22) allows
estimating the hillslope averaged rate based on the immobile elemental
concentrationof a pedon that is located at thehillslopebase (gray circled
soil pedon in the Fig. 5), which makes it unnecessary to measure the
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Fig. 5. Immobile Zr concentrations in the soils and saprolites along an eroding hillslope
transect in Southwestern Australia (modified from Yoo et al., 2007).
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elemental concentrations of many soil pedons along the hillslope
transect. The soil at the hillslope base is the sum of minerals produced
and transported along the transect and thus integrates the chemical
weathering processes and rates within the hillslope. For the
hillslope transect described in Fig. 5, Yoo et al (2007) reported the
hillslope averagedmass soil production rate of 47 gm−

^
2 yr−

^
1. Bymerging

^
Eq. (22) with the mass soil production rate and the Zr data in Fig. 5,
we have obtained the hillslope averaged chemical weathering rate of
18 g m−

^
2 yr−

^
1, which is close to 21 g m−

^
2 yr−

^
1 reported by Yoo et al.

(2007). If the hillslope averaged Zr concentrations of both soils and
saprolites (values are in the Fig. 5) were used as in Riebe et al. (2004,
2003a,b, 2001), the hillslope averaged chemicalweathering is calculated
to be 28 gm−

^
2 yr−

^
1, a value significantly higher than the estimatesmade

in this paper and in Yoo et al. (2007). This discrepancy highlights the
importance of correctly accounting for the boundary conditions of
modeled soil system across diverse spatial scales.

6. Implications to the emergence of soil toposequence

^
A soil on a hillslope transect not only receives materials from the

upslope but also providesmaterials to the soils downslope. Such series
of interconnected soils along a hillslope have been called soil catenas
(Birkeland, 1999). We do not yet have universal mathematical
language capable of describing how the soil catena emerges out of
physical and chemical processes (Yaalon, 1975). A soil catena has been
often considered as a product of the two interacting components
moving somewhat independently: skeleton (solid materials) and
plasma (solutes and colloidal transport via subsurface water flow)
(Huggett, 1975; Pedro, 1983). This concept is mathematically pre-
sented in our models.

Within the overarching theme of soil research at the landscape
scale (Pennock and Veldkamp, 2006), efforts to functionally relate soil
properties and topographic attributes such as slope gradient,
curvature, and distance from ridge derived from terrain analyses are
becoming increasingly routine (e.g., Park et al., 2001). According to our
model, it is the sign and magnitude of lateral physical soil fluxes
within the PDZ that essentially distinguish soils in different landforms
(Table 1). A soil's connection to its neighboring soils is profoundly
altered by the degree of the colluvial flux which primarily depends on
the slope gradient (Eq. (16a)). In the absence of slope gradient, the
third terms in Eqs. (9a) and (9b), which represent the geochemical
impact of upslope soil on the soil downslope via colluvial flux, can be
ignored. Thus, on level ground, a soil does not affect nor is affected by
neighboring soils in terms of geochemical substances (Table 2).

As slope gradient increases, the colluvial flux becomes a significant
term affecting the mass balance. Thus, a PDZ of a given volume will be
replaced by colluvial influx from upslope in an increasingly shorter
time as the slope becomes steeper (Yoo et al., 2007). Using a steady
state form of the PDZ mass balance, Yoo et al. (2007) calculated the
time length that a PDZ (defined by 1 m2 surface area) is replaced by
colluvial flux from upslope along an eroding hillslope transect in a
semi-

^
arid Australian landscape. The replacement time ranged

between 1 and 9
^
kyr

^
. The replacement time can be viewed as the

time length that the local (hillslope position-
^
specific) weathering

condition acts on the volume of the PDZ. The degree of chemical
weathering at a particular topographic position is the product of the
local chemical weathering rate and the length of time that the volume
of the PDZ resides at a given position.

A soil's distance from the hillslope ridge also contributes to
determining its geochemical composition because of the functional
relationship between minerals' weathering rate and their exposure
time to chemical reaction. As PDZ material moves in the downslope
direction, it continues to pick up mineral grains from the underlying
CAZ (if present) or parent material. Subsequently, mineral grains in a
PDZ at a certain hillslope position have a range of time lengths that
have elapsed since they were entrained into the PDZ. The mean
eling of geochemical soil formation across diverse landforms: A new
08.05.029
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Table 2t2:1

Classifying soil landforms based on the signs of gross and net colluvial fluxes and soil erosion rates
t2:2
t2:3 Landforms Gross colluvial fluxa Colluvial flux Soil erosion

t2:4 Level landforms Flat surface qds=qus ∇Z=0 QYPDZ=0 ∇2Z=0 ∇ ·QYPDZ=0
t2:5 Hillslope ridge ∇2ZN0 ∇ ·QYPDZN0
t2:6 Planar slope (backslope) qdsNqus ∇Z≠0 QYPDZN0 ∇2Z=0 ∇ ·QYPDZ=0
t2:7 Eroding slopes (convex shoulder) qdsNqus ∇Z≠0 QYPDZN0 ∇2ZN0 ∇ ·QYPDZN0
t2:8 Depositional slopes

(convergent footslope and toeslope)
qdsNqus ∇Z≠0 QYPDZN0 ∇2Zb0 ∇ ·QYPDZb0

This table is representative of landforms where colluvial flux is slope-
^
dependent.

t2:9 a Subscripts d and u represent in downslope direction and in upslope direction, respectively.
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mineral residence time in PDZ along a steadily eroding hillslope may
not vary spatially, whereas transient erosion, where one portion of the
hillslope is eroding at a faster rate than another, can lead to spatial
variations in the mean mineral residence times (Mudd and Furbish,
2006). This can then lead to topographic variations in the degree of
chemical weathering of mineral grains.

Another topographic metric that is related to soil catena is
curvature. When colluvial flux is proportional to slope gradient, soil
erosion, which is the difference between colluvial outflux and influx,
becomes proportional to curvature. In Ruhe's andWalker (1968) slope
classification system (Table 2), a shoulder is a convex (eroding) slope,
while footslopes and toeslopes are convergent (depositional) slopes.
Cumulative soils develop in convergent areas. Thus, curvature-
dependent soil erosion or deposition controls the mass of soil per
area, whereas the slope-

^
dependent colluvial flux determines the

replacement time of a volume of a PDZ. Where the PDZ production
rate is a function of PDZ thickness, soil erosion (or deposition) in-
directly affects the PDZ production rate by reducing (or increasing)
soil thickness. Indeed, soil thickness has been found to be well
correlated with local slope curvature (Heimsath et al., 1997; Heimsath
et al., 2000; Yoo et al., 2006).

On level grounds the slope gradient converges to zero. Such
landscapes include hillslope summits (Ruhe's andWalker, 1968). If the
hillslope summit is wide enough to have negligible slope curvature,
both colluvial flux and soil erosion rate become negligible, and the PDZ
will thicken over time by the accumulation of materials introduced
from the underlying CAZ or fresh parent material. In such cases, the
mineral residence time in the PDZ becomes solely dependent of the
PDZ production rate andmineral chemicalweathering (Yoo andMudd,
2008). In contrast, where the summit may be narrow and thus have a
convex up topography, the parent material of the PDZ is still restricted
to the underlying in-

^
situ materials, but the residence time of the

minerals within the PDZ will be determined by the sediment outflux
which is in this particular case equal to soil erosion rate.

Additionally, slope curvature, by indirectly affecting PDZ production
rate, may affect the variation of CAZ thickness along a soil catena.Where
soil erosion rates are high, reduced soil thickness will result in
conversion of CAZ material to PDZ material that is faster than the
weathering front propagation. Eventually, the CAZ may thin out. This
agrees with common observation that rapidly eroding soils often lack
physically undisturbed B horizons or saprolite. Well developed
saprolites in eroding hills, however, are also reported in Piedmont area
(Pavich, 1989), indicating that the propagation of weathering front may
have historically occurred at the faster rate than production of the PDZ.

Unlike the PDZ, the topographic linkage of the CAZ mass balance is
not explicit. In this physically in-

^
situ zone, the topographic impact on

geochemistry, except the curvature-
^
correlated PDZ production rate, is

likely to be mediated by subsurface water flux and the pathways
thereof. In our models, the interaction of water and minerals is
subsumed within the chemical weathering terms which are the
divergence of solute flux. The solute flux can be coupled to water
chemistry through advection–

^
dispersion-

^
reaction models as pointed

out by Mudd and Furbish (2004) and Green et al. (2006). This
coupling, however, is beyond the scope of this contribution. For the
Please cite this article as: Yoo, K., Mudd, S.M., Toward process-
^
based mod

mathematical framework, Geoderma (2008), doi:10.1016/j.geoderma.20
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8discussion of soil catenas mainly from hydrological perspective, an
8excellent review and synthesis is offered in Sommer and Schlichting
8(1997).

87. Implications for coupling soil chemical weathering and the
8lowering of soil-

^
bedrock boundary

8As emphasized in several preceding soil geochemistry models
8(Minasny and McBratney, 2001; Riebe et al., 2001, 2003a,b, 2004; Yoo
8et al., 2007, Yoo and Mudd, 2008), one of the appealing aspects of our
8mass balance is that the soil chemical weathering rate is functionally
8coupled to physical and chemical processes that lower the elevation of
8the soil-

^
bedrock boundary. For the sake of simplicity, we assume here

8that translocation and atmospheric deposition are negligible:

SPDZ ¼ qgp 1� Cig

C i;PDZ

 !
þjC i;PDZ

C i;PDZ
qPDZQ PDZ þ

qPDZhPDZ
C i;PDZ

AC i;PDZ

At
: ð23Þ

8

8

8

The first term in Eq. (23) describes how the PDZ is enriched in
8immobile soil components relative to the underlying CAZ. Thus, the
8chemical weathering rate and PDZ production rate are positively
8related in PDZ. The same logic applies to the colluvial flux. If the PDZ
8becomes enriched in the immobile soil component in the direction of
8colluvial flux (that is, the downslope direction on hillslopes), the
8positive proportionality holds between the chemical weathering rate
8and colluvial flux. These two terms therefore demonstrate how the
8chemical weathering rate in the PDZ is limited by mineral supply via
8the two physical processes. A steady state mass balance of the PDZ
8(Eq. (23) time derivatives set to zero) has been applied to field data
8(Yoo et al., 2007); this work showed that the chemical weathering
8term associated with colluvial flux (the 2nd term in Eq. (23))
8dominated the total chemical weathering rate on a convex hillslope
8in a semi-

^
arid landscape in Southwestern Australia.

8In the CAZ where physical disturbance is absent, the interaction
8between physical and chemical weathering processes is expected to
8be more subtle. As done in Eq. (23), the CAZ chemical weathering rate
8can be formulated as a function of PDZ production rate. For the sake of
8simplicity, we assume here that translocation is negligible:

SCAZ ¼ �qgp 1� Ci;g

C i;CAZ

 !
þ qr/ 1� Ci;r

C i;CAZ

 !
þ qCAZhCAZ

C i;CAZ

AC i;CAZ

At
: ð24Þ

8

8

8

Interpretation of this model can be facilitated by discussing a
8special steady state case (the time derivative in Eq. (24) is zero) in
8which the immobile elemental concentration of CAZ is constant.
8Eq. (24) is then simplified to

SCAZ ¼ p qr � qg
� �þ 1

C i;CAZ
qgCi;g � qrCi;r
� �|fflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflffl}

¼ 0 in isovolumetric weathering

2
64

3
75: ð25Þ

8

8

8

The second term in the bracket becomes zero if the CAZ is saprolite
8that has experienced isovolumetric weathering. In such cases, the
eling of geochemical soil formation across diverse landforms: A new
08.05.029
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profile weighted chemical weathering rate from the saprolite is simply
the product of the PDZ production rate (which is equivalent to the
weathering front propagation rate) and the bulk density difference
between the fresh parent material and the material entering the PDZ
from the CAZ.

The depth integrated chemical weathering rate for the entire soil
thickness (PDZ+CAZ), when the soil is in steady state and the CAZ is
isovolumetrically weathered saprolite, can be written as:

Stotal ¼ SPDZ þ SCAZ ¼ p qgCi;g
1

C i;CAZ
� 1
C i;PDZ

 !
|fflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

N0

þ qr � qg
� �|fflfflfflfflfflffl{zfflfflfflfflfflffl}

N0

2
66664

3
77775: ð26Þ

The quantities in the parentheses are likely to be positive. The
concentration of a weathering resistant soil component is likely to be
greater in the PDZ than in the CAZ. Likewise, the bulk density at the
PDZ and CAZ boundary is likely to be less than that of fresh parent
materials. Thus, the model suggests that the total soil chemical
weathering rate is positively related to the rates of PDZ production (p)
and weathering front propagation (ϕ=p at steady state).

8. Conclusions

We have combined widely used models of hillslope sediment
transport and geochemical mass balance to explicitly address the
geochemical evolution of soils across diverse landscapes. The model,
capable of integrating recent advances in geochemistry and geomor-
phology, can be fully parameterized with empirical data generated in
field and laboratory settings. Furthermore, the model provides a
framework to integrate the findings from theoretical, laboratory, and
field based studies. The key message of the model is that chemical
reactions of minerals occur during the movement of the minerals via
various physical processes at different scales.

The models presented in this paper may be used in offering a
phenomenological and mechanistic basis for explaining the statistical
relationships among topographic attributes andvarious soil geochemical
properties which are becoming increasingly available with the advances
of digital mapping tools (Pennock and Veldkamp 2006). Furthermore,
the models can be integrated with carbon cycling to better understand
the dynamics of soil carbon storage at landscape scales. Spurred by the
interests in the net carbon exchange between soils and the atmosphere
(e.g., Stallard, 1998), the impact of hillslope sediment flux on soil carbon
budgets has begun to be investigated (Rosenbloomet al., 2001; Yoo et al.,
2005a, 2006). The ultimate goal we want to achieve with this model in
the future is to quantitatively reproduce the observed temporal and
spatial variation of soils' geochemical profiles by combining our models
with a suite of well-defined physical and chemical processes indepen-
dently measured in field and laboratory settings.

9. Uncited reference

Soil-
^
Science-

^
Society-

^
of-

^
America, 2001

Acknowledgements

We thank three anonymous reviewers for their thoughtful and
detailed comments.

Appendix A. List of symbols

Variables and parameters

971
972
973
974
975
A mineral-specific surface area [L2 M−

^
1]

C mass concentration [M M−

^
1]

d deposition or erosion rate at ground surface [L T−
^
1]

h thickness [L]
Please cite this article as: Yoo, K., Mudd, S.M., Toward process-
^
based mod

mathematical framework, Geoderma (2008), doi:10.1016/j.geoderma.20
PR
OO

F

k mineral dissolution rate [T−
^
1]

K constant in slope-
^
dependent sediment flux [L3 L−

^
1T−

^
1]

K′ constant in slope product soil thickness dependent sediment
flux [L2 L−

^
1T−

^
1]

l channel length within a watershed [L]
m mass of a mineral species per volume of soil materials [M L−

^
3]

p PDZ production rate [L T−
^
1]

q volume of gross sediment flux crossing unit contour line
[L3 L−

^
1 T−

^
1]

Q volume of sediment flux crossing unit contour line [L3 L−
^
1T−

^
1]

R chemical reaction coefficient in moles reacted per mineral
surface area per time [mol L−

^
2 T−

^
1]

s rate that soil mass is lost/gained via chemical weathering
per unit soil volume [M L−

^
3 T−

^
1]

S mass loss rate by chemical weathering [M L−
^
2 T−

^
1]

t time [T]
x rate that soil mass is lost/gained due to clay translocation

per unit soil volume [M L−
^
3 T−

^
1]

w molar weight of a mineral species [M mol−
^
1]

δ mass loss during soil formation [M L−
^
2]

ϕ weathering front propagation rate [L T−
^
1]

γ length scale describing the depth dependency of PDZ and
CAZ production rates [L−

^
1]

η elevation of PDZ to CAZ boundary [L]
μ elevation of the boundary between CAZ and fresh parent

material
ρ bulk density [M L−

^
3]

τ time length that minerals are exposed to dissolution
reaction [T]

ξ elevation of ground surface [L]

Subscripts
TE
Di immobile soil component

l interface between hillslope and channel
o value when soil thickness is zero
p peak value
r fresh parent material
w soil
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