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We present a mathematical 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

Keywords:
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Physical weathering
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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

© 2008 Published by Elsevier B.V.

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 soil materials and the colluvial transport of the soil materials.
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 interaction with
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

* Corresponding author.
E-mail addresses: kyoo@udel.edu (K. Yoo), simon.m.mudd@ed.ac.uk (S.M. Mudd).

0016-7061/$ - see front matter © 2008 Published by Elsevier B.V.
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(Schaetzl and Anderson, 2005). The geochemical mass balance 48
approach (Marshall and Haseman, 1942; April et al., 1986; Brimhall 49
and Dietrich, 1987), which embodies the concept of Simonson (1959), 50
has proven to be a powerful method to quantify mass losses, gains, 51
and translocation during the soil formation. 52

In addition to geochemical alteration within a soil, mass inputs and 53
outputs through the boundaries of the soil directly affect the geochemical 54
composition of the soil profile. Those mass fluxes are responsible for 55
lowering the land surface or the soil-bedrock interface. In the time since its 56
introduction by Culling (1963), the mass balance approach to hillslope 57
sediment (i.e., colluvial soil) transport has matured into a widely used tool 58
for geomorphic analysis (e.g., Dietrich et al., 1995). Such mathematical 59
analyses are increasingly combined with denudation rates determined with 60
cosmogenic radionuclides (e.g., Heimsath et al., 1997; Bierman and Nichols, 61
2004) and/or topographic surveys (Heimsath et al., 1999). These advances 62
in hillslope geomorphology, together with the successes of the geochemical 63
mass balance, lay the foundations for quantitatively integrating geomorphic 64
and geochemical processes in modeling of soil formation. 65

Recently the quantitative separation of the mass losses via physical 66
vs. chemical weathering from soils has been made at catchment scales 67
(Riebe et al., 2003a,b, 2004). In addition, the spatial variation of soil 68
chemical weathering rates and their contribution to denudation 69
within hillslope transects is beginning to be quantified (Nezat et al., 70
2004; Green et al., 2006; Yoo et al., 2007) and considered in modeling 71
the geomorphic evolution of hillslopes (Mudd and Furbish, 2004). 72
These advances provide opportunities to pursue the co-gvolution 73
of soil geochemistry and hillslope morphology through a unifying 74
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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,
6 [M L‘Az], during soil formation is described as

C4
o= (C;lvr“— 1)pwhw, (1a)
and the mass loss rate by chemical weathering S [M L7 > T '] is
a0

where C is mass concentration [M M'j], Pw is soil bulk density [M L‘A3],
hyy 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 and Mudd, 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):

3 (pwhw)
at

=pp—V- (Pwaw>v @)

inwhich hy, is the thickness of colluvial soil [L], p is the production rate of the
colluvial soil [L'["Al ], and Q  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‘Al]. 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= (1 - C&) oiD. 3)

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.

More comprehensive models for determining the soil chemical 131
weathering rate as a function of hillslope position were recently 132
developed (Mudd and Furbish, 2006; Yoo et al., 2007). If one assumes 133
a soil's mass and chemical composition are in steady state, the 134
chemical weathering rate can be described as a function of the 135
topographic variation of colluvial soils' elemental composition, the 136
production rate of colluvial soil, and the colluvial flux (Mudd and 137

Furbish, 2006; Yoo et al., 2007): 138
c c 140
3 v( N
s= (1= 5o+ o Qo 4 11
Ciw Ciw

For the detailed derivation of Eq. (4), see Yoo et al. (2007). 139

This most recent model (Eq. (4)) (Mudd and Furbish, 2006; 142
Yoo et al., 2007) still lacks several essential features required for 143
integrating geomorphic processes and soils' geochemical evolution. 144
The model defines soils in a way that differs from most pedogenesis 145
studies. In pedological studies, a soil includes colluvial soil as a subset 146
of the entire soil profile without explicitly identifying physically 147
disturbed colluvial soil from physically undisturbed material. In 148
contrast, the application of models described in Egs. (2), (3), and (4) 149
is limited to the colluvial component of a soil. 150

Additionally, steady state assumptions need to be relaxed. Due to 151
the continuous rejuvenation of the soil via erosion and soil produc- 152
tion, many geomorphic studies have assumed that the soil layer on 153
eroding hillslopes is in steady state (e.g., Heimsath et al., 1999). Such 154
mass replacements do not occur for depositional soils or soils on level 155
grounds. In addition, a number of studies have found evidence for 156
transient behavior both in terms of geochemistry (e.g., Birkeland and 157
Berry, 1991) and soil thickness (e.g., Birkeland and Berry, 1991; Roering 158
etal., 2004; Roering and Gerber, 2005) on eroding hillslopes. Indeed, 159
hillslopes' response to changes in climate and tectonics occurs at the 160
timescales that are longer than the period of recent glacial and 161

interglacial cycles (Fernades and Dietrich, 1997; Roering et al., 2001; 162
Mudd and Furbish, 2007). 163
3. Model development 164
3.1. Defining a soil system 165

We begin with a soil of thickness h and unit area (1 m?) at the soil 166
surface; this volume is often the smallest observable unit of soil called 167
a pedon (Fig. 1). The arbitrary nature of defining the vertical extent of 168
soils (Jenny, 1941) has resulted in numerous terms for a certain vertical 169
portion of the materials mantling unweathered geological materials 170
(Tandarich et al., 2002). One immediate problem we face in this study 171
is to set the boundary between colluvial soil and in-situ soil. Despite 172
the elaborate schemes of determining soil horizons based on various 173
morphologic features including color, texture and structure (Buol 174
et al., 1997) and the acknowledgement of physically mixed soil zone 175
(Johnson, 1990), current soil surveys (Soil Survey Division Staff, 1993) 176
do not explicitly factor the physical soil disturbance in dividing master 177
horizons. 178

We consider a soil as the sum of two distinct layers: a physically 179
disturbed soil zone (hereafter PDZ) and a physically undisturbed but 180
chemically altered soil zone (hereafter CAZ). In the PDZ, materials are 181
physically perturbed by animal burrowing, the growth and decay of 182
plant roots, tree falls, shrinking and swelling of 2:1 clay minerals, etc 183
(e.g., Carson and Kirkby, 1972; Hole, 1961, 1981; Gabet et al., 2003). 184
When organisms cause the physical perturbation, the PDZ is 185
equivalent to the biomantle (Johnson, 1990). On hillslopes, the PDZ 186
is synonymous with colluvial soil, which was the object of the mass 187
balance described in Egs. (2), (3) and (4). The PDZ includes at least A 188
horizons. In the grass covered hillslopes in Coastal California where 189
the colluvial soil production function was first empirically quantified 190
(Heimsath et al., 1997), the colluvial soil is a well mixed dark A horizon 191
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Fig. 1. Schematic of the modeled soil system at the pedon scale.

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 ppz) where this flux is defined as the volume of materials
crossing a unit contour line per unit time [L? T’A1 |. Mathematically, the
PDZ is a layer in which the gross lateral mass flux has non-zero values.
Note that the gross flux is a vector; it has both direction and quantity:

Qopz?0. 5)

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 gross material
movements. The CAZ may develop a diffuse boundary with the
underlying fresh parent material and thus this boundary should be

considered an.idealization for the mathematical treatment. We define 233
the lower boundary as the deepest depth where detectable mass loss 234
via dissolution and leaching is found for at least one element or a 235

mineral species (subscript j): 236
(TCAZ =0, (6a) 238
and 237
Ci CAZ 240

dicaz = | Gr—=—— Gjcaz ) pcazhcaz*0. (6b)
Cir 241

Although volumetric change is not considered in dividing a soil 239
profile into the two layers, in general, bioturbation tends to increase 242
the volume of a given soil material. 243

We acknowledge that the models presented in this study have the 244
risk of oversimplifying soil profiles. Biological and physical soil 245
perturbation and chemical weathering, however, are universal and 246
extend to different maximum depths. Additionally, the model 247
development below illustrates that even for this simplified soil profile, 248
the basic processes contributing to geochemical evolution of soils 249
have not been well identified and measured. Though promising 250
multilayered models of soils have been constructed (e.g., Salvarodr- 251
Blanes et al., 2007), these models have not included lateral sediment 252
fluxes that occur on eroding hillslopes, nor have these models ex- 253
plicitly incorporated the geochemical mass balance. As our computa- 254
tional power grows and empirical data on major mass fluxes as a 255
function of soil depth accumulates, our models can be also extended to 256

include a number of soil layers. 257
3.2. Governing mass balances 258
3.2.1. Mass balance of the PDZ 259

Among many properties characterizing the PDZ, we track its bulk 260
mass and the amounts of weathering susceptible soil elements or 261
mineral species and weathering resistant soil components as a 262
function of time. Typical insoluble elements include Zr, Ti, and Nb, 263
which commonly reside in chemically resistant oxide minerals such as 264
zircon and rutile (e.g., Nb in Kurtz et al., 2000, Zr in Brimhall et al., 265
1988). The mineral quartz has been also used as an index soil 266
component (White et al., 1996). 267

A PDZ mass budget is determined by the production of the PDZ 268
from the CAZ or fresh parent material, aeolian deposition, colluvial 269
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z
Iy
G T j
= -
Qepz s Qpp; —_—
29 =Xq+AX
"S::DZ*'XPDZ
Scazt¥caz
2= Mo=-auioty
z=0 T T > X

(arbitrary datum) X Xq+AX

L bedrock i

PDZ
(colluvium)

hF'DZ

CAZ
(saprolite)

unweathere

Fig. 2. Schematic of the modeled soil system. Note that d is defined as positive up, whereas p and ¢ are defined as positive down. In the schematic we show Qppz, Sppz, Xppz, Scaz, and
Xcaz as local values (no overbars), whereas in the model mass balances are calculated using depth-averaged values.

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 {and a lower
boundary of 1) such that the thickness of the PDZ is hppz=¢-1) (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:

J(pppzh — _ S
W =pp+pd—V- (ﬁPDzQpDz) — hppz(Sepz +Xppz)s (7a)
9 PeozCjpozheoz N
% =GP +pCGed =V (ﬁPDij,PDzQPDz)

— hpoz (35,ppz + X;.pp2)5 (7b)
and
M_ C p+ uC-vd—V~(_ CipnzQ )

at = PybinP + pebic PrpzCippzQrpz
— hepzX; ppz; (7¢)

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 [LT‘Al], S
is the rate that soil mass is lost or gained via chemical weathering per
unit soil volume [M L'A3 T': ], xis the rate that soil mass is gained or lost
due to clay translocation per unit soil volume [M L’A3 T’Al] (Fig. 2).
Terms with overbars are depth-averaged values such that, for
example:

— 1 /¢
Cippz = @/n Cj.PDZdZ- (8)

Subsequently, the weathering rate from the PDZ (Sppz, with the
dimension of M L'? T ') is Sppz=hppzs ppz. Where the PDZ directly

overlies fresh parent material, which is often the case of young soils, 301
subscript 1 should be replaced by r which represents fresh parent 302
material. Production of the PDZ is defined as positive. If mass is lost 303
due to either chemical weathering or translocation the terms s and x 304
are positive, respectively. 305

The functional relationship between the rates of the processes 306

shaping the PDZ can be stated by combining Eqs .(7a)-(c): 307
9C;ppz 2 — ped _
PDZ = ¢ G
ot pepzheoz (C”’ CJ’PDZ) " Drozhenz (C“ J'PDZ)
Q _ C;ppzSppz — SjPDZ
- hPDZ VCjppz +(,—
IPD PpDZ
(Cj.pDzYPDz - )_(j‘PDZ)
+ — (9a) 309
Pprpz
and 308
9Cippz PP = ped =
PDZ _ C —C: { C.—C;
at Prozhepz ( i I'PDZ) +ﬁPDz’”lPDz ( b I‘PDZ>
Q ~ CippzS CjppzXppz — Xjppz
_ Qeoz VCippz + IPOZTPDZ | — ) . (9b) 311
PpDZ PpDZ
312

The first two terms to the right of the equality in Egs. (9a) and (9b) 310
are the enrichment or depletion of the soil component i or j due to the 313
production of the PDZ and aeolian deposition (or runoff erosion), 314
respectively. The third term is the enrichment or depletion due to 315
colluvial transport. The fourth term is the enrichment or depletion of a 316
chemically soluble species due to chemical weathering, whereas the 317
fifth term is the enrichment or depletion of the soil component i or 318
j due to clay translocation. 319

3.2.2. Mass balance of the CAZ 320

The PDZ is coupled to the CAZ through production of the PDZ. The 321
lower boundary of the CAZ is at an elevation of z=u such that the 322
thickness of the CAZ is hcaz=1-u (Fig. 2). The mass balances of the 323
bulk materials, weathering susceptible element (mineral j), and 324
weathering resistant element (mineral i) in the CAZ are: 325

9 (Pcazhcaz)

It (10a)

= prd — puD — heazScaz — heazXcaz,
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d (ﬁCAzEj,CAzhCAz) B ~
— = 0:Cir¢ = p,GiuP — heazSicaz — heazXjcaz,  (10b)
and

d (ﬁCAin,CAzhCAz) -

————— = p:Cir¢ — p,G D — heazXicaz, (10c)

at

where the subscript r represents fresh parent material, and ¢ is the
weathering front propagation rate at the boundary between the CAZ
and fresh parent material [L T’Al]. The overbars again indicate a depth-
averaged quantity within the CAZ, for example,

_ 1

Cjcaz = Cj.CAZdZ- (11)

hCAZ Ju

As we have done for the PDZ (9a)-(b) we solve Egs, (10a)-(c) to
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.

ICicaz __m

(Cj,r - EJ\CAZ) . (Cm - Ej,CAz>

at ﬁmzjk;xz ﬁEAZhCAZ
(Cj‘CAZ§CAZ - §J:CAZ) (Cj_CAZRCAz - XJ}CAZ)
+ — + — (12a)
Pcaz Pcaz
and
JC; = p,P -
LAz % (Ci,r - Ci,CAZ) - (Ci,n - Ci,CAZ)
at Peazheaz - Peazheaz
Ci ensS (Ci,CAzYCAz —Xicaz
. CicazSenz ) . (12b)

Pcaz Pcaz

Egs. (12a) and (12b) are nearly identical to Egs. (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 and minerals in a soil. In the context of our model, 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 depths within 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

published works, using in-situ and meteoritic cosmogenic nuclides, 374
determined the physical production rate of the PDZ (Heimsath et al., 375
1997; Small et al., 1999; Heimsath et al., 2000, 2001a,b; Wilkinson 376
et al,, 2005) and chemical production rate of saprolite (Pavich, 1986, 377
1989), but the rates of both processes at two distinct interfaces within 378
a single soil profile have not been considered or determined. 379

Two competing thoughts about the soil production function are 380
available, and we treat the function as applicable for both PDZ 3s1
production rate (p) and weathering front propagation rate (¢). One 382
states that the rate exponentially decreases with increasing thickness 383
of the overlying materials, and the other proposes that the rate peaks 384
under a certain thickness because the overlying soil helps maintain 385
soil moisture and presence of plants. When organisms are the major 386
agents of PDZ production, their access to the undisturbed layer 387
becomes increasingly difficult with increasing thickness of the PDZ. 388
Likewise, the physical processes that break down material via freeze- 389
thaw etc or chemical reaction between moisture and minerals 390
may be most vigorous at an intermediate soil depth [e.g., Carson 391
and Kirkby, 1972; Anderson, 2002]. The exponential and peak PDZ 392
production functions and weathering front propagation rates can be 393

described as: 394
_hppz. _hppztheaz

D = po€ Yz, O ¢ = e 'z (13a) 396

and 395
— hppz —hppz,

p=min |po+ 22 2P0 ppr, e 398

hepz,p

or 397
— _ (hppz-theaz)~hwp

¢ = min {qﬁo 4 ¢1’h %o hw, dpe o } (13b) 400
w.p

where po is the colluvial soil production rate at zero colluvial 399
thickness [L TAl], & is the weathering front propagation rate at 401
zero soil thickness [L T'Al]. Py is the peak colluvial soil production rate 402
[L T;], ¢p, is the peak weathering front propagation rate [L T’Al], 7y is 403
a length scale describing how the colluvial soil production rate 404
(subscript PDZ) or weathering front propagation rate (subscript CAZ) 405
decreases with increasing depth [L], hppz, , is the colluvial thickness at 406
the peak colluvial soil production rate [L], hy, , is the soil thickness 407
at the peak weathering front propagation rate, and the function 408
min takes the value of the minimum of the two equations within the 409
brackets; this is one way to describe the peaked soil production 410
function. 411

The depth dependency of the PDZ production or weathering front 412
propagation is based on the assumption that the thickness of the 413
overlying materials is the only variable determining the vertical extent 414
of weathering agents and reagents. This approach may be reasonable 415
for soils on eroding landscapes where the soil residence time is short. 416
As soils age, however, soil properties other than soil thickness may 417
further control PDZ production and weathering front propagation 418
rates. For instance, as a soil becomes depleted in phosphorous due to 419
mineral dissolution loss and the occlusion of the phosphorous with 420
secondary minerals (e.g., Chadwick et al., 1999, Brenner et al., 2001), 421
declining plant productivity may lead to the reduction of biological 422
burrowing and of organic acidity. Likewise, the development of dense 423
layers such as argillic horizons may dramatically affect water move- 424
ment (Eppes et al., 2002), inhibiting the access of oxygen and organic 425
acid bearing water to the deeper subsurface. 426

The existing functions described in Eqs. (13a) and (13b) are able to 427
capture the rapid thickening of solum (A+B horizon) in the early 428
phase of soil formation followed by the stabilization of solum 429
thickness commonly seen in chronosequences (e.g., Merritts et al., 430
1992; White et al., 1996). It also appears that the profile development 431
in older soils listed above tends to reduce the production rates of both 432
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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 (V§=0, where § 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:
¢ Qppzdl = 0, where V¢ =0. (14)

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:
¢ QopzdH0 where V&0 (15)

The difference between Egs. (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:

Qppz = KV¢, (16a)
and
Qppz = K'hppz V¢, (16b)

where K [L* T '] and K’ [LT,] 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 (k with the unit of T’Al)
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']:

_ é‘mj
Sj.r:_W:kjij:(RjXAjXWj) ij, (17)

=k;

where m; is the mass of mineral j per volume of soil materials [M L‘A3], 485
R is chemical reaction coefficient in moles reacted per mineral 487
surface area per time [mol L’A2 TAl], A is the mineral-specific surface 488
area [L2 M'; |, wj is the molar weight of the considered mineral species 489
M mol'A1], and 7 is the time length that the minerals are exposed to 490
dissolution reaction. 491

Eq. (17) can be solved for the amount of remaining minerals as a 492
function of their initial mass and the time length of dissolution 493
exposure. In both cases the dissolution rate from the minerals declines 494
over time because the remaining mass of minerals decreases. For the 495
sake of simplicity in demonstrating how the rate law is incorporated 496
into our soil model, the case of constant reactive coefficient is solved 497
here. The mass remaining of the minerals after some elapsed time 7 498
since the initiation of chemical weathering reaction is: 499
mj = mjge ", (18) 501
where m; is the mass of the mineral j in the volume of investigated 500
soil materials at the beginning of mineral dissolution. 502

4.4. Clay translocation 503

Subsurface soil water flux also carries clay minerals. Despite being 504
solid, the clay translocation term is included separately from colluvial 505
flux because it follows soil water, which may have a flow direction that 506
is distinct from the direction of colluvial flux (Table 1). Eluviation and 507
illuviation of layered phyllosilicate clays and pedogenic iron and 508
aluminum oxides and hydroxides have been long considered as one of 509
the fundamental soil forming processes (Jenny and Smith, 1935). It is 510
only‘recent, however, that the colloidal fluxes of clay minerals have 511
become the subject of empirical quantification because of their role in 512
contaminant transport (Jonge et al., 2004; McCarthy and McKay, 513
2004). 514

Clay translocation requires an independent term in our mass 515
balance (Eqs. (9a) and (9b) to (12a) and (12b)) because its contribution 516
to the soil's geochemical composition is distinct from those of 517
dissolved ions in soil water and colluvial flux. Unlike chemical 518
weathering, clay translocation contributes to the mass balance of the 519
immobile element such as Zr (Table 1). The concentrations of elements 520
such as Zr and Ti — generally considered insoluble — are found to be 521
significant in clay size particles (Taboada et al., 2006). Process-based 522
modeling of colloidal transport addressing the mobilization, transloca- 523
tion, and settlement of the colloidal particles is only beginning to be 524
pursued (DeNovio et al., 2004). Initial attempts to incorporate colloidal 525
transport into vadose zone hydrology model such as HYDRUS have 526
been recently made (e.g., Simunek et al., 2006), which may develop in 527
the future to a sub-model that could be integrated into our mass 528
balance models. 529

5. Implication in scaling issues 530

Our model offers an opportunity to systematically construct mass 531
balances of soil systems at different spatial scales. The boundary of the 532
modeled soil system can be defined at the scale of mineral grains to 533
the pedon scale, and also at watershed scale (Fig. 3). 534

5.1. Mineral grains (laboratory) vs. pedon scales 535

The discrepancy between laboratory measurements of mineral 536
dissolution rates and weathering rates measured in the field has been 537
identified as one of the major questions in weathering science 538
(Anderson et al., 2004). A critical task is to examine the mechanisms 539
responsible for this discrepancy and also to correctly scale rates up 540
from the mineral scale to the scale of a soil profile, a problem raised by 541
Yoo and Mudd (2008). Following their approach, we consider a soil as 542
a sum of numerous mineral grains and organic matter. The role of 543
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Mass fluxes within and at the boundary of a soil system

Mass flux Location Mass phase Agents or processes Fractionation of minerals or elements
Surface erosion or deposition PDZ surface Solid Overland flow, Aeolian deposition Yes

PDZ production PDZ to CAZ (or PM?*) boundary Solid Biophysical perturbation No

Weathering front propagation CAZ-PM* boundary Solid Chemical reaction No

Colluvial flux PDZ Solid Biophysical perturbation No

Solute flux PDZ and CAZ Dissolved Soil water flux Yes®

Colloidal flux PDZ and CAZ Solid Soil water flux Yes©

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.
¢ Parent material.
b Due to weatherability of minerals and solubility of elements.

¢ Only suspendable fine mineral particles, which are likely to be secondary minerals, are transported.

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 I', 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+At. The initial mass of this mineral group is thus equal
to (CjcaziPcazpP)At; 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):

r-t)

My ¢ r = (GieazepeazPe) At x e 0=, (19)

Since the soil is made up of minerals that entered the soil sometime
between the initiation of soil formation and I’, the total mass of mineral
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species j in the soil (m; ) can be represented as a sum of mineral grains 572
that were incorporated into the PDZ at different periods during the soil 573

formation and have survived dissolution and leaching: 574
t=r

mjr = ij,rﬂr- (20) 576
=0 577

These two equations (Egs. (19) and (20)) allow describing the mass 575
of mineral species jthat entered the PDZ at a particular period of PDZ 578
formation as a function of the soil age, PDZ production rate, and the 579
mineral-specific weathering susceptibility. Similar equations can be 580
derived for the CAZ. 581

Here we provide a heuristic application of our model. The evolution 582
of the mineralogical composition of a PDZ is simulated for the first 583

100 kyr of the soil's formation. For the sake of simplicity, PDZ is assumed
todevelop 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

584
585
586
587

588
589
590
591
592

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 593
first order decomposition rate of 0.0001 yr‘/\l (Eq. (17)). 594

Initially the soil thickens, but the thickening rate gradually reduces 595
as the soil production rate declines (Fig. 3a). After the 100 kyr of 596
soil formation, the soil thickness reaches ~80 cm with the prescribed 597
soil production function (the parameters used fall within the range 598
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Fig. 3. Heuristic simulation of a soil formation showing the evolution of soil thickness and soil production rate (a) and the residence time distribution of the two mineral species

within the simulated soil when the soil age reaches 100 kyr, Exponential soil production function

(Eq. (13a)) is used with the following parameters: p,=75 m Ma ™'

A

, ¥=03 m

(Heimsath et al., 1997). Bulk densities of soil and saprolite are assumed to be 1.3 g cm’f and20¢g cm’f, respectively.
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modeled soil
system:

single profile
at pedon scale

z (elevation)

modeled soil system:

entire catchement

solute ¥
interface | flux * flux

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.

measured 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 these minerals (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

transects have been carried out (Mudd and Furbish, 2006; Almond et al., 624
2007). In addition, by combining a detailed topographic survey with a 625
colluvial transport model, Yoo et al. (2006, 2005a) estimated the time 626
lengths that minerals resided in a depositional hollow since sedimenta- 627
tion within a zero order watershed. 628

5.2. Pedon to watershed scales 629

The modeled soil system can be expanded to have an upper lateral 630
boundary at the hillslope ridge and a lower lateral boundary at the 631
basin's channels (Fig. 4). In this case the PDZ does not receive colluvial 632
flux from upslope, and the outflux is simply equal to the soil erosion rate 633
integrated over the watershed. Our mass balances of the PDZ (Eqs. (7a) 634

and (7c)) may be recast as: 635
d (ﬁpDzEPDzA> o _—

= PPAT p:dA - 11Qi(21) — hepzSppzA, (21a) 637
and 636
J (ﬁpnzfi.PDzHPDzA) o

—r = PCuPA+ p:CidA—7C;)Q(21), (21b) 639

where the overbars now represent values spatially averaged over the 638
watershed, A represents the watershed area [L?], subscript | represents 640
the interface between hillslope and channel, and L represents the 641
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channel length within the watershed (2L 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):
hppzSepz = 9,P [1 - (Ci.r7/ci,1)]~, (22)
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
19Be and 25Al) 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 |
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
concentration of a pedon that is located at the hillslope base (gray circled
soil pedon in the Fig. 5), which makes it unnecessary to measure the

500
m  Soll-profiledntegrated
- O Saprolite
=
_ 400 |
E. Averaged Soil [Zr] <
= =375 ppm
8
= 300
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€ leaving this hillslope \
§ i s
] L O
S 200
N fn) O
Averaged Saprolite [Zr]
100} O =153 ppm
1] 10 20 30 40 50

Distance from Ridge (m)

Fig. 5. Immobile Zr concentrations in the soils and saprolites along an eroding hillslope
transect in Southwestern Australia (modified from Yoo et al., 2007).

elemental concentrations of many soil pedons along the hillslope 685
transect. The soil at the hillslope base is the sum of minerals produced 686
and transported along the transect and thus integrates the chemical 687
weathering processes and rates within the hillslope. For the 688
hillslope transect described in Fig. 5, Yoo et al (2007) reported the 689
hillslope averaged mass soil production rate of 47 g m’f yr'A‘. By merging 690
JEq. (22) with the mass soil production rate and the Zr data in Fig. 5, 691
we have obtained the hillslope averaged chemical weathering rate of 692
18 g m 2 yr,!, which is close to 21 g m’? yr’,' reported by Yoo et al. 693
(2007). If the hillslope averaged Zr concentrations of both soils and 694
saprolites (values are in the Fig. 5) were used as in Riebe et al. (2004, 695
2003a,b, 2001), the hillslope averaged chemical weathering is calculated 696
tobe28¢g m’/\2 yr’Al, avalue significantly higher than the estimates made 697
in this paper and in Yoo et al. (2007). This discrepancy highlights the 698
importance of correctly accounting for the boundary conditions of 699
modeled soil system across diverse spatial scales. 700

6. Implications to the emergence of soil toposequence 701

/A soil on a hillslope transect not only receives materials from the 702
upslope but also provides materials to the soils downslope. Such series 703
of interconnected soils along a hillslope have been called soil catenas 704
(Birkeland, 1999).-We do not yet have universal mathematical 705
language capable of describing how the soil catena emerges out of 706
physical and chemical processes (Yaalon, 1975). A soil catena has been 707
often considered as a product of the two interacting components 708
moving somewhat independently: skeleton (solid materials) and 709
plasma (solutes and colloidal transport via subsurface water flow) 710
(Huggett, 1975; Pedro, 1983). This concept is mathematically pre- 711
sented in our models. 712

Within the overarching theme of soil research at the landscape 713
scale (Pennock and Veldkamp, 2006), efforts to functionally relate soil 714
properties and topographic attributes such as slope gradient, 715
curvature, and distance from ridge derived from terrain analyses are 716
becoming increasingly routine (e.g., Park et al., 2001). According to our 717
model, it is the sign and magnitude of lateral physical soil fluxes 718
within the PDZ that essentially distinguish soils in different landforms 719
(Table 1). A soil's connection to its neighboring soils is profoundly 720
altered by the degree of the colluvial flux which primarily depends on 721
the slope gradient (Eq. (16a)). In the absence of slope gradient, the 722
third terms in Egs. (9a) and (9b), which represent the geochemical 723
impact of upslope soil on the soil downslope via colluvial flux, can be 724
ignored. Thus, on level ground, a soil does not affect nor is affected by 725
neighboring soils in terms of geochemical substances (Table 2). 726

As slope gradient increases, the colluvial flux becomes a significant 727
term affecting the mass balance. Thus, a PDZ of a given volume will be 728
replaced by colluvial influx from upslope in an increasingly shorter 729
time as the slope becomes steeper (Yoo et al., 2007). Using a steady 730
state form of the PDZ mass balance, Yoo et al. (2007) calculated the 731
time length that a PDZ (defined by 1 m? surface area) is replaced by 732
colluvial flux from upslope along an eroding hillslope transect in a 733
semi-arid Australian landscape. The replacement time ranged 734
between 1 and 9 kyr, The replacement time can be viewed as the 735
time length that the local (hillslope position-specific) weathering 736
condition acts on the volume of the PDZ. The degree of chemical 737
weathering at a particular topographic position is the product of the 738
local chemical weathering rate and the length of time that the volume 739
of the PDZ resides at a given position. 740

A soil's distance from the hillslope ridge also contributes to 741
determining its geochemical composition because of the functional 742
relationship between minerals’ weathering rate and their exposure 743
time to chemical reaction. As PDZ material moves in the downslope 744
direction, it continues to pick up mineral grains from the underlying 745
CAZ (if present) or parent material. Subsequently, mineral grains in a 746
PDZ at a certain hillslope position have a range of time lengths that 747
have elapsed since they were entrained into the PDZ. The mean 748
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Table 2

Classifying soil landforms based on the signs of gross and net colluvial fluxes and soil erosion rates

Landforms Gross colluvial flux® Colluvial flux Soil erosion

Level landforms Flat surface Qds=qus VZ=0 Qppz=0 V2Z=0 V-Qppz=0
Hillslope ridge V2Z>0 V-Qppz>0

Planar slope (backslope) Gas>qus VZ#0 Qppz>0 V2Z=0 V-Qppz=0

Eroding slopes (convex shoulder) Qas>Gus VZ#0 Qrpz>0 v2Z>0 V-Qppz>0

Depositional slopes Gas>qus VZ#0 Qppz>0 V2Z<0 V-Qppz<0

(convergent footslope and toeslope)

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

2 Subscripts d and u represent in downslope direction and in upslope direction, respectively.

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 and Walker (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 and Walker, 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 and mineral chemical weathering (Yoo and Mudd,
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

discussion of soil catenas mainly from hydrological perspective, an 803
excellent review and synthesis is offered in. Sommer and Schlichting 804
(1997). 805

7. Implications for coupling soil chemical weathering and the 806
lowering of soil-bedrock boundary 807

As emphasized in several preceding soil geochemistry models 808
(Minasny and McBratney, 2001; Riebe et al., 2001, 2003a,b, 2004; Yoo 809
et al., 2007, Yoo and Mudd, 2008), one of the appealing aspects of our 810
mass balance is that the soil chemical weathering rate is functionally 811
coupled to physical and chemical processes that lower the elevation of 812
the soil-bedrock boundary. For the sake of simplicity, we assume here 813

that translocation and atmospheric deposition are negligible: 814
G VCirpz_ = Ppozheoz 9 Cippz
Seoz = pgP{ 1 — = |+ ——PppzQppz + MPZ‘# (23) 816
i,PDZ i,PDZ CLPDZ
817

The first term in Eq. (23) describes how the PDZ is enriched in 815
immobile soil components relative to the underlying CAZ. Thus, the 818
chemical weathering rate and PDZ production rate are positively 819
related in PDZ. The same logic applies to the colluvial flux. If the PDZ 820
becomes enriched in the immobile soil component in the direction of 821
colluvial flux (that is, the downslope direction on hillslopes), the 822
positive proportionality holds between the chemical weathering rate 823
and colluvial flux. These two terms therefore demonstrate how the 824
chemical weathering rate in the PDZ is limited by mineral supply via 825
the two physical processes. A steady state mass balance of the PDZ 826
(Eq. (23) time derivatives set to zero) has been applied to field data 827
(Yoo et al., 2007); this work showed that the chemical weathering 828
term associated with colluvial flux (the 2nd term in Eq. (23)) 829
dominated the total chemical weathering rate on a convex hillslope 830
in a semi-arid landscape in Southwestern Australia. 831

In the CAZ where physical disturbance is absent, the interaction 832
between physical and chemical weathering processes is expected to 833
be more subtle. As done in Eq. (23), the CAZ chemical weathering rate 834
can be formulated as a function of PDZ production rate. For the sake of 835
simplicity, we assume here that translocation is negligible: 836

G G
Seaz = —pyp| 1 == | +prp| 1| +
Ci.CAZ Ci.CAZ

Interpretation of this model can be facilitated by discussing a 837
special steady state case (the time derivative in Eq. (24) is zero) in 840
which the immobile elemental concentration of CAZ is constant. 841

Peazhcaz Cicaz
Cicaz 9t

(24) g38

839

Eq. (24) is then simplified to 842
1
Seaz=p|(pr—py) +=—  (p,Gy— £:Cir) (25) 844
Cicz ~———
= 0 in isovolumetric weathering 845

The second term in the bracket becomes zero if the CAZ is saprolite 843
that has experienced isovolumetric weathering. In such cases, the 846
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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:

1 1
Stotal = Sppz + Scaz = P | p,Ciy <C— ~F
icaz  Cippz

> + (pr - pq) . (26)
———

>0
>0

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 (¢b=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 and various 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 (Rosenbloom et al.;2001; Yoo etal.,
20054, 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.
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Appendix A. List of symbols

Variables and parameters

A mineral-specific surface area [L* M ']

C mass concentration [M M']

d deposition or erosion rate at ground surface [L T’A1]
h thickness [L]

k mineral dissolution rate [T '] 902
K constant in slope-dependent sediment flux [L* L 'T '] 903
K constant in slope product soil thickness dependent sediment 904
flux [L* LT '] 905

l channel length within a watershed [L] 906
m mass of a mineral species per volume of soil materials [M L’A3] 907
p PDZ production rate [LT '] 908
q volume of gross sediment flux crossing unit contour line 909
(1550 S W 910

Q volume of sediment flux crossing unit contour line [[> LT '] 911
R chemical reaction coefficient in moles reacted per mineral 912
surface area per time [mol L‘A2 T'Al] 913

S rate that soil mass is lost/gained via chemical weathering 914
per unit soil volume [M L7 T }] 915

S mass loss rate by chemical weathering [M L7? T '] 916
t time [T] 917
X rate that soil mass is lost/gained due to clay translocation 918
per unit soil volume [M L2 T '] 919

w molar weight of a mineral species [M mol'/f] 920
o mass loss during soil formation [M L’AZ] 921
b weathering front propagation rate [L T'A1] 922
Y length scale describing the depth dependency of PDZ and 923
CAZ production rates [L '] 924

1 elevation of PDZ to CAZ boundary [L] 925
u elevation of the boundary between CAZ and fresh parent 926
material 927

p bulk density [M L ?] 928
T time length that minerals are exposed to dissolution 929
reaction [T] 930

I3 elevation of ground surface [L] 931
Subscripts 933
i immobile soil component 935
[ interface between hillslope and channel 936
0 value when soil thickness is zero 937
p peak value 938
r fresh parent material 939
w soil 940
941
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