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Abstract we present here a new model for the formation of regolith on geological timescales by
chemical weathering based on the assumption that the rate of chemical weathering is primarily controlled
by the ability of groundwater to transport solute away from the reacting solid-fluid interface and keep

the system from reaching equilibrium (saturation). This allows us to specify the rate of propagation of the
weathering front as linearly proportional to the pore fluid velocity which we obtain by computing the
water table geometry in the regolith layer. The surface of the regolith layer is affected by mass transport
and erosion. The main prediction of the model is that the geometry of the regolith, i.e., whether it is thickest
beneath topographic highs or topographic lows, is controlled by the value of a dimensionless number,
which depends on the square of the surface slope, the hydraulic conductivity, and local precipitation rate,
but is independent of the chemical weathering rate. In orogenic environments, where regolith formation by
chemical weathering competes with surface erosion, the model predicts that the existence and thickness of
the regolith layer are controlled by the value of another dimensionless number which is the ratio between
the timescale for erosion and the timescale for weathering. The model also predicts that in anorogenic areas,
regolith thickness increases as the square root of time, whereas in orogenic environments, a steady state
regolith thickness can be achieved, when the propagation of the weathering front is equal to erosion rate.

1. Introduction

Chemical weathering of continental interiors is one of the essential processes by which the Earth’s surface
evolves in response to surface uplift generated by tectonics and mantle flow and therefore by which crustal
thickness and composition evolve on geological timescales [Lee et al., 2008]. In tectonically active areas, chem-
ical weathering is often regarded as a “softening agent” that renders surface rocks more prone to physical
erosion by river bedrock incision and landsliding or other hillslope processes [Ahnert, 1977]. In these environ-
ments, the formation of a regolith layer, the product of weathering, is therefore often regarded as resulting
from a dynamical equilibrium between the propagation of a weathering front at depth and the removal or
transport of soil at the surface by erosion (see Phillips [2005] for a complete discussion on the links between
landscape evolution and weathering at a range of spatial and temporal scales). Consequently, the regolith
layer tends to be relatively thin, i.e., a few meters at the most, and strongly controlled by surface topogra-
phy and slope. Away from tectonic areas, chemical weathering often dominates over physical erosion, and
much thicker regolith layers can develop [Berry and Ruxton, 1959; Thomas, 1966], reaching thickness of several
hundred meters under extreme conditions of tectonic stability, high precipitations, and warm temperature
[Vasconcelos et al., 1994; Carmo and Vasconcelos, 2004].

Understanding the process and rate of chemical weathering, and its relative contribution to surface evolution
in comparison to physical erosion, is also of key importance to quantify the carbon flux from the solid Earth
to the hydrosphere and its control on atmospheric carbon dioxide concentration and global climate [Dupré
et al., 2003]. There is still much debate on how much weathering contributes to the long-term evolution of
our planet’s climate, for example, its effect on Cenozoic global cooling and its acceleration in the Quaternary
[Francois and Goddéris, 1998].

With rock fracturing, chemical weathering is also the main process by which impermeable bedrock is trans-
formed into an aquifer [Lachassagne et al., 2011]. Understanding and quantifying the processes by which this
transformation takes place is also of prime importance if we wish to characterize and map water flow at or near
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the Earth’s surface [Gleeson et al., 2015; Pelletier et al., 2016]. The thickness and characteristics of the regolith
layer are key controls on catchment hydrology via infiltration of precipitation, resurgence, and evapotranspi-
ration through vegetation cover and vegetation type. There is even recent evidence that groundwater flow
may affect the thermal structure of the continental lithosphere [Kooi, 2016].

Remarkably, relatively few quantitative models exist that can predict the rate of formation and thus the thick-
ness of the regolith in both orogenic and anorogenic environments (see next section for a short overview)
and that could be incorporated in models of landform evolution, for example. In this paper, we present a new
model for the formation and evolution of the regolith that assumes that chemical alteration is the primary
mechanism controlling the propagation of the weathering front and that it is the ability of the flowing water
to keep the system away from saturation that controls the rate of dissolution. The model is relatively simple
because our objective is to incorporate it in a model of long-term landscape evolution; yet it predicts a range
of behaviors, depending on local surface slope, precipitation rate, and tectonic uplift rate that are testable
against observations.

2, General Concepts and Existing Models

Chemical weathering rates are primarily controlled by the presence and flow of water [Lasaga et al., 1994].
There is now broad consensus that mineral dissolution is controlled not only by the kinetics of the chemical
reactions at play during dissolution [Berner, 1978] but also by the concentration of dissolved minerals in the
fluid phase [Lasaga et al., 1994; Maher, 2011]. Where the residence time of water is low (high fluid velocity),
kinetics controls the rate of weathering, whereas in situations where fluid residence time is high (low fluid
velocity), the rate of weathering is mostly controlled by the ability of the system to remove the product of the
weathering from the rock-water interface. This can, in turn, be achieved by either diffusion or advection of
the solute [Lichtner, 1988], the competition between the two processes being measured by the value of the
dimensionless Peclet number

Pe = V—L (1)
K

where v is the fluid velocity, L the thickness of the weathering layer, and « the diffusivity of the solute in the
fluid. For typical values of k =~ 1078 m2/s, v > 1 m/yr=3.15x10"7 m/s, and L > 1 m, Pe is much greater than
unity and advection dominates. This leads to the important consequence that it is the residence time of water
in the weathering bedrock [Maher, 2010, 2011; Maher and Druhan, 2014] and thus the velocity of the water that
is likely to be the primary control on the rate of weathering. Some have argued, however, that, in some systems,
diffusion may be the dominant process for solute transport, because of the very low porosity, permeability,
and thus flow rate at the regolith-bedrock interface [Lebedeva et al., 2007].

Models of varying complexity have been developed to explain the formation and evolution of regolith profiles
in a variety of environments. One of the simplest and most widely used is based on the assumption that the
availability of water at the regolith-bedrock interface is controlled by the thickness of the regolith layer and
leads to an inverse exponential dependence between regolith/soil depth, B, and the rate of regolith formation,
0B/adt [Ahnert, 1977]

g—f = W, e 8% @
where W, is the bare rock rate of regolith formation and B, a length scale that can be regarded as the mean
regolith thickness that will be achieved by this process alone, typically a few meters at most. Such a relation-
ship has been evidenced in several environments [Heimsath et al., 1997, 2012], especially when applied to soil
thickness, where soil is the upper part of the regolith that is actively transported by surface processes. This
relationship has also served as the basis of many conceptual and numerical models of regolith and/or soil
formation and, coupled with a model of surface transport and erosion, has been used to explain the dynamics
of regolith-mantled hillslopes and, more generally, the distribution of regolith thickness in mountain belts
[Braun et al., 2001; Ferrier and Kirchner, 2008; Yoo et al., 2009; Gabet and Mudd, 2009; Vanwalleghem et al., 2013;
Carretier et al., 2014]. A slightly more evolved or so-called “humped” relationship has been introduced by
Carson and Kirkby [1972] to account for the fact that under thin soil/regolith or exposed bedrock conditions,
surface runoff dominates and chemical weathering is reduced, an observation already made by Gilbert [1877]
in the Henry Mountains. There might also be a minimum soil thickness required for animals and plants to
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develop [Wilkinson, 2015], and vegetation has a potentially strong control on chemical weathering rates
through the role of carboxylic acids on albite dissolution [Franklin et al., 1994]. This humped model predicts
an optimal soil or regolith thickness where a maximum in weathering rate is achieved. A similar behavior
can be obtained by assuming a characteristic timescale for reaction kinetics [Hilley et al., 2010]. These simple
models have been widely used to predict soil or regolith thickness, especially in tectonic environments, and
the rapid evolution toward a balance between production (transformation of bedrock into regolith) and sur-
face transport [Yoo et al., 2009; Gabet and Mudd, 2009; Hilley et al., 2010; Vanwalleghem et al., 2013; Carretier
etal., 2014].

At the other end of the spectrum, very complex models have been designed to study the time evolution of a
reactive porous medium by solution/dissolution of mineral phases, as well as the precipitation of secondary
minerals and their effect on porosity and permeability [e.g., Mayer et al., 2002; Moore et al., 2012]. These models
are useful to predict groundwater and river geochemistry, but, due to their complexity, they require a detailed
knowledge of local model parameters and, therefore, are not easily scalable to geological timescales.

Intermediate complexity models have also been developed that combine chemical models, sometimes
involving several reacting minerals, with advection-diffusion transport models of the solute [Lebedeva et al.,
2007, 2010; Lebedeva and Brantley, 2013]. These are, however, based on a highly simplified hydrological model,
commonly assuming a constant and uniform Darcy flow velocity within the regolith layer, potentially missing
an important feedback between regolith thickness and weathering front propagation. They explain, however,
the broad classification of regolith formation regimes [Riebe et al., 2001, 2004; West et al., 2005]: a weathering-
limited regime and thus climate-controlled regime in tectonically active areas versus a transport- or erosion-
limited regime in tectonically quiescent areas [Lebedeva et al., 2007; Li et al., 2014]. They also predict that, in
rapidly uplifting and eroding regions, a local equilibrium can be achieved between surface erosion/uplift and
weathering [Lebedeva et al., 2010], whereas in noneroding areas and under the assumption that solute trans-
port is dominated by diffusion, regolith thickness should increase as the square root of time [Lebedeva et al.,
2010]. More recently, Rempe and Dietrich [2014b] computed steady state regolith geometry on a hillslope
undergoing uplift and surface erosion based on a simple groundwater flow model in the underlying bedrock.
Assuming that the water table corresponds to the weathering front, they arrive at the conclusion that regolith
thickness is controlled by the ratio of the slope of the water table to the surface slope.

Much emphasis has, however, been put on modeling and understanding chemical weathering and the for-
mation of the regolith in tectonically active areas, in parts, to quantify the relative contribution of chemical
versus physical erosion in these environments and the potential feedback between orogeny (which brings
fresh bedrock to the surface) and climate, through CO, consumption by weathering and subsequent reduc-
tion in greenhouse effect [Gaillardet et al., 1999]. Relatively little work has, however, been devoted to the
formation of thick regolith profiles in tectonically quiescent areas although, due to their larger extent, they
may in fact dominate the contribution to atmospheric CO, concentration from weathering on geological
timescales [Goddéris and Francois, 1995]. Simple models based on an exponential or humped relationship
between regolith thickness and weathering rate cannot explain the formation of thick regolith profiles as
commonly observed in continental interiors where regolith thicknesses are in excess of several tens of meters
[Berry and Ruxton, 1959; Thomas, 1966; Vasconcelos et al., 1994; Carmo and Vasconcelos, 2004]. The most plau-
sible explanation for the formation of these thick profiles is that the water is not simply percolating vertically
through the overlying regolith but is traveling laterally, potentially in response to regional-scale topo-
graphic gradient. This requires the development of a fully coupled two-dimensional model that combines
groundwater flow and regolith formation.

This is what we propose to do here. We first describe the three main components of the model (hydrological
model, weathering front propagation model, and surface erosion/transport model) and how they relate to
each other. To study the model behavior, we first describe results obtained under the simplest geometrical
conditions (a hill of constant and uniform slope that is not affected by tectonic uplift or surface erosion). We
introduce a dimensionless number that is used to define two regimes predicting different regolith geometries.
The model is then used to study the evolution of the regolith system in a tectonically active environment, i.e.,
by imposing a uniform surface uplift and introducing erosional processes at the surface. By introducing a sec-
ond dimensionless number, we define the conditions necessary for the existence of a steady state solution for
regolith formation in an actively uplifting and eroding landscape. We then show how the conclusions regard-
ing regolith geometry in anorogenic settings can be extrapolated to active tectonic environments. A few case
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Figure 1. (a) Schematic representation of a regolith on top of a sloping hill comprising a mobile soil layer, a saprolite
layer (or in-place weathered rock), and a fractured bedrock layer. (b) Our idealized representation of it where the
fractured bedrock layer has been made into a weathering front.

examples are used to illustrate how the value of the two controlling dimensionless numbers can be extracted
from the geometry of the regolith and can, in turn, be used to quantify important timescales concerning the
weathering process. We conclude by reviewing the consequences of our model for the distribution of regolith
atthe Earth'’s surface as a function of tectonic uplift, surface erosion, and precipitation rate and by highlighting
future applications and developments of the model, including the need to implement it in a 2-D model of
landscape evolution.

3. The Model

A regolith profile (Figure 1a) is commonly described as made of a (i) superficial soil layer, which represents
the actively transported upper part of the regolith; (ii) a saprolite layer made of relatively undeformed but
strongly weathered rocks; and (iii) a layer of fractured (permeable) bedrock overlying the “intact” orimperme-
able bedrock. The evolution of this system is controlled by surface transport and the rate of transformation of
bedrock into regolith by weathering.

3.1. Component 1: Subsurface Hydrology

Our simplified hydrological model (Figure 1b) comprises a permeable “regolith” layer that includes the soil
and saprolite layers and is assumed to be characterized by one effective hydraulic conductivity, K, separated
from the underlying impermeable bedrock by the weathering front. This simplified, bimodal view of the
hydraulic system between a porous regolith and an impermeable bedrock stems from the observation that
as weathering intensity increases, so does hydraulic conductivity [White et al., 2001; Brantley and White, 2009].
Conceptually, the fractured bedrock layer becomes the weathering front, i.e., where the primary weathering
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Hill top processes are most active. This concep-
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Figure 2. Geometry of the hydrological problem solved in our model dientin weathering intensity at the base

and boundary conditions. We consider a topographic feature (a “hill") of  of the weathering profile, as measured
length L and height z(x) for 0 <x <L that has evolved to form a regolith by the chemical depletion fraction of
Iay.er of thickness B(x).by downward propagation. of'a weathering front. immobile elements, for example, [Riebe
Height of the weathering front is z — B. The regolith is traversed by the

water table of height H(x). Above the water table the regolith is etal., 2004].

unsaturated; below it is saturated. The flow of water within an unconfined

aquifer in a homogeneous, permeable
layer of thickness B(x) (in meter) beneath a topographic surface z(x) (in meter) (see Figure 2) obeys the
following differential equation:

dH(x)
ox

%K(H(x) — 2(x) + B(X)) +P(Xx)=0 3)

assuming steady state and following the Dupuit-Forchheimer assumptions that flow is dominantly lateral and
that discharge is proportional to the saturated aquifer thickness, H — z + B. H(x) is the height of the surface of
the water table (in meter), K is hydraulic conductivity (in m/yr), and P(x) is precipitation rate (in m/yr) or more
exactly the infiltration rate (precipitation minus evapotranspiration and surface runoff). In the remainder of
this paper, we will refer to P(x) as the precipitation rate to indicate that the primary control on P(x) is climate.
Here we assume that the aquifer is fully contained within the regolith layer and that the complex, probably
spatially and time-varying hydraulic conductivity of the regolith layer, can be represented by a constant or
effective conductivity. This is justified by observations and model results that single precipitation or snowmelt
events at the surface are felt deeply in the regolith layer [see, e.g., Salve et al., 2012; Langston et al., 2011]
showing that the top and bottom of the regolith are hydraulically strongly connected. It has also been recently
shown [Maher and Druhan, 2014] that it is the mean transit time of water that controls the rate of weathering
and that small-scale heterogeneities in hydraulic properties play a second-order role only.

In the remainder of this paper, we compute the solution of this equation beneath a hill (or topographic feature)
of length L by imposing the following boundary conditions:

oH
Hlgmo) =Ho =20 =2, and == - 0 @
-

This corresponds to assuming that there is a stream (or a large body of water) at the base of the hill and that
the right-hand side of the model is a topographic/drainage divide.

For the specific geometry considered here (Figure 2), equation (3) can be simplified by integrating it from
x'=Ltox to give

/ [iK(H—HB)ﬂ] dx’+/de’=O (5)
. Lox ox’ L
and
X
K(H—z+8)ﬁ+/de’=0 (6)
0x L
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Flow conditions where using %l()@) =0. It is interesting to note here
transport dominates that, in this formulation, the length of the system,

where a “no flow” boundary condition (dH/dx=0)
K—JR\ has been imposed, only appears as the upper
102 : : : : bound of a definite integral of net precipitation
rate. This implies that at x =L, where the inte-
gral of net precipitation is nil, two possibilities
exist: either dH/ox = 0 (no flow condition) or
H—z+B=0 (the water table is in contact with the
bedrock). Here we make the implicit assumption
that the water table has to be located within the
regolith, because the bedrock is assumed to be
impermeable.

Diffusion
Kinetics

107

10

10°

We have developed an efficient way to solve
this equation numerically (Appendix A) and have
tested it against a simple analytical solution
(Appendix B).

10°®

Bulk weathering rate (1/yr)

107 ] ] ] ]
10 102 107 10° 10! 102 3.2. Component 2: Weathering Front

Propagation
In nature, the propagation of the weathering
Figure 3. Relationship between weathering rate and flow rate  front (fractured bedrock layer) is probably con-
derived from field observations (reproduced from Maher trolled by both the chemical weathering rate
[2010]). See original paper for exact references to data. (transformation of bedrock into regolith) and the
process that is responsible for the fracturing of
bedrock. Here we assume that the rate of propagation of the weathering front is primarily controlled by the
chemical weathering rate and not the fracturing process. This assumption is mostly driven by the recognition
that the vertical propagation of fracturing is, at present, poorly constrained and/or understood.

Flow rate (m/yr)

Further assuming that weathering is transport limited, i.e., that it is controlled by the ability of the system to
remove the weathering products by aqueous transport, one can show that the bulk rate of weathering, Ry, is
an exponential function of flow rate or fluid velocity, v [Maher, 2010]

Rd — 10—2.3 [1 _ e—0.0610.008v] (7)

where R, is expressed in yr~! and v in m/yr. This relationship is supported by experimental data as shown
in Figure 3 [from Maher, 2010]. At fast flow rates, the kinetics of the chemical reactions at play during dis-
solution may become important [Berner, 1978], whereas at low flow rates, transport of the solute in the
aqueous form may be dominated by diffusion [Lichtner, 1988]. For a wide range of flow values, however, this
relationship between weathering rate and flow rate is quasi-linear (Figure 3) and simple mass balance con-
siderations lead to a relationship between the rate of propagation of the weathering front, ‘3—?, and the fluid
flow rate (or velocity) in the weathering front, v [Ortoleva et al., 1987; Lichtner, 1988; Brantley and White, 2009;
Maher, 2010]

0B CeqVm

—=v
a M,

8

where C, is the solubility of the weathered mineral (in mol/L), V,, its molar volume (in L/mol), and M, its
volume fraction in the protolith.

The fluid velocity in the regolith layer, v,, is controlled by the slope of the surface of the water table

oH
v, = Ka (9)

We have assumed that the bulk of the transformation from bedrock to regolith takes place in a thin layer of
fractured bedrock which we equated to the weathering front. Assuming that the fractured rock layer (which
we assume, here, is the weathering front) is thinner than the regolith layer, water flow is mostly confined to the
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regolith layer and the gradient of the surface of the water table (and thus water velocity) is mostly controlled
by the hydraulic conductivity of the regolith. The velocity of fluid in the fractured rock layer and thus in the
weathering front can be approximated by (Appendix C)

Ky

v= ?v, (10)

where K; is the permeability of the fractured bedrock (weathering front).

We can finally write that the rate of propagation of the regolith-bedrock interface, B, is proportional to the
gradient of the water table

@zFK% (11)
Jat ox

where F is a dimensionless parameter that we name the weathering rate constant and assume to be mostly
determined by rock type and given by
_ K CeqVm
K M,

(12)

Considering that in granitic rocks plagioclase is the weathering rate controlling mineral, for which C g 350%
107® mol/L, V,, 107" L/mol [Lasaga et al., 1994], and M, ~0.15 [Anderson and Dietrich, 2002], we can estimate
a range of possible values for F to be

350 107° x 107"

_ -1 _ 102
F=[10""-107% 0%

~ [107° = 107°] (13)
assuming that the hydraulic conductivity of fractured bedrock is 1 to 2 orders of magnitude lower than that
of the overlying regolith [Bear, 1979]. For silicate glass in basalt, Coq X V,, = 10~* [Alexander et al., 1954] and a
typical basalt contains 30% glass, which gives

FBasaIt ~ 3 X FGranite (14)

Finally, we note that this simple model could be improved to include a limit on weathering rate at high flow
velocities (the upper right section of the curve shown in Figure 3):

0B
— =yF(1—e™/" 15
= voF ( ) (15)
where v, is the fluid velocity over which dissolution is controlled by reaction kinetics. A temperature
dependence on weathering rate could also be introduced in our model by making use of the well-known
temperature dependence of mineral solubility which can be expressed as a simple Arrhenius relationship
[Rimstidt, 1997]

C

eq = “eq0 e /AT (16)

where T is temperature (in K) and Q an activation energy (in J/mol).

3.3. Component 3: Surface Erosion and Tectonic Uplift

We now wish to investigate the effects of tectonic uplift and surface erosion/transport on the thickness of the
regolith layer and, consequently, on the geometry of the water table and on the propagation of the weather-
ing front. To do this, we will assume that it is the ability of surface processes to transport the regolith which sets
the pace at which material is eroded and transported at/near the surface. We further assume that the surface
transport/flux of sediment, g (expressed in m2/yr), is simply proportional to the surface slope, S (in m/m)

g, = —K,S (17)

where K, is a linear transport coefficient (in m?/yr). This simple representation of surface processes can be easily
improved to take into account that only the soil layer of thickness D (in meter) is transported. Soil thickness
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can be computed by assuming a simple exponential relationship between soil thickness and soil production
rate [Heimsath et al., 1997]

% =D, e /P (18)

and that soil thickness is limited by regolith thickness, i.e., D(x) < B(x). D, is the soil production rate at zero soil
depth (in m/yr), and D, is the thickness of soil (in meter) necessary to reduce the production rate by a factor e.
Assuming that the soil behaves like a thin viscous sheet at the surface of the landscape leads to a nonlinear
dependence of soil transport on soil thickness and surface slope [Selby, 1993; Braun et al., 2001]

g, = —K,D"S" (19)

withme[1.2 — 1.67] and n€[0.5 — 0.7] [Herman and Braun, 2006].

For the sake of simplicity, we will mostly use, however, the linear relationship between soil flux and slope (i.e.,
equation (17)) and show that it does not have major implications for the results we present here. Assuming
conservation of mass, the rate of evolution of surface topography, z, with time is given by

0z 99, 9, oz 0%z
L= 5= LK = =K — 20

ot ox ox Pox  Pox? (20
which takes the form of a diffusion equation, if K, the soil transport coefficient or diffusivity is assumed con-
stant and uniform. Note that the value of the transport coefficient is poorly determined, especially when, like
here, it is meant to represent a broad range of hillslope processes, from soil creep to landsliding [Martin and
Church, 1997], and may range from 10~2 to 102 m2/yr [Martin, 2000].

This equation can be completed by adding a tectonic uplift term, U, (in m/yr), which we will assume constant
over the length L. The surface evolution equation becomes

oz 0%z

ot~ Koga tUo @1

and the weathering front propagation equation becomes

0B oH | oz oH &z
=K+ 2~ Up = FK S 4+ Ky 2 (22)

4. Model Predictions in Anorogenic Areas

We first investigate the model behavior under the assumptions of constant surface slope and zero uplift
velocity, characteristics of what we will term “anorogenic” settings or areas. Combining the hydraulic
equation (6) with the weathering front equation (11), we introduce an interesting series of potential couplings
that may lead to feedbacks between regolith thickness (B) and water table surface height (H). This is because
flow in the aquifer is controlled by the water table surface gradient, which is controlled by the regolith
geometry, and, in particular, its thickness, which, in turn, is controlled by the velocity of the fluid.

To study these couplings and potential feedbacks, we have first solved the two coupled equations ((6) and
(11)) numerically for a system (or hill) of lateral dimension L, surface slope, S, and zero initial regolith thickness.
We arbitrarily assume that L=1000 m, S=0.01, P, =1 m/yr, K=10* m/yr, and F=1075. In Figure 4a, we show
the solution at three time steps in the system evolution. Initially, the aquifer is so thin that it is fully saturated
and the surface of the water table follows the surface topography. Progressively, the regolith layer thickens
and the regolith in the upper part of the hill becomes unsaturated. The first of the three time panels shown
in Figure 4a corresponds to the time where the surface of the water table intersects the surface at x=L/2. For
the specific parameter values given above, this time corresponds to 50 kyr.

In the unsaturated section, the surface of the water table is concave (the slope decreases with increasing x),
and consequently, the rate of propagation of the weathering front decreases with increasing x. This produces
curvature in the weathering front, and as time progresses (second and third panels in Figure 4a) a regolith
profile thickens toward the base of the hill. Note that the regolith thickness keeps increasing with time (there
is no steady state solution), but the rate of propagation decreases as time increases (circles in Figure 4c).
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Figure 4. Numerical solutions of the coupled hydrological and weathering front evolution equations. Note that vertical scale is different in each panel. Parameter
values are given in the text. (a) Three times steps in the model evolution for a precipitation rate of Py =1 mm/yr. (b) Similar points in the system evolution when
Py = 0.1 m/yr. The top and bottom black lines are the surface (z) and the weathering front (z — B), respectively; the dashed line is the surface of the water table
(H). (¢, d) The corresponding computed time evolution of the regolith thickness at the base of the hill, By(x = 0), for Py = 1 and 0.1 m/yr, respectively.

In a second numerical experiment (Figure 4b), we used a precipitation (or more exactly infiltration) rate of
0.1 m/yr corresponding to a drier climate. The solution is also shown at the same “instants” in the evolution
of the system, i.e., when the water table intersects the surface at midslope (first panel of Figure 4b), when
it intersects the base of the hill (second panel of Figure 4b), and much later (third panel of Figure 4b). With
the reduced precipitation rate, it only takes 5 kyr for the surface of the water table to intersect the surface
at midheight, because this stage in the evolution of the system is achieved for much smaller soil thickness
(approximately one tenth). At this point in time, the surface of the water table is convex (the slope increases
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dx /dt P with increasing x), and consequently, the rate of
X 4S/I 0 propagation of the weathering front increases
2 : % with increasing x. As time progresses, this pro-
O duces a large regolith thickness beneath the top
e _’_TS’ :(_ of the hill. Again, the system does not reach
! steady state but its rate of evolution decreases
B . q,= PO (L- Xs) with time (circles in Figure 4d).

: 4.1. Propagation of the Saturation Point
— To understand these results, we will now derive
L an analytical expression for the thickness of the
regolith at the base of the hill and the time it
L takes to develop that thickness. To do this, we
first consider how the weathering front prop-
Figure 5. Sketch illustrating the propagation of the point, x;, agates on either side of the transition point
where the surface of the water table (thICk dashed grey Iine) Separating fu”y Saturated from unsaturated con-

intersects the topographic surface. g,, is the integral of ditions, which we will call the saturation point.
precipitation upstream of x; which must be equal to the flow . .

: . I Under saturated conditions, i.e., below the sat-
of water through the regolith of thickness B at a velocity given ) . - . >
by the product of the surface slope, S, and the hydraulic uration point, the rate of regolith thickening
conductivity K. is proportional to surface slope; under unsatu-

rated conditions, i.e., above the saturation point,
the water table is disconnected from the surface and the rate of regolith thickening is proportional to the
slope of the water table.

We introduce, x,, the position of the saturation point, which is the intersection of the water table with the sur-
face topography. At the point x, the system is at the transition between saturated and unsaturated conditions
(Figure 5) such that the flux of water through the regolith column of thickness B(x,) must be exactly equal to
the uphill integrated rainfall

KSB = Py(L — X,) (23)

The rate of downhill propagation of x; is therefore given by

ox

5 = _ks o8B (24)
ot P, ot

The minus sign simply indicates that the saturation point is propagating from right to left, i.e., in the direc-
tion of decreasing x. Under saturated conditions, i.e., downhill of x,, the rate of vertical propagation of the
weathering front is given by

9B _ Fks (25)
ot
where S is surface slope. Combining the two, we obtain
ox 2¢2
% o RS (26)
ot Py

from which we can derive the time it takes for a hill of length L to evolve from fully saturated to fully
unsaturated conditions in response to regolith thickening by weathering
LP,

0X,
5= = Aes @)

We note that this time is linearly proportional to the precipitation rate but inversely proportional to the square
of the slope and the hydraulic conductivity. Consequently, for a given lithology and weathering process (i.e., a
given value of K and F), we see that the rate of regolith formation is primarily controlled by the surface slope,
S,and, to alesser degree by the climate (precipitation rate, P,) and the size of the relief, L. In Figure 6a, we show
how this characteristic time of evolution from saturated to unsaturated conditions for L=1000 m, F=107,
and K=10% m/yr, as a function of precipitation rate, Py, and slope, S.
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Figure 6. (a) Contours of the logarithm of the characteristic timescale, z, in years, for evolution from saturated to
unsaturated conditions and (b) contours of the logarithm of the typical regolith thickness, B, in meters, for a hill of
length L=1000 m. F=107% and K=10% m/yr and F are assumed. Both 7, and B; values should be multiplied by 10 for
a 10 km long hill and divided by 10 for 100 m long hill. Thick dashed line corresponds to values of Py and S such that
I'=4. For values of Py, S above the line I'=4, the regolith layer grows thicker under the summit; below the line I'=4,
the regolith layer grows thicker at the base of the hill, i.e., near base level.

During the transformation from fully saturated conditions to fully unsaturated conditions, the rate of propaga-
tion of the weathering front has remained constant at the base of the hill (x=0) and equal to FKS. Multiplying
this rate by z, gives the thickness of the regolith layer at the base of the hill at time 7,

LP, LP,

B, = FKSt, = FKSns = 2

(28)

Interestingly, this regolith length scale or “typical regolith thickness” is independent of F, the weathering rate
constant. It increases with precipitation rate and the length of the system but decreases with the effective
regolith hydraulic conductivity and the surface slope. In Figure 6b, we show contours of B; as a function of
surface slope and precipitation rate, for L=1000 m, F=107%, and K=10* m/yr.

4.2. Propagation of the Weathering Front Under Unsaturated Conditions
When the surface of the water table has reached base level, i.e., at t =,, we can write by applying equation (6)
at the point x=0 where z=H

KBS, = P,L (29)

where S, is the slope of the surface of the water table at x=0. Combining this with the evolution equation for
Batx =0,

ﬂ: = FKS, (30)
gives

0B FPyL

e 31

ot B 1)

which is a simple differential equation for B having the following solution:

B =4/2FP,Lt + B§ (32)

assuming that B(t = 0) = B,. This shows that, after the hill has become unsaturated, the weathering front
deepens as the square root of time. This explains why in both numerical experiments (Figure 4), the system
does not reach steady state and why the rate of regolith thickening decreases with time.

In Figures 4b and 4c, we plotted, as thick lines, the regolith thickness at the base of the hill, B(x=0), obtained
from these analytical solutions, i.e., B=B,t/z, for t <z, and equation (32) for t>7,. These analytical expressions
agree with the numerical solutions, within numerical accuracy.
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o | 4.3. Dimensionless Number and Regolith
Geometry

0 | Asimple dimensionless number, whichwe termT,

o

can be derived by dividing the product of the
slope, S, by the horizontal rate of propagation
of the saturation point, x,, i.e., %’, by the verti-
cal rate of propagation of the weathering front,
9B

- = FKS, during the transition from saturated to

0.0
1

Dimensionless height
-0

o | unsaturated conditions
|
ox ,0B _ KS?
r=S—/—=— 33
21 at’ ot ~ P, (33)
<A The slope S must be introduced to properly com-
|

T T
0.0 0.2 0.4 0.6 0.8 1.0
Dimensionless distance

pare the vertical rate of weathering front propaga-
tion with the horizontal rate of propagation of the

" ) . . ) saturation point, x;.
Figure 7. Dimensionless position of the weathering front

(solid lines) and water table (dashed lines) as a function of If the rate of propagation of x; is rapid compared
dimensionless position along the hill for sets of model to the weathering rate at the base of the hill
parameter values corresponding to different values of the (I>>1), the regolith profile will be thinnest at the

dimensionless parameter I (black line corresponds to I'=1, b £ the hill v, if th f
dark grey corresponds to I'=10, and light grey corresponds ase of the hill; conversely, it the rate of propa-

to I'=100). All solutions are shown at t=10 z,. Distance gation of x; is slow compared to the weathering
(horizontal axis) is scaled by L, and height (vertical axis) is rate at the base of the hill (I' << 1), the regolith
scaled by the height of the hill LS. Thick black line at top is profile will be thickest at the base of the hill. This
surface topography.

is confirmed by the numerical model: in Figure 7
we show a series of curves representing the com-
puted shape (thickness) of the regolith layer at time t = 10 X z, for different values of I". In this figure we used
dimensionless variables to represent the solution, i.e., x/L along the horizontal axis and z/(LS) along the verti-
cal axis. This allows to compare solutions in terms of the shape of the predicted regolith profile, not its absolute
thickness. The results show that by using I" we can easily define the regions of parameter space corresponding
to two different behaviors. For values of T" larger than 4, the rate of propagation of the saturation point is
larger than the propagation of the weathering front and the regolith thickness is uniform at time z, and the
surface of the water table is convex. Further evolution leads therefore to faster regolith thickening at high
elevation, i.e., near the summit of the hill, as shown in Figure 7 (curves labeled T'=4 and 100). For values of
I" smaller than 4, the weathering front propagates significantly downward during the propagation of the sat-
uration point. The resulting regolith profile has consequently developed a finite curvature by the end of the
propagation of the saturation point and is also thicker at the base of the hill. The surface of the water table
is concave, and further propagation of the weathering profile leads to preferential thickening of the regolith
profile at the base of the hill, as shown in Figure 7 (curve labeled I" = 1). Thus, the condition that determines
the distribution of the regolith, i.e., whether it is thickest at the top or at the bottom of the hill, is as follows:

= ks Z4 (34)
Po

This leads to one of the main results/predictions of our model in anorogenic areas: if our assumption that the
propagation of the weathering front is linearly related to the velocity of the fluid at the base of the regolith
layer is valid, we predict that the distribution of regolith beneath a hill of slope S is controlled by the value
of a single dimensionless number, ['=KS? /P, which combines the slope of the hill, the precipitation rate,
and the hydraulic conductivity of the regolith. T is, however, independent of the value of the weathering rate
constant, F, that relates the rate of propagation of the weathering front to the fluid velocity. We note that in
the expression for I, the slope dependence is dominant, i.e., doubling the slope is equivalent to decreasing
precipitation by a factor of 4.

It is also worth noting that I" can be expressed as a ratio of timescales as follows:

L/FK 2
_T LK k2 (35)
T, LPo/FK’S2 P,
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Figure 8. Predicted topography (thick solid line), water table (thick dashed line), and weathering front or base of
the regolith layer (thin solid line) for three different model runs corresponding to (a) Po=1 m/yr and Uy =50 m/Myr,
(b) Pg=10 m/yr and Uy =50 m/Myr, and (c) Po=1 m/yr and Uy =500 m/Myr. Figure 8 (left column) corresponds to
the time step where system evolves from fully saturated to unsaturated conditions, and Figure 8 (right column)
corresponds to the steady state solution.

where 7 is the time necessary to propagate the weathering front to a depth equal to the height of the hill,
z,=LS, under saturated conditions, i.e., at a rate FKS. It can also be expressed as a ratio of the height of the hill,
z;, to the thickness of regolith formed at the base of the hill under saturated conditions, B,

z, LS KS?

B,  LPy/KS P,

(36)

That a dimensionless number can be expressed as a ratio of heights means that its value can be directly mea-
sured in the field, without having to measure or guess the value of poorly constrained physical parameters
such as K. Timescales are also very useful descriptors of the behavior of a system in that they provide estimates
on how fast a system responds to changes in forcing or in environmental conditions. Consequently, a sim-
ple, yet powerful application of our model, and the dimensionless number we extracted from it, is to derive a
ratio of timescales from a ratio of length scales, directly measurable in the field. In section 6.5, we provide an
example on how this can be done, using a well-documented example from India.

Finally, if one considers the natural range of values for K (103 -10° m/yr), P, (10=1-10" m/yr),and S (1073-10°)
among regolith-mantle hillslopes, we find that expected values for I are in the range (107%-10°), which
implies that both behaviors are expected to be observed in natural systems.

5. Model Behavior in Orogenic Areas

5.1. Solutions With Constant Uplift Rate and Surface Erosion

We now turn our attention to situations where the landscape is dynamically supported by tectonic uplift,
at a rate U,. In Figure 8, we show the time evolution of the system, assuming unit erosional efficiency
(or diffusivity or transport coefficient) K,=1 m?2/yr. Three runs are presented corresponding to (Figure 8a)
Py=1 m/yr and U, =50 m/Myr, (Figure 8b) P,=10 m/yr and U, =50 m/Myr, and (Figure 8c) P,=1 m/yr and
U, = 500 m/Myr. These values are selected to illustrate the sensitivity of the model; they are not meant to
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represent any specific location but fall within the range of observed values. The first important difference with
the solution for anorogenic areas (U,=0) is that the system tends toward a steady state. For all three runs, we
present the solution at or around the time the system evolves from fully saturated to unsaturated conditions
(left column in Figure 8) and at steady state (right column in Figure 8).

The second point of interest is that the unsaturated conditions evolve from the base of the hill toward the top
and that, when this transition takes place, the regolith thickness is almost uniform.

The third point of interest is that depending on the value of P, and U, predicted steady state regolith can
be thickest under the base of the hill or thickest near the summit. For high precipitation rate and/or slow
uplift rate, the regolith is thickest near the base of the hill; for low precipitation rate and/or fast uplift rate, the
regolith is thickest at the top of the hill. Note that higher uplift rates correspond to steeper surface slopes.
This is because we use the same value for the transport coefficient, Ky, in all models. Note also that we have
not connected the efficiency of surface erosion/transport to precipitation implying that varying precipitation
rate affects the hydrological model but not the surface erosion model.

Finally, we note that, for all parameter values, the steady state solution tends toward a concave surface
topography, a linear water table and that, at the top of the hill, the weathering front coincides with the water
table,i.e, H=z — Batx=L.

In order to understand the behavior of this system, we are now going to study the shape of the steady state
solution, as well as characteristics timescales during the transition toward steady state.

5.2. Steady State Topography
The steady state surface topography, i.e., at equilibrium between tectonic uplift and surface erosion/transport

(Z—f =0in equation (21)) is given by
Up , Ul
=__9 2 37
z 2KDX + K X (37)
and the steady state surface slope, S(x), by
0z Uo
Sx)=—=—(L- 38
) Ew KD( X) (38)

5.3. Condition for the Existence of a Regolith Profile

Under fully saturated conditions, the rate of weathering front propagation is proportional to surface slope and
is therefore highest where surface slope is highest, i.e., at the base of the hill (x = 0). Assuming topographic
steady state and an imposed uplift rate U, the rate of thickening of the regolith profile at x=0is given by

0B UoL FKL
L = FKS(x=0)— Uy = FK—>= — U, = — -1
py Sx =0)—U, K, Uy = U, K (39)

For a regolith profile to exist at the base of the hill, and consequently anywhere else on the hill, this rate needs
to be greater than zero, which implies that

FKL
—>

K 1 (40)

This condition depends on the hill length, L, and rock properties, F, K, and K.

5.4. Steady State Weathering Front
To reach steady state regolith thickness, the weathering front must propagate at a velocity that is equal to the
erosion rate at every point along the hill, which, in the case of topographic steady state, is also equal to the
uplift rate, U,. This condition can be expressed as follows:

0B oH

Z=KE—U,=0 41
ot ox 0 (41

which leads to a simple equation for the steady state water table surface, H
Upx

Hx) = 7 (42)
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if we assume that the water table is at the surface at the base of the hill (H(x = 0) = 0). This equation implies
that, at steady state, the water table surface must be planar and its slope given by U, /(FK).

5.5. Condition for Regolith at the Top of the Hill

The existence of a steady state finite regolith thickness at the top of the hill requires that the surface of the
water table at the top of the hill, H,, be lower than the surface of the hill, z,; otherwise, the water table slope
and the rate of weathering front propagation is controlled by the slope of the hill, which is nil at the top of the
hill. This implies that

Ugl? Uyl UL
fop o Gl Uk Uk (R )
2K,  FK — FK \ 2K,
This condition is fulfilled when
FKL
Q=—>1 44
e (44)

The value of the dimensionless number Q therefore controls whether there will be any regolith along the hill
(Q > 1/2from equation (40)) and also whether, at steady state, the entire hill is covered by a weathering profile
(Q>1).

We can also assume that the steady state regolith thickness at the top of the hill, B,, will be equal to the depth
of the water table

Ul

Btzzr—Hrzﬁ

_Z o 1= _1
@-D=2@© 1)—zr<1 Q) (45)

and the relative regolith thickness, i.e., normalized by the hill height, is

zt—Ht=1_

1
B./z = —
% z, Q

(46)

which varies between 0 and 1 as Q goes from 1 to oo, which implies that the maximum regolith thickness that
can be achieved at the top of the hill is the height of the hill (i.e., when Q — o0). This also implies that the value
of the dimensionless number Q can be directly measured from the relative steady state regolith thickness at
the top of the hill

1

Q=1 _
1-B/z

(47)

Qis also the ratio between the steady state mean surface slope (hill height divided by hill length), S=U,L/2Kp,
and the water table slope, Sy

S
Q= — 48
s, (48)
because according to equation (42)
U, 25K 3
H= ) = D = — (49)
FK FKL Q

Equation (47) or (48), shows that although B, and z, (or S, and S) depend on the uplift rate, Uy, their ratio and
thus Q do not.

5.6. Geometry of the Regolith
From the slope of the water table, we can deduce the steady state flow velocity, v=KS,. At the base of the hill
(x=0), the water table coincides with the surface topography, and the total water flux, given by
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Figure 9. Critical value for the dimensionless number I'=KS? /P, as a function of Q=FKL/2K,. The two circles
correspond to the positions of the model runs shown in Figures 8a and 8b.

must be equal to the integrated precipitation, PyL. B, is the thickness of the regolith layer at the base of the
hill. This gives the following expression for B,

FPyL
B, =—— (51)
Uo
The ratio B,/B,, is a first-order measure of the geometry of the steady state regolith profile; it can be written
as follows:

B, Ul FPL V2L K32 4K5 Q-1
—_ =—1Q-1)/— = Q-1)=———@Q-1=T 52
B, FK @=1/ Uo FZKPOL( ) P, prez @Y Q2 (52
where, in this case,
KS?
I'=— 53
P, (53)

From this relationship, we see that the steady state geometry of the regolith (i.e., whether it is thicker under
the summit or the base of the hill) is also controlled by the value of the dimensionless number, I', defined
here using the mean slope of the hill, S, in place of S, the “true” slope of the hill in the anorogenic case. The
condition that determines the geometry of the regolith, i.e., whether it is thickest at the base or at the top of
the hill, becomes

QZ

1">
<0-1

(54)

In Figure 9, we show this critical value for " (= Q2 /(Q — 1)) as a function of Q. We see that for values of Q
close to 1 (left-hand side of the diagram), the critical value is very large (it tends to co as Q tends to 1) and the
condition for the thickest regolith at the base of the hill, namely, T’ < Q2 /(Q — 1), is almost always achieved,
even for high values of the uplift rate (and thus high surface slope). The critical value reaches a minimum (=4)
for Q =2, which, according to equation (47), corresponds to B, =z, /2. At this critical value, the condition for
relative regolith thickness between top and bottom of the hill is identical to that we derived for the anorogenic
case (equation (34)). For values of Q> 2, the critical value increases almost linearly as follows:
. Q2
R

~Q (55)

and the situation where the regolith is thickest at the base of the hill is achieved for progressively larger values
of the uplift rate (or surface slope equivalent).

In Figure 9, we also show the “position” of the model runs shown in Figures 8a and 8b. For both model runs,
Q = 5. For the first model (grey circle) I = 6.25 and the model sits exactly on the line T =Q2?/(Q — 1), which
explains why regolith thickness is uniform (Figure 8a); for the second model (white circle) I' = 0.625 and the
model sits well below the line T= Q2/(Q — 1), which explains why regolith is thicker near the base of the
hill (Figure 8b). The model run shown in Figure 8c has a value of I' =625 (largely off scale in Figure 9), which
explains why predicted regolith thickness is thicker beneath the summit of the hill.
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Finally, we note that the thickness of regolith at the base of the hill, B, can also be expressed as a fraction of
the hill height, z,, according to

Q
Bb = Zt F (56)

and the value of the dimensionless number I" can be obtained according to

I'=Q(z/By) (57)

from the relative thickness of the regolith at the base of the hill, i.e., normalized by the hill height, and Q, which
can be directly obtained from the relative thickness of the regolith at the top of the hill (equation (46)).

5.7. Timescales

During the transition from fully saturated to unsaturated conditions, we can write that, at the point x, where
the water table intersects the surface topography, the flux of water through the regolith (of thickness B}) must
be equal to the integrated precipitation rate

U
BXKS(x;) = B;KK—z(L —x,) = Py(L—x,) (58)
which gives
P,K, LP
Bi=-2PC=—1 (59)
KUy — 2KS

This implies that the transition from saturated to unsaturated conditions takes place for the same regolith
thickness at all points of the hill. B can be seen as the typical regolith thickness at the transition between
saturated and unsaturated flows.

Under saturated conditions, the rate of regolith formation at the base of the hill is proportional to surface

slope, S, =U,L/Kp, according to

‘;—‘f = FKS, = 2FKS (60)

and the time required to achieve unsaturated conditions at the base of the hill is

B Py Pl Pl
Ot 2FK2U,S  4FK?S2  FK2S2

77 =B}/ (61)
This expression is identical to that derived in the anorogenic case (equation (27)), except that the assumed
constant hill slope S has been replaced by the slope at the base of the hill, S,,.

Let us now consider the time it takes to approach steady state regolith thickness at the top of the hill, i.e., B,.
We will assume that during the formation of the regolith layer, the average slope of the water table is equal
to the surface slope in the middle of the hill (at x=L/2). The corresponding rate of regolith thickening is

0B

_ Yo _ _
o = - L/2) = Uy = Up@— 1) 62)

The time required to approach regolith steady state thickness, B, = %(Q — 1), at that rate is given by

B _LQ-1_ L

ot FKQ—1_ FK (63)

* =B,/
This is the characteristic weathering time of the system. Interestingly, it has the same expression as, 7, the
timescale necessary to develop a regolith of thickness S x L in anorogenic areas (cf. equation (35)).

At this point, we note that the dimensionless number Q can also be expressed as the ratio of two characteristic
timescales
22K, KL

Q=r,/t" = == 64
Ay T (64
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where 7, =12 /2Kp is the erosion or diffusion timescale, i.e., the characteristic time for surface erosion/transport
to transform a hill of dimension L into its steady state shape given by equation (37). This means that the
condition for the existence of a regolith layer in an actively uplifting and eroding region (Q > 1) is that the
erosional timescale be larger than the weathering timescale

T, >7" (65)
From this, we also note that Q is in fact very similar to the second or erosional Damkéhler number, Da,, which
is defined as the ratio of the timescale for the advection of rocks through the regolith profile (by tectonic
uplift and erosion) to the timescale for weathering of the same profile [Lebedeva et al., 2007; Hilley et al., 2010;
Lietal, 2014].

Similarly, the dimensionless number I"is, as in anorogenic systems, proportional to the ratio of the weathering
timescale, 7, to the timescale necessary to reach unsaturated conditions, 7}

: apL K32
T _L ob _ KS° (66)
47~ FKUFK2S2 P

5.8. Steady State Regolith Profile Under an Arbitrary Surface Topography

We have shown that for regolith to exist at the surface of a hill, the dimensionless number Q must be larger
than 1, which is equivalent to say that the weathering response time has to be smaller than the erosional
response time. In other words, making the assumption that surface erosion is at steady state with tectonic
uplift implies that the system has also reached weathering steady state. This leads us to now develop and
present a generalized steady state solution for the geometry of regolith beneath a hill of arbitrary geometry.

Under an arbitrary surface topography, z(x), the water table geometry, H(x), obeys

(H—z+B)Kﬁ = Py(L —x) (67)
ox
Assuming weathering steady state
B _ ¥ =0 (68)
ot ox
leads to
HO(X) = H'(0) + < x= < 69
9] 0+ KX~ (69)

where the superscript a stands for “arbitrary,” in reference to the arbitrary geometry of the assumed surface
topography, and, consequently, to the generality of this solution. Combining these three relationships leads
to the following:

Po(L —X)

B(x) = Ho(x) = o < (70)
(X)_I((z)H—/a)()+Z(X)_ (x)—z(x)+?( —x)—ﬁx

from which the steady state regolith thicknesses at the base of the hill, BZ, and the top of the hill, B, can be
derived as follows:
el

FP,L
BZ = T and B? =2z — R (71)

These expressions lead, in turn, to general expressions for the dimensionless parameters, Q and T, as a
function of S, the mean slope of the arbitrary topography

_ - o,
Q= 15 and I'= Q where §="2t (72)

é Py L
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Figure 10. Predicted steady state regolith geometries for an arbitrary surface geometry (thick grey line). Solid lines
correspond to cases where I' = Qz/(Q — 1) for three different values of Q: 1.05 (black), 2 (red), and 4 (blue). The dotted
(dashed) lines correspond to a value of I' that is smaller (greater) than I" = Qz/(Q -1.

which can be used to predict the distribution of regolith thickness beneath the arbitrary topography, z(x),
through the following generalized condition:

Q?
rz 73
S (73)
as
Bt Q-1
t _I
B? Q? (74)

The value of Q can be directly measured from the steady state, relative regolith thickness at the top of the
arbitrary topography

1

Q=——
1-B{/z,

(75)

and the value of " from the steady state, relative regolith thickness at the base of the arbitrary topography

I'=Q(z/B) (76)

Finally, we note that the normalized steady state regolith thickness can be expressed in terms of the two
dimensionless numbers, Qand T’
Bix) _zx)  Q 1
= (1 —x/L) - = (x/L 77
Z Z T (O =x/b) -5 &/D 77)
which also provides expressions for the normalized regolith thickness at the bottom and top of a hill of
arbitrary surface geometry

BZ Q
r

Ba
and L =1-— (78)
z, z

In Figure 10, we show how the predicted normalized regolith thickness varies with the two dimensionless
numbers. The thick grey line represents the arbitrary surface topography, while all other lines are steady state
solutions for the base of the regolith layer (the weathering front). When T" = Q? /(Q — 1), the regolith has a
uniform thickness (solid lines) which only depends on the value of Q, given by
B2 3 ﬁ

A =1-=

1
— 79
Ze  z Q 79)
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Figure 11. Connectivity between the three components of the new model we have developed. The hydrological model
predicts the geometry of the water table, H(x), which is used to drive the propagation of the weathering front. The
surface processes model predicts the surface geometry, z(x), which, in combination with the thickness of the regolith
layer, B(x), is used to define the geometry of the aquifer in the hydrological model. The surface processes model only
applies where there is a finite regolith thickness, implying a weak control of the weathering front geometry on the
surface processes model (dashed arrow).

For a given value of Q, varying T" changes the thickness at the base of the hill and thus the distribution of
the regolith. Decreasing I" (dotted lines) causes the regolith to become thinner at the base of the hill, while
increasing I (dashed lines) causes the regolith to become thinner at the base of the hill.

From equation (72), we see that, for a given lithology (i.e., given values of F and K), Q is a function of erosion
rate, ¢, and mean surface slope, S = z,/L: the faster the erosion, or the steeper the surface slope, the lower Q
and the thinner the regolith layer. T"is, for a given lithology, a function of slope, S, and precipitation rate, Py
the steeper the surface slope, or the lower the precipitation rate, the thinner the regolith will be at the base
of the hill.

6. Discussion

6.1. The Model as a Coupled System

We have constructed a new model to predict the formation of regolith by downward propagation of a chem-
ical weathering front by bringing together three simple components as shown in Figure 11. These are the
following:

1. A hydrological model based on the assumption of a uniform hydraulic conductivity, uniform precipita-
tion rate (or infiltration rate), and steady state conditions; the aquifer is bounded by the surface and the
weathering front computed in 2 and 3, respectively.

2. A surface process model based on slope-proportional transport of the regolith (or the soil layer derived
from it) to compute surface topography evolution.

3. A chemical weathering model that assumes that propagation of the weathering front is linearly related
to the velocity of the fluid and thus to the slope of the water table computed in 1 or the surface slope
computed in 2, depending on saturation.

The system is strongly coupled and displays a behavior that involves strong feedbacks. The hydrological model
is at the core of these interactions as the water table geometry is a strong function of the geometry of the
regolith layer (bounded at the top by the surface model and at the base by the weathering model) and controls
the evolution of the weathering front.

6.2. Model Hypotheses, Assumptions, and Simplifications

First, in developing this new model, we have made choices concerning the processes at play, which need to
be discussed here. Conceptually, the model assumes that the weathering process is solely controlled by the
propagation of a dissolution front. Where fracturing or other nonchemical processes are known to dominate
weathering, one should not expect that the behavior of the model we present here be applicable. Similarly,
we have assumed that the dominant surface process is hillslope transport. This has helped in parameterizing
surface processes with a minimal parameter set (K, the transport coefficient). In Figure 12 we present results
of a model in which transport is assumed to be nonlinear both with respect to slope and soil thickness
(equation (19)). The solution is shown at steady state for two values of the uplift rate (U, =50 and 500 m/Myr)
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Figure 12. Model results obtained using the nonlinear surface processes model described by equation (19). The basic
behavior of thinner regolith near the summit for (a) low uplift rate and thinner regolith thickness near the base for
(b) high uplift rate is observed. Thick solid black line is surface topography (z), thick solid grey line is base of mobile
soil layer (z — D), thick dashed black line is surface of the water table (H), and the thin solid black line is the base of
the regolith layer (z — B).

and demonstrates that the behavior of the system (strong dependence of the regolith geometry on uplift rate
and surface slope) is independent of the assumed surface process formulation or parameterization. We have
further demonstrated this very important point by deriving an analytical solution for the steady state of the
system under an arbitrary surface topography (see section 5.8).

Second, we need to review the assumptions we have made in developing the parameterization of these
processes. Several of these assumptions are driven by the need to integrate the equations over long, geolog-
ical timescales, which requires and also justifies the quasi steady state approximation (i.e., neglecting inertial
effects) for all three physical processes at play (surface erosion and transport, chemical dissolution, and flow
in a porous medium).

Quasi steady state provides us with time-integrated or “mean” values for the water table, surface, and weather-
ing front geometries. An interesting development would be to consider enriching our equations to compute
the variability of these quantities. For example, the range of variability of the height of the water table
would give us an estimate of the thickness of the region that experiences fluctuations in “wetness” and the
distribution of timescales over which this happens.

The second type of approximations is geometrical. We have assumed uniform (and static) hydraulic, erosional,
and chemical properties. As already mentioned in the description of the chemical model, we could easily
improve it by introducing a cap on weathering rate (at high flow velocity) to incorporate the effect of
dissolution reaction kinetics.

The hydraulic model assumes that the hydraulic conductivity is uniform and constant. The parameter K there-
fore represents the mean conductivity of the regolith layer. As mentioned earlier, we justify this approach
by the observation that chemical weathering is often observed to take place across a rather thin front that
separates unweathered bedrock from the overlying chemically altered regolith: the front commonly corre-
sponds to a sharp transition in hydraulic properties that is therefore likely to be more important than any
intraregolith variability. It is well known, however, that hydraulic properties (conductivity, permeability, and
porosity) change with the evolution of the weathering profile [White et al., 2001] and, to first order, with
its thickening. A first-order improvement of the model would be to introduce a time- or depth-dependent
hydraulic conductivity within the regolith layer. This is likely to have a noticeable impact if the variations in
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hydraulic properties within the regolith are comparable in magnitude to the large jump in hydraulic properties
across the weathering front.

It is well known that the precipitation of secondary minerals may lead to the formation of mechanically
hard, resistant layers (ferricretes, calcretes, cangas, etc.) within the regolith profile. When these layers are later
exhumed, they may alter the efficiency of surface erosion. This points to a potentially nonnegligible feedback
between the weathering process and surface erosion which we have neglected here. There is evidence that
the exhumation of hard layers or the hardening of the surface layer exerts what can sometimes appear as a
dominant control on the shape of the landscape, but one must be careful in giving too much emphasis on
what could be a rather transient phenomenon that contributes little to the long-term evolution of continental
interiors. For example, ferricretes are commonly found at the top of hills, but it is not clear whether they
“protect” the hill tops or whether they are more likely to be preserved there, because, by definition, hill tops
are less eroded than valley bottoms. It is also important to note that the presence of a hardened layer or even
the formation of soil may alter the hydrological properties of the system (hydraulic conductivity), which is not
included in the present model.

6.3. Model Predictions and Behavior
6.3.1. Geometry of the Regolith

The main outcome of this work is that the distribution of regolith thickness is determined by the value of a
single dimensionless number

_KS?

I'= P_o (80)

where S is surface slope, K regolith mean hydraulic conductivity, and P, infiltration rate which we take to be
mostly controlled by precipitation rate (and thus climate). The value of this dimensionless number controls a
first-order behavior of the system: whether the regolith layer is thicker near the top of topographic features or
near their base (which we assume here is a local or regional base level for the aquifer bounded porous flow).
This is true for both anorogenic and orogenic environments. In the later case, the mean slope of the surface
of the hill, S, must be used in the definition of the dimensionless numberI".

In anorogenic settings, the distribution of regolith (and its connexion to surface slope) is set during the tran-
sition from fully saturated to fully unsaturated conditions. Considering the simple relationship we derived
earlier (equation (24)) between the rate of regolith growth (9B/dt) and the rate of “desaturation” (dx,/at), we
see that the constant of proportionality between the two (KS/P,) is the ratio of the fluid velocity, KS, under
saturated conditions to the precipitation rate, P, (or, more exactly, surface infiltration rate). In other words,
what determines the geometry of the regolith layer is, ultimately, the ability of the regolith layer to evacuate
through its base level water infiltrated through its surface. That the slope appears as a square in the expres-
sion of the dimensionless number comes from the combination of two factors: (1) that the rate of desaturation
is proportional to the water flux (regardless of the nature of the weathering process) which, in a saturated
medium, is proportional to slope and (2) that the evacuation of the water out of the regolith isaccommodated
by lateral flow.

During this transition from saturated to unsaturated conditions, the system is very susceptible to variations
in T (i.e., precipitation rate or slope) as illustrated in Figure 13a where we show the results of a model run
with parameters identical to the model shown in Figure 4 but where the precipitation rate has been forced
to change abruptly 66.6 kyr into its evolution from 1 to 0.1 m/yr and later, at 133.1 kyr, back to its initial value
of T mm/yr. We see that because the system has not fully reached its unsaturated state by the time the pre-
cCipitation rate decreases, it changes its course from evolving toward producing a thicker regolith beneath
the bottom of the hill (I" < 4) toward producing a thicker regolith layer beneath the top of the hill ("> 4).
The second change in precipitation rate forces the system to resume its evolution toward its initial target. The
period of reduced precipitation rate causes, however, a perturbation in the regolith profile that is preserved
in the final stage of evolution shown in Figure 13a as a marked change in basal slope (and regolith thickness).
Once the system has become fully unsaturated, the geometry of the regolith layer becomes unaffected by
variations in " (precipitation rate or slope), as the water table geometry is fully disconnected from the surface
topography.

In orogenic settings, our model displays a more dynamical behavior as it always remains connected to the sur-
face topography through the uplift/erosion process. Contrary to the predictions for anorogenic environments,
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Figure 13. Time evolution of two model runs in which the precipitation has been arbitrarily decreased by a factor

10 between (a) 66.6 and 131 kyr and (b) 100 and 200 kyr. The solid lines represent the base of the regolith layer

(or weathering front); the dashed lines represent the surface of the water table, and the dash-dotted lines represent
the surface topography. (Figure 13a) No uplift, no erosion and constant slope. (Figure 13b) Imposed uplift and erosion
causing a time-evolving surface topography.

the system tends toward a steady state geometry determined by the values of two dimensionless numbers,
I = K52 /P, and Q = FKL/2K, (or Q = FKS/¢é under an arbitrary steady state surface). Changes in precipitation
rate, for example, will change the value of I but not Q and can, potentially, cause a substantial change in the
geometry of the regolith. This is what is shown in Figure 13b where we have perturbed a model run identi-
cal to that shown in Figure 8a by decreasing the precipitation rate by a factor of 10, 100 kyr into its evolution,
and later returning the precipitation rate to its initial value of 1 m/yr, 200 kyr into its evolution. The results
show a marked change in regolith geometry from thickest beneath the base of the hill to thickest beneath
the top of the hill between 100 and 200 kyr followed by a return to being thickest beneath the base. Contrary
to the anorogenic system, these changes in regolith geometry result from absolute increase and decrease in
regolith thickness at both the top and bottom of the hill: the regolith thickness decreases between 100 and
200 kyr at the base of the hill, whereas at the top of the hill it increases during the same period of time and
decreases between 200 and 300 kyr.

That T is a strong function of surface slope, and a weaker function of precipitation and hydraulic properties
(conductivity) implies that the distribution of regolith thickness as a function of surface slope could be used
to validate this model and also to transform the model predictions into a simple algorithm to predict regolith
thickness where it is not well constrained by direct measurements. Interestingly, our model makes a simple
prediction about regolith thickness distribution that is independent of the rate at which weathering takes
place. In other words, T is independent of F, the weathering rate coefficient. Unfortunately, " is a function of
a poorly constrained quantity, K, the hydraulic conductivity.

Caution must, however, be used in interpreting these results as thick regolith profiles observed in anorogenic
areas may have formed tens of millions of years ago, as shown by Shuster et al. [2012] by dating Mn oxides
in regolith profiles from southeastern Brazil. For these ancient or relict profiles, it is difficult to be certain that
present-day topography and slope are representative of the situation that prevailed when the profile formed.

We have also demonstrated that the value of the second dimensionless number, Q = FKL/2K, (or Q =FKS/é
under an arbitrary surface geometry), controls the existence and mean thickness of the regolith profile. For
regolith to be present at the base of the hill requires that Q> 1/2; for regolith to form at the top of the hill
requires that Q > 1. We have also shown that, at steady state, the value of Q can be directly measured from
the ratio of the thickness of the regolith layer at the top of the hill to the height of the hill.

The value of Q also affects the condition for regolith thickness distribution. We have shown that, in tectonically
active environments, the condition for thicker soil at the base of the hill is

r<Q?/Q-1 (81
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This implies that the nearer the system is to the limit Q — 1, the more likely the conditions for thicker soil near
the base of the hill will be encountered, even for high slopes and/or low precipitation rates. When the system
is far from that limit, i.e., Q > > 1, the conditions for thicker soil near the base of the hill are met when

r<Q (82)

Contrary toI', Qis a function of the weathering rate coefficient, F, which relates the fluid velocity to the weath-
ering rate. In section 3.2, we tried to estimate its value from laboratory measurements and field observations.
Interestingly, the steady state regolith thickness predicted by the model at the base of the hill (normalized by
the total height of the hill) can be expressed as follows:
oo )
Z; r ésS
which can be used to constrain the value of F from an independent estimate of surface erosion rate, assuming
that the surface slope, the thickness of regolith near the base of the hill, and the mean precipitation (or net
infiltration) rate are known/measurable, according to:
a -
Fotois (84)
z, Py
We show in section 6.4 how this can be done using an existing data set from India.
6.3.2. Time Evolution of the Regolith and Comparison to Previous Models
In anorogenic areas, i.e., under the assumption of a static surface geometry, no uplift and thus no erosion, our
model does not tend toward steady state. We have also shown that, regardless of the geometry of the regolith
layer, i.e., whether it is thickest near the top or near the bottom of the hill, the regolith thickness grows as the
square root of time. This is a simple consequence of how fluid velocity (and thus weathering rate) decreases
with increasing regolith thickness. We must, however, interpret this result with care, as our model is based on
uniform and constant properties within the regolith layer and, most importantly, the hydraulic conductivity. It
is clear, however, that, over time, the precipitation of secondary minerals and/or the formation of clays will lead
to a potential local decrease in conductivity which will affect the rate of flow and thus the rate of weathering.
This feedback could lead to the existence of a steady state solution.

Itis interesting to note that Lebedeva et al. [2010] predict a similar behavior (regolith thickness increases as the
square root of time) but based on an entirely different set of assumptions. In their model, the \/? evolution
of regolith thickness is a consequence of the assumed competition between advective and diffusive solute
transport which depends on the assumed fluid velocity.

Our model also predicts that, as the system evolves from a regolith free initial condition, it goes through a
transitional phase where the regolith evolves from fully saturated conditions (the top of the water table is the
surface of the hill) to fully unsaturated conditions (the top of the water table is fully decoupled from the surface
of the hill). We have derived an analytical expression for the timescale of this transition. Interestingly, we found
thatitisindependent of the assumed precipitation rate. This is because the precipitation rate controls both the
geometry of the water table and also the geometry of the aquifer. The higher the precipitation rate, the steeper
the water table but the faster the rate of weathering front propagation and thus regolith growth. During
this transition period, the mean rate of regolith formation (total regolith thickness divided by the transition
timescale) is equal to FKS and is independent of precipitation rate. For a given lithology (which should be the
main control on F and K), the rate of regolith formation is thus directly proportional to slope.

In orogenic areas, our model implies that the regolith thickness will achieve a steady state value. This value and
the geometry of the steady state regolith profile depend first on the value of the dimensionless parameter

o Fr

=— 85
T (85)
or for an arbitrary surface topography
o=H (86)
€
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As stated earlier, Q is very similar to the second or erosional Damkd&hler number, which is defined as the ratio
of the erosional timescale to the weathering timescale. The presence of a complete regolith profile on a given
topographic feature implies that Q > 1, which in turn implies that the erosional response time of the system
must be longer than its weathering response time. This implies that if the system has reached topographic
(or erosional) steady state, it must have reached weathering steady state. In other words, where we think it
is appropriate to assume that topographic steady state has been reached, the regolith profile (if it exists) is
de facto at steady state. We can even take this reasoning one step further and assume that the distribution
and thickness of regolith in an actively uplifting and eroding environment is, in general, likely to be at or
near steady state. An alternate way of interpreting the meaning of Q is to state that for values of Q< 1, a
geomorphic system is production (in this case weathering) limited, whereas a system where Q > 1 is transport
limited.

We have also shown that the value of the dimensionless parameters Q and I" can be extracted from simple
measurements made about the regolith thickness, under the assumption that steady state has been reached
(equations (75) and (76)). It is interesting to note too that our model predicts that Q is also the ratio between
the surface slope and the steady state slope of the water table (equation (48)). This implies that Q is similar
to theinverse of the dimensionless number derived by Rempe and Dietrich [2014a] in their “bottom-up” model
yet under a very different set of assumptions that (i) the water table geometry is set by the hydraulic conduc-
tivity of an assumed permeable bedrock layer, that (ii) flow in the bedrock is arbitrarily confined to a depth
corresponding the base of the hill, and that (iii) the weathering front (z, the limit between weathered and
fresh, yet permeable, bedrock) is the surface of the water table. In our “top-down” approach, we do notimpose
that the weathering front is the surface of the water table. We note, however, that in situations characterized
by high erosion rate (Q = 1) and/or steep topography (I" >>1), the ratio between the weathering front slope
and the water table slope predicted by our model tends toward 1, as follows:

_0@z=B% oH _(Q  1\,5_ . @
S8/5n = =5/ x _5<F+Q>/Q_1+r_” (®7)

regardless of the surface topography slope. Consequently, the assumption of Rempe and Dietrich [2014a] that
the water table is the weathering front becomes a prediction of our model in the peculiar circumstances of
the site(s) they considered.

6.4. Comparison With Field Observations

In Figure 14, we illustrate the different regolith geometries predicted by the model through a set of observed
profiles collected in the published literature from locations that are characterized by similar and close to world
average precipitation rate (present-day rainfall in Eastern Senegal is 1200-1300 mm/yr, 911 mm/yr in the
Southern Sierra, and 600-1200 mm/yr in the study area in Swaziland).

The first profile (Figure 14a) is from Beauvais et al. [1999]; it has been obtained by electric resistivity tomog-
raphy of a thick lateritic mantle overlying granitic bedrock in southeastern Senegal. Most of the section is
covered with a thick “glacis” not represented here. The environment is anorogenic, and surface slope is low
(0.02). Assuming average values of Py=1 m/yr and K = 10* m/yr leads to a value of I'=4 which, according to
our model, is consistent with a regolith profile that is uniform in thickness from the hill top to its base level.
This level would correspond, here, to the thalweg of nearby intermittently flowing rivers. This first example
therefore corresponds to a situation where the surface slope is sufficiently low that the regolith layer thickens
uniformly beneath topographic features. Note that this interpretation is only valid if the present-day topogra-
phy (slope and position of topographic minima) is similar to the topography that overlaid the regolith profile
during its formation.

The profile in Figure 14b is from an active tectonic or orogenic environment, i.e., the southern Sierra of
California. The profile is from seismic refraction and electrical resistivity data collected by Holbrook et al. [2014]
in a granitic landscape. The site and experimental setup are ideally suited to determine the geometry of the
boundary between unweathered bedrock and the overlying regolith. The presence of regolith at the top of
the hill indicates that uplift and erosion are not sufficiently rapid to prevent the formation of a regolith layer
(Q > 1). Beneath the top of the hill, the regolith appears to extend to half the height of the hill, which we inter-
pret to indicate that Q ~ 2, according to equation (47), and assuming erosional and weathering steady state.
Surface slope is large (0.25), which implies a very large value for I" and explains, according to our model, why
regolith thickness is largest beneath the hill top (C'>> Q2 /(Q — 1)).
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Figure 14. Regolith profiles obtained from (a, b) geophysical data and (c) field mapping. The thick line corresponds
to the topographic surface and the thin line to the estimated base of the regolith (top of bedrock). Values of I are
obtained by assuming a mean precipitation rate of 1 m/yr and a hydraulic conductivity of 10* m/yr. This choice is
made to highlight the dominant effect of slope on the value of I'. Q is obtained from the ratio of regolith thickness

to topographic height at the summit of the profile. The profiles are summarized versions of similar diagrams from
(Figure 14a) Beauvais et al. [1999], (Figure 14b) Holbrook et al. [2014], and (Figure 14c) Scholten and Henningsen [1995].

The third profile (shown in Figure 14c) is a conceptual sketch of a “generalized toposequence” as observed
in the middleveld region of central Swaziland by Scholten and Henningsen [1995] where mean hill slope is
~ 0.23. The area is currently undergoing rapid erosion such that the tops of hills have been striped of their
regolith layer to expose bare bedrock. According to our model, this implies that Q < 1 but because regolith
is present at the base of the hill as well as intermediary elevations, it also implies that Q > 1/2. Note that this
interpretation is based on the assumption that the erosional/weathering system has reached steady state,
which may not be the case here. According to our model, the small value of Q implies that the condition for
a regolith layer thickening toward the topographic highs can never be reached despite the relatively large
slope (5§=0.23).

6.5. How to Use This Model: Case Example of the Mule Hole Gneiss Watershed, South India

To demonstrate how our model (and its parameters) can be constrained by field measurements of regolith
thickness and/or used to understand regolith formation at a specific site, we propose here to reanalyze the
data set collected by Braun et al. [2009] in the Mule Hole watershed in India. We also show how our model can
help put constraints on important timescales pertaining to weathering and regolith formation.

The Mule Hole watershed is located in the Kabini River basin in Karnataka State of southwestern India (see
Braun et al. [2009] for exact location). It is approximately 4.3 km? in area (i.e., 3000 x 1500 m) and covered
by a thick regolith. The protolith basement is made of the relatively heterogeneous Precambrian Peninsular
Gneiss intermingled with a small amount (10-15%) of mafic and ultramafic volcano-sedimentary rocks.
Regolith thickness is constrained by 12 electric resistivity tomography profiles [Braun et al., 2009]. Although
determining regolith thickness using contrast in electrical resistivity is tainted with relatively large uncertain-
ties, estimates in the Mule Hole watershed range from 13.5 m at the outlet to 23.7 at the top, with a mean
of ~17 m [Braun et al., 2009]. There is, however, no clear pattern between regolith thickness and elevation
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or distance to the outlet [see Braun et al., 2009, Figure 10]. The present-day catchment-averaged erosion rate
determined by cosmogenic isotope analysis is é ~ 14 x 10~ m/yr [Gunnell et al., 2007], and mean annual
precipitation is approximately 1 m/yr.

From the regolith thickness information, we can derive the value of the two dimensionless numbers
Q=2/(1-B,/z;)andI'=2Q(z,/B,), where z, is the total elevation difference within the catchment (80 m) and
B, and B, the regolith thickness at the top and bottom of the catchment. If we assume uniform regolith
thickness, i.e., B,=B, =17 m, we obtain Q~2.5 and I'~ 24.

From these estimates, we can derive values for the model parameters, K and F, making basic assumptions
about the better constrained parameters, S and P,. The mean slope of the catchment is S =~ 0.02, and,
being covered by a dry deciduous forest and affected by summer monsoons, infiltration rate should be a
fraction only of mean annual rainfall, which we take to be P, ~0.3 m/yr. From this, we obtain that K=T"P,/S? ~
1.8x10* m/yr and F=Qé/KS~1077. The estimate for the hydraulic conductivity is within the expected range
for regolith [Bear, 1979], but the value of the weathering rate coefficient, F, is rather low, i.e., an order of mag-
nitude lower than what we had derived earlier from first principles (section 3.2). It is, however, consistent with
the nature of the protolith, a hard metamorphic rock, which is very resistant to chemical weathering [Meybeck,
1987]. It also agrees with the conclusions of Braun et al. [2009] that the saprolitization process in the Mule Hole
catchment is limited, based on measurements of major element loss from borehole samples.

From these estimates, we can derive that the weathering timescale (or time that was needed to achieve
regolith thickness steady state) is © = L/FK ~ 2.2 Myr, the erosional timescale (or time that was needed to
achieve erosional steady state) is 7, =z, /¢ = Qr ~ 5.7 Myr, and the hydrological timescale (or time it took for
the regolith to evolve from saturated to unsaturated conditions) is 7, = LP,/FK25? =z /T~ 90 kyr. All of these
timescales are important characteristic features of the system; they tell us, among other things, the time it
would take for it to respond to changes in the forcing (tectonic uplift) or environment (climate, i.e., precipita-
tion rate or rock type being exhumed). Weathering would take approximately 2 Myr to achieve a new steady
state regolith thickness following a change in climate, while it would take approximately 5 Myr for topogra-
phy to reach a new steady state geometry following a change in tectonic uplift rate. The short hydrological
timescale says that, if perturbed in a way that parts of it became saturated, the system would rapidly adjust,
by weathering, the geometry of the regolith to become fully unsaturated.

6.6. Need for a 2-D Model

There exist relatively extensive databases of regolith thickness measurements made in wells or boreholes
[see, e.g., Courtois etal., 2010]. To compare the predictions of our model to these observations requires to know
or compute the base level to which the local water table connects. This level often corresponds to a river or a
lake or, less frequently, to sea level. We are in the process of implementing a two-dimensional version of the
weathering model we have presented here into a landscape evolution model that computes the geometry
of the regional drainage network. We are coupling these two components such that the resurgence of water
from the hydrological model is used to compute runoff and the emergence of a river network, which in turn
is used to compute local hydrological base level. This is an obvious extension of the work presented here
that should also allow to compute the regolith thickness and transport rate beneath hillslopes. We suspect
that these strong couplings will lead to even more complex feedbacks between the various components of
the system.

7. Conclusions

We have developed a new model for the formation of regolith by chemical weathering. The model combines
existing concepts and ideas by coupling three basic partial differential equations controlling (1) the geometry
of the water table within an aquifer of uniform properties which we associate to the regolith layer, (2) the
geometry of the base of the regolith layer, and (3) the geometry of the surface topography, which is also the
geometry of the top of the regolith layer. The novelty of our model is that it links the rate of propagation of
the weathering front at the base of the regolith layer to the velocity of the fluid.

Under these assumptions, we are able to predict the geometry and rate of formation of the regolith. In anoro-
genic areas, our model predicts that the regolith layer thickness increases as the square root of time but never
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Table 1. Summary of Timescales, Length Scales, Rates, and Dimensionless Numbers Derived From
Our Analysis and Expressed in Terms of Model Parameters, Including Geometric Parameters L (Length
of the Hill/Aquifer); S (Surface Slope); B; and B, (Regolith Thickness at the Top and Bottom of the Hill,
Respectively); Environmental Parameters Py (Mean Infiltration Rate), U, (Uplift Rate), and ¢ (Surface
Erosion Rate); and Rock Properties F (Weathering Rate Coefficient), K (Hydraulic Conductivity), and K,
(Surface Transport Coefficient)

Orogenic Systems

Anorogenic Systems  Hill Slope Diffusion  Arbitrary Surface

Desaturation timescale, 7, LPy/FK2S? LPy /4FK?S? LPy/4FK?S?
Weathering timescale, ¢ L/FK L/FK L/FK
Erosion timescale, 7, - L2 /2Ky = LS/Uq LS/¢é
Regolith growth rate, 0B/0at, FKS 2FKS 2FKS
during desaturation
Regolith growth rate, 0B/0t, - Ug = 2KpS/L é
at steady state
Desaturated regolith thickness, B LPy/KS LPy/2KS LPy/2KS
Steady state regolith thickness, B;, - LS — 2KpS/FK LS — éL/FK
at hill top =LS—UgL/FK
Steady state regolith thickness, By, - FPyL/ U, FPyL/é
at hill bottom = FPyL2/2KpS
Q, controls regolith thickness - FKL/2Kp = FKS/ U, FKS/¢é
- 1/(1 = B,/LS) 1/(1 = B,/LS)

T, controls regolith geometry KS? /P, KS? /P, KS? /P,

LS/B; QLS/B, QLS/B,

reaches a steady state value. The geometry of the regolith is controlled by the value of a dimensionless number
defined as follows:

_KS?

I'= P_o (88)

where K is the assumed hydraulic conductivity of the regolith, S is the surface slope, and P, the precipitation
rate. For large values of T, which are most likely to be encountered for high surface slopes, regolith should

be thickest near topographic highs. For small values of T, the model predicts that regolith should be thickest
near topographic lows.

In orogenic areas, the presence of a regolith layer depends on the value of another dimensionless number
which can be defined for a topographic feature of length L by

oo kL

=% (89)

where F is the assumed dimensionless proportionality constant between flow rate and weathering front rate
advance, i.e., the weathering rate constant, and K, the assumed surface transport coefficient, relating slope to
erosional/transport mass flux at the surface. Under an arbitrary surface topography, Q can also be expressed

as a function of the erosion rate, ¢, and the mean steady state topographic slope, S

_ K
T ¢

Q (90)
Our model predicts thatfor 1/2 < Q < 1, regolith formation is limited to the lowest parts of the topography. To
form regolith at the top of hills requires that Q > 1. Q is also the ratio between the surface transport/erosional
timescale and the weathering timescale, implying that where surface steady state has been reached and
regolith is present on the landscape, weathering steady state must also be reached. Our model also predicts
that the geometry of the regolith profile depends on the condition
2 2
K? . Q

r=--
P, S Q-1

o1
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This implies that, in general, soil will be thickest near the summit of topographic features in orogenic (or fast
eroding) environments, unless Q is small (2 <2).

Because the values of Q and I can be derived from simple point measurements of regolith thickness

1

Q=—
1-B,/z

and T'=Q(z/B,) (92)

where B, and B, are the regolith thicknesses at the bottom and top, respectively, of a hill of height z,, our
model is relatively easy to verify and/or used to interpret regolith profiles. We have demonstrated this by
presenting a set of observed regolith profiles from three different environments for which we show that the
first-order predictions of our model are likely to be correct. We have also used the model to extract estimates
of model parameter values from field observations (surface slope, regolith thickness distribution, cosmogenic
nuclide-derived rates of erosion, and precipitation rate) in a well-documented field site in India, as well as
values for the various characteristic timescales, which inform us on the response times of the system to forcing
or environmental changes.

In Table 1, we summarize the timescales, length scales, and rates that we have derived from our model under
the assumptions of (1) no uplift/erosion (anorogenic systems), (2) uplift and slope-dependent surface trans-
port (diffusive erosion), and (3) topographic and regolith steady state under an arbitrary surface topography.
We also summarize the relationships between measurable steady state regolith thicknesses, B, and B,, and
the dimensionless numbers, I" and Q.

Appendix A: Analytical Solution to Hydraulic Equation

If we assume that both topography, z, and regolith thickness, B, increase linearly with x

z=2,+5x and B=B;+ 5x (A1)

and that both the permeability, K, and the precipitation rate, P = P, are constant, we obtain

K(H — z, + By) % =Py(L —x) (A2)
Introducing H'=H — z, + By, we can write

I’
KH' ()a_l;l( = Py(L —x) (A3)

which has the following general solution:

H'(x) = £/(Py/K)x 2L = x) + C (A4)

and using the boundary condition H'(0)=H, — z, + B,, we can determine c to obtain

H (x) = i\/ (Po/K) X (2L = X) + (Hy — 2o + By)? (A5)

and

HOO = 1/ (Po/K) X L =) + (Hy — 2o + By)? +2 — B (A6)

neglecting the negative solution which does not have a physical sense. Note that in the special case where
topographic variations are caused by regolith thickness variations, the solution is independent of the surface
slope.

This solution is displayed (thin red line) in Figure A1 for z,=1m, Bj=1m, H,=0.5 m, $=0.01, L=1000 m,
Py = 1 m/yr,and K = 10° m/yr.
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Figure A1. Comparison between analytical and numerical solutions corresponding to equation (A6). The thin black
line represents the assumed topographic height; the grey line is the base of the regolith layer. The thick grey line is
the computed surface of the water table using parameter values given in the text. The superposed black line is the
analytical solution.

Appendix B: Hydraulic Equation Numerical Implementation

Equation (6) can be solved for arbitrary forms of both z(x) and B(x) using a simple first-order finite difference
algorithm. Discretizing the problem to find the solution, H;, at N equidistant points along a profile of length
L gives

Hi=Hi, _

=F

K
E(Hi -z +B+H_y—2z_,+B_) Ax i

(B1)

where F; is the spatially integrated rainfall which can be easily computed from

Fiiy =F+ P Ax (B2)

where P; is the precipitation rate at point i and Fy, = QAx/2. Ax is the distance between two adjacent
points, such that (N — 1)Ax=L, and z; and B; are the topographic height and the regolith thickness at point j,
respectively. In Figure A1 we compare the numerical solution (thick pink line) obtained for N = 1001 to the
analytical solution given by equation (A6). For this problem where both surface elevation and regolith thick-
ness vary linearly, the numerical solution is equal to the analytical solution within machine roundoff error,
regardless of the discretization (value of N).

Appendix C: Fluid Velocity in the Fractured Bedrock

As shown in Braun et al. [2003], the focusing ratio, G, or ratio of fluid steady state velocities in and outside of
a thin layer characterized by an anomalous hydraulic conductivity, K, from the hydraulic conductivity, K, of
the medium in which it is inserted is given by

o=l oV 5 (@)

where v; and v are the fluid velocities in the anomalous conductivity layer and the surrounding medium,
respectively.

/
r=w K, (C2)
and
5= (C3)
K
where W and | are the thickness and vertical extent (length) of the anomalous conductivity layer.
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In the case of the fractured bedrock layer at the base of the regolith [=LS~ 10 m, W~ 10 m, and K /K, ~ 10?
such that y ~ 102 >>1, and consequently,

G® =

<|=<

K¢
b= — 4
o 7 (C4)
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