10

15

20

25

A numerical model for duricrust formation by laterisation

Caroline Fenske'!?, Jean Braun®?, Cécile Robin*, and Francois Guillocheau*

!Geophysical Institute of the Czech Academy of Sciences, Bo¢ni 11/1401 141 00 Prague 4 — Spofilov, Prague, Czech Republic
2Helmbholtz Centre for Geosciences, Telegrafenberg, 14473 Potsdam, Germany

3Institute of Geosciences, University of Potsdam, Am Neuen Palais 10, 14469 Potsdam, Germany

4Université Rennes 1, Géosciences Rennes, 35042 Rennes, France

Correspondence: Caroline Fenske (fenske @ig.cas.cz)

Abstract.

Duricrusts form near the top of or within the regolith. Once exhumed, they are resistant to erosion and are often observed
capping hilltops. Two hypotheses have been proposed to explain their formation. One calls upon seasonal fluctuations in water
table height causing cycles of dissolution and precipitation that concentrate hardening species transported from distant sources.
The other assumes that hardening is the ultimate phase of laterisation of the regolith by progressive leaching of the soluble
elements that leads to in-situ concentration of the hardening species. Here we propose a numerical model for the formation of
duricrusts following the latter hypothesis, which we will term the in-situ or laterisation (LAT) model. In Fenske et al. (2025), we
developed a similar model representing the other model (named here the transport or Water Table Fluctuation (WTF) model).

The LAT model we present here assumes that the rate of hardening is a self-limiting process that takes place at a rate
determined by a laterisation time scale, 7;, and is linearly proportional to precipitation rate. Laterisation is accompanied by
mass loss, at a rate set by a mass loss time scale, 7,,, that can potentially be different from 7; and causes lowering of the
topographic surface. We also test three laterisation modes, that depend on whether laterisation takes place above the water
table only (percolation mode), below the water table (saturated mode) or everywhere (everywhere mode). This model for the
formation of duricrusts is imbedded in a previously published model for regolith formation (Braun et al., 2016).

Here we present results obtained from the new LAT model by varying both the model parameters and the external forcing
functions, namely, U the uplift rate and P, the precipitation rate. We show that duricrust formation by laterisation is favored
by a small uplift rate as well as a strong precipitation rate. The smaller the laterisation time scale and the mass loss time scale,
the thicker the duricrust, but if the ratio between the two time scales, 7,,,/7; is too small, no duricrust can form or, in the
saturated mode, the duricrust is progressively buried during its formation. We also derive a simple analytical expression for the
conditions under which a duricrust will form within a regolith. This relationship implies that, as shown in Braun et al. (2016),
for regolith to form the time scale for primary weathering, 7,,, that controls the rate of propagation of the weathering front into
the bedrock must be smaller than the erosion time scale, 7, that controls the rate of surface erosion, and for a duricrust to form,
the time scale for secondary weathering, or laterisation time scale, 7;, must be smaller than the primary weathering time scale.

The model also predicts hardening (or duricrust) age distributions that can be compared to ages obtained by (U —Th)/He
dating of goethite in ferricretes for example. We show that these age distributions can be used to differentiate between the

different modes of laterisation. We also show how peaks in age distributions appear to correlate very well with climatic events,
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but not with periods of enhanced uplift (or base level fall). The model also predicts the total mass loss by chemical vs. physical
erosion. We show that the ratio between the two is mostly a function of the laterisation time scale and how it varies during
climate or tectonic cycles.

Finally, we show how the model predictions can be compared to those of the WTF model to help determine by which process
a given duricrust formed. We also show, however, that there might be situations where the geometry, thickness and position of

the duricrusts may not be unequivocal signatures of a given process.
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1 Introduction

Regolith covers most of the surface of telluric planets. On Earth, it is defined as the layer at the interface between the solid
Earth, hydrosphere and biosphere (Taylor and Eggleton, 2001). For decades, the regolith has been the subject of many studies
in a variety of environments, but many aspects of its formation and evolution remain unclear, particularly within cratonic
areas. Cratons are geologically stable regions, that often exhibit geomorphic features that may suggest otherwise. Among
these features are duricrusts. Duricrusts are hard mineral layers, which are commonly observed capping hills (Azmon and
Kedar, 1985; Twidale and Bourne, 1998; Taylor and Eggleton, 2001) but also along valley bottoms (Radtke and Briickner,
1991; Chudasama et al., 2018). In many instances, they appear to protect landscapes (Tardy, 1993; Taylor and Eggleton, 2001;
Chardon, 2023; Fenske et al., 2025, e.g.), but they can also lead to the formation of inverted topographies (Goudie, 1985;
Twidale and Bourne, 1998; Taylor and Eggleton, 2001, 2017).

Different types of duricrusts exist, namely calcretes (made of calcium carbonates), silcretes (silica rich duricrusts) (Goudie,
1985; Nash et al., 1994), ferricretes (iron oxide and oxide-hydroxide rich)(Bourman, 1985; Goudie, 1985; Tardy, 1993),
alcretes, or bauxitic crusts, which are rich in aluminum (Goudie, 1985; Taylor and Eggleton, 2001; Horbe and Anand, 2011;
Albuquerque et al., 2020) or even gypcretes (gypsum rich duricrusts) (Dixon and McLaren, 2009).

Due to their characteristics and complex formation conditions, duricrusts are used as paleo-climatic, tectonic and geochronological
markers around the world (Goudie, 1985; Tardy, 1993; Twidale and Bourne, 1998; Alonso-Zarza, 2003, e.g.) while also being
useful mineral sources (Bustillo et al., 2013; Chudasama et al., 2019, e.g.). As such, understanding their formation, evolution,

and characteristics is crucial.
1.1 A typical pedogenic duricrust forming regolith profile

A typical simplified duricrust forming profile (Figure 1), from bottom to top, can be defined as follows: (1) the bedrock, (2) the

saprolite, (3) the mottled zone and (4), in some cases, the duricrust.

The bedrock: at the base of the profile, it is separated from the overlying regolith by a weathering front that propagates

downwards by primary weathering.

The saprolite: it begins at the weathering front. The saprolite is the thickest and softest part of the profile and can be
subdivided into coarse saprolite in the lower part of the profile, where the bedrock structure can still be observed, and

fine saprolite in the upper part of the profile, where no structure is left. It is a clay-rich material.

The mottled zone: it is defined by white and colorful patches due to elemental segregation of minerals. Depending on
the profile type, the colorful nodules are either aluminium, iron, silica or carbon rich, while the white patches are usually

clays, for example kaolinite.

The duricrust: it is a hard mineral crust at the top of the profile that can usually be subdivided into a massive duricrust

below and a granular or pisolithic duricrust on top.
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Figure 1. On the left, simpli ed weathering pro le with duricrust formation. On the right, chemical reaction pathways typical during
laterisation, leading to the formation of secondary minerals, and ultimately to the formation of iron and/or aluminium rich duricrusts.
Modi ed according to Anand (2005).

The pro le layers result from weathering evolution. Each layer grows at the expense of the layer below (Tardy, 1993). With
increasing weathering at the top, the most soluble minerals will be dissolved and transported, i.e., leached out of the system,
while the less soluble minerals will accumulate. This exchange is most noticeable in the mottled zone, where accumulated
minerals cement into growing nodules, while the white pockets are leached, creating a highly porous environment (Tardy,
1992, 1993; Alonso-Zarza and Wright, 2010).

1.2 Duricrust formation: mechanisms and theoretical divergences

Duricrust formation has been thoroughly investigated during the last century (Paton and Williams, 1972; Netterberg, 1978;
Butt, 1985; Watson, 1988; Nahon, 1991; Milnes, 1992; Tardy, 1993; Nash et al., 1994; Webb and Golding, 1998; Twidale
and Bourne, 1998; Nash and Shaw, 1998; Alonso-Zarza and Wright, 2010; Nash, 2011; Taylor and Eggleton, 2017; Thiry
and Milnes, 2017; Heller et al., 2022; Rozefelds et al., 2024, eg.). While the precise conditions that lead to the formation of
duricrusts remain the subject of research, two important aspects have been identi ed. Firstly, different types of duricrusts tend
to form under different climatic conditions, from hyper-arid, e.g. gypcretes (Dixon and Blanckenburg, 2012) to humid, e.g
bauxites (Tardy, 1993). Secondly, duricrust formation generally occurs over a time frame extending from tens of thousands to
millions of years. A compilation of formation rates is available in Fenske et al. (2025). The time needed to form a crust mostly
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depends on the duricrust type. For instance, calcretes generally form faster than ferricretes and silcretes (Fenske et al., 2025
The formation time scale is however also dependent on the duricrust formation processes (Alonso-Zarza, 2003).

The assumed formation processes for duricrust commonly fall into two main categories (Goudie, 1985; Bourman, 1985, 1996)
1) formation by absolute accumulation, adding material to the regolith, also called the transport model, lateral model (Bourman,
1985; Bourman et al., 2020) or hydrological model (Fenske et al., 2025) and 2) formation by relative accumulation, removing
material from the regolith (Goudie, 1985; Bourman, 1985), called the in-situ model, residue model (Bourman, 1985; Bourman

As pointed out by McFarlane (1983); Goudie (1985); Tardy (1993), depending on the observation scale, the accumulation
in one system can be either absolute (i.e., where the regolith column is enriched by external sources) or relative (i.e., where
the regolith column is solely enriched by the underlying bedrock), thus de ning the systems characteristics and boundaries is
important. Goudie (1985) also highlighted that some pro les evolve exclusively through absolute accumulation, e.g. by river
or groundwater transport, or by relative accumulation, e.g. by laterisation processes. However, both processes can be found &
the same scale in the same system (Goudie, 1985). For example recently, Monsels and Bergen (2017) observed the formatio

of bauxites in Suriname, which held evidence of both in-situ and transport processes.
1.3 Transport based or hydrological hypothesis

According to this hypothesis, duricrusts form at the water table height under a climate with alternating wet and dry periods.
During the wet season, a high water table transports minerals like iron or calcite to topographic lows (Figure 2a). During the
dry season, the water table drops, and minerals precipitate due to changing redox and pH conditions. Precipitation occurs in
aerobic environments near the water table, while deeper zones remain anaerobic and do not form duricrusts. This process i
repeated during tens of thousands of years, during which minerals accumulate by forming nodules and ultimately, a duricrust.
Duricrusts generally form several meters below the surface. Except in valleys where the water table is close to the surface,
duricrusts can form directly at the surface. Transport-based duricrusts thus register the paleo-height of the water table.

In the hydrological hypothesis, mineral accumulation that leads to duricrust formation is absolute (Goudie, 1985), and there
is no genetic link between the duricrust and the layers below (Ollier and Galloway, 1990). Most types of duricrusts may form
according to the hydrological hypotheses, but it is thought to apply mostly to silcretes (Ritter et al., 2023), calcretes (Goudie,
1985), and ferricretes (Ollier and Galloway, 1990; Bourman, 1993). Evidence of alcretes partially forming in this way have
also been observed (Monsels and Bergen, 2019)

Stability of the system is essential for the formation of a duricrust. If a base level change affects the region or the climate
changes, duricrusts can be exhumed to the surface, where they are more resistant to erosion than neighboring geological layer
This can lead to duricrusts either capping hill-tops (Taylor and Eggleton, 2001; Alonso-Zarza, 2003) or to landscape inversion
of whole drainage systems (Nash et al., 1994; Twidale and Bourne, 1998; Taylor and Eggleton, 2001).



In Fenske et al. (2025), we developed a numerical model that simulate duricrust formation by water table uctuations. Here,
we will refer to it as the WTF model. We direct the reader to Fenske et al. (2025) for a complete description of the model and
of its behavior.

1.4 In-situ, residue or laterisation hypothesis

115 In this case, duricrusts are considered the ultimate compacting stage of laterisation, bauxitisation and weathering processe
leading to what are called pedogenic duricrusts (Grant and Aitchison, 1970; Paquet and Clauer, 1997), that include mostly
alcretes and ferricretes (Tardy and Roquin, 1992), although pedogenic calcretes (Alonso-Zarza and Wright, 2010) or silcretes
(Taylor and Eggleton, 2017; Thiry and Milnes, 2017) have also been described.

According to this process, mineral accumulation is relative (Goudie, 1985), where the regolith column is enriched solely

120 by the underlying bedrock and material present in the system (Figure 2b). There is a genetic link between the duricrust and
the underlying bedrock and regolith (Tardy and Roquin, 1992). Through secondary weathering processes from the weathering
front to the surface, the more soluble minerals dissolve and are carried away, or leached, from the system, while less soluble
minerals remain and accumulate (Figure 1). This process is particularly evident in the mottled zone, where the accumulated
minerals form cemented nodules, and the leached white pockets create a highly porous structure. Over time, gravity causes th

125 porous material to compact, leading to the cementation and hardening of a duricrust (Tardy, 1992, 1993; Taylor and Eggleton,
2001; Tardy and Roquin, 1998; Nahon and Bocquier, 1983; Nahon, 1991; Alonso-Zarza and Wright, 2010; Thiry and Milnes,
2017, e.9.).

Figure 2. a) Example of a hill under WTF model conditions. An old exhumed duricrust is observed at the top of the hill while a new
duricrust is formed at the water table height. The processes and environment conditions leading to duricrust formation are depicted by
arrows. b) Example of a hill under LAT percolation model conditions. The duricrust forms at the top of the hill, while hardening in uences
the shape of the hill and the regolith below the duricrust. Arrows highlight the processes and necessary conditions to duricrust formation.



130

135

140

145

150

155

1.5 Laterisation and the water table

In a weathering pro le, two weathering stages are observed. The rst stage occurs at the weathering front, where primary
weathering processes dissolve and re-precipitate bedrock minerals to transform the bedrock into the more permeable regolith
The second stage involves secondary weathering, which alters the neo-formed minerals within the regolith column (Anand
and Paine, 2002; Anand, 2005). This process can lead to laterisation (formation of a laterite) and the formation of hardened
material, such as a duricrust. The ef ciency of secondary weathering is linked to uid transport processes, which has been
hypothesized to fall into three modes. In the rst mode, secondary weathering occurs under non-saturated conditions above the
water table. It is primarily driven by vertical water movements, such as percolation from the surface or capillary rise from the
water table (Tardy, 1993; Vasconcelos and Conroy, 2003; Bonsor et al., 2014; Fritsch et al., 2011; Girard et al., 2002; Monteiro
et al., 2014, 2018; Riffel et al., 2016; Spier et al., 2006, 2019). In this case, a duricrust would form at or near the surface.
The second mode involves secondary weathering under more saturated conditions within the groundwater, driven by lateral
groundwater ow (Trendall, 1962; Riffel et al., 2015; Chardon et al., 2018). In this second case, duricrusts form within the
regolith. In the third mode, secondary weathering affects the entire regolith column, where both percolation and groundwater
movements exert equal in uence (Tardy and Nahon, 1985; Tardy, 1993; Braun et al., 2005, 2012; Fritsch et al., 2011). One
could argue that the mode that is preferred in a given environment may depend on the permeability, itself related to fracturation
and porosity, of the bedrock and, consequently, the regolith. It is thus potentially more likely that the second mode be active
when the regolith forms on top of a sedimentary unit or a highly fractured bedrock. However, many authors appear to support
the percolation hypothesis, with one of the main arguments being that the resulting duricrusts form at the surface or near the
surface (Stephens, 1970; Firman, 1993; Taylor and Eggleton, 2001). However, duricrust foamtitve subsurface is also
observed for pedogenic duricrusts (Firman, 1993; Fujioka et al., 2005). To test the validity of these modes, we implemented all

three into the model.

2 Modelling weathering and duricrust formation

Previous work by e.g. Lebedeva et al. (2007); Ferrier and Kirchner (2008); Brantley and White (2009); Maher (2010); Lebedeva
et al. (2010); Pelletier (2010); Lebedeva and Brantley (2013); Norton et al. (2014); Pelletier et al. (2016); Braun et al. (2016);
Brantley et al. (2017); Lebedeva and Brantley (2018) has led to the development of models for the formation of the regolith that
were either based on physical or chemical processes. Examples where the process of duricrust formation was envisaged are le
numerous. Soler and Lasaga (1996) proposed a 1D geochemical model for bauxite formation and Lichtner and Biino (1992)
suggested a model for iron evolution in copper and ferrous crusts, but they did not envisage the consequences of the duricrus
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formation and exhumation on erosional processes. Conversely, Sacek et al. (2019) developed a highly simpli ed model for
duricrust formation at the continental scale that they used to study the consequences of duricrust formation on the patterns anc
timing of surface erosion. Fenske et al. (2025) developed a model for duricrust formation through the transport hypothesis,
i.e., by water table uctuation. Although highly simpli ed too, this model assumed that duricrust formation is solely due to
water table movements during seasonal cycles, with transport and precipitation of minerals towards topographic lows. Using
the model Fenske et al. (2025) demonstrated that alternating periods of tectonic quiescence and uplift were necessary to forn
the duricrust and expose it to the surface. They also showed that exposed duricrusts protect surface features but over a tim
scale that is much reduced in comparison to their assumed intrinsic strength (resistance to erosion).

In the following we propose to present a second model for duricrust formation that is based on the second most commonly
assumed hypothesis that duricrusts are the ultimate product of laterisation that result from the removal of the most soluble

minerals, accumulation of least soluble minerals and associated volume loss.
2.1 Regolith formation model

As we did in Fenske et al. (2025), we base the new duricrust model on the regolith formation model developed by Braun et al.

(2016). This model is designed to represent processes that evolve on geological time scales and at the scale of a single hil
(Figure 3), although its predictions can be generalised to any topographic feature affected by weathering in which the water
table is connected to a well-de ned and unique base level. The model predicts the surface geometry, the propagation of the
weathering front and the geometry of the water table (Braun et al., 2016). It is composed of three components representing
three different physical processes. The rstis a surface process component, where it is assumed that topography is affected by
tectonic uplift and sediment transport, de ned by:

@z_ @, 6 @z
@t U+ @xo @x

where z is the topographic height (m), U the uplift rate (m/yr}; Khe surface transport coef cient, which varies between

@

0 and 1, x the space- and t the time coordinates. The second is a weathering component which describes weathering front
propagation as proportional to uid velocity, de ned by:

@B__, @H @z
@t ex et

where B is the weathering pro le thickness (in m), F the ratio between weathering front velocity and uid velocity (dimensionless),

@)

K the hydraulic conductivity (in m/yr) and H, the height of the water table (in m). The third is a hydrological component,
which assumes that ow is essentially lateral and velocity proportional to the slope of the water table, leading to the following
equation:

Zx

@H 0
+ —+ =

K(H z+B) @x P dx"=0 3

L

where L is the length of the hill (in m).
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Figure 3. The problem setup, including the de ned quantities and variables, follows the framework outlined by Braun et al. (2016). The
gure shows a steady-state scenario resulting from solving the differential equations described in the text. It depicts the weathering front (in

dark grey), the water table geometry (in blue), andghegaceerosionraterepresentedhy-thetopography (in brick red), after 10 million
years of model evolution. (Fenske et al., 2025).

Two dimensionless numbers and , control the rate of regolith formation and its geometry at steady-state (Braun et al.,

1®016) as shown in Figure 4. These are de ned by:

FKL _FKS and _ Ks?
2Kp U TP

(4)

whereS is the mean surface slope. de nes if and where a regolith can form in the landscape, and its thickness. If is
greater than 0.5, a weathering pro le will develop at the top of the hill and if is greater than 1 then a regolith will cover
the whole hill. describes regolith geometry. The regolith can be either thickest at the top of a hill, vyﬁen ; or at

its base, whenl—2 > . Three cases are shown in Figure 4 to illustrate this behavior. In the rst and second cases (panels a
and b), ?=( 1) and the regolith has uniform thickness. In the third case (panel ¢), 2=( 1) < and the regolith is

thickest at the top of the hill. These variations in geometry have been obtained by varying F that controls the rate of weathering
front advance per unit uid velocity (mostly controlled by the bedrock composition) and K, the regolith hydraulic conductivity
controlling the slope of the water table per unit surface in Itration. Similar results could have been obtained by varying the
precipitation rate, P or the uplift rate U, as shown in Braun et al. (2016).

All three geometries shown in Figure 4 are typical of anorogenic areas, leading to thick regolith layers of up to 100 m. For
the remainder of this manuscript, we will use model parameters K and F that correspond to panel b, with a regolith thickness
of 100 m at the base level and 150 m at the top of the hill.

Braun et al. (2016)'s regolith model assumes homogeneous properties in the regolith layer, which does not allow to track
weathering changes and the formation of duricrusts. In Fenske et al. (2025), we have modi ed the weathering model of
Braun et al. (2016) by adding a component that represents the formation of duricrusts following the transport or hydrological
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Figure 4. Steady-state solutions of three regolith model run experiments in which K and F were varied to produce distinct regolith
geometries. The blue line represents the geometry of the water table. The grey shaded area corresponds to the intact bedrock. In the regolitt
i.e., between the surface and the weathering front, the color contours correspond to the predicted age of the regolith, i.e., the time since &

rock particle crossed the weathering front.

hypothesis. For this, we added a new equation governing the evolution of a hardening coef cient , that depends on an assumed
water table uctuation range, , and a formation time scale parameters, , for which we derived constraints from the literature
(Fenske et al., 2025).

2.2 Newpropesedmodelthein-situ-hypethesis

10
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the transport and the in-situ hypotheses have a numerical implementation, enabling us to compare the predictions of the two
opposing models of duricrust formation and, possibly, to differentiate in which environmental conditions they each prevail.

accordingto the in-situ hypothesisSimilarly to the transportmodel

In the model, we will assume that the entire regolith above the weathering front can be subjected to laterisation, which
will lead to hardening and mass loss, and ultimately duricrust formation. Different degrees of hardening/mass loss could be
regarded as corresponding to the different layers forming the regolith column (saprolite, mottled layer, mineralization zone
and duricrust). Here we will limit this comparison by differentiating between the duricrust and the rest of the regolith layer
by introducing a threshold hardening value, as done in Fenske et al. (2025). For simplicity, we will assume that the hardening
only affects the resistance to surface erosion, not the hydraulic conductivity. Also we will consider three possibilities: 1) that
laterisation takes places above the water table only, 2) below the water table only or 3) everywhere in the regolith layer. Our
model will not include the effect of biological activity, which is known to affect the rate of laterisation and duricrust formation
(Goudie, 1985; Monteiro et al., 2014), but will include a dependence on precipitation.

For simplicity and ease of comparison with the water table uctuation (WTF) model, we will refer to the in-situ model as the
"laterisation model" or "LAT model", although we acknowledge that laterisation typically applies to the formation of alcretes
or ferricretes and not to e.g. calcretes or silcretes.

3 Methods

3.1 Hardening and duricrust formation

As we did in Fenske et al. (2025), we introduce a hardening coef cient for the formation of duricrusts through laterisation
(LAT) (Figure 5) to the Braun et al. (2016) model. values vary between 0 and 1. The hardening coef cient evolves both in the
vertical and horizontal directions, i.e. = (x;y), within the regolith layer. We will focus on how laterisation in uences the
hardening coef cient and causes mass loss, by adding a differential equation governing the time evolution of the parameter

11
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@ _ P @H @
@ ra K axVay ®)

In this equation, | is the laterisation time scale (in yrs), P angP (in m/yr) represent precipitation and reference

precipitation respectively, ang,v the velocity generated by volume reduction associated with mass loss, given by:

)l
Vm = c dyo (6)
0

whereC.is the rate of mass loss, which we will assume proportional to the material rate of har%@n'm@h that:

yal z
d P 0
= — = —_ 7
Vm dt dy | Pref dy ( )
0 0
and, introducing the mass loss time scalg~= =, we get:
z
1 P
V= 5 dy° ®)
m Fref 0

Equation 5 is composed on three parts. The Fﬁ%, is a self-limiting term that represents the hardening process taking
place at a rate controlled by but also in proportion to precipitation P. The absolute value gf Bs arbitrary. What matters
is how P varies with respect to this reference value. This is why in the evolution equation for precipitation always appears
normalized by R . The second, FK %% represents advection, proportional to vertical movements of the regolith with
respect to the weathering front, thus proportional to the weathering front velocity. The thn%/ vepresents another vertical
velocity due to mass loss, limited by the mass loss time sgale

Furthermore, to implement the three different secondary weathering hypotheses in the model, we introduce a parameter, C,

velsich enables to set where secondary weathering takes place:

— when C = 1, secondary weathering is limited to the region above the water table through percolation and capillary

rise; we call this the "percolation mode";

— when C =0, secondary weathering is limited to the region below the water table through groundwater movements; we

call this the "saturated mode";

— when C =1, secondary weathering takes place in the entire regolith layer through the combined processes; we call this

the "everywhere mode".

As depicted in Figure 5, the numerical model is composed of three other differential equations, each encompassing and
connecting different unknowns. By adding the fourth hardening component, we link the hardening coef cient , with the water
table height H, the regolith thickness B and the topographic elevation z. In particular, the hardening coef cient directly

12
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Figure 5. The four interconnecting components in the new LAT model, modi ed from Braun et al. (2016). The hydrological component,
the surface process component and the chemical component are de ned by (Braun et al., 2016). The new duricrust formation component (in
red) is directly connected to the water table geometry H, the weathering front geometry B (concrete arrows), and the hardening coef cient
directly in uences the surface process component. The duricrust formation component is indirectly in uenced by surface geometry z (dashed

arrows).

in uences the surface component z (Figure 5), previously de ned by equation 1 (Braun et al., 2016). However, the surface
resistance to erosion evolves through the formation of a duricrust, thus the surface component is rede ned by:

@z
@t
where Kp.o is diffusivity or reference transport coef cient, and represents a regolith layer characteristic transport coef cient

@ @
U+K DO@)g @)72 Zm ©)

without hardening, andnzs the surface vertical velocity due to mass loss in the underlying column de ned by:

B

1P

d 10
m Pref 0 y ( )

Interestingly, the last two terms on the right-hand side of Equation 9 represent the mass loss by physical and chemical erosion
respectively. Thus, we can easily compute the ux of material removed from the system by physical erpsama, chemical
erosion, ¢ by integrating these terms over the entire length of the model:

i3 2 5B
p = KDOQ @de and c= i P

@x @ dy dx (1))

m I:)ref
0

13
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As a reminder, three of the four components, B, H and z are solved for in the x-direction, while the hardening component
is solved in the y-direction, making the model partially 2D, as no equation is solved in both the x and y spatial directions.

In the same way as in Fenske et al. (2025), the numerical stability and accuracy of the model is assured by the total variation
diminishing method (Leer, 1974). We also combined it with a 1D nite volume method described in Campforts and Govers
(2015) in the vertical y-direction.

Note that for some model values, for example for low values of the uplift rate, U, or low values of the mass loss time scale,

m, rapid lowering of the surface topography may lead to the formation of a local minimum (i.e., the topography has become
negative), which is con icting with our assumption that the base level is xed along the left-hand side of the model (i.e., at
x =0). When such a situation arises, we arti cially reset the topography between the base level and the local minimum to be
equal to that of the local minimum, mimicking the effect of a lowering of the base level.

For all numerical scenarios shown in this study, the resolution of the model is setto x =10 m in the horizontal direction.
The vertical (or y) resolution varies with x as we use 501 equally spaced points to discretize the distance y = (z B)=500.
The time step is { = 2000 years to maintain stability and accuracy.

3.2 Duricrust age distributions

Dating of weathering products, and in particular, goethite and hematite in ferruginous duricrusts, has brought a new wealth
of information about the rate of duricrust formation but also about the climatic and tectonic conditions under which they
develop (Vasconcelos and Carmo, 2018; Heller et al., 2022, e.g.). However, these methods typically provide a distribution
of ages (rather than a single weathering age) from a sample or series of samples collected within a weathering pro le. The
concept of age diversity within a single sample has gained attention relatively recently (Shuster et al., 2012; Monteiro et al.,
2018; Vasconcelos and Carmo, 2018; Heller et al., 2022; Gautheron et al., 2022). This advancement is largely due to improved
dating techniques and enhanced tools for analysing heavily weathered rock samples, such as duricrusts. These developmen
have signi cantly contributed to the understanding of weathering patterns. Weathering is not a uniform or continuous process;
instead, a pro le can evolve through multiple cycles or periods of alteration. Interruptions in the weathering record are crucial
for identifying periods when duricrust formation might not have been possible. As weathering progresses, it can alter or even
overwrite earlier information about past weathering processes and conditions. Therefore, age distributions observed at a single
location are crucial, as they may preserve more information about the geological history. To facilitate a better comparison
between model results and age distributions from sample data, we have incorporated the computation of age distributions into
our model.

process (or reduction in ), we can obtain a distribution of ages by simply considering the rate of change of as a function
of time, following a material point in the regolith pro le. If we normalize this curve such that its integral is equal to unity,
and reverse the time axis so that time is replaced by ages, we obtain a Probability Density Function (PDF) of ages. This is

because, for a given material point and at a given time, the probability of having a duricrust forming is proportional to the rate
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hardeningagesa_andtheir standarceviations, a, areobtainedrom the discreteagedistributionsP (a;) computedrom the

X S X
a= P(aj)a; and ,= P(a)(aj a) 2 12)

Alternatively, one camlsoconsider the distribution and compare it to observed distributions.
Ourchoiceof de ning thehardeningpr laterisatiorageasthe meanof adistributionof ageds drivenby theneedto compare

4 Results
4.1 A simple model run

To determine the behavior of the new model, we performed a series of experiments on a hill of 1000 m length and with
a duration of t =20 Myrs. In what we de ne as the reference model, the uplift is set at a rate of U =30%10n/yr a
value characteristic of cratonic areas, where duricrusts are commonly observed. We set the reference precipitation rate tc
Pret =3 mlyr, which is typical of humid regions where duricrusts are known to most commonly form. Most importantly, in
the reference run, P is set tgdP . We set the reference surface transport coef ciegh Ko 0.1 nf/yr so that, for the imposed
uplift rate and in the absence of hardening, the hill reaches a steady-state maximum topography of approximately 100 m. The
hydraulic conductivity, K and the F factor are setto 5 #0n/yrand 1 10 ® , respectively as done in the model run shown
in Figure 4b.

The other two parameters introduced by the duricrust formation magednd | are setto 4 1P years. In Fenske et al.
(2025), we compiled different duricrust formation rates and weathering processes from literature (Goudie, 1973; Gac, 1980;
Théveniaut and Freyssinet, 1999; Netterberg, 1978; Carmo and Vasconcelos, 2006; Dhir et al., 2010; Heller et al., 2022, e.g.).
The value chosen here is typical of observed values. We use the same value for the laterisatipnamadiettfe rate of mass
loss (m). Generally, weathering and mass loss rates are not considered separately, and only weathering or laterisation rates ar
available. However in some cases, independent evidence for "landscape lowering" or "compaction” has been reported (Taylor
and Eggleton, 2001). However, due to the limited data on landscape lowering rates, we have chosen in this case to de ne mas:
loss and weathering rates as coeval, and will refer to them as . Later, we will report results for valgedifiérent from
to illustrate the effect of mass loss on the results. Finally, in the reference experiment, the percolation mode (C = 1) is used.
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Figure 6. Time evolution of the reference model run (see text for parameter values). Color contours of the hardening parameter, . The black
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layer then undergoes progressive hardening and mass loss that ultimately leads to the hardening coef cient reaching a critical
value . =0:2 near the surface of the model that we considered being equivalent to the formation of a duricrust. From that
time onward, i.e., for t>16 Myr in the model evolution, the topography keeps increasing but at a rate lower than the uplift
rate, due to the mass loss associated with hardening. Interestingly, both the steady-state topography and the regolith thicknes
are very similar here to those in the case without hardening (Figure 4b).

At the end of the model run, the duricrust is approximately 25 m thick and occupies only the top of the hill. This is a
consequence of the assumed percolation mode that restricts the hardening process to the region of the regolith above the wat:
table. The duricrust is sub-parallel to the water table. The small dip is a result of the differential mass loss accompanying

duricrust formation.
4.2 Varying

Direct or indirect constraints on the value offor different types of duricrusts have been summarized in Fenske et al. (2025)
yielding typical formation times for duricrusts that vary from1® 10’ years. In Figure 7a, we present how the reference
model shown in Figure 6 changes with variations of the time scale of laterisation and mass loss. We alsoAgiymmitix

of smaller than or equal to 4 Myr, the value we have used for the reference model. For values of >5 Myr, hardening takes
place but does not decrease below the critical valgefor duricrust formation in the time it takes a rock particle to travel
through the regolith layer.

In cases where a duricrust forms, its thickness varies in inverse proportion to the assumed laterisation time scale. Very small
values of , lead to unrealistically thick duricrusts forming at the surface of the model. However, with increased hardening,
all cases, when a duricrust forms, it appears at the top of the hill (where the regolith is thickest). As it thickens, its lateral extent
increases too, without affecting the surface topography. Only for an intermediary value of <3 Myr, does the hill surface
topography become concave. In all cases where a duricrust forms (small values), the regolith thickness beneath the water

table is nearly identical to the cases without duricrust (large values), indicating a weak to non-existant feedback between

37daterisation and primary weathering.

375

4.3 Varying external forcings, uplift rate U and precipitation rate P

In Figure 7b, we show the results of a set of experiments in which we have varied the values of the uplift rate U. We also

in Braun et al. (2016), that the regolith geometry is a strong function of U. For low values of U, the regolith is thickest near
base level (x = 0), and the surface topography (and thus slope) is very low. For high values of U, the regolith is thickest beneath
the top of the hill (x = L), and the surface slope is high. This is a direct consequence of the regolith model, independent of the

hardening process.
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Figure 7. Model behavior in the percolation mode (C = 1) with varying @) , the laterisation and mass loss time scale; b) U, the uplift rate;
c) U and Kp , the transport coef cient; d) P, the precipitation rate; and g) the mass loss time scale. Along each row, the three panels
correspond to a steady-state solution with increasing value of the parameter. Color contours represent the value of the predicted hardenin

parameter, , and the blue line is the position of the predicted water table.

Interestingly, the model predicts the formation of a thin duricrust near the top of the hill, regardless of the value of U. In
other words, whether a duricrust forms and, if it does, its thickness relative to the regolith thickness are independent of the
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uplift rate, all other model parameters being kept unchanged. This is because the hill height depends linearly on the uplift rate
and thus the time spent by a rock particle in the regolith (hill height divided by uplift rate) is independent of U. We will develop
this point later when deriving a condition for the formation of a duricrust from the hardening equation.

In Figure 7c, we show model experiments in which we varied the uplift rate, U, and the surface transport coef gient, K
in a constant ratio, such that, in the absence of hardening and duricrust formation, the surface slope should be identical in all
and Kp .

In this case, duricrusts form only at low uplift rate (U 30 m/Myr) and their thickness, as a proportion of the total hill
height, increases with decreasing uplift rate. The regolith thickness also increases with decreasing uplift rate, as expected
from the model, independently of the hardening process or the formation of a duricrust. Again, there appears to be little to no
feedback observed between primary and secondary weathering.

In Figure 7d, we show the results of a set of experiments with varying precipitation rate, P. We also shppenmix

with increased precipitation rate, which can lead to the formation of a duricrust for values of P above 3 m/yr. Once again, in
cases where a duricrust form, i.e., when < on top of the hill, erosion becomes very inef cient and the hill topography
grows at a rate set by the uplift rate, U, corrected by the mass loss rate. The width of the duricrust (i.e., the proportion of the
surface of the hill it occupies) appears, however, to be independent of P which leads to the development of a highly concave
surface topography.

4.4 Effect of mass loss

In Figure 7e, we show how varying the mass loss time scale affects the results of the model. We also Ahpaniix

Figure 7e, the laterisation (or hardening) time scaltaas been kept constant at 4 Myr while the mass loss time sgales

been varied as indicated. When mass loss is very ef cient, i.e., it takes place on a shorter timgseadeMyr), the regolith

thickness above the water table decreases and the formation of a duricrust is hindered as rock particles do not spend enoug
time in the regolith for laterisation and hardening to take place. On the contrary, when mass loss occurs on a longer time scale
(' m >4 Myr) than laterisation, hardening is ampli ed and a thicker duricrust develops on top of the pro le. This demonstrates

the importance of considering mass loss associated with laterisation and leaching for the formation of duricrusts.
4.5 Varying C

In Figure 8, we show how model parameters and external forcings affect the behavior of the model in the saturated mode
(C =0). In AppendixSupplementarynaterial Figures S6, S7, S8, S9 and S10, we show similar information but for a wide
range of laterisation time scaleg uplift rates U, uplift rates U and surface transport coef cigftg{ p , precipitation rates

P and mass loss time scalgg, respectively. Note that the reference model has a laterisation time scale vajueMyr

(compared to 4 Myr for the percolation mode).
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Figure 8. Model behavior in the saturated mode (C = 0) with varying a) , the laterisation and mass loss time scale; b) U, the uplift rate;
¢) U and Kp , the transport coef cient; d) P, the precipitation rate; and ) the mass loss time scale. Along each row, the three panels
correspond to a steady-state solution with increasing value of the parameter. Color contours represent the value of the predicted hardenin

parameter, , and the blue line is the position of the predicted water table.

We see that, in many cases, the main difference with the percolation mode is that, in the saturated mode, hardening takes
place below the water table and in the vicinity of the base level (near x = 0). The hardened material is then advected upwards
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duricrusts forming at low uplift rate and no duricrust at high uplift rate. Otherwise, like in the percolation mode, decreasing

, U and K4 simultaneously, ory, or increasing P causes the predicted duricrust to be thicker. We also see that, as in the
percolation mode, there is little feedback between secondary and primary weatherings, i.e., the thickness of the regolith is not
affected by the presence of a duricrust.

In Figure 9, we show how model parameters and external forcings affect the behavior of the model in the everywhere mode

wide range of |, U, U and Ky, P and , values, respectively. The reference model for the everywhere mode has a value of
| =5 Myr (compared to 4 Myr in the percolation and 3 Myr in the saturated modes) such that a 50 m thick duricrust form
at the surface of the model after 20 Myr of model evolution. This is because of the longer period spent by rock particles in the
laterisation zone, i.e. the entire regolith, which causes faster hardening and thus thicker duricrusts, all other parameters beinc
kept constant.
In this mode, when a duricrust forms, it appears rst in the middle of the hill, i.e., where the regolith is thickest. Note that
2

this geometry is controlled by the value of the and dimensionless numbers, as described ab@#sesvhere——<——

In the everywhere mode, the duricrust thickness (at the end of a 20 Myr long run) increases with decreasing values of , U,
or U and Ky and increasing values of P. However, in the everywhere mode, the duricrust thickness (and thus the laterisation
rate) is relatively independent of the value of the mass loss time sgglepmpared to the dependence on the laterisation time
scale |.

4.6 Condition for duricrust formation

We now try to generalize the results obtained above from simple geometric arguments. For this, we consider the distance, h
that a rock particle travels through the regolith over a time equal to the laterisation time scale, weighted by the precipitation

rate, P,i.e.,; P=P . . At or near steady-state between uplift and erosion, we can write:

p
he=(U v m) i (13)
where U is the uplift rate and,vthe mass loss velocity given by:
De
1 P 1 P
Vm = — dy — 1+ ¢)he=2 (14)
m I:)ref 0 m Pref
where . is the critical value of at which a duricrust has formed. From this, we can estimate h
Pref
_ )
he = 1+ & — (15)
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