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Many biogeochemical and Earth surface processes depend critically on chemical weathering. The immediate
products of chemical weathering are present as solutes and secondary minerals in groundwater, soils, and
streams, and form the nutritional foundation for terrestrial biogeochemistry. Chemical weathering also
contributes to physical erosion by weakening bedrock and producing easily erodible regolith, and as the
primary long-term sink for atmospheric CO, it modulates Earth's long-term climate via the greenhouse
effect. Long-term chemical denudation rates on soil-mantled hillslopes can be estimated from cosmogenic
radionuclide (CRN) concentrations in soil-borne quartz and the enrichment of a chemically inert tracer in soil
relative to its parent bedrock, a technique that inherently assumes steady physical erosion over the timescale
of CRN accumulation. We present a numerical model that computes changes in soil mineralogy and CRN
concentrations under time-varying physical erosion rates, and we use this model to assess the accuracy of the
CRN-based technique for estimating chemical denudation rates in non-steady conditions.
Our modeling results suggest that CRN-based estimates of chemical denudation rates closely resemble actual
chemical denudation rates averaged over the timescale of CRN accumulation, even during large-amplitude
and long-period oscillations in physical erosion rates. For example, this model predicts that when physical
erosion rates fluctuate sinusoidally by 50% of their mean over any period in time, CRN-based estimates of
chemical denudation rates should differ from actual chemical denudation rates by less than 15%. Our model
also implies that chemical denudation rates should approach zero both when physical erosion rates approach
zero (because soluble minerals become depleted in the soil) and when physical erosion rates approach the
maximum soil production rate (because soil thickness approaches zero). Modeled chemical denudation rates
thus reach a maximum at intermediate physical erosion rates. If this relationship holds in nature, it implies
that in rapidly eroding regions, further increases in physical erosion rates (e.g., due to increases in tectonic
uplift rates) may not necessarily lead to faster chemical denudation on soil-mantled hillslopes.

Published by Elsevier B.V.

1. Introduction

converts bedrock to erodible regolith and thus accelerates landscape
evolution. Chemical weathering of silicate minerals is the dominant

Consider a scientist standing on a ridge overlooking a catchment.
Under her feet the soil hosts a diverse biotic community, and the
landscape below her is furrowed by ridges and valleys with streams
flowing down the valley axes. All of these features of the catchment,
both living and inanimate, depend on chemical weathering. Dissolved
mineral constituents (the immediate products of chemical weath-
ering) are present as cations and anions in ground and surface waters,
and provide mineral-derived nutrients for organisms living in the soil
and streams. Chemical weathering thus contributes to the nutritional
foundation for terrestrial biogeochemistry. The geomorphic processes
that sculpt the landscape also depend on chemical weathering, which
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sink for atmospheric CO, over geologic time (Walker et al., 1981;
Berner et al., 1983), so to the degree that silicate weathering rates
increase with temperature, they create a feedback loop that regulates
Earth's long-term surface temperature via the greenhouse effect.
Chemical weathering thus plays a critical role in many Earth surface
processes across a wide range of timescales. In order to understand
how these processes respond to various environmental factors (e.g.,
temperature, precipitation, pH), it is necessary to measure how these
factors influence chemical weathering rates. This in turn requires the
ability to measure chemical weathering rates accurately.

Several different approaches have been used to measure chemical
weathering rates. Mineral dissolution rates have often been measured
in laboratory experiments (e.g., Busenberg and Clemency, 1976; Chou
and Wollast, 1984; White et al., 1999a; White and Brantley, 2003), an
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approach that allows tight control over the weathering environment,
and thus has the ability to isolate specific weathering mechanisms.
Laboratory weathering experiments, however, are conducted over
timescales much shorter than the natural timescales of mineral
weathering, and the rates derived from these short-term studies are
often several orders of magnitude faster than those derived from
longer-term field studies (e.g., White and Brantley, 2003). This
suggests that laboratory-derived rates cannot be applied directly to
natural weathering environments, and highlights the need for field-
based measurements of chemical weathering rates. At the catchment
scale, field-derived chemical weathering rates were first determined
by Garrels and Mackenzie (1967), based on the assumption that
chemical weathering accounts for the difference in solute fluxes into
and out of a catchment. Two decades later, Brimhall and Dietrich
(1987) showed that measurements of mobile and immobile element
concentrations in regolith and parent bedrock could be combined to
yield chemical weathering rates averaged over the age of the soil. This
technique requires sampling datable soils that have undergone
negligible physical erosion (e.g., marine terraces (Brimhall et al.,
1992) or river terraces (White et al., 1996), and thus is difficult to
apply to actively eroding landscapes that lack such soils. In 1997,
Kirchner et al. (1997) proposed that chemical denudation rates can be
determined in actively eroding landscapes using measurements of
denudation rates inferred from concentrations of in-situ produced
cosmogenic radionuclides (CRN) in quartz, combined with measure-
ments of immobile element enrichment in regolith relative to its
parent bedrock. Subsequent studies (Riebe et al., 2001b, 2003, 2004a,
b) demonstrated the accuracy of this technique and applied it to
landscapes spanning a wide range of climates. This technique has two
major strengths: (1) it can be applied to a wide range of landscapes
because it does not require a datable non-eroding soil, and (2) it gives
insight into soil formation and landscape evolution processes, because
it is intrinsically averaged over the long timescales of soil formation
and denudation. This method assumes that:(1) the soil mineralogy is
derived solely from the bedrock beneath it (i.e., that any contamina-
tion of the soil by minerals from external sources such as windblown
volcanic ash is negligible); (2) the soil has been representatively
sampled; (3) the rock and soil contain an immobile tracer (element or
mineral) that is so resistant to chemical dissolution that it is effectively
lost from the soil only through physical erosion; and (4) the soil
maintains a steady-state mass per unit area over the timescale of CRN
accumulation (typically >1000 yr on eroding hillslopes).

In this paper, we examine the degree to which deviations from this
steady-state assumption affect chemical denudation rates inferred
from the technique of Kirchner et al. (1997) and Riebe et al. (2001b,
2003, 2004a,b). We approach this problem by modeling how mineral
abundances and cosmogenic radionuclide concentrations in the soil
evolve through time, imposing time-varying physical erosion rates on
the model, and calculating the resulting variations in inferred
chemical denudation rates.

[CRN] n,

depth

bedrock [2r],

2. Theory

2.1. Chemical denudation rates inferred from concentrations of
cosmogenic radionuclides and immobile elements

Consider a hillslope soil which undergoes steady-state formation
and denudation such that it maintains a constant mass per unit area
over time (Fig. 1). On such a steady-state hillslope, the soil production
rate ¢, equals the denudation rate D, which itself equals the sum of the
physical erosion rate E and chemical denudation rate W:

e =D=E+W. )

Here ¢, D, E, and W all have dimensions of mass per unit area of hills-
lope per time. We describe W as a chemical denudation rate and not a
chemical weathering rate to emphasize that W connotes transport of
dissolved mineral constituents out of the soil, and not merely chemical
alteration of minerals. If secondary minerals precipitate in the soil, then the
chemical denudation rate W is the difference between the sum of all
primary mineral dissolution rates and all secondary mineral precipitation
rates. Conservation of mass for an individual mineral or element X dictates
that

D-[X], = E-[X]s + Wy, (2)

where [X]; and [X]; are the average concentrations [mol M™!] of X in
rock and soil, respectively, and Wy is the chemical denudation rate of
X [mol L"2 T 1] per unit area of hillslope, not unit mineral surface area.
In using this equation, we assume that changes in the soil composition
by aeolian deposition and convergence or divergence of soil from
upslope (e.g., Mudd and Furbish, 2006) are negligible. If X is an
element or mineral that is so resistant to dissolution that its chemical
denudation rate Wy is negligible, it is termed “immobile” and Eq. (2)
yields an expression for E in terms of the denudation rate and the
average immobile element concentrations in the rock and soil.

[Zr];

E:ng (3)

Here we have chosen zirconium as an example of a commonly-
used immobile element. This expression can be substituted into Eq. (1)
to yield the following expression for chemical denudation rate W.

w=o(1gr) .

Eq. (3) can similarly be substituted into Eq. (2) to yield an expression
for the chemical denudation rate of an individual element or mineral X.

wy =D (X, 1 ®

At this point it is necessary to distinguish between instantaneous
rates and inferred rates. We define the instantaneous denudation rate

T D
denudation rate

€
b
soil production rate

Fig. 1. In the idealized soil-mantled hillslope pictured here, soil is produced at the soil-bedrock boundary at a rate ¢, and is lost downslope at a denudation rate D. In steady state, soil
production rates match denudation rates, and the mass of soil per unit area (given by soil density p, times soil thickness H) is constant in time. For a steady-state hillslope such as this,
it is possible to infer chemical denudation rates by combining measurements of cosmogenic radionuclide (CRN) concentrations in the soil with measurements of the average
immobile element concentrations in soil and its parent bedrock ([Zr]s and [Zr],, respectively).
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Dinst as the denudation rate at any moment in time. It is distinct from
the inferred denudation rate Dj.¢, which in practice may be calculated
from measurements of cosmogenic radionuclide concentrations in soil-
borne quartz, as described below. Similarly, the instantaneous chemical
denudation rate Wi, is the chemical denudation rate at any moment in
time, while the inferred chemical denudation rate W, is that calculated
with Eq. (4), as described above. To emphasize that the chemical
denudation rate in Eq. (4) is an inferred rate, we rewrite Eq. (4) with the
inferred variables D;,s and Wiyy.

Winr = Ding (1‘ E:t) (6)

In practice, CRN concentrations may be used to infer the
denudation rate Dy, as in Eq. (7) (Lal, 1991):

PyA
Dins = IOVS . (7)

Here Diyr is the inferred denudation rate [M L™2 T™!], Py is the
surface production rate of CRN in quartz [atoms M~! T"!], N; is the
measured concentration of CRN in quartz [atoms M~ '], and A[M L™?]
is the so-called penetration depth of cosmic-ray neutrons, an
exponential scaling constant that describes how quickly the
cosmic-ray neutron flux is attenuated as it passes through matter.
Note that in Eqgs. (2)-(7), [Zr]s, [X]s, and N are the average
concentrations of Zr, X, and N; in the soil, which means that from a
practical standpoint the entire soil column must be sampled to
obtain representative average concentrations. This equation assumes
that muogenic production of CRN and radioactive decay of CRN are
both negligible contributors to the overall CRN budget in the soil. For
the shallow and continually-eroding soils we are modeling these are
justifiable assumptions; in the upper meter below the Earth's
surface, muogenic production of CRN accounts for less than 3% of
the total (Stone et al, 1998), and the residence time of quartz grains
within the penetration depth of CRN-producing nucleons is, for our
model conditions, <2% of the 1.5 Myr half-life of the commonly-used
CRN '°Be. For CRN with much shorter half-lives, such as C, losses to
radioactive decay are significant and Eq. (7) is inaccurate; for this
reason our analysis is restricted to CRN that have long half-lives or
are stable (e.g., °Be, 2°Al, 3He, ?'Ne). We note that muogenic
production of CRN is significant in rapidly eroding sites at low
elevations (see Balco et al., 2008 for discussion), and we ignore it
because muogenic corrections to CRN-derived denudation rates are
small for the high-elevation sites where this technique has most
often been applied (e.g., Riebe et al., 2001b), and because there is
only a minor benefit in adding muogenic production to a model that
is intended for exploring general patterns in chemical denudation
rates, rather than comparing modeled CRN concentrations to
measured CRN concentrations. Eq. (7) also ignores the effects of
selective enrichment of quartz in the soil, which increases the
exposure time of quartz to cosmic radiation and so artificially lowers
inferred denudation rates (Small et al., 1999; Riebe et al., 2001a).
Except in cases of extreme chemical weathering, this effect is small;
Riebe et al. (2001a) showed that this process biases denudation rates
by an average of only 6% for granitic soils in the Sierra Nevada under
conditions similar to those that we model in this paper.

Inherent in the approach of Eq. (7) for measuring denudation rates -
and hence in the approach of Eq. (6) for measuring chemical denudation
rates - is an assumption of steady state; that is, it is assumed that
denudation rates are constant over the timescale of CRN accumulation in
quartz. In this paper, we are primarily concerned with quantifying the
accuracy of this approach if denudation rates vary through time, making
the assumption of steady state invalid. With this goal in mind, we
created a numerical model that tracks the variables in Eq. (6) under
time-varying physical erosion rates.

2.2. A model of chemical denudation rates in soil

In order to model the effects of non-steady physical erosion on
chemical denudation rates inferred from Eq. (6), it is necessary to
calculate the effects of non-steady physical erosion on immobile
element concentrations in the soil and on inferred denudation rates
over time. This requires tracking the time-varying concentrations of
all minerals in the soil and cosmogenic radionuclide (CRN) concentra-
tions in soil-borne quartz. Here we give a brief outline of the equations
used to track these variables over time and list the assumptions upon
which these equations rest. Full derivations of these equations are
presented in the Supplementary data.

The model rests on several fundamental assumptions. First, we
assume that the soil production rate ¢, depends exponentially on soil
thickness H as in the formulation of Heimsath et al. (1997, 1999, 2000,
2001, 2005).

€y = Eoe_aH (8)

Here ¢, represents the soil production rate at zero soil thickness,
and o [L™!] is a constant that describes the exponential dependence of
soil production rate on soil thickness. Second, we follow the approach
of Chamberlain et al. (2005) in assuming that the dissolution rate of
mineral phase X is a linear function of its specific surface area Ay [L?
mol™ '] and its concentration in the soil [X]s [mol M~ '].

diX]s

i (mineral dissolution) = —kxAx[X], 9)

Here ky is the dissolution rate constant [mol L™2 T"!] for mineral
phase X. Third, we assume, as in Chamberlain et al. (2005), that any given
secondary mineral phase X is produced at a constant rate sy [mol L >T™ ]
per unit volume of soil. Fourth, we assume that CRN production rates
decrease exponentially below the Earth's surface (Lal, 1991).

P(2) = Poe /% (10)

Here P(z) is the CRN production rate at depth z, Py is the CRN
production rate at the surface, p is the density of the material (e.g.,
soil, rock) through which the cosmic-ray flux passes, and A is the
penetration depth of cosmogenic gamma ray neutrons, expressed as
mass per unit area. We also assume that changes in CRN concentra-
tions due to radioactive decay, muogenic production, and downslope
divergences in soil fluxes are all negligible. Lastly, we assume that
mass is conserved during soil production and denudation. Given these
assumptions, we derive the following differential equations for soil
thickness, CRN concentrations and mineral concentrations.

Soil thickness H varies at a rate proportional to the imbalance
between rates of soil production and soil denudation:

(3171;,1 = %s (€Oe_aH_Ein5[_Winst) . (11)

Here ps is the density of soil and Ej,s and Wjns are the
instantaneous rates of physical erosion and chemical denudation.
We impose a time-varying Ej,sc on the model, and allow all other
variables to respond to it. Ej,s drives the model.

Soil CRN concentrations Ng vary according to

dN; 1

ar - oo <50€_aH (sz_Ns) + APy (1_e_pSH/A>)7 (12)
S

where N, is the CRN concentration in bedrock at the soil-bedrock
boundary. Because soil thickness varies during non-steady denudation,
N, also varies in time:

dN,, _ —on N
— PpePsH/ A aH "2 1
dt o€ <€ A (13)
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Lastly, soil mineral concentrations [X]s are given by

—oH
d[é(t]s _ eopESH (1X1,-[X15) +ls7):—kxAx[X]s

+ X5 X <I<,-Aj W]SWJ‘%) (14)

where [X], is the concentration of mineral phase X in bedrock [mol M™1],
n is the number of mineral phases in the soil, [Xj]; is the concentration of
the jth soil mineral phase in the summation [mol M ], and k;, A;, s;and w;
are the dissolution rate constant, specific surface area, secondary mineral
production rate, and molar mass, respectively, of mineral phase X;.

These assumptions also allow us to calculate instantaneous chemical
denudation rates over time. Expressed in dimensions of [M L2 T],
instantaneous chemical denudation rates are the difference between the
sum of all mineral dissolution rates and all secondary mineral production
rates.

Winse = Xitq (Kidj [Xj],wipsH=s;w;H) (15)

We use a fourth-order Runge-Kutta routine (Press et al., 1992) to
numerically integrate Eqs. (11)-(14) over time. This allows us to
calculate variations in soil CRN and mineral concentrations, from
which we calculate variations in chemical denudation rates inferred
with Eq. (6). Together, these equations comprise a useful tool for
examining the influence of variable physical erosion rates on soils; we
can impose an arbitrary temporal pattern in physical erosion rates on
the soil and observe the responses in soil thickness, mineral
concentrations, CRN concentrations, and chemical denudation rates.

3. Model results

How do modeled soils respond to variable rates of physical erosion?
Fig. 2 shows the results of a model run in which we drive the model
with a sinusoidal physical erosion rate E;,ss whose magnitude varies by
a factor of 5 over a 10,000-year period, and in which the bedrock has a
granitic mineralogy consisting of 40% plagioclase feldspar, 24.99%
quartz, 20% potassium feldspar, 15% biotite, and 0.01% zircon. Table C.1
in the Supplementary data lists all other parameter values used for this
model run. In the top panel of Fig. 2 is the instantaneous physical
erosion rate Ej,s;, which we impose on the model and which drives the
variations in all other variables. In the lower panels are soil thickness,
soil mineral concentrations, and instantaneous and inferred chemical
denudation rates. Note that the resultant soil characteristics are similar
to those in mountainous granitic soils: soil thickness oscillates
between 21 and 37 cm, chemical denudation rates average 27% of
the denudation rate, and the average soil mineralogy (34% quartz, 18%
plagioclase, 26% K-feldspar, 3% biotite, and 18% kaolinite) is, as
expected, depleted in soluble minerals (plagioclase and biotite) and
enriched in less soluble minerals (quartz and K-feldspar) and
secondary clays (kaolinite).

We can draw several conclusions from Fig. 2. First, the fluctuations
in soil thickness, soil mineral concentrations, and chemical denuda-
tion rates are less pronounced than the fluctuations in physical
erosion rates. All of the response variables are damped. Second,
inferred chemical denudation rates Wi, are less variable in time than
instantaneous chemical denudation rates Wi, as the bottom panel in
Fig. 2 shows. This is not surprising; Wiy is intrinsically a time-
averaged quantity because it is inferred from quantities that are
themselves time-averaged and buffered against rapid changes in
physical erosion rates — namely, concentrations of CRN and an inert
tracer in the soil. Thus Wj,r ought to be less variable in time than Wiy,
and the model verifies that it is. Third, Wi, lags behind physical
erosion rates; because W, is inferred from quantities that are
buffered against sudden changes in physical erosion rates, it responds
slowly to changes in physical erosion rates.

4. Generalization of model

The lower panel in Fig. 2 shows chemical denudation rates
responding to one particular set of conditions governing rates of
physical erosion and mineral dissolution, and it provokes several
questions about the general behavior of Wi,;. How does the amplitude
of Winr depend on the amplitude and period of the physical erosion
rate driver Ej,s;? How does the response of Wi, depend on the values
of rate constants for mineral dissolution and clay production? In order
to answer these questions, we simplify and generalize the model by
non-dimensionalizing Eqs. (6)-(15), and in so doing we eliminate the
model's dependence on particular values for soil production para-
meters ¢ and aand CRN production parameters Py and A We leave the
full derivation of the non-dimensional equations to the Supplementary
data, and here simply point out two important elements of the non-
dimensionalization. First, physical erosion rates and chemical denuda-
tion rates are scaled by the soil production coefficient g, such that, e.g.,
the non-dimensional physical erosion rate E inst 1S zero at Ej,s=0 and
Einst is 1 at Ejhsc= 0. Throughout this paper non-dimensional variables
are denoted with a carat. Second, we scale time by a soil production
timescale T,=Acp ', such that non-dimensional time £ is given by
~ t te
t=p = (16)

Note that for the range of published values for ¢y, one unit of non-
dimensional time ¢ translates to a range of 4267-25,157 yr in real time,

—~ 240
K
=
o
£ 1204
2
w 0 l 1 1
0.75
g 0.50
T 0_25_\/\/\/\/\/\/\/\/
0.4
» -
® _S 0.3 ——/—— quartz
E - AN I plagioclase
E E 0.2 —(— K-feldspar
g e —@— biotite
8 0.1 kaolinite
S
o
=
=
g Vv:inf — Winsi ===
0 T T T
0 20,000 40,000 60,000 80,000

Time (years)

Fig. 2. Results of one model run. In the top panel is the instantaneous physical erosion rate
Einst, Which we impose on the model and which drives variations in all other variables. In
the lower panels are soil thickness H, soil mineral concentrations (in kg mineral/kg soil),
and instantaneous and inferred chemical denudation rates W5 and Wiy, calculated with
Egs. (15) and (6), respectively. In this model run we have set soil production constants to
€0=375tkm 2 yr 'and =3 m™! (Heimsath et al., 2001). Values for all other rate constants
used in this model run are listed in Table C.1 in the Supplementary data.
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Fig. 3. Responses of inferred chemical denudation rates to two physical erosion rate patterns of the same amplitude and different periods. Each plot shows instantaneous physical
erosion rates Ej,s (imposed upon the model) and inferred chemical denudation rates W;,¢ (responding to Ej,s) as percentages of their means over the course of a model run. Non-
dimensional parameter values used in these runs are listed in Table C.2 in the Supplementary data. These figures suggest that inferred chemical denudation rates vary more widely

under longer period oscillations in physical erosion rate.

for the Oregon Coast Range (Heimsath et al., 2001) and southeastern
Australia (Heimsath et al., 2000), respectively.

5. Non-dimensional model results

5.1. How do the amplitude and period of fluctuations in physical erosion
rates affect the stability of inferred chemical denudation rates?

The extent to which inferred chemical denudation rates deviate from
their long-term mean should depend on the amplitude and period of the
physical erosion rates that perturb them. In Fig. 3 we show two
snapshots of the behavior of Wige in response to two physical erosion
rate patterns which share the same amplitude but have different
frequencies. In each of these model runs, Wiy oscillates about its long-
term mean with a characteristic amplitude. In the “high frequency”
model run in Fig. 3, for example, where E inst deviates from its mean by
67% and the non-dimensional period of Einstis 15 (equivalent to 6400 yr
given the value for ¢ used in Fig. 2), the amplitude of Wiy is 6% of the
mean Winf. This is the maximum deviation of Winf: at most moments
during the model run, the deviation of Winf is less than 6% of its mean.
The model runs in Fig. 3 suggest that increasing the period of E g
increases the amplitude of deviations in Winf.

We can create a more complete picture of the stability of inferred
chemical denudation rates by plotting the amplitude of Wipras a function
of the amplitude and period in the physical erosion rate driver. The
results are shown in Fig. 4. These show the amplitude of Wy, defined as
the maximum deviation of W ;¢ from its mean over the course of the
model run. Fig. 4(a)-(b) show that, as expected, chemical denudation
rates fluctuate to a greater degree at large-amplitude oscillations in Einst
and at long—perAiod oscillations in Ei.s. The fact that higher gmplitude
oscillations in Ej,g cause higher amplitude oscillations in Wiy is not
surprising; stronger forcing ought to induce a stronger response, and
Fig. 4(a) shows that it does. Longer-period oscillations in physical erosion
rates, on the other hand, produce larger oscillations in chemical
denudation rates because Winf takes time to respond to changes in E inste
During short-period oscillations in E instr Winf has little time to respond to
changes in E inst- and so always remains close to its mean, whereas during
long-period oscillations in Einst. Winf has more time to adjust to swings in
physical erosion rate, and thus deviates farther from its mean. All of this
implies that Wi, is more stable at physical erosion rates that oscillate at
shorter periods and smaller amplitudes.

5.2. How do inferred chemical erosion rates compare to actual chemical
erosion rates?

The analysis in Section 5.1 shows how far inferred chemical
denudation rates deviate from their long-term mean. When physical
erosion rates oscillate with periods much longer than the timescale of

CRN accumulation (e.g., in the “low frequency” example in Fig. 3),
inferred chemical denudation rates stray far from their mean averaged
over many oscillations, but do not stray as far from the mean chemical
denudation rate averaged over the timescale of CRN accumulation —
which is what we are trying to measure. How accurately do inferred
chemical denudation rates mimic actual chemical denudation rates
averaged over the CRN accumulation timescale?

100
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Fig. 4. (a) and (b) depict the amplitude of Winf - defined as the maximum deviation of
chemical denudation rates from their long-term mean - as a function of the amplitude
and period of imposed oscillations in physical erosion rate Eins. (By way of example, in
the “high frequency” panel of Fig. 3, in which Einsc has a non-dimensional period of 1.5
and an amplitude of 67% of the mean, the amplitude of Wiyt is 6% of its mean.) Here, in
Fig. 4, physical erosion rates oscillated around a mean Ej,; of 0.35. Non-dimensional
parameter values used in these runs are listed in Table C.2 in the Supplementary data.
These figures indicate that inferred chemical denudation rates fluctuate to a greater
degree under high-amplitude and long-period oscillations in physical erosion rate. Even
under very high arpplitude and very long-period oscillations in Ej,s, however, Wiy is
less variable than Ej.
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Fig. 5. :l'hese show tl}e degree to which inferred chemical denudation rates Wmf deviate
from Wy, where W, is the mean chemical denudation rate averaged over the CRN
accumulation timescale. Non-dimensional parameter values used in these runs are
listed in Table C.2 in the Supplementary data. Note that the amplitudes of Wix¢ in Fig. 5
are smaller than in fig. 4; this indicates that deviations of Wiy from W,y are smaller
than deviations of Wi,¢ from the mean chemical denudation rate averaged over many
oscillations in physical erosion rates. W ;¢ is thus a more accurate estimate of chemical
denudation rates averaged over the CRN accumulation timescale than over the period of
oscillation in physical erosion rates.

We answer this question by defining a new variable, W,, as the
mean chemical denudation rate averaged over the CRN accumulation
timescale Tcgn. On a steadily eroding hillslope, Tcgry can be calculated
as the penetration depth of cosmic-ray neutrons divided by the
inferred denudation rate.

A
Tern = Dy (17)

This timescale depends on the value of D;,¢, which itself changes as
CRN concentrations fluctuate in response to fluctuations in physical
erosion rates. In the model run in Fig. 2, for example, Tcry Oscillates
between 9185 and 10,840 yr. At each moment during a model run, we
calculate W, as the average of all instantaneous chemical denudation
rates Winse stretching back over the previous Tcry years. In this
manner we can compare inferred chemical denudation rates (Wiy¢) to
actual chemical denudation rates averaged over the timescale of CRN
accumulation (W,yg), as Fig. 5 shows. A comparison of Fig. 5 with Fig. 4
shows that inferred chemical denudation rates mimic W,,, more
accurately than they mimic the mean chemical denudation rate
averaged over many oscillations in physical erosion rate. During the
largest possible swings in physical erosion rates - i.e.,, 100% of the
mean - Wi,s may deviate from W,y by as much as 57% (Fig. 5), but this
deviation drops off quickly at smaller amplitude oscillations in
physical erosion rates. When physical erosion rates oscillate by 50%
of their mean, for example, Wi,s deviates from W,,s by no more than

15%. These errors are not negligible, but they are small for field-
derived measurements of chemical denudation rates averaged over
millennial timescales.

5.3. How do mineral dissolution rates and clay mineral production rates
affect the stability of inferred chemical denudation rates?

The literature records a wide range of published rate constants for
mineral dissolution and clay production (see, e.g., reviews by White and
Brantley, 2003 and Price et al, 2005). How does the choice of rate
constants affect the degree to which an deviates from its mean? In
Fig. 6 we show the maximum amphtude of Wmf - defined as in Section
5.2 as the maximum deviation of Wi.¢ from Wa\,g - as a function of the
non-dimensional rate constants for mineral dissolution and clay
production. To generate a range of rate constants, in each model run
we multiplied the rate constants ky and sy listed in Table C.1 in the
Supplementary data by a single coefficient, which ranged from 0.01-1
between model runs. This approach ensured that the rate constants ky
and sy remained within the limits of published values for mineral
dissolution and clay production, and maintained the same relative
magnitudes between model runs. The results in Fig. 6 imply that the
stability of Wmfis not strongly affected by the choice of rate constants for
mineral dissolution and clay production, and suggests that chemical
denudation rates calculated with Eq. (6) are likely to be accurate over a
wide range of mineral dissolution rates and clay production rates.

What does it mean to change the non-dimensional rate constants?
The concentration of soluble minerals in the soil is primarily a function of
two competing rates: the rate of mineral dissolution (a function of kA)
and the rate of fresh mineral supply (a function of « and ¢p). Soluble
minerals are depleted in the soil more quickly at faster dissolution rates
(i.e., at higher values of k) and are replenished more quickly at faster soil
production rates (i.e., at higher values of ¢). Soil mineral concentrations
thus reflect the balance between mineral dissolution and mineral
supply. This suggests that the most important factor controlling soil
mineral concentrations is not the absolute values of the mineral
dissolution rates, but rather the values of the dissolution rates relative
to the soil production rate. A useful means of comparing these rates is by
examining the timescales associated with each rate. We define a mineral
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Fjg. 6. This depicts the amplitude of Winf— defined as the maximum deviation of Winf from
Wy - as a function of the magnitude of the rate constants for mineral dissolution k x and
clay production s y, relative to their magnitudes in Table C.1 in the Supplementary data. To
generate a range of rate constants, in each model run we multiplied the rate constants k x
and s yinTable C.1 by a single coefficient that ranged from 0.01-1 between model runs. This
approach ensured that k x and s x maintained the same relative magnitudes between
model runs and remained within the range of published values for mineral dissolution and
clay production rate constants. During these model runs, we held the amplitude of E ;s
constant at 50% of its mean. This figure suggests that the magnitude of the rate constants
for mineral dissolution and clay production have only a small effect on the degree to which
inferred chemical denudation rates deviate from average chemical denudation rates during
non-steady physical erosion.
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dissolution timescale Ty=k 1471 such that the non-dimensional dis-
solution rate constant kA is the ratio between the soil production
timescale T, = Aep ' and the mineral dissolution timescale.

kAT (18)
e Tk
When the soil production timescale T, is much shorter than the
dissolution timescale T, fresh soil is produced faster than soluble
minerals are depleted in the soil; in this situation, soil mineral
concentrations vary little over time and remain close to the mineral
concentrations of the parent rock. By contrast, when T, is much longer
than Ty, soluble minerals are depleted from the soil more quickly than
soil production can replenish them; in this situation, soil mineral
concentrations vary more widely and depend strongly on the rate of
soil production.

5.4. Chemical denudation rates at steady physical erosion rates

Up to this point, we have only examined the transient response of
inferred chemical denudation rates to non-steady physical erosion
rates. Now we consider chemical denudation rates under steady
physical erosion rates. This steady-state behavior sheds light on the
transient model results, because the response of chemical denudation
rates to a shift in physical erosion rates can be understood as a
transition from one steady-state chemical denudation rate to another.
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Fig. 7. Soil mineral concentrations, soil thickness, and chemical denudation rates as a
function of steady-state physical erosion rate E. Non-dimensional parameter values
used in these runs are listed in Table C.2 in the Supplementary data. Chemical
denudation rates approach zero at both E—0 and E -1 (i.e., as E—»0 and E—¢)
because soluble minerals become depleted in the soil as E—~0 and because soil
thickness approaches zero as E— .

According to the model, at any steady physical erosion rate there is
a corresponding steady chemical denudation rate. We can calculate
steady-state chemical denudation rates by setting the time derivatives
in Egs. (11)-(14) to zero, solving for steady-state soil thickness, CRN
and mineral concentrations, and substituting these values into
Eq. (15). The results indicate a non-linear dependence of chemical
denudation rates on physical erosion rates.

As Fig. 7(c) shows, modeled chemical denudation rates approach
zero at both £=0 and E=1 (ie, at E=0 and E=¢p), and reach a
maximum at an intermediate physical erosion rate. Why does the
model predict this relationship?

The non-linear dependence of chemical denudation rates on
physical erosion rates can be understood from the variations in soil
thickness and soil mineral concentrations in Fig. 7(a) and (b). As
physical erosion rates approach the maximum soil production rate
(i.e., as E—¢p), soil thickness shrinks towards zero and soil mineral
concentrations approach the concentrations of the parent rock.
Conversely, as E—0, soil thickness increases and the soil residence
time increases as well, with the consequence that the more soluble
minerals (here plagioclase and biotite) are depleted to a greater extent
because they have more time to dissolve. Thus, as physical erosion
rates decrease, concentrations of the more soluble minerals decrease
too. Our numerical model assumes that the chemical denudation rate
of a single mineral phase scales linearly with the mass of that phase in
the soil, and that the total chemical denudation rate is the sum of the
chemical denudation rates of all the mineral phases. This can be
simplified by recognizing that some mineral phases are several orders
of magnitude more soluble than others (see the relative solubilities
listed in Table C.1 in the Supplementary data), so to first order total
chemical denudation rates depend only on the mass of the most
soluble mineral phases in the soil. Thus to first order, chemical
denudation rates are proportional to the product of the soil mass and
the concentration of those soluble minerals in the soil. As concentra-
tions of soluble minerals in the soil approach zero (which occurs as
E—0), chemical denudation rates also approach zero. Similarly, as
soil thickness approaches zero (which occurs as E—¢p), chemical
denudation rates also approach zero. In short, the model predicts that
chemical denudation rates approach zero at both E—0 and at E—¢g
because soluble minerals disappear as E—0 and the soil itself
disappears as E— e.

6. Discussion

The model presented in this paper simulates how soil bulk
mineralogy and cosmogenic radionuclide concentrations evolve
under forcing by an arbitrary temporal pattern in physical erosion
rates. It then compares the “actual” (simulated) chemical denudation
rates with those that would be inferred from the concentrations of
cosmogenic nuclides and immobile elements. We have primarily used
this model to estimate how much inferred rates deviate from actual
rates when physical erosion rates vary over time. The model results
show that even when physical erosion rates are not steady in time,
chemical denudation rates inferred with Eq. (6) should closely
approximate actual chemical denudation rates averaged over the
timescale of cosmogenic radionuclide accumulation, especially during
short-period oscillations in physical erosion rates. When physical
erosion rates vary over short timescales (i.e., those on the order of the
CRN accumulation time or shorter), the inferred chemical denudation
rate Wj,sis an averager — it smooths out fluctuations in instantaneous
chemical denudation rates, and closely resembles the long-term
mean. Over long timescales (i.e., those on the order of ten CRN
accumulation times or longer), Wiy is a follower — it mirrors
fluctuations in physical erosion rates. We find that Wi, is an accurate
recorder of actual chemical denudation rates over a wide range of
amplitudes and periods in physical erosion rates and a wide range of
mineral dissolution rates and secondary mineral production rates. For
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example, given the rate constants for mineral dissolution and soil
production used in Table C.1 in the Supplementary data (which,
notably, produce soils similar to those in mountainous granitic
terrain), the model predicts that when physical erosion rates fluctuate
by 50% of the mean, inferred chemical denudation rates deviate from
the mean chemical denudation rate averaged over the CRN accumula-
tion timescale by no more than 1% during 1000-year oscillations in
physical erosion rates, by 9% during 10,000-year oscillations, and 12%
during 100,000-year oscillations. These are the maximum deviations
predicted by the model; at most times during the model runs, the
discrepancies between inferred and actual chemical denudation rates
are smaller.

Is the numerical model outlined in this paper an accurate
description of nature? As with any model, it is only as accurate as the
assumptions behind it. The major assumptions in the model concern
the parameterization of processes that form and erode soil. The first
assumption is that soil forms strictly from the bedrock underneath it,
and that this process is completely characterized by the soil production
function of Heimsath et al. (1997), in which denudation rates decrease
exponentially with increasing soil thickness. The second important
assumption is that mineral dissolution rates depend only on soil
mineral mass, specific surface area, and reactivity. Such a formulation
ignores any other factors that might speed or slow dissolution, such as
microbial activity, pH, temperature, mineral coatings, and the satura-
tion state of the soil pore water relative to the surrounding minerals.
These factors may influence mineral dissolution processes, but they
have been left out of the model in the interest of simplicity and
tractability. Furthermore, these missing factors may be subsumed in
the rate constants for mineral dissolution themselves. Regardless of
the influences of these factors, we submit that chemical denudation
rates should still scale with the quantity of minerals available to be
weathered. Thus, while the model is a highly simplified version of
nature, it nonetheless should accurately mimic nature to the degree
that the soil production function applies and mineral dissolution rates
scale with the total mineral mass in the soil.

Our model also makes a prediction about the steady-state relation-
ship between rates of chemical denudation and physical erosion, a
topic of interest in the study of Earth's long-term geomorphic and
climatic evolution. Some have theorized that periods of rapid tectonic
uplift (and hence rapid physical erosion) might also be marked by rapid
chemical weathering because fresh minerals are brought more rapidly
to the Earth's surface where weathering occurs (e.g., Raymo et al.,
1988). This assumes that chemical weathering rates increase with
increasing physical erosion rates. The model outlined in this paper
predicts a different relationship; it predicts that chemical denudation
rates increase with physical erosion rates, but only up to a point,
beyond which chemical denudation rates decrease with further
increases in physical erosion rates, a prediction consistent with the
hypothesis of Anderson et al. (2002) and the predictions of a landslide
model by Gabet (2007). If we drive the model with steady erosion,
weathering rates can decline to zero at sufficiently high erosion rates. If
instead we drive the model with episodic erosion to mimic the periodic
growth and removal of soil under intermittent landsliding, chemical
denudation rates can still be greater than zero at very high physical
erosion rates because the average soil residence time can be greater
than zero. This model prediction also hinges on the assumption that all
chemical denudation on hillslopes occurs within the soil; hence as soil
thickness approaches zero (in response to very high physical erosion
rates), so too chemical denudation rates approach zero. This assump-
tion is not strictly valid because some chemical denudation occurs
within the bedrock as groundwater percolates through fractures and
dissolves minerals that are highly susceptible to chemical weathering,
such as calcite (e.g., White et al., 1999b). However, as long as chemical
denudation rates in bedrock are much smaller than chemical
denudation rates in soil - as is likely to be the case in granites, which
typically contain about 0.1% calcite by mass (White et al., 1999b) - total

chemical denudation rates should decrease as physical erosion rates
approach soil production rates, as may occur in steep catchments with
thin soils. This is a testable prediction, and the degree to which it
matches field measurements could indicate how well this model
reflects soil formation, denudation, and mineral dissolution under field
conditions.
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