
Geochronology, 4, 455–470, 2022
https://doi.org/10.5194/gchron-4-455-2022
© Author(s) 2022. This work is distributed under
the Creative Commons Attribution 4.0 License.

Cosmogenic nuclide weathering biases: corrections and
potential for denudation and weathering rate measurements
Richard F. Ott1, Sean F. Gallen2, and Darryl E. Granger3

1Earth Surface Geochemistry, GFZ German Centre for Geoscience Research, Potsdam, Germany
2Department of Geosciences, Colorado State University, Fort Collins, CO, USA
3Department of Earth, Atmospheric, and Planetary Sciences, Purdue University, Purdue, IN, USA

Correspondence: Richard F. Ott (richard.ott@gfz-potsdam.de)

Received: 2 March 2022 – Discussion started: 15 March 2022
Revised: 1 June 2022 – Accepted: 14 June 2022 – Published: 6 July 2022

Abstract. Cosmogenic radionuclides (CRNs) are the stan-
dard tool to derive centennial-to-millennial timescale de-
nudation rates; however, it has been demonstrated that chem-
ical weathering in some settings can bias CRNs as a proxy for
landscape denudation. Currently, studies investigating CRN
weathering biases have mostly focused on the largely insolu-
ble target mineral quartz in felsic lithologies. Here, we exam-
ine the response of CRN build-up for both soluble and insolu-
ble target minerals under different weathering scenarios. We
assume a simple box model in which bedrock is converted to
a well-mixed regolith at a constant rate, and denudation oc-
curs by regolith erosion and weathering either in the regolith
or along the regolith–bedrock interface, as is common in car-
bonate bedrock. We show that weathering along the regolith–
bedrock interface increases CRN concentrations compared to
a no-weathering case and how independently derived weath-
ering rates or degrees can be used to correct for this bias.
If weathering is concentrated within the regolith, insoluble
target minerals will have a longer regolith residence time
and higher nuclide concentration than soluble target miner-
als. This bias can be identified and corrected using paired-
nuclide measurements of minerals with different solubility
coupled with knowledge of either the bedrock or regolith
mineralogy to derive denudation and long-term weathering
rates. Similarly, single-nuclide measurements on soluble or
insoluble minerals can be corrected to determine denudation
rates if a weathering rate and compositional data are avail-
able. Our model highlights that for soluble target minerals,
the relationship between nuclide accumulation and denuda-
tion is not monotonic. We use this understanding to map the
conditions of regolith mass, weathering, and denudation rates

at which weathering corrections for cosmogenic nuclides
become large and ambiguous, as well as identify environ-
ments in which the bias is mostly negligible and CRN con-
centrations reliably reflect landscape denudation. We high-
light how measurements of CRNs from soluble target miner-
als, coupled with bedrock and regolith mineralogy, can help
to expand the range of landscapes for which centennial-to-
millennial timescale denudation and weathering rates can be
obtained.

1 Introduction

Denudation, the sum of physical erosion and chemical
weathering, is a critical parameter in understanding land-
scape evolution (Darwin, 1859; McLennan, 1993). Cos-
mogenic radionuclides (CRNs) have become the standard
method to quantify denudation on centennial-to-millennial
timescales and on spatial scales from outcrop to river basin
(von Blanckenburg, 2005; Portenga and Bierman, 2011). The
build-up of CRNs in minerals from eroding landscapes is
sensitive to the rate of mass removal from above (Lal, 1991).
This makes the concentration of CRNs in the Earth’s near
surface sensitive to physical erosion as well as chemical
weathering (Dixon et al., 2009; Riebe and Granger, 2013).
However, weathering at depths below the attenuation length
of CRNs, or measuring CRN concentrations of minerals with
a weatherability that differs from the bulk rock, can lead to
biases in the calculation of a denudation rate from a mea-
sured CRN concentration (Dixon et al., 2009; Riebe et al.,
2001; Riebe and Granger, 2013; Small et al., 1999).
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Previous studies investigating the effects of chemical
weathering on CRNs, hereafter just weathering, mostly fo-
cused on 10Be measured on quartz in granitic landscapes
(Dixon et al., 2009; Riebe et al., 2001, 2003; Riebe and
Granger, 2013; Small et al., 1999). These studies show that
quartz as a quasi-insoluble mineral is enriched in the sapro-
lite and mobile regolith, whereas more weatherable miner-
als are depleted. This implies that insoluble minerals reside
longer in the mobile regolith compared to soluble minerals
and the bulk rock. The longer residence time in the pro-
duction zone leads to an increase in the quartz 10Be con-
centration that, without correction, results in an underesti-
mation of the total denudation rate. However, the enrich-
ment of the insoluble mineral, commonly quantified by the
ratio of zirconium in the regolith/saprolite compared to the
bedrock, allows correction of the denudation rates for weath-
ering (Dixon et al., 2009; Riebe et al., 2001; Riebe and
Granger, 2013). This conceptualization of weathering biases
has been developed and applied in granitic landscapes but
has not been expanded to CRN measurements on the soluble
target mineral or other weathering processes as they might
occur in other regions subjected to weathering, e.g. limestone
areas.

Carbonate regions are underrepresented in tectonic geo-
morphology studies despite representing ∼ 18 % of Earth’s
surface (Dürr et al., 2005), partially because measuring
10Be in quartz-rich lithologies has become the standard
for catchment-average denudation rate measurements (von
Blanckenburg, 2005). Yet, carbonate regions are interesting
because their topography is highly sensitive to the interplay
between tectonics and climate, owing to their greater chem-
ical reactivity relative to more silica-rich rocks, and they ex-
ert a significant influence on flora and fauna distributions
(Ott, 2020). The number of studies measuring 36Cl on cal-
cite in carbonate catchments for denudation rates is increas-
ing (Avni et al., 2018; Ott et al., 2019; Ryb et al., 2014a, b;
Thomas et al., 2017), and therefore the effect of weathering
on soluble target mineral CRN concentrations needs to be
assessed. This effort is worthwhile because it will allow for
the extension of tectonic geomorphology and centennial-to-
millennial timescale denudation rate studies in a significant
portion of the globe that has been traditionally understud-
ied. Moreover, the sensitivity of cosmogenic nuclide mea-
surements to the weathering rate and depth will, in theory, al-
low for measurements from minerals with different weather-
ability to constrain long-term weathering rates and depths in
various geologic settings.

In this study, we investigate the theoretical effects of
weathering on CRN concentrations in regions of substan-
tial weathering, e.g. limestone areas, as well as how paired-
nuclide measurements can be exploited to constrain denuda-
tion and weathering rates on millennial timescales. We in-
vestigate the effects of weathering within the regolith, as
well as preferential weathering along the regolith–bedrock
interface, on the CRN concentrations of soluble and insol-

uble target minerals. We derive the equations for the differ-
ent weathering corrections and outline which practical mea-
surements, for instance, water chemistry or paired-nuclide
measurements, can be used for the corrections. We high-
light the non-monotonic relationship between nuclide con-
centration and denudation rate for near-surface weathering
of soluble target minerals. Carbonate landscapes can have a
high ratio of weathering to erosion, which can lead to large
correction factors. Therefore, we identify the conditions un-
der which denudation and weathering rates can be reliably
estimated with acceptable uncertainty and the environments
where detailed data are needed to correct the chemical weath-
ering bias. This paper also includes a MATLAB™ software
package “WeCode” (Weathering Corrections for denudation
rates) (Ott, 2022) integrated within CRONUScalc v2.1 (Mar-
rero et al., 2016) to perform all weathering corrections and
calculations, as well as offering pixel-by-pixel catchment
production rate estimates for alluvial samples.

2 Summary of previous work

Small et al. (1999) noted the effect of near-surface weather-
ing on the concentration of 10Be in quartz through the enrich-
ment of weathering-resistant quartz in the regolith compared
to the bedrock. Riebe et al. (2001) showed that the concentra-
tion ratio of immobile elements such as [Zr] in the regolith
and bedrock could be used to account for these weathering
biases, assuming that the enrichment of [Zr] is the same as for
quartz. Dixon et al. (2009) highlighted that weathering below
the CRN attenuation length would also underestimate the to-
tal denudational flux because the CRNs are only sensitive to
near-surface mass removal. They show that total denudation
rates from granitic areas in the Sierra Nevada underestimate
the total denudational flux due to deep weathering by up to
a factor of 3. Riebe and Granger (2013) integrate the effects
of weathering above and below the attenuation length with a
box model of bedrock, saprolite, and soil and show that de-
nudation rates in Puerto Rico were biased by up to 70 % in
comparison to a no-weathering assumption.

In this study, we follow Riebe and Granger (2013) and use
a simple box model to quantify and account for the weath-
ering bias on CRN concentrations. Because we focus on the
application to carbonate terrains, we will neglect saprolite
and instead apply a model of bedrock overlain by a layer
of mobile regolith. Riebe and Granger (2013) show that in
such cases, the target mineral, depending on its weatherabil-
ity, gets either depleted or enriched in the regolith compared
to the bulk rock; this will alter the regolith residence time and
thereby the average nuclide concentration as follows:

〈NR〉 =N0+NR,nW×
XR

XB
, (1)

where 〈NR〉 is the average CRN concentration in a well-
mixed regolith, N0 is the nuclide concentration entering the
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Figure 1. Weathering can be focused at different depths below surface. (a) Australia. Weathering focused mainly at the sharp regolith–
bedrock interface. The soil consists mostly of residuum from the limestone bedrock together with aeolian dust. (b) Kansas, USA. Clasts
released from the limestone bedrock at Flint Hills gradually decrease in size towards the surface. No clear regolith–bedrock interface is
visible, indicating that weathering likely concentrates within the regolith.

regolith from the bedrock below, NR,nW is the nuclide con-
centration accumulated in the regolith in a no-weathering
scenario, and XR/XB is the ratio of the target mineral in the
regolith compared to the bedrock that quantifies the change
of mineral residence time compared to the bulk regolith. The
aforementioned studies focused on the enrichment of quartz
as an insoluble mineral. In this study, we also explore the
effects on soluble target minerals, such as calcite, for appli-
cation to carbonate landscapes.

3 Theory and model

Some carbonate regions exhibit weathering mostly along the
regolith–bedrock interface (Fig. 1a), whereas in other re-
gions, weathering is focused within the regolith (Fig. 1b).
Therefore, we investigate weathering both within the regolith
and along the regolith–bedrock interface. We refer to regolith
as the entire mobile layer above the coherent bedrock. We
neglect weathering below the attenuation length of CRNs
because experiments have shown that the majority of dis-
solution in limestone regions occurs close to the surface or
at the top of bedrock (Gunn, 1981) and that deep mass re-
moval is comparatively negligible in relation to near-surface
weathering (Worthington and Smart, 2004). First, we show
the equations for the CRN concentration of a target mineral
in the standard case of no weathering; second, we show the
effect of regolith–bedrock interface weathering; and finally,
we highlight the impact of regolith weathering on CRN con-
centrations.

3.1 Model conceptualization and no-weathering case

Analogous to previous studies, we conceptualize denuda-
tional processes with a box model comprising a layer of mo-
bile regolith on top of unweathered bedrock (Fig. 2). The
bedrock either weathers at the regolith–bedrock interface

Figure 2. Conceptualization of denudation as a simple box model,
where the regolith–bedrock interface lowers at the denudation rate
D, by weathering (WB) and erosion (EB). CRNs are being produced
within the regolith of thickness (mR) at an average rate of 〈PR〉,
resulting in an average nuclide concentration 〈NR〉, while mass is
leaving the regolith by regolith erosion (ER) and weathering (WR).

with the bedrock weathering rate WB or gets converted to
regolith at the bedrock erosion rate EB. The regolith is as-
sumed to be well-mixed and therefore has an average pro-
duction rate 〈PR〉 and nuclide concentration 〈NR〉. Material
is exported from the regolith either by regolith erosion (ER)
or by weathering within the regolith (WR). For simplicity, we
assume a flux steady state between denudation (D) and the
outgoing fluxes (WR, ER, WB), which results in a constant
regolith mass (mR) through time. Table 1 lists and defines all
model variables.

The production rate of cosmogenic nuclides declines with
depth, and the individual production profiles of different pro-
duction pathways (spallation, fast muons, negative muons,
etc.) are commonly approximated by exponentials (Braucher
et al., 2011, 2013; Granger and Smith, 2000). Exponential
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Table 1. Variable definition.

Symbol Name Unit

N CRN concentration at. g−1

D Denudation rate (total mass loss rate per unit area) g cm−2 ka−1

EB Bedrock erosion rate g cm−2 ka−1

ER Regolith erosion rate g cm−2 ka−1

WB Regolith–bedrock interface weathering rate g cm−2 ka−1

WR Regolith weathering rate g cm−2 ka−1

3 Attenuation length g cm−2

ρ Density g cm−3

mR Regolith mass per unit area g cm−2

mg Grain mass per unit area g cm−2

mi Initial grain mass (after release from bedrock) per unit area g cm−2

k Grain mass weathering constant ka−1

P Production rate at. g−1 ka−1

i Subscript for production pathway
XB, XR Mineral fractions in bedrock and regolith unitless
CaB, CaR Fraction of calcite in bedrock and regolith unitless
XB, XR Fraction of non-quartz insolubles in bedrock and regolith (e.g. clay) unitless
QB, QR Fraction of quartz in bedrock and regolith unitless
t Time ka
τR Average regolith residence time ka

production profiles for muons can result in significant bi-
ases for certain denudation rate calculations (Balco, 2017)
but have the advantage of being simple in their mathemat-
ical formulation. The WeCode software package utilizes a
full depth integration of the muon flux (Marrero et al., 2016);
however, for demonstration purposes, we show equations us-
ing exponentials in Sect. 3.1 and 3.2.

We present the equations in the main text without decay
because the equations with and without decay describe the
same general behaviour, but the equations without decay are
easier to follow. The equations with decay are presented in
the Supplement, and WeCode includes radioactive decay in
all calculations.

No-weathering case

In the absence of weathering, the weathering fluxes are zero,
such that WR and WB= 0 and D = EB = ER. The average
nuclide concentration in the regolith is the sum of the nu-
clide concentration at the regolith–bedrock interface and the
production within the regolith. This results in

〈NR〉 =N0+〈PR〉× τR, (2)

with

N0 =
∑
i

(
Pi(0)3i
D

)
e−mR/3i (3)

describing the nuclide concentration at the regolith–bedrock
interface, and with

〈PR〉 =
∑
i

Pi(0)
(
3i

mR

)(
1− e−mR/3i

)
(4)

describing the average production rate within the well-mixed
regolith, and the regolith residence time:

τR =
mR

D
. (5)

3.2 Weathering at regolith–bedrock interface

If weathering occurs exclusively at the regolith–bedrock in-
terface, the denudation rate will be D = EB+WB. Sediment
comes into the regolith at flux EB with the same concentra-
tionN0 as in the no-weathering case. Therefore, the sediment
flux into and out of the regolith goes down for a givenD due
to weathering at the regolith–bedrock interface. The modified
regolith residence time is

τR =
mR

EB
=

mR

D−WB
. (6)

This expression states that τR increases by a factor ofDB/EB
compared to the no-weathering case. At steady state, the re-
golith CRN concentration is

〈NR〉 =N0+〈PR〉×
mR

D−WB
. (7)
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Figure 3. The percentage of CRN concentration increase due to weathering at the regolith–bedrock interface compared to a no-weathering
scenario. The percentage of CRN increase is plotted for different fractions of regolith–bedrock weathering with respect to denudation and
different regolith masses. Contour lines every 20 %; above 200 % (thick line) the contours are every 100 %.

Because EB <D, the CRN concentration increases com-
pared to the no-weathering scenario. Figure 3 shows this
behaviour for different regolith masses and fractions of
regolith–bedrock weathering with respect to the total de-
nudation rate, D. For weathering fractions of 30 %, the bias
in CRN concentration compared to a no-weathering scenario
is less than 25 % for all regolith masses. However, for thick
regolith, the corrections become larger than 100 % (Fig. 3).
It is important to note that there is no difference between the
denudation rate predicted by the soluble and insoluble target
minerals in this simplified scenario. The insoluble mineral
would be enriched within the regolith due to dissolution of
the soluble target mineral at the interface, but without further
regolith weathering, the regolith residence time and resulting
nuclide concentration would be the same for both mineral
phases.

3.3 Regolith weathering

3.3.1 Homogeneous bedrock case – grain size effects

Consider a homogeneous soluble bedrock where regolith
weathering and erosion occur such that the denudation rate
D = EB = ER+WR. The residence time of a parcel of rock
within the regolith stays identical to the no-weathering sce-
nario, τR =

mR
D

. The average regolith nuclide concentration
will not be affected by regolith weathering because no pa-
rameter in Eq. (2) would change by partitioning the outgoing
regolith fluxes differently. Despite the average nuclide con-
centration staying the same, regolith weathering would affect
the size of grains in the regolith. Grains will lose mass with

time in response to dissolution. A simple way to approximate
weathering is as a mass loss proportional to grain mass such
that

mg(t)=mi× e
−kt , (8)

where mg is the grain mass at time t , mi is the initial grain
mass entering the regolith, and k is a rate constant such that
∂mg
∂t
=mg×k. The regolith weathering rateWR can be related

to k by integrating the mass loss over all grains, and hence,
in practice, requires a known grain size distribution. While it
may be preferable to use an expression that is proportional to
surface area rather than mass, Eq. (8) captures the same gen-
eral behaviour, but is more convenient because all variables
are defined in terms of mass. If weathering is assumed to be
proportional to grain mass, based on Eq. (8), grains never
fully weather away. In nature, grains eventually disappear
at some point; however, this common formulation (e.g. Ga-
bet and Mudd, 2009) captures the general behaviour of older
grains contributing less mass, and generally, the contribution
of infinitesimally small grains to the total concentration is
negligible. A grain can only leave the regolith through re-
golith erosionER. Therefore, the average time a grain spends
within the regolith becomes

τg =
mR

ER
. (9)

It is important to note that this average grain residence time
is always equal to or longer than the average residence time
of a rock parcel. This conceptualization of weathering pre-
dicts that with an increasing percentage of regolith weather-
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Figure 4. Conceptual plots showing the effects of regolith weathering on a homogeneous soluble bedrock for weathering proportional to
grain mass. (a) The average grain mass in the regolith 〈mg〉 will decrease with increasing percentage of weathering WR if all other variables
are fixed, while the average grain residence time 〈τg〉 and therefore grain CRN concentration would increase. However, the average residence
time of regolith mass 〈τR〉 will remain constant. (b) In the absence of weathering, no relationship is predicted between the grain mass and
regolith residence time. Weathering will introduce such a relationship and lead to a decrease in grain size with time (blue line). If regolith
weathering constitutes 50 % of the denudation, the residence time of a grain will double compared to the no-weathering case; however, the
grain will also contribute 50 % less to the total regolith mass. Therefore, no net difference in the average CRN concentration of the regolith
occurs. (c) A CRN sample collected within a certain grain size range can be biased due to weathering. In the case of regolith weathering,
larger grain sizes will, on average, have a lower CRN concentration, that is, at minimum, the nuclide concentration entering the regolith N0.
Sampling the full regolith grain size range would result in the same CRN concentration compared to the no-weathering case. However, a
sample from the coarser end of the grain size range (yellow box) would result in a too low CRN concentration.

ing the average regolith grain size reduces and the grain resi-
dence time increases. The average CRN concentration of the
regolith remains constant because older grains with higher
concentrations contribute increasingly less mass to the total
regolith, and the average residence time of mass (τR) stays
constant. Moreover, weathering of grains will introduce a re-
lation between grain size and the CRN concentration, where
smaller grains will, on average, have higher concentrations
(Fig. 4a), which does not exist for a no-weathering scenario.
Following the assumption that erosion in a well-mixed re-
golith can be conceptualized as random plucking of particles,
the average regolith grain mass can be described as

〈mg〉 =mi× e
−k×

mR
ER =mi× e

−k×τg . (10)

This relationship predicts that the CRN concentration is de-
pendent on grain size, with larger grains having a below-
average and smaller grains an above-average CRN concen-
tration, and it can be solved to determine the relative resi-
dence time of a given initial and final grain mass, i.e. τg =

−k−1
× ln

(
mg
mi

)
. In practice, this means that a CRN sam-

ple would need to be representative of the grain size distri-
bution in the regolith to accurately represent the denudation
rate. Combining Eqs. (2) and (10), one can define the nuclide
concentration of a grain with respect to its mass:

Ng =N0+〈PR〉×
ln
(
mg
mi

)
−k

. (11)

In practice, the collection of an alluvial sample for CRN mea-
surement typically involves the selection of a certain grain
size range. Depending on the relation of the sampled grain
size to the total grain size distribution in the regolith, the
sample will have either a lower or higher CRN concentra-
tion compared to the average regolith (Fig. 4c). For instance,
sampling the coarser end of the regolith grain size distribu-
tion will result in a lower concentration compared to the av-
erage regolith and higher inferred denudation rates. For cases
where grain size decreases systematically with time, only a
sample integrating all grain sizes would result in a nuclide
concentration reflecting the average regolith nuclide concen-
tration.

A similar reduction in CRN concentration with increasing
grain size has been linked to the supply of deep-seated ma-
terial, e.g. from landslides (e.g. Brown et al., 1995; Belmont
et al., 2007; Aguilar et al., 2014; Puchol et al., 2014). Other
studies have discussed a grain size reduction during sediment
transport and weathering-facilitated sediment breakdown in
the regolith (e.g. Carretier et al., 2009; Carretier and Regard,
2011; Lukens et al., 2016; Sklar et al., 2017; Lupker et al.,
2017). The case presented here is more similar to the latter
phenomenon, and in our model, the magnitude of this grain
size bias increases with the weathering intensity. Thick soils
and a high fraction of regolith weathering compared to the
total denudation lead to a large grain size bias. Areas with
thin soils or low weathering intensities have negligible grain
size bias.
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3.3.2 Regolith weathering in mixed bedrock mineralogy

Most carbonate-bearing rocks contain a mix of soluble and
insoluble minerals. Let us consider the same regolith weath-
ering scenario as in Sect. 3.3.1, but now with a bedrock
containing minerals of heterogeneous weatherability. In this
case, the soluble minerals would be depleted in the re-
golith because they are removed by erosion and weather-
ing, whereas the insoluble minerals, only affected by ero-
sion, would be enriched (Riebe and Granger, 2013). The en-
richment and depletion of minerals in the regolith involve a
change of regolith residence time for the different minerals
by a factor XR/XB (concentration ratio of mineral X in re-
golith, XR, and bedrock, XB). We can rewrite Eq. (1) for the
average regolith CRN concentration measured in the target
mineral X using the more accurate depth integration formu-
lation of the production rates instead of exponential approx-
imations. In this case, the concentration of nuclides at the
regolith–bedrock interface is the sum of nuclide concentra-
tions produced through different production pathways i, in-
tegrated from the regolith residence time until infinity (past
defined as positive values), such that

N0 =
∑
i

∞∫
τ

Pi (mR+Dt)dt. (12)

The number of atoms produced in the regolith is the integral
of the average regolith production rate (〈Pi,R〉) from present
to the bulk average regolith residence time, modified by the
enrichment/depletion factor (XR/XB), which accounts for a
target mineral residence time that differs from the average.
Hence, the average nuclide concentration of a target mineral
X in the regolith is

〈NR,X〉 =
∑
i

XR

XB

τ∫
0

〈Pi,R〉dt +N0, (13)

where the first term describes the nuclide accumulation
within the regolith, and the second term is the CRN concen-
tration from the advection of rock to the regolith–bedrock
interface. This expression shows that measuring a nuclide
concentration on a target mineral with a higher weatherabil-
ity than the average bedrock will yield a CRN concentration
lower than in a no-weathering scenario, and a less weather-
able mineral will accumulate a greater nuclide concentration
(Fig. 5). This occurs because the mean residence time for a
soluble mineral decreases relative to the bulk regolith resi-
dence time, while the residence time for an insoluble mineral
increases relative to that of the bulk soil.

Following Riebe et al. (2003), we can write the mass bal-
ance for the mineral X as

ER×XR+WR,X =XB×DB, (14)

with WR,X as the regolith weathering rate of mineral X. As-
suming the bedrock is a two-component mix of an insoluble

mineral, I , and a soluble mineral, S, the enrichment factor of
the insoluble mineral I (WR,X = 0) will be

IR

IB
=
D

ER
=

1

1− WR
D

. (15)

The insoluble mineral cannot be enriched to more than 100 %
of the regolith composition (XR = 1). Therefore, we can de-
fine a minimum denudation rate Dmin that needs to be ful-
filled to remain at a steady state:

1
IB
=

1

1− WR
Dmin

→Dmin =
WR

1− IB
. (16)

The depletion of the soluble mineral S is more complicated.
The depletion factor SR/SB depends on the concentration of
the soluble mineral in either the regolith or bedrock. If we as-
sume the bedrock concentration SB is known, we can rewrite
Eq. (14) to

SR

SB
=
SBD−WR

SBER
=

SBD−WR

SB (D−WR)
. (17)

Equation (15) shows that the enrichment of the insoluble
minerals is a function of the ratio of denudation to erosion,
where denudation needs to be operating at a rate greater than
Dmin. In contrast, Eq. (17) shows that the depletion of the sol-
uble mineral is also a function of the bedrock composition.
We will investigate the effects of this different behaviour in
Sect. 4.

4 Application of weathering corrections

In the previous section, we laid out the theoretical founda-
tion for CRN weathering biases. Below we highlight how the
above equations can be used for practical weathering correc-
tions in regions of non-negligible regolith–bedrock interface
or regolith weathering. We outline how paired-nuclide mea-
surements from a soluble and insoluble target mineral can
be used to calculate the landscape denudation rate as well
as a long-term weathering rate. This method could provide a
new tool to estimate long-term weathering. We also demon-
strate how single-nuclide measurements can be corrected for
weathering. Previous studies performing regolith weather-
ing corrections commonly employed the chemical depletion
fraction (CDF) integrated over the entire regolith (Dixon et
al., 2009; Riebe et al., 2001; Riebe and Granger, 2013). Our
study focuses on the application to limestone regions, where
carbonate dissolution rates are commonly calculated from
stream water chemistry. Therefore, we demonstrate how to
use carbonate dissolution rates for the weathering corrections
of CRN measurements.

WeCode performs all the calculations mentioned above
but also features the possibility to use the traditional CDF
weathering correction. The production rate and scaling cal-
culations are performed using CRONUScalc, and the input
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Figure 5. (a) The percentage change in 10Be concentration compared to a no-weathering case for different regolith masses and ratios of
regolith and bedrock mineral fractions

(
XR
XB

)
at sea level high latitude (SLHL). (b) Conceptual representation of a rock with carbonate and

quartz minerals experiencing regolith weathering. The quartz grains would be enriched in the regolith compared to the calcite. Therefore, a
10Be denudation rate computed from quartz without correction would be lower than the average denudation rate, whereas a 36Cl denudation
rate measured from calcite would be higher.

of CRN data follows the CRONUScalc input scheme. The
current version of the code is written for 10Be in quartz and
36Cl in calcite since these are the most commonly measured
insoluble and soluble target minerals, respectively. However,
the code can easily be expanded to all other nuclides within
CRONUScalc.

WeCode comes with a test data set to illustrate the appli-
cation. The test data are supposed to reflect a typical “dirty”
limestone composition of 70 % calcite, 5 % quartz, and 25 %
clay, where the clay component is regarded as insoluble on
the timescale of nuclide build-up. The denudation rate is
100 mm ka−1, the calcite weathering rate is 50 mm ka−1, the
regolith is relatively thick (200 g cm−2 surface area, equiv-
alent to 133 cm regolith thickness assuming a density of
1.5 g cm−3), and we use a mid-latitude low-elevation loca-
tion (48.585◦ N, 9.250◦ E, 345 m). The scaling scheme for
the test data is Stone (2000). For consistency and computa-
tional reasons, we use a linear error propagation scheme in
line with CRONUScalc, where every parameter is varied by
10 %, and the difference in the result is scaled by the un-
certainty of the same parameter. For computational reasons,
we only include uncertainty from CRN concentration, the
weathering rate, and the spallation production into the error
estimation because we assume these to be the main sources
of uncertainty. However, we acknowledge that the actual un-
certainties might be greater and asymmetrically distributed
and therefore not properly captured by our approach.

4.1 Regolith–bedrock interface weathering

Weathering at the regolith–bedrock interface affects the
build-up of CRNs in the soluble and insoluble target min-
eral in the same way. However, the mineral phases would
be enriched or depleted directly at the interface, and hence
the composition of the regolith would still follow Eqs. (15)
and (17). If the weathering rate is known independently, e.g.
from stream water chemistry or the weathering degree from a
CDF, one can use Eq. (7) in Sect. 2.2 to solve for the correct
denudation rate. A CDF can be applied because it is related
to the depletion of minerals in the regolith:

CDF= 1−
XB

XR
, (18)

and, therefore, Eq. (7) can be adapted for the usage of a CDF
to

〈NR〉 =N0+〈PR〉×
mR

D
×

1
1−CDF

. (19)

This correction requires that the majority of weathering is
concentrated at the regolith–bedrock interface, and the depth
of this interface is known.

Regolith–bedrock interface weathering will lead to an in-
crease in nuclide concentration and an underestimation of de-
nudation rate if not considered, independent of a measured
target mineral. The CRN concentration of our test data pre-
dicts a conventional 10Be denudation rate of 61 mm ka−1 in-
stead of 100 mm ka−1 (assuming no weathering), but with
50 mm ka−1 weathering at the regolith–bedrock interface, the
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Figure 6. Calculation of “true” denudation rates for our test data. (a) Correction for weathering along the regolith–bedrock interface for a
10Be measurement on quartz (could also be applied to 36Cl on calcite). The conventional denudation rate refers to a rate calculated without
weathering correction. (b) Correction for a single-nuclide measurement and regolith weathering. In this case the weathering rate, e.g. from
stream chemistry, needs to be known. (c) Calculation of denudation and weathering rate from a paired-nuclide measurement, where one
target mineral is insoluble and one is soluble. In this case we show the data for a combined measurement of 36Cl on calcite and 10Be on
quartz.

weathering-corrected denudation rate is equal to the correct
value of 100 mm ka−1 (Fig. 6).

4.2 Regolith weathering

4.2.1 Paired-nuclide measurements

The effects of regolith weathering can be corrected with
paired-nuclide measurements on a soluble and insoluble tar-
get mineral. Combining Eq. (13) of the nuclide build-up
with the enrichment-depletion factors of Eqs. (15) and (17)
demonstrates that the enrichment and depletion of the min-
erals depend on the total denudation, weathering rate, soil
mass, and either the bedrock or regolith composition. Knowl-
edge of the soluble and insoluble mineral CRN concentra-
tions, and either the regolith or bedrock composition, results
in an equation system consisting of two CRN build-up equa-
tions and one equation relating the change in composition to
weathering (the exact equations would differ between pro-
viding either bedrock or regolith compositional data). This
system of equations can be solved for the three unknowns of
total denudation, weathering rate, and the mineralogy of the
regolith or bedrock.

For accuracy, we use the standard CRONUScalc depth in-
tegration instead of the exponential production profiles in-
troduced in Sect. 3.1.1. An analytical solution to the equa-
tion system is not possible, and we use an optimization al-
gorithm to solve for the correct combination of parameters.
This approach predicts a weathering rate that integrates over
the same time as the CRN measurements.

Carbonates typically contain a large amount of soluble cal-
cite (or some aragonite or dolomite), a component of clay
that can be regarded as insoluble on the timescale of calcite
weathering and varying amounts of other minerals, such as
quartz. We can therefore expand the two-component system
described in Sect. 3.3.2 and add another insoluble component
X, representing clays for example, such that

QB+XB = (QR+XR)×
ER

ER+WR

= (QR+XR)×
ER

DR
, (20)

QB

XB
=
QR

XR
, (21)

with Q representing the quartz fraction. Equation (21) high-
lights that the ratio of the insoluble minerals stays constant
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between bedrock and regolith. Applying the above equations
to our test data concentrations, we find that the uncorrected
10Be denudation rate would be 61 mm ka−1, whereas the un-
corrected 36Cl denudation rate would be 132 mm ka−1. Com-
bining both CRN measurements with the bedrock composi-
tion yields the correct denudation rate of 100 mm ka−1, with
50 mm ka−1of weathering, where the mineralogy of the re-
golith is predicted from Eq. (20):

0.05+ 0.25= (QR+XR)×
50

50+ 50
, (22)

as there is 10 % quartz, 40 % calcite, and 50 % clay in the
regolith (Fig. 6). The erosion-to-denudation ratio of 1/2 pre-
dicts that quartz and clay get enriched in the regolith by a
factor of 2 compared to the bedrock, whereas calcite gets de-
pleted by 57 %.

4.2.2 Single-nuclide measurement

Insoluble target mineral

Previous studies focused on using an integrated CDF for
weathering corrections on quartz (Dixon et al., 2009; Riebe
et al., 2001; Riebe and Granger, 2013), which we also in-
clude in our code package. However, we highlight how the
weathering correction can also be achieved with a weather-
ing rate, e.g. independently derived from runoff and water
chemistry measurements. This may be desirable in carbonate
regions, where such weathering rate measurements are com-
mon. However, our corrections consider weathering within
the cosmogenic nuclide production zone, and additional cor-
rections are required for deep weathering, as observed in
tropical settings for example (Campbell et al., 2021; Dixon
et al., 2009).

The enrichment of the insoluble target mineral only de-
pends on the ratio of denudation to erosion, and therefore
the weathering rate and the CRN concentration are sufficient
for calculating a denudation rate. This becomes apparent if
we combine the simplified cosmogenic nuclide concentration
Eqs. (2) and (15):

〈NR,X〉 =N0+〈PR〉×
mR

D
×
D

ER
=N0+〈PR〉×

mR

ER

=N0+〈PR〉×
mR

(D−WR)
. (23)

This is the same as Eq. (7) in the regolith–bedrock interface
weathering except forWR replacingWB. In our synthetic data
test with 50 mm ka−1 weathering, the actual denudation rate
would be 100 mm ka−1 in comparison to the conventional
10Be rate of 61 mm ka−1. Similar to the paired-nuclide case,
the mineralogy of the regolith can be predicted if the bedrock
mineralogy is known and vice versa. It is important to note
that for the insoluble target mineral, an increase in denuda-
tion rate, while the weathering rate remains constant, will
always lead to a decrease in CRN concentration. In Eq. (23),

N0 will decrease with increasing denudation, as well as the
second term. The relationship between average nuclide con-
centration in the regolith and denudation rate is monotonic.

Soluble target mineral

In addition to the denudation and weathering rate, the de-
pletion of the soluble target mineral depends on the mineral
composition of the bedrock or regolith. For the soluble target
mineral, this leads to the counterintuitive behaviour where
for a constant weathering rate, the CRN concentration does
not necessarily decrease as denudation increases. If we com-
bine the simplified nuclide Eqs. (2) and (17) in the same man-
ner as above, we get

〈NR,X〉 =N0+〈PR〉×
mR

D
×
SBD−WR

SB(D−WR)

=N0+
〈PR〉mR×

(
1− WR

SBD

)
D−WR

. (24)

An increase in denudation will lower the concentration N0,
whereas depending on the composition, the regolith resi-
dence time may either become shorter due to an increase
in the denudation flux or increase because the soluble target
mineral gets less depleted. For denudation rates just above
Dmin, the depletion factor XR/XB will increase rapidly (less
depletion) and therefore lead to an increase in CRN con-
centration until the maximum possible CRN concentration
(Nmax) is reached at denudation rate DNmax (Fig. 7a). At de-
nudation rates above DNmax the increase in the regolith de-
nudational flux outcompetes the lower depletion, and CRN
concentration decreases (Fig. 7a). In other words, at Dmin,
the soluble target mineral weathers away instantaneously
upon entering the regolith, and an increase in denudation will
lead to a fraction of grains surviving, thereby increasing the
residence time and concentration; a further increase in de-
nudation, however, will lower the residence time and nuclide
concentration again. If we only consider CRN production in
the regolith and neglectN0, which applies to the case of thick
regolith where production in the bedrock is negligible, we
can use Eq. (24) to find the denudation rate with the maxi-
mum nuclide accumulation. Taking the derivative of Eq. (24)
and setting it to zero returns the denudation rate with maxi-
mum nuclide concentration by solving

∂〈NR,X〉

∂D
=−
〈PR〉×mR×

(
SBD

2
− 2WRD+W

2
R
)

SBD2× (D−WR)2

= 0, (25)

with the two solutions

D1 =
WR+WR

√
1− SB

SB

and

D2 =
WR−WR

√
1− SB

SB
, (26)

Geochronology, 4, 455–470, 2022 https://doi.org/10.5194/gchron-4-455-2022



R. F. Ott et al.: Cosmogenic nuclide weathering biases 465

where only D1 is valid because D2 <Dmin.
It follows that for some nuclide concentrations, a soluble

target will have two denudation rate solutions (see Fig. 7a).
If the measured nuclide concentration is below the one ex-
pected for Dmin, there will be a unique solution. We name
the denudation rate above this threshold Dunique and discuss
the implications of this behaviour below.

WeCode checks the input data from soluble target miner-
als and notifies the user if there is more than one solution to
a nuclide concentration. For non-unique solutions, the code
computes both denudation rates. We also provide functions
to calculate Dunique, DNmax , and Nmax for a given set of sam-
ple parameters. WeCode can be used in advance to determine
whether a sampling location is suitable to resolve the correct
denudation rate from a soluble target mineral CRN measure-
ment (e.g. 36Cl).

5 Discussion

We investigated the effects of weathering on soluble and
insoluble target mineral CRN concentrations for different
weathering scenarios. We found that potential corrections
for CRN denudation rate calculations exist, but additional
data are required (i.e. a second isotopic system or indepen-
dent weathering rate or CDF measurements) beyond a single
CRN system measurement. In all cases, one needs an esti-
mate of regolith thickness or mass, and the magnitude of the
corrections increases with increasing regolith mass. We also
show that paired-nuclide measurements offer the possibility
to constrain both denudation and long-term weathering rates.

Weathering along the regolith–bedrock interface is
straightforward to correct for when an independent weather-
ing rate is known. The practical problem is to estimate where
in the weathering zone the majority of weathering is tak-
ing place. Water chemistry measurements by Gunn (1981)
show that most dissolution in carbonates takes place within
the first metres below ground. A qualitative assessment of
whether weathering occurs mostly in the regolith or along the
regolith–bedrock interface could be based on regolith pro-
files in the field, analogous to figure 1, where a gradual grain
size reduction in the profile indicates a dominance of regolith
weathering.

The insoluble target mineral is blind to the difference be-
tween regolith–bedrock weathering and regolith weathering.
Therefore, measuring the insoluble target mineral would be
a simple way of avoiding ambiguity in regard to the weath-
ering scenario. In contrast, the soluble target minerals will
be affected differently depending on the weathering sce-
nario; regolith–bedrock interface weathering would increase
the nuclide concentration, and regolith weathering would de-
crease the nuclide concentration. Therefore, a paired-nuclide
measurement can, in theory, distinguish between the two sce-
narios. If the soluble and insoluble target mineral CRN con-
centrations result in the same uncorrected denudation rate

despite weathering, the result would suggest weathering oc-
curred mainly along the regolith–bedrock interface.

5.1 Grain size bias

Continuous weathering within the regolith should reduce the
grain size of soluble material released from the bedrock. In
Sect. 3.3.1 we highlight that the procedure of selecting a
grain size window for alluvial cosmogenic nuclide measure-
ments may therefore be problematic in areas with significant
weathering, as the grain size will be a function of regolith
residence time.

In practice, this grain size bias would be difficult to cor-
rect because it would require knowledge of the grain size
distribution entering or within the regolith. If, for instance,
the grain size distribution entering the regolith is known and
combined with a weathering model (e.g. weathering propor-
tional to grain surface area), one could calculate the bias in-
troduced by measuring a certain grain size. A paired-nuclide
measurement combined with either an independently derived
weathering rate, or knowledge of the regolith and bedrock
composition, would allow one to evaluate if there is a grain
size bias. A grain size bias would manifest itself through a
predicted weathering rate that is higher than the indepen-
dently derived one and a higher enrichment of insoluble min-
erals in the regolith than measured. Generally, areas with thin
soils and/or low weathering intensity should not be affected
strongly by grain size biases.

5.2 Regolith weathering

We have shown that paired-nuclide measurements of soluble
and insoluble target minerals have the potential to resolve a
denudation rate, as well as a weathering rate. The weather-
ing rate derived from such measurements is on the timescale
of the nuclide build-up and hence a long-term estimate of
chemical weathering within the regolith. The grain size bias
and the magnitude of weathering along the regolith–bedrock
interface should be negligible for the determination of correct
denudation and weathering rates. It is worth noting that the
findings here can be applied to various regions, with mineral–
nuclide combinations beyond the 10Be–quartz, 36Cl–calcite
pair highlighted in this study, e.g. quartz–magnetite, quartz–
feldspar, quartz–pyroxene, or magnetite–olivine.

An important consideration before measuring CRNs for
denudation rates in landscapes with non-negligible weather-
ing is how large the expected corrections and potential errors
would be. Large weathering corrections will come with con-
siderable uncertainty due to the simplicity of the models used
for correction and should therefore be avoided. But what
magnitude of correction should be considered too large?

We propose usingDNmax andDunique as a quantitative mea-
sure of parameter combinations for the soluble target min-
eral, below which the recovery of a meaningful denudation
rate becomes difficult. Ideally, the denudation rate within a
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Figure 7. Weathering impact on the concentration of 36Cl measured in pure calcite at SLHL. CaB = 0.7, QB= 0.3, and mR= 200 g cm−2.
(a) 36Cl concentration versus denudation rate for calcite. The nuclide concentration increases above Dmin until DNmax . At denudation rates
higher thanDunique, 36Cl measurements would be unambiguous. (b)DNmax for the same sample, and a range of weathering rates and regolith
masses. (c) Same as (b) for Dunique.

region for a given regolith mass and weathering rate should
be higher than Dunique for the nuclide concentration to result
in a unique solution for denudation rate. In our synthetic ex-
ample with thick regolith, the depletion factor of calcite for
Dunique (XR/XB) is 0.78, and hence the weathering correc-
tion of the nuclide concentration is only ∼ 22 %. The weath-
ering correction for DNmax is ∼ 55 % of the nuclide concen-
tration in our synthetic data. To avoid ambiguity in the in-
terpretation of calculated denudation rates as well as large
weathering corrections, we advise measuring soluble target
minerals in regions with denudation rates above DNmax , and
ideally above Dunique. The optimal regions for accurate de-
nudation rate calculations are, therefore, areas with high de-
nudation rates, thin regolith, and low to medium weather-
ing rates. The settings that will generally meet these require-
ments for carbonate rocks are areas of moderate to high relief
and temperate to arid climates.

Single-nuclide measurements can be corrected for weath-
ering using independent weathering rates derived from water
chemistry. Chemical weathering rates from water chemistry
integrate over a substantially shorter timescale (hours to a
few years) compared to cosmogenic nuclides. Hence, caution
needs to be observed when combining the two methods. Cli-
mate models can be used to check if climatic conditions, such
as precipitation and temperature, have changed significantly
throughout the cosmogenic nuclide averaging window, and
can help to assess whether water chemistry-derived weather-
ing rates could be biased (Ott et al., 2019).

A small caveat of WeCode is that it does not compute
separate 36Cl production rates for regolith and bedrock. The
change in chemical composition from bedrock to regolith due
to weathering might affect the production rates for thermal
and epithermal neutrons through the change in the fraction
of absorbed neutrons. Most likely, the water content will also
be higher in the regolith compared to the bedrock, which

would increase the fraction of absorbed neutrons and lower
production rates. We did not incorporate separate production
rates for bedrock and regolith to avoid calculating a large set
of production rates and slow down the computation signifi-
cantly. However, for samples with low natural [Cl] or high
water content, the production of thermal and epithermal neu-
trons is low, and the bias in the calculations is likely negligi-
ble. Except for cases of thin regolith, we recommend using
the regolith values because that is where the majority of the
36Cl is produced.

5.3 Other considerations and future research needs

For single-nuclide measurements, site-specific parameters
should be evaluated before choosing which target mineral to
sample. Measuring the insoluble target mineral quartz offers
the advantage of minimizing the potential for a grain size
bias. However, for lithologies with low quartz content, the
enrichment factor and thereby the weathering correction of
quartz will be substantially higher than the depletion factor
for the soluble minerals. For a rock with 5 % quartz, 95 %
calcite, and a denudation-to-erosion ratio of 2

(
D
ER
= 2

)
, the

enrichment factor of quartz in the regolith would also be 2,
whereas the depletion factor of calcite would be 0.95. The en-
richment of quartz would result in a larger weathering correc-
tion, and thus it is preferable to measure the CRN concentra-
tion in the soluble target mineral. This being said, the soluble
target mineral may experience an undesired grain size bias,
introducing a relationship between grain size and nuclide
concentration. Hence, for single-nuclide measurements, the
choice of target minerals should therefore be made based
on site-specific assessments of bedrock composition, regolith
thickness, and the expected range of weathering and denuda-
tion rates.
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Another consideration should be whether the soluble and
insoluble minerals are physically separated during the evo-
lution of the regolith. If, for instance, insoluble minerals are
part of larger rock fragments of soluble minerals while sitting
in the regolith, both mineral phases should have the same
residence time. If minerals are not physically separated in
the regolith, the denudation rates from soluble and insolu-
ble minerals should be equal without weathering corrections.
The same should apply if no mixing or transport of the re-
golith occurs.

For alluvial samples of soluble target minerals such as cal-
cite, it is worth assessing whether secondary mineral pre-
cipitation occurs in the stream sediment. Perennial streams
in limestone regions commonly form substantial amounts of
secondary calcite within the sand fraction (Erlanger et al.,
2021). The high solubility of [Cl] would result in low con-
centrations of [Cl] in the secondary minerals; however, ex-
periments from cave waters suggest that the 36Cl signature
of speleothems would be dominated by meteoric 36Cl (John-
ston, 2010). Therefore, secondary target mineral precipitates
would need to be identified and, if relevant, removed from
the sample before measurement.

Despite these caveats, weathering corrections of single-
nuclide measurements and paired-nuclide measurements
have the potential to expand the range of landscapes for
which we can determine millennial timescale denudation
rates. Several research needs are identified from our study
that will ultimately assess the robustness of such weath-
ering corrections. These research needs are listed as fol-
lows. (1) More measurements of cosmogenic nuclides with
bedrock and regolith mineralogy are needed. Such measure-
ments will help to assess if the simple enrichment–depletion
models for the evolution of the bedrock to regolith com-
position hold up in the field. (2) Paired-nuclide measure-
ments on different target minerals within the same sample
are needed to test the divergence of nuclide concentrations.
In particular, measurements from landscapes with an in-
creasing weathering-to-denudation ratio can be useful to test
the hypothesis that the divergence in nuclide concentrations
would increase, too. (3) Paired-nuclide measurements com-
bined with independent weathering rates can determine if the
weathering rates calculated from cosmogenic nuclides match
other records. (4) More data on the distribution of weathering
with depth, e.g. for carbonate regions, will be helpful to as-
sess the relative importance of regolith and regolith–bedrock
interface weathering in various landscapes. Cosmogenic nu-
clide measurements can contribute to this question because
both weathering scenarios predict a different response of sol-
uble target mineral CRN concentrations. (5) Potential grain
size biases for soluble target minerals should be assessed.
Paired-nuclide measurements can help to gauge grain size bi-
ases and estimate their magnitude. Grain size measurements
of the regolith and along the bedrock regolith interface and
careful selection of sample grain sizes can be a way to quan-
tify this potential bias.

The best conditions to test many of the hypotheses stated
in this study will likely be met in Critical Zone Observato-
ries. Unfortunately, few of them exist in limestone regions,
highlighting the need for more data on regolith composi-
tion and evolution, especially in limestone regions of vary-
ing weathering rates. The same holds true for measurements
of soluble target minerals such as 36Cl in regolith and allu-
vial sediments. Most studies measure 36Cl on bedrock ex-
posures (Avni et al., 2018; Godard et al., 2016; Matsushi et
al., 2010; Stone et al., 1994; Thomas et al., 2018; Xu et al.,
2013) and only a few in the regolith or in alluvial sediments
(Ott et al., 2019; Ryb et al., 2014b, a; Thomas et al., 2017).
Studying limestone regions and other areas with soluble min-
erals is of particular interest because the high weatherability
makes them more susceptible to the interplay of tectonics
and climate (Ott et al., 2019; Simms, 2004). More data on
the weathering biases for cosmogenic nuclides would allow
expanding the calculation of denudation rates to new regions
and improve our understanding of how the partitioning of de-
nudation into erosion and weathering depends on tectonics
and climate.

6 Summary and conclusions

We investigated the effects of chemical weathering on the
nuclide concentration of soluble and insoluble target miner-
als in regolith-covered landscapes. Our main findings are the
following.

1. In the case of regolith–bedrock interface weathering, in-
dependent knowledge of the weathering rate or degree
from a CDF or water chemistry can be used to correct
cosmogenic-nuclide-derived denudation rates indepen-
dently from the target mineral weatherability.

2. In regions where weathering is concentrated within the
regolith, paired-nuclide measurements of a soluble and
insoluble target mineral offer the potential to constrain
the denudation rate as well as a long-term weathering
rate.

3. Previous studies have highlighted how single-nuclide
measurements on insoluble target minerals can be cor-
rected using an integrated CDF value. We expand this
approach and show that weathering rates from stream
chemistry in combination with bedrock or regolith min-
eralogy can be used in the same way.

4. We derive equations that show the relationship between
denudation and the nuclide concentration in soluble tar-
get minerals is non-monotonic. We use this relationship
to map the denudation rates DNmax and Dunique, for var-
ious regolith masses and weathering rates; these can be
used as guidelines for which areas to sample and which
to avoid.
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5. CRN measurements, especially from soluble target min-
erals, in combination with weathering rates, and compo-
sitional data from bedrock and regolith, can be used to
assess the corrections proposed in this study.

Code and data availability. The WeCode software package is
available at https://doi.org/10.5880/GFZ.4.6.2022.001 (Ott, 2022).
All data used in this study are available within the WeCode soft-
ware package.

Supplement. The supplement related to this article is available
online at: https://doi.org/10.5194/gchron-4-455-2022-supplement.

Author contributions. RFO, SFG, and DEG designed the study.
RFO conducted the analysis, developed the WeCode software, and
wrote the manuscript with input from all authors.

Competing interests. The contact author has declared that nei-
ther they nor their co-authors have any competing interests.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Acknowledgements. We thank Jean Braun for discussions about
this study which aided our analysis. We are very grateful for the
graphical abstract designed by Emma Lodes.

Financial support. Richard F. Ott was supported by a contract
from NAGRA (Swiss National Cooperative for the Disposal of Ra-
dioactive Waste) and by the Swiss National Science Foundation fel-
lowship, grant number P2EZP2_191866.

Review statement. This paper was edited by Yeong Bae Seong
and reviewed by Claire E. Lukens and one anonymous referee.

References

Aguilar, G., Carretier, S., Regard, V., Vassallo, R., Riquelme,
R., and Martinod, J.: Grain size-dependent 10Be concen-
trations in alluvial stream sediment of the Huasco Valley,
a semi-arid Andes region, Quat. Geochronol., 19, 163–172,
https://doi.org/10.1016/j.quageo.2013.01.011, 2014.

Avni, S., Joseph-Hai, N., Haviv, I., Matmon, A., Benedetti, L.,
and Team, A.: Patterns and rates of 103–105 yr denudation
in carbonate terrains under subhumid to subalpine climatic
gradient, Mount Hermon, Israel, GSA Bull., 131, 899–912,
https://doi.org/10.1130/B31973.1, 2018.

Balco, G.: Production rate calculations for cosmic-ray-muon-
produced 10Be and 26Al benchmarked against geolog-
ical calibration data, Quat. Geochronol., 39, 150–173,
https://doi.org/10.1016/j.quageo.2017.02.001, 2017.

Belmont, P., Pazzaglia, F. J., and Gosse, J. C.: Cosmogenic 10Be
as a tracer for hillslope and channel sediment dynamics in the
Clearwater River, western Washington State, Earth Planet. Sci.
Lett., 264, 123–135, https://doi.org/10.1016/j.epsl.2007.09.013,
2007.

Braucher, R., Merchel, S., Borgomano, J., and Bourlès, D. L.: Pro-
duction of cosmogenic radionuclides at great depth, Earth Planet.
Sci. Lett., 309, 1–9, https://doi.org/10.1016/j.epsl.2011.06.036,
2011.

Braucher, R., Bourlès, D., Merchel, S., Vidal Romani, J., Fernadez-
Mosquera, D., Marti, K., Léanni, L., Chauvet, F., Arnold, M.,
Aumaître, G., and Keddadouche, K.: Determination of muon at-
tenuation lengths in depth profiles from in situ produced cosmo-
genic nuclides, Nucl. Instrum. Meth. B, 294, 484–490, 2013.

Brown, E. T., Stallard, R. F., Larsen, M. C., Raisbeck, G. M.,
and Yiou, F.: Denudation rates determined from the accumu-
lation of in situ-produced 10Be in the luquillo experimental
forest, Puerto Rico, Earth Planet. Sci. Lett., 129, 193–202,
https://doi.org/10.1016/0012-821X(94)00249-X, 1995.

Campbell, M. K., Bierman, P. R., Schmidt, A. H., Sibello Hernán-
dez, R., García-Moya, A., Corbett, L. B., Hidy, A., Cartas Águila,
H., Guillén Arruebarrena, A., Balco, G., Dethier, D., and Caf-
fee, M.: Cosmogenic nuclide and solute flux data from central
Cuba emphasize the importance of both physical and chemical
denudation in highly weathered landscapes, Geochronology Dis-
cuss. [preprint], https://doi.org/10.5194/gchron-2021-31, in re-
view, 2021.

Carretier, S. and Regard, V.: Is it possible to quantify peb-
ble abrasion and velocity in rivers using terrestrial cos-
mogenic nuclides?, J. Geophys. Res., 116, F04003,
https://doi.org/10.1029/2011JF001968, 2011.

Carretier, S., Regard, V., and Soual, C.: Theoretical cosmo-
genic nuclide concentration in river bed load clasts: Does
it depend on clast size?, Quat. Geochronol., 4, 108–123,
https://doi.org/10.1016/j.quageo.2008.11.004, 2009.

Darwin, C.: On the Origin of Species, 1st edn., Murray, London,
UK, https://doi.org/10.4324/9780203509104, 1859.

Dixon, J. L., Heimsath, A. M., and Amundson, R.: The
critical role of climate and saprolite weathering in land-
scape evolution, Earth Surf. Proc. Land., 34, 1507–1521,
https://doi.org/10.1002/esp.1836, 2009.

Dürr, H. H., Meybeck, M., and Dürr, S. H.: Lithologic composi-
tion of the Earth’s continental surfaces derived from a new digital
map emphasizing riverine material transfer, Global Biogeochem.
Cy., 19, GB4S10, https://doi.org/10.1029/2005GB002515, 2005.

Erlanger, E. D., Rugenstein, J. K. C., Bufe, A., Picotti, V., and Wil-
lett, S. D.: Controls on Physical and Chemical Denudation in a
Mixed Carbonate-Siliciclastic Orogen, J. Geophys. Res.-Earth,
126, e2021JF006064, https://doi.org/10.1029/2021JF006064,
2021.

Gabet, E. J. and Mudd, S. M.: A theoretical model coupling chem-
ical weathering rates with denudation rates, Geology, 37, 151–
154, https://doi.org/10.1130/G25270A.1, 2009.

Godard, V., Ollivier, V., Bellier, O., Miramont, C., Shabanian, E.,
Fleury, J., Benedetti, L., and Guillou, V.: Weathering-limited hill-

Geochronology, 4, 455–470, 2022 https://doi.org/10.5194/gchron-4-455-2022

https://doi.org/10.5880/GFZ.4.6.2022.001
https://doi.org/10.5194/gchron-4-455-2022-supplement
https://doi.org/10.1016/j.quageo.2013.01.011
https://doi.org/10.1130/B31973.1
https://doi.org/10.1016/j.quageo.2017.02.001
https://doi.org/10.1016/j.epsl.2007.09.013
https://doi.org/10.1016/j.epsl.2011.06.036
https://doi.org/10.1016/0012-821X(94)00249-X
https://doi.org/10.5194/gchron-2021-31
https://doi.org/10.1029/2011JF001968
https://doi.org/10.1016/j.quageo.2008.11.004
https://doi.org/10.4324/9780203509104
https://doi.org/10.1002/esp.1836
https://doi.org/10.1029/2005GB002515
https://doi.org/10.1029/2021JF006064
https://doi.org/10.1130/G25270A.1


R. F. Ott et al.: Cosmogenic nuclide weathering biases 469

slope evolution in carbonate landscapes, Earth Planet. Sci. Lett.,
446, 10–20, https://doi.org/10.1016/j.epsl.2016.04.017, 2016.

Granger, D. E. and Smith, A. L.: Dating buried sediments
using radioactive decay and muogenic production of
26Al and 10Be, Nucl. Instrum. Meth. B, 172, 822–826,
https://doi.org/10.1016/s0168-583x(00)00087-2, 2000.

Gunn, J.: Limestone solution rates and processes in the Waitomo
District, New Zealand, Earth Surf. Proc. Land., 6, 427–445,
https://doi.org/10.1002/esp.3290060504, 1981.

Johnston, V. E.: The distribution and systematics of 36Cl in mete-
oric waters and cave materials with an assessment of its use as a
solar proxy in speleothems, University College Dublin, Dublin,
Ireland, 2010.

Lal, D.: Cosmic ray labeling of erosion surfaces: in situ nuclide
production rates and erosion models, Earth Planet. Sci. Lett.,
104, 424–439, https://doi.org/10.1016/0012-821X(91)90220-C,
1991.

Lukens, C. E., Riebe, C. S., Sklar, L. S., and Shuster, D. L.:
Grain size bias in cosmogenic nuclide studies of stream sedi-
ment in steep terrain, J. Geophys. Res. Earth Surf., 121, 978–999,
https://doi.org/10.1002/2016JF003859, 2016.

Lupker, M., Lavé, J., France-Lanord, C., Christl, M., Bourlès, D.,
Carcaillet, J., Maden, C., Wieler, R., Rahman, M., Bezbaruah,
D., and Xiaohan, L.: 10Be systematics in the Tsangpo-
Brahmaputra catchment: the cosmogenic nuclide legacy of the
eastern Himalayan syntaxis, Earth Surf. Dynam., 5, 429–449,
https://doi.org/10.5194/esurf-5-429-2017, 2017.

Marrero, S. M., Phillips, F. M., Borchers, B., Lifton, N.,
Aumer, R., and Balco, G.: Cosmogenic nuclide systematics and
the CRONUScalc program, Quat. Geochronol., 31, 160–187,
https://doi.org/10.1016/j.quageo.2015.09.005, 2016.

Matsushi, Y., Sasa, K., Takahashi, T., Sueki, K., Nagashima, Y.,
and Matsukura, Y.: Denudation rates of carbonate pinnacles in
Japanese karst areas, Nucl. Instrum. Meth. B, 268, 1205–1208,
https://doi.org/10.1016/j.nimb.2009.10.134, 2010.

McLennan, S. M.: Weathering and Global Denudation, J. Geol.,
101, 295–303, https://doi.org/10.1086/648222, 1993.

Ott, R. F.: How Lithology Impacts Global Topography, Vegetation,
and Animal Biodiversity: A Global-Scale Analysis of Moun-
tainous Regions, Geophys. Res. Lett., 47, e2020GL088649,
https://doi.org/10.1029/2020GL088649, 2020.

Ott, R. F.: WeCode – Weathering Corrections for de-
nudation rates V. 1.0, GFZ Data Serv. [code],
https://doi.org/10.5880/GFZ.4.6.2022.001, 2022.

Ott, R. F., Gallen, S. F., Caves-Rugenstein, J. K., Ivy-Ochs, S., Hel-
man, D., Fassoulas, C., Vockenhuber, C., Christl, M., and Willett,
S. D.: Chemical versus mechanical denudation in meta-clastic
and carbonate bedrock catchments on Crete, Greece, and mecha-
nisms for steep and high carbonate topography, J. Geophys. Res.-
Earth, 124, 2943–2961, https://doi.org/10.1029/2019JF005142,
2019.

Portenga, E. W. and Bierman, P. R.: Understanding Earth’s
eroding surface with 10Be, GSA Today, 21, 4–10,
https://doi.org/10.1130/G111A.1, 2011.

Puchol, N., Lavé, J. Ô., Lupker, M., Blard, P. H., Gallo, F.,
and France-Lanord, C.: Grain-size dependent concentration
of cosmogenic 10Be and erosion dynamics in a landslide-
dominated Himalayan watershed, Geomorphology, 224, 55–68,
https://doi.org/10.1016/j.geomorph.2014.06.019, 2014.

Riebe, C. S. and Granger, D. E.: Quantifying effects of deep and
near-surface chemical erosion on cosmogenic nuclides in soils,
saprolite, and sediment, Earth Surf. Proc. Land., 38, 523–533,
https://doi.org/10.1002/esp.3339, 2013.

Riebe, C. S., Kirchner, J. W., and Granger, D. E.: Quantifying
quart enrichment and its consequences for cosmogenic mea-
surements of erosion rates from alluvial sediment and regolith,
Geomorphology, 40, 15–19, https://doi.org/10.1016/S0169-
555X(01)00031-9, 2001.

Riebe, C. S., Kirchner, J. W., and Finkel, R. C.: Long-term
rates of chemical weathering and physical erosion from cosmo-
genic nuclides and geochemical mass balance, Geochim. Cos-
mochim. Acta, 67, 4411–4427, https://doi.org/10.1016/S0016-
7037(03)00382-X, 2003.

Ryb, U., Matmon, A., Erel, Y., Haviv, I., Katz, A., Starinsky, A.,
Angert, A., and Team, A.: Controls on denudation rates in tec-
tonically stable Mediterranean carbonate terrain, GSA Bull., 126,
553–568, https://doi.org/10.1130/B30886.1, 2014a.

Ryb, U., Matmon, A., Erel, Y., Haviv, I., Benedetti, L.,
and Hidy, A. J.: Styles and rates of long-term denuda-
tion in carbonate terrains under a Mediterranean to hyper-
arid climatic gradient, Earth Planet. Sci. Lett., 406, 142–152,
https://doi.org/10.1016/j.epsl.2014.09.008, 2014b.

Simms, M. J.: Tortoises and hares: dissolution, erosion and isostasy
in landscape evolution, Earth Surf. Proc. Land., 29, 477–494,
https://doi.org/10.1002/esp.1047, 2004.

Sklar, L. S., Riebe, C. S., Marshall, J. A., Genetti, J.,
Leclere, S., Lukens, C. L., and Merces, V.: The prob-
lem of predicting the size distribution of sediment sup-
plied by hillslopes to rivers, Geomorphology, 277, 31–49,
https://doi.org/10.1016/j.geomorph.2016.05.005, 2017.

Small, E. E., Anderson, R. S., and Hancock, G. S.: Esti-
mates of the rate of regolith production using 10Be and
26Al from an alpine hillslope, Geomorphology, 27, 131–150,
https://doi.org/10.1016/S0169-555X(98)00094-4, 1999.

Stone, J., Allan, G. L., Fifield, L. K., Evans, J. M., and Chivas, A.
R.: Limestone erosion measurements with cosmogenic chlorine-
36 in calcite – preliminary results from Australia, Nucl. In-
strum. Meth. B, 92, 311–316, https://doi.org/10.1016/0168-
583X(94)96025-9, 1994.

Stone, J. O.: Air pressure and cosmogenic isotope pro-
duction, J. Geophys. Res.-Sol. Ea., 105, 23753–23759,
https://doi.org/10.1029/2000JB900181, 2000.

Thomas, F., Godard, V., Bellier, O., Shabanian, E., Ollivier, V.,
Benedetti, L., Rizza, M., Espurt, N., Guillou, V., Hollender, F.,
and Molliex, S.: Morphological controls on the dynamics of car-
bonate landscapes under a mediterranean climate, Terra Nov., 29,
173–182, https://doi.org/10.1111/ter.12260, 2017.

Thomas, F., Godard, V., Bellier, O., Benedetti, L., Ollivier,
V., Rizza, M., Guillou, V., Hollender, F., Aumaître, G.,
Bourlès, D. L., and Keddadouche, K.: Limited influence
of climatic gradients on the denudation of a Mediter-
ranean carbonate landscape, Geomorphology, 316, 44–58,
https://doi.org/10.1016/j.geomorph.2018.04.014, 2018.

von Blanckenburg, F.: The control mechanisms of erosion
and weathering at basin scale from cosmogenic nuclides
in river sediment, Earth Planet. Sci. Lett., 237, 462–479,
https://doi.org/10.1016/j.epsl.2005.06.030, 2005.

https://doi.org/10.5194/gchron-4-455-2022 Geochronology, 4, 455–470, 2022

https://doi.org/10.1016/j.epsl.2016.04.017
https://doi.org/10.1016/s0168-583x(00)00087-2
https://doi.org/10.1002/esp.3290060504
https://doi.org/10.1016/0012-821X(91)90220-C
https://doi.org/10.1002/2016JF003859
https://doi.org/10.5194/esurf-5-429-2017
https://doi.org/10.1016/j.quageo.2015.09.005
https://doi.org/10.1016/j.nimb.2009.10.134
https://doi.org/10.1086/648222
https://doi.org/10.1029/2020GL088649
https://doi.org/10.5880/GFZ.4.6.2022.001
https://doi.org/10.1029/2019JF005142
https://doi.org/10.1130/G111A.1
https://doi.org/10.1016/j.geomorph.2014.06.019
https://doi.org/10.1002/esp.3339
https://doi.org/10.1016/S0169-555X(01)00031-9
https://doi.org/10.1016/S0169-555X(01)00031-9
https://doi.org/10.1016/S0016-7037(03)00382-X
https://doi.org/10.1016/S0016-7037(03)00382-X
https://doi.org/10.1130/B30886.1
https://doi.org/10.1016/j.epsl.2014.09.008
https://doi.org/10.1002/esp.1047
https://doi.org/10.1016/j.geomorph.2016.05.005
https://doi.org/10.1016/S0169-555X(98)00094-4
https://doi.org/10.1016/0168-583X(94)96025-9
https://doi.org/10.1016/0168-583X(94)96025-9
https://doi.org/10.1029/2000JB900181
https://doi.org/10.1111/ter.12260
https://doi.org/10.1016/j.geomorph.2018.04.014
https://doi.org/10.1016/j.epsl.2005.06.030


470 R. F. Ott et al.: Cosmogenic nuclide weathering biases

Worthington, S. R. H. and Smart, C. C.: Groundwater in
karst: conceptual models, in Encyclopedia of Caves and Karst
Science, edited by: Gunn, J., Fitzroy Dearborn, 399–401,
ISBN 9781579583996, 2004.

Xu, S., Liu, C., Freeman, S., Lang, Y., Schnabel, C., Tu, C.,
Wilcken, K., and Zhao, Z.: In-situ cosmogenic 36Cl denudation
rates of carbonates in Guizhou karst area, Chinese Sci. Bull., 58,
2473–2479, https://doi.org/10.1007/s11434-013-5756-8, 2013.

Geochronology, 4, 455–470, 2022 https://doi.org/10.5194/gchron-4-455-2022

https://doi.org/10.1007/s11434-013-5756-8

	Abstract
	Introduction
	Summary of previous work
	Theory and model
	Model conceptualization and no-weathering case
	Weathering at regolith–bedrock interface
	Regolith weathering
	Homogeneous bedrock case – grain size effects
	Regolith weathering in mixed bedrock mineralogy


	Application of weathering corrections
	Regolith–bedrock interface weathering
	Regolith weathering
	Paired-nuclide measurements
	Single-nuclide measurement


	Discussion
	Grain size bias
	Regolith weathering
	Other considerations and future research needs

	Summary and conclusions
	Code and data availability
	Supplement
	Author contributions
	Competing interests
	Disclaimer
	Acknowledgements
	Financial support
	Review statement
	References

