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Abstract Knowledge of the rates of carbonate rock denudation, the relative apportionment of chemical
weathering versus physical erosion, and their sensitivity to climate, vegetation, and tectonics is essential for
disclosing feedbacks within the carbon cycle and the functioning of karst landscapes that supply important
services to humans. Currently, however, for carbonate lithologies, no method exists that allows to
simultaneously partition denudation into erosion and weathering fluxes at spatial scales ranging from soil to
watersheds. To determine total denudation rates in carbonate landscapes from an individual soil or river sample,
we adapted a published framework that combines cosmogenic meteoric '°Be as an atmospheric flux tracer with
stable “Be that is released from rocks by weathering, to the limestone-dominated French Jura Mountains. By
analyzing water, soil, sediment, travertine, and bedrock for '°Be/’Be, major and trace elements, carbon stable
isotopes and radiogenic strontium, we quantified contributions of Be from primary versus secondary carbonate
phases and its release during weathering from carbonate bedrock versus silicate impurities. We calculated
partitioning of Be between solids and solutes, and rates of catchment-wide (from sediment) and point source
(from soil) denudation, weathering and erosion. Our results indicate that average denudation rates are 300—
500 t/km?/yr. Denudation is dominated by weathering intensity (W/D) ratios of >0.92, and a non-negligible
contribution from deeper (below soil) weathering. Our rates agree to within less than a factor of two with
decadal-scale denudation rates from combined suspended and dissolved fluxes, highlighting the substantial
potential of this method for future Earth surface studies.

Plain Language Summary Carbonate rocks, constituting about 10% of the terrestrial Earth’s
surface, play a crucial role in the short-term carbon cycle by absorbing atmospheric CO, and forming karst
landscapes. These landscapes, supporting 10% of the global population with vital services, remain poorly
understood due to a lack of tools for assessing erosion and weathering rates. In our study of the French Jura
Mountains, we utilized a novel method involving the isotope ratio of '’Be/’Be from the cosmogenic meteoric
19Be, raining onto Earth from the atmosphere at a specific rate, and the stable trace element °Be released from
rocks by weathering, to measure erosion, weathering, and total denudation. Our results indicate an annual soil
and sediment erosion of 300-500 tons per square kilometer, with 90% attributed to rock dissolution
(weathering) and 10% to physical erosion. A non-trivial fraction of weathering appears to happen deep (below
soil). Our new rates agree closely with rates estimated independently from suspended and dissolved river loads.
As such, they demonstrate the considerable potential of the '°Be/’Be technique as a rate meter at Earth’s surface.

1. Introduction

Carbonate rocks comprise about 10% of the land surface (J. Hartmann & Moosdorf, 2012), providing home to 1.2
billion people in 2015, and about 9% of the world's population is supplied by karst waters (Goldscheider
etal., 2020). Yet karst environments are extremely fragile. Karst waters are undergoing rapid change in chemistry
due to environmental change (Jeannin et al., 2016), and at many locations intense land use has led to a trans-
formation of once soil-covered karst into barren landscapes that cannot provide food security. Re-establishment
of a soil layer and hence vegetation cover is however exceedingly slow in carbonate rocks because they contain
little insoluble material (Xiao & Weng, 2007). Globally, carbonate rocks are also important players in the carbon
cycle. Weathering of carbonate rocks induces an uptake of atmospheric CO, similar to that derived from silicate
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weathering, and exerts a profound impact on ocean carbonate chemistry as about 60% of the dissolved solids
transported into the oceans originate from carbonate rocks (Gaillardet et al., 1999). Their weathering thus gen-
erates the largest land-to sea flux of Ca, Mg, and inorganic C. However, the carbonate-sourced CO, withdrawal
does not present a CO, sink over the time scale of millions of years, because the weathering reaction of carbonate
on land is exactly balanced by the precipitation reaction in the oceans (Gaillardet et al., 2018). Carbonate
weathering may still compensate anthropogenic CO, emissions transiently over a few hundreds to thousands of
years (hereafter called “centennial” to “millennial” timescales), before re-precipitation of carbonate in the oceans
(e.g., Archer, 2005; Beaulieu et al., 2012). When coupled to sulfuric acid release by sulfide oxidation, carbonate
weathering can also act as a source of atmospheric CO, (Bufe et al., 2022; Calmels et al., 2007; Nevers
et al., 2021).

Despite this significance of carbonate rock weathering, field estimates of the rates at which carbonate rock
weather are still scarce. In most studies, these rates were determined from stream water chemistry (Binet
et al., 2020; Calmels et al., 2014; Gaillardet et al., 2018; Han & Liu, 2004; J. Hartmann & Moosdorf, 2011). Such
data often require deconvolution of fluxes from non-carbonate sources (e.g., Bufe et al., 2021, 2024), and include
both surficial and deep karst weathering (Bakalowicz, 2015; Gunn, 2013). Studies exploring the dependence of
carbonate weathering on soil depth and environmental variables are very rare, and depend on estimates of time
such as from chronosequences (Jacobson et al., 2002) or reactive transport models (Dong et al., 2019).

In felsic igneous and siliciclastic lithologies denudation rates averaging over millennial time scales of soil for-
mation and erosion have commonly been determined by means of the in situ produced cosmogenic '°Be
(Lal, 1991) over a large range of climatic and tectonic zones (e.g., Bierman & Nichols, 2004; Granger &
Schaller, 2014; von Blanckenburg, 2005) and at nearly all scales from soil plots to very large river basins. For
carbonate rocks that typically do not contain the quartz grains required for these measurements, other isotope
systems are needed.

In pure carbonate lithologies, cosmogenic *°Cl in situ produced in calcite has emerged as the nuclide of choice.
Although its applications are still rare when compared to in situ '°Be in quartz and are focused on sparsely-
vegetated, arid- to semi-arid Mediterranean regions, patterns emerge from a global compilation of bedrock
samples (Yang et al., 2020): where mean annual precipitation rates (MAP) are lower than 700 mm/yr, denudation
rates increase with increasing precipitation rate, while at MAP above 700 mm/yr, carbonate denudation rates are
thought to be mainly controlled by the kinetics of carbonate mineral dissolution. Only three studies so far con-
ducted work in regions where MAP exceeds 1,300 mm/yr (Avni et al., 2019; Matsushi et al., 2010; Thomas
et al., 2018) where denudation rates appear to decrease with MAP. If this decrease is not due to a bias, introduced
for example, by sampling more weathering-resistant rocks like marble, a negative feedback between precipitation
and weathering rate may be in operation. One property regulating such feedback could be vegetation-controlled
soil pCO, (Calmels et al., 2014). Weathering in carbonate landscapes might thus be subject to sensitive feedbacks
with climate and vegetation. However, before potential forcings and responses can be deciphered, two challenges
need to be overcome.

(1) Total denudation rates need to be deconvolved into rates of weathering and erosion. Both in situ cosmogenic
36CI- and "Be in calcite and quartz, respectively, yield the total denudation rate, that is, the sum of weathering
rate and erosion rate. In pure limestone landscapes however, weathering dominates over erosion due to the
high solubility of the constituents of carbonate rock: calcite and dolomite (Stallard & Edmond, 1987). The
contribution of the weathering to denudation must therefore be determined by other means. These involve
chemical depletion fractions (CDF), determined from the abundance of insoluble minerals in soil profiles
(Ben-Asher et al., 2019; Riebe et al., 2003), dissolved loads carried by rivers (Gaillardet et al., 1999; J.
Hartmann et al., 2014), or models coupling laboratory-derived carbonate dissolution rates and climatic and
hydrological parameters such as temperature, runoff, and subsurface carbon dioxide (pCO,) levels (e.g.,
Calmels et al., 2014; Romero-Mujalli et al., 2019).

(2) When using in situ cosmogenic nuclides, a bias in denudation rate determination may be introduced by the
differential solubility of minerals during weathering of impure carbonate. In mixed carbonate-siliciclastic
lithologies, impure carbonates are well-known features (e.g., Gunn, 1981) and recently these landscapes
have received more attention with respect to cosmogenic nuclide-derived denudation rates (Bufe et al., 2022;
Erlanger et al., 2021; Ott et al., 2019). The effect of silicate impurities when using only one nuclide (i.e., >°Cl
in calcite, or '°Be in quartz) is a bias in denudation rate due to different residence times of target minerals in
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soils. Ott et al. (2022) showed that this bias may be corrected for using paired **Cl-'°Be nuclide
measurements.

In this study, we applied for the first time the '°Be(meteoric)/’Be cosmogenic nuclide method to a carbonate
landscape. The '9Be/°Be framework allows for the simultaneous determination of erosion and chemical
weathering rates, and their sum, the denudation rate. The method does not require the presence of a certain target
mineral like quartz or calcite, and it can be applied to bulk soil or sediment, or to water. This approach provides a
major advantage over previous methods that need to invoke additional means to separate erosion from
weathering.

Because here we present the first application of this method to a carbonate landscape we perform thorough
ground-truthing of assumptions needed for carbonate lithologies, and thus employ additional analytical methods.
In detail we use carbon stable isotopes to assess the contributions of stable “Be from primary (bedrock-derived)
versus secondary (re-precipitated) carbonate phases. This is necessary because secondary carbonates, precipitated
from waters, contain Be released during weathering of bedrock, in contrast to non-weathered bedrock composed
of primary carbonate. Further, even “pure” limestone often contains silicate impurities with much higher Be
concentrations than carbonate minerals and differ strongly in their solubility from calcite or dolomite. Hence, we
assess the release of °Be during weathering from carbonate bedrock versus silicate impurities by using radiogenic
strontium isotope (*’Sr/*®Sr) ratios as a conservative source tracer, and together with elemental Be/Sr ratios, we
find that a significant contribution of the Be hosted in Jura secondary carbonates is derived from the dissolution of
silicates, even though the Jura limestone is considered to be very “pure.” We thoroughly evaluate different
carbonate formation pathways and related sources and sinks of Be, and we include the possibility of both car-
bonate and silicate sources contributing Be to solutions. Thus the method is made fit for not only pure carbonate
landscapes, but it should be also directly applicable to mixed siliciclastic-carbonate lithologies.

By deriving new denudation and weathering rates from both soils and sediments for the French Jura Mountains
where precipitation rates exceed 1,000 mm/yr, we fill gaps in our knowledge on the controls over carbonate
weathering and erosion rates.

2. Conceptual Framework for Deriving Erosion Rates E, Denudation Rates D, and
Degrees of Weathering W in Carbonate Lithologies

2.1. The Original Framework

The original framework of von Blanckenburg et al. (2012) is summarized in Figure 1a and an explanation of terms
can be found in Table “Notation.” In this framework, chemical weathering is tracked by the stable “Be that is
released from bedrock in the dissolved form. Dissolved Be is incorporated into so-called “reactive” phases by
adsorption onto surfaces of amorphous or crystalline solids and co-precipitation during secondary solid formation
in soils or rivers, or is exported in the dissolved form. A mass balance of these fluxes can be derived to reflect the
partitioning of *Be initially present in the parent bedrock (9Bepmm) into (a) the reactive phase (°Be,.,.), (b) the
dissolved phase (9Bediss) and (c) the silicate residual phase (°Be,;,), which in terms of fluxes yields:

D x [9Be]parem =EX [gBe]min +EX [9Be]reac + qx [9Be]diss (1)
where square brackets denote the respective Be concentrations, D the denudation rate (in mass/area/time), E the
erosion rate (same units) and q is runoff (in volume/area/time). Normalized by total Be denudation D X [gBe]parem
we obtain non-dimensional fluxes f:

T e @)

min reac diss

The fraction of °Be mobilized from bedrock during weathering is figi + f;iz.

the intensity to which a rock was subjected to weathering, it is a Be-specific “weathering degree.” If, as is the case
in carbonate systems due to the commonly high pH in waters, most of the Be is partitioned into the reactive rather

Because this fraction depends on

9
than the dissolved form then fdii is close to 0. In that case and combining Equations 1 and 2 the Be-specific

. 9Be ’Be . .
weathering degree f ;. + f g is:
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Figure 1. Conceptual sketch of (a) the original '°Be/’Be framework developed by von Blanckenburg et al. (2012) and (b) the scenario for the framework modified for
carbonate lithologies developed in this study. For calculating a denudation rate in (a) the Be from reactive solid phases that has equilibrated with Be from the dissolved

phase, comprising ['°Be]

/[°Be]

reac’

reac

= (("Be/’Be)
COITeSpOHd to [l0Be]reac+carb-ll/[9Be]reac+carb-II = (IOBe/gBe)

reac)s 18 considered. In (b), the phases equilibrated amongst the reactive and secondary carbonate 19Be and *Be pools

reac+carb-1I*

9
9Be ﬁBe _ [ Be]reac (3)
eac iss 9 9

[ Be]reac + [ Be]min

The measurement of reactive meteoric '°Be concentrations ['()Be]reac (in atoms/mass), allows for the quantifi-
cation of erosion rates (in mass/area/time, (Brown, 1987; Willenbring & von Blanckenburg, 2010)), provided that
the depositional flux of meteoric '°Be to Earth surface, F'°Be,, (in atoms/area/time) is known and retention of

19Be 1o the solid phase is complete:

0B,
E — met (4)
[IOBe]reac

As more '’Be sorbs onto fine particles with high surface area than onto coarse grains, ['°Be],.,. depends on grain

reac
size (Willenbring & von Blanckenburg, 2010). Consequently, if a sample taken was previously sorted during for
example, fluvial transport, a biased erosion rate may arise that depends on grain size (e.g., C. Shen et al., 2004;
Singleton et al., 2017; Wittmann et al., 2012). The amount of 19B¢ hosted within the lattice of minerals (i.e., “in
situ” '°Be, the “sister” nuclide of meteoric '°Be) is generally negligible compared to reactive '°Be, such that
['°Be]

min does not need to be determined.

Upon release by weathering both °Be and '°Be are initially present in the dissolved form, and both isotopes will be
attached to reactive surfaces in proportion to their ratio in solution. The advantage of using the isotope ratio is its
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independence from grain size. The Be isotope ratio (‘°Be/’Be), measured in reactive ((‘°Be/’Be),.,.) phases in
soils or transported as river sediment, or in the river dissolved ((*°Be/’Be)y;,) load, then allows for estimating a
denudation rate D, defined as the total chemical and erosional mass loss from a surface or catchment. With the
assumption that most of the Be is partitioned into the reactive rather than the dissolved form, D (in mass/area/
time) can be calculated as:

108
met Be ’Be
D= 10Be 9 X eac +ﬁiiss (5)
(T) X [ BC] t
€ /reac/diss paren

Significant incorporation of Be into a reactive phase is justified in all but low-pH settings (von Blanckenburg

et al., 2012). Partition coefficients K, describe the partitioning of an element between a solid and the dissolved
phase (in volume/mass, for both °Be and '°Be):

_ [Be]reac
Ke= [Bely. (6)

diss

2.2. The Carbonate Framework
When applied to carbonate lithologies, the silicate framework (Figure 1a) has to be adapted for four reasons:

(1) Both carbonate and silicate minerals can contribute to 9Beparem when the host rock is weathered.

(2) °Be and '"Be released during weathering are both precipitated into secondary carbonate phases, termed
Becarp-r-

(3) The residual “min” phase is comprised of a silicate (Be,,;,) and a primary carbonate (Be_,4,.;) component.

(4) The silicate residual phase may contain both primary and secondary clay components (both containing °Be),
but any '°Be remaining in the silicate residual fraction is of secondary clay origin.

When accounting for these reasons in the framework modified for carbonate lithologies (Figure 1b), the fraction

9
[Belyy from Equation 3 then becomes for car-

. . 9 9
of Be released during weathering, termed I;:Be + ﬁii]:: = PBel,_+ PBel_

eac

bonate lithologies:

([gBe]reac + [gBe]carb-lI>

[gBe]reac + [gBe]carb—H + [gBe]min + [9Be]carb—l>

9Be Be _
eac + Earb - (

(7

where [gBe]mﬂ}II is the concentration of secondary carbonate-bound *Be, and [9Be]cmb_I is the concentration of
primary carbonate-bound °Be in a soil or sediment sample.

We now explain the framework for carbonate lithologies and the derivation of Equation 7 in detail, and at the end
of this section present the resulting modified equations for erosion and denudation rate calculations.

(1) Contribution of °Be from silicate impurities to total Be in carbonate parent host rocks. Both carbonate- and
silicate-based Be should in principle be devoid of '°Be, assuming that the age of the limestone exceeds several
half-lives of '°Be (1.4 Myr) and that the rock has not exchanged with meteoric waters since its deposition. For
ZBge, however, the relative contribution of the primary carbonate <(9Be)parem_carb) and the silicate component
(°Be)

9
parent-sil to total Beparent

(gBe)parem = (gBe)parent—carb + (gBe)parent—sil (8)

may have to be determined by means of sequential chemical extraction. The need for sequential chemical
extraction arises because weathering of limestone is likely incongruent, such that the *Be hosted in the
primary carbonate will preferentially be released over that contained in the silicate end member. How much
of the *Be hosted in silicate impurities of the parent carbonate bedrock is actually dissolving and contributing
to the °Be in solution is currently unknown. This question is particularly relevant in the context of
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(@)

siliciclastic-dominated lithology with a significant carbonate component, or vice-versa, a carbonate lithology
containing a significant amount of detrital silicate. In such mixed lithology cases, the contribution of two
sources of *Be (carbonate and silicate minerals) to waters (and thus also secondary carbonates) should be
evaluated. Effects of fast carbonate dissolution relative to much slower release of Be from silicate phases
may however be counterbalanced to some extent by the higher concentrations of “Be in silicate (average of
2.5 pg/g in felsic silicate rock and siliciclastic sediment; (Grew, 2002; Rudnick & Gao, 2004; Staudigel
et al., 1998)) versus carbonate rocks (ranging between 0.48 and 0.68 pg/g; Gao et al., 1998).

We tested how much of *Be contained in silicate impurities of the parent carbonate bedrock is released
during weathering using strontium (Sr) isotope and elemental ratios in mixing calculations (see Section 3.2.2
in Wittmann et al. (2024)). This test is necessary, as even the purest limestone, like that underlying the Jura
mountains, contains silicate residual, and because this test will provide a benchmark for future studies that
focus on mixed lithologies. The radiogenic ®’Sr/*Sr ratio is a conservative source tracer which differs
between silicate and detrital carbonate mineral end members, with strong enrichment of ®’Sr in silicate
minerals. A full Sr method description can be found in the supplement, and results are summarized in
Section 4.2.3. For the following carbonate-based Be framework, it is not mandatory to know how much
dissolved °Be (and thus hosted in secondary carbonates) is derived from the dissolution of silicates.
Contribution of secondary carbonate phases that precipitate from the dissolved pool to the total reactive pool.
As our chemical separation solubilizes both secondary and primary carbonate-bound Be, other methods such
as carbon stable isotope ratios must be used to isolate the Be bound to secondary carbonate.

During limestone weathering, secondary carbonate frequently forms in soil as carbonate nodules and near
karstic springs as travertine where carbonate precipitates due to CO, outgassing. This secondary carbonate
has equilibrated with dissolved Be (both “Be and '°Be) present in soil or riverine solutions, and will
incorporate dissolved Be (both “Be and '’Be) with no measurable isotope fractionation. This Be can be
regarded as part of the reactive Be pool defined in our original framework (von Blanckenburg et al., 2012),
independent of whether it is derived from the dissolution of primary carbonate or silicate impurities (see #1).
The challenge in separating these Be pools arises in that the chemical separation of the carbonate-bound Be
pool by means of acetic acid extraction (Section 3.3) is not specific to secondary carbonate phases, but will
solubilize primary carbonate minerals alike. Thus, the fractions of “Be in sediment and soils that are asso-
ciated with primary (°Bey,;) and secondary (9Be carb-II) carbonate phases, respectively, in the total
carbonate-bound phase (termed °Be,,,) need to be determined:

(gBe)ca.rb = (9Be)curb-1 + (gBe)carb—II ©)

Deriving concentrations (in square brackets) from Equation 9 we relate to the initial total mass of soil or
sediment prior to sequential extraction and digestion, called M,,. Therefore:

_ (gBe)carb—I ( 1 0)

[9 Be] carb Mtol

carb-ll [gBe]

where [°Be] arb.p1 18 the concentration of the secondary carbonate-bound °Be and [*Be] carb 18 the (primary
plus secondary) concentration of carbonate-bound Be, both contained in the total sample mass. The con-
centration of primary carbonate-bound °Be in a soil or sediment sample ((9Be)cmb_I / M,,) is not known, but
can be obtained by measuring the concentration of carbonate-bound Be in parent rock ([gBe]parem_Cmb),
assuming that its composition is representative of the primary carbonate component in soil or sediment. To
do this, as an intermediate step, we introduce the terms M_,,,, | (mass of primary carbonate in a given amount
of soil or sediment sample M,,,) and similarly M_,,,, (mass of total carbonate, i.e. primary plus secondary in a
given amount of soil or sediment sample M,,):

9
[9Be] — [QBG] _ ( Be)carb-l Mearb1 x Meary (1 1)
carb-Il — carb M M M
carb-I carb tot
The ratio h&f{"": in Equation 11 is the mass fraction of primary carbonate in the total carbonate mass in a soil

or sediment sample, termed fp,;;,,, (or 1 — fc, assuming that the summed fractions of secondary (f,..) and
primary carbonate equal 1). The fraction of primary carbonate in the total carbonate can be derived from for
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example, carbon stable isotope ratios ('*C/'%C, i.e. §">C) as secondary carbonate phases (calcite) precipi-
tating in karstic hydrosystems are expected to have a 6'°C very distinct from that of the primary marine
carbonate bedrock. Hence, according to mass balance, f.. and f,;,, can be calculated:

13 13
o Ccarb -6 Ccarb-II

I =1 =
S 13 13
6 Cparcnt-carb - Ccarb-II

(12)

where 6'3Cyp,.11 is the expected & 3¢ of secondary calcite that can be estimated using Equations AS and A6
in Wittmann et al. (2024), and 513Cpmm_wb and 63 C_,y, are the 1*C/'2C isotope ratios of parent bedrock and
soil and sediment, respectively, assuming that §'3C_,, is a binary mixture between secondary calcite and
primary bedrock-derived carbonate. Note that other tracers such as 1€ or ®0 could also be used to make this
apportionment between primary and secondary carbonates.
Further, the ratio ir}gE uation 11 is assumed to be equal to the carbonate-bound °Be concentration of the

B .. . .
L prencarh [°Be] X Myt o1 ch that when combining Equations 11 and 12 it

parent source rock, —gt=- parent-carb * Myentcard

follows:

Mparem-lot > ( 1 3)

[gBe]carb-H = [9Be]carb - % X (1=f) X <[9Be]parent-carb x M
tot parent-carb
The term M_,,/M,,, in Equation 13 accounts for the fact that [°Be] parent-carb, TElates to a different material
([°Be] parent-carb 18 Measured on bedrock samples) compared to [9Be]mb_II and [9Be]Carb (both measured on soil
or sediment) and therefore are given relative to different total solid sample masses.
(3) Quantification of detrital primary carbonate. According to the original framework of von Blanckenburg
etal. (2012), the °Be concentration of the residual silicate “min” fraction (Bepin) has to be determined for °Be
in order to calculate the fractional flux of °Be released by weathering. In carbonate lithologies, however, a
detrital primary carbonate component may remain after weathering, containing *Be at a concentration
[9Be]Carb_I. As one can measure [*Be], ;.. [9Be]wb_I can be calculated as follows:

Mcarb

M
0 _ _ 9 pﬂrenl-tot
Bl = g (1= ) (B X ) a8

. . S . . 9 9 . .
Using this derivation, all quantities needed to determine ﬁelzcc + t;al:lf (Equation 7) are obtained.

(4) Secondary clay formation. Unlike °Be, '°Be is largely absent in the silicate “min” fraction and does not need

to be determined for the silicate framework. For the carbonate framework, primary carbonate-bound '°Be is
cary+ Similarly, during limestone
weathering, a secondary clay component forms and an autochthonous (original) clay component remains
from bedrock. Both the primary and secondary clay components contain primary *Be, but we have no means
to quantify these relative °Be proportions. Importantly, only the secondary clay fraction has equilibrated with

similarly absent in all but the youngest rocks, such that [loBe]Carbﬂ =['"Be]

dissolved Be and is assumed to obtain the same '°Be/’Be as reactive and secondary carbonate Be. As both the
secondary and the primary clay components are contained in the silicate residual fraction remaining after
sequential extractions (Section 3.3), any '°Be remaining in the silicate residual fraction is of secondary clay
origin, therefore termed lOBeclay_H (note that in situ '°Be is negligible in comparison). Hence, for D calcu-
lations only the '°Be/’Be ratio from the sum of reactive and secondary carbonate Be can be used. However,
for calculations based on single '°Be concentrations (and not isotope ratios), such as E, K, and Fni]?e cal-
culations, all three '°Be components have to be taken into account: ['°Be] _ + [IOBe]Cmb_H +[''Be]
(Figure 1).

reac clay-IT

For erosion rates from meteoric '°Be (t/km*/yr), Equation 4 then is modified such that [°Be] car aNd ['°Be] clay-1T

must be added to [wBe]reaC in the denominator:
IOBe
E
E= met (15)
10 10 10
([ Be]reac + [ Be]carb-ll + [ Be]clay-ll)
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When applied to carbonate lithologies Equation 5 becomes:

10Be
9 B
L x (18 + 1) (16)
<T) X [QBC] ¢
€ / reac+carb-I1 paren

where the denudation rate D (t/km?/yr) is calculated assuming that both the carbonate and silicate components of
the parent rock contribute to °Be release to solution. Retentivity to the solid phase is efficient, as pH is high in
carbonate-rich settings (see Section 4.3.2), hence no dissolved °Be loss is included in Equations 15 nor 16. As
shown by von Blanckenburg et al. (2012) ignoring this loss introduces only a minor bias, as '°Be is lost

simultaneously and the bias only affects the the

°Be
eac + 12arb term.

3. Study Area, Samples, and Methodology
3.1. Study Area

The Jura Mountains are a NE-SW oriented fold-and-thrust belt located north of the European Alps in eastern
France and north-eastern Switzerland. They represent a carbonate platform deposited in the Tethys Ocean during
Jurassic-Cretaceous times, and were uplifted to an elevation of up to 1,700 m during the late stages of the Alpine
collision. The main decollement accommodating the uplift zone is located at the base of a thick saline rock layer
of Triassic age. Recent uplift rates range from ca. 0.2 mm/yr (Schlatter et al., 2005) to ca. 0.5 mm/yr maximum in
the south-central area of the Jura (Mathey et al., 2022).

The lithology of the Jura Mountains consists of organic- and clay-poor limestone mainly composed of calcite with
subordinate dolomite of Middle Jurassic (Dogger) and Upper Jurassic (Malm) ages. Two marl layers deposited
during the Lower Jurassic (Lias) and the Oxfordian period form thick impermeable zones at the top of which
spectacular water outflows of the well-developed karst system emerge (Calmels et al., 2014). In the Jura, large
springs draining a vast underground area co-exist with smaller springs. Such smaller karst springs have more
diffusive infiltration patterns where water infiltrates only into the uppermost layer, the “epikarst” layer (A.
Hartmann et al., 2014). In epikarstic systems, the contribution of so-called allochthonous (soil-derived) particles
to the total particulate load in the karst system is high, whereas in larger, deeper karst systems, a major contri-
bution of the total particulate load is from insoluble silicate particles of the karstified host rock (so-called residual
autochthonous clays). Deciphering their mixing and respective origins of residual solids has been attempted using
rare earth element patterns (e.g., Cholet et al., 2018).

Soil depths decrease along the elevation gradient, from about 80 cm in the lowlands to about 30 cm at the highest
elevation (Calmels et al., 2014; Tavant et al., 1994). Soils in the Jura are basic in pH due to the buffering by high
cation concentrations (e.g., Stets et al., 2017) in mountain regions, but can actually be also slightly acidic (pH
around 5) in lowland, oak-covered soils (Calmels et al., 2014). At higher altitudes, roughly along the W-E axis of
Champagnole to Pontarlier, the Jura Mountains were covered by ice during the last glacial maximum (LGM or
Wiirm period) (Ehlers & Gibbard, 2004). In our study area, the Saine and the Doubs catchment areas are located
within this zone of ice cover, and the L'Angillon catchment is located at its fringes. Likely, the ice extension was
more important during the previous (Riss) glacial cycle.

Climate is temperate in the French part of the Jura Mountains. Along an elevation gradient from 300 m a.s.l. to
1,200 m, mean annual temperature decreases from 11 to 5°C, mean MAP increases from 1,000 to 2,200 mm/yr
and water runoff increases from 0.6 to 1.2 m3/m2/yr (Kessler & Chambraud, 1986) (Figure 2). Modern changes in
vegetation along the altitude gradient encompass a change from deciduous forest (mostly oak) at elevations below
800 m to higher elevations where human-cultivated evergreen conifers dominate. The overall dense forest cover
of the Jura Mountains with mean tree stand ages of 5060 years is a result of agricultural abandonment during the
last century (Calmels et al., 2014). In central Europe, climatic conditions during the early-mid Holocene were
generally somewhat wetter than today (e.g., Cheddadi et al., 1996), with a subsequent trend toward colder and
drier conditions in the mid-late Holocene (e.g., Breitenbach et al., 2019). In the last millennium (specifically in the
Jura), climate became more variable with a tendency to slightly wetter conditions than in earlier epochs
(Magny, 1992), but generally encompassing swings from cooler and wetter conditions prior to the warmer and
drier Medieval Warm Period and back to wetter conditions during the Little Ice Age. Since then, climatic
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Figure 2. Topographic map of the study area in the French Jura Mountains with a river network and sampling points, overlain
by (dotted) precipitation contour lines. In the vicinity of each spring (blue circles), water, sediment and soil samples were
collected. Black squares denote bedrock samples that were mainly sampled close to springs or within each catchment. Major
cities (gray triangles) are shown for reference. Loue R. = Loue River.

conditions relatively similar to today prevailed (Magny et al., 2017). These changes in climate apparently did not
result in drastic vegetation patterns changes (Davis et al., 2003), as the main biome types have been temperate
deciduous and cool mixed forests since the mid-late Holocene period (Davis et al., 2015). Vegetation density
however likely increased, with a shift from open/less dense forest to closed, denser forests since the mid-
Holocene to today (Breitenbach et al., 2019).

3.2. Sampling

Our samples comprising bedrock, soil, sediment, secondary carbonates (the secondary carbonate sample type is
referred to as “travertine” from now on), and water roughly cover the area between Champagnole in the SW and
Le Russey in the NE (Figure 2). We focused on the low-elevation Dard, Lison, Dessoubre, and L'Angillon
springs, and the higher-elevation Doubs and Saine springs and their respective drainage areas for sampling. The
Loue River, which is a resurgence of the Doubs, was sampled for sediment near Lods. The Romaine spring (Table
Al in Wittmann et al. (2024)) is located 40 km to the north of the Jura Mountains. We additionally sampled some
smaller epikarstic springs at lower elevations, namely those of Epenoy (Dahon spring), Grand Bief in Lods, and
Les Planches near Arbois (summarized as “Epikarst” in Tables and Figures).

We sampled 3—7 carbonate bedrock samples from outcrops in the drainage area of each spring, in total obtaining

29 bedrock samples, in order to constrain [*Be] for each spring. Prior to sampling from outcrops, the outer

parent
centimeters of bedrock were removed. For the 16 soil samples, we amalgamated several samples taken from an
area of a few square meters within the drainage area of each spring, and sampled the upper 10 cm of the A-horizon
(discarding the O-horizon). Further we sampled 9 sediment samples (mainly sediment that was suspended
manually from the river bed or bank at each spring outlet), and 3 travertine samples from outcrops near the Dard
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and Les Planches spring outlets. Solid (rocks, soil, and sediment) samples and the majority of water samples were
obtained in mid-July 2017, while few other samples were collected in summer 2016. We sampled 10 different
springs for water at their outlets. For two of these we obtained temporal replicates (summer 2016 and July 2017)
(Table Al in Wittmann et al. (2024)).

3.3. Analytical Methods
3.3.1. Bedrock

Prior to crushing, a first check for secondary carbonates using UV light was done for each bedrock specimen. We
used only visibly secondary carbonate-free and the center part of each specimen to exclude weathering effects.
Crushed samples were powdered using a mechanical mill, and oven-dried overnight. Between 0.6 and 1.0 g were
used for chemical extraction. Separation of the carbonate-bound (9Bepmm_wb) from the silicate-bound
(gBeparem_sﬂ) Be fractions was performed following Hohl et al. (2015): Around 15 ml of 1M acetic acid was
slowly added to samples. The pH was checked after bubbling subsided; in case where pH values were neutral or
higher, additional 5 ml of acetic acid were added to ensure acidic pH. Samples were placed in a waterbath at 70°C
for 12 hr. Samples were then centrifuged (20 min), and the supernate containing gBepmm,Carb was filtered through
PTFE syringe filters (pore size 0.45 pm). The residue containing 9Beparem,5i1 was then fully dissolved using HF-
HNOj; mixtures.

Once both fractions were fully dissolved, Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES,
Varian 720ES) measurements were performed using a 3M HNO; matrix for Be, and a 0.3 M HNO; matrix
containing Cs for major element (Ca, Fe, Al, Ti, Zr, Mn, Na, Sr) analysis, respectively. For the carbonate-bound
fraction (containing up to 10,000 pg/g Ca), we used matrix-matched standards and a certified matrix-matched
solution by SPETEC, containing 10,000 pg/g Ca and 5 ng/g Be, as in-house standard and drift monitor to
ensure bias-free Be concentration results. We re-measured about 10% of all samples ca. 2 weeks later to determine
the repeatability of Be analysis and the stability of solutions under such analytically challenging conditions
resulting from the high matrix load of the samples. The difference between the Be concentrations obtained from
the two different OES measurements (and hence the repeatability) was <20% for Be, and did not depend on the
time of measurement.

3.3.2. Soil, Sediment, and Travertine

Soil samples were dried at 60°C, larger roots and leaves were removed, and samples were sieved to <2 mm.
Samples were dried again at 110°C overnight and between 0.3 and 0.6 g were weighed for chemical extraction.
Sediment samples were of silty texture, and were thus not sieved. Only larger (>2 mm) pebbles were removed.
Travertine samples were manually powder-crushed in a mortar. For sediment and travertine, after oven-drying at
110°C overnight, about 0.3 g were used for chemical extraction. A blank and a reference soil material (“San
Joaquin soil,” NIST 2709a) were processed in each batch. The latter is used to internally monitor mainly operator-
dependent Be yields during extractions, as the NIST 2709a is a granitic material and is not certified for Be
concentrations. Mean total *Be concentrations of the NIST 2709a (the sum of all extracted fractions including
“min”) are 1.2 + 0.2 pg/g (1 sigma standard deviation, 1s; n = 3; note a long-term lab-internal mean %1 s is
1.15 £ 0.11 pg/g, n = 11).

We performed 3 subsequent extractions (modified mainly after Bourles et al. (1989), Ebert et al., 2012, Hohl
et al. (2015), and Wittmann et al. (2012)) using different reagents: (1) 1M acetic acid to obtain the (primary and
secondary) carbonate-bound Be (‘°Be,,,,, and °Be.,,), (2) 0.5M hydrochloric acid (HCI) to access amorphous
oxides (IOBe
(IOBe
infer the mass removed during each extraction step. The solid silicate residual remaining after step (3) was

am-ox aNd 9Beam_ox) ,and (3) 1M hydroxylamine-hydrochloric solution to solubilize crystalline oxides

cox and 9Be,(,o,(). After chemical extraction steps (1) and (3), residual samples were dried and weighed to
decomposed using hydrofluoric (HF) and aqua regia mixtures to obtain the Be bound to silicate minerals or clays
(IOBemin and 9Bemin) . The acetic acid extraction on soil and sediment was the same as that for bedrock samples,
with the difference that due to lower sample and carbonate amounts, only 5 ml of 1M acetic acid was used. All
steps following the acetic acid carbonate extraction were performed according to Wittmann et al. (2012). We term

the Be contained in the sum of the amorphous and crystalline oxide phases as reactive Be (loBe and 9Bereac) .

reac
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After complete dissolution of all fractions, “Be was measured using ICP-OES in a 3M HNO, matrix on pre-
weighed splits of the leachates. For ICP-OES measurements of the carbonate-bound fraction, matrix-matched
standards and a certified matrix-matched solution by SPETEC were again used (see Section 3.3.1). Major ele-
ments of all fractions were measured in a 0.3M HNOj; matrix containing Cs. Another split of the leachates was
spiked with 200-300 pg of °Be carrier and then the Be was purified using column chemistry, alkaline precipitation
and conversion to BeO following established methods (e.g., von Blanckenburg et al., 1996). '°Be analysis was
performed by Accelerator Mass Spectrometry (AMS) at the ASTER National Facility (CEREGE, Aix-en-
Provence, France) according to Klein et al. (2008) relative to the standard STD-11 with a nominal 198¢/°Be
ratio of (1.191 + 0.013) x 10~ (Braucher et al., 2015). We processed a total of 10 procedural blanks that yielded
an average '°Be/*Be ratio of (0.7 = 1.1, 1 s) x 107'%, of which amounts were subtracted from sample amounts and
associated uncertainties propagated.

3.3.3. Water

About 10 L of spring water were filtered on the day of sampling using under-pressure Teflon-coated filtration
units with 0.22 pm porosity PSE filter membranes and were thereafter immediately acidified to pH < 2. Water
samples were then split into two aliquots, where one split (200-300 mL) was prepared for quadrupole ICP-MS
(Thermo Scientific ICAP™) °Be analysis using standard addition methods after pre-concentration. Another split
was used for '’Be analysis using AMS. For '°Be splits, 5-8 L of the “JU16” batch (see e.g. Table Al in Wittmann
et al. (2024)) and 0.5-0.8 L of all other water samples were weighed, 200-300 pg of °Be carrier and a FeCl,
solution were added to co-precipitate Be with ferric hydroxide (an approach adapted from Jeandel (1993) and
Frank et al. (2009) developed for ocean water, see Wittmann et al. (2015) for details). After centrifugation, the
precipitate was re-dissolved and then the Be was purified using column chemistry, alkaline precipitation and
conversion to BeO following established methods (e.g., von Blanckenburg et al., 1996). Analysis of '°Be in the
“JU16” water batch (n = 4) was carried out using the AMS facility at Cologne University (Dewald et al., 2013)
relative to standards KNO1-6-2 and KNO1-5-3, with '°Be/’Be ratios of 5.35 x 10~ and 6.32 X 10", respec-
tively. A batch-specific procedural blank with a '°Be/”Be AMS ratio of (8.7 + 1.0) x 10~"° was subtracted and
uncertainties propagated. All other water samples were measured at the ASTER National Facility (see Sec-
tion 3.3.2), and corrected using a total of 4 procedural blanks with an average '°Be/’Be AMS ratio of only
(0.4 +0.28) x 107",

4. Results
4.1. Bedrock
4.1.1. Major Element Composition of Bedrock

From major elemental analysis for rocks, molar (Mg/Ca),,, ratios (i.e., for the total rock composition summing
the “carb” and the “sil” fractions) obtained are on average 0.037, classifying the Jura bedrock as carbonate rock
type, with dolomite (that would have Mg/Ca of >1) being largely absent. The elemental composition of rocks is
given in Table A2 (Wittmann et al., 2024).

4.1.2. °Be Concentrations in Bedrock

The average [gBe]parem_Carb is 24 + 21 ng/g (1s) for all samples, whereas the average [°Be] fraction is

parent-sil
42 + 27 ng/g for all samples (see Figure 3 for values for each spring). In Figure 3 we show the average and 1s for
each spring and corresponding catchment for these two fractions as well as the total (summed
[*Be]
lower than [*Be] parent.sit (Figure 3). In the Dessoubre, L'Angillon, Doubs and the Epikarst sites, both [°Be]

9 9 : 9
parent-carb T ["Be] parentsil)  BCparent- When averaged for each spring, ["Be] parent-carb, ValUES are ca. 30%-50%

parent-carb
and [9Be]parem’s” are highly variable.

4.2. Soil, Sediment, and Travertine

4.2.1. Major Elemental Concentrations in Soil, Sediment, and Travertine

For soil, sediment, and travertine, all absolute (i.e., relative to the initial solid sample mass) concentrations of
major elements are given in Table A3 and shown in Figure S1 in Wittmann et al. (2024). In the carb fraction of
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Figure 3. °Be concentrations (in ng/g total sample) of the primary carbonate phase (“[gBe]parem_CMb,” black symbols,
extracted from powdered rocks using acetic acid), and of the silicate phase (“[QBe]pmm,sil,” gray symbols, obtained from
residual remaining after acetic-acid extraction) for each site. Below each site, the average + Std.Error is given. Epikarst sites
comprise the GrandBief/Les Planches areas. The denominator mass is the initial solid sample weight (Table A2 in Wittmann
et al. (2024)) in all cases. Note that there is no correlation of Be concentration with stratigraphic section age (Table A2 in
Wittmann et al. (2024)).

soil, sediment, and travertine, Ca is the most abundant element, followed by Mn, Mg, and Na. Al K, and Fe show
the lowest relative contributions. The reac fraction of soils and sediments is characterized by relatively high
concentrations of Fe, Mn, and Al, indicating the presence of Fe-Mn-Al-oxy-oxyhydroxides extracted during
sequential leaching. Regarding the min fraction, the most abundant elements are Al (4.9, 1.9, and 1.0 wt% in soil,
sediment, and travertine, respectively), Fe (3.0, 1.6, and 0.7 wt%, respectively), and K (0.6, 1, and 0.2 wt%,
respectively). These elements, together with Na, comprise the main elements in the min fraction and suggest that
smectite-type clay minerals were present in bedrock (see Figure S2 in Wittmann et al. (2024)). The concentrations
of for example, Al, Fe, K, and Na in the min fraction of soil and sediment exceed the concentrations in bedrock by
a factor of 10-20 (Tables A2 and A3 in Wittmann et al. (2024)) is due to the large fraction of calcite dissolved
during weathering, thereby relatively enriching the sparely soluble clay minerals and the elements contained
therein. We also calculated the relative fractions (%) of carbonate-bound (carb), reactive (reac, sum of am-ox and
x-0x), and silicate-bound (min) elemental concentrations by dividing each by the total (sum of carb, reac, and
min) of elemental concentrations (Table A4 in Wittmann et al. (2024)).

4.2.1.1. Comparison of Elemental Concentrations in Rock, Soil, Sediment, and Travertine

We used Al and Be elemental concentration data after normalization to Ca concentrations to compare the
composition of the carbonate- and silicate-bound pools of rock, soil, sediment, and travertine (Figure 4). The low
Al/Ca ratios measured in the carb fraction show that our extraction method is efficient in isolating the carbonate
component of the rock, soil, and sediment samples. The fact that the carb fractions lie below the mixing array
defined by the silicate residuals in the Al/Ca-Be/Ca mixing diagram indicates that while the carb fraction is
devoid of Al, it still contains sizable Be, thus bound to carbonate minerals. However, the carbonate phase of soils
yields Al/Ca ratios similar to those obtained from the silicate residual fraction of rocks, indicating that the carb
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Figure 4. Molar Al/Ca versus Be(*1,000)/Ca ratios for the carb (circles) and the silicate residual min (squares) fractions for
rock, soil, sediment, and travertine.

extraction performed on soil samples might have partially dissolved silicate and/or oxide phases present in these
samples. These fractions might carry a geochemical signal that cannot be entirely attributed to a carbonate
component.

4.2.2. Secondary Carbonate Contributions in Soil and Sediment and Resulting °Be Concentrations
4.2.2.1. The Fraction of Secondary to Total Carbonate by Carbon Stable Isotopes

To determine how much of total (primary and secondary) carbonate is secondary carbonate, expressed as the
fraction of secondary to total carbonate f,.., we employed carbon stable isotopes on a subset of samples (Table AS
in Wittmann et al. (2024)). We assume that the stable carbon isotope composition of soil and sediment, termed
be

composition of §'*C_,.;;» and primary, bedrock-derived carbonate with a carbon stable isotope composition

carbs 18 @ mixture of secondary-derived carbonate precipitating from water with a carbon stable isotope

613Cparem-carb'

Measured 6'>C,.,;, are on average —0.8%o in soil and sediment and are distinctly lighter (average of —12.2) in
travertine. Bedrock-&l3Cpmm_Carb is heaviest with an average of 2.21%. (Table A5 in Wittmann et al. (2024)). In
order to solve Equation A6 (Wittmann et al., 2024) for the stable carbon isotope composition of dissolved car-
bonic acid (513CHCO3—) that is needed to derive the stable carbon isotope composition of secondary calcite
(Equation A5, §*C,,.11), the 6"°C of water (dissolved inorganic carbon; §'>Cp;c) was also measured (ranging
from —13.6 to —16.0%0; Table A5 in Wittmann et al. (2024)). Using Equation 12, we derive f,.. that are, as
expected, highest (0.96) for travertine, indicating that these are almost exclusively composed of secondary

sec

carbonate, whereas f.

sec values are 0.16 for soil and 0.22 for sediment on average (Table A5 in Wittmann
et al. (2024)).

4.2.2.2. Be Concentrations in Soil and Sediment and Proportions of Secondary Versus Primary Carbonate-
Bound °Be

9 ¢

Total °Be concentrations ( [9Be]mtal), that is the sum of the “carb,” “reac,” and “min” fractions, are highest for soil
(average of ca. 1.88 pg/g), followed by sediment (avg. 0.78 pg/g), whereas [9Be]mwll is lowest in travertine

(0.42 pg/g) (Figure 5a, Table A6 in Wittmann et al. (2024)). Among the individual fractions, [°Be] are lowest for
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Figure 5. (a) “Be concentrations (pg/g) and (b) 19Be concentrations (x10° at/g) in the carbonate (“carb,” comprising both
detrital primary and precipitated secondary carbonates), reactive (“reac,” sum of “am-ox” and “x-ox” leachates), and silicate
residual (“min”) fractions stacked for all soil “S,” sediment “P,” and travertine “SC (Secondary Carbonate)” samples,
respectively. For abbreviations see Table A1 (Wittmann et al., 2024). '°Be values were not obtained for the carb fraction of
sample Doubs-S1. Denominator mass is the initial solid sample weight (Table A6 in Wittmann et al. (2024)) in all cases.

the extracted carbonate fraction ([°Be] average of 0.2 pg/g), followed by the reactive fraction ([°Be]

carb? reac’

average of 0.5 pg/g), and are highest in the residual fraction ([°Be] . , average of 0.65 pg/g).

min’

Using the combined results from “Be concentration data and f,

sec (Section 4.2.2.1), we now calculate the Be

concentration associated with secondary carbonate [° Be] . (i-e., relative to the total sample mass, using

Equation 13), and the Be concentration associated with primary carbonate [*Be] | (relative to the total sample

carb-
mass, Equation 14). The latter is released during the acetic acid leach, but actually comprises a part of the primary
(therefore residual) carbonate that should be added to the silicate-bound Be to estimate the “min” compartment in

carbonate lithologies. Results show that the Be contained in soil and travertine is almost fully comprised of
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secondary carbonate-bound Be (Table A6 in Wittmann et al. (2024)). The average ratio of
[9Be]carb_u/ ([9Be]carb_u + [9Be]mb_[) is 94%-99% for soil and travertine. On average, sediments carry a slightly

lower portion of secondary carbonate-bound °Be relative to total carbonate bound-’Be of 68%. Primary
carbonate-bound [°Be] carbs are overall low, comprising a minor fraction of total [°Be]
and 16%. Thus, in general, [*Be] ~ [9Be]carb_u,and [°Be] > [°Be]

carb> Tanging between 1%

carb carb-I carb-I*

4.2.3. Contribution of *Be Released From Silicate Phases

The dissolution of silicates or silicate phases may contribute to the *Be hosted in Jura secondary carbonates (and
to waters). To quantify this contribution, we employed radiogenic 8’Sr/*®Sr. Obtained endmembers for the silicate

(min) fraction are (87 Sr/' 86Sr)min = (0.7257, averaged from all sediment and soil samples (Table S1 in Wittmann

et al. (2024)), and an endmember for primary carbonate (87Sr / 86Sr)Carb_I = 0.7072 is averaged from the “carb”
fraction of all sediment samples (Table S1 in Wittmann et al. (2024)). Note that (a) the “carb” fraction of soil
contains a significant amount of silicate-derived aluminum (see Figure 4, Section 4.2.1), implying that soils have
significantly different 8’Sr/*®Sr ratios (Table SI in Wittmann et al. (2024)) and are thus not used in this calcu-
lation, and (b) even though the “carb” fraction of sediment contains a relatively high fraction of secondary
carbonate (Section 4.2.2.1, 22%), this contribution is ignored here. Nonetheless, the large difference of 879r/80Sr
between silicate and (primary) carbonate is in agreement with the assumption that %’Sr is strongly enriched in
silicate minerals. Assuming that travertine samples were in equilibrium with the dissolved phase while being
formed and comprise only secondary carbonate-bound Sr (in alignment with high f,.. values, Section 4.2.2.1), a
binary mixing equation (Equation A2, Section 3.2.2 in Wittmann et al. (2024)) representing these end members
can be solved for ffdibfl, the fraction of secondary carbonate-hosted Sr that is derived from the dissolution of
primary carbonate, or, vice-versa, the fraction of Sr hosted in secondary carbonates derived from the dissolution
of silicates (1 — fs;;b.l)- ffdib_l values range between 0.975 and 0.986 for the three travertine samples (Table S1 in
Wittmann et al. (2024)), meaning that only between 1% and 3% of Sr (1 — iﬁb_l) hosted in secondary carbonates is
derived from the dissolution of silicates. In a second step, we extend this calculation for Be, by means of elemental
Be/Sr ratios, to calculate the fraction of °Be contained in the silicate end member of the parent carbonate bedrock
released during weathering, fh¢,. , using Equations A3 and A4 in Section 3.2.2 in Wittmann et al. (2024). Values
of f5¢,... range between 0.27 and 0.42 for the three travertine samples. This means that, given the “purity” of the
Jura limestone, a surprisingly large portion of 27%—42% (on average 33%) of the *Be hosted in Jura secondary
carbonates (and thus present in waters) is derived from the dissolution of silicates or silicate phases.

4.2.4. ®Be Concentrations in Soil, Sediment, and Travertine

Total '°Be concentrations ([loBe]total, sum of carb, reac, and clay-II fractions) are highest in soil (average of
1,970 x 10° at/g), followed by sediment (average of 365 X 10° at/g), and are lowest in travertine (average of
240 x 10° at/g) (Figure 5b, Table A6 in Wittmann et al. (2024)). In contrast to [’Be], however, the reactive pool
comprises the majority (ca. 50%—60%, i.e., ~720 x 10° at/g) of ['°Be],,,. Carbonate- and silicate (“clay-II")-
bound '°Be comprise about equal shares of 20%—25% (each ca. 280 x 10° at/g) of ['°Be],o. This substantial
B¢ . fraction is interpreted to be firmly attached to clay minerals that existed in bedrock and that were exposed
to meteoric fluids during weathering. Apparently, this fraction was not solubilized during the extractions pre-
ceding the dissolution by hydrofluoric acid. In carbonate lithologies, the '°Be contained in bulk carbonate phases
(carb) and residual silicates (=clay-II) must thus be added to that of the reactive phase for calculation of E, K, and

10Be .
E.: (Equations 6, 15, and 17).

‘min

4.2.5. ’Be/’Be Ratios in Soil, Sediment, and Travertine

'Be/’Be ratios for the different fractions ((‘°Be/’Be) o, ((°Be/’Be),cues and (‘°Be/’Be) o, reac) are shown in
Figure 6. Note that the (‘°Be/’Be)..;, +reac Tatios were calculated using the sum of ['°Be] from total carbonate- and
reactive-bound '°Be (Section 4.2.4), whereas [9Be] comprises the sum of secondary carbonate- and reactive-
bound *Be (Section 4.2.2).

The '°Be/’Be ratios cover a remarkably narrow range even though 19Be concentrations vary widely between the
different fractions. Average 19B¢/*Be for the carb fraction are 2.14 x 1078 in soil, 2.00 X 1078 in sediment, and

WITTMANN ET AL.

15 of 33



MID
ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Earth Surface

10.1029/2024JF007638

Low elevation springs/sites High elevation springs
o Dard Lison Epikarst Dessoubre| L Angillon Doubs Saine
© 60 1 1 soil 2 soils 4 soils (2x GB, 3 soails 1 soil 1 soil 3 soils [ 60
q,_) ~| 2 sediments 3 sediments 2x Epen.) 1 sediment 1 sediment 2 sediments B
’a -1 1 water 2 water 4 water 1 water 1 water 3 water 1 water -
m -1 1 travertine ('16&°17) 2 travertines (LP) (2x°16; 1x'17) | —
@ ] °e
g @ 5.0 ® soil | | ® -5.0
o 9 — W sediment [ -
. 1 |
X A water | I. ®
- o = . . -
o) 8 4.0 Vv travertine | | — 4.0
g O . | | B
<+ 7] v A B
g 5 | C
(] — -
D (&) 3.0 | ° |
=~ ~ 3.0 . | ® — 3.0
2 3 1 ® M L] Sl -
m 1 ¥ e | ! Teo |4® oo |
S Q@ ] e ©® ¢ oo | AT =  ®e
1
pu ’g i | I ' & A -l, | T L
» o 2.0- Al 1 e @ i, L 20
L < 1 : e ccA , 7 e ”° u L. B
T - - a : S Y Yo -
e 4 'y ne ) '8V e i a H
[0 o - = N ' @ oVvVY W | | J B
m m u A See ® LH . |
o N A Romaine B
a ] Arp =
o — -
—
~ . -
00 T 177 T L T T1T°7 T 177 L T T 1 1T T T 1 1 T OO
2N F L 48"9%‘"(’ D20 L L 2R F P 2R F 5 QL 0 5 Q0 L 0
FP @{bx&(b FLE x@{o F& @rbx&(b Fe @rbx@{b Fee x@{b ¥ &lbx&{b FP @{bx&{b
© S © © S N S
N4 d &* N4 d N &

Figure 6. '°Be/’Be ratios in soil, sediment, travertine, and spring water samples, distinguished by fraction leached (shown on
the X-Axis: dissolved (diss), carbonate (carb), the reactive (reac), and the carb + reac phases). Note that the “Romaine”
spring was only sampled for water and is located N of the Jura, Doubs-S1 was not added (not all fractions analyzed),

GB = Grand Bief, Epen. = Epenoy-Dahon, LP = Les Planches, L = Loue-P1 fractions (Doubs resurgence; only sediment).

3.00 x 107® for travertine samples, respectively. For the reac fractions, average ratios are 2.31 x 107 in soil,
1.29 x 107® in sediment, and 1.50 x 107 in travertine, respectively, where the 1s is 0.1-0.2 x 10~® for each of
these fractions. Therefore, average ratios for the carb + reac fraction are 2.3 x 10~ for soil, 1.5 x 107 for
sediment, and 1.7 X 107 for travertine. Thus, '°Be/’Be ratios among all samples and all fractions (except min-
clay-II) are within a factor of only 3. Averaged over all fractions and sites, '°Be/’Be ratios at the low-elevation
sites are lower (1.2 + 0.7 x 1075, +1 s) than at the high elevation sites (3.4 = 1.1 X 1078, 15, Figure 6).
(IOBC/QBe)min_Cla},_H ratios determined on the silicate residual fraction are 2.5-8 times lower than those of all other
fractions, ranging from 0.15 x 107° to 2.09 x 10~* with a typical Is of 0.03 X 10~* (Table A6 in Wittmann
et al. (2024)).

4.3. Water
4.3.1. ’Be and '"Be Concentrations and '’Be/’Be Ratios in Water Samples

°Be concentrations in water samples [*Be]y;, range from 0.64 to 4.1 pg/g (on average 1.41 + 0.08 (1s) pg/g; Table
A6 in Wittmann et al. (2024)). There was no trend between [°Be] ;. and elevation of the springs. [*Be] ;. results
obtained from samples of the same springs taken in different years (Lison W2a vs. Lison W2b and Doubs W1la/b
vs. Doubs W2) or from lab replicates (Doubs W1la vs. 1b) agree with each other within analytical uncertainty.
19Be concentrations in water samples ([IOBe]diss, Table A6 in Wittmann et al. (2024)) range from 600 at/g
(Epenoy W1) to 1,800 at/g (Saine W1). For [loBe]diSS, low and high elevation spring samples are distinct: with
1,000 + 400 at/g (+1 s) the average ['"°Be], of low-elevation springs is significantly lower than the ['°Be] ;. of
high- and low-elevation springs (1,600 £ 200 at/g).

Resulting (‘°Be/’Be);,, range from 0.61 x 1075 to 3.5 X 10~ (Figure 6, Table A6 in Wittmann et al. (2024)).
Low-elevation springs have (loBf,-/QBe)diss ratios of (1.2 £ 0.5) X 1078 (1 s) and are lower than those of high-
elevation springs ((mBe/gBe)diSS = (2.0 = 1.0) x 107®), similar to the trend observed with sediment and soil-
derived '°Be/’Be ratios (Figure 6).
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We can compare (‘°Be/’Be)y;,, sampled from spring water to '°Be/’Be ratios
from sediment sampled at each spring outlet and at the same time during the
field campaign in 2017 (Figure 7). Note that we did not sample soil water.
Most sediment-derived '°Be/’Be ratios agree with - or are slightly higher than
- those of their corresponding dissolved counterpart. Notably, the
("°Be/’Be) g, versus (‘°Be/’Be),.,. (Figure 7b) and (‘°Be/’Be)y;,, versus
(mBe/QBe)Cmerreac (Figure 7c) agree better than the ratio of the dissolved
versus carb. fraction (Figure 7a). For example, the analyzed ('°Be/’Be),,y, for
sample Dard-P2 is about 1.5 times higher than (‘°Be/’Be)y,,, but its
("°Be/’Be)y;,, agrees well with ('°Be/’Be),.,. and ('°Be/’Be)
respectively (Table A6 in Wittmann et al. (2024)).

carb+reac>

4.3.2. Partition Coefficients for Be and °Be Between Water and
Sediment

Using the dissolved versus solid counterpart samples (sampled at the same
location on the same day, i.e. water vs. sediment), we calculate partition
coefficients K, using Equation 6 modified for the carbonate framework
(Table A8 in Wittmann et al. (2024)). Most log-K values agree well for °Be
and '°Be and range between 5 and 5.5 for the reac and carb + reac fractions
(Figures 8b and 8c). K, values are lowest for the carb fraction (Figure 8a),
where also °Be and '°Be differ in some cases. The best agreement between
log-Kd values for °Be and '°Be is shown for the case were also [IOBe]Clay_II is
also added (Figure 8d).

5. Discussion
5.1. Sources and Sinks of *Be in Carbonate Landscapes

We first discuss the parent °Be concentrations. Our average total (carb + sil)
gBepmm concentration is ~70 ng/g (Table A2 in Wittmann et al. (2024)),
about ~9 times lower than the value for carbonate rocks reported in the
GERM database (https://earthref.org, 0.57 £ 0.15 pg/g (Gao et al., 1998)).
This difference from the global database is likely due to limestones of varying
degrees of purity contained in the database which highlights the need to obtain
site-specific bedrock concentrations. Indeed, regarding the causes for the
observed [gBe]Pmm variability (Figure 3), we find a significant correlation
(correlation coefficient of 0.735) of [QBe]paml_Sil with [Al];, (see Figure S3 in
Wittmann et al. (2024)), a trend that is also apparent in Figure 4. Hence, the
amount of detrital silicate phases contained in carbonate rocks might control
[gBe]parent variability. We can rule out that the presence of dolomite is playing
a role for [gBe]p.drem variability, because all rock samples have consistently
low (Mg/Ca),y (<<1, Table A2 in Wittmann et al. (2024)), indicating the
absence of significant amounts of dolomite. Further evidence for the potential
control of a silicate phase contributing Be to weathering is shown by the high
(average 33%, Section 4.2.3) fraction of the *Be hosted in Jura secondary
carbonates derived from the dissolution of silicates. For a “pure” limestone
setting like the Jura, we regard this value to be significant, with fractions
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Figure 7. '°Be/’Be ratios for dissolved versus sediments (sampled on same day)
(a) (*°Be/’Be) g, versus (‘°Be/’Be),., (b) (‘°Be/’Be);, versus (‘°Be/’Be)
© (IOBe/QBe)chss versus (mBe/L)Be)Caerrreac ("Be/’ Be) a1 4 reac Tai0S were
calculated using the sum of ['°Be] from total carbonate- and reactive-bound '°Be
(Section 4.2.4), whereas [*Be] comprises the sum of secondary carbonate- and
reactive-bound °Be (Section 4.2.2). For the Lison, we used average values from 3
sediment samples (Table A6 in Wittmann et al. (2024)).
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Figure 8. Partition coefficients (log)K calculated from °Be and '°Be concentrations, respectively, for water versus sediments (sampled at same location on the same
day). Soils and travertines are not shown, as these were not necessarily in physical contact with water samples. (a) Dissolved versus the carb fraction, (b) Dissolved
versus the reac fraction, (c) dissolved versus the carb + reac fraction, and (d) dissolved versus the carb + reac +'0Bec18y_”. For °Be, the carb fraction comprises the
secondary carbonate fraction (carb-II) and for '°Be, the total carb fraction is used. In (d), the clay-II fraction is added only for '°Be, accounting for the fact that '°Be
remaining in the silicate residual fraction is of secondary clay origin (Section 2.2, #4).

expected to be even higher in mixed lithologies. In consequence, (a) the silicate contribution to 9BeParem must be
taken into account also in pure limestone settings, that is, it is necessary to use total 9Bepmm from the sum of
primary carbonate ((gBe)parem_carb) and the silicate-derived ((gBe)parem_Sil) Be when deriving denudation rates, and
(b) the approach developed in this paper should be directly applicable to all, pure and mixed, limestone and
siliciclastic-limestone settings. In mixed settings with distinct lithologies, we regard it as essential to characterize
9BeParent for all different rock types existing in a catchment, unless the catchment is so large that the composition
of the upper continental crust can be assumed (Rahaman et al., 2017; von Blanckenburg et al., 2012; Wittmann
et al., 2015).

Another aspect of the contribution of both carbonate and silicate minerals to weathering is that these minerals
might have different residence times within the weathering zone as the degree of dissolution might vary with
depth in the karst and solubility differ between carbonate and silicate minerals. Differences in residence times
have recently been invoked for minerals of different solubilities carrying different in situ-produced cosmogenic
nuclides (Ott et al., 2022). Such bias appears not to affect the '°Be/’Be system: '°Be/’Be ratios between the
dissolved load and the carb + reac fraction of sediments are all very similar within uncertainties (Figure 7c). As
water and sediment are expected to be sourced from different depths in the carbonate dissolution zone, the
carbonate and the silicate reservoir appear to contribute *Be approximately equally to the dissolved pool. Whether
the sedimentary phase analyzed is dominated by particles entrained from soil (allochthonous) or by residual clay
particles after rock dissolution (autochthonous) or to what degree these two components have mixed in the karst
system remains unclear.

5.1.1. Means to Simplify the Carbonate Framework

Several options emerge to simplify the carbonate '’Be/’Be framework presented in Section 2.2. First, in the
Jura it appears that there is no a priori need to separate the primary from the secondary carbonate-bound °Be.
The release of Be during weathering of silicates and primary carbonate leads to quasi-quantitative incor-
poration of °Be into secondary carbonate, meaning that the “carbonate” pool solubilized during the acetic acid
extraction of sediment contains almost exclusively secondary carbonate (i.e., see Section 4.2.2
[®Beleut & [Belewpin and [Beleypn >> ["Beleus.r). Hence, [*Bel..,, can be used as a faithful approxi-
mation of [*Be].» Such that a determination of f.. (Equations 12—14) is not needed. Second, the summed
[gBe]parent ([9Be]parem_carb + [gBe]pmm_sﬂ) can then be used to calculate denudation rates, meaning that strictly
speaking, the carb- versus sil-bound pools of (9Be)palrent do not need to be determined separately by means of
sequential chemical extraction and that a bulk decomposition suffices. However, we observe that in our
research area [gBe]parem are still spatially highly variable, and overall much lower than reported in published
data sets.
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5.2. Exploring Fluid-Solid Interaction With Be and '’Be

In this section we discuss partitioning between the solid and the dissolved phase and the correspondence between
19Be/?Be ratios from sediment samples and the dissolved (spring water) phase.

Partition coefficient (K,) values calculated using either [°Be] or ['°Be] show good agreement (Figure 8), and are
largely independent of the solid Be fraction extracted from sediment that was used for calculation. Further, most
log(K,) values exceed a value of 5 (Figure 8, Table A7 in Wittmann et al. (2024)) which is expected for pH values
of around >7 that were measured for most Jura spring waters (Calmels et al., 2014). Nevertheless, in detail,
differences in K, values are apparent. The (log)K, values for partitioning Be into the carbonate fraction
(Figure 8a) are ca. 0.5 units lower than the (log)K values for the reac fraction (Figure 8b). We regard it as unlikely
that this is due to fast carbonate precipitation kinetics that outcompetes Be sorption as also complete Be sorption
typically occurs within hours (Boschi & Willenbring, 2016; Taylor et al., 2012; You et al., 1989). The likely
reason is entirely different incorporation pathways. Adsorption of Be(OH), (or other Be molecules, see Boschi
and Willenbring (2016)) onto the reac phase may play a crucial role, and will be favored by the high density of
adsorption sites on reactive iron-oxyhydroxide surfaces. In contrast, incorporation of Be into the carbonate-bound
fraction may follow a different pathway, such as the formation of Be-carbonate complexes (Schmidbaur, 2001).
The fact that Be may become a structural constituent of carbonate minerals is apparent from our Sr isotope mass
balance (Section 4.2.3, details in Section 3.2.4 in Wittmann et al. (2024)) showing that Be has a high affinity for
secondary carbonates, even higher than Sr.

The overall good agreement of (loBe/QBe)diSS versus '’Be/’Be measured in the reactive or secondary carbonate-
bound fraction from sediment (Figure 7) shows that chemical equilibrium between Be and '°Be, as well as
between dissolved and phases extracted from sediments sampled on the same day and at the same location has
been attained. In detail, when comparing (‘°Be/’Be) ;, versus ('°Be/’Be),,, about half of the ("°Be/*Be),,,, data
are between 2 and 3 times higher than the corresponding (‘°Be/’Be);,,, whereas when comparing (‘°Be/’Be) ;.
with ('°Be/’Be),,. (Figure 7b) or ("’Be/’Be)
maximum difference of ca. 1.5 times. A difference of a factor of 1.5 was regarded as good agreement in previous

carb+reac (Flgure 7¢), a nearly perfect agreement is observed, with a
studies (Dannhaus et al., 2018; Wittmann et al., 2015), because solids (reactive or secondary carbonate-bound
phases alike) integrate over longer time scales of possibly different conditions, whereas water samples are
instantaneous snapshots of modern conditions. Along the same line, the waters may have accumulated their Be at
different sites than the sampled solids. In any case, the reactive reservoir plays an important role in carbonate
settings. Summing the reactive and the secondary carbonate-bound Be pools provides the best means to estimate
rates of denudation and weathering, consistent with previous studies (Deng et al., 2021).

5.3. The Depositional Flux F'°Be

‘met

For calculation of denudation and erosion rates, a prerequisite is knowledge of the depositional flux (F 1OBemct).
For all calculations in this study, the depositional flux value was read from the average of two adjacent longi-
tudinal cells in the “mean” depositional flux map of Heikkild and von Blanckenburg (2015). This map was
generated from two global circulation model (GCM) runs that is, presents the average from one map generated for
early Holocene (preindustrial) conditions, and one for industrial conditions (see Heikkilid et al., 2013; Heikkild
et al., 2014). The depositional flux from these GCMs is 1.62 =+ 0.08 X 10° at/cm?/yr for the Jura Mountains. Note
that we regard the contribution of recycled '°Be flux contained in dust relative to the total depositional flux to be
minor in the Jura. Dust flux estimations for Central Europe range from 1 g/m*/yr at present-day (Goudie &
Middleton, 2001) to 2.5 g/m?/yr for the past 5-6 Kyr to 8 g/m*/yr in the early Holocene (Le Roux et al., 2012). A
presumed 19Be concentration of 2.1 x 108 at/g (C. D. Shen et al., 2010) in dust would result in a dust contribution
of 1.3% (present-day) to 10% (early Holocene) of the total depositional '°Be flux in the Jura Mountains.

We compared this GCM-derived flux to the export flux of '°Be measured in the Jura and used an approach similar
to Deng, Wittmann, and von Blanckenburg (2020). The approach uses the total solid and dissolved river flux
independently determined by D from river load gauging and the '°Be carried in rivers draining the Jura
mountains:

10 IOBe
Fme]?e =Dx ([ 9 ]) x [gBe]parem x (frzgz +ffa?lc) (17)
[ ] carb+reac
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D in this case comprises the dissolved and suspended load-derived D from river load gauging (kg/m*/yr, Table A8
in Wittmann et al. (2024)), ['°Bel/[°Be] ., +reac 18 the ratio of ['Be).. reac-relay-11 (at/kg, Table A6 in Wittmann
et al. (2024)) and [*Be] 11 +reac (Mg/kg, Table A6 in Wittmann et al. (2024)), respectively, [9Be]parem (in mg/kg)

is the sum of [gBe]parem,S“ and [9Be]pmm,mrh (Table A2 in Wittmann et al. (2024)), and (:[;ZS: + {a]fbe ) is the
fraction of Be released from rock (Table A9 in Wittmann et al. (2024)). The calculated depositional flux is on
average (1.37 £ 0.8) X 10° at/cmzlyr (1 s) when '°Be/’Be ratios from all sediment and soil samples are used in
Equation 17. If '®Be/’Be ratios are sediment-derived, however, average flux values result that are lower
(0.8 £ 0.5 x 10° at/cm?/yr) than the average from only soils (1.75 + 0.8 x 10° at/cm?/yr) (Table A9 in Wittmann
et al. (2024)). This difference may be due to grain size effects, as discussed in the next Section 5.4. Lower
sediment-gauging derived depositional fluxes compared to those from the GCM agree with observations made by

Deng, Wittmann, and von Blanckenburg (2020).

Another means to derive the atmospheric '°Be flux relies on empirical rainfall dependencies as suggested by
Graly et al. (2011). Using a mean latitude of 46.7° and a mean annual precipitation rate of 1,300 mm/yr for low
elevation and 1,700 mm/yr for high elevation Jura sites a depositional flux range of (2.6-3.5) x 10° at/cm®/yr
results, respectively. These estimates are on average a factor of 2 higher than the GCM-based fluxes. For the rates
presented below we thus proceed to use the GCM-based estimate, bearing in mind that the obtained flux might
also be an overestimate (Deng, Wittmann, & von Blanckenburg, 2020).

5.4. Denudation, Erosion, and Weathering Rates From Meteoric 10B¢/”Be Ratios

As an overview, we summarize denudation, erosion, and weathering rates for all soil and sediment samples
averaged for low and high elevation sites in Summary Table 1, along with basic study site characteristics.

Average 19Be/°Be-derived denudation rates D (Equation 16) are 340 + 140 and 730 % 430 t/ka/yr (1s std. dev.)
for soil and sediment, respectively (Figure 9, Table A9 in Wittmann et al. (2024)). Denudation rates from the
Lison exceed these with average values of 540 and 1,270 t/km*/yr for soil and sediment, respectively. Why
denudation rates are so high for the Lison spring is not clear; it is the largest Jura spring in terms of discharge,
draining a massive karst system, but does not have any other obvious differences to the other springs.

Meteoric '°Be-derived erosion rates were calculated using Equation 15. Average erosion rates are much lower
when measured on soil samples (9.4 + 4.2 t/km?/yr, avg. +1 s, Summary Table 1) than those on sediment samples
(55 £ 28 t/krnz/yr). These clear differences result from ['°Be] (Figure 5b) that are much lower for sediment
(["*Be]carb treac-sctayn OF (370 £ 190) x 10° at/g) than for soil ((2,000 + 1,000) x 10° at/g). Soil samples are
regarded to be not affected by sorting (von Blanckenburg et al., 2012), but their ['°Be] may still vary due to grain
size distributions that differ between samples. Given our large data set of soil samples (n = 16) that represent a
variety of local conditions (i.e., sampled horizon, land use, climate, topography etc., Table Al in Wittmann
et al. (2024)) among the different soils, soil-['°Be],., reac-relay-11 Ar€ surprisingly uniform and thus likely
represent a meaningful average for Jura soils. For sediment samples, the much lower ['°Be] may result from
fluvial sorting that may have affected sediment samples. Correcting for riverine sorting is not a trivial task, as one
would have to integrate in space (by means of river depth profiles) and time (by means of time series) in order to
obtain a meaningful mean grain size that is transported by the river (e.g., Brown et al., 1988). In the Jura, data on
grain size distributions are not available, but any attempt to correct for sorting will likely result in E from sed-
iments becoming lower, not higher, if we assume that soil samples with higher ['°Be] than sediment comprise a
more “unsorted” end member of sediment.

Considering that D = W + E, the erosion rate component in total denudation is small relative to weathering in the
Jura and comprises on average only 3% of D for soil, and <7% for sediment. The remainder is considered to be a
weathering rate W (i.e., calculated by W = D — E) that encompasses all surficial and deep dissolution processes.

The resulting average W/D ratios are 0.96 and 0.92 for all soils and sediments, respectively (Summary Table 1).
This means that in the pure limestone setting of the Jura Mountains, weathering fluxes represent the major portion
of total denudation in soils and sediment, and any bias from sorting-affected erosion rates from sediment samples
is assumed to be small. In mixed carbonate-siliciclastic settings, in contrast, physical erosion fluxes may dominate
over weathering fluxes (e.g., Ott et al., 2019; Ryb et al. (2014a) and data summary in Erlanger et al. (2021)).
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Table 1
Summary
Chemical Erosion Denudation
rate W rate E rate D
Elevation of spring (m) Real catchment area (kmz) (t/km2/yr) W/D
Data from gauging (Table A8)
Dard 252 225 148 38 152 0.97
Lison 400 182 207 6.7 214 0.97
Dessoubre 380 615 161 4.7 165 0.97
Angillon 530 105 190 2.5 192 0.99
Doubs 945 48.5 218 3.1 222 0.99
Saine 774 56 345 4.7 350 0.99
Chemical Erosion Denudation
rate W rate E rate D
Sample type and number of samples Fraction of Be released during weathering
for averaging Be,ope + £'Becu, (Vkm?/yr) W/D
Data from meteoric 19Be/Be (Table A9): soil
Dard Soil (n = 1) 0.54 390 9 400 0.97
Lison Soil (n = 2) 0.56 520 13 540 0.98
Dessoubre Soil (n = 3) 0.56 340 11 350 0.97
Angillon Soil (n = 1) 0.46 200 8 210 0.96
Doubs Soil (n = 1) 0.73 150 6.3 160 0.97
Saine Soil (n = 3) 0.59 330 5.0 340 0.99
Chemical Erosion Denudation
rate W rate E rate D
Sample type and number of Fraction of Be released during Deep weathering
samples for averaging weathering °Be,.,. + {*Be (t/km?/yr) W/D contribution (t/km*/yr)"
Data from meteoric 19Be/Be (Table A9): sediment
Dard Sediment (n = 2) 0.46 510 74 560 0.93 160
Lison Sediment (n = 3) 0.44 1220 41 1280 0.95 740
Dessoubre Sediment (n = 1) 0.45 480 21 530 0.93 180
Angillon Sediment (n = 1) 0.46 290 55 330 0.90 120
Doubs Sediment (n = 1) 0.48 280 44 310 0.93 150

Note. 1 Calculated from '°Be/’Be-derived D(sediment) — D(soil), respectively.

The fractions of Be released during weathering (ﬁiff
soil and sediment, respectively. Mainly the soil-derived values are higher than those previously reported for felsic
landscapes from sediment samples (Figure 10). These values provide a combined weathering degree for silicates
and carbonate minerals within the catchments. They reflect the almost complete dissolution of carbonate rock

whilst retaining a significant amount of Be in unweathered silicates (up to 50% of Be; Figure 5a). The comparison

+ f:a?lf , Equation 7) range from 0.57 to 0.44 on average for

to published data comprising only f;?f from felsic and mafic/ultramafic rocks terrains (Figure 10) shows that from

Be

9
a Be mass balance perspective, carbonates have ﬁiff + {4, Values compatible with their high solubility. A similar

carl
observation is apparent in the data sets for the Potomac River basin (Portenga et al., 2019) and the carbonate-rich

Tibetan Plateau (Yang et al., 2024). Portenga et al. found higher (>0.4) ﬂQBe values are found in areas covered by

eac

clastics, carbonates, and volcanic rocks of the Appalachian Plateau (AP), the Valley and Ridge (VR), and the Blue

Ridge (BR) regions. Lowest fe]jf values (ca. 0.3, Figure 10) are associated with the gneissic terrains of the

Piedmont (Portenga et al., 2019), overlapping in data range with global felsic rocks. This also indicates that during
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Figure 9. Denudation rates calculated for soil (in brown) and sediment (in black) (Equation 16, Table A9 in Wittmann
et al. (2024)). The right-hand part shows the mean values for each group and the comparison with gauging-derived D (open
diamonds, calculated from decadal-scale dissolved and suspended fluxes, see Table A8 in Wittmann et al. (2024)).

a reactive sequential extraction without a previous carbonate-specific leach, carbonate phases, if present, could
also be solubilized.

5.4.1. Soil Residence Times and Dust Input to Soils in Limestone Landscapes

To estimate upper and lower bounds of dust input into Jura soils, we combined atmospheric dust fluxes with soil
residence times. To calculate soil residence times, we assume a steady state between soil production at the base
of soils and soil erosion at their surface, thus dividing soil thickness by soil removal rate. In a simple scenario
where all weathering takes place within the soil or regolith layer, a calculation for the Jura leads to soil residence
times ranging from 5.7 to 2.1 Kyr (calculated by dividing the average soil depths of 80 cm for low-elevation soils
and 30 cm for high-elevation soils, respectively, by the average soil-D of 140 mm/Kyr, that was converted
from 340 t/km*/yr assuming a bedrock density of 2.5 g/cm?, Summary Table 1). However, in limestone terrains,
most weathering may happen below the soil layer, while the soil layer that is mainly being composed of residual
silicate particles after rock dissolution, is lowered by erosion. Hence, in an admittedly extreme, “erosion-only”
endmember scenario where Jura soils are affected only by physical erosion (average erosion rate derived from
meteoric '°Be concentrations of 3.8 mm/Kyr, converted from a value of 9.4 t/km?/yr assuming a bedrock density
of 2.5 g/cm®, Summary Table 1) results in Jura soil residence times of up to 80-210 Kyr.

However, weighted mass fractions before and after the acetic acid leach (Table A6 in Wittmann et al. (2024))
show that in the upper soil, on average, 9% of carbonate minerals may remain. This shows that weathering still
takes place within the upper soils. Furthermore, given that soils may have at least partially been removed during
LGM, a steady state assumption is not necessarily justified and hence these “erosion-only”’-derived long residence
times are overestimated.

We thus consider an intermediate post LGM- scenario with an average soil removal rate of 40 t/km?/yr that is a
composite of the erosion rate (9.4 t/km?/yr) and 9% of a weathering rate (D — E = W, ~30 t/km*/yr). Note that soil
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Figure 10. Fraction of Be released during weathering (Equation 7) for Jura soils and sediments, interpreted as Be-weathering
degree, with comparison to published data. Published data comprises solely fQBemC from sediment. Gray lines labeled
“mafic and ultramafic rocks” data is from Dannhaus et al. (2018), and “felsic rocks” data gives the global average (von
Blanckenburg & Bouchez, 2014) extended with data from the Amazon, Ganga and Bermejo basins as well as a Taiwan
catchment underlain by slate (Deng, Yang, et al., 2020; Rahaman et al., 2017; Repasch et al., 2020; Wittmann et al., 2015).
The right-hand part (open diamonds) shows mean values calculated from Portenga et al. (2019) for each physiographic group
(AP- Appalachian Plateau, VR- Valley & Ridge, BR- Blue Ridge, P- Piedmont); closed diamond shows mean data from
Yang et al. (2024) (TP-Tibetan Plateau) with uncertainty derived from the 1 s of each group.

residence times using this composite removal rate of 15 mm/Kyr (converted from 40 t/km?/yr) would be even 19—
50 Kyr. If we assume that this material is supplied into soils at the same rate as a mean (present-day to late
Holocene) external dust flux of ~3 g/m?/yr (equivalent to 3 t/km?/yr), the resulting dust contribution to soils may
be as high as 8%. These considerations show that in regions where dust fluxes are high (e.g., Israel) and erosion
rates are low, the composition of soils may be dominated by dust sources.

5.4.2. Deep Versus Surficial Weathering in the Jura

A long-standing question in karst research revolves around the contribution of deep versus surficial contribution to
total denudation, as solute-derived weathering rates include both components, yet they do not disclose where in the
catchment mineral dissolution takes place (Bauer et al., 2005; Ford & Williams, 2007; Gabrovsek, 2009;
Gunn, 2013; Kaufmann & Braun, 2000). Most work on carbonate dissolution suggests that the majority (50%—90%)
occurs in the upper 10 m of soil and weathered bedrock (for a comprehensive review, see Gunn, 2013). In the Jura,
spring waters are saturated with respect to calcite (saturation indices are very close to 0, see Table S3 in supplement,
Wittmann et al., 2024), and Ca®* concentrations generally do not vary by more than 50% over time (Table A8 in
Wittmann et al. (2024)) while runoff varies by a factor of 3—4 (Calmels et al., 2014). This oversaturation with
respect to calcite indicates a coupling of carbonate weathering to acid availability and a decoupling from physical
erosion (Erlanger et al., 2021). This finding is supported by the high W/D ratios (Summary Table 1) that we find for
the Jura data set. Indeed, already White (1988) related the maximum denudation rate to runoff and pCO,.

The dissolution of rocks directly beneath/in soil is thought to be mainly controlled by changes in s0il-pCO, driven
by changes in vegetation cover and water availability, with only minor influence of temperature. For a given
runoff, higher pCO, in soil under deciduous forest result in higher weathering rates for low elevation sites, and
vice versa. However, Ca/Sr ratios measured in all spring waters in the Jura show large variations, in addition to
pronounced differences in 87Sr/%%Sr ratios between the dissolved, carbonate, and silicate reservoirs (Table S1 in
Wittmann et al. (2024)). Together, these observations can be explained by the precipitation of secondary
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carbonates and dissolution of primary silicate phases in the deep karst system
that affect the Sr budget, while Ca>* concentrations are unaffected (Calmels
etal., 2014). Hence, pCO, is likely set in the local soil, controlling the overall
[] Sediment (Catchment-wide) Ca?" concentration of the dissolved load, while additional dissolution of
O  soils (Surficial) carbonate and silicate minerals in the deeper karst system may not be visible

* Difference (Deep) in the gauging record at each spring.

From our '°Be/’Be-derived denudation rates, the relative contributions of
deep (i.e., below soil) versus surficial (soil) denudation of the karstic land-
scape can be inferred. The deeper component can be calculated from the
difference between denudation rates from soil and those from sediment
(stippled line in Figure 11), assuming that sediment-derived D integrate over
the entire catchment, hence over both deep and surficial weathering pro-
cesses, whereas soil-derived D represent only surficial weathering. An
alternative sediment source, however, are allochthonous stream sediments,
meaning material consisting of particles from soil that are washed into the
karst and subsequentially flushed through the underground karst system. In
> that case the sediment carries in part the '°Be/’Be ratio set in soil and hence

the soil-derived D. The effective sediment denudation rates would be even
higher, however, because these particles would incorporate further Be that

Dard

Figure 11. 19B¢/*Be-derived denudation rates D (Equation 16) for soil and
sediment, and their difference, which we attribute to below-soil weathering.

Lison

features low '°Be/’Be ratios as reflected by water and sediment data
(Figure 6). In any case, the minimum contribution of the deeper component
to total denudation amounts to 28%-58% (Table A9 in Wittmann
et al. (2024)). The minimum absolute flux of the deeper weathering amounts
to 100-150 t/km?/yr across our whole sample set (except the Lison spring,

Dessoubre
L"Angillon

where D are high throughout). Such uniform deep weathering is in agreement

A deeper, below-soil weathering contribution as shown by the stippled line with ongoing dissolution in the deep karst that is unaffected by variations in
accounts for 30%-60% of total weathering. vegetation and pCO, that control weathering in surficial layers.

5.4.3. Comparison of Local Denudation and Weathering Rates and the Influence of Vegetation

Our average '°Be/’Be-derived denudation rates are similar to decadal-scale, gauging-derived denudation rates
obtained from solute measurements complemented by suspended matter concentrations from local Jura springs
(Figure 9, Summary Table 1; Calmels et al. (2014)). The overall agreement between denudation rates from
gauging and those from '°Be/’Be is good, being within a factor of 1-2 for most of the soil and half of the sediment
data, respectively.

However, '°Be/’Be-denudation rates from soils agree better with rates from gauging than our '°Be/’Be-denudation
rates from sediment, that are on average higher than the denudation rates from soils. This can be attributed to the
following potential reasons: (a) '°Be/’Be-derived D from sediment is overestimated if they are subject to some yet
unidentified bias. As mentioned before, the mixing of allochthonous and autochthonous particles and their re-
equilibration with the dissolved '°Be/’Be might set the sediment '°Be/*Be ratio; (b) As also mentioned before,
Ca*" concentrations are thought to be mainly set in the soil due to the pCO, at a given location, potentially
controlled by vegetation type. Additional dissolution of carbonate and/or silicate phases in the deeper karst
reservoir are thus not “visible” in the gauging record, but are recorded in sediment when the '°Be/’Be method is
employed. For the '°Be/’Be system this means that when testing if a vegetation influence on weathering is present,
soil-derived '°Be/’Be should be employed, as sediment-derived '°Be/’Be are likely less sensitive to local soil
conditions. (c) A potentially large uncertainty is associated with the catchment area and the runoff variability in
karst regions, as both parameters are needed to calculate gauging-derived weathering rates whilst often only poorly
known in karst regions (Liu et al., 2020). In the Jura, however, the actually drained “real” catchment areas are
known from for example, tracer experiments for the springs mentioned in Table A8 (Wittmann et al., 2024); (d)
Similarly, combining decadal-scale dissolved Ca*" fluxes from only a few sampling campaigns with suspended
particulate matter concentrations that are highly variable may provide an incomplete record of denudation. Indeed,
in most individual cases (also for soils) all '°Be/’Be-derived D are systematically higher than D from gauging. This
systematic difference is consistent with previous studies that compared millennial-scale in situ '°Be denudation
rates measured on quartz in river sediment with denudation rates from gauging (e.g., Covaultet al., 2013; Wittmann
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Figure 12. Compilation of published in situ->°Cl- derived denudation rates according to sample type/grain size (symbol) and
study region (color) (from Ryb et al. (2014a), Ryb et al. (2014b), Matsushi et al. (2010), J. Stone et al. (1994), J. O. Stone
et al. (1996), Godard et al. (2016), Yang et al. (2020), Ben-Asher et al. (2021), Avni et al. (2019), Ott et al. (2019), Thomas
et al. (2018), Thomas et al. (2017), Xu et al. (2013), and Sadier et al. (2012)). Note that most of the denudation rates
exceeding 100 mm/Kyr (250 t/km?yr) were determined on sediment or weaker limestone lithologies (chalk/dolostones/
flysch; Ben-Asher et al. (2021), Ott et al. (2019), and Ryb et al. (2014a)). The Crete data from Ott et al. includes in situ-1°Be
data for siliciclastic rocks (crossed green squares) for reference.

& von Blanckenburg, 2016). A common explanation is that the longer integration time of cosmogenic nuclides
ensures that rare, high-magnitude erosion events are included in the measurements, while sediment gauging un-
derestimates denudation if these events are not contained in the gauging period (Kirchner et al., 2001); (e) Intrinsic
in this potential time scale bias is a change in discharge through time. If climate and/or vegetation changed (see
Section 3.1), cosmogenic nuclide-derived D would also not necessarily agree with shorter-term gauging-D. Our
'9Be/Be-derived D records weathering and erosion since the mid- to late Holocene where vegetation patterns
remained likely largely similar to today, but how the integrative changes of a heterogenous climate oscillating from
drier to wetter and back in Europe during this period affected denudation rates relative to today is not known.
Nevertheless, we regard this cause as the most likely one for the Jura, because the ratios of weathering to denudation
rates (W/D) obtained from gauging agree with those from meteoric '°Be/’Be mostly within 10% (Summary
Table 1). This means that changes in suspended particulate matter concentrations (recording erosion, reason #4)
cannot play a significant role in modifying W/D while the weathering flux comprises the major portion of total
denudation. Conversely, small changes in runoff may have a big effect on W/D. Due to the different integration time
scales, an agreement between gauging-D and '°Be/’Be-derived D should thus not be expected.

5.4.4. Meteoric-Derived Carbonate Denudation and Weathering in a Global Context

We now compare our '°Be/’Be-derived D to a global compilation of **Cl-derived denudation rates from mainly
bedrock samples (Yang et al., 2020) in carbonate landscapes (Figure 12). We updated this compilation by
including recently published work (Ben-Asher et al., 2021; Ott et al., 2019) and data from sediment samples (for
grain sizes, see Figure 12). Soil data is limited to data from Ben-Asher et al. (2021), but some sampled bedrock
was acknowledged to be covered by soil (Yang et al., 2020). With 150-250 mm/Kyr our denudation rates for soil
and sediment from the Jura Mountains are at the upper end of the global data range. An “upper [carbonate]
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denudation limit of 35 mm/Kyr” (Yang et al., 2020) was previously suggested because rates of carbonate
dissolution may be kinetically limited. Our soil data exceed this limit by more than a factor of 3. Overall, our
19Be/”Be-derived D peak at a MAP of 1,200-1,300 mm/yr, which coincides with the highest denudation rate
values observed in Yang et al. (2020). This high denudation rate zone we marked as gray stippled area in
Figure 12 following Yang et al. (2020), who also suggested that such high denudation rates may be only apparent.
This was attributed to involve recent perturbations or sampling strategy, for example, because stable summits
were sampled in preference over more rapidly eroding hillslopes with slopes >5° (Yang et al., 2020). However,
our data indicate that such high denudation rates may be common, in particular since we obtained them from sites
located under temperate climate and dense vegetation cover. Notably, also our soil-derived D are in the upper
range or even higher than previously determined D for this precipitation range. Thus, our data suggest that
previously reported low denudation rates that were all sampled in more sparsely vegetated regions could be due to
the absence in organic acids, low soil pCO,, and overall reduced water availability that aid to decompose car-
bonate rocks. This is supported by Avni et al. (2019) who, although reporting lower denudation rates in a drier
climate, showed a decrease in denudation rates with increasing precipitation rate. This increase was attributed to a
corresponding increase in vegetation cover and thus higher soil-pCO,.

Overall, the observation that all our sediment-derived denudation rates are significantly higher than those
determined from corresponding soils, attributed to a deep weathering component, suggests that a potentially
significant weathering component may not only be missed by gauging records, but also by cosmogenic nuclide
analyses if they are limited to bedrock, clasts, or soils.

Finally, in regions where MAP > 1,500-1,600 mm/yr, our denudation rates are the first ones to be obtained from
weaker non-metamorphosed carbonate rocks as opposed to those from more weathering-resistant marble (see
Matsushi et al., 2010; Japan data in Figure 12) that show low denudation rates despite high MAP. Our new rates
show a slight decrease in denudation rate with increasing MAP, which may support previous findings that the
control of precipitation strength on denudation rate decreases at higher MAP (e.g., Yang et al., 2020).

6. Conclusions

The '°Be(meteoric)/’Be method offers a major advance for quantification of erosion rates E, weathering rates W,
and denudation rates D in carbonate landscapes. The method does not require the presence of a certain target
mineral for cosmogenic production such as quartz or calcite, and can be applied to bulk soil or sediment samples.
It is suited to both pure limestone and mixed carbonate-siliciclastic settings. With this method, denudation rates
can be determined without the need to invoke extensive and prolonged river gauging, as is the case to date.

With respect to method development, this study' most significant findings are:

(1) We used a sequential extraction step specific for solubilizing total carbonate-bound Be using acetic acid. As
this extraction cannot distinguish between secondary and primary carbonate, we employed carbon stable
isotopes to obtain the fraction of Be associated with secondary carbonate. We find that >90% of total
carbonate-bound Be is bound to secondary carbonate.

(2) Using radiogenic strontium isotope ratios, we found that about a third of the *Be contained in secondary
carbonate is derived from the dissolution of silicate phases, likely clastic impurities such as clays. These
silicate phases also adsorb meteoric '°Be during weathering. With this additional step, the method becomes
applicable to pure limestone as well as mixed carbonate-siliciclastic lithologies.

(3) Total °Be concentrations in bedrock are heterogeneous in the Jura, and are potentially controlled by the
amount of silicate impurities contained in limestone. In limestones studies, gBelJarem must be thus determined
case-by-case on local bedrock.

(4) The analysis of partition coefficients K, between river water and secondary solids for both 9Be and “Be,
respectively, shows that dissolved Be has equilibrated between reactive (amorphous and crystalline Fe-ox-
ides) and secondary carbonate phases. Secondary carbonate phases are thus part of the reactive Be pool in
limestone settings.

(5) As in previous studies in silicate lithologies '°Be concentrations show pronounced differences between soil
and sediment samples that we attribute to grain size dependence and sorting. The '°Be/’Be ratios however
cover a remarkably narrow range for all samples, resulting in a narrow range in denudation rates.

(6) The fraction of *Be released by weathering and partitioned into secondary reactive or dissolved phases serves
as a Be-specific proxy for the degree of weathering.
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(7) The atmospheric depositional flux of '°Be estimated for the Jura mountains from concentrations of particulate
'9Be and river gauging is about 80% of estimates from independent global GCM-based distribution maps. The
GCM estimates thus provide sufficient accuracy.

From application of these new principles, these new insights on weathering and erosion in the French Jura
Mountains emerged:

The proportion of weathering in total denudation W/D is >0.9. This high proportion is due to the high purity of the
limestone that almost completely dissolved. Only a small silicate mineral fraction remains that, however, carries
50% of the bedrock's °Be. The resulting '’Be/’Be-derived denudation rates are on average 340 t/km*/yr for soils
and 730 t/km*/yr for river sediments. The soil-derived denudation rates agree well with previous estimates from
gauging data despite their entirely different (decadal vs. millennial) integration time scales. Sediment-derived
denudation rates exceed those from soil, which we attribute to a 30%—60% contribution from subsurface
bedrock weathering.

On a global scale, our data provide the first cosmogenic nuclide-based denudation rates for the precipitation range
of 1,200-1,700 mm/yr under a temperate climate and dense vegetation cover. The resulting denudation rates
exceed previous millennial-scale denudation rates from in situ->°Cl in calcite from less vegetated sites that do not
exceed 250 t/km?/yr in this precipitation range. Our denudation rates peak (500-600 t/km?>/yr) at MAP of 1,200—
1,300 mm/yr. At higher MAP > 1,600 mm/yr, our rates then decrease to 250—350 t/km>/yr. This pattern suggests
a control of precipitation on denudation/weathering that may be modulated by vegetation cover.

Notation
Variable Substitutions Description Unit Main eq.
D Denudation rate, sum of kg/mzlyr 5%, 16 (*silicate
physical erosion and framework)
chemical weathering
E Erosion rate kg/m?/yr 4*, 15
q Water flux m*/m?/yr 1
[“’Bt:]wrem °Be concentration in parent atoms/kg 1
bedrock, rel. to total
sample mass
[9Be]reuc °Be concentration in the atoms/kg 1
reactive phase, rel. to total
sample mass
[°Bel i °Be concentration in the atoms/kg 1
silicate residue, rel. to
total sample mass
[gBe]diss °Be concentration in the atoms/L 1
dissolved (water) phase
rel. to total water mass
9
meiz Fractional flux of Be Non- 2
transported in primary dimensional
minerals
9Be  Be . .
eac > Tiss Reactive (reac) and dissolved Non- 2
(diss) fractional flux of dimensional
°Be released from primary
minerals
9
chc I fﬁf: Be-specific weathering Non- ¥
degree (silicate dimensional
framework)
9 9
% (% + 1) Be-specific weathering Non- D&
degree determined from dimensional
°Be concentrations
if °Be =0
L fl"liss -
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Continued

Variable

Substitutions

Description

Unit

Main eq.

9 9B
Be e
eac + 1;:arb

10
Be
Enet

[IOBC]I'E&C
[IOBe]diss
(1°Be/’Be)

reac or diss

Ky

[°Be]

parent-carb

[°Be]

parent-sil

tot

carb

carb-I

[°Be]

carb

[’Be]

carb-1

[gBe] carb-II

prim

9 9
(| Bel oy Bclmrbrll)

(I"Beleu +1°Bel i+ Bel i +Bel, )

M_r6./M, 1-f

carb-I carb? sec

Be-specific weathering
degree (ca.rbonegte
framework) if ]%i?:’ =0

Depositional flux of '’Be to
Earth's surface

Concentration of '°Be in the
reactive phase rel. to total
sample mass

Concentration of '°Be in the
dissolved phase rel. to
total water mass

Ratio of meteoric '°Be over
stable “Be in the reactive
or dissolved phase

Partition coefficient between
the reactive and the
dissolved phase, pH
dependent

Carbonate-bound °Be
concentration in host
bedrock, rel. to total
sample mass

Silicate-bound °Be
concentration in host
bedrock, rel. to total
sample mass

Initial total mass of soil or
sediment prior to
sequential extraction and
digestion

Mass of total carbonate
(primary plus secondary)
in a given amount of soil

or sediment sample M,

Mass of primary carbonate in
a given amount of soil or

sediment sample M,

Total carbonate-bound
(primary + secondary
carbonate) *Be
concentration, rel. to total
sample mass

Primary carbonate-bound *Be
concentration, rel. to total
sample mass

Secondary carbonate-bound
°Be concentration, rel. to
total sample mass

Mass fraction of primary
carbonate in the total
carbonate mass in a given
soil or sediment sample

Non-
dimensional

atoms/m>/yr

atoms/kg

atoms/L

atoms/atoms

L/kg

atoms/kg

atoms/kg

atoms/kg

atoms/kg

atoms/kg

Non-
dimensional

4% 17

4%, 15, 16

5*

10, 13, 14

11, 13, 14

11, 13, 14

9, 10, 14

10, 13

12
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Continued

Variable Substitutions

Description Unit

Main eq.

fscc Mcarb—II/Mcarb; f

prim

s3c

carb

13
s Ccarb-II

s3c

parent-carb

M

parent-tot

M

parent-carb

St
1- arb-1

Sr
carb-1

®7Sr/%°sr)

carb carb —

(®7sr/%8r)

carb-I

A7Sr/*°Sr) ot

(®Sr/%8r)

min

Be 9 9
fsil-diss Bemin/ Becarb—ll

['°Be] ['°Be]_,, = ['"Be]

carb carb

[IOBe]clay-H [loBe]min

(*1S1/*080) y = (7ST/¥SD) ot

carb-II

Mass fraction of secondary Non-
carbonate to total dimensional
carbonate mass in a given
soil or sediment sample

Carbon isotope composition %o, rel. to PDB
of the inorganic carbon in scale
sediments or soils

Expected/calculated carbon %o, rel. to PDB
isotope composition of scale
secondary carbonate

Carbon isotope composition %o, rel. to PDB
of the carbonate parent scale
bedrock

Initial total mass of bedrock g
prior to sequential
extraction and digestion

Mass of total carbonate g
(assuming primary only)
in a given amount of soil
or sediment sample M,

Fraction of secondary Non-
carbonate-hosted Sr dimensional
derived from the
dissolution of silicates

Fraction of secondary Non-
carbonate-hosted Sr dimensional
derived from the
dissolution of primary
carbonate

87Sr/%0Sr ratio of the
carbonate fraction of
travertine (only secondary
carbonate)

atoms/atoms

87Sr/%0Sr ratio of the fraction  atoms/atoms
of primary carbonate in
sediment and soil samples

87Sr/%°Sr ratio in the fraction  atoms/atoms
of secondary carbonate in
sediment and soil samples

87Sr/%0Sr ratio in the silicate atoms/atoms
residual min fraction of
sediment and soil samples

Fraction of *Be contained in Non-
the silicate end member of ~ dimensional
the parent carbonate
bedrock released during
weathering

1°Be concentration of total atoms/kg
carbonate phase, rel. to
total sample mass

Concentration of '°Be hosted atoms/kg
within secondary clay
minerals; termed “min” in
silicate framework, rel. to
total sample mass

12

12

12

13, 14

13, 14

Al, A2
(supplement)

Al, A2
(supplement)

Al, A2
(supplement)

Al, A2
(supplement)

Al, A2
(supplement)

Al, A2
(supplement)

A3, A4
(supplement)

15

15
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Continued
Variable Substitutions Description Unit Main eq.
("°Be/’Be) artys reac Ratio of meteoric '°Be over atoms/atoms 16

stable °Be in the reactive
and secondary** or total
carbonate phase
(equilibrated with the
dissolved phase). **for
%Be, total for '’Be
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radiogenic strontium (Table S1 in Wittmann et al. (2024)) and carbon stable isotope methods. It also contains
details on the role of secondary carbonate precipitates (in addition to clays or oxides) in scavenging Be from waters
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