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A B S T R A C T

Beryllium isotopes (stable 9Be and cosmogenic meteoric 10Be) enter the oceans through distinct pathways – i.e.,
from the continents and the atmosphere respectively – and display non-conservative behaviour in seawater. This
isotope system has served as a powerful tool for quantifying a variety of processes, including geomagnetism,
sedimentation, continental input, and ocean circulation. However, processes at land–ocean boundaries and
within the ocean interior may either amplify or buffer the seawater isotope response to environmental changes.
In the last decade, substantial effort has been invested in understanding external sources and internal cycling of
Be isotopes, offering an excellent opportunity to revisit their modern oceanic cycle. Here, we investigate the
controls on the modern oceanic cycling of Be isotopes using a three-dimensional ocean model, constrained by
observational data on input fluxes and water-column distributions of 9Be and 10Be. In addition to modelling the
previously known controls, we highlight the key role of marine benthic fluxes and scavenging onto particulate
organic matter and opal in determining the mass balance and spatial distribution of Be isotopes. Inter-basin Be
transport by the circulation is less important than external inputs at continent/atmosphere–ocean boundaries,
except in the South Pacific. Therefore, the distribution of seawater 10Be/9Be ratios largely reflects that of the
external inputs in most basins in the modern ocean. Finally, we apply our data-constrained mechanistic model to
test the sensitivity of basin-wide 10Be/9Be ratios to changes of external sources and internal cycling. This analysis
shows that seawater 10Be/9Be ratios are to some extent buffered against changes in continental denudation. For
example, a 50 % decrease in denudation rates results in a 13–48 % increase in ocean-wide 10Be/9Be ratios.
Moreover, the interplay between particle scavenging and ocean circulation can cause divergent responses in
10Be/9Be ratios in different basins. Weaker scavenging (e.g., 50 % decrease in intensity) would increase the
homogenising effect of ocean circulation, making North Atlantic and North Pacific 10Be/9Be ratios converge
(~20 % change in isotope ratios). The mechanistic understanding developed from this Be cycling model provides
important insights into the various applications of marine Be isotopes, and offers additional tools to assess the
causes of spatio-temporal Be isotope variations. We also identify the key oceanic processes that require further
constraints to achieve a complete understanding of Be cycling in the modern ocean and back through time.

1. Introduction

Beryllium (Be) is a particle-reactive element that exhibits non-
conservative behaviour during its transport from sources to sinks in
the oceans (Merrill et al., 1960; Measures and Edmond, 1983; Ku et al.,
1990). The meteoric cosmogenic isotope 10Be, with a half-life of 1.39
Myr (Chmeleff et al., 2010), is produced in the atmosphere through
spallation reactions and is primarily delivered to the oceans via rainfall;
in comparison, stable 9Be is delivered to the oceans from continental

sources (Kusakabe et al., 1987; von Blanckenburg et al., 1996). The
ocean circulation can homogenise Be isotopes to some extent (Kusakabe
et al., 1987; von Blanckenburg and Igel, 1999), and scavenging by
diverse types of particulates removes seawater Be isotopes into the
particulate phase (Ku et al., 1990; Chase et al., 2002). The residence
time of Be isotopes in seawater (102-103 yrs) is significantly shorter than
the global oceanic mixing time (Anderson et al., 1990; von Blancken-
burg et al., 1996), leading to spatially heterogeneous concentrations of
10Be and 9Be in seawater (Fig. 1).
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Consequently, seawater 10Be/9Be ratios are subject to changes in the
input fluxes of individual isotopes at ocean boundaries and to internal
cycling processes (Measures and Edmond, 1983; Ku et al., 1990), and
have been used to track a wide array of oceanographic processes. Marine
authigenic 10Be/9Be ratios have commonly been employed to recon-
struct the geomagnetic field strength on millennial scales, given its in-
fluence on the primary cosmic ray flux and subsequent 10Be production
(Christl et al., 2010; Simon et al., 2018). On million-year scales, when
temporal variability in 10Be production is averaged out, the isotope ratio
has been used for dating marine archives based on the known radioac-
tive decay of 10Be (Bourlès et al., 1989a; Frank et al., 1999; Yi et al.,
2020). With production- and decay-related variations in 10Be corrected,
the isotope ratio can be used to track relative changes in the fluxes from
continental input, considering the delivery of 9Be from continents
(Willenbring and von Blanckenburg, 2010; von Blanckenburg et al.,
2015; Simon et al., 2016). Moreover, this powerful tool can monitor
internal cycling processes in the oceans, including particle scavenging
and ocean circulation, due to the strong particle affinity for Be and inter-
basin differences in isotope ratios (von Blanckenburg and Igel, 1999;
Kong and Zhou, 2021).

Despite the numerous applications of oceanic 10Be/9Be ratios, the
decoupled supply pathways of both isotopes complicate the interpreta-
tion of this oceanographic proxy. It is well known that the source of 10Be
to the ocean is overwhelmingly dominated by atmospheric precipita-
tion, with a minor contribution from dust deposition (Merrill et al.,
1960; von Blanckenburg et al., 1996), and the spatio-temporal varia-
tions in 10Be depositional fluxes are relatively well understood (Christl
et al., 2010; Heikkilä et al., 2013). In comparison, the transfer of 9Be at
the land–ocean boundary and its mixing with 10Be in the open ocean is
the subject of ongoing debate (von Blanckenburg and Bouchez, 2014;
Suhrhoff et al., 2019; Li et al., 2021; Deng et al., 2023; Wang et al.,
2024). Importantly, the response of seawater 10Be/9Be ratios to various
processes of interest depends on how this transfer and mixing process is
considered to happen, and thus on its parameterisation in models. Mass
balance models can largely reproduce the difference in 10Be/9Be ratios
between ocean basins if the continent-derived 9Be flux is the major
oceanic source and scales with continental denudation as shown by von
Blanckenburg and Bouchez (2014). Nevertheless, the transfer efficiency
of dissolved and particle-bound 9Be across the continent-ocean interface
to the open ocean (ϕdel, where “del” denotes “delivery”) was then
considered as a tuning parameter in the model due to limited under-
standing of this process. The global value of ϕdel was calculated to be 6.3
% to satisfy the mass balance of Be isotopes in the oceans (von
Blanckenburg and Bouchez, 2014). This highlighted the need for more

detailed observational constraints on the delivery of continent-sourced
9Be for a mechanistic evaluation of oceanic Be cycling.

Recently, the delivery efficiency of riverine dissolved 9Be in estuaries
has been constrained based on a data compilation of estuarine transects
(Suhrhoff et al., 2019); this efficiency (44 %) is higher than the ϕdel
value of the total continent-derived 9Be input calculated by von
Blanckenburg and Bouchez (2014; 6.3 %), which encompasses both
dissolved and particulate phases. Using their own estimate of estuarine
delivery efficiency, Suhrhoff et al. (2019) calculated that 64–147 tons/
yr of dissolved 9Be delivered by global rivers survives the coastal trap
and enters the ocean. This figure is much lower than the oceanic 9Be
input (489 tons/year) required to yield the global deep ocean 10Be/9Be
ratio, i.e., ~8 × 10-8 (von Blanckenburg and Bouchez, 2014). Conse-
quently, it has been proposed that other sources, such as marine sedi-
ments, might drive important inputs of 9Be to the ocean (Suhrhoff et al.,
2019; von Blanckenburg et al., 2022; Wang et al., 2024). Indeed, the
sediment source, i.e., a benthic flux of Be released during early marine
diagenesis, has recently been quantified across diverse continental
margins, and is much higher on continental shelves than in the deep sea
(Deng et al., 2023). The early diagenetic release of Be from marine
sediments to overlying seawater (Deng et al., 2023), together with the
particle scavenging of dissolved Be at the continental margins (Anderson
et al., 1990; Wittmann et al., 2017; Kong and Zhou, 2021), can be
considered as a form of “boundary exchange” for Be isotopes, i.e.,
particle-dissolved exchange processes at the land–ocean contact (Lacan
and Jeandel, 2005; Jeandel, 2016). Importantly, the oceanic 9Be input
derived from updated observational constraints on riverine dissolved
loads, dust deposition, and benthic fluxes is balanced (within uncer-
tainty) with the oceanic 9Be output estimated using an independent
approach (Deng et al., 2023) based on the ratio of the known global
atmospheric 10Be flux to the global average deep-sea 10Be/9Be ratio (von
Blanckenburg et al., 1996). Overall, substantial progress has recently
been made in constraining the effect of diverse processes, e.g., external
inputs and internal cycling, on seawater Be isotopes. It is thus timely to
revisit the modern oceanic cycle of Be isotopes by integrating the up-to-
date observational constraints into a mechanistic and spatially-resolved
framework.

In this study, we investigate the controlling processes in the modern
oceanic Be cycle using a three-dimensional ocean biogeochemical model
of Be isotope cycling coupled to a data-constrained physical circulation
model (OCIM; DeVries, 2014). The Be-cycling model is driven by up-to-
date data constraints on the sources of 10Be and 9Be to the ocean, and
tested against a compilation of water-column observational dataset of Be
isotopes from the literature. This spatially-resolved and data-

Fig. 1. Depth profiles of dissolved beryllium isotopes in the Atlantic and Pacific Oceans. Thick lines and error bars indicate average values and one standard de-
viation of the observations. In general, [9Be] (a) and [10Be] (b) increase with water depth, while 10Be/9Be ratios (c) are relatively constant. The Atlantic 10Be/9Be
ratio is lower than that in the Pacific. Data sources are provided in the Supplementary Dataset.
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constrained model also allows us to quantify the sensitivity of 10Be/9Be
ratios to changes in external forcing and internal cycling, which provides
valuable insights into the interpretation of seawater and authigenic
10Be/9Be ratios. Specifically, our key objectives are: (1) to quantify the
role of individual 9Be sources to the ocean, especially marine benthic
fluxes and riverine dissolved loads; (2) to determine the primary scav-
enging agents globally, while also assessing the importance of ocean
circulation in determining the distribution of Be isotopes; (3) to explore
the sensitivity of seawater Be isotope ratios in individual basins to
environmental changes.

2. Methods

2.1. The framework of the Be isotope ocean biogeochemical model

We apply an ocean biogeochemical modelling framework
(AWESOME OCIM; John et al., 2020) to simulate the distributions of Be
isotopes in the modern ocean. This MATLAB-based modelling tool ap-
plies the transport-matrix method (TMM) and a data-constrained esti-
mate of the modern ocean circulation. The circulation is represented by
a transport matrix (OCIM v1.0) derived from an ocean model con-
strained by observations, including temperature, salinity, chlorofluoro-
carbons, and radiocarbon (DeVries, 2014). The resolution of this model
is 2◦ × 2◦ horizontally with 24 depth levels. The physical model is
coupled to a biogeochemical model that simulates spatially-resolved
sources, sinks and particle scavenging of Be isotopes. The equilibrium
solution to this coupled model can be calculated by matrix inversion,
providing high computational efficiency compared to online ocean
general circulation models (John et al., 2020).

The general equation describing the evolution of the tracer concen-
tration (C; [10Be] or [9Be]) is:

dC
dt

=
∑Ns

i=1
Sr,i − Tcirc × C − Jscav(C) (1)

where dCdt equals to zero at steady state, Ns is the number of external
sources (Sr) of Be isotopes (Section 2.2), Tcirc is the advection–diffusion
transport matrix from the OCIM (DeVries, 2014), and Jscav is the C-
dependent downward transport flux of Be isotopes by particulate scav-
enging (Section 2.3).

2.2. Oceanic sources of Be isotopes

In the model, cosmogenic 10Be and stable 9Be are treated as two
independent tracers, similar to the isotope modelling approach from the
original framework (John et al., 2020). Each source of Be isotopes is
prescribed (Fig. 2) from data constraints, following the recently updated
oceanic Be isotope budget of Deng et al. (2023).

2.2.1. Oceanic 9Be sources
Simulated oceanic sources of 9Be include riverine dissolved load,

dust deposition and marine benthic fluxes (Fig. 2). We implement the
riverine dissolved source of 9Be using the river database compiled by
Milliman and Farnsworth (2011), which includes outlet locations and
water discharge data (n = 1258). Each river outlet is assigned to the
nearest surface ocean grid cell at the continent-ocean boundary. The
water discharge of each river in the database is multiplied by a uniform
scaling factor so that the total water discharge of all rivers matches with
the global water discharge estimate, i.e., 3.6 × 104 km3/yr (Milliman
and Farnsworth, 2011). Following the simplifying approach of Pasquier
et al. (2022), we assume that rivers bear the same concentration of 9Be
([9Be]riv = 514 ± 104 pmol/L; post-estuarine removal). This figure is
calculated as the product of the water-discharge-weighted concentration
(1167 ± 237 pmol/L) from a global compilation of riverine data (Deng
et al., 2023) and the average estuarine transmission efficiency (44 %) of
9Be (Suhrhoff et al., 2019). The assumption of a uniform [9Be]riv may

lead to bias in modelling seawater 10Be/9Be ratios near the coast, but its
effect is minor in the open ocean where seawater Be isotopes have been
analysed and used for model evaluation. The 9Be flux of each river is the
product of [9Be]riv and its water discharge, leading to a total effective
riverine dissolved 9Be input to the oceans of 1.8 ± 0.4 × 107 mol/yr.

Atmospheric dust deposition delivers 9Be to surface ocean grid cells
(depth: 0–36m), and a constant soluble fraction of dust 9Be is released as
dissolved 9Be. A two-dimensional (2-D) mineral dust deposition field (in
g/m2/yr) is implemented in AWESOME OCIM (John et al., 2020) and
described in a previous study (Chien et al., 2016). We assume that the Be
concentration in dust is the same as that of the upper continental crust
(2.1 μ g/g; Rudnick and Gao, 2003), and adopt a soluble fraction of dust
9Be of 9 % (Brown et al., 1992). Based on the mean solubility of different
metals (~5 to ~ 10 %; Duce et al., 1991), we estimate an approximate
absolute uncertainty of 4 %. The resulting total dust 9Be input, calcu-
lated as the product of dust deposition flux, dust 9Be concentration and
the soluble fraction of dust 9Be, is 1.2 ± 0.5 × 107 mol/yr in this model.

The benthic 9Be source represents the marine diagenetic release of
particulate-bound Be from sediment pore-water to the water column
(von Blanckenburg et al., 2022; Deng et al., 2023). Such a marine
benthic flux has been invoked as an important oceanic source for many
other trace metals, e.g., Fe, Mn and Nd (Elrod et al., 2004; McManus
et al., 2012; Abbott et al., 2015; Dale et al., 2015; Deng et al., 2022). We
parameterise this benthic 9Be source following the strategy described in
Deng et al. (2023). Benthic Be fluxes are considered to be depth-
dependent and separated into three categories: 140 ± 107 pmol/cm2/
yr on continental shelves (0–0.2 km), 2.9 ± 0.3 pmol/cm2/yr at 0.2–4
km, and 1.4 ± 0.2 pmol/cm2/yr at > 4 km (Bourlès et al., 1989b; Deng
et al., 2023). The flux within each water-depth interval is constrained by
pore-water 9Be measurements across diverse marine environments
(range of water depths: 6–4910 m; Deng et al., 2023). The decrease in
benthic fluxes with water depth can be explained by e.g., fast advective
porewater-seawater exchange and strong Mn-Fe redox cycling on the
shelves (Deng et al., 2023). Given the relatively coarse spatial resolution
of OCIM (2◦ × 2◦), seafloor bathymetry in the model is not properly
represented. Hence, to obtain a more realistic sub-grid bathymetry for
benthic 9Be flux calculation, we calculate the actual seafloor area in each

Fig. 2. Schematic plot of oceanic sources and sinks of Be isotopes in the model.
Each process is spatially resolved and the total flux is shown here. The detailed
parameterisation is described in Section 2. The surface ocean here indicates the
topmost layer of the ocean in the model (depth: 0–36 m), and the ocean interior
indicates all the other layers below. The input 10Be/9Be ratio indicates the ratio
of the total 10Be input to the total 9Be input used in the model. The numbers
outside the parentheses indicate the average values of individual sources used
in the model Scenarios 1–5 in Table 1; the numbers inside the parentheses are
the optimised values in a model scenario that considers the uncertainty of each
(Scenario 10 in Table 1).
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ocean grid cell based on high-resolution (1 arc-minute) global bathym-
etry ETOPO1 (Amante and Eakins, 2009). In short, we assign the sea-
floor area in ETOPO1 to the nearest ocean grid cells in the model based
on the location information (latitude, longitude, and depth), similar to
the approach adopted by Aumont et al. (2015). The adjusted seafloor
area in the model (3.6 × 108 km2) is the same as the value in ETOPO1.
The benthic 9Be input (mol/yr) in each ocean cell is calculated as the
product of the benthic 9Be release rate at a given depth (mol/m2/yr) and
the seafloor area (m2) derived from ETOPO1. The resulting global
benthic 9Be input is 4.6± 3.0× 107 mol/yr, representing the largest 9Be
source in the model.

2.2.2. Oceanic 10Be sources
The major 10Be sources to the ocean include atmospheric wet

deposition (rainfall) and eolian dust, and are delivered to surface ocean
grid cells. The riverine dissolved input is likely very small in magnitude
(< 0.01 mol/yr) and thus neglected (Deng et al., 2023). This small
magnitude can be explained by two reasons. First, the atmosphere-
sourced 10Be delivered to the continents mainly adsorbs to the partic-
ulate phase in rivers, due to its high particle affinity (You et al., 1989)
and high particle concentrations in rivers (Milliman and Farnsworth,
2011); second, the effect of the estuarine traps (Suhrhoff et al., 2019)
further reduces the flux of riverine dissolved 10Be entering the oceans.
For the rainfall input, we use a 2-D meteoric 10Be deposition field (in
mol/m2/yr) simulated by a general circulation model. This atmospheric
model was run twice under contrasting conditions of industrial and pre-
industrial aerosol and greenhouse gas loading using modern solar
modulation factor, i.e., Phi (Heikkilä and von Blanckenburg, 2015), and
then results of both model scenarios are averaged. We did not take the
model results that were further normalised to the Holocene-average Phi
in Heikkilä and von Blanckenburg (2015), as our focus is on modern
oceanic Be cycling and the oceanic residence time of Be is short. The use
of a Holocene-averaged production rate would lead to a slightly higher
10Be input (by ~ 20 %; Deng et al., 2020). The global rainfall 10Be input
to the oceans is 5.5 ± 1.3 mol/yr, the uncertainty of which represents
the climate-dependent shifts in 10Be delivery (Heikkilä and von
Blanckenburg, 2015). The parameterisation of the dust 10Be source is
similar to that of dust 9Be. It is based on the 2-D dust deposition field (in
g/m2/yr) implemented in the AWESOME OCIM (John et al., 2020), an

assumption of 100 % solubility of dust 10Be, and a dust [10Be] (2.1 ± 0.7
× 108 atoms/g) derived from that in loess from the Chinese Loess
Plateau (Shen et al., 2010). The dust [10Be] also agrees well with that
measured in another modern dust source area, i.e., Judean Desert
(Belmaker et al., 2008). The global dust 10Be input to the oceans is 0.20
± 0.07 mol/yr in the model.

We also perform a sensitivity test on the potential benthic 10Be
source despite the fact that no pore-water 10Be data are available. We
assume that the benthic 10Be flux is linked to the benthic 9Be flux, which
we multiply by a representative sediment authigenic 10Be/9Be ratio at
each of the three water-depth intervals of our 9Be flux parameterisation
(details in the Supplementary Material). This sensitivity test shows that
the benthic 10Be input only accounts for a minor fraction (~6%) of the
total 10Be input, and the inclusion of this source does not reduce the
model-data mismatch (Table 1). Given the lack of understanding of the
benthic 10Be source and its likely small magnitude, we do not include it
in the discussion.

2.3. Particle scavenging and burial

2.3.1. Scavenging by diverse particles
Scavenging onto marine particles acts as the major internal cycling

process for both Be isotopes (Kusakabe et al., 1982; Kusakabe et al.,
1990), and is also the sole sink of both isotopes (i.e., through sediment
burial) when particle-bound Be reaches the ocean bottom and is then
removed from the model system. The total burial flux of Be isotopes
must be identical to the total input at steady state. A key determinant of
scavenging behaviour is the partition coefficient of Be between partic-
ulate and dissolved phases (Kd, in L/kg), which shows a wide range of <
105-106 (Chase et al., 2002; Grenier et al., 2023), depending on the
particle composition and respective surface area. Particle affinity for Be
increases with the proportion of biogenic silica (opal) in the particles
(Kretschmer et al., 2011), while affinity of carbonate-rich samples for Be
is low (Chase et al., 2002). Likewise, results from laboratory experi-
ments show that Kd values for either biogenic silica or lithogenic parti-
cles (terrestrial Al2O3) in seawater (~105) are much higher than that of
CaCO3 (<104), and that addition of organic compounds can lead to an
increase of Kd for each particle type (105-106; Yang et al., 2015). Besides,
although metal oxides (e.g., MnO2) have been suggested to have strong

Table 1
Optimised model results for different scenarios for oceanic particle scavenging and for choices of sources.

No. Scavenging scenario Misfit Kd (£105 L/kg)a

POC Opal Lithogenic particles CaCO3 Mn oxide

1 POC & opal & lithogenic particles & CaCO3b 35.3 % 6.2 4.4 15.3 0.5 ​
2 POC & opalc 35.5 % 6.6 5.1 ​ ​ ​
3 Lithogenic particles & CaCO3 47.6 % ​ ​ 106.2 4.6 ​
4 POC & opal & Mn oxided 33.8 % 6.9 4.5 ​ ​ 75.6
5 POC & opal (non-rev.)e 65.5 % 10.6 0.0 ​ ​ ​
6 POC & opal (excl. dust input)f 36.4 % 6.1 4.8 ​ ​ ​
7 POC & opal (excl. riverine input)f 37.4 % 6.0 4.7 ​ ​ ​
8 POC & opal (excl. benthic input)f 49.7 % 5.2 4.8 ​ ​ ​
9 POC & opal (incl. benthic 10Be)g 36.2 % 6.4 5.3 ​ ​ ​
10 POC & opal (incl. source uncertainty)h 33.7 % 5.7 4.5 ​ ​ ​

Note: a) The partition coefficient (Kd) is estimated from the optimised equilibrium scavenging constant (K). The Kd values of POC and opal fall within the range of bulk
Kd values determined from sediment trap samples in the field, i.e., ~1–15 × 105 L/kg (Chase et al., 2002).
b) The globally averaged depth profiles of particle concentrations for the four particle types are shown in Fig. S1 in the Supplementary Material.
c) This is the reference scenario in the sensitivity test on scavenging mechanisms and on choices of sources.
d) The Mn oxide field is predicted from a decision-tree regression model (Fig. S2) based on water-column particulate Mn oxide observations (GEOTRACES Intermediate
Data Product Group, 2021).
e) This scenario represents non-reversible scavenging to POC and opal. All other scavenging scenarios are characterised by the adsorption–desorption process between
particle-bound and dissolved Be.
f) For Scenarios 6–8, each of them adopts the same parameterisation of sources and sinks as the reference scenario, except the exclusion of one given source, such as
dust 9Be and 10Be input, riverine 9Be input, and benthic 9Be input.
g) This scenario adopts the same parameterisation of sources and sinks as the reference scenario, except the addition of a benthic 10Be source.
h) This scenario adopts the same parameterisation of sources and sinks as the reference scenario, but the uncertainty of each source has also been considered for model
optimisation. Hence, the best-tuned fluxes of each source, as well as the Kd values, are slightly different compared to the reference scenario, where the flux of each
source is considered to be constant as the respective average value. The model results using this scenario are adopted in the Section Discussion.
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affinity for numerous trace metals (e.g., Ni, Co, and Pa), for Be the dif-
ference in Kd values between Mn-rich and Mn-poor sediments is rela-
tively small, suggesting that the contribution of MnO2 to Be scavenging
may be minor (Balistrieri and Murray, 1986; Anderson et al., 1990). In
general, the affinity for Be is distinct between particle types, but how the
particle-specific scavenging process affects the large-scale distribution
of Be isotopes remains unclear.

2.3.2. Parameterisation of particle scavenging
In the model, particle-bound Be isotopes are not explicitly simulated.

Instead, the model takes a fraction of the dissolved Be pool in each grid
cell as the scavenged Be that is delivered to the grid cell below at a given
sinking velocity. Following previous studies on scavenging of particle-
reactive elements (Bacon and Anderson, 1982; Siddall et al., 2008),
we assume that dissolved and particle-bound Be interact via an equi-
librium model. The proportion of the total Be that sinks out of one grid
cell per year (Sp, in yr− 1) is described by (John et al., 2020):

Sp = K× Cp × w/h (2)

where K is the equilibrium scavenging constant (m3/mmol), calcu-
lated as the mole ratio of sinking [Be] (mmol/m3) to total [Be] (mmol/
m3) per mmol/m3 of particles, Cp is the concentration of a given type of
particle in a grid cell (mmol/m3), w is the settling velocity of the particle
(m/yr), and h is the height of the grid cell (m). Parameters K, Cp, and w
are all dependent on particle type. The total Be that sinks from a grid cell
depends on both K and w, meaning that an increase of w by twofold will
result in the same model result as that with a twofold increase of K (John
et al., 2020). The empirical partition coefficient of Be (Kd) can be
calculated in reasonable approximation from K as K/Mp × 106 (when
K≪1), whereMp is the molar weight (g/mmol) of a specific particle type
(Lam et al., 2018). We omit isotope fractionation during scavenging and

adopt the same K for 10Be and 9Be, because its effect is negligible (e.g., a
relative difference less than few percent for the boron isotope system
with a similar atomic mass and relative mass difference; Gaillardet and
Lemarchand, 2018) compared to the large variations in 10Be/9Be ratios
(> 10 folds) caused by distinct sources of individual isotopes (Kusakabe
et al., 1990). The total flux of sinking 10Be or 9Be (Jscav, mmol/yr) at a
given location can be calculated as:

Jscav =
∑Np

i=1
(Sp,i×C× V) (3)

where Np is the number of particle types in the model, C (mmol/m3)
is the total concentration of 10Be or 9Be, and V (m3) is the volume of the
grid cell.

We consider four types of particles as potential scavenging agents of
Be isotopes, including particulate organic carbon (POC), biogenic silica
(opal), lithogenic particles and carbonate. A 3-D POC concentration field
sourced from a global nutrient cycling model (Weber et al., 2018) is
implemented in AWESOME OCIM (John et al., 2020). A settling velocity
(w) of 1 km/yr is assigned to POC (Siddall et al., 2008). Three-
dimensional concentration fields of opal, lithogenic particles (dust)
and carbonate, and their respective settling velocities from the PISCES
model (Aumont et al., 2015), are taken from van Hulten et al. (2018) and

re-gridded for the model used here. For additional sensitivity tests
(Table 1), we include other scavenging processes such as scavenging to
Mn oxides and non-reversible scavenging to particles, meaning that
dissolved elements, once adsorbed to particles, are transferred to the
ocean bottom and removed from the model system.

On a large spatial scale, as the specific scavenging intensities of in-
dividual particle end-members are not well constrained (Anderson et al.,
1990; Chase et al., 2002; Li, 2005), we treat the equilibrium scavenging
constant (K) of each potential scavenging agent as an unknown. These
parameter values are optimised by minimising the mismatch between
the simulated distributions of both Be isotopes and water-column ob-
servations. These observations (9Be: n = 899; 10Be: n = 380), compiled
from the literature (Raisbeck et al., 1979; Measures and Edmond, 1982,
1983; Kusakabe et al., 1987; Segl et al., 1987; Ku et al., 1990; Xu, 1994;
Measures et al., 1996; Frank et al., 2002; Frank et al., 2009), cover three
ocean basins: the Arctic, the Atlantic and the Pacific (Fig. 3). The
compiled dataset is provided as a Supplementary Dataset, and the se-
lection criteria for data used in model optimisation are described below.

2.4. Model optimisation

2.4.1. Optimising scavenging parameters
The equilibrium scavenging constants (K) of potential Be scavenging

agents are the key unknown parameters in our simulations, for which
the external sources of Be isotopes are prescribed from data constraints
(as described in Section 2.2). We thus constrain the scavenging param-
eters by model optimisation towards open-ocean water column Be
isotope data compiled from the literature (Fig. 3). The model is objec-
tively optimised by minimising the model-observation mismatch,
quantified using the following objective function:

Thus, the Misfit between model (mod) and observation (obs) is
determined as the basin-volume-weighted, normalised root mean square
deviation (NRMSD) of both Be isotopes. Nobs,j is the number of obser-
vations (10Be or 9Be) in ocean basin j, and Nbasin is the number of ocean
basins where observations exist, i.e., the Arctic, the Atlantic and the
Pacific. As oceanic 10Be and 9Be are modelled separately, the objective
function depends on both tracers and the relative contribution of each
tracer to this function is equal. The NRMSD of Be isotopes in each ocean
basin is weighted by their ocean basin volume in order to reduce the bias
resulting from the irregular spatial distribution of observations
(Eisenring et al., 2022). In particular, the Arctic with a small volume
(1.4 % of global ocean volume) plays a secondary role in the optimisa-
tion process compared to other large basins. The model optimisation is
unconstrained, meaning that we prescribe no limits on the numerical
values that the scavenging constants can take. The optimised scavenging
constants are compared later with scarce measured values to assess their
reliability. Additionally, for model optimisation, the following obser-
vations are excluded: 1) observations with incomplete location infor-
mation (latitude, longitude and water depth); 2) observations at the
coast-ocean boundary of the model, because the ocean circulation
there may be less accurate, and the modelled values may be strongly

Misfit =
∑Nbasin
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Vtotal

×

⎛

⎜
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influenced by nearby point sources, such as rivers; 3) observations that
fall into continent grid cells of the model. This results in the exclusion of
~ 24 % of the observations in total.

To minimise the objective function, we adopt the global optimisation
algorithm in MATLAB that combines both functions Multistart and

fmincon. In brief, the algorithm starts from a large number of initial
points and attempts to find multiple local minima; many of them
converge towards similar solutions with the smallest value of the
objective function, and may be the global minimum, which is adopted as
the best estimate. The optimisation process is run in parallel on the high-

Fig. 3. Spatial distribution of Be isotope dataset compiled from the literature. A) Global bathymetric map with locations of water-column samples. B) The depth
distribution of all compiled samples. Beryllium isotope data for these samples are provided in the Supplementary Dataset.

Fig. 4. Depth profiles of modelled globally averaged dissolved Be isotopes, with the minimum model-observation Misfit based on different scenarios for oceanic
particle scavenging (dashed lines) and for choice of sources as a sensitivity analysis (dotted lines). The final optimised results used in the Section Discussion is shown
as black lines. The details of each scenario are described in Table 1.
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performance computing cluster Euler at ETH Zurich.

2.4.2. Additional considerations on source uncertainties
For model optimisations focusing on identification of the relevance

of individual scavenging agents, each source of Be isotopes enumerated
in Section 2.2 is set to its representative average flux. Once the dominant
scavenging agents were determined, we additionally optimised the input
flux of each source, within its uncertainty, together with the scavenging
efficiency of selected particle types. While the optimisation of scav-
enging constants was unconstrained, we added a penalty constraint on
the size of each Be source into the objective function (Pasquier et al.,
2022), to prevent it from reaching unrealistic values during
optimisation:

Misfitp = Misfit − ep ×
∑Ns

i=1
ln(P

(
Sr,i

)
) (5)

Misfitp is the observation-model mismatch that also considers the
penalty constraints on Be sources, while Misfit is the NRMSD of Be iso-
topes (Eq. (4). The second term, i.e., the penalty constraint, is the sum of
the negative log-likelihood, that is, − ln(P(Sr)), of all Be sources. The
probability (P) of each source (Sr) is described as a normal distribution
(average ± standard deviation). Seven source terms (Ns = 7) are
considered here: riverine dissolved 9Be input, dust 9Be input, benthic
9Be input at 0–0.2 km, 0.2–4 km, and > 4 km, rainfall 10Be input, and
dust 10Be input. Their average values and the standard deviations are
constrained by literature data and provided in Section 2.2. The coeffi-
cient ep (using a constant of 0.05 here) scales the effect of the penalty on
Misfitp compared to the effect of Misfit (Eq. 4). During the optimisation
process, the penalty increases if the magnitude of a source (Sr) moves
away from its average value, which is data-constrained and considered
to be representative. Hence, such changes in Sr can only be made during
optimisation if the corresponding decrease in the model-observation
mismatch of Be isotopes (Misfit) is larger. Based on Eq. (5), if the
change in one source magnitude reaches one standard deviation, the
NRMSD of Be isotopes must decrease by at least 2–3 % to obtain a lower
Misfitp.

3. Results

3.1. Determination of dominant scavenging agents

We determine the dominant particle types impacting the distribution
of Be isotopes by testing the sensitivity of optimisation results to the
choice of different scavenging agents (Table 1 and Fig. 4). This assess-
ment shows that a combination of four major particle types (POC, opal,
lithogenic particles and CaCO3) can, to a large extent, reproduce the
spatial distributions of both Be isotopes – i.e., the increase of [9Be] and
[10Be] with depth, and a relatively constant 10Be/9Be ratio (Fig. 4). The
residual model-data mismatch (Misfit: 35.3 %) can be ascribed to the
representation of individual particle fields, regional-scale inaccuracies
in the physical model, and/or the constants adopted in the parameter-
isation of particle scavenging and external sources.

Scavenging parameters resulting from this unconstrained model
optimisation to seawater 10Be/9Be data are generally within the range of
observations, ranging from 0.5 to 15.3× 105 L/kg depending on particle
type (Scenario 1 in Table 1). The scavenging agents that dominate the
sinking Be flux on the global scale (~90% on average) are POC and opal,
based on Eq. (3) and optimised K values. The other two types of parti-
cles, i.e., lithogenic particles and CaCO3, play only a minor role, and lead
to a much larger Misfit when only these two types are chosen as scav-
enging agents (Table 1). Though CaCO3 is a very important biogenic
particle in the ocean, its adsorption capacity for Be is known to be much
lower (e.g., Kd of < 104 L/kg) than that of POC or opal (105-106 L/kg;
Chase et al., 2002; Yang et al., 2015). The median concentration of
lithogenic particles is 1–2 orders of magnitude lower than other major

particle types (Aumont et al., 2015), reducing their scavenging impact
accordingly, given that its Kd for Be does not considerably exceed that of
POC or opal (Scenario 1 in Table 1). Indeed, when optimised using only
POC and opal as the scavenging agents, the model can still explain the
spatial distribution of Be isotopes with a similar Misfit as when all four
particle types are used (35.5 % versus 35.3 %; Table 1).

Furthermore, as Mn oxide is considered as a potential scavenging
agent for certain particle-reactive metals, we also include it in a sensi-
tivity test (Table 1). Since the distribution of particulate Mn oxides is
poorly constrained (van Hulten et al., 2017), we generated a 3-D MnO2
field using a tree-based regression model derived from sparsely observed
Mn oxide data (GEOTRACES Intermediate Data Product Group, 2021)
and several potential predictors with global coverage (Fig. S2 in the
Supplementary Material). This field is a rough estimation and likely
bears a large uncertainty, and is thus only applied in this sensitivity test.
The results show that the addition of Mn oxide does not change the
shape of the Be depth profiles, and only slightly reduces the model-
observation Misfit, particularly at very great depths (Fig. 4). As such,
Mn oxides may not play a dominant role in Be scavenging on a global
scale. A robust evaluation of its effect will, however, rely on a
comprehensive understanding of the global distribution of MnO2 in the
water column.

Given that scavenging to only POC and opal with optimised Kd values
can reproduce the Be isotope distributions, we adopt only these two
scavenging agents for further simulations. In this scenario (Scenario 2 in
Table 1), POC acts as the dominant scavenging agent, with 77 % (on
average) of particle-bound Be in the water column sorbed to POC. The
partition coefficients for oceanic Be (Kd) derived from the optimised
scavenging constants (Table 1) are estimated as ~ 7 × 105 L/kg for POC
and ~ 5 × 105 L/kg for opal; our optimised Kd values, however, depend
on the choice of w values in the model (John et al., 2020) and bear some
uncertainties. Nevertheless, these Kd values fall within the wide range
determined from sediment trap samples in the field, i.e., ~1–15× 105 L/
kg (Chase et al., 2002) and from laboratory adsorption experiments, i.e.,
105-106 L/kg for a combination of SiO2 and organic compounds (Yang
et al., 2015). As the scavenging efficiency is the major tuning parameter
in our model, it is encouraging that our model optimisation reproduces
observed distributions of Be isotopes while also returning simulated Kd
values that are overall consistent with observations (Fig. S3).

3.2. Comparison between the optimised model and observations

In the sensitivity tests on the scavenging agents above, the fluxes of
individual sources were fixed to their average values (Fig. 2) during the
optimisation process and indeed result in a small Misfit (Table 1).
Nevertheless, considering that each source bears some uncertainties, we
further fine-tune the model by optimising both the scavenging param-
eters for POC and opal, as well as the flux of each source within the given
uncertainty (Eq. (5). The final optimised results are shown as Scenario
10 in Table 1, and produce a Misfit (33.7 %) that is slightly lower than
that considering each source as a constant (35.5 %). The optimisation
process tunes down the rainfall 10Be input and the benthic 9Be input on
continental shelves by 12 % and 27 % respectively (Fig. 2), while other
sources remain unchanged (<1% of difference). All model results shown
hereafter are based on this model optimisation with optimised source
magnitudes.

Simulated water-column [9Be], [10Be] and 10Be/9Be ratios are shown
in Fig. 5 and compared to literature observations. Though 10Be and 9Be
are treated as two independent tracers, and the isotope ratio is neither
explicitly modelled nor explicitly included in the objective function
driving model optimisation, the simulated distribution of 10Be/9Be is
well correlated with observations (R2 = 0.75). This result demonstrates
the capability of our model to reproduce the spatial pattern of 10Be/9Be
ratios over a range of around 2 orders of magnitude (10-8-10-6 atoms/
atoms).

The correlation between observed and modelled [9Be] is weaker,
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partly because of the large model-observation mismatch in the Arctic
(Fig. 5). There are two potential explanations for this mismatch. First,
the ocean circulation in the Arctic is poorly constrained in the model due
to patchy data coverage (DeVries and Primeau, 2011). Second, the
Arctic, as a small ocean basin (1.4 % of global ocean volume) is more
sensitive to short-term and regional-scale changes, such as inter-annual
variability in river runoff (Charette et al., 2020). Indeed, the dissolved
concentrations of trace metals with a short residence time (102-103 yrs)
show large inter-annual variability in the shallow Arctic (Bundy et al.,
2020), which may not be captured by our large-scale steady-state model.
The model-observation correlation for 9Be is improved (R2= 0.55) when
the Arctic dataset is excluded. Likewise, the model-observation
mismatch for [10Be] is large in the Arctic, and the R2 of modelled vs.
observed [10Be] in the non-Arctic dataset reaches 0.51.

4. Discussion

4.1. Features of the optimised oceanic Be cycle

Our optimised model of the oceanic Be cycle includes POC and opal
as major scavenging agents, with source magnitudes optimised within a
data-constrained range. The optimised total input fluxes of 10Be (5.1
mol/yr) and 9Be (6.6 × 107 mol/yr) set an input 10Be/9Be ratio of 7.7 ×

10-8 (Fig. 2). Atmospheric wet deposition overwhelmingly dominates
the 10Be input (96 %), while benthic fluxes act as the major 9Be source
(54 %). Each Be source plays a role in determining the distribution of Be
isotopes by enhancing the model-data agreement, as excluding any one
of them during the optimisation of scavenging constants can result in a

higher Misfit (Scenarios 6–8 in Table 1). In particular, excluding the
benthic fluxes (the largest 9Be source) leads to the highest Misfit as ex-
pected (Scenario 8). Following the previous Be model framework (von
Blanckenburg and Bouchez, 2014), the sum of riverine dissolved load
and shelf benthic fluxes at land–ocean interface (4.7 × 107 mol/yr)
would indicate a global ϕdel of 5.4 % in our model, falling within the
estimated range by isotope mass balance (6.3 % ± 3.6 %; von Blanck-
enburg and Bouchez, 2014). Regarding the scavenging of Be isotopes to
the seafloor (output), the 10Be/9Be ratio in the global output equals to
that of the input (Fig. 6), as required for isotope mass balance. The rate
of Be supplied by scavenging per unit area to the seafloor of the shelf
(≤0.2 km depth) is much higher than the global average output rate for
both 10Be (approximately twofold) and 9Be (approximately eightfold),
reflecting the enhanced scavenging at the continental margins due to
higher particle concentrations (Anderson et al., 1990).

The optimised model reproduces not only the increase in [10Be] and
[9Be] with water depth (Fig. 4 and Fig. S4), but also the observed in-
crease in 10Be/9Be ratios from the Atlantic to the Pacific (Fig. 6 and
Fig. 7). The increase in [10Be] and [9Be] with water depth can be
reproduced when scavenging is parameterised as the adsorp-
tion–desorption process between particle-bound and dissolved Be
(Bacon and Anderson, 1982; Siddall et al., 2008), but not as a non-
reversible scavenging process (Fig. 4). Specifically, non-reversible par-
ticle scavenging would lead to [9Be] in the deep sea that are much lower
than observations; resolving this discrepancy would require a large
benthic flux in the abyssal basins. In contrast, existing observations
show much smaller benthic fluxes at greater depths (Deng et al., 2023).
In comparison, the scavenging scheme we adopted (Scenario 10) can

Fig. 5. Modelled vs. observed dissolved Be isotope data in the global oceans. Simulated [9Be] (a), [10Be] (b), and 10Be/9Be ratios (c) are derived from model Scenario
10, based on scavenging to POC and opal and optimised fluxes of individual sources. The symbols are colored by water depth. Error bars on observations are
analytical errors, and those for [9Be] (relative error: 5 %) are generally smaller than the symbols. The correlation coefficient (R2) is calculated based on the entire
dataset in each panel, using the linear scale. The numbers in parentheses (all ≥ 0.5) are the R2 calculated excluding data for the Arctic, where the circulation pattern
is poorly constrained and the inter-annual variability in certain trace metals is high. The Arctic with a small volume nonetheless plays a secondary role when
calculating the basin volume weighted normalised root mean square deviation (NRMSD; Eq. 4) during model optimisation. All p values (with or without the Arctic
dataset) are < 0.01. The model-observation Misfit (33.7 %) shown in c) is determined as the basin-volume-weighted NRMSD of [9Be] and [10Be].

Fig. 6. Beryllium isotope ratios of oceanic inputs, outputs, sinking particulates, and deep-sea (>2 km) inventories in the optimised model (Scenario 10). The mean
ideal age of each water mass in OCIM is also shown.
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lead to strong scavenging of dissolved Be in shallow waters and release
of particle-bound Be at depth, driven by the decrease in particulate
concentrations with depth due to primary production near the surface
and remineralisation at depth (Aumont et al., 2015).

At the basin scale, the 10Be/9Be ratios of external inputs increase
from the Atlantic to the Pacific (Fig. 6), with the highest ratio in the
South Pacific, due to a large surface area for 10Be deposition and a
relatively small 9Be input. A similar inter-basin trend is observed in both
the 10Be/9Be ratios of the sediment burial (output), and the particulate
scavenging flux into the deep ocean, albeit at a different magnitude due
to the operation of internal cycling processes. The 10Be/9Be ratio of the
deep-sea (>2 km) inventory represents the integrated effect of deep

ocean circulation and scavenging supply to the deep ocean, and thus
differs from the scavenged 10Be/9Be in individual basins (Fig. 6).
Overall, the increase in deep-sea 10Be/9Be ratios along the deep-water
circulation pathway, as shown in both observations and the model
(Fig. 8), is largely consistent with the higher input ratio in the Pacific
compared to the Atlantic. This implies that the main control on the
differing 10Be/9Be ratios of these two basins is the difference in the
10Be/9Be ratios of external sources, with small differences in ratios be-
tween inputs and deep-sea inventories resulting from the effect of in-
ternal cycling processes (scavenging and circulation), as discussed
below.

4.2. Role of ocean circulation in the modern oceanic Be cycle

The increase of deep-sea 10Be/9Be ratios along the deep water cir-
culation pathway (Fig. 6) appears to mimic the increase in water mass
ideal age, that is, the time since its last contact with the ocean surface
(Thiele and Sarmiento, 1990). Nevertheless, the similarity between the
input 10Be/9Be ratios (no circulation effect) and deep-sea 10Be/9Be ra-
tios (which are affected by external input, circulation and scavenging) in
most basins (Fig. 6) suggests a relatively weak impact of inter-basin
circulation (compared to external inputs) in the modern ocean. It is
also consistent with the short residence time of Be isotopes (400–600 yrs
in the model) relative to the timescale of the global circulation (~1400
yrs; Khatiwala et al., 2012).

To quantify the importance of circulation-related Be transport in
each ocean basin, integrated over full depths, in comparison to external
inputs into the entire basin, we calculate the difference between basin-
wide outputs and inputs (Fig. 9) as the net circulation-related flux.
This flux reflects the net effect of Be import (and export) from (and to)
adjacent basins on the basin-wide inventory. Compared to previous es-
timates of the net effect of water circulation on seawater [10Be] (von
Blanckenburg et al., 1996), which assumed a uniform 10Be depositional
flux and residence time worldwide, our spatially-resolved modelling
technique distinguishes between the contributions from external inputs
and water circulation in each basin; furthermore, it enables us to resolve
the effects on 10Be and 9Be individually (Fig. 9). Our calculation shows
that the circulation indeed exports both 9Be and 10Be from the North
Atlantic and the North Pacific, and imports both isotopes to the Indian
Ocean. Nevertheless, the ratio of transport fluxes to basin-wide external

Fig. 7. Global distribution of modelled seawater 10Be/9Be ratios in the deep ocean. The inventory of each Be isotope is integrated over the deep water depths (>2
km), and the inventory ratio of 10Be to 9Be is shown. The isotope ratios for the inventory integrated over the full water column is shown in Fig. S5. The model results
are based on Scenario 10 in Table 1.

Fig. 8. Comparison between modelled and observed basin-averaged, deep-sea
(>2 km) 10Be/9Be ratios. Model results are only included from grid cells within
which observations exist. Error bars for each basin indicate one standard de-
viation. The black dashed line indicates the deep-sea circulation pathway. The
“Globe” data indicates the basin-volume weighted average ratio and the basin-
volume weighted standard deviation.
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input for 10Be is similar to that for 9Be in these basins. Hence, although
the magnitude of the circulation-related flux is comparable to the
external input fluxes (10–60 % of the input; Fig. 9), the net circulation
effect on the basin-wide isotope ratio is small. However, the net effect of
circulation in the South Atlantic leads to a relatively strong import of
10Be but only minor changes in 9Be, and the deep-sea 10Be/9Be ratio
becomes higher than the ratio of local external input in this basin
(Fig. 6). In contrast, in the South Pacific, the net effect of circulation-
related fluxes leads to a large import of 9Be but a small export of 10Be,
and the deep-sea 10Be/9Be is much lower than the ratio in basin-wide

external inputs (Fig. 6), consistent with a previous mass balance calcu-
lation (von Blanckenburg and Bouchez, 2014). In general, circulation
can either add or remove Be isotopes from individual basins, but its net
effect only makes the basin-wide isotope ratios deviate from those of
basin-wide inputs to a relatively small extent, with its effect being
largest in the South Pacific (Fig. 6).

4.3. Sensitivity analyses on oceanic 10Be/9Be ratios

Our analysis above has shown that the vertical profile of Be isotopes
is mainly shaped by scavenging by POC and opal, and the inter-basin
difference in Be isotope ratios is largely due to the difference in basin-
wide external inputs, with the circulation effect playing a secondary
role in the modern ocean. In a next step, the optimised model of Be
cycling is used to develop intuition about how potential changes to the
Be cycle, either via external sources or by internal cycling, would affect
the seawater 10Be/9Be ratios in individual basins, in order to inform our
expectations for how Earth system changes may be reflected in isotope
records from marine sediments at seafloor.

4.3.1. Sensitivity to external sources
We first assess the response of ocean bottom 10Be/9Be ratios in the

deep sea (>2 km) to changes in individual 9Be sources. The ocean cir-
culation is kept constant in all sensitivity analyses. The isotope response
in two sub-basins, the North Atlantic and the North Pacific, is shown in
Fig. 10. The benthic 9Be flux on the continental shelves (2.9 × 107 mol/
yr) accounts for 43 % of the global 9Be input, and thus a twofold increase
in this source causes a large decrease in the basin-wide 10Be/9Be ratios,
by 28–30 %. Over geological timescales, the variation in shelf benthic
fluxes can be related to e.g., sea-level fluctuation and related expansion/
shrinking of continental shelf area. In comparison, a twofold increase of
riverine dissolved 9Be flux globally, due to e.g., changes in continental
denudation (von Blanckenburg and Bouchez, 2014), leads to an increase
in the total 9Be input by 28 %, and thus a decrease in the basin-wide
10Be/9Be ratios by 19–24 % (Fig. 10a-b). Finally, 10Be/9Be ratios in
both sub-basins only decrease by 11 % for a twofold increase in the dust

Fig. 9. Net circulation-related fluxes of Be isotopes to individual basins relative
to the basin-wide external inputs. Positive numbers mean the transport of Be
isotopes into the given basin. The black dashed line indicates the deep-sea
circulation pathway. Symbols close to the 1:1 line indicate that the effect of
water transport does not cause significant deviation of the basin-wide 10Be/9Be
ratios from external inputs.

Fig. 10. Response of oceanic bottom 10Be/9Be ratios at depths of > 2 km to twofold changes in 9Be inputs and in other key processes. Variables on the X-axis and Y-
axis are normalised to the values from the optimised model under present-day conditions. Parameters shown in the 9Be input (a-b) include riverine dissolved load,
dust deposition, and benthic fluxes on continental shelves. The responses of 10Be/9Be ratios in the North Atlantic (a) and the North Pacific (b) are shown separately.
For dust deposition, both 10Be and 9Be inputs change with dust depositional fluxes. Parameters controlling key processes (c-d) include continental denudation rate
(D) and oceanic particle scavenging intensity (linearly correlated with sinking particulate flux). The four legends related to denudation indicate different scenarios
(von Blanckenburg and Bouchez, 2014; von Blanckenburg et al., 2022; Deng et al., 2023) for the controls on the delivery efficiency of continent-derived 9Be to the
open ocean (ϕdel). In each sensitivity analysis (each line), only the input flux or process indicated varies, and all other model parameters are kept the same as those in
the optimised model (Scenario 10).
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flux, which acts as a source for both 9Be and 10Be. Overall, the basin-
wide 10Be/9Be ratios primarily respond to changes in benthic fluxes,
due to their crucial role in the oceanic 9Be budget.

4.3.2. Sensitivity to continental denudation
We here consider the effect of two key processes, including conti-

nental denudation and oceanic particle scavenging. Regarding conti-
nental denudation, its relationship with the effective continent-derived
9Be input is still debated, due to incomplete understanding of 9Be
transfer through the land–ocean interface. As illustrated in von
Blanckenburg et al. (2022), the delivery efficiency of continent-derived
9Be across the land–ocean interface (ϕdel) encompasses two components:
the fraction of riverine dissolved 9Be that escapes the coastal trap, and
the fraction of sediment-bound 9Be that dissolves at the margins and
enters the open ocean. Our modern Be cycle model (Section 4.1) does
not rely on any assumptions regarding the effect of denudation on ϕdel;
instead, the delivery efficiency values of riverine dissolved load and
benthic sedimentary fluxes are explicitly constrained based on obser-
vational data for estuarine scavenging efficiency and pore-water release,
respectively. However, in the geological past, how the ϕdel for each
pathway changed in response to continental denudation still requires
further investigation.

Here, as a sensitivity analysis, different scenarios for the controls on
ϕdel are included. Note that we only adopt the assumptions on the 9Be
delivery process from previous studies, rather than the exact ϕdel value.
First, ϕdel is assumed as a constant (von Blanckenburg and Bouchez,
2014), so that the continent-derived 9Be input to the open ocean linearly
increases with denudation rate (Scenario A). Here, a rise in denudation
would lead to a proportional increase in riverine dissolved input and
benthic flux given the constant ϕdel of both pathways. Second (Scenario
B), ϕdel of continent-derived 9Be can be assumed to be controlled by
particle concentration in estuaries and is negatively correlated with
denudation rate (von Blanckenburg et al., 2022): an increase in denu-
dation would diminish the delivery efficiency for both pathways,
resulting in a smaller increase in the 9Be flux reaching the open ocean
compared to that in Scenario A. A third model for estuarine 9Be removal
(Li et al., 2021) suggests that oceanic 10Be/9Be ratios could potentially
be insensitive to denudation rates, although this model requires a spe-
cific parameterisation of the relationship between coastal particle con-
centration and sediment yield. Such a parameterisation does not fit with
the global river observations (von Blanckenburg et al., 2022) and is not
included here. Scenarios A and B are modelled based on the assumptions
described in previous studies (von Blanckenburg and Bouchez, 2014;
von Blanckenburg et al., 2022), and are plotted in Fig. 10 to allow for
inter-study comparability. Specifically, both the effective riverine dis-
solved load and the pore-water release fluxes on shelves are regulated by
the denudation rate and the total 9Be input increases either linearly (A)
or non-linearly (B) with it. Hence, a twofold increase of denudation rates
can lead to a decrease in basin-wide 10Be/9Be ratios by 38–42 % in
Scenario A with constant ϕdel (Fig. 10c-d). In comparison, basin-wide
10Be/9Be ratios decrease by a slightly smaller magnitude (33–37 %) in
response to the same denudation changes in Scenario B with D-depen-
dent ϕdel.

It must be emphasised, however, that the relationship between the
marine benthic source and the continental denudation may not be
straightforward, and the two could be temporally decoupled. For
example, the benthic 9Be fluxes only show a small variability on the
Californian margin (10–20 %), despite a fivefold variability in sediment
mass accumulation rates (Deng et al., 2023). Indeed, benthic fluxes can
also be controlled by other oceanic processes such as water advection at
the sediment–water interface or porewater Mn-Fe redox cycling (Deng
et al., 2023). The evidence from the existing benthic 9Be flux data sug-
gests that the controls on the riverine dissolved load and on the marine
benthic source may not be exactly the same. We thus consider two
further scenarios (C-D), assuming that only the effective riverine dis-
solved 9Be source responds to continental denudation following the

parameterisation of Scenarios A-B (Fig. 10c-d). Accordingly, with a
twofold increase in denudation rates, the response of oceanic 10Be/9Be
to denudation rates is reduced overall relative to Scenarios A-B, but is
once again larger in Scenario C (constant ϕdel; 19–24 %) compared to
Scenario D (D-dependent ϕdel; 15–20 %). Likewise, with a 50 % decrease
in denudation rates, the global-averaged deep-sea 10Be/9Be ratios in-
crease by 13–48 %, depending on the chosen scenario (A-D).

4.3.3. Sensitivity to particle scavenging
We next examine sensitivity to internal cycling processes, i.e.,

scavenging by marine particles. Scavenging intensity is controlled by,
and varies in proportion with, the flux of sinking biogenic particles (e.g.,
POC or opal). Even when input and output fluxes of Be isotopes are kept
constant, modelled oceanic 10Be/9Be ratios respond to the scavenging
intensity, and change in opposite directions between the Pacific and the
Atlantic (Fig. 10c-d). For example, a decrease in scavenging intensity
leads to an increase in the oceanic residence time of Be isotopes and a
stronger effect of ocean circulation and mixing, such that the inter- and
intra-basin gradients in 10Be/9Be ratios become smaller. A smaller inter-
basin difference in response to weaker scavenging is also observed in
simulations for other trace metals, such as Nd isotopes (Du et al., 2020;
Robinson et al., 2023). In addition, if the lower particulate Be flux
delivered to the seafloor leads to a decrease in benthic 9Be input, an even
longer Be residence time and a stronger homogenisation effect would
result. Nevertheless, as mentioned above, the relationship between
sedimentation rates and benthic fluxes cannot be readily inferred (Deng
et al., 2023). Overall, a weaker scavenging intensity (by 50 %) can cause
a higher 10Be/9Be ratio in the Atlantic (by 24 %) and a lower ratio in the
Pacific (by 18 %; Fig. 10c-d).

4.4. Future research directions and implications for oceanic applications
of Be isotopes

We have compiled constraints on the oceanic sources of Be isotopes
with observations of their distribution in the global ocean to optimise a
mechanistic Be cycling model. This optimisation tunes the scavenging
efficiency of Be by particles, and though unconstrained, yields scav-
enging constants that are in line with observations. By integrating these
independent constraints, our optimised model provides a consistent
mechanistic view of the marine Be cycle and budget, and has allowed us
to interrogate key controlling mechanisms. Nevertheless, several limi-
tations remain in this modelling approach, and can be improved on in
the future to provide better constraints on the key oceanic processes.

First, a mechanistic understanding of the environmental controls on
individual Be sources, such as the riverine dissolved load and the marine
benthic flux, is still required in order to model the spatio-temporal dis-
tribution of seawater Be isotopes with high accuracy. In particular,
regarding the benthic 9Be flux in the model, we invoke a simple
parameterisation based on water depth for simplification, as supported
by pore-water Be observations (Deng et al., 2023). This depth-
dependence could reflect a combination of multiple processes, such as
Mn-Fe redox cycling (Elrod et al., 2004; McManus et al., 2012),
porewater-seawater exchange (Shi et al., 2019) and sediment accumu-
lation (Middelburg et al., 1997), all of which can vary with water depth.
In the future, a more mechanistic parameterisation of the benthic flux
and its release timescale based on additional pore-water Be observations
across ocean basins, together with modelling of early diagenesis (Du,
2023), will provide important insights into the controls on the oceanic
Be cycle.

Second, to obtain a comprehensive parameterisation of the internal
oceanic cycle of Be isotopes, more empirical data constraints are needed
on the water-column scavenging processes for diverse particle types,
particularly POC, opal and Mn oxides. Although our optimised scav-
enging constants fall within the range of limited observations (Section
3.1), these constants could also be prescribed in our model if their
representative values, uncertainties and controls are better constrained
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in the future. In addition, the distribution of particulate Mn oxides is still
poorly constrained (van Hulten et al., 2017), impeding a rigorous
assessment of its effect on Be scavenging. Recent studies show that Mn
oxides are the dominant scavenging agent for particle-reactive Nd
(Haley et al., 2021; Du et al., 2022). Although Be may not respond to
scavenging by Mn oxides to the same extent (Balistrieri and Murray,
1986; Anderson et al., 1990), a detailed water-column Mn oxide dataset
with a higher spatial resolution would nonetheless help to better
constrain its role compared to other particle types.

Third, the ocean circulation transport matrix can be improved with
better data constraints. The circulation in the Arctic is sensitive to short-
term and regional-scale changes (Charette et al., 2020) given its small
volume, and is less constrained compared to other basins (DeVries and
Primeau, 2011). Hence, the relatively large model-observation
mismatch in the Arctic can potentially be reduced with the support of
a better-constrained regional circulation.

Our data-constrained model of Be isotope cycling also has potential
implications for the wide applications of Be isotopes in the oceans, such
as reconstruction of paleo-geomagnetic intensity and 10Be production
rate (Christl et al., 2010; Savranskaia et al., 2021), paleo-archive dating
(Bourlès et al., 1989b), and tracking continental inputs (Willenbring and
von Blanckenburg, 2010). Changes in scavenging intensity and external
sources, in response to paleo-environmental variations, can introduce
additional uncertainties to these applications. Such effects should be
taken into account in the future and can be quantified using a modelling
approach similar to that taken in our study. Additionally, the time-
resolved records of inter-basin differences in 10Be/9Be ratios (e.g.,
North Pacific vs. North Atlantic) may be utilised to reconstruct internal
cycling processes if the source magnitudes of Be isotopes are constant or
can be constrained independently during a given time period. A smaller
inter-basin isotope difference could hint at a stronger homogenisation of
oceanic Be, driven either by a more vigorous deep-water circulation or
by weaker particle scavenging (Fig. 10c-d).

5. Conclusions

We present a three-dimensional model of the cycling of Be isotopes in
the modern ocean, constrained by a compilation of input fluxes and
water column observations. This model reproduces the observed dis-
tributions of the individual isotopes as well as 10Be/9Be ratios over ~
100-fold variability (10-8-10-6 atoms/atoms). In comparison, previous
mass balance models were only able to calculate sub-basin-averaged
isotope ratios (~10-fold variability). Our model further revisits the ef-
fects of individual sources, scavenging and circulation, and quantifies
the sensitivity of seawater 10Be/9Be ratios to key continental-oceanic
processes.

(1) The spatial distribution of seawater Be isotopes is primarily
shaped by both basin-wide external inputs and scavenging processes.
The major source of 10Be is atmospheric wet deposition (96 % of the
total), while the marine benthic flux is the major source of 9Be (54 % of
the total). Our model optimisation emphasises that the scavenging
agents dominating the sinking Be flux on the global scale are particulate
organic carbon and opal (~90 % on average).

(2) Circulation can add (or remove) both Be isotopes into (from) the
dissolved reservoir of individual basins, but the magnitude of these
circulation-related fluxes is smaller (~0–60 %) than external inputs,
except in the South Pacific. The basin-wide 10Be/9Be ratios in deep
waters thus largely reflect those of external inputs in most basins,
because the net transport flux is either small or bears an isotope ratio
that is similar to the external inputs.

(3) Basin-wide 10Be/9Be ratios are sensitive to several Earth system
processes. With a 50 % decrease in denudation rates, deep-ocean
10Be/9Be ratios increase non-linearly, by 13 to 48 %. With a 50 %
decrease in scavenging intensity and the resulting stronger effect of
circulation mixing, the isotope response differs between basins, with an
increase in 10Be/9Be ratios in the North Atlantic (by 24 %) and a

decrease in the North Pacific (by 18 %), resulting in a smaller inter-basin
gradient.
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Pöppelmeier, F., Tachikawa, K., Valdes, P.J., 2023. Simulating marine neodymium

K. Deng et al. Geochimica et Cosmochimica Acta 389 (2025) 186–199 

198 

http://refhub.elsevier.com/S0016-7037(24)00558-1/h0035
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0035
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0035
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0040
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0040
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0040
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0045
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0045
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0050
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0050
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0050
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0055
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0055
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0055
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0060
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0060
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0060
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0060
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0060
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0060
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0060
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0060
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0060
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0060
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0060
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0060
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0060
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0060
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0065
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0065
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0065
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0070
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0070
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0070
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0075
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0075
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0075
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0080
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0080
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0080
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0085
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0085
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0085
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0090
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0090
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0090
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0095
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0095
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0095
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0100
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0100
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0100
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0100
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0105
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0105
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0110
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0110
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0110
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0115
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0115
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0115
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0120
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0120
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0120
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0125
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0125
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0125
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0125
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0130
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0130
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0130
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0130
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0130
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0135
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0135
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0135
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0140
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0140
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0140
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0145
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0145
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0145
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0145
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0150
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0150
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0150
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0150
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0155
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0155
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0155
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0160
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0160
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0160
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0170
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0170
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0170
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0175
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0175
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0175
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0180
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0180
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0180
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0185
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0185
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0185
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0190
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0190
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0190
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0195
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0195
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0195
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0195
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0200
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0200
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0200
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0205
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0205
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0205
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0210
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0210
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0210
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0210
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0215
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0215
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0215
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0215
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0220
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0220
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0225
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0225
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0225
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0230
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0230
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0235
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0235
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0240
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0240
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0240
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0240
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0245
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0245
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0245
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0250
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0250
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0250
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0255
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0255
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0255
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0260
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0260
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0265
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0265
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0270
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0270
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0270
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0275
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0275
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0280
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0280
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0285
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0285
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0290
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0290
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0290
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0295
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0295
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0295
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0300
http://refhub.elsevier.com/S0016-7037(24)00558-1/h0300


isotope distributions using Nd v1.0 coupled to the ocean component of the
FAMOUS–MOSES1 climate model: sensitivities to reversible scavenging efficiency
and benthic source distributions. Geosci. Model Dev. 16 (4), 1231–1264.

Rudnick, R.L., Gao, S., 2003. 3.01 - Composition of the Continental Crust A2 - Holland,
Heinrich D. In: Turekian, K.K. (Ed.), Treatise on Geochemistry. Pergamon, Oxford,
pp. 1–64.

Savranskaia, T., Egli, R., Valet, J.-P., Bassinot, F., Meynadier, L., Bourlès, D.L., Simon, Q.,
Thouveny, N., 2021. Disentangling magnetic and environmental signatures of
sedimentary 10Be/9Be records. Quat. Sci. Rev. 257, 106809.

Segl, M., Mangini, A., Beer, J., Bonani, G., Suter, M., Wölfli, W., Measures, C., 1987. 10Be
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