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ARTICLE INFO ABSTRACT

Marine sedimentary beryllium-10 (:°Be) has been used to constrain many paleoenvironmental processes over the
past 10 million years, but dynamic processes such as particle scavenging and ocean circulation can complicate
interpretation of sedimentary '°Be data. We generated six new sedimentary °Be flux records, normalized using
excess thorium-230 (23°Thxs), and present a global compilation of 230Thxs-normalized 08¢ flux data combined
with 2%0Thyg-normalized bulk sediment flux and sediment composition data to improve constraints on the cli-
matic and oceanographic factors governing '°Be fluxes to the seafloor. Our analysis suggests that the first order
factors driving global variability in sedimentary 19Be fluxes are (1) bulk sediment flux; (2) sediment composition;
and (3) a combination of ocean basin and sediment core water depth that likely reflects the overlying water mass
concentration of °Be. While these parameters explain ~60-80% of the variance observed in the core top and
Holocene data, the correlations exhibited between these parameters and °Be fluxes are much weaker in the 0-
250 ka time series data. The increased variability observed in the time series data likely results from climatically-
driven changes in the available seawater °Be inventory within each water mass over time, although we cannot
rule out the impact of variable carbonate and opal dissolution. The sensitivity of abyssal sediment '°Be fluxes to
seawater '’Be concentrations suggests that sedimentary °Be could be used to reconstruct past changes in basin-
scale particle fluxes and ocean circulation, analogous to the shorter-lived protactinium-231 (**!Pa) and ?*°Thys
systems, throughout the Late Neogene and supports further refinement of '°Be as a paleoceanographic proxy.
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sheet meltwater and ice shelf conditions (Valletta et al., 2018; White
etal., 2019; Sellén et al., 2009; Yokoyama and Sproson, 2026), seawater

1. Introduction

Marine archives of meteoric beryllium-10 (1°Be), typically quantified
as 1%Be fluxes or !°Be/’Be ratios in marine sediments and ferromanga-
nese crusts, have been used to investigate a myriad of dynamic processes
occurring within the last ten million years of Earth history. These ap-
plications include reconstructions of geomagnetic field intensity (e.g.,
Raisbeck et al., 1985; Frank et al., 1997; Christl et al., 2010; Simon et al.,
2016a; Savranskaia et al., 2021), the influx of cosmic rays (Koll et al.,
2025; Feige et al., 2013), continental weathering rates (von Blancken-
burg and O’Nions, 1999; Willenbring and von Blanckenburg, 2010a), ice
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particle scavenging (e.g., Frank et al., 2000; Chase et al., 2002, 2003a),
and ocean transport (Christl et al., 2007). In addition, the 1.39 Myr
half-life of °Be (Chmeleff et al., 2010; Korschinek et al., 2010), has
enabled its use to constrain age models for slow growing ferromanga-
nese crusts and carbonate-poor sediments dating up to 12 Ma (e.g.,
Bourles et al., 1989; Frank et al., 2008; Koll et al., 2025).

The diverse utilization of '°Be to constrain paleo processes arises
from its unique isotopic and chemical behavior as it flows through a
multi-step pathway from atmospheric production to deposition on the
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seafloor. Meteoric '°Be is produced in the atmosphere by cosmic ray
induced spallation of nitrogen and oxygen and rapidly (<1 yr) trans-
ported to the Earth surface, primarily via wet deposition (Lal and Peters,
1967; McHargue and Damon, 1991). After deposition in the dissolved
phase at the sea surface, this °Be is gradually removed by particle
scavenging over timescales of ~200-1000 yr (Anderson et al., 1990; Ku
et al.,, 1990; Kaste and Baskaran, 2012) and provides the dominant
pathway of '°Be to the underlying sediments (Kusakabe et al., 1987;
McHargue and Damon, 1991). Although the atmospheric production
and surface deposition patterns of °Be vary spatially (Lal and Peters,
1967; Heikkilae and von Blanckenburg, 2015; Deng et al., 2020), the
residence time of '°Be within the water column is thought to be suffi-
ciently long to allow for relative homogenization of dissolved °Be
concentrations within the deep waters of a given basin (Anderson et al.,
1990; Kaste and Baskaran, 2012). Even within a single basin, however,
dynamic ocean processes, such as assorted scavenging particle flux and
composition, as well as water mass transport, can increase or decrease
the sedimentary °Be flux relative to its rate of atmospheric production
and sea surface deposition (Chase et al., 2002, 2003b; Christl et al.,
2003).

Many paleo-environmental applications of 10Be, such as constraining
past geomagnetic field intensity or the influx of cosmic rays, rely on the
ability to reconstruct the atmospheric 1°Be production rate signal from
marine archives. However, the oceanographic and particle flux effects
on seafloor '°Be fluxes can vary dramatically within the paleorecord due
to regional-scale climatic variability, thus introducing additional un-
certainties to interpretations of production rate signals in sedimentary
10Be data (Savranskaia et al., 2021; Frank et al., 1997). Rather than
purely introducing “noise” into production rate reconstructions, the
sensitivity of 1°Be to ocean transport and particle scavenging gives this
isotope system great potential to further constrain global oceanographic
conditions throughout the late Neogene. Yet, much remains uncon-
strained regarding the relative importance of these two processes in
setting local water column '°Be inventories and sedimentary °Be fluxes
across different ocean basins and depositional environments (Deng
et al., 2025; Frank et al., 2002; Chase et al., 2003a, 2003b; Christl et al.,
2007; Savranskaia et al., 2024).

Scavenging particles are the primary removal agents of °Be from
seawater to sediments and the composition and fluxes of these particles
are important regulators of sedimentary '°Be fluxes. Water column and
sediment '°Be studies suggest that 1°Be has a high affinity for scavenging
(a high partition coefficient Kq) by biogenic opal and lithogenic particles
and a low affinity for scavenging (low Kg) by calcium carbonate (Chase
et al., 2002, 2003a; Frank et al., 2000; Lao et al., 1993; Kretschmer et al.,
2011). Additional work on the short-lived cosmogenic isotope ’Be in-
dicates that the presence of organic carbon may also enhance the effi-
ciency of Be scavenging by all particle types (Yang et al., 2015),
although the impact of this effect on sedimentary °Be records is difficult
to assess due to the poor preservation of organic matter in typical marine
depositional environments. Perhaps because of its scavenging affinity
for opal and organic matter, Be exhibits nutrient-like distributions in the
ocean, with strong surface scavenging and deep-water regeneration
(Kusakabe et al.,, 1990). Recent modeling work reproduced
water-column °Be concentration data within a 34% model-data misfit
using opal and particulate organic carbon scavenging alone (Deng et al.,
2025). Over variable climatic conditions, changes in scavenging particle
composition and the flux of particles to the seafloor can also impact
resulting sedimentary '°Be fluxes, although the exact nature of these
changes appears to vary from site to site (Anderson et al., 1990; Frank
et al., 1997, 2000).

Beyond the scavenging particles themselves, the concentration of
dissolved '°Be in the water column through which the particles descend
plays a critical role in governing sedimentary °Be fluxes (e.g., Frank
et al., 2002; Sellén et al., 2009). In turn, seawater 10Be concentrations
appear to be a function of ocean circulation, water mass and depth (von
Blanckenburg et al., 1996; Frank et al., 2009; Segl et al., 1987; Measures
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etal., 1996; Kusakabe et al., 1987; Deng et al., 2025). In the open ocean,
deep seawater measurements (>1000 m) appear to exhibit increasing
10Be concentrations with increasing water mass age, or last contact with
the atmosphere, along the circulation pathway from the North Atlantic
to the Pacific (e.g., Deng et al., 2025 and references therein). Whether
this phenomenon arises from the nutrient-like scavenging behavior of
10ge (Kusakabe et al., 1990), a net export of 10B¢ from the Atlantic to the
Pacific, or from higher levels of 1°Be scavenging removal in the narrower
and more particle-rich Atlantic basin, relative to the wide Pacific (e.g.,
Kaste and Baskaran, 2012), remains an open question. Previous work
has highlighted the utility of sedimentary '°Be to constrain past changes
in water mass mixing (e.g., Jeromson et al., 2024; Frank et al., 2002;
Sellén et al., 2009), though these efforts have not been employed in the
open ocean on a large scale, in part because of complications associated
with coeval changes in particle scavenging.

An improved understanding of the relative importance of water mass
and particle scavenging in controlling '°Be variability in marine sedi-
ments would enable refined utilization of meteoric °Be to reconstruct
past environmental variability. For example, if the impact of changing
ocean circulation and particle scavenging on temporal variations in
sedimentary records of !°Be can be credibly untangled and past varia-
tions in the 1°Be production rate can be independently constrained, then
10Be could be used to investigate past changes in depositional environ-
ments and possibly basin-scale ocean circulation, analogous to the
application of the shorter-lived protactinium-231 (33'Pa; ~33 kyr half-
life) and thorium-230 (?3°Th; ~75 kyr half-life) isotope systems (e.g,
McManus et al., 2004; Waelbroeck et al., 2018; Jonkers et al., 2015).
While their faster radioactive decay limits paleoceanographic applica-
tions of 23!Pa and 2%°Th to the past ~150 kyr and ~500 kyr, respec-
tively, 1°Be could be paired with stable extraterrestrial helium-3 (McGee
and Mukhopadhyay, 2013) to investigate paleoceanographic variability
throughout the complete Pleistocene, Pliocene, and even into the late
Miocene.

Here we examine the oceanographic factors driving spatial and
temporal variability in '°Be fluxes to the seafloor across multiple
depositional environments and time periods using a global compilation
of marine sedimentary excess 230TH (23°Thxs)-normalized 10Be flux data.
Our compilation comprises data from 141 sediment core locations and
37 down-core time series, including 6 new time series records generated
in the frame of this study. We focus specifically on measurements of
230Thys-normalized '°Be fluxes, rather than °Be/°Be ratios, to quantify
variations in particulate scavenging of Be across different depositional
environments and to isolate changes in °Be systematics from back-
ground changes in lithogenic °Be supply. With our analysis, we aim to
improve characterization of the first-order processes governing '°Be
fluxes to the seafloor and thus refine application and interpretation of
10Be as a paleoceanographic proxy throughout the late Neogene.

2. Sampling and methods
2.1. New Th-Be data

2.1.1. Study regions for new Th-Be records

We combine new '°Be data with new and previously published U-Th
isotope records for 6 sediment cores from the North Pacific, the equa-
torial Pacific, and the North Atlantic (Fig. 1). All Th-Be data presented
here represent isotope measurements performed on co-located sediment
samples from the same sediment cores (Supplementary Tables 1 and 2).

SeaVOICE Cores AT26-19-09PC (44.887°N, 130.637°W, 2678 m
water depth) and AT26-19-12PC (44.897°N, 130.504°W, 2689 m water
depth) were retrieved from the western flank of the Juan de Fuca Ridge
in the northeast Pacific. Core descriptions, age models, thorium isotope,
opal and calcium carbonate (CaCO3) data are available in Costa et al.
(2016), Costa and McManus (2017), Costa et al. (2018), and Costa
(2018). Although hydrothermal scavenging can complicate interpreta-
tion of 23OThXS concentrations in near-ridge sediments, recent
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Fig. 1. Locations of compiled Be-Th sediment data (this study and references in Supplemental Table 1). Open circles indicate core top samples, filled circles indicate
time series records. We present new records for ODP Site 806, ODP Site 1208, IODP Site U1313, and sediment cores AT26-19-09 PC, AT26-19-12 PC, and KN207-2-

GGC6 (highlighted).

Hegr-analyses suggest insignificant hydrothermal influence on
230Thys-accumulation rates in any 09 PC sediments or in 12 PC sedi-
ments deposited after ~300 ka (Middleton et al., 2020). We present new
10Be data for over 40 samples between these two sites, spanning the last
440 kyr.

ODP Site 1208A (36.127°N, 158.201°E, 3346 m water depth) was
retrieved from the Shatksy Rise in the northwest Pacific during Leg 198
of the Ocean Drilling Program (Bralower et al., 2002). The age model,
thorium isotope, opal, and CaCOs3 data for the Holocene/LGM interval
evaluated in this study are available in Kinsley et al. (2022). We present
new '°Be data for 10 samples at this site spanning the last 50 kyr.

ODP Site 806A (0.318°N, 159.357°E, 2520 m water depth) was
retrieved from the Ontong Java Plateau in the western equatorial Pacific
during Leg 130 of the Ocean Drilling Program (Kroenke et al., 1991a).
We develop a high-resolution age model for the targeted interval of Site
806A based on stratigraphic alignment to the well-dated record of Site
806B (Lea et al., 2000) using the shipboard magnetitic susceptibility
data for both holes (Kroenke et al., 1991b; Supplementary Fig. 1). Our
806A age model is consistent with the 806A age interpretation of Wara
et al. (2005). We present new U-Th and °Be data for 14 samples at this
site spanning the last 150 kyr.

KN207-2-GGC6 (29.21°N, 43.23°W, 3018 m water depth) was
retrieved from the axial valley of the Broken Spur segment of the Mid-
Atlantic Ridge. The age model and thorium isotope data for this site
are presented in Middleton et al. (2018). Although this core was
recovered in proximity to the Broken Spur hydrothermal field, iron and
copper measurements suggest little to no hydrothermal deposition at
this location over the past 70 kyr (Middleton et al., 2020). We present
new %Be data for 14 samples at this site spanning the last 70 kyr.

IODP Site U1313 (41.000°N, 32.957°W, 3426 m water depth) was
retrieved from the western flank of the Mid-Atlantic Ridge during
Expedition 306 of the International Ocean Drilling Program and con-
stitutes a reoccupation of DSDP Site 607 (Channell et al., 2006). The age
model and previously published thorium isotope data are from Smith
et al. (2013), Naafs et al. (2013), and Zhou et al. (2025). We present
additional U-Th data and new °Be data for 10 samples at this site
spanning the last 140 kyr.

2.1.2. Beryllium isotope measurements
Beryllium sample preparation for GGC6, 12PC, 09PC, 1208A, 806A,

and U1313 was performed at the Lamont-Doherty Earth Observatory
(LDEO). For each analysis, 100 mg aliquots of dry bulk sediment were
spiked with 200 mg of 1000 ppm °Be Spex CertiPrep carrier solution and
digested in concentrated perchloric acid, nitric acid (HNOg), and hy-
drofluoric acid. A hydroxide precipitation was performed to remove
soluble metals (Na, K, Ca) prior to column chemistry. The sample so-
lutions were adjusted to pH ~9 using ammonium hydroxide (NH4OH)
and the insoluble hydroxide precipitate, containing the beryllium frac-
tion as well as other hydroxides (Al, Ti, Fe, Mn), was rinsed and redis-
solved in concentrated hydrochloric acid (HCI).

Excess hydrochloric acid was burned off on a hotplate and samples
were taken up in 3 ml of 9M HCl prior to chromatographic separation on
5 ml AG1-x8 100-200 mesh BioRad resin anion exchange columns, to
remove Fe and Mn. The sample fraction was eluted from the anion ex-
change resin with 14 ml of 9M HCI and dried down overnight at 100C in
the presence of 1 ml of 0.5M sulfuric acid, followed by two additional
evaporations with miliQ water containing trace sulfuric acid and
hydrogen peroxide. The final sample residue was taken up in 3 ml of
miliQ water with trace sulfuric acid and hydrogen peroxide and loaded
onto 4 ml DOWEX-50 x8 200-400 cation exchange resin to isolate Be
from Al and Ti.

Sample beryllium was eluted from the cation exchange resin using
20 ml of 1.2M HCl and dried down at 150°C in the presence of 5 drops of
concentrated HNOs. The isolated sample beryllium was further purified
twice via beryllium hydroxide precipitation at pH 9 using ~200 pl of
NH4OH and redissolution in 100 pl of 8M HNOs, followed by rinsing
with deionized water at pH 8. The residual beryllium hydroxide pre-
cipitates were then transferred to quartz crucibles for combustion at
830°C and packed into stainless steel cathodes with ~9 mg niobium
powder (99.99% metals basis) for analysis. Beryllium isotope analyses
were performed on the accelerator mass spectrometer (AMS) at
Lawrence-Livermore National Laboratory. The 1c analytical uncertainty
in reported '°Be concentrations is less than 1% for all cores with the
exception of Site 806A, where it varied from 1 to 2%.

2.1.3. Uranium-thorium isotope measurements

Thorium isotope measurements and 230Thys-derived mass accumu-
lation rates for Site 806A and U1313 were determined following the
methods of Costa and McManus (2017) and Costa et al. (2020). In brief,
100 mg sediment aliquots were spiked with 22°Th and 236U, digested in
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concentrated perchloric, nitric, and hydrofluoric acids, chromato-
graphically separated, and measured on an inductively coupled plasma
mass spectrometer at the Lamont-Doherty Earth Observatory following
the procedure of Fleisher and Anderson (2003). Concentrations of
230Thys and 23°Thyg-derived mass accumulation rates, hereby referred
to as bulk sediment fluxes, were calculated for each sample following
Costa et al. (2020), using the basin-specific lithogenic 2381y /232Th ac-
tivity ratios of Henderson and Anderson (2003). All 230Thxs-derived
fluxes presented here were calculated from initial, decay-corrected,
230Thyg concentrations (also known as 22'OThXS,O) based on the pub-
lished age information for each sample. Throughout this study, we ex-
press the initial, decay-corrected, excess 230Th concentration as 22°Thyg
for simplicity, unless otherwise noted.

The 23°Thx5—derived 108¢ and 2%2Th fluxes were then computed by
multiplying the 23°Thyg-derived bulk sediment flux of each sample by its
10Be concentration and 2*2Th concentration, respectively. The long-term
analytical uncertainties of U-series measurements were constrained via
repeat analysis of the VIMS (SeaVOICE Internal Mega Standard; Costa
and McManus, 2017) and NAIMS (North Atlantic Internal Mega Stan-
dard; Costa et al., 2024; Zhou et al., 2025) homogenized sediment
mixtures, which indicate 1o analytical uncertainties of 1-3% for the
238y, 230Th, and 232Th concentration data.

2.2. Global compilation of sedimentary °Be fluxes

We examine the new 2*°Thyg-normalized '°Be flux data of this work
within the context of a global compilation of **Thys-normalized °Be
data from 141 sedimentary records (Fig. 1). While 10Be/Be data is
valuable in understanding Be isotope systematics and their implications
for modern and paleoceanography (e.g., Savranskaia et al., 2021), only
sediment Be records with complementary thorium isotope data were
included in this compilation to allow direct flux comparison across
diverse depositional environments and to account for potential com-
plications associated with lateral sediment redistribution (e.g., Costa
et al., 2020).

Sediment '°Be, Th isotope, and sediment composition data were
retrieved from the National Oceanic and Atmospheric Administration
(NOAA) National Centers for Environmental Information (NCEI)
Paleoclimatology, the Biological and Chemical Oceanography Data
Management Office (BCO-DMO), and the PANGAEA Data Publisher for
Earth and Environmental Sciences online databases, as well as tables
and supplementary data sets available in the existing literature
(Supplementary Tables 1 and 2; Bernsdorff, 2008; Chase et al., 2003a;
Christl et al.,, 2010; Costa and McManus, 2017; Costa et al., 2018;
Eisenhauer et al., 1994; Frank et al., 1994; Frank et al., 1995; Frank
et al., 1996; Frank et al., 1997; Frank et al., 2000; Geibert et al., 2021;
Kinsley et al., 2022; Kumar et al., 1995; Lao et al., 1992; Lippold et al.,
2016; Marcantonio et al., 1996; Marcantonio et al., 2001; Ménabréaz
et al., 2011; Middleton et al., 2018; Middleton et al., 2020; Pavia et al.,
2024; Rutsch et al., 1995; Anderson et al., 1994). The global compilation
also includes previously unpublished 1°Be data generated by the LDEO
group in sediment core samples from JGOFS cruise TT013 to the central
equatorial Pacific (Supplementary Tables 1 and 2) and assorted North
Atlantic core tops (Supplementary Tables 1 and 2). Core descriptions,
U-Th isotope data, and sediment composition data for these samples are
available in Berelson et al. (1997), Marcantonio et al. (1995), Murray
et al., 1995, Marcantonio et al. (2001), Murray et al., 2000, Anderson
et al. (2006, 2008), and Leal et al. (2025). The °Be data for these
samples were generated following the methods of Lao et al. (1993).

Samples for which 1°Be concentrations were measured using sedi-
ment leachate methods (e.g., Henken-Mellies et al., 1990), in contrast to
bulk sediment material (e.g., Lao et al., 1993; Anderson et al., 1990), are
flagged within the compilation tables. Where distinct concentration data
and reasonable constraints on lithogenic 238U,/232Th ratios are available,
all 23OThxs concentrations and fluxes, as well as 1°Be decay corrections,
were recalculated according to the values and methods listed in Costa

Quaternary Science Reviews 383 (2026) 109922

et al. (2020), Chmeleff et al. (2010), and Korschinek et al. (2010) to
maximize consistency in proxy utilization across multiple studies and
sedimentary records. Where available, sedimentary opal, CaCOs, and
232Th data, used as a lithogenic proxy (e.g., Kienast et al., 2016), were
also compiled to examine the effects of variations in particle composi-
tion and flux on scavenging intensity and sedimentary '°Be fluxes. Of the
141 total records in the compilation, all include 232Th data, 50 include
complementary opal data, and 25 include CaCO3 data.

Sedimentary records recovered from locations in complex scav-
enging environments, such as those with significant levels of hydro-
thermal input, were flagged and excluded from the global compilation as
these settings can bias the 2°Thyg constant flux proxy system (Costa
et al., 2020; Middleton et al., 2020). Given increased uncertainties in the
utilization of 2*°Thyg within the GEOTRACES GP16 core top samples of
the South Pacific Gyre (Pavia et al., 2024), we have substituted extra-
terrestrial helium-3 (3HeET) normalized flux data for the 230Thxs data of
these samples. Additional records or samples within the compiled data
set that were identified within the literature as not representative of
typical marine sedimentary conditions, such as those from the glauco-
nite rich Core PSBC-133 from the California Margin (Lao et al., 1992) or
Arctic record PS1533-3 (Geibert et al., 2021) were also excluded from
compilation data analysis and interpretation.

While our compilation of 230Thx5-normalized sedimentary 10Be flux
records includes data spanning the high and low latitude regions of the
Atlantic and Pacific Oceans, we note that it noticeably lacks sample
coverage in the Indian Ocean (Fig. 1). We encourage the generation of
more 230Thys -1°Be data in the Indian Ocean basin in order to determine
whether the oceanographic patterns impacting sedimentary °Be fluxes
observed in the Pacific and Atlantic basins are globally applicable, or
whether Be systematics in the Indian Ocean are sensitive to local
oceanographic conditions.

2.3. Paleomagnetic corrections of '°Be production

As a cosmogenic nuclide, variations in the intensity of Earth's mag-
netic field will change the atmospheric production rate of 10Be over time
(Lal and Peters, 1967). Unless otherwise specified, we correct downcore
10Be fluxes for paleomagnetic variations by dividing by the paleo-'°Be
production rate for each age and thus provide flux variations relative to
the late Holocene average (2-6 ka). Paleo-'Be production rates are
computed using the production rate equations of Wagner et al. (2000),
the sediment core age models, and the PISO-1500 paleomagnetic in-
tensity reconstruction (Channell et al., 2009). The PISO-1500 stack is
preferred for this analysis due to its simultaneous alignment with
benthic foraminiferal oxygen isotope data, from which many sediment
core age models have been generated, and its sensitivity to high fre-
quency variability in relative paleo intensity (Channell et al., 2009). We
additionally examine the relationship between downcore °Be fluxes
and paleo-!°Be production rates computed using the SINT-2000 paleo-
magnetic intensity reconstructions (Valet et al., 2005) as a sensitivity
test to the choice of the paleomagnetic record used to produce corrected
10Be flux timeseries.

2.4. Basin-specific analyses

In order to evaluate basin-specific relationships between °Be fluxes
and other oceanographic factors, sediment sample locations were
assigned to either the Atlantic, Southern Ocean, or Pacific basins based
on their pre-industrial bottom water radiocarbon values (A™Q). Pre-
industrial bottom water radiocarbon values were interpolated to each
sample location based on OCIM2-48L (Holzer et al., 2021). Sample lo-
cations with A*C values greater than —125%. were assigned to the
Atlantic, those with A'C values between —125 and —175%c were
assigned to the Southern Ocean, and those with A'#C values below
—175%o0 were assigned to the Pacific basin.
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3. Results
3.1. New 1°Be flux time series

Our new 2*%Thyg-normalized sedimentary 10Be flux records illustrate
the range and temporal variability of seafloor 1°Be fluxes across multiple
depositional environments and ocean basins, including the North
Atlantic (IODP Site U1313), the subtropical North Atlantic gyre (KN207-
2-GGC6), the western equatorial Pacific (ODP Site 806), and the western
(ODP Site 1208) and eastern (AT26-19-09PC and AT26-19-12PC) North
Pacific margins (Fig. 2). Comparison of these records with paleomag-
netic intensity data highlights the magnitude of climate-driven vari-
ability in seafloor !°Be fluxes relative to changes in atmospheric °Be
production rates associated with magnetic field intensity (Fig. 2;
Channell et al., 2009; Wagner et al, 2000). For example, the
non-production-rate-corrected sedimentary '°Be fluxes during the Last
Glacial Maximum (LGM; ~18-24 ka) were generally 2-4 times higher
than the minimum Holocene 1°Be fluxes (between 0 and 10 ka), whereas
the PISO-1500 geomagnetic intensity reconstruction suggests that at-
mospheric 1°Be production was less than ~10% higher during the LGM
(Fig. 2).

Notably, there is no significant correlation between the uncorrected
seafloor '°Be fluxes and the relative atmospheric production rate
calculated for each sample age (via Wagner et al., 2000; Channell et al.,
2009, Fig. 2). This observation demonstrates the impact of oceano-
graphic and climatic effects on sedimentary '°Be fluxes relative to esti-
mated changes in the atmospheric °Be production rate over time.
Consequently, improved constraints on the oceanographic variables
driving variations in seafloor '°Be fluxes are essential to understand long
term changes in sedimentary 1°Be records.
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Strong correlations between sedimentary °Be fluxes and lithogenic
Z32Th fluxes across basins (R? = 0.66 for the aggregated data set) suggest
that variations in lithogenic particle scavenging are a primary driver of
the variability in 10Be fluxes observed at these sites (Fig. 2). Beyond the
general linear relationship between lithogenic and '°Be fluxes, there
also appears to be an ocean basin-effect on seafloor °Be fluxes, with
Pacific sites (806, 1208, 09PC and 12PC) exhibiting higher 19Be fluxes
for a given lithogenic 232Th flux than the Atlantic Sites (U1313 and
GGC6; Fig. 2i). When the time series records are grouped by ocean basin,
the observed correlation between '°Be and lithogenic 232Th fluxes in-
creases (Pacific R = 0.79, Atlantic R? = 0.93).

Although the Atlantic sites exhibit a weak correlation between
sedimentary 10Be flux and bulk sediment fluxes (R? = 0.36), no mean-
ingful relationship is observed in the Pacific or aggregate data (Fig. 2).
Given that bulk sediment accumulation rates at many of these sites are
dominated by calcium carbonate (e.g., Costa et al., 2016; Middleton
et al., 2018; Kroenke et al., 1991a; Channell et al., 2006), these obser-
vations may reflect the overall weaker influence of calcium carbonate on
10Be particle scavenging (e.g., Chase et al., 2002) or a disconnect be-
tween carbonate deposition and °Be accumulation possibly driven by
variable CaCO3 dissolution and preservation. Alternatively, the lack of
correlations between '°Be fluxes and bulk sediment fluxes may result
from variable opal deposition, which efficiently increases 1°Be fluxes
without adding significantly to the bulk sediment flux, as is observed at
Site 1208 (Fig. 2). The impacts of opal are difficult to fully assess within
the new time series records, as opal data are only available for ODP Site
1208 (Kinsley et al., 2022) and SeaVOICE core AT26-19-09PC (Costa
et al., 2018).

We now examine the relationships observed in our new 230Thys-19Be
records within the context of our global 22°Thys-1°Be compilation in
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Fig. 2. New Th-Be time-series and correlation data for ODP Site 806, ODP Site 1208, IODP Site U1313, and cores AT26-19-09PC, AT26-19-12PC, and KN207-2-
GGC6. (a) the LRO4 benthic foraminifera oxygen isotope (5*%0) stack over the past 450 ka for climatic reference (Lisiecki and Raymo, 2005); (b) variations in
the atmospheric 10ge production rate relative to the late Holocene, calculated from PISO-1500 (Wagner et al., 2000; Channell et al., 2009); (c) 19Be flux records; (d)
bulk sediment flux records; (€) 232Th flux records; (f) opal flux records, where available for ODP Site 1208 and AT26-19-09PC (Costa et al., 2018; Kinsley et al., 2022);
(g 19Be flux data versus (g) the coincident relative 10ge production rate (as in (b)); (h) bulk sediment flux; (i) 2327 flux; (§) opal flux data, where available. All
fluxes are calculated using 2*°Thyg-normalization. The '°Be flux records in this figure have not been corrected for past changes in atmospheric production rate.
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order to determine whether the patterns observed here (e.g., the strong
correlation between lithogenic fluxes and '°Be fluxes and higher '°Be
fluxes in the Pacific than the Atlantic) are also present on a global scale,
when data from the Southern Hemisphere and additional regions with
high opal fluxes are included as well. We first consider the global core
top/Holocene data set before examining temporal variability within the
compiled time series data.

3.2. Global core-top/Holocene data set

Globally, 2*°Thyg-normalized °Be fluxes in compiled core-top sedi-
ment samples (or the youngest measured sample <10 ka if core top data
is unavailable) show a range of two orders of magnitude, from 0.06 to
4.9 x 10° atoms/cm? kyr (Fig. 3). The highest seafloor '°Be fluxes occur
in the high latitude North Atlantic (>50°N), the Southern Ocean, and
along some, but not all, continental margins. The lowest seafloor 1°Be
fluxes are found in the subtropical North Atlantic and the tropical
Pacific.

3.2.1. Marine scavenging factors

We calculated a marine scavenging factor for each core-top sample
by dividing its 1°Be flux by the global meteoric °Be production rate,
such that values greater than one indicate excess seafloor '°Be fluxes and
values below one indicate depleted seafloor 0pe fluxes (Fig. 4a). For
these calculations, a modern global 1°Be production rate value of 1.09 x
10° atoms/cm? kyr (Heikkila and von Blanckenburg, 2015) was applied,
which is well within the range of previous estimates (Masarik and Beer,
2009). We use the global average °Be production rate, rather than the
spatially heterogenous sea surface '°Be fluxes (e.g., Heikkila and von
Blanckenburg, 2015), based on the assumption that the 200-1000 year
residence time of 1°Be in seawater enables thorough mixing (Anderson
et al.,, 1990; Ku et al., 1990; Kaste and Baskaran, 2012). The map of
marine scavenging factors obtained from the core-top data exhibits
spatial patterns similar to the map of absolute 1°Be fluxes and suggests
that the excess °Be fluxes observed in the particle-rich, high-scavenging
regions of the high latitude North Atlantic, the Southern Ocean, and
along continental margins may be balanced by '°Be depletion, and thus
lower '°Be fluxes, in the abyssal plains of the subtropical gyres (Fig. 4a).

Interestingly, core-top sediments from the Northwest African margin
exhibit depleted marine scavenging factors (values less than one),
despite their proximity to the continent and the high particle fluxes
observed at these sites (Figs. 3 and 4). The relative 1°Be depletion along
the Northwest African margin contrasts with other continental margin
upwelling areas, such as coastal California and the Peruvian margin,
where the marine scavenging factors suggest :°Be fluxes exceeding 1.5x
the global production rate or higher (Fig. 4). The relatively low '°Be
fluxes observed in Northwest African margin sediments, compared to
other continental margin areas, is spatially consistent with the relative
low sea surface 1°Be depositional fluxes predicted over this region by
climate models (Fig. 4b; Heikkila and von Blanckenburg, 2015).
Although ocean mixing is thought to homogenize spatial variability in
atmospheric 10ge deposition to the sea surface, the Northwest African
margin, with its very low precipitation rates and high lithogenic fluxes,
may represent a unique setting where this presumed homogenization
may not be occurring.

From a basin-specific perspective, while the Atlantic core-top data
exhibit a range of marine scavenging factors (both above and below 1)
consistent with variable 1°Be excesses and depletions, dependent on the
local depositional settings, nearly every Southern Ocean core-top
examined exhibits a marine scavenging factor indicative of excess °Be
deposition (Fig. 4). This pattern suggests that, despite several regions of
excess 1°Be deposition within the Atlantic basin, there is net export of
seawater '°Be from the Atlantic into the Southern Ocean that results in
Southern Ocean sedimentary 1°Be fluxes consistently higher than the
global production rate. Like in the Atlantic, the Pacific core-top data
exhibit a range of marine scavenging factors indicative of variable °Be
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excesses and depletions. Whether there is also a net export of seawater
10Be from the Pacific into the Southern Ocean cannot be determined
with the available data, as many Pacific regions that are likely to exhibit
significant 1°Be scavenging, such as equatorial upwelling regions and
the East Pacific Rise, are not representatively sampled in this
compilation.

3.2.2. Impact of scavenging particle composition

The observed global pattern of core-top '°Be fluxes likely reflects the
influence of marine particle scavenging on '°Be systematics and exhibits
a moderate correlation with 2**Thyg-normalized bulk sediment fluxes
R? = 0.39, n = 212) at the same locations (Table 1; Fig. 3d). Core-top
10Be fluxes exhibit similar linear correlations (Fig. 3) with lithogenic
232Th fluxes (R% = 0.31, n = 212) and opal fluxes ®R%= 0.44,n =78 due
to smaller available data set), although the global opal data are better
explained by a logarithmic relationship (R? = 0.60, n = 78). Where data
is available (n = 63), the relationship between global core-top °Be
fluxes and CaCOs fluxes is negligible or non-linear, with a wide range of
10Be fluxes associated with very low CaCOj flux values. This apparent
non-linear negative relationship between 1°Be and CaCO5 fluxes on a
global scale may reflect a weaker, but non-zero, scavenging influence of
CaCOj3 on '%Be, relative to opal and lithogenic particles. These correla-
tions are based on the complete global core-top sample set, including
both leached and bulk-processed samples.

Some of the variability in the core-top data set can be reduced by
removing six outlier samples from three hemipelagic cores from the
global analysis. These cores are vt19-28 and vt19-29 from the Ecuador
Margin (Lao et al., 1992) and GeoB1008-3 from the Congo Margin
(Rutsch et al., 1995; Frank et al., 1996). Given the proximity of each of
these cores to a nearby river mouth, the relatively high '°Be fluxes
observed in these samples may result from additional °Be inputs to
these locations, in excess of the global average '°Be production rate, due
to river runoff and particulate scavenging of 1°Be originally deposited on
land (Deng et al., 2025). When these six samples are removed from the
global analysis, we observe a modest increase in correlations between
core-top 19Be fluxes and bulk sediment fluxes (R? = 0.41, n = 206),
lithogenic 232THh fluxes (R? = 0.33, n = 206), and opal fluxes R?= 0.45,
n = 75). This sample elimination does not impact the CaCO3 data set.
Based on this observation, all following results in this study are calcu-
lated based on the exclusion of samples from these hemipelagic sites.

Notably, bulk sediment fluxes are not correlated with 1°Be fluxes
within the data set that only includes samples with available opal data
(n = 75; Opal Only data set in Table 1). The Opal Only data set is heavily
weighted towards records from regions with high opal fluxes, such as
upwelling regions and the Southern Ocean (Supplementary Table 2).
This result suggests that model estimates of seafloor °Be fluxes based
solely on bulk sediment flux are unlikely to appropriately capture °Be
flux variability within these regions of high opal productivity. When
samples with the highest opal fluxes relative to bulk sediment fluxes,
indicated by high opal concentrations, are progressively removed from
the global core-top data set, the correlations between °Be fluxes and
bulk sediment fluxes, as well as lithogenic sediment fluxes, begin to
improve (Supplementary Fig. S2). For the Some Opal core-top/Holocene
data set (n = 181), which includes all samples with less than 40 wt%
opal, 10Be fluxes exhibit higher correlations with bulk sediment fluxes
R2= 0.51), and with lithogenic 232THh fluxes (R = 0.50; Table 1). Thus,
although opal deposition uniquely impacts °Be fluxes to the seafloor,
10Be scavenging via opal particles does not appear to dominate the °Be
flux signal except in highly opal-rich sediments (e.g., greater than 40 wt
% opal).

3.2.3. Impact of leaching on measured '°Be fluxes

The !°Be fluxes measured in leached versus bulk-processed samples
may be expected to differ if the °Be input from background sediment
particles, such as lithogenic material, were high relative to the leachable
meteoric °Be input scavenged from seawater, as is the case for °Be.
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Fig. 3. Core-top/Holocene compilation parameter maps and correlation plots. (a) 2**Thys-normalized '°Be fluxes; (b) pre-industrial bottom water A'*C values at
each core location for spatial reference (Holzer et al., 2021); (c) Bulk sediment fluxes and (d) correlation with 198e fluxes; (e) 232Th fluxes and (f) correlation with
19Be fluxes; (g) opal fluxes and (h) correlation with 19Be fluxes; (i) CaCOj3 fluxes and (j) correlation with 10Be fluxes. In (b,d,f,h, and j), open circles indicate 10Be flux
values derived from bulk sediment analysis, while filled circles indicate '°Be flux values derived from leached sediment analysis. In (g and 1), filled circles indicate
samples with available opal or CaCOs flux data, while open circles indicate samples for which opal or CaCO5 data is not available. Opal and 2?Th fluxes are plotted
on a log scale for visual clarity. All fluxes are calculated using 2**Thys-normalization, with the exception of GEOTRACES GP16 core top samples from the equatorial

Pacific, which are calculated using *Hegr -normalization (Pavia et al., 2024).

Within the global core-top data set, reported °Be concentrations range
from 0.2 to 11.5 x 10° atoms/g (Supplementary Table 2). In compari-
son, '°Be concentrations measured in loess and aeolian dust, the likeliest
sources of lithogenic °Be to the abyssal seafloor, are typically on the
order of 0.1-5 x 108 atoms/g (Graham et al., 2003; Gu et al., 1996;
Willenbring and von Blanckenburg, 2010b). Importantly, these dust
studies note that the reported '°Be concentrations may include both
original 1°Be produced by cosmic radiation within the mineral lattice of
the dust itself (in situ lOBe), as well as meteoric 1°Be already scavenged
and retained onto the sample particles. The fate of the meteoric °Be on
such particles through atmospheric transport processes and prolonged

exposure to seawater remains unclear. A more appropriate upper limit
for in situ lithogenic '°Be concentrations may be better approximated by
bedrock samples from the Antarctic Dry Valleys, where high polar in situ
10Be production rates and multi-million-year exposure ages support
bedrock '°Be concentrations on the order of 0.1-5 x 107 atoms/g (e.g.,
Balco and Shuster, 2009; Balter-Kennedy et al., 2023). Hence, the true
concentration of lithogenic 1°Be expected within the marine sediments
of this study may reasonably be expected to be closer to the 1 x 107
atoms/g range or lower (Willenbring and von Blanckenburg, 2010b),
orders of magnitude lower than total °Be concentrations observed
within the marine sediment compilation.



J. Middleton et al.

Core Tops (age = 10 ka)

- 5
©
1
st
4 8.9
w Qg
o=
s £3
c o
2%
o
p 80
O
2R
= 3
@ i
=0
: m
=)

19Be Flux (109 at/cm? kyr)

Fig. 4. Map of marine scavenging factors for the complete core-top/Holocene
data set. (a) Marine scavenging factors were calculated for each sample by
dividing its '°Be flux by the global meteoric '°Be production rate of 1.09 x 10°
atoms/cm? kyr (Heikillia and von Blanckenburg, 2015). (b) Comparison map of
sedimentary core-top/Holocene '°Be fluxes with model estimates for '°Be
deposition rates to the sea and land surface (Heikillia and von Blanckenburg,
2015). The color axis in (b) is truncated to highlight regional variability in the
deposition model estimates.

Consequently, we expect meteoric 1°Be to dominate the total °Be
budget of marine sediments and thus do not expect a significant differ-
ence in 1°Be values derived from sample leaching versus bulk sediment
processing. Our compilation analysis supports this conclusion as we do
not observe a systematic difference in the 10B¢ fluxes and apparent re-
lationships with sediment particle fluxes between samples with °Be
data determined from the leachate versus bulk sediment analytical
procedures (Fig. 3). Quantitative assessment of this observation, how-
ever, is difficult due to the environmental variability among samples
processed via leaching versus bulk sediment processing. For example,
leached samples exhibit higher correlations between '°Be fluxes and
bulk sediment fluxes (R% = 0.46, n = 56) and lithogenic 232Th fluxes (R>
= 0.59, n = 56) than the bulk-processed samples (R? = 0.31 and the not
meaningful R? = 0.11 for bulk sediment fluxes and 23?Th fluxes,
respectively, n = 156; Table 1). However, bulk-processed samples
represent a larger data set and include samples with higher opal-fluxes
than the leached sample set (Fig. 3). Moving forward, all data in-
terpretations in this work will be based on the combined leached and
bulk-processed sample sets, unless otherwise noted.

3.2.4. Impact of other environmental parameters

The correlations between core-top 10B¢ fluxes and other sediment
particle fluxes are higher when evaluated in samples from the same
ocean basin (Fig. 3; Table 1), as observed in the new time series dis-
cussed above. For the Atlantic (n = 64), Southern Ocean (n = 64) and
Pacific (n = 78) core-top data sets, correlations between 10Be fluxes and
bulk sediment fluxes yield R? values of 0.57, 0.45, and 0.65, respec-
tively. The basin-specific correlations between °Be fluxes and litho-
genic 232Th fluxes are lower than those observed with bulk sediment
fluxes, but generally slightly higher than the lithogenic correlation
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observed in the global analysis (R = 0.34, 0.37, and 0.35 for the
Atlantic, Southern Ocean, and Pacific, respectively).

Beyond the influence of particle flux, we also evaluate correlations
between core-top 10B¢ fluxes and water depth (Table 1; Fig. 5). Seawater
10Be typically follows nutrient-like profiles within the water column and
thus seawater °Be concentrations tend to increase with water depth
(Fig. 5a; Deng et al., 2025; Kusakabe et al., 1990; Chase et al., 2003b).
The nutrient-like profiles of seawater °Be suggest the release of some
fraction of surface-scavenged °Be via the dissolution of a scavenging
particle phase, such as particulate organic matter, in the deep ocean.
Although previous work has detected a global correlation between
sedimentary 10Be/Be ratios and depth (Savranskaia et al., 2021), we do
not observe any significant correlation between 23°Thyg-normalized
10Be fluxes and water depth in the global core-top data set or within the
basin-specific core top data sets (Fig. 5b; Table 1). However, the
observed correlations between global core top/Holocene °Be fluxes and
bulk sediment fluxes are generally higher throughout the global data set
when 1°Be flux values are first divided by sediment core water depth
(Table 2). For example, when samples with opal concentrations
exceeding 40 wt% are excluded, the correlation between
depth-normalized '°Be fluxes and bulk sediment fluxes yield R values of
0.62, 0.36, 0.63, and 0.83 for the global data set (n = 205), the Atlantic
(n = 63), the Southern Ocean (n = 64), and the Pacific data sets (n = 78),
respectively (Table 2). These correlations were calculated based on
exclusion of one flyer with an unusually high '°Be flux/depth value from
Atlantic site EN179 BC5 from 384 m water depth. Notably, only the
Atlantic basin exhibits weaker correlations between '°Be fluxes and bulk
sediment fluxes when sediment core water depth is accounted for. This
apparent depth-dependence may reflect a global pattern of increasing
sediment '°Be concentrations with depth (Fig. 5¢), as the comparison of
10Be flux divided by depth versus bulk sediment flux is mathematically
equivalent to the comparison of sediment '°Be concentrations and water
depth.

We additionally examine the relationship between °Be fluxes and
water mass age, approximated by the pre-industrial bottom water
radiocarbon value (A'#C) for each core top site adopted from Holzer
etal. (2021), because deep water °Be concentrations generally increase
along the thermohaline circulation pathway (Fig. 5d; Deng et al., 2025;
Kusakabe et al., 1987; Kusakabe et al., 1990). To first order, the core-top
data do not exhibit any meaningful global or strong basin-specific cor-
relations between '°Be fluxes and bottom water A4C (Fig. 5e; Table 1).
This observation persists when °Be fluxes are normalized to sediment
core water depth, with the exception of the Atlantic data set (Table 2).
The Atlantic core top data exhibit a significant correlation between
depth-normalized '°Be fluxes and bottom water A'*C with an R? of 0.44
(n = 63). Interestingly, depth-normalized !°Be fluxes and
depth-normalized sediment °Be concentrations in the Atlantic core top
data set appear to decrease with increasing water mass age (Fig. 6),
which is contrary to the general trend observed in seawater '°Be con-
centrations (Fig. 5a). However, we caution against overinterpretation of
this result because it may arise from a sampling bias, given that the
majority of Atlantic core top samples with the youngest radiocarbon
values (A'C > —80%o) are from much shallower depths (<2000 m) than
the rest of the Atlantic data set. Over all, our analysis of 1°Be fluxes and
water mass ages suggests that the basin-specific relationships observed
between °Be fluxes and sediment particle fluxes are not linearly related
to deep ocean circulation, but likely reflect a more complex relationship
with depth and water mass geometry.

3.3. Global time series data set

Much of the spatial coverage of the global compilation comes from
core top or time slice studies that do not extend past the Last Glacial
Maximum (~20 ka; LGM). Beyond the LGM, the number of time series
records available decreases with each glacial cycle, with about 20 re-
cords extending past 100 ka and only four records extending past 300 ka
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Table 1
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Pearson R? values for correlations between core-top/Holocene (0-10 ka) sediment'°Be fluxes and assorted environmental parameters.

All Core Tops Flyers Removed Leached Samples

Bulk Samples

Atlantic® Core Tops S. Ocean® Core Tops Pacific® Core Tops

10Be Fluxes

All Data (n) 212 206 56
Bulk flux 0.39* 0.41% 0.46*
Z2Th flux 0.31* 0.33* 0.59*
A14Ca\ ~ _ -
Depth - - -
CaCO3 Reported (n) 63 63 9
CaCOs flux 0.11* 0.11* -
Opal Only” (n) 78 75 11
Opal flux 0.44* 0.45* -
Ln (opal flux) 0.60* 0.62* -
Bulk flux 0.13 0.13 -
232Th flux - - -
A14Ca - _ -
Depth - - -
No Opal (n) 134 131 42
Bulk flux 0.52* 0.56* 0.56*
232Th flux 0.46* 0.52% 0.66*
A14CA ~ _ ~
Depth - - -
Some Opal” (n) 187 181 50
Bulk Flux 0.48* 0.51% 0.51%
22T flux 0.45* 0.50* 0.64*
Aldc? _ - -
Depth - - -

156 64 64 78
0.31% 0.57* 0.45* 0.65*
0.1 0.34* 0.37% 0.35*
- 0.13 0.11 0.26%
- 0.07 -
54 3 34 26
0.16* - 0.20** 0.69*
64 24 42 9
0.54* 0.75* 0.47% -
0.69* 0.64* 0.44* -
0.17 0.78* 0.26* 0.52
- 0.54* - 0.64*
0.22 0.22* 0.53
- - 0.62
89 40 22 69
0.50* 0.36* 0.39* 0.65*
0.31% 0.30% 0.41% 0.34*
- - - 0.24*
130 64 39 78
0.46* 0.57* 0.53* 0.65*
0.31% 0.34* 0.61* 0.35%

0.13 0.15 0.26*

All reported R? are significant at the 95% confidence level.
*R? are >0.20 and significant at the 99% confidence level.
*R is negative, inverse relationship suggested.

2 AMC refers to pre-industrial bottom water A'*C value interpolated from Holzer et al. (2021).

> Opal Only data set excludes samples without opal data.
¢ No Opal data set excludes all samples with opal data.

4 Some Opal data set excludes samples with opal concentrations above 40 wt%.

¢ Ocean basins defined by preindustrial AC as follows: Atlantic > —125%0; Southern Ocean: —175 to —125%o; Pacific: < —175%o.

(Supplementary Table 1). In order to avoid overinterpretation of sparse
data, we focus the remainder of our time series discussion on the
compilation of data dating between 0 and 250 ka (Fig. 7). Synthesis of
the global time series data set is complicated by the combination of
climatically-driven changes in depositional environment (associated
with variations in wet deposition of °Be to the sea surface, lithogenic
input to the water column, and biogenic particle export, for example) as
well as geomagnetically-driven variations in 1°Be production rates over
time. We first examine the relationship between the measured 1°Be flux
time series and magnetically-driven variations in the 1°Be production
rate. Then, we apply a paleomagnetic correction for °Be production
changes to each sample and evaluate the relationships between the
corrected °Be flux time series and depositional environments observed
in the core-top analysis.

3.3.1. Impact of geomagnetic field intensity

We do not observe any quantitative broad correlation between the
global 1°Be flux time series data and '°Be production rate variations
estimated from paleomagnetic field intensity records over the last 250
kyr (Table 3; Fig. 7). Neither do we observe correlations between 10ge
flux data and paleomagnetic field intensity when data sets are grouped
by basin, or when core top data points are excluded. This result is in-
dependent of the selection of the PISO-1500 (Channell et al., 2009) or
the SINT-2000 (Valet et al., 2005) paleomagnetic intensity
reconstruction.

Correlations between the PISO-1500-based relative 1°Be production
rate and local !°Be fluxes are slightly higher when evaluated on a site-
by-site basis, rather than as a global data set (Supplementary Table 3).
However, of the 33 timeseries in the global compilation with more than
eight data points within the past 250 kyr, only three (MD04-2811 from
the Portuguese Margin, NBP9802-5GC1 from the Pacific Southern
Ocean, and AT26-19-09PC from the Northeast Pacific) exhibit correla-
tions between !°Be fluxes and relative 1°Be production rates with R?
values in excess of 0.50 at the 95% confidence level (R? = 0.62, 0.50 and
0.56, respectively). The MD04-2811 1%Be flux record may be especially
sensitive to correlation with magnetically-induced variations in '°Be
flux because this record spans the period of time ~20-46 ka and was
specifically generated to investigate the Laschamp excursion
(Ménabréaz et al., 2011). In comparison, 29 of the 33 time series records
examined do not exhibit any statistically significant or meaningful (R
> 0.20) correlation between '°Be fluxes and relative °Be production
rates (Supplementary Table 3). These weak correlations between
PISO-1500-based relative °Be production rates and 10Be fluxes are the
lowest exhibited among the five parameters evaluated in the site-by-site
correlation analysis (PISO-1500-based relative 10ge production rate,
bulk flux, 2*2Th flux, opal flux, and CaCOs flux; Supplementary Table 3).

The apparent correlations calculated between the compiled 1°Be flux
records and the PISO-1500 paleomagnetic intensity reconstruction may
be reduced to some extent by offsets in the recorded timing of 1°Be flux
changes in low sedimentation rate sediment cores, relative to the high-
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Fig. 5. Seawater and sediment '°Be data versus depth and water mass age. (a-c) Depth versus (a) deep (>500 m) seawater dissolved °Be concentrations; (b) core-
top/Holocene sedimentary °Be fluxes; (c) core-top/Holocene sedimentary °Be concentrations. Data are color coded based on the pre-industrial A'*C value of the
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resolution PISO-1500 stack, due to sediment core age model un-
certainties and the compositional smoothing effect of bioturbation (e.g.,
Berger and Heath, 1968). Post depositional remanent magnetization of

seafloor sediments can also cause a downward shift of the paleomagnetic
intensity signal, relative to the '°Be production rate change signal, as a
function of a lock-in depth of ~10-15 cm that further complicates direct

Table 2

Pearson R? values for correlations between core-top/Holocene depth-normalized'®Be fluxes and assorted environmental parameters.

Core Tops w/Flyers Removed®

Atlantic® Core Tops

S. Ocean® Core Tops

Pacific® Core Tops

Be flux/depth

All Data (n) 205 63 64 78
Bulk flux 0.56* 0.36* 0.52* 0.83*
232Th flux 0.43* 0.47* 0.40* 0.62*
Aldc? 0.12 0.44* - 0.29%

CaCO3 Reported (n) 63 3 34 26
CaCOj flux 0.12% - 0.20%% 0.58*

No Opal” (n) 130 39 22 69
Bulk flux 0.68* 0.34* 0.50* 0.83*
232Th flux 0.54* 0.40* 0.55* 0.61*
At 0.22% 0.44* 0.30 0.26%

Some Opal® (n) 180 63 39 78
Bulk Flux 0.62* 0.36* 0.63* 0.83*
232Th flux 0.53* 0.46* 0.67* 0.62*
Atc? 0.13 0.44* - 0.29%

All reported R? are significant at the 95% confidence level.
*R? are >0.20 and significant at the 99% confidence level.
*R is negative, inverse relationship suggested.

2 AC refers to pre-industrial bottom water A'*C value interpolated from Holzer et al. (2021).

Y No Opal data set excludes all samples with opal data.
¢ Some Opal data set excludes samples with opal concentrations above 40 wt%.
4 Data set excludes EN179 BC5 from 384 m water depth.
¢ QOcean basins defined by preindustrial A*C as follows: Atlantic > —125%o; Southern Ocean: —175 to —125%; Pacific: < —175%.
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for spatial reference (Holzer et al., 2021).

comparison of these two data sets (Channell and Guyodo, 2004; Suga-
numa et al., 2011). The extent of these effects is visually apparent in the
normalized '°Be flux time series records, determined by dividing the
10Be flux values of each site by its downcore average (Fig. 7). The
normalized 1°Be fluxes appear to exhibit variability between ~65 and 40
ka, across the Norwegian-Greenland Sea and Laschamp excursions, as
well as the Iceland Basin excursion at ~190 ka, albeit offset by several
thousand years from the PISO-1500-derived 1°Be production rate record
(Fig. 7). Such sedimentological effects have less impact on comparisons
of 1%Be flux data with other sediment component flux data in our ana-
lyses because all compositional measurements were generated on the
same sediment core samples. Consequently, bioturbation and uncer-
tainty in sediment sample ages would affect the sedimentary records of
19Be flux and other sediment component fluxes to the same, or similar,
degree at each site.

The lack of broad correlation between the compiled '°Be flux data
and paleomagnetic field intensity emphasizes the relatively minor role
that production rate variations have played in governing global seafloor
10Be fluxes over the last 250 kyr. This result does not imply that 1°Be
production rates and °Be fluxes are not impacted by high frequency
changes in geomagnetic field intensity over this interval, which has been
well documented (e.g., Frank et al., 1997; Ménabréaz et al., 2011; Simon
et al., 2016b; Simon et al., 2020). Rather, the absence of a broad cor-
relation suggests that variations in local sediment fluxes and composi-
tion may complicate or overprint the production rate signal within
sedimentary '°Be flux records obtained from abyssal sediments.

Prior investigations have examined stacked '°Be flux time series in
order to identify the production rate signal from disparate sedimentary
records (e.g., Frank et al., 1997). Our analysis suggests that such in-
vestigations of past changes in 1°Be production rate could be refined by
correcting '°Be flux data by site-specific changes in the depositional
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environment prior to stacking, as has recently been applied for re-
constructions based on sedimentary 10Be /%Be ratios (Savranskaia et al.,
2024). Notably, the relative importance of paleomagnetic field intensity
on temporal variations in seafloor 1°Be fluxes may be higher in older
records that span magnetic reversals, when relative field intensity
changes were likely larger or sustained for longer periods of time (Valet
et al., 2005, 2024; Channell et al., 2009).

3.3.2. Impact of scavenging and other environmental factors

The global sedimentary '°Be flux time series data set exhibits much
weaker correlations with bulk fluxes and lithogenic 232Th fluxes (R% =
0.25 and the not meaningful 0.14, respectively) than observed in the
core-top/Holocene data set alone, despite corrections for temporal
variations in 1°Be production rates (Fig. 8, Table 3). When grouped by
basin, correlations between '°Be fluxes and bulk sediment fluxes in the
Atlantic (n = 408), Southern Ocean (n = 390), and Pacific (n = 402)
time series data remain weak, with R? values of 0.24, a not meaningful
0.10, and 0.25, respectively. The R? values of the correlations between
10Be fluxes and 232Th fluxes in the basin-specific Atlantic, Southern
Ocean, and Pacific data sets are also negligible or very low (Table 3). In
contrast, within individual sediment cores, the correlations between
0Be fluxes and bulk and 2%2Th fluxes can be much higher
(Supplementary Table 3, Supplementary Fig. 3). Four cores (RC13-254,
TT013-MC112, ODP Site 1208, and AT26-19-09PC) exhibit '°Be-bulk
flux correlation R? values greater than 0.60 at the 95% confidence level
and five cores exhibit 1°Be-232Th flux correlation R? values greater than
0.60 at the 95% confidence level (Supplementary Table 3).

Thus far, we have primarily examined the influence of lithogenic
particles on '°Be scavenging using 23*Th as a proxy for the lithogenic
sediment fraction, as this proxy is well established (e.g., Kienast et al.,
2016) and 232Th data are available for all samples within the global
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Table 3
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Pearson R? values for correlations between sediment!®Be fluxes and assorted environmental parameters within the 0-250 ka time series data.

All Data 0-250 ka Flyers Removed

Leached Samples

Bulk Samples Atlantic® 0-250 ka S. Ocean® 0-250 ka Pacific® 0-250 ka

19Be Fluxes (no production rate correction)

All Data () 1243 1200 743 457 408 390 402
Rel.1%Be Production Rate® 0.01 0.02 0.02 - 0.05 - -
Rel. PM. Field Intensity” 0.01* 0.01% 0.03* - 0.03* - -
Site-normalized'°Be Fluxes (no production rate correction)
Rel. PM. Field Intensity” 0.02* 0.02* 0.03* - 0.04* 0.01* -
10Be Fluxes (production rate corrected)
All Data (n) 1243 1200 743 457 408 390 402
Bulk flux 0.22* 0.25* 0.18 0.31* 0.24* 0.10 0.25*
232Th flux 0.12 0.14 0.13 0.11 0.08 0.06 0.21%
CaCO3 Reported (n) 462 461 161 300 86 143 232
CaCOj flux 0.08* 0.09 - 0.22%* - 0.05 0.07
Opal Only” (n) 464 424 180 244 30 296 98
Opal flux 0.12 0.14 - 0.60* 0.56* 0.03 0.39*
Ln (opal flux) 0.30* 0.40* - 0.62* 0.52* 0.10 0.13
Bulk flux 0.12 0.12 - 0.38* 0.68* 0.05 0.19
232Th flux 0.10 0.16 0.08 0.16 0.44* 0.28*% 0.73*%
No Opal® (n) 779 766 563 213 378 94 304
Bulk flux 0.39* 0.39* 0.30* 0.64* 0.23* 0.25* 0.25*
232Th flux 0.29* 0.29* 0.21* 0.58* 0.07 0.22*% 0.17
Some Opal’ (n) 1086 1035 666 379 408 235 402
Bulk Flux 0.27* 0.29* 0.20* 0.34* 0.24* 0.16 0.25*
232Th flux 0.23*% 0.23* 0.16 0.34* 0.08 0.17 0.21%

All reported R? are significant at the 95% confidence level.
*R? are >0.20 and significant at the 99% confidence level.
#R is negative, inverse relationship suggested.

2 Relative'°Be production rate and relative paleomagnetic (PM) field intensity calculated from PISO-1500 (Channell et al., 2009) and Wagner et al. (2000).

> Opal Only data set excludes samples without opal data.
¢ No Opal data set excludes all samples with opal data.

4 Some Opal data set excludes samples with opal concentrations above 40 wt%.
¢ QOcean basins defined by preindustrial A'*C as follows: Atlantic > —125%o; Southern Ocean: —175 to —125%; Pacific: < —175%.

compilation because they were generated in tandem with the mea-
surements required for 22°Thyg-normalization. However, it is possible
that small-scale spatial variability in the 232Th concentration of litho-
genic sediments (Kienast et al., 2016; McGee et al., 2016) may be partly
responsible for the lower correlations between '°Be fluxes and lithogenic
232Th fluxes observed in the compiled time series data, relative to the
strong correlations detected within individual records.

For samples with both CaCO3 and opal data available, the lithogenic
component can alternatively be estimated using a residual approach, in
which the lithogenic concentration equals 100 wt% minus the CaCO3
and opal concentrations, as percent of total. Within this limited subset of
samples (n = 262; Supplementary Fig. 4), correlations between °Be
fluxes and other sediment component fluxes are highest with the
residual-based lithogenic flux (R? = 0.48), followed by opal flux [R? =
0.46), 232Th flux (R? = 0.40), and bulk flux R? = 0.39), and a weakly
negative correlation is observed with CaCO3 flux (R2 =0.28). This result
supports the interpretation that °Be scavenging, and the resulting °Be
flux, is more sensitive to the flux of specific mineralogic components (e.
g., opal and lithogenic material) than it is to the bulk particle flux itself.

There are no meaningful correlations between '°Be fluxes and CaCOs3
fluxes in the bulk time series data set or within the basin-specific data
sets (Fig. 8, Table 3). This lack of correlation may result from the weaker
10Be scavenging efficiency of CaCOs, relative to opal or lithogenic par-
ticles. Alternatively, the lack of correlation between measured °Be
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fluxes and CaCOs fluxes may result from variable CaCO3 preservation
across regions and time, as the fate of scavenged '°Be during dissolution
events remains unknown. The absence of a clear relationship between
10Be fluxes and CaCOj fluxes may be a primary driver of the lower
correlations between 1°Be fluxes and bulk sediment fluxes observed in
the time series data, especially among deep sites where CaCO3 preser-
vation is highly variable.

Evaluation of 1°Be flux correlations with opal fluxes is difficult in the
time series data because opal data are only available for ~30% of the
total samples, the majority of which are from Southern Ocean sediment
cores (Fig. 8; Table 3). Of the individual time series with eight or more
opal data points, four cores (V22-108, PS2082-1, RC13-254, and ODP
Site 1208) exhibit 1°Be-opal flux correlation R? values greater than 0.60
at the 95% confidence level (Supplementary Table 3). All cores exhib-
iting strong correlations between °Be fluxes and opal fluxes in the time
series analysis are located in the Atlantic sector of the Southern Ocean,
with the exception of ODP Site 1208 from the northwest Pacific
(Supplementary Fig. S3).

When samples with measured opal concentrations exceeding 40 wt%
are eliminated from analysis, the global correlation between compiled
10Be flux time series and bulk fluxes and 232Th fluxes increases very
slightly (R? = 0.29 and R? = 0.23, respectively). In the Southern Ocean
time series data, the correlations between '°Be fluxes and bulk and
lithogenic 232Th fluxes only become meaningful when all samples with
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Fig. 8. Compilation time-series from O to 250 ka and correlation plots. (a) Time-series sediment 198e flux records; (b) Normalized °Be fluxes, where the 198e flux
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et al., 2021); (d) Bulk sediment fluxes; (¢) normalized bulk sediment fluxes (as in b); (f) correlation of bulk sediment fluxes with °Be fluxes; ® 232Th fluxes; (h)
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19Be fluxes; (m) CaCOj fluxes, where available; (n) normalized CaCOj fluxes; (0) correlation of CaCOs fluxes with 1°Be fluxes. In all cases, 1°Be fluxes are corrected

for magnetically-induced changes in the relative atmospheric

19Be production rate over time (Section 2.3). Open circles indicate samples for which '°Be data were

derived from bulk sediment analysis, while stars indicate samples for which 1°Be data was derived from leached sediment analysis. Opal and ?*2Th fluxes are plotted
on a log scale, where indicated, for visual clarity. All fluxes are calculated using 2**Thys-normalization. Data are color coded by pre-industrial bottom water A*C

values for each time-series core location for spatial reference.

opal data are eliminated (No Opal data subset, n =

94). This result
suggests that temporal variations in the dominance of lithogenic vs. opal
sediment inputs within individual records in the Southern Ocean
strongly amplify the variability in observed 1°Be fluxes over time.
Unlike the global core-top data set, the correlations between '°Be
fluxes and particle fluxes (both bulk sediment flux and lithogenic 23Th

flux) within the time series data did not generally improve when °Be
fluxes were normalized by sediment core water depth (Table 4). On a
basin-specific basis, the Atlantic time series data sets exhibited weaker

correlations between '°Be fluxes and particle fluxes when sediment core
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water depth was accounted for, while the Southern Ocean and Pacific
time series data showed an increase in these correlations (Table 4). The
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R? values for correlations between depth-normalized °Be fluxes and
bulk sediment fluxes, and 232Th fluxes, were highest in the Pacific time
series data (n = 402) and were 0.44 and 0.38, respectively.

We did not attempt investigation of potential relationships between
10Be fluxes and water mass age in the time series data due to the low
correlation observed in the core-top data set (see Section 3.2.4) and due
to the increased uncertainties associated with reconstructing variable
water mass ages in the paleorecord (e.g., Butzin et al., 2017; Rafter et al.,
2022).

4. Discussion

A clear result of our analysis is that basin-scale differences in '°Be
deposition introduce variability within the sedimentary 1°Be records,
such that a given bulk sediment flux may be associated with a range of
different °Be fluxes, depending on where and when the samples are
from. This basin-scale variability may reflect additional factors gov-
erning 1%Be fluxes, such as regional differences in settling particle
composition (e.g., Chase et al., 2002; Frank et al., 2000), water mass
geometry (Jeromson et al., 2024; Frank et al., 2009), and overlying
seawater concentrations of dissolved °Be (e. g., White et al., 2019; Deng
etal., 2025; Frank et al., 2002). Within the paleo record, global and local
climate changes can cause these environmental factors to vary tempo-
rally, reducing the strength of the linear correlations observed between
10Be flux and sediment particle fluxes observed in the core top data.
Below we discuss the likely drivers of the basin-scale and temporal
variability of the !°Be flux data in more detail, as well as their impli-
cations for expanding applications of 1°Be as a paleoceanographic proxy.

4.1. Drivers of enhanced variability in paleo-'°Be flux records

On a global scale and within each ocean basin, the production rate-
corrected timeseries of 1°Be fluxes exhibit more variability than is
explainable by the water depth and particle flux relationships observed
within the core-top/Holocene data alone (Tables 1 and 3).

Climate-driven changes in carbonate and opal accumulation and
dissolution over the past 250 ka (Sayles et al., 2001; Bradtmiller et al.,
2009; Howard and Prell, 1994; Anderson et al., 2008; Crowley, 1983)
could introduce significant variability into the empirical relationships
between 1%Be fluxes and other environmental parameters observed in
the timeseries data, in contrast to the core-top/Holocene sediments. Due
to the spread in Kgq values associated with each major sediment
component (Chase et al., 2002, 2003a; Frank et al., 2000; Lao et al.,
1993; Kretschmer et al., 2011), any change in the relative input of
lithogenic material, opal, or CaCOs to the sediments will impact the bulk
10Be/particle ratio of that sample and thus alter the slope of the rela-
tionship between 10Be fluxes and bulk fluxes through time. In addition, if
sedimentary °Be is wholly or partially retained during carbonate or
opal dissolution, then this would lead to the detection of elevated
10Be/particle ratios relative to the original deposition signal and the
magnitude of this effect would vary from region to region. Recent work
has found a significant modern flux of dissolved °Be from continental
margin sediments into the ocean (Deng et al., 2023), but the extent to
which 1°Be may be lost from or retained in sediments during dissolution
events requires further investigation. Comparative evaluation of Ky
values estimated from seawater and in-situ particle pump samples with
K4 values estimated from seafloor sediments, analogous to the work of
Hayes et al. (2015) for 23'Pa and 22°Th, may provide a fruitful avenue for
quantifying the impact of dissolution on sedimentary records of '°Be.

In regions of high and variable opal production and preservation, like
the Southern Ocean, one might expect the timeseries data to exhibit
lower correlations between °Be fluxes and bulk sediment fluxes because
opal deposition significantly increases the °Be/particle mass ratio of
sediment relative to the lithogenic and carbonate fractions. Conse-
quently, as climatic changes in upwelling conditions and deep-sea
chemistry can cause big changes in opal concentrations within a
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Table 4

Pearson R? values for correlations between depth-normalized sediment!°Be
fluxes and assorted environmental parameters within the 0-250 ka time series
data.

All Data, Atlantic' S. Ocean’ Pacific'
No Flyers 0-250 0-250 0-250
0-250 ka“ ka® ka ka
10Be Flux/Depth (no production rate correction)
All Data (n) 1194 407 390 402
Rel.1°Be Production Rate® 0.02 0.03 0.01
Rel. PM. Field Intensity” 0.01* 0.02* 0.01*
Site-normalized°Be Flux/Depth (no production rate correction)
Rel. PM. Field Intensity” 0.01% 0.01% 0.01*
10Be Flux/Depth (production rate corrected)
All Data (n) 1194 407 390 402
Bulk flux 0.23* 0.15 0.06 0.44*
232Th flux 0.10 0.07 0.38*
CaCO3 Reported (n) 461 86 143 232
CaCO; flux 0.16% 0.16* 0.03
Opal Only” (n) 424 30 296 98
Opal flux 0.10 0.66* - 0.23*
Ln (opal flux) 0.39% 0.62* 0.11 0.02
Bulk flux 0.08 0.46* 0.01 0.14
232Th flux 0.08 0.15 0.04 0.89%
No Opal‘ (n) 765 377 94 304
Bulk flux 0.32% 0.14 0.22* 0.48*
Z32Th flux 0.15 - 0.20* 0.35*
Some Opal“ m 1034 407 235 402
Bulk Flux 0.31* 0.15 0.27* 0.44*
232Th flux 0.15 0.23* 0.38*

All reported R? are significant at the 95% confidence level.
*R? are >0.20 and significant at the 99% confidence level.
#R is negative, inverse relationship suggested.
2 Relative!°Be production rate and relative paleomagnetic (PM) field intensity
calculated from PISO-1500 (Channell et al., 2009) and Wagner et al. (2000).
Y Opal Only data set excludes samples without opal data.
¢ No Opal data set excludes all samples with opal data.
4 Some Opal data set excludes samples with opal concentrations above 40 wt%.
¢ Data set excludes EN179 BC5 from 384 m water depth.
f Ocean basins defined by preindustrial AC as follows: Atlantic > —125%o;
Southern Ocean: —175 to —125%o; Pacific: < —175%o.

sedimentary record, this effect would complicate the temporal rela-
tionship between !®Be flux and bulk particle flux. However, the
increased variability exhibited within the timeseries data is observed
independently of whether one examines the entire suite of data, only
samples with no measured opal contents, or only samples with opal
contents less than or equal to 40 wt%. This result suggests that climatic
changes in regional patterns of opal scavenging cannot explain all of the
enhanced variability observed in the timeseries !°Be flux data. Rather,
we hypothesize that this additional variability is driven by temporal
changes in regional seawater °Be inventories arising from changing
climatic conditions.

Changes in the '°Be residence time of seawater associated with a
significant change in basin-scale particle fluxes could potentially drive
climatic variations in seawater 1°Be concentrations. Climatic changes in
atmospheric and ocean circulation, continental aridity, temperature,
and nutrient supply, can cause widespread orbital and millennial-scale
variations in both lithogenic and biogenic particle fluxes through the
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water column (e.g., Kienast et al., 2016; Albani et al., 2016; Anderson
et al., 2009; Winckler et al., 2005). A recent time slice analysis of
compiled 2*°Thyg-normalized bulk sediment flux data suggested that the
global sediment flux was ~1.5 times higher during the Last Glacial
Maximum (LGM) than during the late Holocene, with a highest
basin-scale increase of ~1.8-fold in the Atlantic (Costa et al., 2020).
Such an increase in the global particle flux could increase the scavenging
removal rate of 1°Be from seawater and thus decrease its residence time
and the spatial patterns of deep water 10Be concentrations. For example,
higher Atlantic particle fluxes could lead to enhanced °Be scavenging
removal from glacial Atlantic seawater, leading to less seawater °Be
export via the deep ocean circulation into the Southern Ocean and Pa-
cific basins and thus potentially lower '°Be/particle ratios for glacial
sediment in those downstream regions relative to core-top/Holocene
values.

Ocean circulation and water mass geometry also impact the spatial
pattern of seawater 1°Be concentrations and the net export of '°Be from
one basin to the next because of its nutrient-like distribution in the water
column (e.g., Kusakabe et al., 1987; Deng et al., 2025). Consequently,
temporal changes in overturning circulation, as suggested across
glacial-interglacial cycles (Curry and Oppo, 2005; Basak et al., 2018)
could introduce additional variability into sedimentary '°Be/particle
ratios, as well as the depth-dependence of 1°Be fluxes within each basin.
For example, if a shoaling of low 1°Be North Atlantic Deep Water
enabled a northward intrusion of high '°Be waters into the North
Atlantic during the LGM, then one would expect higher 10Be/particle
ratios in deep North Atlantic sediments, relative to the
core-top/Holocene values, under comparable depositional settings.
Atlantic sediments recovered above the shoaling line would not be
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expected to exhibit such a glacial increase in '°Be/particle ratios.
4.2. Holocene-LGM time slice comparison

We investigate the impact of changing climatic conditions on °Be
fluxes to the seafloor by comparing Holocene (0-10 ka) and Last Glacial
Maximum (LGM; 18-24 ka) time slices using only samples from sediment
cores with '°Be flux data in each time slice (Fig. 9; Table 5). The time
slice approach enables examination of global patterns of °Be fluxes
within a distinct but narrow window of time, the LGM, and thus reduces
confounding factors associated with temporally evolving oceanographic
conditions. Even within the LGM time slice (n = 76), however, the global
data do not exhibit a meaningful correlation between '°Be fluxes and
bulk sediment fluxes. In contrast, the Holocene time slice samples from
the same cores exhibit a relatively strong correlation for the same
relationship (R? = 0.46, n = 85). In general, the global LGM time slice
10Be fluxes exhibit weaker correlations in all relationships, relative to
the Holocene time slice data, including 2*Th fluxes and when samples
with opal concentrations exceeding 40 wt% are eliminated (Table 5).

Climatic changes in relative CaCOs fluxes, or CaCO3 concentrations,
and/or carbonate dissolution across basins between the Holocene and
LGM may also drive enhanced variability in the relationship between
10Be fluxes and bulk sediment fluxes observed within the LGM time slice
data by variably increasing (if CaCOj3 concentrations decrease) or
decreasing (if CaCO3 concentrations increase) bulk sediment '°Be/par-
ticle ratios within the global snapshot (Fig. 5). However, the extent of
this effect is difficult to assess at this time because CaCO3 data is not
available for the majority of the samples within the core-top or LGM
time slices.
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Fig. 9. Core-top/Holocene and Last Glacial Maximum (LGM) time slice data. (a) Location of sediment cores with 10Be data in both the core-top/Holocene (0-10 ka;
stars and diamonds) and LGM (18-24 ka; circles) time slice windows. Locations are color coded by depth for reference. (b) 10Be fluxes as a function of bulk fluxes and
water mass age, approximated by bottom water A'*C values interpolated from Holzer et al. (2021); (c) As in (b), but samples are color coded by CaCO5 concentration;
(d) time slice sedimentary 10Be concentrations as a function of water depth and water mass age; (e) as in (d), but samples are color coded by opal concentration.
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On the basin scale, the Atlantic and Southern Ocean time slice data
exhibit the same pattern as the global time slices, including apparently
weaker correlations with scavenging particle fluxes during the LGM than
during the Holocene (Table 5). Interestingly, the Pacific time slice data
exhibit the opposite pattern, with no significant correlations observed
between 1°Be fluxes and bulk sediment fluxes during the Holocene (n =
25) and an improved relationship during the LGM R? = 0.44, n = 19).
This outcome may result from the sparse availability of Pacific samples
suitable for the time slice comparison, as the broader Pacific core-top/
Holocene data exhibit a much higher correlation between °Be fluxes
and bulk sediment fluxes (R? = 0.65, n = 78, Table 1). The Pacific result
may also be partially explained by the impact of bottom water chemistry
on %Be fluxes to the sediments captured within the time slice samples,
as the Pacific time slice data exhibit relatively strong correlations be-
tween depth-normalized °Be fluxes and pre-industrial benthic water
radiocarbon values in both the Holocene (R? = 0.47, n = 25) and LGM
(0.51, n = 19) time slices.

A basin-by-basin comparison of sediment '°Be concentrations versus
depth can help disentangle which regional processes drove the
decreased correlation between 1°Be fluxes and bulk sediment fluxes
within the LGM time slice (Fig. 9). The biggest difference in sediment
10Be concentrations between Holocene and LGM time slice samples is
observed in the Southern Ocean data, followed by the Atlantic, with the
Pacific samples exhibiting the smallest changes in '°Be concentrations

Table 5
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between time slices. While changes in regional opal deposition, illus-
trated in Fig. 9 as changes in sediment opal concentration, may explain
some of the variability observed in the Southern Ocean time slice data,
we note that there are three cores from south of the polar front (RC13-
259, NBP9802-5GC1, and PS1768-8) in which LGM samples exhibit
higher '°Be concentrations in sediments with either comparable or
lower opal contents than Holocene samples from the same site. These
cores also exhibit higher LGM 10Be fluxes, relative to the Holocene,
despite exhibiting lower or comparable LGM bulk flux values
(Supplemental Table 2; Chase et al., 2003a; Frank et al., 2000; Kumar
et al.,, 1995). Higher sediment 10Be concentrations (or 1OBe/particle
ratios) in lower opal content samples could reflect some retention of
10Be following partial opal dissolution within the LGM sediment sam-
ples. Alternatively, this result may suggest that a higher seawater °Be
inventory was available for scavenging during the LGM than during the
Holocene. Such an increase in Southern Ocean seawater °Be concen-
trations could arise from enhanced °Be export from the Atlantic,
reduced '°Be export out of the Southern Ocean into the Pacific, or an
increase in °Be delivery to the Southern Ocean via Antarctic meltwater
inputs (Frank et al., 2000, 2002). Further investigation of the fluxes
observed in the Southern Ocean sediment cores, including analysis of
complementary circulation proxies such as neodymium and carbon
isotopes, as well as independent characterization of the extent of opal
dissolution in each sample via careful examination of diatom valves (e.

Pearson R? values for correlations between sediment'°Be fluxes and assorted environmental parameters within the Core-top/Holocene (0-10ka) and Last Glacial

Maximum (LGM; 18-24 ka) time slice samples.

Core-top time LGM time Core-top time slice LGM time slice Core-top time LGM time slice ~ Core-top time slice LGM time slice
slice slice ATL® ATLS slice SO° SO¢ PAC® PAC®
10Be flux (production rate corrected)‘l

All data (n) 85 76 17 17 43 40 25 19
Bulk flux 0.46* 0.07 0.43* 0.30 0.47* 0.44*
232Th flux 0.54* - - 0.19 0.52* - 0.34*
Aldc? 0.02 0.05 - 0.20% 0.23 0.34*

CaCO3 Reported 36 33 3 5 18 14 15 14

m
CaCOj flux 0.30%* 0.53%* 0.39* 0.36%* 0.33

Some Opal” (n) 73 56 17 17 31 20 25 19
Bulk Flux 0.51* 0.43* 0.30 0.46* 0.44*
232Th flux 0.63* - - 0.19 0.54* - 0.34*
AMc? 0.02 0.06 - 0.41* 0.23 0.34*

10Be flux/depth (production rate corrected)®

All data (n) 85 76 17 17 43 40 25 19
Bulk flux 0.51* 0.06 0.51* 0.47* 0.10 0.12 0.49*
232Th flux 0.49* - - - 0.51* - 0.33
Aldc? 0.06 0.09 0.58* 0.27 0.15 0.47* 0.51*

CaCO3 Reported 36 33 3 5 18 14 15 14

m
CaCOj flux 0.30%* 0.57** 0.40* 0.55%* 0.26

Some Opal” (n) 73 56 17 17 31 20 25 19
Bulk Flux 0.57* 0.51* 0.46* 0.15 0.12 0.49*
232Th flux 0.56* - - - 0.51* 0.18 - 0.33
AMc? 0.06 0.13 0.58* 0.27 0.36* - 0.47%* 0.51*

All reported R? are significant at the 95% confidence level.
*R? are >0.20 and significant at the 99% confidence level.
*R is negative, inverse relationship suggested.
2 A'C for both the core-top/Holocene and LGM time slice windows refers to pre-industrial bottom water A**C value interpolated from Holzer et al. (2021).
b Some Opal data set excludes samples with opal concentrations above 40 wt%.
¢ Ocean basins defined by preindustrial AC as follows: Atlantic (ATL) > —125%o; Southern Ocean (SO): —175 to —125%s; Pacific (PAC): < —175%o.

d Relative!°Be production rate correction calculated from PISO-1500 (Channell et al., 2009) and Wagner et al. (2000).
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g., Esper et al., 2010), would be greatly beneficial to understanding the
patterns observed here.

In the Atlantic and Pacific time slices, there are fewer opal data
available to assess the impact of changing scavenging particle type on
sediment '°Be concentrations. However, the Atlantic time slice data
appear to exhibit a three-layer depth-dependence in the directionality of
sediment '°Be concentration changes between the Holocene and LGM
(Fig. 9d). The shallowest (~2000 m) and deepest (~4500 m) time slice
samples each exhibit lower 10B¢ concentrations during the LGM, relative
to the Holocene. In contrast, the mid-depth time slice samples (~3000 —
4000 m) tend to exhibit higher 19Be concentrations during the LGM,
relative to the Holocene. Such a varied depth-dependence in !°Be
changes would not be expected from a basin-wide change in scavenging
removal associated with the LGM depositional environment. Rather, this
interesting feature may result from a glacial difference in Atlantic water
mass geometries or a glacial slow-down in the Atlantic Meridional
Overturning Circulation (AMOC) as suggested by sedimentary records of
benthic carbon isotopes (e.g., Duplessy et al., 1988; Oppo and Fairbanks,
1987; Curry and Oppo, 2005), authigenic neodymium (Rutberg et al.,
2000; Howe et al., 2016), and 23'Pa/2Th (e.g., McManus et al., 2004;
Gherardi et al., 2009; Lippold et al., 2016), at intermediate water
depths. We encourage more detailed exploration of the basin-specific
glacial and interglacial differences in sedimentary '°Be fluxes as a
function of water mass, ocean chemistry, ocean circulation, and sedi-
ment dissolution using a multi-proxy approach, similar to the one pre-
sented by Poppelmeier et al. (2023), in order to more thoroughly
understand these observations, though such analyses are beyond the
scope of this work.

4.3. Implications for Be as a paleo-proxy and paths forward

The global sedimentary 23°Thyg-derived '°Be flux compilation and
analyses presented here demonstrate the extent to which sedimentary
10Be records are influenced by oceanographic processes such as scav-
enging particle flux and composition, as well as ocean circulation and
water mass geometry, and how these factors may have varied over time.
Our results have significant implications for the current utilization of
sedimentary °Be to infer past changes in the atmospheric °Be pro-
duction rate as well as future applications of sedimentary °Be to better
constrain past changes in oceanographic conditions. Below we discuss
suggested best practices and paths forward for the refinement of '°Be as
paleoceanographic proxy.

When using sedimentary °Be fluxes to reconstruct past changes in
atmospheric °Be production rates, either from changes in paleomag-
netic field intensity (e.g., Frank et al., 1997) or from changes in the
cosmic ray flux (e.g., Feige et al.,, 2013), one must account for the
relatively large signal in °Be variability that may be caused by ocean-
ographic processes relative to production rate changes themselves. In

a. Modern Conditions b.

S. Atlantic N. Atlantic

S. Atlantic
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order to minimize the oceanographic and climatic impacts in such work,
investigators are encouraged to develop 1°Be records in sediments from
the deep Pacific gyres, or other regions where the combined temporal
variations in particulate fluxes, sediment composition, and benthic
water mass are expected to be relatively small. Further, investigators are
encouraged to stack sedimentary '°Be flux records from multiple loca-
tions, similar to the work of Frank et al. (1997), to avoid the possible
over interpretation of local variability. However, we note that many
climatic changes, such as glacial-interglacial cycles in particle flux and
ocean circulation, may synchronously impact the seafloor °Be flux in
the same direction across multiple regions. Due to the comparable
chemical behavior of '°Be and °Be, production rate reconstructions
based on 1°Be/’Be ratios are less sensitive to climatically-driven changes
in Be scavenging than records based on '°Be fluxes. Yet, sedimentary
10Be/°Be ratio records are not without their own complications, as
temporal changes in the dissolved lithogenic *Be supply to the ocean and
other environmental factors can provide distinct sources of natural
variability into the production rate signal (Savranskaia et al., 2021,
2024; Simon et al., 2016b). Thus, as also concluded by recent 10Be /2Be
studies (Savranskaia et al., 2021, 2024; Simon et al., 2016b), we
encourage caution when interpreting major changes in 10pe production
rates from sedimentary '°Be records that coincided with major changes
in global climatic and environmental conditions.

Beyond production rate records, our global compilation encourages
the continued development of sedimentary 1°Be as a paleoceanographic
proxy with the potential to constrain past changes in ocean circulation
and water mass geometry. The apparent sensitivity of sedimentary °Be
fluxes to water mass, or water column, concentrations of dissolved '°Be
suggests that that such records could be used to reconstruct past changes
in ocean circulation and water mass geometry (Fig. 10). While this
method has been employed to distinguish marine and freshwater inputs
along Antarctic margins and in the Arctic Ocean (Jeromson et al., 2024;
White et al., 2019; Valletta et al., 2018; Sellén et al., 2009), this
approach has not been widely applied to the vast abyssal ocean. During
intervals when 1°Be production rate changes are independently con-
strained and the impact of sediment composition changes (which govern
the bulk sediment K4 value) can be appropriately accounted for, sedi-
mentary '°Be flux records may prove to be fruitful for reconstructing
water mass geometries through variable past climatic conditions. While
all proxies carry their own unique sensitivities and complications,
sedimentary !%Be is analytically advantageous because it can be
measured in carbonate-free sediments, where classical circulation
proxies like stable carbon isotopes cannot be utilized. Further, the
distinct affinities of 1°Be and 23°Thyg to particle scavenging suggest that
230Thyg-normalized 1°Be fluxes may be able to be exploited as a proxy
for ocean circulation strength, analogous to previous uses of 2>'Pa/23Th
(McManus et al., 2004; Waelbroeck et al., 2018; Jonkers et al., 2015).
While recent work has highlighted the absence of a correlation between

Weakened AMOC
N. Atlantic

=Ny
©

increasing
seawater [1°Be]

sediment 1°Be fluxes reflect overlying water mass and scavenging dynamics

Fig. 10. Conceptual diagram of the impact of changing ocean circulation on sedimentary '°Be fluxes. (a) Relative seawater °Be concentrations and underlying
sediment '°Be fluxes (diamonds numbered 1-3) along a latitudinal transect of the Atlantic under modern conditions; and (b) under a weakened Atlantic Meridional
Overturning Circulation (AMOC) scenario. Sites 1-3 highlight locations in which sedimentary '°Be fluxes are variably sensitive to recording past changes in AMOC
strength. Northern Component Water (NCW) and Southern Component Water (SCW) labeled for clarity. Refinement of sedimentary °Be fluxes as a paleoceano-
graphic circulation proxy will require additional constraints on temporal variations in scavenging dynamics, including particle composition and flux.
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deep-sea dissolved 2*'Pa/2%0Th ratios and water mass age as a con-
founding issue with using 2>'Pa/2*°Th as a circulation proxy (Leal et al.,
2025), deep-sea dissolved 10Be concentrations do correlate with water
mass age. Thus, sedimentary '°Be fluxes may even have the potential to
serve as a more straightforward paleoceanographic proxy than
231pa /230Th and could be employed beyond the ~150 ka limit of short
lived 23!Pa, with the caveat that the 1°Be production rate at each loca-
tion and time is not as well constrained as that of 23Pa/2*Th. Ulti-
mately, there is great possibility for sedimentary '°Be fluxes, normalized
by either 23°Thyg or extraterrestrial helium-3 for deeper time applica-
tions, to help constrain ocean circulation changes throughout major
climate reorganizations of the past ~10 million years.

Fundamentally important questions remain in our understanding of
marine '°Be systematics that will need to be addressed in order to
improve applications of 1°Be as a paleoceanographic proxy. Is sedi-
mentary '°Be more sensitive to the full overlying water column in-
ventory of dissolved 1°Be or only to the '°Be concentration in the bottom
water mass in which it accumulates? How sensitive are sediment °Be
concentrations and 2*°Thyg-normalized '°Be fluxes to sediment disso-
lution? Do temporal variations in '°Be fluxes primarily reflect changes in
particulate scavenging or in ocean circulation and does the governing
process vary between basins? These questions can be addressed by tar-
geted studies that combine measurements of 10Be and 2*Thys in core-
top sediments and in the dissolved and particular phases of overlying
seawater, as well as additional time series analyses to obtain °Be data in
sediment cores that have already been well characterized in terms of
particle composition, flux, dissolution and water mass history via other
paleoceanographic proxies. Such work would also benefit from
increased sampling coverage from the Indian Ocean and South Pacific
basins, which would help to constrain the influence of water mass ge-
ometry and circulation history on seafloor 1°Be fluxes.

While new '°Be analyses will provide fruitful constraints to test our
hypotheses, an in-depth comparison of the current core-top/Holocene
global sedimentary '°Be flux data set in the frame of dynamic ocean
models of Be systematics (e.g., Deng et al., 2025) would be an additional
exciting avenue of future work in this field. Incorporation of sedimen-
tary data into Be modeling would refine our understanding of the pro-
cesses governing 1°Be deposition in the modern ocean, as well as provide
a means to better constrain past ocean behavior using LGM or other
paleo-time slice sedimentary '°Be flux data (e.g., Poppelmeier et al.,
2023).

5. Conclusions

Globally, 2°Thys-normalized '°Be fluxes to seafloor sediments vary
by nearly two orders of magnitude. If the dynamic processes responsible
for this variability can be confidently identified and constrained, then
sedimentary '°Be fluxes could become a more widely beneficial palae-
oceanographic proxy.

We have developed a global compilation of marine sedimentary
230Thyg-normalized '°Be flux data, including six new time series records
generated in the frame of this study, in order to investigate the ocean-
ographic and environmental factors governing '°Be fluxes to the seafloor
and to refine our ability to utilize sedimentary °Be as a paleoceano-
graphic proxy. This approach was designed to assess 1°Be flux behavior
under typical, open-ocean, abyssal conditions. The results of this study
may not be representative of 1°Be deposition behavior in more complex
scavenging environments, such as regions with bulk sediment fluxes in
excess of 10 g/cm? kyr, regions with high levels of hydrothermal input
or other unique mineralogic components, or regions where the 23Thyg
constant flux proxy does not behave as expected.

Our analysis indicates that the primary factors driving the variability
of °Be fluxes to the abyssal seafloor are (1) bulk sediment flux; (2)
sediment composition, which alters the 10Be/particle ratio (also known
as 1%Be concentration) of the sediments; and (3) a combination of ocean
basin and sediment core water depth. These factors combined can
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explain ~60% of the variability observed in global core-top 1°Be fluxes
and up to 80% of the variability observed in the core-top data of each
ocean basin. The influence of ocean basin and water depth on seafloor
10Be fluxes likely reflects the sensitivity of sedimentary '°Be to the water
mass in which it accumulates and the overlying seawater °Be
concentrations.

The empirical relationships observed in the core-top data between
seafloor '°Be fluxes and these three parameters (bulk sediment flux,
sediment composition, and ocean basin/water depth) are weaker in the
compiled time series data spanning the past 250 ka. These factors
combined only explain ~30% of the variability of the global time series
data set and ~15-45% of the variability within each ocean basin. We
hypothesize that the enhanced variance observed in the time series °Be
flux data is caused by climatically-driven changes in the available
seawater '°Be inventory within each water mass, associated with large
scale changes in global particle flux and ocean circulation over time.
However, the extent to which carbonate and opal dissolution impact
sedimentary '°Be records still merits further investigation.

The sensitivity of sedimentary '°Be fluxes to overlying seawater '°Be
concentrations suggests that sedimentary 1°Be could be used to recon-
struct past changes in basin-scale particle fluxes and ocean circulation,
analogous to the shorter lived 2*!'Pa and 23°Th isotope systems, and
encourages further investigation into the development of the refinement
of 1%Be as a paleoceanographic proxy. Such investigations would benefit
from enhanced spatial coverage of 2>*Thyg-normalized sedimentary '°Be
time series, especially from the Indian Ocean basin, as well as additional
paired water column-core top '°Be analyses and the incorporation of
sedimentary '°Be data into dynamic ocean models of marine Be
behavior in order to improve our understanding of how well sedimen-
tary '°Be records seawater °Be properties and how the processes gov-
erning this relationship vary with climatic and environmental changes.
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