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a b s t r a c t

There is compelling evidence that millennial climate variability of the last glacial period was associated
with significant changes in the Atlantic Meridional Overturning Circulation (AMOC). Several North
Atlantic sedimentary Pa/Th records indicate a consistent and large Pa/Th increase across millennial-scale
events, which has been interpreted as considerable reduction in North Atlantic Deep Water (NADW)
formation. However, the use of sedimentary Pa/Th as a pure kinematic circulation proxy is challenging
because Pa and Th are also highly sensitive to changes in particulate flux intensity and composition that
might have occurred across these millennial scale events. In this study, we use the Pa/Th enabled iLO-
VECLIM Earth System Model of intermediate complexity to evaluate the impact of changes in biogenic
particle flux intensity and composition on the Atlantic Pa/Th. We find that in our model, changes in
Particulate Organic Carbon (POC), and to a lesser extent biogenic opal production, can significantly affect
the sedimentary Pa/Th, possibly explaining up to 30% of the observed North Atlantic Pa/Th increase
across Heinrich stadial 1. The sedimentary Pa/Th response is also likely sensitive to shifts in the
geographical distribution of the particles, especially in high scavenging regions. Our study suggests that a
decrease in opal production in the northwest Atlantic can induce a far field Pa/Th increase in a large part
of the North Atlantic basin. Therefore, local monitoring of particle fluxes may not be sufficient to rule out
any influence of changing particle fluxes on sedimentary Pa/Th records.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

There is compelling evidence that the millennial-scale climate
variability of the last glacial period was associated with significant
changes in the Atlantic Meridional Overturning Circulation (AMOC)
(see (Lynch-Stieglitz, 2017) for a review). The most prominent
millennial scale climate events are Heinrich stadials, which corre-
spond to cold North Atlantic periods associated with massive
en).
iceberg discharges (see (Hemming, 2004) for a review). The most
widely accepted hypothesis to account for the North Atlantic
cooling during those stadials involves a reduced poleward heat
transport caused by a weakening or shutdown of the AMOC (e.g.
(Rahmstorf, 2002)).

Among available proxies, one of the most valuable to recon-
struct past changes in AMOC strength is the (231Paxs,0/230Thxs,0),
which corresponds to the activity ratio of 231Pa (Pa hereafter) and
230Th (Th hereafter) derived from water column scavenging
(subscript “xs”) at the time of the deposition (subscript “0”) -
hereafter simply noted Pa/Th. The two isotopes are produced ho-
mogeneously in the water column by decay of their parent U
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isotopes at a known and constant ratio, called the production ratio,
which is equal to 0.093 (dpm/dpm). The dominant ocean sink of Pa
and Th is particle scavenging, while radioactive decay plays a
smaller role due to their relatively long half-lives (32 760 years for
Pa and 75 380 years for Th). As Pa and Th have distinct particle
reactivities, and thus different residence times in thewater column,
the oceanic circulation can influence the sedimentary Pa/Th ratio.
Th is more rapidly scavenged and transferred to the sediments than
Pa because of its higher particulate reactivity. Hence, its residence
time in the water column (10e40 years (Henderson and Anderson,
2003),) is shorter than that of Pa (50e200 years). Therefore, Pa can
be transported further by ocean circulation than Th. It is estimated
that about 26% of the Pa (and only 4% of the Th) produced in the
North Atlantic is transported southwards, out of the Atlantic basin,
in the modern ocean (Deng et al., 2018). The excess Pa is transferred
to the sediments in the Southern Ocean, rich in opal, which is
known to be a strong scavenger for Pa (Chase et al., 2002; Walter
et al., 1997). The sedimentary Pa/Th in North Atlantic cores is
therefore lower than the production ratio and any increase towards
the production ratio results for a large part from a reduction in
southward Pa advection by the AMOC. The use of Pa/Th as a kine-
matic circulation proxy only holds for the Atlantic basin where Pa
transport by ocean circulation is dominant over particle-related Pa
transport across the particle flux gradients.

A recent Pa/Th compilation over the last deglaciation (Ng et al.,
2018) showed a consistent Pa/Th increase of roughly 0.03 Pa/Th
units in the North Atlantic during Heinrich stadial 1 (McManus
et al., 2004; Mulitza et al., 2017; Ng et al., 2018). This has been
interpreted as an indication of a possible complete AMOC shut-
down (off-mode).

However, the use of Pa/Th as a kinematic circulation proxy has
been debated (e.g. (Lippold et al., 2012b, 2011, 2009), on the basis
that the Pa/Th ratio is not only controlled by circulation strength
but also by particle scavenging. Pa and Th scavenging efficiencies
and affinities for different sediment components have been inten-
sively studied (e.g. (Chase et al., 2003, 2002; Luo and Ku, 2004,
1999)), recently taking advantage of the GEOTRACES water column
database (Hayes et al., 2015b). It has been shown that changes in
the particle flux intensity and/or composition can significantly in-
crease or decrease the residence time of Pa, and to a lesser extent
that of Th (Chase et al., 2003, 2002; Luo and Ku, 2004). As a
consequence, Pa and Th can be transported from lowparticle flux or
low scavenging areas to high particle flux and/or high scavenging
areas (across the particle fluxes gradients), which is usually referred
to as the boundary scavenging effect (Anderson et al., 1983;
François, 2007) and can ultimately modify the sedimentary Pa/Th
ratio.

Even if quantitative estimates are still lacking, substantial
changes in marine productivity and subsequent changes in both
particle composition and flux intensity have been evidenced across
the millennial-scale events of the last glacial, from both paleo data
(e.g. (Cartapanis et al., 2018, 2016; Kienast et al., 2016)) and
modelling studies (e.g. (Mariotti et al., 2012; Menviel et al., 2008;
Schmittner, 2005). It has also been proposed that a switch in pre-
dominant plankton types from diatom-dominated assemblages (i.e.
opal producers) to coccolithophore-dominated assemblages (i.e.
CaCO3 producers) could have occurred at low latitudes in relation to
changes in the environmental conditions (Brzezinski et al., 2002;
Matsumoto et al., 2002). The impact of particle composition on the
paleo Pa/Th records has been previously assessed indirectly by
analyzing the sediment composition (e.g. (B€ohm et al., 2015;
Gherardi et al., 2009; Lippold et al., 2012a). These analyses mostly
focused on the evolution of the sedimentary opal content as opal is
known to strongly affect Pa scavenging. A few recent studies also
assessed the evolution of the detrital particle flux and its impact on
sedimentary Pa/Th (Burckel et al., 2015; Missiaen et al., 2018;
Waelbroeck et al., 2018). Generally, the Pa/Th signal has been
considered to be mainly driven by circulation changes if 1) the
reconstructed sedimentary opal fluxes are lower than an empirical
threshold deduced from observations (see (Lippold et al., 2012a)),
and/or 2) there is no significant correlation between the recon-
structed particle fluxes and the Pa/Th over the considered time
period (e.g. (B€ohm et al., 2015; Burckel et al., 2015; Waelbroeck
et al., 2018). This approach has several major limitations: 1) the
sediment content only represents the preserved particles, which
may differ significantly from the export particle production at the
deposition time due to changes in remineralization intensity (e.g.
(Dunne et al., 2007)) or postdeposition dissolution (Farrell and
Prell, 1989; Le and Shackleton, 1992; Richaud et al., 2007;
Stephens and Kadko, 1997); 2) only the impact of opal fluxes vari-
ations has been systematically investigated although Pa and Th are
transferred to the sediments by at least 3 other particles types (POC,
CaCO3 and lithogenic); 3) though it has been acknowledged that
strong particle flux gradients can induce Pa and Th transport across
sub-basins (also called « boundary scavenging » (François, 2007)),
the particle composition and flux intensity evolutions have been
investigated at the considered core sites only, without taking into
account any influence of neighboring or regional productivity
changes. The latter could indeed induce changes in Pa or Th con-
centrations at the considered core site location and therefore bias
the sedimentary Pa/Th circulation signal. Such biases have been
predicted in theory (François, 2007) and references therein) and
confirmed by sensitivity experiments in modelling studies (e.g.
(Lippold et al., 2012a; Luo et al., 2010).

Because Pa/Th is a complex but valuable proxy of circulation
strength, Pa and Th scavenging has been included into several
models of varying complexity over the last decades, with the aim to
better understand its behavior. The simplest versions consist in 1D
box models (e.g. (Nozaki et al., 1981; Roy-Barman, 2009) and
zonally averaged 2D models (Luo et al., 2010; Marchal et al., 2000).
More complex studies include a 3D set-up in coarse resolution
models (Henderson et al., 1999) and with simplified particle rep-
resentation (Siddall et al., 2007, 2005). The latest developments
consider more sophisticated and interactive particle representa-
tions in state-of-the-art climate models (Gu and Liu, 2017; van
Hulten et al., 2018), and models of intermediate complexity
(Missiaen et al., 2020; Rempfer et al., 2017). Some models also
include parametrizations to account for the impact of high
magnitude coastal fluxes and bottom sediment remobilization on
Pa and Th scavenging (Rempfer et al., 2017). These models offer the
opportunity to improve our understanding of Pa and Th behavior
with respect to circulation and particle changes. To date, some
sensitivity experiments have been performed to investigate the
impact of the equilibrium partition coefficient (e.g. (Gu and Liu,
2017; Siddall et al., 2005; van Hulten et al., 2018) and circulation
changes (Gu and Liu, 2017; Missiaen et al., 2020; Rempfer et al.,
2017; Siddall et al., 2007) but little has been done to investigate
the impact of changes in particle flux intensity and composition on
the sedimentary Pa/Th ratio with a 3D model. While (Lippold et al.,
2012a; Luo et al., 2010) tested the impact of particle flux changes in
a 2Dmodel framework (Siddall et al., 2007), described the impact of
halving and minimizing the total particle fluxes (POC, CaCO3 and
opal) in a hosing experiment with a focus on the North Atlantic. To
date there has been no comprehensive study assessing the impact
of changes in individual particle composition and fluxes.

In this study, we use the Earth System model of intermediate
complexity iLOVECLIM to 1) better constrain the role of biogenic
particles on sedimentary Pa/Th ratio in a 3D perspective and 2)
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assess the potential impact of large-scale past changes in global
particle fluxes on paleo Pa/Th records.
Table 2
Particle flux forcing applied in sensitivity experiments under PI boundary
conditions. The particle fluxes have been altered globally by changing the particle
concentration, keeping the settling speed at 1000 m/y. Twice the PI flux is denoted
CTRLx2, half the PI flux is denoted CTRL_2.

Simulation name POC CaCO3 Opal

CTRL CTRL CTRL CTRL
All_x2 CTRL x2 CTRL x2 CTRL x2
All_2 CTRL/2 CTRL/2 CTRL/2
Opal_x2 CTRL CTRL CTRL x2
Opal_2 CTRL CTRL CTRL/2
CaCO3_x2 CTRL CTRL x2 CTRL
CaCO3_2 CTRL CTRL/2 CTRL
POC_x2 CTRL x2 CTRL CTRL
POC_2 CTRL/2 CTRL CTRL
Opal_2_CaCO3_x2 CTRL CTRL x2 CTRL/2
2. Methods

2.1. iLOVECLIM Pa/Th module

We use the Earth System model of intermediate complexity
iLOVECLIM, which is a fork development of the LOVECLIM model
(Goosse et al., 2010). iLOVECLIM includes modules representing the
atmosphere (ECBilt), the ocean (CLIO), the sea ice, and the land
vegetation (VECODE). The ocean component (CLIO) consists of a
free-surface primitive equation ocean model with a resolution of
3� � 3� (corresponding to 120 longitudinal and 65 latitudinal grid
cells) and 20 depth layers. A module computing the evolution of
dissolved and particulate 230Th and 231Pa in the ocean has been
recently added and is fully described in (Missiaen et al., 2020). This
Pa/Th module explicitly computes the input of Pa and Th from U
decay, their radioactive decay, and their removal by particle scav-
enging (i.e. adsorption/desorption and particle settling) following
the Bacon and Anderson reversible scavenging model (Bacon and
Anderson, 1982). In line with other modelling studies (Gu and
Liu, 2017; Rempfer et al., 2017) and for simplicity, we have only
considered biogenic particles in this study. Nevertheless, the
lithogenic particles have been found to have high scavenging effi-
ciencies on Pa and Th (Hayes et al., 2015b), and to potentially
represent a significant amount of the total particle fluxes (Conte
et al., 2001), or to form nepheloid layers that affect the Pa and Th
behavior at the bottom of the oceans (Costa et al., 2020), and would
therefore deserve to be considered in future studies. We consider a
single particle size class and three different biogenic particle types:
biogenic opal, particulate organic carbon (POC), and calcium car-
bonate (CaCO3). Like in other Pa/Th models (Gu and Liu, 2017;
Rempfer et al., 2017; Siddall et al., 2007, 2005), the particles are
given a uniform settling speed of 1000 m/y, in agreement with
previous estimations (Anderson et al., 2016; Gdaniec et al., 2018;
Krishnaswami et al., 1976). The Pa/Th module is not coupled to
iLOVECLIM’s biogeochemical model because iLOVECLIM does not
simulate the oceanic Si cycle. The Pa/Th module therefore does not
use prognostic particle fluxes in this study. Instead, the model uses
prescribed and fixed 3D particle fields obtained from a preindus-
trial simulation with the Ocean General Circulation Model (OGCM)
NEMO-PISCES. These fields have been described and validated
against observations. In particular, it has been acknowledged that
while the CaCO3 and POC concentrations are generally under-
estimated, the opal concentrations are overestimated, in particular
on the western margin along the American coast (see (van Hulten
et al., 2018) for details). iLOVECLIM computes the transport
(advection and diffusion) of the four tracers (i.e. the dissolved and
particulate Pa and Th). The scavenging coefficients used in iLOVE-
CLIM are presented in Table 1 and are discussed in more detail in
(Missiaen et al., 2020). The simulated dissolved and particulate Pa
and Th patterns as well as sedimentary Pa/Th have been evaluated
against the recent GEOTRACES observations (Deng et al., 2014;
Table 1
Scavenging coefficients in iLOVECLIM.

a) Sigma coefficients (as parametrized in iLOVECLIM)
s_Pa_CaCO3 s_Pa_POC s_Pa_opal

1.87 1.55 7.62

b) Kd equivalents (see (Missiaen et al., 2020))
Kd_Pa_CaCO3 Kd_Pa_POC Kd_Pa_opal

8.01 Eþ06 5.53 Eþ07 4.86 Eþ07
Hayes et al., 2015a, 2015b) and a core-top compilation (see (van
Hulten et al., 2018) and references therein). The model perfor-
mance in simulating the water column and sedimentary Pa and Th
is comparable to state-of-the-art ocean circulation models (see
(Missiaen et al., 2020). Our model is computationally efficient, able
to simulate 800 years of Pa and Th evolution in about 24 h.

Kdði;jÞ ¼ si;j � ws � rsw
MðiÞ � kdesorp

where Kd(i,j) is the partition coefficient for isotope i (Pa or Th) for
particle type j (POC, CaCO3 or opal), si;j are the scavenging effi-
ciencies for isotope i of particle j that are obtained after model
optimization as described in (Missiaen et al., 2020), ws is the
settling speed, Kdesorp is the desorption coefficient considered
constant and equal to 2.4 y�1, M(i) is the molar mass of particle type
i (i.e. 12 g mol�1 for POC, 100.08 g mol�1 for CaCO3 and 67.3 g mol�1

for opal) and rsw is the mean density of sea water (constant and
fixed to 1.03 106 g m�3).
2.2. Experimental design

The model was first equilibrated for 5000 years (control run)
under PI boundary conditions with control particle fields as
described in (Missiaen et al., 2020; van Hulten et al., 2018). In order
to investigate the potential impact of large-scale changes in particle
flux intensity and composition on the sedimentary Pa/Th, we
perform ten idealized sensitivity experiments inwhich we vary the
prescribed particle fields under pre-industrial (PI) boundary con-
ditions (Table 2). The idealized sensitivity experiments are run for
1000 years each, and the particle flux fields (i.e. concentration
times settling speed) are globally increased or decreased by
multiplying the particle concentrations by a fixed factor (i.e. pre-
serving the regional patterns of the PI control particles, and keeping
the settling speed constant) as described in Table 2. The particle
forcing is shown in Fig. 1. Given that the residence time of Pa and Th
in the ocean have been estimated to be about 200 and 40 years
respectively (Henderson and Anderson, 2003), the duration of our
s_Th_CaCO3 s_Th_POC s_Th_opal

76.83 5.47 3.77

Kd_Th_CaCO3 Kd_Th_POC Kd_Th_opal

3.29 Eþ08 1.96 Eþ08 2.40 Eþ07



Fig. 1. Particle forcing. Percentage of each particle type obtained by integrating the considered particle concentrations over the water column and normalizing by the sum of the
integrated concentrations of all particles (CaCO3 þ opal þ POC ¼ 100%) for each grid-cell for a) CaCO3, b) opal and c) POC. All particle fields used in this study are derived from a
preindustrial simulation performed with NEMO-PISCES (van Hulten et al., 2018) (see methods). The white dots represent the locations of cores with available Pa/Th time series
covering Heinrich stadial 1 (Ng et al., 2018). Zonally averaged Atlantic particle profiles expressed as particle fluxes (mmol/m2/y) for d) CaCO3, e) opal and f) POC. The blue lines
represent the average profile between 50�S and 60�S, the orange lines represent the average profile between 30�S and 60�N. The dashed lines represent the particle forcing profiles
for halved concentrations. The export particle fluxes at 75 m are presented in Figure S1.
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sensitivity simulations is sufficient to reach equilibrium as shown
in previous studies (Missiaen et al., 2020; van Hulten et al., 2018).
We then compare the last 100 years of each simulation with 100
years of the PI control simulation.

It has been suggested that changes in environmental conditions
during episodes of past climate change (such as the last deglacia-
tion) might have triggered a switch between dominant plankton
assemblages (namely between diatoms that produce biogenic silica
and coccolithophores that mostly produce CaCO3 (Brzezinski et al.,
2002; Matsumoto et al., 2002)). The hypothesis states that silicic
acid might have been transported towards lower latitudes where it
would have enhanced diatomproductivity under glacial conditions,
knowing that silicic acid availability is a limiting nutrient at low
latitudes today. During the last deglaciation, the diatom produc-
tivity might therefore have decreased at low latitudes, while the
coccolithophore productivity might have increased, as a result of
changes in temperature as well as nutrient (and in particular Si)
availability. This might have changed the water column CaCO3/opal
rain ratio, consistent with large marine ecosystem reorganizations
across climatic transitions suggested by modelling studies (e.g.
(Bopp et al., 2005; Marinov et al., 2010)). In addition, lower CaCO3
burial rates despite higher sediment accumulation rates (105% of
the Holocene mass accumulation rate) have been reported during
the Last Glacial Maximum (LGM) (Cartapanis et al., 2018). Although
post depositional dissolution cannot be excluded, these results are
consistent with reduced coccolithophore production at the LGM.
Here, we test the impact of such plankton assemblage changes by
globally increasing the CaCO3 concentrations and decreasing the
opal concentrations by a factor of 2 assuming that the total pro-
ductivity (POC) concentration remained constant.

The Pa and Th fluxes to the sediment presented in this study
correspond to the Pa or Th activity in the bottom ocean grid cell
(deepest flooded grid cell) multiplied by the uniform particle
settling speed of 1000 m/y.

Under PI boundary conditions, the simulated AMOC in iLOVE-
CLIM is about 17 Sv with interannual and decadal variability of ± 2
Sv. To account for this variability, we tested the significance of the
changes due to particle modifications as follows. We define the
natural variability of the sedimentary Pa/Th as its variance (2
sigma) evaluated over the last 100 years of the PI control simula-
tion. Then, we evaluate the significance of the anomaly between
the average sedimentary Pa/Th in a perturbed simulation and in the
control run over the 100 final years of the simulation. An anomaly is
considered to be significant if it exceeds the natural variability (i.e.
anomaly >4 sigma).
3. Results

3.1. Pa and Th scavenging in iLOVECLIM under control PI conditions

Before analyzing the impact of changes in particle flux intensity
and composition, we start by describing the scavenging of Pa and
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Th in the control PI run. We define the normalized Pa and Th flux to
the sediments as the ratio of the Pa and Th buried in the sediments
to the local production in the overlying water column. In the
absence of any Pa or Th transport, the Pa and Th burial would equal
the production in the corresponding overlying water column.
Therefore, when the normalized fluxes are different from 1, they
indicate the extent of Pa and Th transport in the Atlantic either
related to the deep circulation or to the particle gradients (Fig. 2).
The normalized flux to the sediments ranges between 0.5 and 1.4
for Th (median ¼ 1 (as expected), 1 sigma ¼ 0.34) while it ranges
between 0.3 and >2 for Pa (median ¼ 1 (as expected), 1
sigma ¼ 0.76), highlighting that a larger proportion of the Pa is
transported within the Atlantic basin compared to Th. The simu-
lated normalized Pa and Th fluxes display a common geographical
pattern. The two isotopes are preferentially buried in the sediments
along the North American continental margin (between 30�N and
50�N), off the Argentinian coast (between 20�S and 60�S) and off
the African coast. Pa is also effectively buried in the Southern Ocean
opal belt (between 40�S and 60�S), which is consistent with the
transport of Pa from the North Atlantic to the Southern Ocean by
the AMOC (Walter et al., 1997). The two isotopes also tend to be
transported away from the basin interior (i.e. in the two subtropical
gyres - ~10�N to 40�N and ~10�S to 40�S)).

Overall, the regions of effective Pa and Th burial correspond to
regions where marine productivity is active and produces large
fluxes of biogenic particles (Fig. 2 - Figure S1). In such regions,
dissolved Pa and Th are rapidly adsorbed onto the particles because
of the high particle fluxes and are actively transferred to the sedi-
ments. Consistently, there is a deficit of dissolved Pa and Th, which
is dynamically altered by eddy advection and diffusion.
3.2. Impact of globally uniform changes in particle fluxes

In this section we describe the impact of globally uniform
changes in particle fluxes on Pa and Th scavenging under PI
boundary conditions (see methods). As we obtain quasi symmetric
responses for the doubling and halving of particle concentrations,
we only discuss the case of reduced particle concentrations. The
results of experiments where particle concentrations were doubled
are shown in the supporting information (Figures S2, S3 and S5).
Fig. 2. Pa and Th flux to the sediments normalized to the production in the overlying wa
to the sediment and the production in the overlying water column calculated in each grid cel
of high Pa and Th fluxes, in particular along the coast of North America (between ~30�N an
high particle fluxes (see Fig. 1).
3.2.1. Dissolved Pa and Th
Although dissolved Pa and Th activities (hereafter simply

designated by dissolved Pa and Th) are not accessible in the paleo-
records, their spatial distribution provides insights into the particle
type that most effectively scavenges Pa and Th to the sediments in
different sub-regions of the Atlantic basin.

As expected, a decrease in the total particle flux (all_2) leads to
an increase in dissolved Pa and Th across the entire Atlantic basin,
because less Pa and Th is being scavenged and removed from the
water column by particles (Fig. 3). In ourmodel, halving the particle
content in the whole water column roughly doubles the dissolved
Pa and Th activities, suggesting a quasi linear response of the dis-
solved phase (Fig. 3). The magnitude of the changes in dissolved Pa
and Th is sensitive to the type of the altered particles, consistent
with the prescribed scavenging affinities (Table 1). Halving POC
concentrations (POC_2) increases both the dissolved Pa and Th by
~40% in most of the Atlantic basin. By contrast, changing the opal or
CaCO3 concentrations creates region specific responses. Halving the
opal concentration (opal_2) results in a 80% increase in dissolved Pa
in the Southern Ocean while dissolved Th is increased by ~15% in
the Southern Ocean and displays no significant change in the rest of
the basin. Finally, halving the CaCO3 concentrations (CaCO3_2)
leads to a 15% increase in dissolved Pa and a 50e60% increase in
dissolved Th concentrations in most of the Atlantic Ocean (Fig. 3).

We note that CaCO3 and POC are mostly present north of 40�S,
with POC being the most abundant particle (Fig. 1). In the Southern
Ocean, opal is the most abundant particle while POC and CaCO3

have very low concentrations. The geographical pattern of dis-
solved Pa and Th variations is closely correlated to particle distri-
bution: the highest changes in dissolved Pa and Th are observed in
high particle flux regions such as coastal areas and the Southern
Ocean opal belt (i.e. high scavenging intensity regions, see Section
3.1). Halving POC or CaCO3 concentrations leads to an increase in
dissolved Pa north 40�S, while halving opal concentrations in-
creases the dissolved Pa in the Southern Ocean and to a lesser
extent along the North American coastal margin (between 30�N
and 50�N) (Fig. 3). By contrast, decreasing CaCO3 concentrations
increases the dissolved Th north of 40�S while decreasing the opal
or POC concentrations increases the dissolved Th in the Southern
Ocean (Fig. 3).

Our simulations highlight that in our model Pa is mostly
ter column. a) Th flux/production b) Pa flux/Production i.e. ratio between the Pa or flux
l. Values lower than 1 indicate that Pa and/or Th have been transported away. The areas
d 50�N), South America (~30�S �60�S) and the African coast, correspond to regions of



Fig. 3. Ratio between water column integrated dissolved Th and Pa activities ([Pa diss] and [Th diss]) of the corresponding perturbed simulations and the equivalent from the PI
control simulation (CTRL). Values equal to 1 indicate no change, values > 1 indicate more dissolved Pa and Th.
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transferred to the sediments by opal in the Southern Ocean as well
as off the North American coast (between 30�N and 50�N) where
our prescribed particle fields contain a relatively high amount of
opal. Elsewhere, Pa is transferred to the sediments by POC and to a
lesser extent by CaCO3. Th is the element that is most effectively
transferred to the sediments by CaCO3 in most of the Atlantic basin.
In the Southern Ocean, where there is less CaCO3, Th is scavenged
by opal and POCwith roughly the same efficiency. This is consistent
with the prescribed affinities of Pa and Th for the different particle
types (Table 1).
3.2.2. Sedimentary Pa/Th
In this section, we focus our analysis on the modelled sedi-

mentary Pa/Th, which corresponds in our simulations to the ratio of
the particulate Pa and Th in the deepest ocean grid cell (see
methods). We note that the spatial pattern of sedimentary Pa/Th
response is comparable to the spatial pattern of sedimentary Pa
(Figures S4 and S5), highlighting the driving role of Pa in the
sedimentary Pa/Th response. Contrarily to what we observed for
dissolved activities, halving the particle fluxes does not produce a
uniform Pa/Th change throughout the whole Atlantic. Instead, the
Pa/Th response to particle changes has an interesting geographical
pattern that we describe below for our different simulations (all_2,
opal_2, CaCO3_2 and POC_2). The results of the simulations in
which we multiply the particle fields by 2 are presented in the
supplementary material (Figure S3).

Decreasing the total particle concentration (all_2) decreases the
sedimentary Pa/Th by about 0.016 in most of the Atlantic basin
(Fig. 4). The magnitude of the Pa/Th decrease in coastal regions is
about twice as large as in the basin interior. In the Southern Ocean
and along the West African coast, decreasing the total particle
concentration induces a Pa/Th increase of 0.012e0.02 (Fig. 4). In
this simulation, less Pa is transferred to the sediments in the
Atlantic basin, leaving more Pa to be transported into the Southern
Fig. 4. Sedimentary Pa/Th response to forced global particle flux decrease. Sedimentary Pa
significant changes compared to the natural variability (i.e. anomalies <4s e see methods).
even if not clearly apparent on the figure as changes less than 4s are not shown.
Ocean, where it is scavenged by opal. The same overall sedimentary
Pa/Th pattern is observed in the POC_2 experiment, with anomalies
of slightly lower amplitude: the Pa/Th decreases by about 0.012 in
the major part of the Atlantic basin and increases by about
0.01e0.018 in the South Atlantic, off the West African coast and off
the North American coast (between 30�N and 50�N). These changes
show that in our simulations POC is the main scavenger particle
type for Pa, except south of 40�S, in the Southern Ocean opal belt.
Interestingly, according to the scavenging coefficients (Table 1), Pa
affinity for POC is not particularly high, especially when compared
to its affinity for opal (i.e. Kd_Pa_POC is almost equal to Kd_Pa_o-
pal). But the scavenging intensity is driven by both the affinity and
the particle flux (i.e. particle concentration multiplied by the
settling speed). The high POC fluxes, which are 12e35 times higher
than the opal and CaCO3 fluxes (Fig. 1) in the Atlantic basin north of
40�S, explain the high sensitivity of Pa to changes in POC concen-
trations. Looking at the POC profiles (Fig. 1), we note that the high
concentrations are restricted to the first 300m and rapidly decrease
with depth. Our model therefore suggests that surface productivity
changes can significantly affect deep/sedimentary Pa/Th, high-
lighting the role of POC to effectively transfer the Pa produced in
the upper water column to deeper layers.

Though opal is only abundant in the Southern Ocean, a decrease
in opal concentration (opal_2) also produces significant sedimen-
tary Pa/Th changes with a slightly more complex geographical
pattern. The sedimentary Pa/Th decreases by 0.012e0.02 in the
South Atlantic (around 40�S) and off the North American coast
(between 30�N and 50�N). There is a minor decrease (around
0.008) along the equator between 10�S and 10�N. Elsewhere, and in
particular in the two subtropical gyres, which are depleted in opal,
the Pa/Th increases by about 0.01 (Fig. 4).

Finally, halving the CaCO3 concentrations (CaCO3_2) has the
least impact on sedimentary Pa/Th (<0.0008), with Pa/Th
increasing in the subtropical gyres and decreasing elsewhere. The
/Th anomalies (sensitivities studies e PI control run). The areas inwhite did not display
The changes in all/2 reflect the combination of changes in POC/2, opal/2 and CaCO3/2,
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low impact of CaCO3 on Pa/Th is related to the low affinity of Pa for
this particle type (Table 1) and to low CaCO3 concentrations (Fig. 1).

To summarize, we have seen that in our simulations POC is the
dominant particle that transfers Pa to the sediments in the Atlantic
Ocean, while opal is the main scavenger in regions where NEMO-
PISCES simulated high opal concentrations, i.e. in the Southern
Ocean and along the North American continental margins (be-
tween 30�N and 50�N and around 40�S). CaCO3 has the smallest
impact on sedimentary Pa/Th, consistent with the low affinity of Pa
for CaCO3 (Table 1) and lower particle concentrations. Despite some
spatial variability, reducing the particle concentration tends to in-
crease Pa accumulation in the sediments of the open ocean and
subtropical gyres. Our study suggests that the sedimentary Pa/Th
response to a 50% particle concentration decrease i) exceeds the
natural Pa/Th variability under PI conditions, leading tomean Pa/Th
changes of 0.01, and ii) strongly depends on the particle fields and
their geographical distribution.
3.3. Impact of a change in phytoplankton type

In this section we analyze the results of a simulation where we
mimic a global change in plankton community at constant POC
production by halving the opal flux and doubling the CaCO3 flux
(see methods). This is informative on the respective role of the two
particle types in driving sedimentary Pa/Th changes in the different
regions of the Atlantic basin. In the opal_2_CaCO3x2 simulation,
sedimentary Pa/Th strongly decreases by 0.02 in the Southern
Ocean around 40�S and in particular in the southeastern Atlantic
basin (Fig. 5). Pa/Th also decreases along the American margin
(between 30�N and 50�N) by 0.015 and to a lesser extent between
20�S and the equator where the decrease is less than 0.01. Else-
where the sedimentary Pa/Th increases, in particular in the North
Atlantic between 0 and 40�N by about 0.01 and off the African coast
by up to 0.015 (Fig. 5). Overall, the sedimentary Pa/Th pattern in the
opal_2_CaCO3x2 simulation is similar to the pattern obtained in the
opal_2 simulation in the North Atlantic and in the Southern Ocean
(south of 40�S) and to the CaCO3x2 simulation in the equatorial
south Atlantic and along the African coast (between 40�S and 20�N)
(Fig. 5). The sedimentary Pa/Th is therefore mostly affected by
changes in opal flux in the North Atlantic and in the Southern
Ocean (south of 40�S), while it is predominantly affected by
changes in CaCO3 flux in the equatorial south Atlantic and off the
African coast (between 40�S and 20�N).
Fig. 5. Effect of a change in plankton community on the sedimentary Pa/Th. As on Fig. 4
The areas in white did not display significant changes compared to the natural variabilit
concentrations are doubled and POC concentrations are maintained constant.
4. Discussion

4.1. Potential changes in particle fluxes across climatic transitions

There is compelling evidence of marked productivity changes
across climatic transitions (e.g. Jaccard et al., 2013; Kohfeld et al.,
2005) associated with variations of biogenic particles (POC,
CaCO3 and opal) production (e.g. Yamamoto et al., 2019) and burial
(Cartapanis et al., 2018, 2016). However, quantitative re-
constructions of changes in particle fluxes across climatic transi-
tions are currently limited by 1) the lack of Atlantic-wide
compilations of proxy-based reconstructions, 2) discrepancies be-
tween model outputs when different models are run under similar
boundary conditions (e.g. (Kageyama et al., 2013a, 2013b)). Despite
these limitations, both proxy data and climate models consistently
suggest a decrease in productivity in the North Atlantic while the
productivity might have increased slightly in the Southern Ocean
and in equatorial regions during Heinrich stadials (e.g. (Brown and
Galbraith, 2016; Mariotti et al., 2012 and references therein,
Martínez-García et al., 2014; Straub et al., 2013)). Modelling studies
(Brown and Galbraith, 2016; Mariotti et al., 2012) estimate that the
export productivity could have decreased by about 50% in the North
Atlantic during an Heinrich stadial. In this study we have explored
the impact of similar large-scale variations in export productivity
by doubling or halving the particle fluxes in our simulations.
4.2. Sensitivity of sedimentary Pa/Th to particles versus circulation
changes

A recent compilation of Pa/Th records covering the last degla-
ciation in the Atlantic basin (Ng et al., 2018) shows that most of the
northwest Atlantic cores display a marked ~0.03 Pa/Th units in-
crease between the LGM and Heinrich stadial 1. Such Pa/Th varia-
tions have also been observed for other millennial scale events (e.g.
B€ohm et al., 2015; Burckel et al., 2016, 2015; Waelbroeck et al.,
2018). Our sensitivity study shows that a 50% change in biogenic
particle flux intensity can lead to a variation in Pa/Th of ~0.01, which
corresponds to about 30% of the observed Pa/Th increase across
Heinrich stadial 1.

By comparison, in iLOVECLIM, a ~250 years AMOC shutdown
under PI boundary conditions causes a consistent Pa/Th increase of
about 0.03 in the northwest Atlantic (40�N - 60�N) between 2000
and 3000 m water depth (Missiaen et al., 2020). This is consistent
, sedimentary Pa/Th anomalies are represented (sensitivities studies e PI control run).
y (i.e. anomalies <4s e see methods). Opal concentrations are halved, while CaCO3
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with the simulated Pa/Th variations obtained in other model
studies (Gu and Liu, 2017; Rempfer et al., 2017; Siddall et al., 2007).
However, at the Bermuda Rise location (~34�N, 58�W, > 4300 m),
where the first Pa/Th time series has been obtained (McManus
et al., 2004), the Pa/Th increases by ~ 0.01 in iLOVECLIM, which is
less than the observed Pa/Th variation recorded at this location
across Heinrich stadial 1. However, this particular hosing experi-
ment is not an analogue to a Heinrich event, because the simulation
was integrated under preindustrial (not glacial) boundary condi-
tions, the freshwater was only added to the Nordic Seas, and the
AMOC was shut down for a relatively short duration (~300 years),
which is shorter than what is observed during Heinrich stadial 1
(>1000 years) (see (Missiaen et al., 2020)). In addition, the Bermuda
Rise lies in the transition zone between the coastal regionwith high
particle fluxes and the open ocean in iLOVECLIM (see Fig. 1),
complicating direct model-data comparison at this specific loca-
tion. The particle-induced Pa/Th variations simulated in this study
are therefore significant and of the same order of magnitude
(30e100%) than the simulated changes obtained during an AMOC
shutdown.

It is important to note that the amplitude of Pa/Th variations due
to a circulation slowdown was tested in iLOVECLIM with an AMOC
strength of ~17 Sv, but a rather shallowNADW (~2500m) compared
to observations (Lozier et al., 2019). As Pa concentrations typically
increase with depth (Henderson and Anderson, 2003), the depth of
NADWmay impact the southward transport of Pa in themodel. Any
change in the boundary conditions, such as for example the refer-
ence climate state (e.g. LGM), and subsequent changes in the
Atlantic water masses configuration, will also likely impact the
sensitivity of the sedimentary Pa/Th to changes in particle fluxes. In
line with previous studies, we find that in regions with sluggish
circulation (typically outside of the deep western boundary cur-
rent), the impact of particle fluxes variations (e.g. in coastal areas)
could have an even larger impact on sedimentary Pa/Th. Indeed, in
these regions, the particle-induced Pa transport is a dominant
process that can overcome the circulation-induced Pa transport (Gu
and Liu, 2017).

To date, attempts to achieve quantitative reconstructions of the
AMOC strength variations rely on fitting a Pa/Th enabled model to
observed Pa/Th variations from Atlantic sediment cores. However,
the skill of a Pa/Th model to predict the sedimentary Pa/Th
response to abrupt circulation changes depends on its ability to
capture the “right” balance between Pa and Th transport by
advection and Pa and Th transport induced by particle flux gradi-
ents (i.e. the scavenging regime). Future work is therefore needed
to further evaluate the sensitivity of iLOVECLIM and other Pa/Th
enabled models to circulation and particle fluxes changes.

4.3. Evaluation of the Pa and Th transport in iLOVECLIM

One way to further assess how Pa and Th are transported in a
model consists in analyzing the normalized Pa and Th fluxes to the
sediments i.e. the ratio between the fluxes to the sediments (par-
ticulate Pa and Th) and the local water column production (Fig. 1-
see section 3.1). Model studies first estimated that up to 30% of the
Th is transported and deposited away from the water column
where it has been produced (Henderson et al., 1999). A recent
analysis of the new GEOTRACES water column data revised this
estimate to ~40% (Hayes et al., 2015a), which was confirmed by the
recent review and compilation of 230Th sedimentary data of (Costa
et al., 2020). In other words, assuming that Th settles fast enough to
stay in the Atlantic basin, the ratio between the Th flux to the
sediments and the local water column production should range
between ~0.6 and 1.4. In iLOVECLIM, the range of normalized Th
flux is slightly wider (from ~0.4 to 1.6) in the PI control simulation,
meaning that Th transport (mostly by particle gradients) is likely
slightly overestimated. The normalized Th flux from different
models embedding Pa and Th has been shown to often resemble
the biological productivity pattern as observed here in iLOVECLIM.
However, while iLOVECLIM produces normalized Th fluxes rela-
tively close to 1, a larger range in normalized Th fluxes has been
evidenced in other models (Costa et al., 2020). Future work is
needed to evaluate how the scavenging regimes are represented
across different Earth system models embedding Pa and Th iso-
topes, as well as how the different model structures and parame-
trization choices influence the sedimentary Pa/Th.
4.4. Impact of far field changes in particle fluxes on Pa/Th records

Our sensitivity experiments highlight that the sedimentary Pa/
Th response has a geographical pattern that is tightly related to the
geographical distribution of the particles and the spatial distribu-
tion of high scavenging intensity areas. In regions where Pa and Th
are dominantly scavenged to the sediments by a certain particle
type, a greater flux of this particle type increases the Pa/Th ratio (as
expected). Where this particle type is not the dominant scavenger,
the opposite effect happens. When reducing the scavenging in-
tensity in a neighboring region, the Pa/Th is found to increase
outside the main scavenging areas as more Pa can escape from the
high scavenging areas and settle down in the open ocean sedi-
ments. In particular, our study suggests that an opal production
decrease off the North American coast (between 30�N and 50�N -
corresponding in our model to a high opal flux area) may induce a
significant Pa/Th increase in a large part of the North Atlantic basin,
where opal production is lowandwheremost of the available Pa/Th
records are located (Figs. 1e4). A decrease in the particle fluxes
results in an increase in the residence time of Pa and Th in thewater
column. The fact that in our model more Pa settles in the North
Atlantic when we decrease the particle fluxes globally is due to
reduced Pa scavenging along the American coast (between 30�N
and 50�N). The presence of opal in the North Atlantic undermodern
conditions is corroborated by modern observations (van Hulten
et al., 2018). Additionally, there is evidence in the sediments for a
North Atlantic opal belt (Lippold et al., 2012a; Seiter et al., 2004)
south of Iceland while in the model the North Atlantic opal belt is
located closer to the North American coast.

The fact that Pa can be burried in the North Atlantic sediments
when the general scavenging intensity decreases also suggests that
relatively low amounts of Pa are transported towards the Southern
Ocean in the central North Atlantic in our model. This may be
related to the relatively shallow NADW (lower boundary ~2500 m)
compared to observations, given that the highest concentrations of
Pa are generally found at greater depths and/or in regions with
sluggish circulation outside of the deep western boundary current.
Further work is needed to investigate the mechanisms of Pa
transport in other Pa/Th enabled models.

From the data side (Gherardi et al., 2009), reported an inverse
relationship between the reconstructed diatom flux (hence opal
flux) and the sedimentary Pa/Th in core MD95-2027 located in the
northwest Atlantic, which is consistent with our sensitivity
experiment results. The potential of changes in biogenic particle
fluxes and composition to increase the sedimentary Pa/Th ratio has
been largely acknowledged in the literature, with a particular
concern for opal, for which Pa has a very strong affinity (Chase et al.,
2002). The impact of potential changes in opal flux on sedimentary
Pa/Th has been assessed by different means. Some studies argued
that the opal content of the core(s) remained low (generally < 5 wt
%) throughout the studies time interval (B€ohm et al., 2015; Lippold
et al., 2016, 2012a). Other studies highlighted that there was no
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correlation between the Pa/Th and the 230Th-normalized opal flux
and/or 230Th-normalized diatom valves flux records in the sedi-
ment core (e.g. (Gherardi et al., 2009; Mulitza et al., 2017; Nave
et al., 2007). Our study confirms that in addition to the site-
specific particle flux variations, the basin-wide and/or regional
particle fluxes may have also impacted the paleo Pa/Th records.
Revisiting the available Pa/Th records would thus require an
extensive basin-wide evaluation of the particle flux evolution and/
or evaluation of the Pa budget in the Atlantic basin (Hayes et al.,
2014) throughout the deglaciation.

Finally, our sensitivity experiments with iLOVECLIM show that
uniform changes in particle concentrations affect the Pa/Th ratio
distribution differently depending on the particle type, and our
model suggests that changes in POCmay influence the sedimentary
Pa/Th ratio more than opal. From the observational side, changes in
POC concentrations have not been monitored along with the Pa/Th
time series, mostly because sedimentary POC content is prone to be
modified by post-deposition remineralization processes. In our
simulations, the high sensitivity of the sedimentary Pa/Th to POC
could potentially originate from two distinct model features: 1) an
over-representation of POC concentrations in the particle forcing
fields and/or 2) the choice of scavenging coefficients that give Pa
and Th high affinity for POC (see Table 1). The prescribed particle
concentration fields used in this study have been evaluated against
modern data in (van Hulten et al., 2018) and the POC concentrations
appear to be slightly overestimated in the upper 200m of thewater
column, but generally underestimated in the oligotrophic regions
such as the subtropical gyres. Additional observations of particulate
concentrations in the water column are required to better assess
the quality of the POC representation in NEMO-PISCES. The co-
efficients are tunable parameters that have been determined using
an objective exploration of the parameter space (Missiaen et al.,
2020) and set to obtain the best fit between sedimentary Pa/Th,
dissolved and particulate water column Pa and Th. The scavenging
coefficients that are used in iLOVECLIM are significantly higher than
observations (Hayes et al., 2015b). However, decreasing the scav-
enging coefficients towards the values determined by (Hayes et al.,
2015b) dramatically decreases model data agreements in the water
column, suggesting that the model needs high scavenging co-
efficients to remove enough Pa and Th from the water column. This
is consistent with the conclusions from previous studies (e.g. Dutay
et al., 2009), which found that scavenging coefficients are implicitly
inversely scaled to the particle fluxes in order to simulate a scav-
enging intensity compatible with observations. Further model
intercomparison work is needed to investigate whether the high
sensitivity of sedimentary Pa/Th to POC is a robust feature across
different representations of Pa and Th scavenging in different
models.

5. Conclusions and perspectives

We have performed a set of idealized simulations using the
Earth System model of intermediate complexity iLOVECLIM in or-
der to study the large-scale relation between sedimentary Pa/Th
and biogenic particle fluxes in the water column. Our results show
that changes in particle fluxes due to changes in biogenic export
productivity can significantly impact sedimentary Pa/Th. Our sim-
ulations suggest that the Pa/Th response is sensitive to the
geographical distribution of particles and intense scavenging areas;
for example, a decrease in the opal fluxes off the North American
coast (between 30�N and 50�N), where in our reference prein-
dustrial simulations the opal fluxes are relatively high, induces a
sedimentary Pa/Th increase in most of the North Atlantic basin,
outside of the high opal scavenging area. Far field changes in opal
production might therefore impact the sedimentary Pa/Th, even in
low opal production areas. Our simulations show that depending
on the particle type, uniform changes in particle fluxes affect the
spatial distribution of the Pa/Th ratio differently (Figs. 4e5). They
also highlight a potential dominant role of POC in driving Pa/Th
changes, followed by opal. Further work is necessary to assess if this
result is a robust feature across different models able to simulate
the evolution of Pa and Th in the ocean. Halving the particle fluxes,
as might have happened during Heinrich stadial 1, leads to a Pa/Th
increase of about 0.01, corresponding to ~30% of the observed Pa/Th
increase in the North Atlantic across Heinrich stadial 1. This cor-
responds to at least one third and up to the full amplitude of
sedimentary Pa/Th changes simulated during an AMOC shutdown
by the same model, suggesting that in this model framework, the
sedimentary Pa/Th has a similar sensitivity to circulation and par-
ticle flux changes. The ability of a model to capture the amplitude of
Pa/Th changes associated with abrupt climate change is related to
its ability to capture the right balance between the circulation-
related and the particle-related transport, which ultimately de-
pends on the representation of the deep-water circulation, particle
fluxes and the scavenging parameters. Further progress in assessing
the impact of particle-induced sedimentary Pa/Th changes there-
fore requires i) a thorough evaluation of past geographical particles
patterns, and ii) a skillful representation of the scavenging regime
and water mass pathways, which would require an in-depth Pa/Th
model intercomparison.
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