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a b s t r a c t

The Global Overturning Circulation is linked to climate change on glacial-interglacial and multi-
millennial timescales. The understanding of past climate-circulation links remains hindered by
apparent conflicts among proxy measures of circulation. Here we reconstruct circulation changes since
the Last Glacial Maximum (LGM) based on a global synthesis of authigenic neodymium isotope records
(εNd). We propose the bottom-up framework of interpreting seawater and authigenic εNd considering not
only conservative watermass mixing, but also the preformed properties and the non-conservative
behavior of εNd, both subject to sedimentary influences. We extract the major spatial-temporal modes
of authigenic εNd using Principal Component Analysis, and make a first-order circulation reconstruction
with budget-constrained box model simulations. We show that during the LGM, the source region of
North Atlantic overturning shifted southward, which led to more radiogenic preformed εNd of glacial
Northern Source Water (NSW). Considering this preformed effect, we infer that glacial deep Atlantic had
a similar proportion of NSW as today, although the overall strength of glacial circulation appears reduced
from both North Atlantic and Southern Ocean sources, which increased the relative importance of non-
conservative behavior of εNd and may have facilitated accumulation of respired carbon in the deep ocean.
During the deglaciation, we find that Southern Ocean overturning increased, which offset suppressed
North Atlantic overturning and resulted in a net stronger global abyssal circulation. Faster global scale
deglacial circulation reduced the relative importance of non-conservative effects, resulting in Atlantic-
Pacific convergence of abyssal εNd signatures. Variations of Southern Ocean overturning likely drove a
significant fraction of deglacial changes in atmospheric CO2 and oceanic heat budget.
© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

1.1. The Ocean’s overturning circulation

The Global Overturning Circulation (GOC) is responsible for the
transport of carbon and heat among the ocean basins and between
the ocean and the atmosphere. The GOC can be conceptualized
primarily as two connected overturning cells (Talley, 2013). The
upper cell is linked to the formation of North Atlantic Deep Water
(NADW) and its shallower return flow to form the Atlantic Merid-
ional Overturning Circulation (AMOC), roughly in the depth range
1500e3500 m. The lower cell is associated with the production of
Antarctic BottomWater (AABW)which occupies the deeper parts of
r Ltd. This is an open access article
the abyssal ocean, and its return flow mostly as Pacific Deep Water
(PDW) and is referred to as the Southern Ocean Meridional Over-
turning Circulation (SOMOC). These two circulation cells are
interconnected via upwelling in the Southern Ocean where deep
waters are mixed in the circumpolar circulation. Part of the resul-
tant mixture contributes to AABW formation locally, and the rest
converts to less dense watermasses transported northward at in-
termediate and shallower depths, such as the Antarctic Interme-
diate Water (AAIW) and various mode waters, eventually
contributing to the production of NADW. There is no deep water
formation in the North Pacific today: instead, there is a weak cell of
North Pacific Intermediate Water (NPIW) circulation. In paleo-
ceanography, the NADW and AABW watermasses are commonly
referred to as Northern and Southern Source Waters (NSW and
SSW). Because the largest reactive carbon reservoir on glacial-
interglacial and deglacial millennial scales is the deep ocean, we
will mainly focus on the abyssal circulation in this study.
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That the GOC influences the global carbon cycle and heat
transport is a leading tenet in paleoclimatology (Shakun et al.,
2012). However, despite decades of research, a globally consistent
description of the changes in the GOC, for example since the Last
Glacial Maximum (LGM), remains elusive. Geochemical proxies
often lead to diverging interpretations on the various aspects of the
GOC (Curry and Oppo, 2005; Gebbie, 2014; Lund et al., 2011;
McManus et al., 2004; Negre et al., 2010; Oppo et al., 2018; Roberts
et al., 2010), and climate models similarly produce conflicting ar-
rays of the GOC behavior (Amrhein et al., 2018; Kurahashi-
Nakamura et al., 2017; Menviel et al., 2016; Muglia et al., 2018;
Muglia and Schmittner, 2015; Otto-Bliesner et al., 2007). Four
critical issues are highly debated as a result, namely: (1) the mixing
proportions of NSW and SSW in the glacial deep Atlantic, with
suggestions ranging between <50% and ~100% (Amrhein et al.,
2018; Duplessy et al., 1988; Gebbie, 2014; Kurahashi-Nakamura
et al., 2017; Lang et al., 2016; Oppo et al., 2018; Sarnthein et al.,
1994); (2) the strength of the AMOC during deglacial stadial
events such as Heinrich Stadial 1 (HS1, 18e15 ka), whether the
AMOC ceased completely (McManus et al., 2004) or was weakened
but present (Bradtmiller et al., 2014); (3) whether the AMOC and
SOMOC respond oppositely or in the same directions to climate
changes on glacial-interglacial and deglacial millennial timescales
(Broecker, 1998; Menviel et al., 2016, 2014); (4) potential changes of
Pacific circulation, which remains under-constrained (Broecker
et al., 2008, 2004; Davies-Walczak et al., 2014; Lund, 2013; Lund
et al., 2011; Marchitto et al., 2007; Okazaki et al., 2010; Sikes
et al., 2000).

Such controversies arise because geochemical tracers are often
affected by more than circulation alone, and they may also be
related to circulation in multiple ways. For instance, benthic stable
carbon isotopes (d13C) may be interpreted from the perspective of
binary NSW/SSWmixing (Oppo and Fairbanks, 1987), but temporal
changes of the preformed d13C linked to air-sea exchange (Lynch-
Stieglitz et al., 2019; Mix and Fairbanks, 1985) and non-
conservative effects due to remineralization could also be signifi-
cant (Gebbie, 2014). Benthic radiocarbon (D14C) is affected by cir-
culation rate, as well as watermass mixing, preformed age and
potential interior sources/sinks such as “14C-dead” hydrothermal
carbon (Ronge et al., 2016; Skinner et al., 2010; Zhao et al., 2018).
Marine sediment 231Pa/230Th may be affected by particle-selective
scavenging and preformed properties in addition to circulation
strength (Deng et al., 2018). Given multiple controls of these
tracers, their evidence of paleo-overturning circulation remains
underdetermined.

Realistic tracers of the GOC must have residence times compa-
rable to that of ocean circulation; consequently, their marine cycles
inherently have large-scale global and basinal components,
superimposed upon any local factors. Thus, constraints on the
global and basinal tracer budgets are needed for robust interpre-
tation of tracer data at any individual location. Such constraints
remain limited by the relative paucity of information about the
Southern and Pacific Oceans. The Pacific has both the largest vol-
ume and thus largest tracer reservoirs; the Pacific is also mainly
ventilated by the SOMOC, which, in turn, includes mixed compo-
nents of Atlantic and Pacific waters (Broecker et al., 1985; Rae and
Broecker, 2018). As the nexus of mixing between basinal water-
masses, the Southern Ocean mediates the tracer budgets of both
the Pacific and Atlantic, making them non-independent (Marinov
et al., 2006; Vance et al., 2017). Ultimately, the Pacific-Southern
Ocean link must be critical in regulating the global budgets of
such tracers, even in the Atlantic Ocean, depending on the resi-
dence times of seawater and the tracer.

The closure of the GOC requires wind-driven upwelling and
other vertical mixing processes that bring deep water back to the
surface (Ferrari, 2014). The Southern Ocean is the main location of
deep water upwelling, driven by southernwesterlies (Marshall and
Speer, 2012). The Pacific is the main location for diapycnal trans-
formations of dense deep water to lighter density class waters
because it has the largest seafloor areas for turbulent mixing in the
Benthic Boundary Layer (de Lavergne et al., 2017; Talley, 2013).
Again, Pacific and Southern Ocean circulation is critical to the
sustenance of the GOC.

Because the various watermasses that comprise the GOC are
interconnected, reconstructing the GOC demands a global synthesis
constrained by tracer budgets, while taking into account the
multifaceted connections these tracers may have with ocean cir-
culation (mixing ratios, circulation rate, mode of deep water for-
mation, etc.), and non-circulation factors that may also vary over
time and space.
1.2. Neodymium isotopes as a circulation tracer

Here we summarize global patterns of change since the LGM in
radiogenic neodymium (Nd) isotope composition (the 143Nd/144Nd
ratio) of marine authigenic phases, which is an important tracer of
paleo-circulation (Frank, 2002; Goldstein and Hemming, 2003).
The radiogenic Nd isotope composition is expressed as
εNd ¼ [(143Nd/144Nd)sample/(143Nd/144Nd)CHUR�1] � 104, i.e., the
parts per 10,000 deviation of a sample from the chondritic uniform
reservoir (CHUR) (Jacobsen and Wasserburg, 1980). The standard
terms are “radiogenic” for more positive εNd values and “unradio-
genic” for more negative values.

The utility of seawater and authigenic εNd as a circulation tracer
rests on the “labelling” of seawater and authigenic phases by
lithogenic Nd inputs that reflect the surrounding terrestrial rock
sources (Frank, 2002; Goldstein and Hemming, 2003; Jeandel et al.,
2007). It is traditionally thought that this labelling happens at the
surface ocean, where surface waters inherit the εNd signatures of
surrounding continents through dust and dissolved riverine inputs;
these surface ocean labels are carried into the ocean interior
through deep water formation or brought down by settling parti-
cles through reversible scavenging (i.e., the “top-down” view)
(Bertram and Elderfield, 1993; Siddall et al., 2008). More recently it
has been suggested that additional labelling happens at the
sediment-water interface, where bottom waters are influenced by
detrital lithogenic εNd signatures through interaction with sedi-
ments (i.e., the “bottom-up” view) (Haley et al., 2017; Lacan and
Jeandel, 2005a).

The application of authigenic εNd as a paleo-circulation tracer
has been advanced to date largely under the top-down framework,
and thus most studies treat authigenic εNd as primarily a tracer of
conservative watermass mixing (Rutberg et al., 2000; Piotrowski
et al., 2004; B€ohm et al., 2015; Pahnke et al., 2008; Gutjahr et al.,
2008; Lippold et al., 2016; Howe et al., 2016a; Roberts et al.,
2010; Jonkers et al., 2015). However, since the discovery of large
benthic Nd fluxes from the abyssal seafloor (Haley and
Klinkhammer, 2003) and the proposal of Boundary Exchange hy-
pothesis (Lacan and Jeandel, 2005a), it is becoming increasingly
clear that sources of Nd at the ocean surface are not alone in
balancing the global Nd-εNd budget (Bertram and Elderfield, 1993;
Jones et al., 2008; Tachikawa et al., 2003; van de Flierdt et al., 2016).
More recent studies have provided strong evidence that sedimen-
tary sources are likely the dominant Nd sources to the ocean (Du
et al., 2016; Abbott et al., 2015a, 2015b; Abbott, 2019; Arsouze
et al., 2009; Rempfer et al., 2011), and this progress in under-
standing the marine Nd cycle has informed some recent paleo-
reconstructions (Blaser et al., 2019; Du et al., 2018; P€oppelmeier
et al., 2019; Wilson et al., 2012).
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The top-down and bottom-up views are not mutually exclusive;
both are needed to understand the marine Nd cycle, and here we
propose a framework that integrates both views and applies them
to global paleo-circulation reconstruction. This more complete
interpretive framework modifies previous interpretations of past
circulation changes based on εNd and reconciles this tracer with
inferences made from other tracers. Here, under this framework,
we reconstruct the major features of GOC since the LGM by
decomposing a collection of authigenic εNd records into global and
basinal patterns and identifying non-circulation influences, aided
by Principal Component Analysis (PCA) and budget-constrained
box model simulations. Our objectives are (1) to provide a first-
order and globally consistent description of (mainly abyssal) GOC
on global and basinal scales since the LGM based on εNd, and (2) to
provide a conceptual and methodological framework for resolving
the complexities of an array of geochemical circulation tracers. Our
focus is on themajor deep overturning circulation cells that operate
over relatively long timescales. We leave the regional details to
future work, because εNd data are currently insufficient to resolve
small scale changes.

2. Materials and methods

2.1. Global εNd data collection

For modern seawater εNd we use existing compilations (Lacan
et al., 2012; Tachikawa et al., 2017; van de Flierdt et al., 2016),
complemented by data published since 2017 (Amakawa et al., 2019,
2018; Behrens et al., 2018; Che and Zhang, 2018; Dubois-Dauphin
et al., 2017; Filippova et al., 2017; Garcia-Solsona and Jeandel,
2020; Grasse et al., 2017; Grenier et al., 2019, 2018; Lambelet
et al., 2018; Laukert et al., 2018, 2017a; 2017b; Molina-Kescher
et al., 2018; Morrison et al., 2018; Rahlf et al., 2019; Stichel et al.,
2018; Struve et al., 2017; Yu et al., 2017; Zieringer et al., 2019).

For paleo-reconstruction, we compiled published authigenic εNd
records that span ages since the LGM, i.e., data with published ages
younger than 23 ka, or reported as Holocene or LGM time-slices.
The authigenic data are generated from leaching of foraminifera,
fish debris, coral and bulk sedimentary Fe-Mn oxyhydroxides.
Sediment leach data that do not agree with foraminifera/fish debris
data from the same site are excluded. We exclude core-top authi-
genic data that lack age constraint demonstrating a Holocene age.
Sites and references are reported in Supplementary Table S1.

We create four subsets of the authigenic εNd data collection: a
deglacial time-series dataset, a Holocene time-slice (0e6 ka)
dataset, an LGM time-slice (19e23 ka) dataset, and a HS1 time-slice
(15e18 ka) dataset. The deglacial time-series dataset includes re-
cords that span 6 to 19 ka, and have at least 10 data points (average
resolution is 1.3 kyr). Data from the same site generated using
various archives and from different studies are averaged to create
the time-series and time-slice data. In summary, there are 72 sta-
tions with deglacial time-series records and HS1 time-slices, 259
stations with Holocene time-slice records and 155 stations with
LGM time-slice records. Individual deglacial authigenic time-series
are plotted in Supplementary Table S2, and the time-slice data are
plotted in Supplementary Fig. S1.

We also compile published detrital sediment εNd data since the
LGM. The detrital εNd data help to identify sedimentary influences
on seawater and authigenic εNd. There is currently no standard
procedure for measuring detrital sediment εNd, and the compilation
includes bulk sediment digests, post-leach residuals and/or specific
detrital size fractions.

Recent sediment leaching studies give evidence that certain
“reactive” components of detrital sediments are more influential
sedimentary Nd sources than less reactive components, which may
reflect themineralogy andweathering history of sediments (Abbott
et al., 2019, 2016; Blaser et al., 2016; Du et al., 2016; Wilson et al.,
2013). As such, strong leaching procedure commonly adopted in
older studies may lead to loss of reactive detrital phases which are
not preserved in the operationally defined “detrital residuals”
(Abbott et al., 2019, 2016; Blaser et al., 2016; Du et al., 2016; Wilson
et al., 2013), while bulk sediment digestion may avoid such a
problem if authigenic Nd fraction is small relative to the detrital
ones (Du et al., 2016).

Moreover, recent pore water data have also shown that the εNd
of sediment flux may differ from operationally defined detrital εNd
(Abbott et al., 2015a), but perhaps instead reflects “reactivity-
weighted” detrital εNd (Du et al., 2016;Wilson et al., 2013). Thus, we
suggest that operationally defined bulk or residual detrital εNd
should be used as semi-quantitative proxies for, rather than exact
representations of, the εNd of sediment Nd flux. This likely works
best on large spatial-temporal scales when detrital provenance can
be reasonably constrained. Here we treat collected detrital εNd data
equally without favoring any specific extraction method, but we
call for community effort for better understanding the reactive
spectrum of detrital Nd bearing phases in future studies.

Detrital data are processed similar to authigenic data except the
following cases: (1) In addition to a Holocene dataset we also
include a core-top (defined as within 10 cm of the sediment-water
interface) dataset including sites without confirmedHolocene ages;
(2) A deglacial detrital εNd record is included as long as it spans 6 to
19 ka but no resolution requirement is made because few time-
series records exist; (3) A Heinrich Layer 1 (HL1) - instead of a
HS1 - detrital εNd dataset is made, because the stratigraphic con-
straints on such data were made based on sedimentological evi-
dence rather than absolute dating (Hemming, 2004). The
distinction between HL1 and HS1 was detailed by Hodell et al.
(2017). The HL1 detrital εNd data are from the subpolar North
Atlantic, mainly in the classically defined ice rafted detritus (IRD)
belt (40e50oN), but also extending north, close to Iceland and the
Nordic Seas. Detrital sites and references are reported in
Supplementary Table S3.

Almost all collected sites are deeper than 500 m. Only four
authigenic εNd records we know of exist from shallower sites and
three of these are incomplete. Shallow sites are likely affected by
local source variability in addition to circulation (Friedrich et al.,
2014). We thus will not discuss shallow ocean circulation in this
study. We also avoid data from the marginal seas where local
detrital sediment provenance may vary and differ from the open
ocean (Osborne et al., 2014; Wu et al., 2015). We exclude the Arctic
Ocean because of data scarcity. Our focus is on the global distri-
bution of εNd in the main ocean basins, especially the deep ocean.
2.2. Box model

We analyze the modern global ocean Nd-εNd budget in a box
model, which facilitates sensitivity tests and transient simulations
to aid our interpretation of authigenic records. The box model has
four ocean boxes: Atlantic, Pacific, Indian and Southern Ocean, and
the circulation geometry follows the box geostrophic inverse
models of Talley (2013) (Fig. 1A). In Talley’s estimates the Southern
Ocean box is separated from the other basins at 30oS, and the
related water fluxes are transports across this latitude based on
hydrographic lines. This simple box model is an extension of the
Pacific-only model presented in Du et al. (2018), and the governing
equations for Nd concentration ([Nd]) and εNd in a box are:



Fig. 1. Global box model design and the depth-distribution of Nd budget. A: The physical circulation in the model. The numbers following the labels are transport in Sverdrup. B:
Dependence of the global Nd residence time tNd on sediment Nd flux in the box model. Range of area weighted benthic flux measurements are indicated by blue dashed lines. C:
Sediment Nd fluxes derived using pore water and benthic chamber measurements (Abbott, 2019; Abbott et al., 2015b; Elderfield and Sholkovitz, 1987; German and Elderfield, 1989;
Haley and Klinkhammer, 2003). D: Fractions of depth-integrated seafloor area, ocean volume, Nd reservoir and sediment Nd flux binned into three water depth categories: shallow
(<500 m), intermediate (500e1500 m) and deep (>1500 m).
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V
d½Nd�
dt

¼
X

Fi , ð½Nd�i � ½Nd�Þ þ S ,AþDþR� k , ½Nd� ,V (1)

V
dð½Nd�,εNdÞ

dt
¼

X
Fi , ð½Nd�i , εiNd � ½Nd� , εNdÞþ S ,A , εSNd

þD , εDNd þR , εRNd � k , ½Nd� ,V , εNd;

(2)

where V and A are the water volume and seafloor area of the box, Fi

are the water fluxes entering the box with associated [Nd]i and εNd
i .

The model has three external sources: S for sedimentary flux (mol
per area per time), D for dust flux (mol per time) and R for dissolved
riverine flux (mol per time). εNdS , εNdD , and εNd

R are their respective
isotope compositions. These sources are balanced by one external
sink, scavenging, parameterized as a first order rate law of [Nd]
where the removal rate constants k are allowed to vary among the
ocean boxes.

The V and A of the boxes are determined using the ETOPO1
bathymetry (Amante and Eakins, 2009). When calculating V and A
all depths levels are included. In the model we use volume-
weighted means of [Nd] and εNd for each ocean box: we first bin
seawater [Nd] and εNd data into 500m depth intervals and compute
the mean values for each depth bin. The weight for each depth bin
is therefore the fraction of the ocean volume in that bin with
respect to the summed volume of all the non-empty bins. D is
calculated using the gridded global annual mean dust flux
(Mahowald et al., 2005) assuming 20 ppm Nd in dust and 2% sol-
uble fraction (Tachikawa et al., 2003) and εNd

D follows Tachikawa
et al. (2003). R and εNd

R are from Goldstein and Jacobsen (1987).
We consider the εNd of sediment Nd flux (εNdS ) in each box to be
unknowns (i.e., not using the collected detrital εNd data in its stead).
In each box we then have two equations, (1) and (2), but three
unknowns, S, εNdS and k. Thus, determination of steady-state budget
requires one of the unknowns to be constrained.

Given the present knowledge of sedimentary Nd flux we are
only confident in constraining the global and basinal Nd-εNd bud-
gets (Du et al., 2018, 2016). Our box model is built to reflect this
limitation and as such it is suitable for quantitative investigation of
large-scale changes of εNd in the deep ocean which dominates the
marine Nd budget (Fig. 1D) (Du et al., 2018). Quantitative inter-
pretation of seawater and authigenic εNd at specific locations or
from shallow and intermediate-depths requires knowledge of local
Nd budgets, which are often lacking. We thus mainly focus on
large-scale patterns of authigenic εNd change in the deep ocean in
this study. Increasing measurements and improving mechanistic
understanding of the magnitude and εNd of sediment flux, and the
Nd scavenging in the water column are critically important for
building better marine Nd cycle models on finer spatial-temporal
scales in the future.
2.3. Estimating the non-conservative εNd in the modern ocean

We provide quantitative and globally consistent estimates of the
non-conservative components of seawater and authigenic εNd in
the modern ocean, as the difference between observed εNd and εNd
predicted based on conservative mixing alone. If seawater εNd is
strictly conservative and only has sources at the surface ocean, i.e.,
has no internal cycling or sedimentary sources, then the conser-
vative εNd could be estimated by propagating surface ocean εNd
boundary conditions via ocean circulation. To estimate the truly
conservative component of εNd (with respect to the surface
boundary condition) we can use the Total Matrix Intercomparison
(TMI) method (Gebbie and Huybers, 2010). Mathematically this is
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equivalent to solving a set of linear equations of the form:

c¼A�1d (3)

where c is a vector of estimated conservative εNd, d is a vector of the
same size equal to observed εNd at the surface but zero in the
interior, and A is the circulation pathway matrix. The pathway
matrix contains global steady-state watermass mixing information
that links ocean interior points to the surface ocean, and is derived
using modern tracer climatology. Conceptually this is similar to the
Optimal Multi-Parameter Analysis (OMPA) approach often used to
calculate watermass mixing ratios for regional ocean sections,
which then provides a means for separation of non-conservative
tracer components (Zheng et al., 2016). The advantage of TMI is
that the conservative mixing components of tracers can be esti-
mated in a globally consistent manner while also eliminating the
subjective selection of a fixed-number mixing endmembers by
acknowledging that all surface sites could contribute to the prop-
erties of the interior ocean. In this estimate, εNd is propagated by
Fig. 2. Observations and estimated conservative and non-conservative components of εNd in
marked by dots, triangles and diamonds respectively. In A symbols indicate surface water (<2
In B symbols indicate coretop detrital sediment observations, and the background is inter
vations plotted on the same section (i.e., longitudinal differences are ignored), and the backg
shown in black lines (contour levels are from �13 to �5 by 1 unit). In D symbols indicate mo
and the background is the estimated conservative component of εNd on the bottommost grid
Holocene authigenic εNd. In F symbols indicate estimated non-conservative component of mo
F, symbols with black borders indicate non-conservative εNd that are statistically non-zero
Atlantic of interest are marked by boxes: (1) Baffin-Labrador Basins, (2) Iceland, and the (3
circulation on its own and [Nd] is not considered. Nd concentration
is well-known to be non-conservative (Goldstein and Hemming,
2003). In omitting [Nd] in this particular analysis we are implic-
itly favoring the hypothesis that εNd is a conservative tracer of cir-
culation, and thus the resulting estimates of non-conservative
behavior should be considered minimums.

The circulation pathway matrix A is defined on a global 4� � 4�

grid and 33 depth levels (Gebbie and Huybers, 2010). To generate
the surface boundary condition d (Fig. 2A), we perform variational
analysis on seawater εNd observations from the upper 200 m and
interpolate these data onto the TMI grid using the “DIVAnd.jl”
package designed for oceanography studies (Barth et al., 2014). This
package allows optimization of analysis parameters, such as cor-
relation length scale and signal-to-noise ratio, using cross-
validation methods. The analysis also produces uncertainty esti-
mates for the surface boundary condition. To quantify the effect of
this uncertainty on the resulting estimates of conservative εNd we
use 1000 random realizations of the surface boundary conditions in
equation (3).
the global ocean. Modern seawater, Holocene authigenic and coretop detrital data are
00 m) observations, and the background is the surface boundary condition used in TMI.
polated data. In C symbols indicate modern seawater and Holocene authigenic obser-
round is the zonal-averages of estimated conservative component of εNd with contours
dern seawater and Holocene authigenic observations fromwithin 500 m of the seafloor,
. In E symbols indicate estimated non-conservative component of modern seawater and
dern seawater and Holocene authigenic εNd fromwithin 500 m of the seafloor. In E and
(95% CI) while those without borders are not. In E and F, three regions in the North
) Benthic Nepheloid Layer linked to DWBC.
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The estimated conservative εNd product is then interpolated to
interior εNd observation locations (>200 m), and the non-
conservative εNd is calculated as the difference between observed
εNd and estimated conservative εNd. The uncertainties of this
interpolating step as well as the analytical εNd uncertainties (typi-
cally 1s � 0.2) are neglected as the overall uncertainty is domi-
nated by the uncertainties in generating the surface boundary
conditions. We summarize the statistics of resulting non-
conservative εNd using medians and 95% confidence intervals (CI).

Finally, we perform the same analysis on the Holocene authi-
genic εNd dataset, such that we can examine whether the non-
conservative behavior of modern bottom seawater and Holocene
authigenic εNd are consistent. The non-conservative εNd of the
authigenic phase is defined as the difference between observed
authigenic εNd and estimated conservative εNd of the overlying
bottom water.
2.4. Principal Component Analysis of paleo-authigenic times-series

We synthesize and resolve empirical spatial-temporal modes of
global and regional authigenic εNd variabilities in time-series re-
cords using PCA. A previous study has also performed PCA on
deglacial εNd records but with a smaller dataset (25 records)
(Friedrich et al., 2014). Our compilation benefits from high resolu-
tion εNd records from strategically important locations (deep Pa-
cific, subpolar North Atlantic and deep Southern Ocean) that have
only recently become available.

Authigenic records are first binned and averaged into 500-year
intervals between 0 and 23 ka. The binned data form an n�p ma-
trix where n ¼ 45 is the number of age bins and p ¼ 72 is the
number of sites. No single record has enough resolution and age
range to fill all bins, and missing values in the data matrix are filled
based on PCA imputation using a regularized iterative algorithm
(Josse and Husson, 2016). With this method, missing data are
estimated using the correlation structure of the entire dataset, so
no artificial variance is introduced as may occur with within-site
interpolation. We then perform covariance-based PCA on the
completed datamatrix such that the resulting loadings are scaled to
the variance in the authigenic εNd records.

Finally, we decompose each completed authigenic εNd time-
series into its PCs. This is useful because the PC scores only sum-
marize the “common” signals shared by authigenic records in
variance units. Decomposition recreates the records using the time-
series of PC scores and their respective loadings at each site, thus
putting these “common” signals back into each individual εNd re-
cord (Lê et al., 2008). Mathematically, we use X to denote the n�p
authigenic εNd data matrix after missing value imputation. X is first
centered by removing column-means (1n

Pn
m¼1Xm;i is the mean εNd

of the ith site). PCA gives

S¼XCW (4)

where XC is centered data matrix. S (n�p) is the score matrix, the
columns of which are the time-series of PC scores (Sk,j is the score of
the jth PC in the kth age bin). W (p�p) is the weighting matrix, the
columns of which are the eigenvectors of matrix XC

TXC (T indicates
transpose). The loadings of the ith site on the jth PC is

thus
ffiffiffiffi
lj

q
Wi;jwhere lj is the jth eigenvalue of XC

TXC, i.e., the variance

explained by the jth PC, corresponding to the eigenvector in the jth
column of W. The decomposed authigenic εNd records, for example
the jth PC of the ith site in the kth age bin in the original εNd unit is
thus
bXj
k;i ¼ bSk;jcWT

j;iþ
1
n

Xn
m¼1

Xm;i (5)

where hat symbol “ˆ” indicates truncation, i.e., minor PCs explain-
ing small portions of variances are truncated to attenuate noise or
uncorrelated local signals. This reconstruction makes it relatively
easy to assess visually how the PCA decomposition has captured
the main features of the measured data at each site.

We assess the uncertainties on the PCA due to εNd analytical
uncertainty and age model limitations using a Monte-Carlo
approach. The analytical uncertainty of εNd is included by adding
Gaussian white noise with a 2s of 0.3 (typical of most laboratories)
to the original data matrix (the data matrix after binning but before
imputation). We apply a fixed uncertainty typical of modern in-
struments because not all studies reported long-term external εNd
reproducibility. Second, the age model uncertainty is included by
adding Gaussian white noise with a 2s of 500 years to original age
models. We apply this fixed uncertainty because it is often not
possible to assess the uncertainties of the published age models.
This temporal uncertainty is larger thanwell-dated high-resolution
records that are used to discuss the deglacial millennial events. We
created 10,000 random realizations of each εNd record (100 for εNd
uncertainty times 100 for age model uncertainty). The resulting
data matrices with missing values are subjected to the imputation
and PCA procedures described above. PC scores and decomposed
εNd records are summarized using medians and 95% CIs. Authigenic
εNd time-series and their PCs are plotted in Supplementary Table S2.
3. A new framework for using εNd as a circulation tracer

3.1. The modern ocean Nd-εNd budget

Using the box model, we perform sensitivity tests to constrain
the modern Nd-εNd budget in regard to sedimentary fluxes. At this
point in our understanding, we are interested in the global budget
to a first-order, and thus assume that the sedimentary flux (per
area) is constant (Arsouze et al., 2009). Although a simplification,
this assumption is supported by the similarity of existing obser-
vations of benthic Nd fluxes, largely on the order of 10 pmol cm�2

yr�1, from diverse sedimentary environments ranging from
terrigenous to calcareous (Fig. 1C) (Abbott, 2019; Abbott et al.,
2015b; Du et al., 2018; Haley et al., 2004; Haley and
Klinkhammer, 2003).

A key constraint on the global Nd-εNd budget is the global
residence time of Ndwith respect to the total external sources (tNd),
with recent studies converging to an estimate of 300e600 years
(Abbott et al., 2015b; Arsouze et al., 2009; Du et al., 2018; Rempfer
et al., 2011; Tachikawa et al., 2003). We performed a series of
steady-state model experiments in which we varied the sedimen-
tary flux and calculated the resulting tNd. In doing so, we find that a
tNd of 300e600 years corresponds to a sediment flux of
20e30 pmol cm�2 yr�1 (Fig. 1B).

This box model estimate is derived by fitting the observations of
global seawater Nd concentration and εNd subject to steady-state
mass balance (equations (1) and (2)). The box model is agnostic
to the processes regulating the Nd sources. That the box model
derived estimate agrees with existing area-weighted measure-
ments of sediment Nd flux (Abbott et al., 2015b; Du et al., 2018;
Haley et al., 2004; Haley and Klinkhammer, 2003), gives strong
evidence that sedimentary flux can readily account for the “missing
source” in global Nd-εNd budget (Abbott et al., 2015b; Arsouze et al.,
2009; Tachikawa et al., 2003). Existing measurements of
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sedimentary Nd flux have an arithmetic mean of 13 (±3, standard
error) pmol cm�2 yr�1 and seafloor area weighted mean of 23 (±7,
standard error) pmol cm�2 yr�1, the latter being higher because
measurements of sediment Nd flux (per area) increase slightly with
increasing water depth, and because the deep ocean has a much
greater fraction of seafloor area (Fig. 1C-D) (Abbott et al., 2015b; Du
et al., 2018).

The observed increase in sediment Nd flux (per area) with
increasing water depth does not include biologically induced non-
diffusive transport (such as bio-irrigation) in the flux calculations,
which may lead to underestimation of the flux on the shelf (Abbott
et al., 2015b). Such biases however are likely small (Meile and
Cappellen, 2003), in which case sediment Nd flux per area on the
shelf might be on par with, but not much higher, than that of the
deep ocean. Given that the range of measured sediment Nd fluxes
(per area) is dwarfed by the depth-dependent variability of seafloor
area, the depth-dependent total sediment Nd flux is mainly
controlled by the hypsometry of ocean basins, which is strongly
weighted toward the deep ocean (>2500m, Fig. 1D) (Du et al.,
2018).

The relatively large deep-ocean benthic source for Nd contrasts
other elements, such as carbon, oxygen, nutrients and iron, the
benthic fluxes of which typically decrease with increasing water
depth. This contrast further manifests in the lack of correlation
between sediment Nd flux and sediment redox state indicated by
organic carbon flux and bottom water oxygen concentration
(Abbott et al., 2015b; Du et al., 2018). Sediment Nd flux therefore
appears to be not a primary function of sedimentary Fe-Mn oxide
reduction (German and Elderfield, 1989) (which may act as an
intermediary rather than the ultimate source), but is instead
limited by chemical weathering of lithogenic sediments at and
below the sea floor. If so, the Nd flux from the sea floor is approx-
imately stable on glacial-interglacial timescales (Abbott et al., 2019,
2015b; Du et al., 2018).

Other candidates of the “missing source” to satisfy the mass
balance of observed global seawater Nd concentration and εNd
include partial dissolution of detrital particles in the high salinity
zones of river estuaries and ground water discharge, which are
estimated to be in the ranges of 2.2e5.8 � 107 mol/yr (Rousseau
et al., 2015) and 0.9e2.4 � 107 mol/yr (Johannesson and Burdige,
2007) respectively. Acknowledging that there are considerable
uncertainties in these estimates as they are also derived from small
observational datasets, both are smaller than estimated sediment
Nd flux based on pore water sampling (7.9e10.3� 107 mol/yr using
the area weighted average). Moreover, there is not necessarily
observational or mechanistic distinctions among these sources. For
example, partial dissolution of detrital particles can happen
throughout the estuary-shelf-slope-abyssal plain continuum and
the reported benthic Nd flux on the shelf may already include
ground water discharge. As the sum of these fluxes would imply a
global Nd residence time of ~200 years, which would likely be too
short for εNd to have an observable global circulation structure, it
seems likely that there are overlaps among these sources. Finally,
Nd fluxes due to partial dissolution of detrital particles in riverine
estuaries and ground water discharge, though potentially leading
to much shorter effective Nd residence times in shallow waters
close to the margins, are likely to have limited effects on the deep
ocean Nd reservoir (Arsouze et al., 2009) that dominates the global
ocean Nd-εNd budget (Fig. 1D).

Although future work may definitively resolve the “missing
source” problem, it remains that the greatest imbalance of the Nd-
εNd budget is in the deep ocean, especially the vast deep Pacific
reservoir (Jones et al., 2008). We contend that sediment flux from
deep sea sediments is the most likely candidate to resolve this
imbalance, and available observations support this inference
(Abbott et al., 2015; Du et al., 2018).
At this stage of our understanding of the marine Nd cycle, we

consider a globally average value of 23 (±7) pmol cm�2 yr�1 for
sediment Nd flux to be suitable for deriving the Nd-εNd budgets on
the large spatial-temporal scales that are the focus of this study, but
we caution the use of this number in regional studies as well as in
shallow and intermediate water studies. Increasing the number of
measurements of benthic flux and other sources, and improving
the mechanistic understanding of the processes regulating such
fluxes must be considered a high priority for future study, espe-
cially if we are to apply the εNd proxy on smaller spatial-temporal
scales.

Adopting this estimate, globally surficial (dust and dissolved
river fluxes) and sediment sources account for ~5% and ~95% of the
external Nd source fluxes respectively (Table 1), in agreement with
previous estimates (Tachikawa et al., 2003; Arsouze et al., 2009;
Abbott et al., 2015b; Rempfer et al., 2011). Adding consideration for
the redistribution of Nd within the ocean due to watermass
transport, we estimate that surficial sources account for ~2%,
sediment sources accounts for ~40% and watermass transport ac-
counts for ~58% of the total Nd fluxes (i.e., external sources plus
internal fluxes due to transport). Considering the uncertainty in the
area-weighted sediment Nd flux, the ratio of sediment flux to
transport flux is 0.7 ± 0.2 globally.

Balancing the modern Atlantic Nd-εNd budget requires a sedi-
mentary source with εNd more negative than basinal-average
seawater εNd. The opposite is true for the Pacific. This contrast has
been shown previously (Tachikawa et al., 2003). In the Atlantic,
such a negative εNd source can readily come from sediments in the
Labrador Basin and the Western Atlantic Basin (Fig. 2B) (Lacan and
Jeandel, 2005b), where a high fraction of the detrital sediments is
derived from Precambrian materials in the Canadian Shield
(εNd < �25). In the Pacific, the volcanic fraction (εNd > 0) within
detrital sediments offers a high εNd sedimentary source, consistent
with pore water and authigenic studies (Abbott et al., 2015a; Du
et al., 2016). This basin-scale Atlantic-Pacific contrast in detrital
influence is also consistent with the understanding of detrital
reactivity based on sediment leaching studies (Abbott et al., 2016;
Blaser et al., 2016; Du et al., 2016).
3.2. Non-conservative Nd isotope behavior

Seawater εNd in the modern ocean is thought to be “quasi-
conservative” rather than strictly conservative (Goldstein and
Hemming, 2003; van de Flierdt et al., 2016), and here we quantify
the non-conservative components of εNd.

The Nd-εNd budget shows that globally the conservative con-
tributions due to watermass transport and the non-conservative
contributions originating from sediment sources are, at present,
of the same order of magnitude (Table 1), explaining the quasi-
conservative properties of εNd. On basinal scales, transport has
greater proportional effect on εNd in the Atlantic, while sediment
source is the dominant term controlling εNd in the Pacific (Table 1).
This difference in the relative strength of non-conservation in
Atlantic and Pacific is attributed to the difference of water residence
time tw in these two basins.

The steady-state solution of εNd in any ocean box (ignoring the
small surface sources) can be broken down into two terms (Du
et al., 2018):

εNd ¼
tw

tw þ tNd
ε
s
Nd þ

tNd
tw þ tNd

X
mi

ε
i
Nd; (6)

where the first is the sediment source or the non-conservative term
(εNds is the isotope composition of the sediment source) and the



Table 1
Modern global Nd-εNd budget. Each individual ocean box has four sources of Nd: dust, river (dissolved), sediment flux and transport in (Nd carried by waters entering the box).
These sources are balanced by two sinks: scavenging and transport out (Nd carried by waters leaving the box). Note that transport only distributes Nd among the ocean basins
and does not provide a net sink/source globally. Only dust, river and sediment flux are external sources and scavenging is the only external sink. In the model the scavenging
flux is scaled to [Nd] and the first order rate law constant k is reported here. The εNd of the scavenging flux is the same as seawater. At the end of the table we report the
percentage of the individual sources with respect to the external sources (%ES) and the total sources (%TS, i.e., external sources plus transport in).

Basin Atlantic Pacific Indian Southern Global

Seawater [Nd] (pmol/kg) 24.9 32.0 29.6 26.7 28.8
Seawater εNd �12.1 �4.3 �9.3 �8.3 �7.2
Seafloor area (m2) 6.06Eþ13 1.31Eþ14 3.81Eþ13 1.08Eþ14 3.38Eþ14
Volume (m3) 2.26Eþ17 5.25Eþ17 1.42Eþ17 4.16Eþ17 1.31Eþ18
Dust flux (mol/yr) 4.01Eþ05 1.48Eþ05 2.01Eþ05 6.68Eþ04 8.17Eþ05
Dust flux εNd �12.5 �6.0 �6.0 �8.0 �9.4
River flux (mol/yr) 2.35Eþ06 7.59Eþ05 2.70Eþ05 0 3.38Eþ06
River flux εNd �12.6 �2.9 �8.7 NA �10.1
Transport in (mol/yr) 1.95Eþ07 1.68Eþ07 2.36Eþ07 5.14Eþ07 1.11Eþ08
Transport in εNd �8.1 �8.3 �6.6 �9.4 �8.4
Transport out (mol/yr) 1.81Eþ07 2.02Eþ07 2.42Eþ07 4.88Eþ07 1.11Eþ08
Sediment flux (mol/yr) 1.39Eþ07 3.02Eþ07 8.76Eþ06 2.49Eþ07 7.78Eþ07
Sediment flux εNd �17.8 �2.1 �16.7 �5.9 �7.8
Scavenging flux (mol/yr) 1.81Eþ07 2.78Eþ07 8.55Eþ06 2.75Eþ07 8.20Eþ07
k (yr�1) 3.23E-03 1.66E-03 2.04E-03 2.48E-03 2.17E-03
External sources (mol/yr) 1.67Eþ07 3.11Eþ07 9.23Eþ06 2.50Eþ07 8.20Eþ07
Total sources (mol/yr) 3.62Eþ07 4.80Eþ07 3.28Eþ07 7.64Eþ07 1.93Eþ08
%ES Sediment 83.5% 97.1% 94.9% 99.7% 94.9%
%ES Dust and River 16.5% 2.9% 5.1% 0.3% 5.1%
%TS Sediment 38.5% 63.0% 26.7% 32.6% 40.2%
%TS Transport in 53.9% 35.1% 71.9% 67.3% 57.6%
%TS Dust and River 7.6% 1.9% 1.4% 0.1% 2.2%
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second is the conservative mixing term (mi and εNd
i are the mixing

ratio and isotope composition of the source waters, i.e., the pre-
formed εNd). Critically, greater tw/tNd implies stronger expression of
the sediment influence.

Our quantification of the non-conservative εNd components in
the modern ocean come from the TMI, which propagates surface
water εNd signatures into the ocean interior through circulation.
Deviation of observed modern seawater and Holocene authigenic
εNd from this conservatively mixed εNd indicates that non-
conservative processes must modify εNd in the ocean interior.
This modification could happen on the seafloor and/or in the water
column, and the resulting non-conservative εNd components are
integrated values along the circulation pathway, which is sensitive
to the large-scale isotopic character of the non-conservative Nd
source, but not necessarily to specific small-scale local isotopic
source.

Globally, the non-conservative εNd is well correlated to coretop
detrital sediment εNd (Figs. 2 and 3A), as predicted by the bottom-
up hypothesis (Abbott et al., 2016, Abbott et al., 2015a; Du et al.,
2016). In the Pacific, consistently positive non-conservative εNd,
up to >þ7, indicates volcanic sedimentary input (Abbott et al., 2016,
Abbott et al., 2015a; Behrens et al., 2018; Du et al., 2016) (Fig. 2E and
F). In the Atlantic, the non-conservative behavior is generally
weaker than in the Pacific but clearly identifiable. More evident
examples include (Fig. 2E and F): a strong negative non-
conservative εNd (~�5) in the Baffin-Labrador Basin where sedi-
ments are partially sourced from the Canadian Shield (Filippova
et al., 2017; Lacan and Jeandel, 2005b); a strong positive non-
conservative εNd (~þ5) around Iceland, reflecting basaltic sources
(Morrison et al., 2018); a pattern of consistent negative non-
conservative εNd (~�3) in the deep western North Atlantic that
corresponds to the thick and persistent Benthic Nepheloid Layer in
this region (Gardner et al., 2018; P€oppelmeier et al., 2019), where
suspended sediments are likely transported from the Labrador
Basin via the Deep Western Boundary Current (DWBC) (Grousset
and Biscaye, 2005).

Other regional non-conservative examples include (Fig. 2F): a
positive non-conservative εNd in the Caribbean due to local volcanic
sediments (Osborne et al., 2014); a negative non-conservative
source signature for εNd in the Angola Basin consistent with local
detrital sediments (Rahlf et al., 2019); a positive non-conservative
source signature for εNd in the Pacific and Atlantic sectors of the
Southern Ocean where local Antarctic sourced detrital sediments
have radiogenic εNd (Carter et al., 2012; Lambelet et al., 2018), and a
negative non-conservative signature for εNd in the Bay of Bengal
due to unradiogenic detritus from the Himalayans (Yu et al., 2017).

These results also confirm the “aging effect” predicted by the
bottom-up hypothesis: longer benthic exposure time will lead
seawater and authigenic εNd to converge toward regional (reac-
tivity-weighted) detrital sediment εNd (Abbott et al., 2015a; Du
et al., 2016; Osborne et al., 2014). To illustrate this effect, we sub-
stitute ideal watermassmean age (i.e., the time since leaving the sea
surface) (Gebbie and Huybers, 2012) for benthic exposure time
(though rigorous quantification of benthic exposure time along
flow pathways will be necessary for 3-dimensional models). In the
Pacific, the aging effect reflects a more homogenous detrital sedi-
ment εNd of mainly volcanic origin such that the non-conservative
εNd trends only toward radiogenic values (Figs. 3C and 2B). In
contrast, the aging effect in the Atlantic has both positive and
negative εNd trends, reflecting the heterogeneity in basinal sedi-
mentary sources (Figs. 3C and 2B): An aging trend toward more
negative non-conservative εNd indicates sedimentary input of Ca-
nadian Shield origin and is mainly developed along the pathway of
DWBC in the western basin; The expression of the aging effect due
to sedimentary influence of Iceland basalt origin is limited because
the extent of such sediments is spatially restricted near the location
of NSW formation today and thus mainly young waters acquire the
corresponding non-conservative behavior. Overall, our analysis
suggests that the aging trend toward negative non-conservative εNd
is dominant on the basinal-average basis in the Atlantic (Table 1).
The limited expression of non-conservative behavior of εNd in the
Atlantic is not caused by a lack of sedimentary source, but by short
benthic exposure time relative to circulation timescales, i.e., in the
basin, smaller tw/tNd means that conservative mixing dominates
today. This does not need to have been the case in the past, for
example if the circulation slowed and tw became longer.



Fig. 3. The cause of the non-conservative component of modern seawater and Holocene authigenic εNd and its implication. A and B: Comparison of estimated non-conservative
component of modern seawater (dots) and Holocene authigenic (triangles) εNd on the seafloor (within 500 m) with underlying coretop detrital sediment εNd (A) and overlying
surface water εNd (B). Non-conservative εNd are from Fig. 2F. Detrital and surface εNd are interpolated values at corresponding locations using data in Fig. 2B and A respectively. R2 of
linear regression are 0.6 (p≪0.05) in A and 0.4 (p≪0.05) in B. If the regression is only performed on the Atlantic data, then R2 are 0.7 (p≪0.05) and 0.002 (p ¼ 0.7) respectively in A
and B. C: Comparison of estimated non-conservative component of modern seawater and Holocene authigenic εNd (all data included) with circulation ideal age, approximating
benthic exposure time. Non-conservative εNd are from Fig. 2E and F and circulation age are interpolated values at corresponding locations (Gebbie and Huybers, 2012). R2 of linear
regression is 0.8 (p≪0.05) for both the positive and negative trends. In AeC only non-conservative εNd that are statistically non-zero are used; colors indicate basins. In C bigger
symbols indicate deep ocean data (>1500 m) while smaller symbols indicate intermediate depth data (500e1500 m) D: Comparison of the εNd offset between Holocene authigenic
phase and overlying modern bottom water (within 500 m of seafloor) with underlying coretop detrital εNd. Raw authigenic, bottom water and detrital data are first binned into
5� � 5� boxes, generating paired data sets. The box-averaged values are used to calculate the authigenic-bottomwater offset, plotted against paired box-average detrital values. R2 of
linear regression is 0.7 (p≪0.05).
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An important outcome of considering a bottom-up source of
non-conservative behavior of εNd is the ability to explain differ-
ences between modern bottomwater and Holocene authigenic εNd
(Fig. 3D). Such differences exist globally and are identified in all
types of archives including apatite derived from fish debris and Fe-
Mn oxides associated with foraminifera and bulk sediments (Blaser
et al., 2016; Du et al., 2016; Elmore et al., 2011; Horikawa et al.,
2011). While some of those differences, especially regarding
dispersed Fe-Mn oxides extracted from bulk sediments, may reflect
leaching procedures that cause detrital contamination during lab
extraction, rigorous leaching procedures in recent studies have
revealed genuine differences that must be caused by in-situ sedi-
mentary processes (Blaser et al., 2016; Du et al., 2016; Elmore et al.,
2011; Horikawa et al., 2011). Our bottom-up model specifies that
bottom water and authigenic phases may have the same εNd, not
only because authigenic phases inherit a bottom water signature
(Gutjahr et al., 2007; Roberts et al., 2012; Tachikawa et al., 2014),
but because the bottom water signature is strongly influenced by
the authigenic phases, which impart the sedimentary influence on
bottom water through pore water interactions, and authigenic εNd
is thus subject to greater sedimentary influence and inherently
more non-conservative than seawater εNd. (Abbott et al., 2016,
Abbott et al., 2015a; 2015b; Du et al., 2016; Haley et al., 2017).

Our analysis implies that the non-conservative behavior of εNd is
not limited to the continental margins and shallow depths, but
evident in the deep open ocean too, consistent with observed high
benthic Nd flux from deep-sea sediments (Abbott, 2019; Abbott
et al., 2015b; Haley and Klinkhammer, 2003). We stress, however,
that these influences have variable impact on a given watermass
depending on many factors (e.g., proximity to the seafloor). The
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bottom-up framework is consistent with observed correlations
between εNd and other tracers (Tachikawa et al., 2017), as the non-
conservative component is also propagated by circulation just as
the conservative component is. Demonstration of the (non-) con-
servative aspects of εNd by correlating it to other tracers, such as
nutrients, requires first decomposing these tracers into conserva-
tive and non-conservative components as is done using TMI
(Gebbie and Huybers, 2010) or other methods (Haley et al., 2014;
Zheng et al., 2016).

The watermass εNd endmembers commonly used in conserva-
tive mixing calculations are partially set by sedimentary sources
too, and thus non-conservative properties are propagated into the
ocean interior when performing fixed-endmember mixing calcu-
lations. The preformed εNd of NADW’s precursor watermasses,
Labrador SeaWater (LSW) and Nordic Sea OverflowWater (NSOW),
cannot be set solely through subduction of surface water εNd sig-
natures; both require inputs from local sedimentary sources (Lacan
and Jeandel, 2005b, 2004a; 2004b) which give LSW and NSOW
contrasting “preformed” εNd (~�14 vs. ~�8, van de Flierdt et al.
(2016)). These precursor watermasses then mix to form the pre-
formed εNd of NADW (~�13) (Lambelet et al., 2016; Piepgras and
Wasserburg, 1987, 1980, 1982) with further sedimentary modifi-
cation along the circulation pathway (Fig. 2F). In the subtropical
North Atlantic, NADW loses contact with the underlying abyssal
seafloor where AABW is present, and at that point, the non-
conservative impact on NADW is diminished, relative to conser-
vative mixing with AABW (Haley et al., 2017).

PDW cannot acquire its highly radiogenic εNd (~�4) (Piepgras
and Jacobsen, 1988; van de Flierdt et al., 2016) through subduc-
tion of surface waters given the lack of deep water formation in the
North Pacific. Instead, the PDW εNd signature can be acquired at
depth by interacting with volcanic sediments along the northward
flow path of bottomwaters in the abyssal Pacific (Abbott et al., 2016,
Abbott et al., 2015a; Behrens et al., 2018; Du et al., 2016; Haley et al.,
2017).

Similarly, the εNd endmember of AABW (~�8) (Piepgras and
Wasserburg, 1982; van de Flierdt et al., 2016) is not the result of
solely mixing the unradiogenic NADW and the radiogenic PDW.
Instead, systematic non-conservative behavior identified around
Antarctic (Carter et al., 2012; Lambelet et al., 2018) indicates sedi-
mentary impact on this endmember too.

Previous studies suggested that the non-conservative behavior
of Nd may be attributed to reversible scavenging associated with
particles in the water column rather than at the seafloor (Siddall
et al., 2008). This top-down explanation has the following disad-
vantages compared with the bottom-up hypothesis: (1) reversible
scavenging redistributes Nd between the surface and deep oceans
but does not introduce net Nd sources to the global ocean which is
required to balance the modern Nd budget (Arsouze et al., 2009);
(2) the estimated non-conservative εNd is not well correlated to
surface water εNd as predicted by reversible scavenging, especially
Fig. 4. Schematics for the modern global Nd-εNd budget and its relation to the GOC. A: Th
conservative εNd. B: The modern Nd-εNd budget superimposed on the GOC, with the emp
(Talley, 2013). The modern Nd budget derived in this study is dominate by the deep ocean
in the Atlantic (Fig. 3B). Rather, the stronger correlation to sea floor
detrital sediment εNd (Fig. 3A) suggests a bottom-up control. The
weaker correlation of non-conservative εNd to surface water εNd
likely simply reflects the dominating control of overarching geol-
ogy on global scales.
3.3. Implications for authigenic εNd as a paleo-circulation tracer

We summarize the new framework of using εNd as an abyssal
circulation tracer schematically (Fig. 4). Seawater/authigenic εNd
should be interpreted taking into account three dominant com-
ponents (Du et al., 2018): the preformed εNd of watermasses
inherited from detrital sources at the locations of deep water for-
mation; the conservative mixing of watermasses with distinct
preformed εNd; and the non-conservative effect as a function of
benthic exposure time and detrital sediment composition. Incor-
porating the bottom-up view of εNd carries six key implications for
paleoceanography, as follows:

(1) On global and basinal scales, the distribution of detrital
sediment εNd is heterogeneous and effectively sets the
“blueprint” for seawater and authigenic εNd. Circulation acts
to smooth out this heterogeneity through watermass mixing.
Faster circulation (lower benthic exposure time) would tend
to homogenize εNd in the water column and authigenic
sediments, while slower circulation (higher benthic expo-
sure time) would allow seawater and authigenic εNd to
converge toward equilibrium with local detrital sediment
εNd.

(2) The temporal variability of detrital sediment εNd should be
evaluated before interpreting authigenic εNd records, because
of potential local imprints in the sediment system (Blaser
et al., 2019; Du et al., 2016). Ideal sites for assessing
changes in bottom water εNd as a function of watermass
mixing and ocean circulation rate have a relatively constant
detrital background. Changes of detrital εNd do not necessary
preclude the use of authigenic εNd to reconstruct circulation
if detrital influence is minor, or can be corrected for. Authi-
genic εNd records are best interpreted together with detrital
records on global to basinal scales for robust circulation
inference, whereas local heterogeneity of authigenic and
detrital variability can be recognized against the global and
basinal background. Concurrent measurements of authigenic
and detrital εNd in the same samples are recommended.

(3) Highly heterogeneous detrital sediment compositions in the
North Atlantic implies that the preformed εNd of NSW rests
upon a relative weighting of the highly unradiogenic Cana-
dian Shield and the highly radiogenic Icelandic Basalt Nd
sources: a situation that is likely to have changed over time
(Goldstein and Hemming, 2003), for example through
sensitivity to the locations and pathways of deep water
e revised budget including the effect of sedimentary flux on the preformed and non-
hases on Atlantic-Pacific contrast and GOC connection through the Southern Ocean
and thus intermediate water Nd budget is not shown.
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formation, and themixing of local sources to form a coherent
deep watermass (Lacan and Jeandel, 2005b).

(4) The partition of non-conservative and conservative εNd
components is circulation dependent (Du et al., 2018). It
cannot be assumed that conservative behavior of εNd always
dominated in the Atlantic when the AMOCwasmuchweaker
in the past. Conversely, Pacific εNd cannot be assumed to al-
ways be dominated by non-conservative influences, e.g., if
the SOMOC strengthened and reduced benthic exposure
time compared to today.

(5) The non-conservative component of εNd can be used to
reconstruct abyssal circulation rate which controls benthic
exposure time (Abbott et al., 2015a). Reconstructions can be
done quantitatively via separation of the non-conservative
component using budget-constrained models assuming
stable sedimentary Nd fluxes, especially in the Pacific where
only a single aging trend exists (Du et al., 2018, 2016). It can
also be done qualitatively by considering the expression of
the heterogeneity of detrital influence on seawater and
authigenic εNd, e.g., given the same distribution of detrital
sediment εNd, more heterogeneous seawater and authigenic
εNd would indicate more sluggish circulation.

(6) Authigenic εNd is a unique bottom-up tracer fundamentally
different from top-down tracers, such as salinity, nutrients,
oxygen and carbon isotopes, whose preformed properties are
dominantly set at the surface ocean and whose marine
cycling are dominated by upper ocean processes (Abbott
et al., 2015a; Du et al., 2016; Haley et al., 2017). The bottom
origin of preformed properties and non-conservativeness of
εNd makes it sensitive to changes in abyssal circulationwhich
may be difficult for top-down tracers to detect (de Lavergne
et al., 2017), particularly when the bottom boundary condi-
tions are less variable than the surface boundary conditions
as one would expect is inherently the case in the oceans (Du
et al., 2018).

4. Paleo-authigenic εNd records and non-circulation influence

4.1. PCA results

PCA describes the empirical spatial-temporal modes of authi-
genic εNd variation since the LGM, finding large-scale patterns
common to the full array of records, while attenuating uncorrelated
noise or local anomalies. Two orthogonal PCs explain ~92% of the
total variance (PC1 and PC2 contribute 86% and 6% respectively)
(Fig. 5). PC1 mainly describes the LGM to Holocene change, with a
relatively smooth transition between these states from ~19 ka to
~10 ka, followed by a slight but significant rebound in mid-to-late
Holocene time. PC2 reveals deglacial anomalies peaking near ~16
ka and ~12 ka, roughly coeval with Heinrich Stadial 1 (HS1) and
Younger Dryas (YD) events respectively.

In the following discussion, we use PCA decomposed εNd instead
of PCA loadings for easier interpretation. The decomposed records
are show in Supplementary Table S2. To illustrate the spatial
pattern of PC1 loadings, we use the LGM-Holocene difference of the
PC1 εNd record, calculated as the difference between the average
PC1 εNd values of these two time-slices (19e23 ka and 0e6 ka
respectively). The LGM-Holocene difference of the PC1 εNd record
and the LGM-Holocene difference of the original εNd record (raw
data) are similar, because PC1 dominates the total variance.

To illustrate the spatial pattern of PC2 loadings, we use the
deglacial anomaly of the PC2 εNd, defined as the HS1-LGM difference
of the PC2 εNd record and calculated as the difference between the
most extreme PC2 εNd value in the HS1 time-slice (15e18 ka) and
the average PC2 εNd value of the LGM time-slice. Alternatively, we
could use the PC2 εNd anomaly with respect to the Holocene or
using YD instead of HS1 in the definition of deglacial anomaly, but
all these definitions produce the same spatial pattern. We stress
that the deglacial anomaly defined using HS1-LGMdifference of the
PC2 εNd record differs from the HS1-LGM difference of the original
εNd record (raw data), because in the PC2 based deglacial HS1-LGM
comparison PC1 has been removed from the original record.

4.2. Temporal detrital imprints on authigenic εNd records

Our interpretations of the authigenic records and PCA patterns
begin with identifying temporally variable “local” detrital imprints
that may have affected the authigenic εNd records, as these detrital
imprints may be superimposed on, or overwhelm, circulation im-
prints. Unfortunately, paired authigenic-detrital εNd data are rela-
tively rare (Du et al., 2018; Hu and Piotrowski, 2018; P€oppelmeier
et al., 2020; Struve et al., 2019; Zhao et al., 2019), and high reso-
lution detrital εNd records are particularly scarce. As such, we focus
on well-studied regions and take advantage of other detrital
composition proxies when necessary.

4.2.1. Global and basinal changes
We find no consistent changes of detrital sediment εNd that

parallel the authigenic εNd on global and basinal scales (Fig. 6A). PC1
reveals that authigenic εNd is more positive in the LGM almost
everywhere, especially in the deep ocean which dominates the
global Nd budget, and this pattern is not mirrored in the detrital
data. In most areas, detrital εNd changed little and thus for most
records we conclude that authigenic εNd changes reflect circulation
changes, albeit with potentially temporally constant offsets (Du
et al., 2018, 2016; P€oppelmeier et al., 2020, 2019). In the Equato-
rial Pacific, the North Atlantic IRD belt and North Indian Ocean,
however, detrital εNd varies significantly, and here authigenic εNd
partially tracks detrital εNd. We address each of these areas as ex-
amples of local influences in the following.

4.2.2. Equatorial Pacific
Equatorial Pacific εNd has been used to suggest that deep Pacific

circulation strengthened during the LGM, based on more negative
εNd in the LGM than the Holocene (Hu and Piotrowski, 2018).
However, the global data shows that the Equatorial Pacific authi-
genic records are anomalous relative to the global authigenic pat-
terns of change or to records from elsewhere in the deep Pacific
(Fig. 6B; upper panel). The authigenic εNd records of the Equatorial
Pacific track detrital εNd, suggesting a local imprint of changing
detrital sources (Reimi and Marcantonio, 2016; Xie and
Marcantonio, 2012). To illustrate the potential for correcting
authigenic εNd records impacted by local detrital changes, we
subtracted the change of local detrital εNd (with respect to Holo-
cene) from authigenic εNd data. Such a hypothetically “corrected”
Equatorial Pacific authigenic εNd data would conform to the rest of
the Pacific records and would fit the global pattern of PC1 (Fig. 6B;
lower panel). This correction, while encouraging, is crude and
future work may facilitate more rigorous process-based corrections
once the mechanisms of detrital impact on pore waters are better
understood.

4.2.3. Ice-rafted debris belt in the North Atlantic
Millennial scale detrital εNd variations in HLs are documented in

the subpolar North Atlantic, for example in the ice-rafted debris
(IRD) belt at 40e50oN (Fig. 5D, F) (Hemming, 2004; Ruddiman,
1977). Highly unradiogenic detrital εNd implies that the HL1 sedi-
ment in the IRD belt was sourced from the Canadian Shield
(Hemming, 2004) (Fig. 7A). Further north, where IRD counts are



Fig. 5. Principal components of authigenic εNd. A: PC1 scores (shading is 95% CI, unitless). B: PC2 scores. C: LGM-Holocene difference of PC1 εNd records from deep sites (circles,
>1500 m). D: Deglacial εNd anomalies, i.e., HS1-LGM difference of PC2 εNd records, from deep sites. E and F: Same as C and D but from intermediate-depth sites (triangles,
500e1500 m). The signs of the PC scores and LGM-Holocene εNd differences and deglacial εNd anomalies are consistent (i.e., positive scores correspond to positive differences/
anomalies). Filled symbols in C, D, E and F indicate PC loadings that are significantly different from zero (95% CI); open symbols are not. The grey shaded area in the North Atlantic in
D and F is the classic IRD belt associated with Heinrich Events (Hemming, 2004).
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generally lower, radiogenic detrital εNd points to material from
Icelandic sources of detritus supplied during HL1 (Revel et al.,
1996).

The spatial pattern of HS1 authigenic anomalies in the classic
IRD belt and north of it toward Iceland resembles that of HL1
detrital εNd (Fig. 7A and B), suggesting detrital imprints occurred on
authigenic εNd at this time in this region. Such imprints are seen
more clearly after decomposing authigenic εNd records into their
PC1 (Fig. 7C and D) and PC2 (Fig. 7E and F) components. While PC1
εNd clearly tracks the global authigenic trend on glacial-interglacial
timescale (Figs. 5A and 6A), PC2 εNd correlates well with the local
IRD abundance on millennial timescale, but in opposite directions.
In the classic IRD belt negative shifts of authigenic εNd during stadial
events correlate to negative shifts of detrital εNd (Grousset et al.,
2001) and increasing IRD counts (e.g., IODP Site U1313; Fig. 7E),
whereas further north and close to Iceland positive shifts of authi-
genic εNd correlate to increasing volcanic IRD counts (e.g., ODP Site
980; Fig. 7F). Such contrasting changes of authigenic εNd in nearby
locations (Fig. 7B) are unlikely to reflect truewatermass differences,
but implicate the superimposition of local detrital imprints on
global circulation changes at the core sites. As discussed above,
such contrasting detrital imprints are also themselves consistent
with reduced AMOC that would have increased benthic exposure
time during stadial events (Blaser et al., 2019).

Blaser et al. (2019) reported an extreme case of HL detrital
imprinting, where authigenic εNd was completely dominated by
detrital sediment εNd sourced from the Canadian Shield. These
authors suggested that such imprint was limited to the center of the
IRD belt. While reaffirming that detrital imprints are strongest near
the IRD belt center, our PCA decomposition reveals subtler detrital
imprints at the periphery of the IRD belt which are not limited to
any single detrital source in accordance to the complexity of HL
provenance (Hemming, 2004). Because of the heterogeneous na-
ture of this type of detrital imprint, we do not attempt any cor-
rections and these records will not be used for circulation
reconstruction.

4.2.4. North Indian Ocean
Seawater εNd in the North Indian Ocean today is subject to

seasonal variability due to changing terrestrial input linked to
monsoon activity, which affects the entire water column in the Bay
of Bengal (BoB) as far south as the equator (Yu et al., 2017). It has
been debated whether authigenic εNd here reflects ocean circula-
tion or monsoon activity in the past (Burton and Vance, 2000; Naik
et al., 2019; Piotrowski et al., 2009; Rashid et al., 2019).

Our data compilation shows that the North Indian authigenic
εNd behaved anomalously on both glacial-interglacial and deglacial
millennial-scales in the global context. The LGM-Holocene authi-
genic εNd difference of as much as ~4.5 here surpasses values
measured everywhere else except the North Atlantic (Fig. 5C, E, 8A).



Fig. 6. Comparing authigenic and detrital εNd from the global ocean (A) and the Pacific (B). Data are plotted as anomalies with respect to the Holocene (0e6 ka) mean. Shades lines
are LOESS regression lines with 95% CIs. In A data are separated into >1500 m (deep) and 500e1500 m (intermediate depth). In B data (all from the deep ocean) are separated into
Equatorial (25oSe25oN) and the rest of the Pacific. In B filled circles indicate raw data. Open circles and dash-shaded line indicate corrected Equatorial Pacific authigenic data and
their LOESS regression results (section 4.2.2).

J. Du et al. / Quaternary Science Reviews 241 (2020) 106396 13



Fig. 7. Comparing authigenic and detrital εNd in the subpolar North Atlantic around the IRD belt. A: εNd of detrital HL1 (Blaser et al., 2016; Grousset et al., 2001, 2000; Hemming
et al., 1998; Jullien et al., 2006; Peck et al., 2006; Plaza-Morlote et al., 2017; Revel et al., 1996; Verplanck et al., 2009). B: Deglacial HS1 authigenic εNd anomaly from Fig. 5. The blue
color indicates detrital sources and imprints (DεNd<0 in B) by materials (likely from the Canadian Shield) with εNd lower than the preformed εNd of modern NADW (εNd < �13 in A).
The red color indicates detrital sources and imprints (DεNd>0 in B) by materials (likely Icelandic) with εNd higher than the preformed εNd of modern NADW (εNd > �13 in A). C to H:
An example of Icelandic detrital imprint (C, E, and G) using ODP Site 980 (55.5oN, 14.7oW, 2168 m) (Crocker et al., 2016) and an example of Canadian Shield detrital imprint (D, F, and
H) using IODP Site U1313 (41oN, 33oW, 3425 m) (Lang et al., 2016; Lippold et al., 2016), the locations of which are shown in B. C and D: The original authigenic εNd records and their
PC1s; E and F: Their PC2 εNd records. G: Volcanic IRD count at site ODP Site 980. H: Total IRD count at IODP Site U1313 and a more complete IRD record from the classic IRD belt at
site VM29-191/23-81 (54.27�N, 16.78�W, 2370 m) (Bond et al., 1997).

J. Du et al. / Quaternary Science Reviews 241 (2020) 10639614
The magnitude of deglacial authigenic εNd anomalies in the BoB,
especially at intermediate depths (~4) (Yu et al., 2018), also sur-
passes any in the global ocean except for the IRD belt in the North
Atlantic (Fig. 5D, F, 8B). Although the general trend of authigenic εNd
change here appears to be aligned with the global ocean, as the PCA
decomposition reveals (Fig. 8B and C), the magnitudes of change
seems unlikely to be explained by circulation alone.

More positive glacial authigenic εNd can also be explained by
reduced detrital Nd input (Fig. 8A), which is less radiogenic than
seawater in this region today (Yu et al., 2018), perhaps because of a
weaker monsoon (Burton and Vance, 2000). The deglacial εNd
change also correlates to monsoon activity: during the deglaciation
the Indian Monsoon became even weaker than the LGM (Rashid
et al., 2011) (Fig. 8E), leading to more positive detrital sediment
εNd in the Bengal Fan (Hein et al., 2017; Liu et al., 2019) (Fig. 8D).
This could thus have resulted in positive deglacial authigenic εNd
anomalies (Fig. 8C). It is possible that local detrital influence
worked generally in the same direction as circulation and thus
amplified the authigenic changes in this region on both glacial-
interglacial and deglacial millennial timescales. Because most of
the published Indian Ocean authigenic εNd records are from the
BoB, and that the variable monsoon impact on detrital input ex-
tends to the Arabian and Andaman Seas and as far south as the
equator during the deglaciation (Ahmad et al., 2005; Goswami
et al., 2012; Rashid et al., 2019), we will not discuss Indian Ocean
circulation in this study. Quantitatively partition the authigenic εNd
changes in the North Indian Ocean into circulation and detrital
components will require further studies in the future (Naik et al.,
2019).

5. Reconstructing past ocean circulation

5.1. Glacial-interglacial contrasts

5.1.1. Deep ocean
LGM-Holocene authigenic εNd difference is in most places more



Fig. 8. Comparing authigenic εNd records with detrital and monsoon records in the
Indian Ocean. A: LGM-Holocene differences of authigenic and detrital sediment εNd in
the North and South Indian Oceans. B and C: Authigenic εNd and its PC1 and PC2 from
the Bay of Bengal (MD77_176: 14.5oN, 93oE, 1375 m) (Yu et al., 2018). D: Detrital
sediment εNd from the Bengal Fan (16.5oN, 87.8oN, 2605 m; YDY09: 10oN, 86oE,
3520 m) (Hein et al., 2017; Liu et al., 2019). E: Ice volume corrected surface water
d18Osw records from the Bay of Bengal (VM29-19: 14.7oN, 83.6oE, 3182 m) (Rashid et al.,
2011).
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positive at water depths >1500 m, except in the Nordic Seas
(Fig. 9A), and the most positive values (~þ5) occurs in the open
North Atlantic between 40e65oN at all depths. A spatial pattern of
PC1 related εNd change can be traced throughout the deep ocean, in
which the amplitude of glacial increase of εNd is highest the North
Atlantic, decreases toward the Southern Ocean, and continues to
decline downstream into the Pacific (Fig. 9A).

We suggest that the spatial pattern of PC1 in the deep ocean is
best explained by an increase of the preformed εNd of NSW in the
LGM (Gutjahr et al., 2008; Roberts and Piotrowski, 2015; Zhao et al.,
2019), and the propagation of this perturbation downstream. In this
scenario, the gradual reduction of the magnitude of the perturba-
tion farther from its place of origin (i.e., the North Atlantic) reflects
diminishing NSW contribution diluted by mixing, and gradual in-
crease of non-conservative behavior as benthic exposure increases
(Du et al., 2018).

A reduction of the NSW/SSW mixing ratio hypothesized for the
glacial deep Atlantic (Jonkers et al., 2015; Lippold et al., 2016;
Roberts et al., 2010; Rutberg et al., 2000; Wei et al., 2016) cannot
explain the highly positive εNd (~�8) in the North Atlantic at all
depths (Roberts and Piotrowski, 2015). Glacial εNd here was similar
or even more radiogenic than the εNd of modern AABW in the
Atlantic (~�9) (van de Flierdt et al., 2016). A fixed-endmember
conservative mixing hypothesis would thus imply ~0% NSW at all
depths in the North Atlantic, contradicting results based on other
tracers that stations shallower than 2000 m in the North Atlantic
were occupied largely by pure NSW in the LGM (Curry and Oppo,
2005; Howe et al., 2016a; Oppo et al., 2018). Instead, a change of
preformed εNd of NSW can reconcile these tracer distributions and
changes.

We explore these conceptual arguments using box model
sensitivity tests (Fig. 10): two tests illustrate how εNd responds to
hypothetical changes in circulation rate and watermass mixing
ratio, and two tests that illustrate how εNd responds to changes in
preformed εNd of the endmembers, as follows: “NSW/4” reduces
NSW production (F1 in Fig. 1) by 4-fold; “SSW*4” increases SSW
production (F2, F4 and F6) by 4-fold; “NSW preþ5” increases the
NSW preformed εNd by 5 units; “SSW preþ5” increases the SSW
preformed εNd by 5 units. The scales of these forcings produce εNd
responses in the box model similar in magnitude to the observa-
tions (Fig. 9A). Our box model is not designed to resolve the local
processes that set the preformed εNd at the locations of deep-water
formation. Instead, we implement this change via the sedimentary
source εNd, which approximates a changing preformed effect in the
boxmodel (Du et al., 2018). These simulations all start withmodern
conditions, and the forcings were applied for 1500 years, by which
time steady-state is established. All other parameters remain the
same as today.

Both “NSW/4” and “SSW*4” leads to reduction of NSW/SSW
mixing ratio, yet they produce opposite responses (Fig. 10A and B).
This is because changes of circulation also cause the partition of
non-conservative and conservative εNd components to vary. In
“NSW/4” the global benthic exposure time increases, leading
seawater and authigenic εNd to approach their basinal detrital εNd
signatures and thus diverge from each other. The opposite is true in
“SSW*4”. In contrast, changing the preformed εNd of NSW or SSW
produces globally uni-directional changes, which decreases
downstream away from the origin (Fig. 10C and D). An increase of
NSW preformed εNd is most consistent with the spatial loadings of
PC1 (Fig. 10E).

5.1.1.1. Cause of the preformed NSW εNd change. We find no signif-
icant difference in the distributions of detrital εNd between the LGM
and Holocene from the North Atlantic, despite this region having a
significantly different distribution in authigenic εNd (Fig. 11). It thus
seems unlikely that detrital provenance changed significantly in
the North Atlantic region between the LGM and Holocene, and we
consider this explanation for changing the preformed εNd of NSW
unlikely (Roberts and Piotrowski, 2015).

From a tracer budget perspective, it is also unlikely that changes



Fig. 9. Section plots of (A) LGM-Holocene difference of PC1 εNd and (B) Deglacial εNd anomalies, i.e., HS1-LGM difference of PC2 εNd. A uses the same data as Fig. 5C, E but also
includes stations that only have paired LGM and Holocene time-slice data. In Awe also corrected the Equatorial Pacific records for detrital imprints (section 4.2.1). B uses the same
data as Fig. 5D, F, but excluding the Equatorial Pacific records since the correction applied is only reasonable on glacial-interglacial timescale (section 4.2.1). Stations with the
respective PC loadings that are statistically non-zero (95% CI) are marked by large circles, and those that are not by small squares. The dash black line separates the Nordic Seas from
the North Atlantic. In A, the white dash line indicates the modern 50% NSW/SSW volume fraction (zonally averaged) (Gebbie and Huybers, 2010). In B, the white solid line separates
authigenic records subject to HL1 detrital imprints (Fig. 7B). In A and B red and blue colors indicate positive and negative εNd differences/anomalies respectively. In B the grey
background indicates values that are not significantly different from zero.

Fig. 10. Transient box-model sensitivity tests for conceptual insights into basinal εNd responses to hypothetical circulation changes, compared with LGM observations. A: Reduce
NSW formation by 4-fold. B: Increase SSW formation by 4-fold. C: Increase the preformed εNd of NSW by þ5. D: Increase the preformed εNd of SSW byþ5. E: Probability density (the
probability distribution estimated using a gaussian smoothing kernel) of LGM data from the deep ocean.
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of continental chemical weathering flux could have driven the
variations of the preformed εNd (Zhao et al., 2019), as dissolved
riverine flux only accounts for 7% of the total Nd flux into the
modern Atlantic (Table 1). Consider εNd in the Atlantic box

εNd ¼ RεRNd þ OεONd
Rþ O

; (7)

where R is the riverine flux and O is the sum of all other source
fluxes in Table 1, εNdR is the riverine εNd, and εNdO is the weighted
average of the other fluxes. Taking the derivativewith respect to the
riverine flux and its εNd (assuming other fluxes are constant) we
have

DεNd ¼ O
�
εNd

R � εNd
O
�

ðRþ OÞ2
DRþ R

Rþ O
DεNd

R (8)

and D signifies LGM-Holocene difference. Assuming a 60%
reduction of runoff in the LGM at high latitudes (von Blanckenburg
et al., 2015), the riverine εNd would need to increase to ~þ2



Fig. 11. Distributions of Holocene and LGM authigenic (A) and detrital (B) εNd in the
North Atlantic (40o~N65oN). In A, the Holocene and LGM authigenic data are from the
same set of sites, and therefore their difference is not due to sampling difference.
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(DεNdR z þ14) in the LGM to make DεNd z þ2, the average change
observed in the Atlantic (Fig. 9A). Even ignoring the Canadian
Shield and other North America terranes of highly unradiogenic εNd
due to ice coverage in the LGM (Zhao et al., 2019), the continental
materials surrounding the North Atlantic simply cannot provide
such highly radiogenic weathering flux (Goldstein and Jacobsen,
1987; Jeandel et al., 2007). Moreover, as continental weathering
flux is introduced to the surface ocean, one would expect its effect
to decrease with increasing depth, which is not observed (Fig. 9A).
We therefore reject an explanation for changing preformed NSW
εNd based on changes in weathering inputs.

Similar calculations show that a change of dust flux is also un-
likely to explain the increase of the preformed εNd of NSW in the
LGM. Glacial dust input likely was 2e4 time higher than that of the
Holocene (Albani et al., 2016; Lambert et al., 2015; Middleton et al.,
2018), but this could only increase the dust contribution from ~2%
to ~7% in the total basinal Atlantic Nd budget (assuming other
sources are constant) and virtually has no impact on seawater εNd
(DεNdz0 using an equation similar to Equation (8) assuming con-
stant dust εNd), especially given that the dust and seawater εNd
values are similar in the Atlantic (Table 1) (Goldstein et al., 1984;
Tachikawa et al., 2003). Moreover, during the LGM, Saharan dust,
the most important dust source to the Atlantic, had more negative
εNd than the Holocene (Grousset et al., 1998), opposite the direction
of change observed for NSW.

A change of preformed εNd of NSWduring the LGM could instead
be explained by a shift in the location and mode of deep water
formation. Zhao et al. (2019) suggested this was unlikely by
adopting a top-down view of the acquisition of the preformed εNd
of NSW. However, shifting the assumptions to ones in which the
preformed εNd signature is largely acquired at the seafloor offers
alternative explanations, falling into two categories: increasing the
influence of radiogenic benthic sources and reducing those of
unradiogenic sources. The most positive LGM-Holocene authigenic
εNd difference is found south of Iceland, at the same placewhere the
most positive non-conservative εNd in the Atlantic is located today
(Fig. 2E and F). Paleoclimate models and proxies suggest that the
principle location of NSW formation shifted south of Iceland to this
region in the LGM (Otto-Bliesner et al., 2007; Sarnthein et al., 1994;
Waelbroeck et al., 2009), consistent with an increase in the relative
contribution of sedimentary Nd sources of Icelandic basalt origin. It
may be countered that the influence of volcanic detrital sediments
via the Nordic Sea pathway could have also been reduced due to
limited export of glacial NSOW (Thornalley et al., 2015). However,
glacial NSOW was less radiogenic than today (Struve et al., 2019),
and thus cannot have been a significant contributor to the pre-
formed εNd of NSW in the LGM (Fig. 9A). Regarding the reduction of
unradiogenic sources, the contribution of Canadian Shield Nd
sources to the NSW preformed εNd was likely reduced in the LGM,
because of reduced LSW formation (Hillaire-Marcel et al., 2001), a
diminished DWBC pathway (Fagel et al., 1999) along which deep-
sea boundary exchange with low-εNd detrital sediments happens
(Lacan and Jeandel, 2005b) (Fig. 2E, F), and a removal of shelf area in
the Baffin-Labrador Basin for sedimentary flux (Arsouze et al.,
2008). Evidence shows that authigenic εNd from the deep Labra-
dor Basin was more unradiogenic in the LGM than the Holocene
(Blaser et al., 2020). This is opposite to the changes in the open
North Atlantic, and is consistent with a weaker DWBC and more
isolated Labrador Basin circulation in the LGM (Fagel et al., 1999).
Thus it appears that neither the Nordic Sea nor the Labrador Sea
were the major sources of glacial NSW.
5.1.1.2. NSW/SSW mixing ratio. Taking into account changes in
preformed εNd, we re-estimate the change of NSW/SSW mixing
ratio in the deep Atlantic in the LGM (Howe et al., 2016a)

εNd ¼ f NSWε
NSW
Nd þ ð1� f NSW ÞεSSWNd ; (9)

where εNd is the seawater εNd at any specific deep site, fNSW is the
NSW mixing ratio and εNd

NSW and εNd
SSW are the preformed εNd of NSW

and SSW respectively. Taking the derivative, we get

Df NSW ¼DεNd � f NSWDεNSWNd � ð1� f NSWÞDεSSWNd

ε
NSW
Nd � ε

SSW
Nd

; (10)

where D again signifies the LGM-Holocene difference. We prefer
this “D formula” of mixing calculation for authigenic εNd because it
makes it easier to incorporate preformed change and it also
removes (if any) constant authigenic-bottom water εNd offsets (Du
et al., 2018; P€oppelmeier et al., 2020). We ignore the influence of
seawater [Nd] on εNd given the small difference in basinal averages
between Atlantic and Southern Ocean today (Table 1), and because
in box model tests, we find that basinal average [Nd] changes in the
past were within 5% (Supplementary Figure S2).

We estimate DfNSW between 35 and 45oS and 2000e4000 m
depths in the South Atlantic, a region having fNSW ¼ 50% today
(Gebbie and Huybers, 2010) (Fig. 9A) that is potentially sensitive to
the change of this ratio. In this region, DεNd ¼ 3.1 ± 0.3, and the
modern watermass endmembers are εNd

NSW ¼ �13 and εNd
SSW ¼ �9

(van de Flierdt et al., 2016). We find DεNd
NSW ¼ 5.0 ± 0.5 (1s Standard

Error) using data from the North Atlantic (45e65oN), and
DεNd

SSW ¼ 1.3 ± 0.2 using data from the Southern Ocean (south of
45oS) (Fig. 9A). Given these data we use Equation (10) to derive
DfNSW ¼ 2% ± 10%. This indicates that the LGM NSWmixing ratio in
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this region was not significantly different from today (Amrhein
et al., 2018; Gebbie, 2014; Howe et al., 2016a).
5.1.1.3. Circulation rate. The persistence and dominance of the
preformed signal (PC1) in authigenic εNd records on the global scale
suggest that the glacial GOC was vigorous enough that the pre-
formed effect of NSW was not overwhelmed by non-conservative
effects, a situation that is similar to today (Table 1). However, evi-
dence of greater contributions of non-conservative εNd behavior
superimposed on this preformed signal is consistent with a
somewhat reduced glacial GOC relative to the Holocene (Adkins,
2013; Broecker et al., 2004; Skinner et al., 2017). In the deep Pa-
cific, we showed that the positive LGM-Holocene εNd difference can
only be partially explained by the increase of preformed εNd while
the majority of the difference was attributed to reduced SSW
transport in the LGM (Fig. 10) (Du et al., 2018). In the deep North
Atlantic, aside from an increase of preformed εNd, we also find an
increase of the heterogeneity of authigenic εNd in the LGM (Fig. 11).
This stronger expression of the regional detrital source heteroge-
neity is consistent with longer benthic exposure times. In the deep
South Atlantic, εNd indicates reduced AABW export in the Weddell
Sea in the LGM (Huang et al., 2020). The global εNd data thus sup-
port a circulation scenario of slightly weaker AMOC and SOMOC in
the LGM (Menviel et al., 2016; Muglia et al., 2018; Sarnthein et al.,
2013; Sikes et al., 2017; Skinner et al., 2017).
5.1.2. Intermediate depth
Glacial intermediate depth (<1500 m) εNd changes are not well-

constrained outside the Atlantic (Figs. 5E and 9B). More positive
glacial εNd at these depths in the North Atlantic suggests that the
inferred high preformed εNd was carried southward by both inter-
mediate and deep NSWs in the LGM (Fig. 9A). A coherent feature of
nearly constant (slightly more negative) glacial εNd (~�0.1) is found
at ~1000m in the Equatorial and South Atlantic, which corresponds
to the negative non-conservative εNd component in this region
today (Fig. 2E). Thus, we interpret this glacial-interglacial change as
an increase of the non-conservative component, reflecting slower
circulation rate, and/or a weaker penetration of glacial Antarctic
Intermediate Water (AAIW) (P€oppelmeier et al., 2020), which are
not mutually exclusive if AAIW penetration and the AMOC strength
are correlated (Gu et al., 2017). While we cannot constrain the
circulation rate change at intermediate depth as we do not know
the local Nd budget precisely, we can attempt to quantify changes
of watermass mixing.

Intermediate water in this equatorial Atlantic region today has
three sources (Oppo et al., 2018): AAIW (fAAIW ¼ 75%, εNdAAIW ¼ �9,
[Nd]AAIW ¼ 15 pM), tropical waters (fTPW ¼ 15%, εNd

TPW ¼ �13,
[Nd]TPW ¼ 15 pM) and NSW (fNSW ¼ 10%, εNdNSW ¼ �13, [Nd]NSW ¼ 25
pM). The εNd and [Nd] endmembers are estimated using nearby
stations, which lead to a mixture of εNd ¼ �10 that is consistent
with regional seawater data (Piepgras and Wasserburg, 1987;
Huang et al., 2014; Osborne et al., 2014; Schlitzer et al., 2018).
During the LGM in this region the volume vacated by receding
AAIW was occupied by tropical waters rather than NSW (Oppo
et al., 2018). There are no data for the glacial AAIW and tropical
water εNd endmembers at their formation locations: here we as-
sume that these two shallow endmembers remained the same as
today (while we include an uncertainty of 0.5 for error propaga-
tion). If the glacial preformed εNd of AAIW was more radiogenic
(P€oppelmeier et al., 2020), then the estimate of AAIW reduction
would be minimum.We include watermass [Nd] in this calculation,
because they are sufficiently different, but we also assume they are
same as today. Under these assumptions, we can derive the change
of AAIW mixing fraction:
Df AAIW ¼DεNd½Nd� � DεNSWNd f NSW ½Nd�NSW
ε
AAIW
Nd ½Nd�AAIW � ε

TPW
Nd ½Nd�TPW

(11)

The LGM-Holocene difference is DεNd¼�0.1 ± 0.2 in this region,
and we again use DεNd

NSW ¼ 5.0 ± 0.5 (section 5.1.1.2). Thus, using
Equation (11) we find DfAAIW ¼ �25% ± 11%, i.e., glacial AAIW was
reduced by ~25% compared to the Holocene. More specifically, we
find the small LGM-Holocene εNd difference of ~�0.1 in this region
was the result of two opposing influences canceling each other:
a �0.9 effect due to reduced AAIW contribution and a þ0.8 effect
due to increasing preformed εNd of NSW.

The contrast between the large but consistent εNd patterns in the
deep ocean versus the smaller and differing regional εNd patterns at
shallow depths (Fig. 9) suggests that the dominant processes con-
trolling the distributions of εNd at these two depths levels are
different. At intermediate depth watermass mixing is likely more
important as the surface area of seafloor in contact with water-
masses is relatively small, compared to the deeper ocean, where
interaction with seafloor sediments becomes more important (Du
et al., 2018). That is, the contrasting behavior of intermediate and
deep waters supports the idea that the glacial changes of deep
ocean εNd had an elevated bottom-up contribution compared with
the top-down contribution (Abbott et al., 2015a; Du et al., 2018;
Haley et al., 2017).

5.2. The deglacial transition

To study deglacial circulation we use the PC2 of each authigenic
εNd record after removing the PC1 component which we infer
mainly reflects a glacial-interglacial change of the preformed εNd. In
this way, PCA helps to reveal the secondary deglacial pattern of
variation that is not immediately obvious in the raw data. When
showing the spatial pattern of PC2 loadings, we use the deglacial
anomaly, i.e., the HS1-LGM difference of the PC2 εNd records.

5.2.1. Deep ocean
Outside the IRD belt, authigenic εNd increased in the deep

Atlantic but decreased in the Pacific during HS1 and YD, leading to a
convergence of εNd in both these oceans toward the Southern Ocean
value, which only became slightly more positive. This is seen
spatially in basin cross sections of deglacial εNd anomaly (Fig. 9B)
and temporally in the PC2 of high resolution authigenic εNd records
(Fig. 12B). In a previous study, we inferred that this deglacial
decrease of deep North Pacific εNd, after removing the preformed
effect (PC1), was caused by stronger SOMOC (SSW formation) (Du
et al., 2018). The global records here further show that the in-
crease in the SOMOC extends also to the deep North Atlantic
(Huang et al., 2020), expressed as consistently positive deglacial εNd
anomalies (Fig. 9B). Our box model sensitivity tests show concep-
tually that the Atlantic-Pacific convergence of εNd can be explained
by an increase of the absolute strength of the SOMOC, but not by a
relative decrease of NSW/SSW mixing ratio due to weaker AMOC
(NSW formation) (Fig. 10A and B). We thus conclude that a stronger
deglacial SOMOC was a global phenomenon, which could have
reduced benthic exposure time of deep waters globally, leading to a
greater influence of conservative mixing relative to the non-
conservative effect (Du et al., 2018).

We further explore this inference of increased SOMOC during
the deglacial transition using box model transient simulations
(Fig. 12A). In scenario “Strong SOMOC”, we held the AMOC constant
and scaled SOMOC transport (SSW production) to PC2, approxi-
mately doubling it in HS1 and YD relative to the Holocene. This
forcing is similar to our previous study in the Pacific (Du et al., 2018)
and consistent with that used in an Earth System Model used to
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simulate deglacial change of atmospheric CO2 concentration
(Menviel et al., 2018). In “No AMOC”, we held the SOMOC constant
and scaled AMOC transport (NSW formation) to North Atlantic
records of 231Pa/230Th (Fig. 12C) (Ng et al., 2018), reducing it to zero
in HS1: an extreme scenario. In “Strong SOMOC þ weak AMOC”
scenario, we used the same SOMOC scaling as in “Strong SOMOC”,
but included an AMOC scaling that reduced it to ~60% in HS1. This
scaling is consistent with modeled AMOC strength in HS1 using
realistic freshwater forcing (Ivanovic et al., 2018). All other pa-
rameters are the same as in the modern case. These simulations are
compared to the high-resolution records from the deep oceans
which offer the best representation of PC2 (Fig. 12B). Because the
model results represent basinal average εNd values, they differ from
εNd measured at any specific location in that basin. For model/data
comparison, we remove the mean offset between a given record
and the modeled basinal average.

In these tests (Fig. 12B), an increase in the SOMOC during the
deglaciation simulates the observed deep Atlantic-Pacific conver-
gence of εNd. This convergence occurs with either constant or
weakened AMOC, but not with no AMOC. In contrast, if we retain
constant SOMOC strength and reduce AMOC, the model will pro-
duce Atlantic-Pacific divergence of εNd during the deglaciation. The
εNd evidence thus indicates a circulation scenario of globally
stronger SOMOC and a diminished but persistent AMOC during the
deglaciation, with a net global effect of strengthening of the GOC in
the deep ocean.
5.2.2. Intermediate depth
In the Equatorial and South Atlantic at ~1000 m, we find nega-

tive deglacial εNd anomalies (Fig. 9B) in the same region as in the
LGM (Fig. 9A). This pattern again may be explained by reduced
AAIW contribution (Howe et al., 2016b; Huang et al., 2014;
Poggemann et al., 2018; Xie et al., 2014). We can perform a mixing
calculation to quantify this factor as done for the LGM (section
5.1.2). In Equation (11) we use the deglacial anomaly which is
DεNd ¼ �0.7 ± 0.4 in this region, wherein here D signifies the HS1-
LGM PC2 difference. Because we use the deglacial anomaly after
removing the preformed effect (i.e., PC1),DεNdNSW is 0 in Equation (11)
by definition. Adopting the same assumptions as in section 5.1.2
and substitute these data into Equation (11) we find
DfAAIW ¼ �20% ± 14%. (The HS1-LGM differences of the original εNd
records in this region is ~�1, which can be decomposed to this
deglacial anomaly of �0.7 (PC2) and the HS1-LGM difference
of �0.2 in the preformed εNd of NSW (PC1).

Thus, the AAIW mixing ratio (in the AAIW-NSW-tropical water
mixture) in this region was reduced by ~20% during HS1 relative to
the LGM, or ~45% relative to the Holocene considering the
Fig. 12. Observed and simulated deglacial authigenic εNd records compared to global
climate proxies. A: Model scaling (with respect to the Holocene mean) applied to the
SOMOC (scaled to median PC2 scores in Fig. 5B) and the AMOC (scaled to North
Atlantic 231Pa/230Th LOESS regression median in C) in simulations. B: Model results
(lines, labels corresponding to the scaling in A) compared to the PC2 records (ribbons)
of representative high resolution authigenic εNd records from North Pacific (B1,
EW0408-87JC, 3680 m) (Du et al., 2018), Southern Ocean (B2, PS75/073_2, 3234 m)
(Basak et al., 2018) and North Atlantic (B3, OCE326_GGC6/ODP Site1063, 4543 m)
(B€ohm et al., 2015; Lippold et al., 2019; Roberts et al., 2010). The mean εNd offset be-
tween each individual site and the ocean box average is removed to facilitate data-
model comparison. C: 231Pa/230Th records from the North Atlantic (Ng et al., 2018)
(dots for raw data; solid line and ribbon for LOESS regression median and 95% CI).
0.093 (dotted line) is the production ratio. D: Ice Core CO2 from WAIS Divide (WD)
(Marcott et al., 2014) and noble gas derived Mean Ocean Temperature (MOT) anomaly
from EPICA Dome C (EDC) and WD. The YD interval of WD record is replaced by Taylor
Glacier data (Baggenstos et al., 2019; Bereiter et al., 2018; Shackleton et al., 2019). E:
Rate change of MOT (dMOT/dt) estimated using nonparametric kernel regression
smoothing with a global bandwidth of 1.5 kyr. F: Ice core d13C-CO2 from Taylor Glacier
(Bauska et al., 2016) and a spline-smoothed compilation (Schmitt et al., 2012).
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estimated additional 25% reduction in the LGM relative to the Ho-
locene (section 5.1.2). These negative deglacial εNd anomalies
therefore support a weaker AMOC during HS1 more than during
the LGM (Gu et al., 2017; Huang et al., 2014).

The deglacial εNd anomalies suggest that during the deglaciation
the influence of reduced AMOC was limited to the subpolar and
intermediate-depth North Atlantic, while the global deep ocean
experienced a strengthening of the SOMOC (Fig. 9B).

5.3. εNd in 3D models

A few studies have implemented εNd in 3-dimensional (3D)
Ocean General Circulation and Earth System Models, and per-
formed sensitivity and paleo-experiments (Arsouze et al., 2008;
Friedrich et al., 2014; Gu et al., 2020, 2019, 2017; Rempfer et al.,
2012a, 2012b). Here we compare them with our simple box
model, in light of the new data compilation and our bottom-up
framework of the marine Nd cycle.

The Boundary Exchange implementation of sedimentary source
in the 3D models was first proposed by Arsouze et al. (2007), who
acknowledged uncertainties and heuristic approximations as a
first-step toward understanding sedimentary impacts on seawater
εNd. Despite evolving understanding of the marine Nd cycle and
increasing data density in the following years, the Arsouze et al.
(2007) implementation was adopted largely unchanged in all
subsequent models. The εNd of the sedimentary source, i.e., the
bottom boundary condition in this implementation, was generated
by extrapolating a smaller compilation of detrital εNd data on land
to the ocean margins. Our coretop detrital compilation suggests
that this is not always accurate. For instance, Arsouze’ extrapolation
produced extremely unradiogenic (<�35) detrital εNd southwest of
Iceland in the Irminger Sea, a region critical for NSW formation, by
extrapolating data on the southeast margin of Greenland. In the
coretop data this region is instead occupied by detrital sediments of
relatively high εNd (~�5) (Fig. 2B). Recent leaching studies also
showed that the εNd of the reactive detrital components and the
operationally defined bulk/residual sediment εNd are correlated but
unlikely to be the same (Abbott et al., 2016; Blaser et al., 2016; Du
et al., 2016; Wilson et al., 2013). For this reason, we inferred the εNd
of sedimentary flux in our box model by balancing the modern
budget rather than using averaged coretop detrital εNd (Table 1).

To date, 3D models have implemented sedimentary Nd sources
only on the margins shallower than 3000 m, another apparent
legacy of Arsouze et al. (2007). This assumption is questionable. In
fact, the largest benthic Nd flux (36 pmol cm�2 yr�1) measured to
date was from below this depth (at 3400 m) (Haley and
Klinkhammer, 2003), and recent observations further confirms
high benthic Nd flux from the deep seafloor (Fig. 1) (Abbott, 2019;
Abbott et al., 2015b). The 3D models may thus have missed the
dominant Nd source given that ~75% of the global seafloor area is
below 3000 m (de Lavergne et al., 2016; Du et al., 2018). In the 3D
models, bottom water εNd is also often “relaxed” toward detrital
sediment εNd bottom boundary condition with timescales that
decrease by orders of magnitude at greater depths, presuming that
sedimentary fluxes decrease significantly with increasing depth.
However, this assumption is inconsistent with pore water mea-
surements (Fig. 1C) (Abbott, 2019; Abbott et al., 2015b).

With these potential issues in mind we compare our box model
tests to experiments performed using 3D models. Among the four
sensitivity tests (Fig. 10, i.e., reduce the AMOC/NSW, increase the
SOMOC/SSW, increase the preformed εNd of NSW and increase the
preformed εNd SSW), our box model results of the latter three agree
with the 3D models: Both Bern3D (Rempfer et al., 2012a) and
LOVCLIM (Friedrich et al., 2014) simulated Atlantic-Pacific conver-
gence when increasing the SOMOC/SSW production (Fig. 10B).
Bern3D also produced similar patterns after increasing the pre-
formed εNd of NSW and SSW by changing local sediment source
(Rempfer et al., 2012b) (Fig. 10C and D).

There is however disagreement among the 3D models on the
effect of reducing the AMOC/NSW formation. Community Earth
System Model (CEMS) produced more negative NSW εNd when
reducing the AMOC (Gu et al., 2019). This is conceptually consistent
with our interpretive framework and box model result that
increasing benthic exposure time causes NSW εNd to converge to
unradiogenic εNd sediments (Figs. 10A and 3C), except that in CESM
this negative εNd patternwas limited to above ~3000m in the North
Atlantic whereas at greater depth εNd became positive. This
discrepancy is likely an artifact of limiting Boundary Exchange to
above 3000 m, which misses the influence of the unradiogenic
sediments in the abyssal North Atlantic (Fig. 2B, E, and F). The
Bern3D and LOVECLIM models, in contrast, both simulated more
positive εNd throughout the deep North Atlantic (>1500 m) when
reducing the AMOC. This discrepancy may be related to the much
lower vertical resolution in these two models compared to CESM,
suggesting that modeled Atlantic εNd depends on how finely the
highly heterogeneous bottom boundary condition in the North
Atlantic is resolved (Fig. 2B).

None of the 3D models can produce the PC1 pattern by solely
changing circulation rate or NSW/SSW mixing ratios in the LGM.
Arsouze et al. (2008) suggested reduced glacial deep Atlantic NSW/
SSW mixing ratios based on the very limited authigenic εNd data
available to them, yet their model of weaker and shallower glacial
AMOC also produced opposite signs of εNd change between the
western and eastern Atlantic, not seen in data (Fig. 5C, E). Friedrich
et al. (2014) similarly advocated the mixing ratio hypothesis, yet
their model produced opposite signs of εNd change between
40�65oN and the rest of the Atlantic, and even greater magnitude
of change in the deep North Pacific, inconsistent with data (Fig. 9A).
Gu et al. (2020) in a simulation with weaker AMOC in the LGM also
did not capture the highly radiogenic εNd values in the glacial North
Atlantic between 40�65oN (Fig. 9A). The failure of these models to
correctly simulate the change of preformed εNd of NSW in the LGM
suggests the traditional model implementation of sedimentary Nd
source is incomplete.

None of the 3D models can produce the PC2 pattern by solely
reducing the AMOC in deglacial stadial events. In Bern3D and
LOVECLIM, hosing the North Atlantic led to uni-directional εNd
changes to more positive values in the Atlantic and Pacific
(Friedrich et al., 2014; Rempfer et al., 2012a), while strengthening
the SOMOC led εNd in these two basins to converge, as we observed
and model (Figs. 12B and 10B). In their models, reducing the AMOC
and strengthening the SOMOC both led to more positive εNd in the
deep Atlantic. While the Atlantic data alone could be explained by
mixing ratios and the AMOC strength, the Pacific data require ac-
celeration of the SOMOC during the deglacial interval (Du et al.,
2018) and this acceleration can also partially explain the Atlantic
data.

These 3D models have also been used to perform tests relevant
to paleo-reconstruction that were not done using our box model.
For example, Rempfer et al. (2012b) varied the magnitude of sedi-
mentary flux in each ocean basin in Bern3D, but the results cannot
explain either the PC1 or PC2 patterns. Further, varying particle
fields in Bern3D and CESM both resulted in little change of εNd (Gu
et al., 2019), suggesting that reversible scavenging has limited
impact on marine Nd budget.

We suggest that previous studies on paleo-εNd using 3D models
were limited by premature assumptions on sediment Nd sources
made at a time when the sedimentary influence on seawater εNd
was just emerging, and also by the small number of available paleo-
records at a time when data from outside the North Atlantic were
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scarce. Our simple box model is designed to address the basin-to-
global scale changes that dominate the authigenic εNd records,
appropriate to the present understanding of sediment Nd sources
on this spatial scale. As such, we are encouraged by the ability of
this box model to capture the first-order observations, and hope
that it offers a steppingstone for the implementation of this new
framework of the marine Nd cycle in 3D models that can readily
remove the said limitations on these models for more detailed and
quantitative reconstruction of past circulation. Mapping out the
finer regional details of the GOC using εNd in 3Dmodels will require
better constraints on the spatial and temporal variabilities of the
sedimentary sources that should be the priority of future research
on marine Nd cycle.
Fig. 13. Schematics of ocean circulation in the LGM (A), HS1 and YD (B), and today (C).
The modern scheme is based on Talley (2013). Note inferred Glacial North Atlantic
Intermediate and Bottom Water (GNAIW and GNABW). For schematics LSW and NSOW
appear together but separated from the North Atlantic basin. The thickness of the lines
indicates hypothetical transport strength. For εNd-based NPIW reconstruction we refer
to our previous study (Du et al., 2018) where we found it to not have changed
significantly since the LGM.
6. Discussion

6.1. Implications for LGM climate and other circulation tracers

The εNd-based inference that the glacial NSW/SSW mixing ratio
in the deep Atlantic was roughly similar to today can be reconciled
with benthic d13C data, if the non-conservative properties of d13C
due to remineralization increased, and/or if the preformed d13C of
SSW and/or NSW decreased in the LGM (Gebbie, 2014; Mix and
Fairbanks, 1985; Howe et al., 2016a). Consistent with these re-
quirements, carbonate system parameters suggest greater accu-
mulation of remineralized carbon in the glacial deep ocean
(Broecker et al., 2004; Burke and Robinson, 2012; Chalk et al., 2019;
Rae et al., 2018), and inverse methods suggest lower preformed
d13C of glacial SSW (Gebbie, 2014; Oppo et al., 2018). A two-layer
structure of glacial NSWs is also possible, in which a high pre-
formed d13C intermediate-to-mid depth NSW (<2500 m; Glacial
North Atlantic Intermediate Water/GNAIW) formed through open-
ocean convection with strong air-sea gas exchange, and a low
preformed d13C bottom NSW (>2500 m; Glacial North Atlantic
Bottom Water/GNABW) formed under sea ice with limited air-sea
gas exchange (Howe et al., 2016a; Keigwin and Swift, 2017; Mix
and Fairbanks, 1985; Zhao et al., 2019) (Fig. 13A). Such a glacial
NSW division is not yet fully resolved by εNd data (Fig. 9A), but this
εNd-d13C comparison speaks to the importance of the multi-proxy
approach to circulation reconstruction (Gu et al., 2020; Lippold
et al., 2016; Muglia et al., 2018; Ng et al., 2018; Piotrowski et al.,
2005; Skinner et al., 2013), taking advantage of the differing
mechanisms that control various circulation tracers.

A reduced GOC rate in the LGM inferred using authigenic εNd is
consistent with an estimate of global ocean residence time ~700
years longer than today based on benthic radiocarbon (Sarnthein
et al., 2013; Skinner et al., 2017). We can reject substantially
longer residence times than this because they would cause
convergence of authigenic εNd toward regional detrital signatures
by increasing the non-conservative effect (Abbott et al., 2015a; Du
et al., 2018), which is inconsistent with the geographic distribu-
tion of PC1 as we infer to reflect a preformed signal (Fig. 9A).

The proposed εNd-based glacial GOC scenario has implications
for understanding reduced atmospheric CO2 in the LGM relative to
Holocene values. The inference of similar-to-today glacial NSW
mixing ratio is contrary to hypotheses invoking higher efficiency of
the glacial biological pump due to increasing ventilation by
nutrient poor NSW (Kwon et al., 2012). Instead, with support from
general circulation-biogeochemical model simulations (Menviel
et al., 2016; Muglia et al., 2018), we suggest that the overall
slower GOC, including both the AMOC and SOMOC cells (Fig. 13A),
drove increased carbon sequestration in the glacial deep ocean
(Broecker et al., 2004; Jacobel et al., 2020; Rae et al., 2018; Skinner
et al., 2017).
6.2. Implications for the deglacial events and other circulation
tracers

Our decomposition of global εNd variability into its PC1 and PC2
components offers resolution to an apparent conflict between
deglacial records of authigenic εNd and sedimentary 231Pa/230Th in
the deep North Atlantic (Fig. 14). Based on ostensibly invariant εNd
between the LGM and HS1, previous studies have suggested little
change of deep North Atlantic circulation in this interval, which
contradicts the evidence of reduced AMOC according to 231Pa/230Th
(Howe et al., 2018; Roberts et al., 2010). Our εNd decomposition
shows that the small LGM-to-HS1 change in εNd in the deep North
Atlantic may result from the two components of εNd acting in
opposite directions and therefore canceling each other out in this
region (Fig. 14). Once the PC1 (preformed εNd) is removed from the
North Atlantic records, the PC2 of εNd does indeed correlate posi-
tively to 231Pa/230Th in the deep North Atlantic, revealing that
changes of overturning strength and watermass provenance were
coupled during the deglaciation. This is expected given that the
residence time of Nd ismuch longer and consequently εNd is subject
to greater preformed effect than 231Pa/230Th (Deng et al., 2018).

Whether the AMOC completely collapsed during Northern
Hemisphere stadial events is crucial for understanding climate
tipping points (Bradtmiller et al., 2014; Ivanovic et al., 2018; Lippold
et al., 2012; McManus et al., 2004; Ng et al., 2018; Schmittner and
Lund, 2015). εNd shows that the AMOC persisted, albeit in some-
what weakened state, during these events (Howe et al., 2018). Our
findings are consistent with climate models that do not shut down
the AMOC using realistic freshwater forcing (Ivanovic et al., 2018).
Reduced AMOC would increase sedimentary 231Pa/230Th ratio in
the deep Atlantic by reducing local 231Pa export, but if the AMOC
was still active we would not expect 231Pa/230Th to approach,
let alone exceed, the production ratio. Even after ruling out



Fig. 14. Authigenic εNd and sedimentary 231Pa/230Th records from the Bermuda Rise
site OCE326_GGC6/ODP Site 1063. A: Authigenic εNd (B€ohm et al., 2015; Lippold et al.,
2019; Roberts et al., 2010) and its PC1 and PC2. B: Sedimentary 231Pa/230Th (B€ohm
et al., 2015; Lippold et al., 2019; McManus et al., 2004).
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differential scavenging effects, high 231Pa/230Th ratios are still
found in the deep Atlantic (Ng et al., 2018), raising a dilemma. Given
the positive correlation between εNd and 231Pa/230Th, we suggest
that this dilemma can be resolved by increasing Pa import from the
Southern Ocean to the deep North Atlantic due to stronger SOMOC
(Negre et al., 2010), i.e., high 231Pa/230Th ratios in the deep North
Atlantic during the deglaciation are results of both reduced AMOC
and stronger SOMOC. Consideration of this import from the south
results in the need for less severe reductions of the AMOC to ac-
count for the observed HS1 231Pa/230Th values (Ivanovic et al.,
2018).

We have inferred that during the deglaciation, global deep and
bottom water residence times decreased in spite of diminished
AMOC, because of stronger SOMOC (Huang et al., 2020). This
inference is consistent with 14C data, which show that the deep
North Atlantic had as large a 14C offset (~e250%) from the atmo-
sphere, as did the Southern Ocean, during HS1 (Robinson et al.,
2005). This scenario of fast overturning of a SSW with high
apparent 14C age is also consistent with North Pacific 14C data (Du
et al., 2018). As we have argued previously, the globally high
apparent benthic 14C reservoir age could thus be attributed to a
high SSW preformed 14C age (Zhao et al., 2018), driven by mixing of
old PDW into the Southern Ocean and incomplete gas-isotope ex-
change as excess CO2 was released to the atmosphere (Du et al.,
2018). This inference is also supported by benthic d13C. During
HS1, benthic d13C at depths >3000 m in the South Pacific and South
Atlantic was similar (~0‰), contrary to the strong inter-ocean
gradients seen both in the LGM and Holocene (Sikes et al., 2017).
Analogous to 14C, Atlantic-Pacific convergence of d13C in HS1
occurred when Atlantic d13C was becoming more negative (Lund
et al., 2015). This observation implies changes of the preformed
d13C as a significant driver of evolving deglacial benthic d13C
(Lynch-Stieglitz et al., 2019; Mix and Fairbanks, 1985). Like 14C (Du
et al., 2018), the effects of preformed changes in d13C were likely
large enough tomask other components of benthic d13C upon visual
inspection, as is the case for εNd.

The proposed acceleration of the SOMOC during the deglacia-
tion (Fig. 13B) generally aligns with steps of rapid deglacial rise of
atmospheric CO2 concentration (Du et al., 2018;Marcott et al., 2014;
Shakun et al., 2012) (Fig. 12D). As such, increasing carbon storage in
the mid-depth Atlantic during these stadial events precludes
reduction of the AMOC as a prime driver of atmospheric CO2 rise
(Lacerra et al., 2017). Rather, release of excess CO2 due to intensified
SOMOC and flushing of accumulated carbon from the abyssal
ocean, particularly from the Pacific, seems a more likely driver of
atmospheric CO2 (Anderson et al., 2009; Burke and Robinson,
2012), which can also explain the deglacial decreases of the d13C
of CO2 in the atmosphere (Schmitt et al., 2012; Bauska et al., 2016)
(Fig. 12F). The SOMOC scaling used in our box model, which can
reproduce deep ocean authigenic εNd records in both the Atlantic
and Pacific (Fig. 12A), is similar to the one used in a three-
dimensional Earth System Model that simulates atmospheric rise
of CO2 during HS1 (Menviel et al., 2018). We thus conclude that
authigenic εNd indicates a dominant role of the SOMOC in the
deglacial rise of atmospheric CO2 concentration (Anderson et al.,
2009; Basak et al., 2018; Burke and Robinson, 2012; Du et al.,
2018; Rae et al., 2018; Skinner et al., 2010).

These inferred changes of the SOMOC may also explain the
evolution of global ocean heat budget during the deglaciation
(Shakun et al., 2012). Mean Ocean Temperature (MOT) (Bereiter
et al., 2018), volumetrically weighted toward the deep ocean,
increased rapidly during the deglaciation (Fig. 12E). With reduced
AMOC in these intervals, stronger SOMOC may be needed to effi-
ciently bring heat from the surface to the global deep ocean
(Bereiter et al., 2018). The εNd-based inference that a greater volume
of the global deep oceanwas ventilated by the SOMOC during these
intervals offers a mechanism for why MOT is highly correlated to
Antarctic surface temperature (Bereiter et al., 2018). This appears to
be consistent with a dominant AABW pathway of anthropogenic
heat uptake by the abyssal ocean today (Purkey and Johnson, 2013),
and that AABW may reinvigorate during the ongoing global
warming (Abrahamsen et al., 2019). The conclusion that the SOMOC
sustained warming during the last deglaciation, through its influ-
ence on both atmospheric CO2 and ocean heat transport (Shakun
et al., 2012) (Fig. 13B), may prove useful for model testing which
can help elucidate the yet unresolved role of the SOMOC in future
warming (Meijers, 2014).

7. Conclusion

To interpret authigenic εNd records we further develop a “bot-
tom-up” framework of marine Nd cycle proposed recently (Abbott
et al., 2015a; Du et al., 2018, 2016; Haley et al., 2017). Using a box
model we find that sedimentary Nd flux is the dominant external
source, in agreement with previous studies (Arsouze et al., 2009;
Tachikawa et al., 2003), except that we place the benthic source
primarily in the deep oceanwhere the seafloor area in contact with
bottom water is the largest. We further identify that the non-
conservative behavior of seawater and authigenic εNd is wide-
spread in the global ocean, and that these behaviors are predictable
functions of benthic exposure time and detrital sediment compo-
sition. In the Pacific, the non-conservative behavior is driven by a
radiogenic (volcanic origin) sedimentary flux that causes seawater
and authigenic εNd to become more positive as watermasses age.
The Atlantic is dominated by an opposite trend towards an unra-
diogenic character because of sediments of Canadian Shield origin,
while the sedimentary influence of Icelandic basalt is limited to
youngwaters near the location of modern deep-water formation. In
the modern ocean seawater εNd in the Atlantic is less influenced by
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the non-conservative behavior due to sedimentary influence than
seawater in the Pacific because of the Atlantic’s shorter water
residence time. Our analysis reaffirms the bottom-up acquisition of
the preformed εNd of NSW today that depends on its formation
mode and pathway (Lacan and Jeandel, 2005b).

Under this framework, we describe coherent patterns of change
in authigenic εNd records since the LGM using PCA. When
comparing the results to detrital sediment εNd records, we identify
three regions (the Equatorial Pacific, the IRD belt in the North
Atlantic, and the North Indian Ocean) where temporally variable
detrital imprint on authigenic εNd was likely driven by changes of
detrital provenance on glacial-interglacial and/or deglacial
millennial timescales.

The PC1 pattern shows that in the deep ocean authigenic εNd
was consistently more positive in the LGM than the Holocene, a
difference that is greatest in the North Atlantic, and decreases
downstream toward the Southern Ocean and the Pacific. Based on
box model sensitivity tests, we infer that this pattern is best
explained by an (~þ5 unit) increase of the preformed εNd of NSW in
the LGM, likely linked to a shift of deep-water formation location.
Once this preformed effect is taken into account, we find little
change in NSW/SSW mixing ratio in the deep Atlantic in the LGM
compared to today. Superimposed on this preformed effect, we find
evidence for greater non-conservative behavior of authigenic εNd in
the Atlantic and Pacific, which would be consistent with weaker
AMOC and SOMOC in the LGM than today. A pattern of more
negative authigenic εNd in the LGM at intermediate depth in the
Equatorial and South Atlantic is interpreted as the result of weaker
circulation strength or reduced AAIW contribution.

The PC2 pattern shows that deep Atlantic and Pacific authigenic
εNd converged toward Southern Ocean values during the deglacial
transition. Based on box model transient simulations, we suggest
that this pattern is consistent with a circulation scenario of stronger
SOMOC and reduced, but not ceased, AMOC during the deglacia-
tion. At intermediate depths, we find a pattern of more negative εNd
in HS1 than in the LGM in the Equatorial and South Atlantic,
similarly suggested to be the result of weaker circulation strength
or reduced AAIW contribution, more so than in the LGM.

Our interpretation and box model results are qualitatively
consistent with modelling results of more complex models, though
we consider the implementation of sedimentary Nd cycle in these
models to be inaccurate in its lack of a deep benthic source. Our
simple model provides a new framework of marine Nd cycle that
future studies could implement in more physically sophisticated
models.

The inferred circulation scenarios for the LGM and deglaciation
can be reconciled with other circulation tracers (d13C, D14C and
231Pa/230Th) after taking into account circulation factors other than
NSW/SSW mixing ratio and the AMOC strength, including changes
in preformed properties and the non-conservative behavior of d13C
and D14C, and potential Southern Ocean (SSW) influences on
231Pa/230Th.

The reconstructed circulation changes suggest sluggish global
circulation asmost likely the key cause of lower glacial atmospheric
CO2 (Jacobel et al., 2020). Further, we argue that during the
deglaciation, strengthening of the SOMOC was likely the driving
factor of carbon release to the atmospheric and warming of the
abyssal ocean.
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