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Abstract

Our understanding of past ocean-climate dynamics is informed by multiple paleocirculation proxies including d13C,
231Pa/230Th, and radiogenic neodymium isotopes (eNd). Of these, the eNd signature of marine authigenic phases is of particular
importance as it is considered a robust circulation proxy applicable across timescales, permitting circulation reconstructions
during periods of rapid, climatically-induced biological or chemical change (e.g. productivity, pH). However, growing evi-
dence of non-conservative behavior and a widespread sedimentary source (benthic flux via pore water) of Nd to the global
ocean suggests that authigenic eNd records do not strictly record a water mass signature, highlighting the need to reconsider
interpretations of the authigenic record. To examine the impact of a sedimentary influence on the authigenic record, here we
compile paired authigenic and detrital neodymium records from every major ocean basin and from 80 Ma to present. We then
focus on just the North Atlantic Ocean basin to examine if this relationship holds up regionally and how authigenic eNd

changes relate to sediment composition changes from two scientific ocean drill cores spanning the past 25 ka. We present
a new conceptual framework to guide our discussion that examines the coupling or decoupling of authigenic and detrital
eNd in terms of the relative importance of each of the three major potential controls as defined in the existing literature (bot-
tom water, pore water, sediments) on the authigenic record. Our compilation reveals a strong linear relationship between
detrital eNd and authigenic eNd (correlation coefficient = 0.86, n = 871), demonstrating a widespread influence of lithogeni-
cally sourced neodymium on authigenic eNd. We find the same is true within the North Atlantic, with the authigenic records at
both locations strongly influenced by the sediments and likely not recording bottom water neodymium values. Emerging evi-
dence for a lithogenic or benthic flux influence on the budgets of a wide range of trace elements suggests that our interpretative
framework will be broadly useful for understanding the behavior of trace elements and their isotopes at the sediment-water
interface.
� 2021 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

The eNd signature of authigenic sedimentary phases is
widely used for reconstructions of ocean circulation. These
authigenic records come from various archives, with sedi-
ment leaches, fish teeth/debris, and foraminifera being the
most commonly used in paleoceanography. The radiogenic
neodymium isotopic signature, expressed as eNd

[143Nd/144Nd normalized to the Chondritic Uniform Reser-
voir] (Jacobsen and Wasserburg, 1980), is recovered from
authigenic archives using targeted chemical extraction pro-
cedures. The central assumptions underpinning the use of
eNd as a circulation proxy are that water mass eNd is 1) geo-
graphically distinct based on water mass origin, 2) quasi-
conservative, and 3) imprinted on, and can be recovered
reliably from, authigenic archives (Frank, 2002). Where
these assumptions are met, the eNd proxy provides unique
constrains on the movement and origin of water masses
during critical periods of earth history (e.g. Rutberg
et al., 2000; Scher and Martin, 2004; Roberts et al., 2010;
van de Flierdt et al. 2016; Basak et al., 2018; McKinley
et al., 2019).

The close correspondence between bottom water eNd

and the ‘authigenic’ eNd signature (see recent compilation
in Tachikawa et al. 2017) recovered from fish debris, fora-
minifera (Elmore et al., 2011), or Fe-Mn oxyhydroxide
phases (operationally defined through sediment leaching;
Blaser et al., 2016) in core top samples is widely considered
to support the view that the authigenic signature is a robust
proxy with which to reconstruct paleo-bottom water eNd

and hence infer ocean circulation (e.g. Frank, 2002;
Gutjahr et al., 2008; Roberts et al., 2010), with changes in
authigenic eNd over time interpreted to record changes to
water mass origin. However, discrepancies around both
the assumption of isotopic conservation in seawater and
around whether the authigenic phases are recording bottom
water or something else are problematic to the utility of eNd

as a water mass tracer. Challenging the assumption that
neodymium isotopes behave quasi-conservatively in seawa-
ter are observations of non-conservative behavior of Nd
including a growing body of evidence for the mobilization
of neodymium during early sediment diagenesis, both in
shallow- and deep-water settings (Jeandel et al., 2007;
Wilson et al., 2012; Pearce et al., 2013; Abbott et al.,
2015a; Roberts and Piotrowski, 2015; Abbott et al., 2016;
Du et al., 2016; Howe et al., 2016; Jeandel, 2016; Haley
et al., 2017; Abbott, 2019). Furthermore, global ocean cir-
culation models that consider seawater eNd distributions
require an additional neodymium source in the deep ocean
to reconcile the models’ seawater eNd predictions with mod-
ern observations, identifying up to 95% of the source of
neodymium to the ocean as missing (Tachikawa et al.,
2003; Arsouze et al., 2009; Jones et al., 2008; Rempfer
et al., 2011; Gu et al. 2019). Importantly, initial pore water
measurements have shown that a benthic Nd source can
account for an amount consistent with the ‘missing’ neody-
mium in the global budgets (Arsouze et al., 2009; Abbott
et al., 2015a; Abbott, 2019). All of the above observations,
including the core top authigenic correspondence to bottom
water eNd, can be reconciled with a shift to a ‘bottom-up’
benthic source model to describe neodymium in the ocean
(Haley et al., 2017), where the agreement between bottom
water eNd and the ‘authigenic’ eNd signatures is a pre-
dictable consequence of a spatially widespread, large ben-
thic flux (Du et al., 2016; Abbott et al., 2019; Du et al.,
2020).

These observations do not just bring into question the
quasi-conservative behavior of Nd in seawater, but also
have implications for what is ultimately recorded in the sed-
imentary archives. The high Nd concentrations of the pore
water driving a benthic flux are in contact with the authi-
genic phases throughout early diagenesis, suggesting these
archives may record reactive sediment phases via the pore
water instead of a seawater signature (Abbott et al.,
2016). For instance, even tiny amounts (�0.0000001%) of
sediment dissolution have been demonstrated to be able
to shift the eNd of the pore water from ambient seawater
to that recorded in fish teeth on the Adélie shelf near site
U1356 (Huck et al., 2016) and similar pore water influences
are expected for foraminifera during early diagenesis
(Palmer and Elderfield, 1985, 1986; Skinner et al., 2019).
Even if the overlying water column sets the signature, any
non-conservative change to bottom water would have sim-
ilar implications for the deposited authigenic record (e.g.
Roberts and Piotrowski, 2015; Howe et al., 2016; Jaume-
Sequı́ et al., 2021). Additional complications arise with
the sediment leach archive as the phase associated with
the recovered neodymium is often only able to be opera-
tionally defined, meaning in some cases the phase reacting
with leach solutions is not the intended phase of interest.
For example, recent high-resolution SEM analyses have
demonstrated that the Fe-Mn oxyhydroxide phases meant
to be targeted by reductive leaching are not ubiquitous in
marine sediments, and instead the leached signature associ-
ated with iron may be controlled by clay mineral dissolu-
tion (Abbott et al., 2019). Even when the phase of
interest is present, leaching techniques are highly variable
and prone to releasing unintentional sediment phases (e.g.
clays, volcanic debris; Roberts et al., 2010; Wilson et al.,
2012; Wilson et al. 2013; Du et al. 2016; Abbott et al.,
2019; McKinley et al., 2019; supplemental table 1).

Despite these uncertainties with respect to the controls
of the authigenic eNd record and increasing evidence for a
sedimentary influence, authigenic eNd shifts continue to
often be interpreted as strictly a tracer of ocean circulation.
Authigenic eNd shifts often align with independently docu-
mented climatic and ocean reorganizations, and this has
encouraged the idea that the compromising influence of
non-conservative processes (such as boundary exchange
or reactive detritus) is spatially or temporary limited (e.g.
Jeandel et al., 2007; Gutjahr et al., 2008; Wilson et al.,
2012; Pearce et al., 2013; Osborne et al., 2014; Böhm
et al., 2015; Rousseau et al., 2015; Howe et al., 2016;
Blaser et al., 2019; Vogt-Vincent et al., 2020). The funda-
mentally different relationships expected between the bot-
tom water, the authigenic eNd records, and the sediment
composition (detrital or bulk sediment eNd) in the two com-
peting ‘top-down’ and ‘bottom up’ models provide a way to
evaluate the importance of each via comparison of paired
authigenic and detrital eNd records. Here, we present a
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new global compilation of published authigenic and detrital
eNd values limited to data where both come from the same
depth in the core, allowing us to test the two competing
models presently underpinning most authigenic eNd inter-
pretations. We further present new downcore eNd records
from two scientific drill sites in the North Atlantic coupled
with mineralogical data to take a deeper look at the impli-
cations of a bottom-up versus top-down model through
time in context of local sedimentation and climate drivers
as well as to provide a detailed regional intrabasinal com-
parison to complement the global compilation. We propose
a new conceptual framework to understand the interplay
between the three competing controls on the authigenic
eNd record proposed by the existing literature (bottom
water, pore water, and sediment) which includes both
top-down and bottom-up mechanisms. We then use this
concept to frame our discussion around the degree to which
authigenic eNd is reflecting ocean circulation.

2. METHODS

2.1. Data compilation

A literature search and PANGAEA� database search
identified sediment records containing paired authigenic
and detrital eNd measurements. We considered three types
of authigenic records: foraminifera, sediment leaches, and
fish teeth/debris. For detrital records, we considered both
bulk sediment and residue analyses (Supplemental Table 1).
Only data collected from the same sample (same core, same
depth in core) were considered ‘paired’ and included in this
compilation. This means that detrital data from a sample
adjacent to a sample with authigenic data was not consid-
ered close enough and therefore not included in the compi-
lation. Publications with less than 4 paired detrital-
authigenic data points were not included. For the purpose
of this compilation, we did not exclude any authigenic or
detrital record based on methodology of the original study
(Supplemental Table 1). The resulting compilation includes
over 60 records from more than 20 publications for a total
of over 870 paired detrital-authigenic data points. Data
comes from every major ocean basin, the Caribbean, and
the Mediterranean Sea (Supplemental Table 1).

This compilation is distinct to existing compilations (e.g.
Jeandel et al., 2007; van de Flierdt et al., 2016; Tachikawa
et al. 2017; Du et al., 2020; Robinson et al. 2021), which do
not assemble exactly paired detrital-authigenic data, an
essential requirement for examining the impacts of chang-
ing sediment composition on the neodymium isotope
record. All marine data fulfilling our paired authigenic-
detrital criteria was included regardless of depth, age, or
proximity to the continental shelf. Recent work has shown
that while shallow, near shore regions are more likely to
have a very distinct neodymium isotope signature due to
compositionally less mature sediments, the finer grained
deep sea sediments are likely to have a larger benthic flux
(Abbott et al., 2016; Abbott, 2019) highlighting the impor-
tance of including samples from a range of depositional set-
tings to characterize general large scale trends and
behavior. Furthermore, by not applying a depth, age, nor
location filter the inaccuracies introduced by over reliance
on paleo depth and location reconstructions can be
avoided.

We calculated the correlation coefficient using the COR-
REL function in excel (r, Eq. (1)) for the data set both with
and without the end-member data from the Gulf of St.
Lawrence (Casse et al., 2019) to test the sensitivity of the
correlation to these extremely unradiogenic eastern Cana-
dian values (Supplemental Fig. 1).
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2.2. Sample preparation

Sediment samples were obtained from two International
Ocean Discovery Program sites in the North Atlantic, ODP
1063 and IODP 1308 (Fig. 1). Sites were chosen to represent
a region of the North Atlantic known to be impacted by the
Heinrich Events of the last glaciation (1308, Blaser et al.,
2019) and one with no reported influence of Heinrich events
(1063, Roberts et al., 2010; Gutjahr and Lippold, 2011).
Freeze dried sediment samples were hand milled with an
agate mortar and pestle before processing. Approximately
150 mg of each sample from ODP 1063 and IODP 1308
was weighed out and transferred to acid cleaned Teflon bea-
kers for hot plate digestion. An additional � 1 g of samples
from ODP 1063 was weighed out and transferred into acid
cleaned 50 mL Falcon tubes for leaching to provide a direct
comparison between the operationally defined authigenic
component recovered (acid leachable) and the bulk sedi-
ment at the same core depth.

Bulk sediment digests were preferable over sediment
residues because of the prevalence of detrital carbonates.
Any attempt to pre-leach the sediments prior to digestion
would have resulted in loss of this abundant detrital phase.
Samples were digested using 4 mL trace metal grade
hydrofluoric acid (48 wt%) and 2 mL distilled concentrated
nitric acid in Teflon vials on a 150 �C hotplate. Samples
were then refluxed in a mixture of HClO4, HF and HNO3

on a 170 �C hotplate to break down resistant organic mat-
ter following the protocol of Nijenhuis and de Lange
(2000). Following complete digestion, the REE fraction
was isolated using AG50W-X8 spec resin with HF and
HCl. Specifically, the columns were cleaned and condi-
tioned prior to loading with 5 mL of 4 N HF, followed
by 12 mL of 6 N HCl and finally 15 mL of a 2.5 N HCl
and 0.1 N HF solution. Samples were then refluxed in a
2.5 N HCl and 0.1 N HF solution, centrifuged for 3 minutes
then loaded onto the columns. Samples were then eluted
through the column using 4 mL of a 2.5 N HCl and
0.1 N HF solution followed by 21.5 ml of 2.5 N HCl.
Finally, the REE fraction was collected using 7 mL of
6 N HCl. Neodymium was further isolated using 1 mL
Eichrom LN50-100 spec resin with 0.25 N HCl. Specifically,
the columns were cleaned and conditioned with 15 mL of
0.25 M HCl prior to sample loading. Once loaded, samples
were eluted using 1.25 mL of 0.25 M HCl. The neodymium
cut was then collected in 4 mL of 0.25 M HCl. This was



Fig. 1. Site locations of IODP Site 1308 (triangle) and ODP Site 1063 (square) overlain on authigenic eNd (includes bottom water) and detrital
eNd maps of the modern North Atlantic (adapted from Du et al. 2020). The same positive correlation between authigenic eNd versus detrital
eNd seen here is evident in our global compilation.
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dried down and then dissolved in 3 ll of 6 N distilled HCl
to load on rhenium filaments for analyses on a Thermo Sci-
entific Triton Thermal Ionization Mass Spectrometer
(TIMS) at Macquarie University with a 1 ll 1 N HCl :
0.35 M H3PO4 activator. Samples were analyzed using an
evaporation filament current of 1200–1600 mA with a total
Nd signal of 0.5–10 V. Analyses were collected in static
mode with amplifier rotation in 4 blocks of 50 cycles each,
with an integration time of 8.4 seconds per cycle. Ratios
were normalized to 146Nd/144Nd = 0.7219 to correct for
mass fractionation. Measured values for standards prepped
and run the same as sediment digests were 143Nd/144Nd
BHVO-2 (average = 0.512987 ± 0.000021, n = 4) and NIST
JMC 321 (0.511118 ± 0.000005, n = 1) with long-term val-
ues for the facility being 143Nd/144Nd BHVO-2 (average =
0.512973 ± 0.000012, n = 71) and NIST JMC 321 (0.511
114 ± 0.000017).

Sediments from ODP 1063 were leached using a buffered
acetic acid solution (after Abbott et al., 2016). Briefly,
10 mL of milli-Q water was added to each Falcon Tube
with approximately 1 g of dried sediment and the sample
was shaken by hand and allowed to sit for five minutes.
The mixture was then centrifuged at 4000 rpm for 15 min-
utes and the overlying solution decanted. This was repeated
for a total of 3 times. The acid leachable fraction was then
targeted by adding 10 ml of buffered acetic acid solution
(0.5 M sodium acetate, 2.5 M glacial acetic acid in milliQ,
pH 3.5–4) to each sample. The samples were shaken for
two hours and then centrifuged at 4000 rpm for 20 minutes.
Following centrifugation, 8 mL of the solution was pipetted
into acid-cleaned Teflon and dried completely at 120 �C on
a hotplate overnight. This aliquot was then refluxed in 2 mL
quartz distilled concentrated HNO3 at 120 �C, dried, and
then refluxed in a mixture of HClO4, HF and HNO3 was
added and fluxed at 160 �C following the same protocol
as above (Nijenhuis and de Lange, 2000). Samples were
then dried completely, refluxed in 2 ml of 2.5 N HCl and
0.1 N HF and separated using the sample column chro-
matography technique applied to the bulk digest.

Bulk mineralogy of representative samples from both
sites was determined by X-ray diffractometry (XRD).
Freeze-dried samples were homogenised in an agate mortar
and pestle, before back-loading into 25 mm internal diam-
eter stainless steel sample holders. X-ray powder diffraction
patterns spanning 5 to 90� 2h were collected using a PANa-
lytical Aeris benchtop XRD instrument (0.02� step size, Cu-
radiation source with 40 kV generator voltage and 15 mA
tube current, 1/8 inch divergence slits and 23 mm beam
mask). Diffraction patterns were interpreted using Panalyt-
ical HighscorePlus software with the ICSD database for
phase identification. Whole-pattern clustering in Highscore
Plus facilitated the identification of lithological or composi-
tional groupings within the samples.

SEM images and mineral maps were collected from eight
samples following previously published methods (Supple-
mental Table 2; Abbott et al., 2019, Frank et al., 2020).
Briefly, we used scanning electron microscope (SEM) anal-
ysis on an FEI Teneo LoVac field emission SEM equipped
with dual Bruker XFlash Series 6 energy dispersive X-ray
spectroscopy (EDS) detectors to produce high resolution
mineral maps of each sediment sample. Freeze dried sedi-
ment samples were mounted in epoxy and then polished.
We removed any surface damage or smearing to these resin
mounts caused by the mechanical polishing using a Hitachi
IM4000 Argon Ion Mill (10� beam incident angle, 5 kV
accelerating voltage, 30 minutes with continuous sample
rotation). Samples were carbon-coated before placement
in the SEM. Backscatter electron (BSE) image tilesets
(�600 nm pixel resolution for overview tilesets, �70 nm
pixel resolution for selected regions of interest) and EDS
spectra (1.5 mm step size, 8 ms dwell time) were collected
sequentially using the FEI Maps Mineralogy software fol-
lowed by classification of the individual EDS spectra using
the FEI Nanomin software of smaller, representative
regions of interest chosen after inspection of the BSE over-
view images (Haberlah et al., 2015). Mineral identification
in the Nanomin� software is achieved by comparing EDS
spectra collected in the mapped area against reference spec-
tra collected on known mineral standards. Unlike other
SEM-based mineral mapping techniques (e.g. QEMS-
CAN), the Nanomin mineral classification system can
deconvolve mixed X-ray spectra and assign up to three min-
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erals per analyzed spot. This is a critical requirement for the
correct interpretation of the mixed phase X-ray spectra
characteristic of heterogeneous fine- grained sediments,
where the X-ray generating electron interaction volume is
commonly larger than the grain size. This results in accu-
racy and precision comparable to quantitative XRD analy-
sis (Rafiei et al, 2020).

2.3. Age Models

A linear age model based on the data provided in Hodell
et al. (2008) was used for ODP Site 1308. Specifically, we
used the ages from 0.68 to 2.01 mcd, resulting in the age
(ky) = 18.78 (depth in meters) + 0.3649. Both our new
detrital data and the existing sediment leach record from
Blaser et al. (2019) were plotted using this approach. Iden-
tification of Heinrich Events in nearby site 980 (Crocker
et al., 2016) was also used in identification of events older
than those reported by Blaser et al. (2019). For IODP Site
1063, we used a linear age depth model based on Roberts
et al. (2010) and identified two distinct age-depth relation-
ships breaking at 1.42 mcd. For all samples above 1.42
mcd, we calculated the age as age (ky) = 0.108 (depth in
meters) – 0.2396 and for all samples below 1.42 mcd we cal-
culated the age as age (ky) = 0.018 (depth in
meters) + 11.824.

3. RESULTS

3.1. Global Compilation

Our global compilation demonstrates a strong (correla-
tion coefficient = 0.86; n = 871) overall correlation between
authigenic archives and detrital phases (Fig. 2; Table 1).
Without the Gulf of St. Lawrence dataset the correlation
coefficient is still 0.85 (n = 861; Supplemental Fig. 1). Even
considered individually, each type of authigenic record still
displays significant correlation with the corresponding
detrital material (Table 1). However, the sediment leachate
eNd records do have a lower correlation coefficient with the
detrital eNd values than the fish teeth/debris or foraminifera
datasets, likely a result of the range of leaching protocols
employed (Table 1; Supplemental Table 1) and the poten-
tial for leaches to target unintentional phases including
variably abundant trace phases that may have Nd isotopic
compositions that differ significantly from the bulk (e.g.
Wilson et al., 2012; Abbott et al., 2016; McKinley et al.,
2019). The fish teeth/debris appears to separate into two
populations, one with an eNd similar to detrital and one
with a more radiogenic eNd signature than the detrital,
but both populations are highly correlated to the detrital
component (Fig. 1d). This compilation broadly shows more
negative eNd values for both detrital and authigenic phases
in the North Atlantic that become progressively more pos-
itive in the Indian and Arctic basins with the most positive
values observed in the North Pacific but there is significant
overlap in the eNd range between basins (Fig. 1; e.g.
Grousset et al., 1988; Jeandel et al., 2007; Du et al., 2020;
Robinson et al., 2021).
3.2. Neodymium Isotopes from ODP 1063 and IODP 1308

The eNd of the bulk sediments from IODP 1308 spans a
larger range than eNd of the bulk sediments from ODP Site
1063. Specifically, bulk sediment eNd ranged between
�12.0 ± 0.1 and �23.2 ± 0.1 at IODP Site 1308 and
between �11.7 ± 0.1 and �16.0 ± 0.1 at ODP Site 1063
(Fig. 3; Fig. 4; Supplemental Table 3). The largest negative
excursion in the bulk sediments at Site 1308 occurred at 52
kyr (Heinrich Event 5, Fig. 5), with additional negative
excursions at 38.9 kyr (coincident with Heinrich Event 4;
Crocker et al., 2016), 23.8 kyr (Heinrich Event 2), and
17.3 kyr (Heinrich Event 1). No sediment samples were
available for Heinrich Event 3 from site 1308. Sediments
at Site 1063 were consistently � �12 throughout the Last
Glacial Maximum with the only large negative excursion
(eNd �16) in the last 25 kyrs beginning following the onset
of the Holocene (10.7 kyr) with a subsequent gradual
rebound towards more radiogenic values in modern sedi-
ments (Fig. 4; Supplemental Table 3). The acid leachable
fraction (sediment leach) from Site ODP 1063 ranged
between �10.2 ± 0.1 and �13.3 ± 0.1 (Fig. 4; Supplemental
Table 3). While following the same general trend, the mag-
nitude of changes in the eNd of the acid leachable fraction
was smaller at Site 1063 than the magnitude of the changes
observed in the eNd of the bulk sediment (Fig. 5). The acid
leachable fraction (eNd �11) was generally more radiogenic
than the bulk sediment and had negative excursions at 24
kyr (eNd �12.8), coincident with an abrupt slow down in
Atlantic Meridional Overturning Circulation (Fig. 4), and
from 14 to 12 kyr (eNd �13.3, �12.9), coincident with the
Bølling Allerød and Younger Dryas (Ng et al., 2018).

3.3. Mineralogical Properties

3.3.1. IODP 1308

Bulk powder XRD analysis and SEM-EDS mineral
mapping of Site 1308 materials reveals a clear composi-
tional shift with the onset of carbonate ooze deposition in
the Holocene (�11 kyr). Whole-pattern cluster analysis of
X-ray diffractograms identifies two classes of muds prior
to this, punctuated by an influx of coarse IRD during Hein-
rich Events 1, 2, 4 and 5 (Fig. 5; Supplemental Table 3): 1)
mixed calcareous-clastic muds, containing > 20% calcite
(foraminifera and coccolithophore remains) and minor
detrital dolomite, in addition to feldspar, quartz, illite and
chlorite and 2) carbonate-lean clastic muds, contain-
ing < 15% calcite and dolomite, and commensurately higher
abundances of feldspar, quartz, illite and chlorite (Fig. 3).
Heinrich Events 1 and 2 (as identified by Hodell et al.,
2017; Blaser et al., 2019) are compositionally distinct and
contain abundant IRD including sand to silt size igneous
and metasedimentary lithic grains, quartz, feldspar, as well
as abundant detrital dolomite and calcite grains, in an illite
and chlorite clay rich matrix. Heinrich Events 4 and 5, by
contrast, are compositionally more similar to the
carbonate-lean clastic sediments that are characteristic of
this site for the majority of the last glacial interval.
This is likely because of the dominance of feldspar



Fig. 2. Global compilation of paired authigenic eNd and detrital eNd records (A). The strong linear correlation (correlation coefficient = 0.86,
n = 871) across all basins and the various archive types suggests widespread influence of lithogenically sourced neodymium, likely during early
diagenesis (full list of data sources in SI). A 1 to 1 relationship is illustrated by the dotted line (black squares). The open squares represent the
same slope but offset with authigenic records more radiogenic than their corresponding detrital record. This authigenic shift towards
radiogenic values is most evident in more enclosed basins receiving volcaniclastic detritus, such as the Mediterranean (grey) and Caribbean
(turquoise). Authigenic archives include sediment leaches (triangles, and B), foraminifera (square, and C), and fish debris (diamonds, and D),
from the North Atlantic (dark blue), South Atlantic (light blue), Indian (green), South Pacific (orange), North Pacific (red), and Arctic
(purple) oceans. For comparison purposes, we also present the data by location showing the Atlantic (E), Pacific (F), and enclosed basins (G)
as separate panels. The similarity in correlation with detrital between all commonly reported authigenic archive types (leachate, foraminifera,
or fish debris) demonstrates this relationship is not simply an artifact of sediment leaching protocols. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Table 1
Dataset sample size and correlation coefficient.

Dataset n Correlation Coefficient

All Authigenic 871 0.86
All w/out Casse 861 0.85
Fish Teeth/Debris 67 0.92
Foraminifera 237 0.87
Sediment Leachates 567 0.63
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as well as large igneous and metasedimentary IRD
accompanied by relatively lower quantities of detrital
calcite and dolomite.
Fig. 3. Downcore eNd and mineralogical variation for IODP Site 1308 an
compared to existing authigenic eNd records including sediment leach
brown open squares Blaser et al. 2019; strong hydroxylamine hydroch
Lippold, 2011), foraminifera (open blue triangles, Roberts et al. 2010), an
and bulk sediment neodymium records co-vary, consistent with the global
obtained by SEM-bsaed mineral mapping of select down core samples. Q
(red arrow), Dolomite (Dol, periwinkle), clay minerals (green), salts (brigh
Foraminifera and other biogenic calcite present but not labeled. All scale
Supplemental Table 3) at IODP 1308 are comprised of detrital clays, sil
including quartz, dolomite, calcite, and lithic fragments including some m
clays, biogenic carbonates, and detrital carbonates. Calcite and dolomite
range c) Heinrich event 2 (H2) also contains larger IRD including quartz
constituents in the silt to fine sand size range. The matrix is dominantly d
event 5 (H5) shows abundant large metasedimentary lithic clasts correspo
a calcareous mud with detrital clays, biogenic silica, quartz, and some lar
grained matrix of detrital clays and biogenic opal with some detrital carbo
feldspars visible h) Glacial, similar to (f) with a few larger mica and dolom
Site 1063 including sediment leach records not shown here. (For interpre
referred to the web version of this article.)
3.3.2. ODP 1063

Bulk powder XRD analysis and SEM-EDS mineral
mapping identifies a major lithological transition from a
carbonate-lean mud with abundant quartz and feldspar silt
prior to � 14.9 kyr to a calcareous mud from � 12.3 kyr
(Supplemental Table 3). The carbonate lean muds are dom-
inantly composed of illite, smectite, and chlorite clays as
well as abundant quartz, feldspar, muscovite, and lithic silt
grains up to 50 mm in size, with SEM analysis further iden-
tifying abundant biogenic siliceous material (Fig. 3). Calcite
(�10%) is mainly present as foraminiferal tests, in addition
to ubiquitous detrital dolomite grains (�1–2%). The cal-
careous mud has a similar mineral assemblage but contains
less biogenic silica and a higher proportion of foraminiferal
d ODP Site 1063. Bulk eNd (this study, solid pink squares) is shown
(weak hydroxylamine hydrochloride leach without decarbonation
loride leach without decarbonation blue diamonds Gutjahr and
d fish teeth (open pink diamonds, Roberts et al. 2010). Authigenic
trend identified in Fig. 3. Panels show mineralogical characteristics
uartz (Q, pink), Feldspar (fs), detrital Calcite (yellow arrow), Micas
t white), lithic grains (L, multi color), and apatite (A, bright pink).
bars represent 100 lm. a) mixed calcareous and clastic mud (ccm;

ts and biogenic carbonates b) Heinrich event 1 (H1) contains IRD
etasedimentary grains. The fine-grained matrix comprises detrital

are the most abundant IRD constituents in the silt to fine sand size
and lithic grains. Calcite and dolomite are the most abundant IRD
etrital carbonates and clays, some biogenic carbonates d) Heinrich
nding to a strong unradiogenic eNd signature e) Deglacial interval is
ger feldspar and apatite grains f) Glacial sediments with mainly fine
nates g) Glacial, similar to (f) with a few larger detrital calcites and
ite grains visible. Fig. 4 provides a further in depth examination of
tation of the references to colour in this figure legend, the reader is



Fig. 4. Changes in ocean circulation, ice extent and resulting eNd record at Bermuda Rise ODP site 1063. A) Record of Atlantic Meridional
Overturning Circulation strength as indicated by 231Pa/230Th (from Ng et al., 2018); B) Bulk sediment eNd (pink squares, this study); bulk
sediment leach eNd (grey square, this study); decarbonated sediment leach eNd (brown open squares, Roberts et al., 2010), and foraminfera eNd

(triangles, Roberts et al,. 2010) for the last 25 kyr from site 1063. Triangles on the bottom � axis indicate timing of ice margin extent shown in
(C) and (D). C) Location of site 1063 (black star) with simplified schematic of the location of Holocene deep water formation and deep to
intermediate currents after Seidov and Maslin (1999) in grey and approximate ice extent at 11.5 kyr (white hashed line) after Margold et al.,
2018. D) Location of site 1063 (black star) with simplified schematic of the location of deep water formation and deep to intermediate currents
during the Last Glacial Maximum after Seidov and Maslin (1999) in blue and approximate ice extent at 21.8 (black hashed line) and 15.5 kyr
(purple hashed line) after Margold et al., 2018. Maps for (C) and (D) created using Ocean Data View (Schlitzer, R., Ocean Data View, http://
odv.awi.de, 2016).

A.N. Abbott et al. /Geochimica et Cosmochimica Acta 319 (2022) 318–336 325
and coccolithophore calcite, contributing to carbonate
abundances mostly > 25% wt, as well as silt size material
that is notably less abundant and finer grained (<20 mm).
Sample D1 H1 130–132 (�13.9 kyr) is transitional to the
two, containing � 15% calcite and returns the most radio-
genic leach value eNd measured at this site (eNd �13.3; Sup-
plemental Table 3).

3.4. Literature-based conceptual framework

Finally, we synthesized existing literature to design a
new conceptual framework to understand the interplay
between the major potential controls on the authigenic
eNd record from both the traditional top-down and more
recently proposed bottom-up models for neodymium
cycling in the ocean (Fig. 6). Most paleoclimate studies
using authigenic eNd ocean circulation reconstructions
assume that these authigenic records reflect bottom water
values (e.g. Rutberg et al., 2000; Frank, 2002; Scher and
Martin, 2004; Gutjahr and Lippold, 2011; Böhm et al.,
2015; Huck et al., 2016; Basak et al., 2018; Blaser et al.,
2019). In this top-down understanding of the neodymium
cycle in the ocean, the authigenic eNd is controlled by the
eNd of bottom water; this forms the basis for our first sce-
nario (Fig. 6a). The alternative, described by the bottom-
up model (e.g. Haley et al., 2017), is that the reactive phases
of the sediment exert control over bottom water eNd via the
pore water (benthic flux, Abbott et al. 2015b). However,
there are two ways within this model for the sediments to
influence the authigenic record so we split the bottom-up
processes into two separate scenarios. The sediments can
either influence the authigenic record via the benthic flux’s
impact on the bottom water eNd (Fig. 6b, e.g. Abbott et al.,
2015b; Haley et al., 2017) or directly in the sediment col-
umn during early diagenesis (Fig. 6c; e.g. Abbott et al.,
2019; Skinner et al., 2019) forming our scenario 2 and sce-
nario 3 respectively. We stress that a true separation
between scenario 2 and 3 can only occur if the eNd of the
authigenic phase is determined before burial (e.g. in the bot-
tom water) or if there is no local benthic flux. However,

http://odv.awi.de
http://odv.awi.de
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Heinrich Event 5; IODP Site 1308

Fig. 5. Mineral map (A) and backscatter electron image (BSE, B) of IODP Site 1308 Heinrich Event 4. The area from which the mineral map
is taken is outlined with a black box on the BSE image (B). Note that the mineral map (A) is at a 90� rotation from the BSE image (B).
Sediments corresponding to Heinrich Event 5 had the largest abundance of lithics including large metasedimentary clasts (diameter > 400 um).
Also visible is quartz, detrital calcites (Cal), dolomite (Dol), and feldspars (fsp). Some biogenic calcite (BiCa) is present although overall, the
sparse occurrence of foraminifera is consistent with observations from Heinrich Events 1 and 2. The same color legend as in the main text is
used in (A). Inset (C) shows full profile of bulk sediment eNd for IODP 1308 extending through Heinrich Event 5.
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imposing a separation between the two scenarios allows us
to demonstrate how the resulting eNd of the authigenic
phases from the two processes differ and highlights the
importance of when the authigenic phase acquires its iso-
topic signature. Therefore, we consider these three scenar-
ios as analogous to the ‘end-members’ in end-member
mixing in that each scenario isolates a single process and
looks at the results if that process is completely dominant
at a given site and time. However, we consider it likely that
at any given site more than one of these processes may be
important and therefore two scenarios may be simultane-
ously applicable. We describe each end-member scenario
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2. Benthic Flux Scenario

1.Traditional Scenario

3.Diagenetic Scenario

Fig. 6. Framework for interpreting authigenic eNd records, with three end-member scenarios; 1) ‘Traditional’ Scenario: authigenic eNd is
strictly a record of bottom water eNd, detrital eNd does not influence either, 2) Benthic Flux Scenario: detrital eNd can alter the bottom water
eNd through the benthic flux, and the authigenic eNd then records that altered bottom water eNd [function of circulation speed, exposure time,
distance traveled, magnitude and character of benthic flux], and 3) Diagenetic Scenario: bottom water eNd is not preserved in the authigenic
eNd record, instead authigenic eNd is strictly a function of the composition and reactivity of the detrital components, exchanging via pore
water. The relative importance of each scenario may change both temporally and spatially. Artwork by Marlo Garnsworthy, Wordy Bird
Studios.
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in detail below, including the expected impact on the authi-
genic eNd record.

In the traditional scenario (1), eNd behaves conserva-
tively in bottom water and is only changed through water
mass mixing. This means that the bottom water eNd can
act as a tracer for water mass movement because of the
heterogeneity of continental eNd around the globe, there-
fore revealing the water mass’s origin based on the neody-
mium fingerprint (e.g. Frank, 2002). Furthermore, in this
scenario the bottom water eNd sets the authigenic eNd,
and this authigenic eNd remains unaltered during diagenesis
(Fig. 6a). The pore water eNd is inherited from the bottom
water eNd and there is no active sediment-fluid interaction
under ambient conditions. Without reactive sediment
phases, the sediment acts only as a sink for Nd and there
is no benthic source at these locations. Because the authi-
genic eNd is only dependent on the overlying water mass’s
origin in this scenario, the authigenic eNd can be entirely
decoupled from the local detrital eNd record. This could
explain why GEOTRACES data from 70�N to 20�S in
the North Atlantic today demonstrates a nearly constant
modern bottom water eNd with only slight deviations from
�13 to �11 near the southern tip of Greenland and again at
the southern end of the profile (Lambelet et al., 2016) yet
over the same transect we see a nearly 20 e change in detri-
tal eNd (e.g. Du et al., 2020; Robinson et al., 2021; Fig. 1a).
In this example, if scenario 1 is dominant we expect that the
authigenic eNd should remain equal to bottom water (-13)
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irrespective of detrital composition and only change upon
the intrusion of a different water mass into the region. In
summary, under scenario 1 changes in the authigenic eNd

record reflect changes in ocean circulation (e.g. Frank,
2002; Huck et al., 2016; Basak et al., 2018; Blaser et al.,
2019) and bottom water eNd and detrital eNd can be
de-coupled as seen in the North Atlantic today.

In the benthic flux scenario (2), the authigenic eNd is still
determined by the eNd of the bottom water (as in scenario
1), however the bottom water itself is altered by a benthic
flux (Fig. 6b; non-conservative behavior of eNd in the bot-
tom water after Abbott et al., 2015b; Abbott, 2019). The
benthic flux represents the elements introduced into the bot-
tom water via a diffusive flux from higher concentrations in
the pore water to lower concentrations in the bottom water
either at the study location or earlier along the water mass’s
flow path (e.g. Haley et al., 2004; Abbott et al., 2015b;
Haley et al., 2017). In this scenario the resulting authigenic
eNd record is a function of the magnitude and isotopic nat-
ure of the benthic flux and the exposure time of a water
mass to that flux. The bottom water is continually influ-
enced by the sediments as it moves, making the bottom
water eNd at any given location also a function of the water
mass’s flow path and speed (inverse to exposure time, e.g.
Abbott et al., 2015b; Haley et al. 2017). Given that this sce-
nario assumes that authigenic phase eNd is set by the bot-
tom water eNd and not altered in the sediment column
(notwithstanding the reactive sediments needed to drive a
local benthic flux), the degree of coupling between authi-
genic eNd and detrital eNd is going to be a function of the
local benthic flux (magnitude and eNd) as well as the flow
path. That is, if the local benthic flux (with an eNd approx-
imated by that site’s detrital eNd) is large enough or circula-
tion is slow enough for the influence of the local benthic
flux to be the dominant control on the bottom water eNd

at that site we expect a coupling between authigenic eNd

and detrital eNd. However, if circulation is strong or there
is a weak local benthic flux, decoupling between authigenic
eNd and detrital eNd is possible as the bottom water eNd will
be an integrated signature of the different inputs along its
flow path, as a ‘memory’ of where the water mass had been
previously. This idea of circulation outweighing the local
benthic flux could also be consistent with the observed
modern North Atlantic eNd distribution discussed above.
Overall, in the benthic flux scenario the degree of decou-
pling should be, at least in part, controlled by the magni-
tude of the benthic flux at a given location. In summary,
in regions with a locally high benthic flux (exaggerated by
sluggish circulation) we expect the bottom water eNd to
be altered to be more similar to the local sedimentary eNd

(strongly coupled) whereas in regions of no local benthic
flux or very low local benthic flux (exaggerated by strong
circulation) the bottom water would have a longer lasting
‘memory’ of upstream eNd inputs (decoupled; e.g. Abbott
et al., 2016; Haley et al., 2017; Tachikawa et al., 2017).

In our diagenetic scenario (3), authigenic eNd is only
dependent on the surrounding sediments and does not
record bottom water eNd (Fig. 6c). Here we neglect the iso-
topic composition of bottom water (i.e. pore water at
time = 0), consistent with observations that the concentra-
tion of Nd in bottom water is often 1 to 2 orders of magni-
tude lower than the Nd concentration of pore water, which
itself only contains < 0.001% of the total Nd reservoir in the
sediments (e.g. Haley et al., 2004; Abbott et al., 2015a,
2016; Du et al., 2016), making bottom water composition
inconsequential in a sediment-dominated system. This sce-
nario predicts that the authigenic eNd record is determined
entirely within the sediment column, meaning the resulting
authigenic eNd will be a function of the reactivity and eNd of
sediment components (a reactivity-weighted average eNd) so
there should be a strong coupling between authigenic eNd

and detrital eNd. Importantly, while we do not consider bot-
tom water in terms of an influence on the authigenic record
in this scenario, the bottom water itself is likely highly
altered as a reactive sediment column can be expected to
have elevated Nd concentrations in the pore water and thus
a high resulting benthic flux. The distinction in scenario 3 is
that while benthic flux is very much present, the authigenic
phase acquires its Nd isotopic signature in the sediment col-
umn restricting the detrital influence to the local sediment
composition and removing the ‘memory’ effect possible
when the authigenic signature is determined by the bottom
water. Additionally, because the pore water eNd is driven by
the reactive sediment components, we can use existing pore
water eNd measurements to understand how quickly this
evolution of isotope values towards sediment values can
occur. These eNd pore water profiles demonstrate that by
1 cm sediment depth the eNd of the pore water is already
more closely resembling the value recorded in deeper pore
water (8–12 cm) than that of overlying bottom water (high-
est resolution currently available, Abbott et al., 2015b).
This demonstrates that the early diagenetic processes driv-
ing this scenario occur without significant burial. Therefore,
the eNd of authigenic phases, even in the upper cm of the
sediment column, can already be reflective of the sedimen-
tary eNd. Notably, this scenario permits authigenic phases
to continue to change throughout diagenesis through
dissolution-precipitation cycles, secondary mineral phases
growth, and the replacement of primary phases (e.g.
Abbott et al., 2019; Skinner et al., 2019), whereas scenarios
1 and 2 assume that the authigenic phase maintains the bot-
tom water signature through time.

Scenario 2 and scenario 3 are closely related because
both require active sediment-fluid interactions during early
diagenesis and, as seen above, both may result in coupling
between authigenic eNd and detrital eNd. The magnitude of
a benthic flux (scenario 2) will be determined by sediment
reactivity and the amount of opportunity for interactions
between solid and fluid phases such as exposure time, sedi-
mentation rate, and grain size (Wilson et al., 2012; Pearce
et al., 2013; Roberts and Piotrowski, 2015; Abbott et al.,
2016; Du et al., 2016; Homoky et al., 2016; Howe et al.,
2016; Haley et al., 2017; Blaser et al., 2019; Abbott et al.,
2019; Vogt-Vincent et al., 2020; Jaume-Sequı́ et al., 2021).
These solid–fluid interactions driving the benthic flux via
the pore water in scenario 2 are the same interactions deter-
mining the pore water in which authigenic phases form and
alter in scenario 3. We expect scenario 2 and 3 to produce
the most similar result in regions with high benthic flux
(i.e. bottom water eNd � pore water eNd � sediment eNd)
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due to increased sediment–water interactions (presence of
reactive detritus) resulting in a tight correlation between
the authigenic and detrital eNd signatures under both sce-
narios. In these regions the reactive sediment will determine
the pore water eNd, which in turn will alter the bottom
water to resemble the pore water eNd via the benthic flux.
This means that regardless of whether the authigenic eNd

reflects altered bottom water (scenario 2) or pore water
(scenario 3), the authigenic eNd will ultimately be recording
a bulk signature weighted towards more reactive sediment
components (e.g. Abbott et al., 2016, Du et al., 2016,
Abbott et al., 2019). In contrast, the result of scenario 2
on the other extreme in regions of lower benthic flux or
strong circulation (not enough reactive detritus to signifi-
cantly influence bottom water eNd), the expected decoupling
between authigenic eNd and detrital eNd could either
approach scenario 1 (no significant benthic influence) or
be the result of a strong ‘memory’ of the integrated benthic
inputs along the water mass’ preceding flow path.

Similarly, both scenarios 2 and 3 are complicated in situ-
ations when the sediment contains minor, but isotopically
unique, components that are highly reactive (e.g. ‘cryptic
phase’ of Abbott et al., 2016). This situation can cause the
bulk sediment eNd to be significantly different from the reac-
tivity weighted sediment eNd that is expressed in the pore
water (and therefore the altered bottom water in scenario
2 and directly into the authigenic phase in scenario 3). The
highly-reactive sediment component preferentially con-
tributes eNd to the fluid phase and can make up a significant
portion of the neodymium in the fluid even as a minor sed-
iment component since the pore water is typically < 0.001%
of the neodymium in the surrounding solid reservoir
(Abbott et al., 2016). At the same time, because of its small
presence the minor component does not have a similar
impact on the total sediment eNd and may be a small enough
fraction to remain undetected in sediment mineralogy using
XRD (Abbott et al., 2019). Therefore, if this reactive com-
ponent has an eNd that is sufficiently distinct from that of
the bulk sediment we would expect an offset between authi-
genic eNd (determined by the reactive components) and
detrital (bulk) eNd in scenarios 2 or 3, especially if the reac-
tive component is only present in trace amounts (e.g. Wilson
et al., 2012; Pearce et al., 2013; Wilson et al., 2013; Jeandel
and Oelkers, 2015; Abbott et al., 2016). This means that the
authigenic archive, even sourcing its signature entirely from
the pore water whether directly (scenario 3) or via altered
bottom water (scenario 2), can be decoupled from the detri-
tal (bulk) eNd signature (i.e. bottom water eNd = pore water
eNd = reactivity weighted detrital – bulk sediment).

The scenarios we consider focus on processes at or near
the sediment water interface because an increasing body of
literature suggests that the sediments are a significant driver
of ocean Nd cycling (Arsouze et al., 2009; Rempfer et al.,
2011; Haley et al., 2017; Abbott et al., 2019) whereas water
column processes such as reversible scavenging have a rela-
tively minor role in balancing the neodymium budget
because they merely redistribute Nd within the water col-
umn but do not introduce the new net Nd source required
to balance the modern budget (Arsouze et al., 2009). Fur-
thermore, neither the magnitude nor geographic pattern
of non-conservative eNd behavior correlate well to surface
water eNd as would be predicted by the reversible scaveng-
ing model; instead, these show a strong correlation to sea-
floor detrital eNd (Du et al., 2020), more consistent with a
bottom-up control. The limited role of reversible scaveng-
ing on the overall marine Nd budget is further supported
by modeling experiments which have shown little change
to eNd with variations to the particle fields (Gu et al., 2019).

4. DISCUSSION

4.1. Global Trends

The strong correlation between authigenic and detrital
phases globally (Fig. 2) is inconsistent with authigenic eNd

as strictly a bottom water tracer (‘traditional’ scenario, Sec-
tion 3.4, Fig. 6a), and instead suggests that the authigenic
signal is, at least in part, controlled by the provenance of
the detrital sedimentary material and terrestrial weathering
(Fig. 6b, 6c; Grousset et al., 1988; Abbott et al., 2016; Du
et al., 2016; Haley et al., 2017; Bayon et al., 2020; Du
et al., 2020; Robinson et al., 2021). The consistency of this
correlation across ocean basins, time periods, and multiple
authigenic archives including fish teeth/debris, foramini-
fera, and the acid leachable component of the sediment,
despite a range of methods to access the authigenic fraction
(Supplemental Table 3), demonstrates that such a correla-
tion is not simply an artifact associated with sediment
leaching protocols that tap into an ‘unintentional phase’
(e.g. Wilson et al., 2013; Du et al., 2016; McKinley et al.,
2019). Similarly the coverage of this compilation demon-
strates the correlation is not a spatially or temporally lim-
ited phenomenon restricted to areas with particularly
reactive detritus or times of high ice rafted debris deposition
(e.g. Roberts and Piotrowski, 2015; Howe et al., 2016;
Blaser et al., 2019). Additionally, this global marine corre-
lation closely resembles the correlation between the leach-
able fraction and corresponding detritus observed in
rivers draining crystalline, volcanic, and mixed lithological
watersheds (Bayon et al., 2020).

We argue that this multi-record compilation demon-
strates widespread control of authigenic neodymium signa-
tures by a detrital (lithogenic) influence, either indirectly
through benthic flux alteration of bottom water (scenario
2, Fig. 6b) or directly through isotopic exchange with the
pore water during early diagenesis (scenario 3, Fig. 6c;
e.g. Pearce et al., 2013; Abbott et al., 2016; Huck et al.,
2016; Skinner et al., 2019; Du et al., 2020). Either scenario
2 or 3 could result in the observed high correlation coeffi-
cients between the authigenic and detrital records. Looked
at individually, all three authigenic archives (fish teeth/de-
bris, sediment leaches, and foraminifera records) are
strongly correlated with their paired detrital record
(Table 1) and all generally fall close to a 1:1 slope (Fig. 2).

We expect that the degree to which a paired record is
correlated is a function of the extent of detrital influence,
with scenario 3 resulting in the highest correlation coeffi-
cient and scenario 1 the lowest. We further suggest that
the degree to which the authigenic eNd and detrital eNd

are decoupled (e.g. DeNd, Bayon et al., 2020) may reflect
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the relative importance of scenario 1 over scenario 2 or 3, or
in the absence of scenario 1 is a function of the contribution
of a small but highly reactive and isotopically distinct sed-
iment component (scenario 2 or 3) and upstream influences
(via scenario 2) as we will demonstrate for ODP site 1063
and IODP site 1308 in Section 4.2. For instance, radiogenic
offsets of the authigenic archive resulting from differential
dissolution of reactive Nd-containing sediment phases
(e.g. Tachikawa et al., 2004; Jeandel et al., 2007; Wilson
et al., 2012; Pearce et al., 2013; Wilson et al., 2013;
Osborne et al., 2014; Rousseau et al., 2015; Jeandel and
Oelkers, 2015; Abbott et al., 2016; Du et al., 2016;
McKinley et al., 2019) are evident in records from semi-
enclosed basins (e.g. Mediterranean and Caribbean,
Fig. 2G). These offsets are consistent with observations of
a reactive radiogenic phase in less compositionally mature
(i.e. less chemically weathered) sediments and along conti-
nental margins (e.g. Abbott et al., 2016; Zhao et al.,
2019) and the longer exposure time for bottom waters in
restricted basins would amplify this effect in the benthic flux
scenario (e.g. Osborne et al., 2014). Furthermore, there is
well-documented evidence of volcanic derived material in
both the Mediterranean and Caribbean (Krom et al.,
2002; Weldeab et al., 2002; Jeandel et al., 2007; Osborne
et al., 2014) and in the North Atlantic region influenced
by Icelandic volcanics as discussed below.

4.2. Case Study: LGM in the North Atlantic

We evaluate two sites in the North Atlantic (ODP 1063
and IODP 1308, Fig. 1) across the Last Glacial and Last
Deglaciation using our new interpretative framework and
high-resolution SEM-EDS based mineral mapping to
examine mechanistic drivers of the correlation between
the authigenic and bulk sediment eNd records (Fig. 3). This
part of Earth’s history is characterized by rapid climate
oscillations accompanied by massive reorganisations of glo-
bal ocean circulation (Böhm et al., 2015; Jonkers et al.,
2015).

4.2.1. Site 1308

The prevalence of ice rafted debris (IRD) at IODP site
1308 during the Heinrich Events has led previous studies
to investigate the detrital influence in the neodymium
records from this site. Specifically, the negative excursions
in authigenic eNd records have been attributed to reactive
detritus (Blaser et al., 2019; Vogt-Vincent et al., 2020),
despite similar negative excursions elsewhere in the Atlantic
being interpreted as shifts in the Atlantic Meridional Over-
turning Circulation (Roberts et al., 2010; Wilson et al.,
2014; Böhm et al., 2015) or a changing eNd of the Labrador
Sea end-member (Vance and Burton, 1999). Going back to
the onset of Northern Hemisphere glaciation, Von
Blanckenburg and Nägler (2001) provide an explanation
for such an isotopic shift suggesting that the incongruent
release of a labile fraction during Northern Hemisphere
glaciations results in a highly unradiogenic neodymium sig-
nature due to the continental detritus eroding into the Lab-
rador Sea and that the transition from chemical weathering
to mechanical erosion alone is enough to result in signifi-
cant variations in the ocean’s radiogenic tracers. We argue
that this detrital impact is not restricted to the IRD layers
of the Heinrich Events. Instead, we suggest that the detrital
impact from IRD is simply the most noticeable detrital
influence. The large difference between the highly unradio-
genic eNd of the IRD and the background sedimentation,
which more closely resembles expected deep water values,
makes the influence of such detritus more apparent whether
it is through a reaction with the bottom water or after depo-
sition (e.g. Abbott et al., 2015b; Howe et al., 2016; Blaser
et al., 2019: Vogt-Vincent et al. 2020).

Overall, the authigenic eNd records available at IODP
1308 generally follow the same trends as our bulk sediment
eNd data suggesting the authigenic record is influenced by
the sediments throughout the last 55 kyr (Fig. 3, Fig. 5).
An excursion to less radiogenic eNd values in both the
authigenic and bulk sediment records from IODP 1308 is
apparent at Heinrich Events 1 and 2 (Fig. 3). This excursion
to less radiogenic eNd values is also apparent in bulk sedi-
ments records from Heinrich Events 4 and 5 but no corre-
sponding authigenic eNd data are available (Fig. 5). One
sedimentary component that may be responsible for the
unradiogenic response during Heinrich Events is IRD from
the North American Laurentian ice sheet (e.g. Broecker
et al., 1992; Hemming, 2004; Roberts and Piotrowski,
2015; Blaser et al., 2019) and our SEM images confirm
the presence of IRD during these intervals. This IRD con-
sists of lithic clasts of both igneous and meta-sedimentary
origin, as well as detrital carbonates (calcite, dolomite),
feldspar, and quartz clasts (Fig. 3; Fig. 5). While smaller
meta-sedimentary lithics can be identified in Heinrich
Events 1 and 2, the most prevalent meta-sedimentary clasts
are found during Heinrich Event 5 (Fig. 5; note that only a
subset of samples were imaged, Supplemental Table 2).
These meta-sedimentary clasts contain abundant chlorite,
an iron rich clay mineral thought to play an important role
in moderating pore water rare earth elements (Abbott et al.,
2019). In addition to chlorite, they also contain feldspar,
quartz and mica (Fig. 5). Likely originating from a North
American source (e.g. Broecker et al., 1992; Hemming,
2004), the neodymium associated with the chlorite can rea-
sonably be assumed to carry a highly unradiogenic signa-
ture. These clasts likely preferentially bias sediment
leachates towards more unradiogenic values, even in small
quantities as seen at Heinrich Event 1 and Heinrich Event
2, as we would expect them to be quite reactive (von
Blanckenburg and Nägler, 2001; Homoky et al., 2016;
Abbott et al., 2019). In greater quantities, such as observed
during Heinrich Event 5, this unradiogenic component
would also explain the stronger excursion in the bulk eNd

signature (Fig. 5).
The correlation between the authigenic eNd and bulk

sediment eNd downcore suggests that the authigenic eNd

record is not recording bottom water over the last 55 kyr,
and instead is being largely determined by the sediments
through scenario 2 or 3. The clear sediment compositional
changes may indicate a dominant role of the diagenetic sce-
nario (scenario 3) at site 1308 however, the presence of reac-
tive sediment phases would likely also drive an active
benthic flux (scenario 2), consistent with estimates of a ben-
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thic flux nearly two times the flux estimated in the modern
North Pacific during Heinrich Event 1 (50 pmol cm�2 a-1;
Blaser et al., 2019). A slowdown of the Atlantic Meridional
Overturning Circulation at this time would further exagger-
ate the influence of a benthic flux by increasing the exposure
time in scenario 2 (Abbott et al., 2015b; Du et al., 2016;
Blaser et al., 2019; McKinley et al., 2019).

Throughout the record, Heinrich Events correspond to
both the most unradiogenic bulk and authigenic eNd values,
whereas adjacent, non-Heinrich, glacial sediments corre-
spond to relatively more radiogenic bulk and authigenic
values (Fig. 3; Fig. 5). Despite this overall consistency in
trends between authigenic eNd and bulk sediment eNd

downcore, there are some noticeable differences between
the two records. We argue these differences are not indica-
tive of an intermittent prevalence of scenario 1, but rather
that these differences are due to the presence of reactive
phases in the sediments preferentially contributing to the
reactive eNd pool (Fig. 5, Supplemental Table 3). As dis-
cussed in Section 3.4, small abundances of an isotopically
unique and reactive material (detrital clays, oxides, or vol-
canics) would be expected to strongly influence the authi-
genic eNd signatures in scenario 2 or 3 while not
noticeably impacting the residual or detrital eNd signatures
(e.g. Roberts et al., 2010; Wilson et al., 2012; Abbott et al.,
2016; Du et al., 2016). For example, if we look at the record
prior to 10 kyr, the authigenic eNd during glacial but non-
Heinrich times is consistently more radiogenic than the
detrital eNd (Blaser et al. 2019; Fig. 3). This offset between
authigenic and detrital eNd is likely due to the influence of
Icelandic derived material (oxides or clays, potentially vol-
canic glass or ash; e.g. Roberts and Piotrowski, 2015; Blaser
et al., 2019). Such a preferential release of rare earth eleem-
nts from more reactive sediment components is well docu-
mented in the laboratory and in the field (Elmore et al.,
2011; Wilson et al., 2012; Pearce et al., 2013; Jeandel and
Oelkers, 2015; Rousseau et al., 2015; Abbott et al., 2016).
Similarly, the muted bulk isotopic response to Heinrich
Event 1 (eNd �14.0) and Heinrich Event 2 (eNd �14.6) com-
pared to the bulk isotopic response to Heinrich 5 (eNd

�23.2) is consistent with the most IRD apparent in Hein-
rich 5 (relatively higher proportion of the bulk). In addition
to the chlorite rich IRD, the detrital carbonates are likely
also a source of Laurentian sourced unradiogenic neody-
mium during Heinrich Events (e.g. Roberts and
Piotrowski, 2015; Blaser et al., 2019) that would likely be
preferentially released during chemical leaching and there-
fore included in the operationally defined ‘authigenic
phase’. The abundance of these detrital carbonates likely
overwhelms the more radiogenic eNd Iceland-derived signa-
ture of the Heinrich events during leaching, particularly
with a relatively weak leach solution.

4.2.2. Site 1063

While Site 1063 appears sheltered from the brunt of the
Heinrich Event ice discharges, with no noticeable eNd

excursions, IRD, or mineralogical shifts during the last
glaciation, the onset of the Holocene and retreat of the Lau-
rentide Ice Sheet is clearly visible in this record. The authi-
genic eNd record from site 1063 has previously been
interpreted to record a rapid shift in both bottom water
source and overturning rates at this deglacial transition
(Roberts et al., 2010). The fact that the eNd of uncleaned
foraminifera did not reach the southern source water end-
member value during the last glacial has been interpreted
as evidence that some proportion of northern source water
was maintained, and that the Atlantic Meridional Over-
turning Circulation did not completely shut down despite
higher 231Pa/230Th values (Roberts et al., 2010; Böhm
et al., 2015). Furthermore, the authigenic (foraminifera)
�16 eNd during the deglacial transition was interpreted as
evidence for an increased proportion of Labrador Sea water
in the northern sourced water (Roberts et al., 2010). Inter-
estingly, sediment leaches were dismissed as contaminated
based on these leaches returning more radiogenic values
when compared to foraminifera, with the assumption being
made that the leaches were more heavily impacted by con-
tamination from the detrital phases than the other authi-
genic records (Roberts et al., 2010). But when we measure
the bulk sediment at this site, it is instead the foraminifera
that most closely track the sediment values and the leach
that is not as tightly coupled, potentially due to the uninten-
tional dissolution of radiogenic volcanic material (Fig. 4).
We now consider how our interpretative framework can
resolve this discrepancy.

During the last glaciation, the sediments at Bermuda
Rise are characterized by fewer marine carbonates than
during the deglacial transition or the Holocene (carbonate
lean mud, Supplemental Table 3; Fig. 3). The bulk sediment
eNd during this interval is relatively constant (�12), consis-
tent with previously published authigenic eNd from the site
(Fig. 3, Fig. 4). The sediment is typically fine grained with
dominantly clay-sized particles. However, both the bulk
sediment and the foraminifera records show a transition
to the least radiogenic values by the early Holocene
(Fig. 4). This transition in eNd begins during the Bølling
Allerød and corresponds to a compositional change from
carbonate lean muds present until 14.9 kyr to calcareous
muds by 12.3 kyr (Supplemental Table 3). We can under-
stand these shifts by examining the behavior of the nearby
Laurentide Ice Sheet as well as the changes in AMOC
occurring as we move out of the Last Glacial Maximum
through Heinrich Stadial 1, the Bølling Allerød Event, the
Younger Dryas and into the Holocene (Fig. 4).

During this transition from more radiogenic carbonate
lean muds to less radiogenic calcareous muds, the Lauren-
tide Ice Sheet was actively retreating with the St Lawrence
Seaway opening by about 11.5 kyrs (Fig. 4; Margold et al.,
2018). Accompanying the ice sheet’s retreat and this ‘new’
drainage to the east we expect an influx of fresh unradio-
genic material off the Canadian Shield, consistent with
records of relatively unweathered sediments entering the
abyssal ocean in the proximity of the Labrador Sea during
the Bølling Allerød and early Holocene (Fairbanks, 1989;
and experimentally demonstrated by von Blanckenburg
and Nägler, 2001 for 2.7 Ma). This material from the Cana-
dian Shield, including detrital carbonates, drove the bulk
eNd to more negative values by 10.7 kyr. The dominance
of glacial processes in the region prior to this means that
this material experienced only limited chemical weathering
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and would therefore have been prone to dissolution (von
Blanckenburg and Nägler, 2001; Vance et al., 2009; Zhao
et al., 2019), resulting in pore water that resembles the bulk
eNd values, as demonstrated by the striking resemblance of
our bulk eNd data with the foraminifera eNd data from
Roberts et al. (2010) (Fig. 3, Fig. 4). The clear covariation
between the bulk and foraminiferal data implies a dominant
role for the diagenetic scenario (scenario 3), or a large ben-
thic flux (scenario 2).

Authigenic records from foraminifera and our sediment
leachates are similar at site 1063 prior to � 12 kyr, however
our sediment leachates shift away from the foraminiferal
record to more radiogenic values following the Younger
Dryas (closer resemblance to the leaches of Roberts et al.,
2010; Fig. 4). Coming out of the Younger Dryas into the
early Holocene the foraminifera eNd tracks the bulk sedi-
ment to more unradiogenic values (eNd �16) while our sed-
iment leachates remain closer to those eNd values observed
during the last glacial (eNd �11) after a brief negative excur-
sion (eNd �13.3) during the Bølling Allerød event at 13.9
kyr (corresponding to the transitional composition sample,
Supplemental Table 3). The decoupling of bulk versus
authigenic could be interpreted as evidence that the leachate
values are recording a signature that is more reflective of
bottom-water (i.e. scenario 1 of the interpretative frame-
work; Fig. 6a), perhaps due to the early diagenetic forma-
tion of hydrogenetic (oxy)hydroxides (Bayon et al., 2004),
whereas the foraminifera are incorporating a reactivity-
weighted detrital signature from the pore water during early
diagenesis (Skinner et al., 2019). Alternatively, this decou-
pling may reflect the outsized influence of sediment compo-
nents that are consistently present at Site 1063 and are
mobilized during leaching but do not interact with the pore
water under ambient conditions, in which case the forami-
nifera appear to be a reliable recorder of pore water eNd.
This hypothesis is consistent with the offset between the
sediment leach recovered through a more aggressive leach-
ing protocol (Roberts et al., 2010) being further offset from
bulk sediment and pore water values than our weaker
leaching protocol after Blaser et al. (2019) which would
not attack as many of these phases. The potential issues
with sediment leaching ranging from the recovery of such
unintentional phases to complications associated with the
wide variety of methods applied have been well documented
(e.g. Supplemental Table 1; Wilson et al., 2012; Wilson
et al., 2013; Abbott et al., 2016; Abbott et al., 2019;
McKinley et al., 2019). The complications arising from
the operationally defined recovery of phases through sedi-
ment leaches is likely why the authigenic values from sedi-
ment leaches have the lowest correlation coefficient of the
authigenic records examined in our global compilation.

4.3. Reconciling Non-Conservative eNd with Circulation

Reconstructions

If authigenic eNd records are largely determined by a
sedimentary signature as the data from these two sites
and the global compilation would suggest, then why do
authigenic eNd archives align with independent estimates
of circulation changes during past climate perturbations?
While not the traditional bottom water tracer interpreta-
tion, both the benthic flux and diagenetic scenarios are sen-
sitive to changes in climate and circulation. This idea is
most clearly illustrated at site 1308, where climatic (Hein-
rich) events resulted in a changed sediment provenance,
and hence a sediment compositional and isotopic shift.
Whether the authigenic eNd is determined in the water col-
umn (benthic flux), in the sediment column (diagenetic), or
a combination of both, the sediment composition is likely
capturing climate driven changes to weathering and trans-
port rates, reactive land area (partially controlled by sea
level), ocean circulation, and atmospheric circulation
(dust). While speculative, a discussion of potential reasons
for authigenic eNd correlation to climatic shifts helps to
highlight gaps in our understanding of the applicability of
this proxy that merit future evaluation.

Processes that could impact sedimentary eNd with cli-
matic shifts include both oceanic and terrestrial. For
instance, ocean currents are the primary control on the dis-
tribution of detrital sediments, particularly the finer grain
sizes (Grousset et al., 1988; Revel et al., 1996; Innocent
et al., 2000) as illustrated by the southward bound sediment
plume of unradiogenic particles from the Labrador Sea vis-
ible in both detrital and authigenic phases from core top
sediments (Fig. 2). This sediment plume agrees well with
the modern water mass movement from the Labrador Sea
identified by dissolved and particulate eNd (Lambelet
et al., 2016; Stichel et al., 2020). Furthermore, climate will
influence dust abundance and source region (e.g. formerly
submerged continental shelf becomes prone to deflation
by wind during sea level lows; Hesse and McTainsh,
2003; Li et al., 2010) and changes to continental weathering
will impact sediment composition (Erhmann and
Mackensen, 1992; Revel et al., 1996; von Blanckenburg
and Nägler, 2001; Anderson et al., 2019; Robinson et al.,
2021). In terms of the clay minerals, likely to be an impor-
tant source of neodymium to the pore water (Abbott et al.,
2019; Paul et al., 2019), changes in sediment origin or com-
position are expected to coincide with climatic shifts. For
example, the transition between chemical and mechanical
weathering during glacial-interglacial cycles results in sig-
nificant variation in continental weathering which can
result in a shifting isotopic signature from the incongruent
release of more labile fractions from the eroding continental
detritus (von Blanckenburg and Nägler, 2001). For
instance, a decrease in smectite during glacial periods is
associated with decreased chemical weathering and
increased ice coverage (Erhmann and Mackensen, 1992;
Revel et al., 1996). Furthermore, the grain size differences
between clay minerals may result in differential transport
distances once they reach the ocean, with finer grained
smectites carried further from their source than more-
coarse-grained kaolinite (Chamley, 1989). Additionally,
changes to water movement can be expected to impact
the distribution of sediment within a basin and therefore
impact eNd as a function of sediments reaching a location
with different provenance, or sediment composition/reactiv-
ity. This idea is supported by the widespread use of eNd as a
sediment provenance tracer (Grousset et al., 1988; Revel
et al., 1996; Franzese et al., 2006; Jeandel et al., 2007),
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the observed correlation between authigenic and detrital
eNd (Fig. 1, Fig. 2), observations that high-resolution ele-
mental records demonstrate concurrent changes in bulk
Ti/Ca and eNd (1063, Gutjahr and Lippold, 2011), and
grain size (circulation) dependent changes in eNd distribu-
tions (Revel et al., 1996; Innocent et al., 2000).

The combination of mechanistic drivers which impact
on the authigenic eNd record discussed above mean that
even though authigenic eNd aligns with independent esti-
mates of shifts in ocean circulation, care must be taken
not to interpret authigenic eNd as strictly a climate or circu-
lation proxy unless an attempt is made to isolate the inter-
twined roles of changing sediment sources (composition,
reactivity, resulting benthic flux) from shifts in ocean circu-
lation (provenance, exposure time) and regional environ-
mental conditions (productivity, pH). Some of these
factors remain poorly constrained in the modern ocean
and unconstrained for the oceans of the past. Furthering
our understanding of the factors controlling the benthic
flux in the modern ocean with the goal to be able to esti-
mate past flux distribution and magnitude, coupling eNd

with circulation speed records to constrain relative shifts
in exposure time, and determining when authigenic phases
inherit their eNd signature will address some of the current
gaps hampering interpretations of authigenic eNd and
inform future applications of these records.

5. CONCLUSIONS

This study demonstrates that the lithogenic influence on
marine authigenic eNd archives, whether directly in the sed-
iment column or indirectly via the benthic flux, is wide-
spread. We observe similar influences of detrital eNd on
all types of authigenic records, with similarly high correla-
tion coefficients between the detrital eNd and the eNd of for-
aminifera, fish teeth/debris, and sediment leaches. Using
isotope records coupled with high-resolution mineral maps,
we illustrate sediment composition shifts concurrent with
isotopic excursions during Heinrich Events 1, 2, 4, and 5
in the North Atlantic at site 1308. While mineralogical
shifts are observed at site 1063 over the deglacial concurrent
with the eNd shift observed in both the detrital record and
the foraminifera record, the inconsistency between authi-
genic records recorded from leaching and those from fora-
minifera at this site demonstrate the complexity of
interpreting authigenic values obtained through sediment
leaching due to the uncertainty of the phases targeted dur-
ing leaching procedures (Abbott et al., 2016; Du et al.,
2016; McKinley et al., 2019). Combined with our global
compilation of authigenic and detrital records, these obser-
vations demonstrate marine authigenic eNd records are not
independent of the eNd (detrital) of the host sediment. We
therefore argue that sediment characteristics and detrital
isotope records must be considered when reconstructing
past ocean and climate conditions from neodymium isotope
records. We propose an interpretative framework allowing
for mixed contributions of three end-member scenarios that
explicitly articulates the mechanisms determining the extent
to which authigenic eNd is dependent on sediment charac-
teristics versus bottom water composition. Similar ambigu-
ities around the influence of seafloor cycling on other trace
elements and their isotopes (Homoky et al., 2016), increas-
ing evidence for the impact of sediment dissolution on
ocean chemistry and global element cycles (Jeandel and
Oelkers, 2015), and preliminary work suggesting detrital
influence on authigenic phases for isotope systems such as
chromium (Frank et al., 2020; Janssen et al., 2021), nickel
(Gueguen and Rouxel, 2021) and iron (Abadie et al.,
2017), suggest this framework will likely prove widely appli-
cable as more data become available.
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APPENDIX A. SUPPLEMENTARY MATERIAL

Supplementary Material: This file contains one figure
and the complete list of references for data used in the
authigenic and detrital correlation presented in the main
text (Figure 2). Supplemental figure 1 shows the influence
of Casse et al. data on the overall authigenic and detrital
correlation.

Research Data: This file contains four data tables. Sup-
plementary Table 1 provides a list of the locations and
type of records included in the authigenic and detrital cor-
relation, as well as a brief description of the method used
by each publication. Supplementary Table 2 lists the full
sample names for the sediment samples analysed on
SEM-EDS. Supplementary Table 3 presents the core
depth, age, measured eNd and XRD based lithofacies for
each sample analysed from both sites 1063 and 1308. Sup-
plementary Table 4 contains the raw XRD data for each
sample.

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.gca.2021.11.021.
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Onset of ‘‘Hudson Strait” Heinrich events in the eastern North
Atlantic at the end of the middle Pleistocene transition (�640
ka)? Paleoceanography 23, PA4218.

Hodell D. A., Nicholl J. A., Bontognali T. R. R., Danino S.,
Dorador J., Dowdeswell J. A., Einsle J., Kuhlmann H., Martrat
B., Mleneck-Vautravers M. J., Rodrı́guez-Tovar F. J. and Röhl
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(2007) Isotopic Nd compositions and concentrations of
lithogenic inputs into the ocean: A compilation, with an
emphasis on the margins. Chem. Geol. 239, 156–164.

Jeandel C. and Oelkers E. H. (2015) The influence of terrigenous
particulate material dissolution on ocean chemistry and global
element cycles. Chem. Geol. 395, 50–66.

Jeandel C. (2016) Overview of the mechanisms that could explain
the ‘Boundary Exchange’ at the land-ocean contact. Philos.

Trans. R. Soc. London, Ser. A 374, 20150287.
Jones K. M., Khatiwala S. P., Goldstein S. L., Hemming S. R. and

van de Flierdt T. (2008) Modeling the distribution of Nd
isotopes in the oceans using an ocean general circulation model.
Earth Planet. Sci. Lett. 272, 610–619.

Jonkers L., Barker S., Hall I. R. and Prins M. A. (2015) Correcting
for the influence of ice-rafted detritus on grain size-based
paleocurrent speed estimates. Paleoceanography 30, 1347–1357.

Krom M. D., Stanley J. D., Cliff R. A. and Woodward J. C. (2002)
Nile River sediment fluctuations over the past 7000 yr and their
key role in sapropel development. Geology 30, 71–74.

Lambelet M., van de Flierdt T., Crocket K., Rehkämper M.,
Kreissig K., Coles B., Rijkenberg M. J. A., Gerringa L. J. A., de
Baar H. J. W. and Steinfeldt R. (2016) Neodymium isotopic
composition and concentration in the western North Atlantic
Ocean: Results from the GEOTRACES GA02 section.
Geochim. Cosmochim. Acta 177, 1–29.
Li F., Ramaswamy V., Ginoux P., Broccoli A. J., Delworth T. and
Zeng F. (2010) Toward understanding the dust deposition in
Antarctica during the Last Glacial Maximum: Sensitivity
studies on plausible causes. J. Geophys. Res. D: Atmos. 115,
D24120.

Margold M., Stokes C. R. and Clark C. D. (2018) Reconciling
records of ice streaming and ice margin retreat to produce a
palaeogeographic reconstruction of the deglaciation of the
Laurentide Ice Sheet. Quat. Sci. Rev. 189, 1–30.

McKinley C. C., Thomas D. J., LeVay L. J. and Rolewicz Z. (2019)
Nd isotopic structure of the Pacific Ocean 40–10 Ma, and
evidence for the reorganization of deep North Pacific Ocean
circulation between 36 and 25 Ma. Earth Planet. Sci. Lett. 521,
139–149.

Ng H. C., Robinson L. F., McManus J. F., Mohamed K. J.,
Jacobel A. W., Ivanovic R. F., Gregoire L. J. and Chen T.
(2018) Coherent deglacial changes in western Atlantic Ocean
circulation. Nature Commun. 9, 2947.

Nijenhuis I. A. and de Lange G. J. (2000) Geochemical constraints
on Pliocene sapropel formation in the eastern Mediterranean.
Mar. Geol. 163, 41–63.

Osborne A. H., Haley B. A., Hathorne E. C., Flögel S. and Frank
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