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Abstract

The isotopic composition of neodymium (eNd) extracted from sedimentary Fe–Mn oxyhydroxide offers potential for recon-
structing paleo-circulation, but its application depends on extraction methodology and the mechanisms that relate authigenic
eNd to bottom water. Here we test methods to extract authigenic eNd from Gulf of Alaska (GOA) sediments and assess sources
of leachate Nd, including potential contamination from trace dispersed volcanic ash. We show that one dominant phase is
extracted via leaching of core-top sediments. Major and trace element geochemistry demonstrate that this phase is authigenic
Fe–Mn oxyhydroxide. Contamination of leachate (authigenic) Nd from detrital sources is insignificant (<1%); our empirical
results are consistent with established kinetic mineral dissolution rates and theory. Contamination of extracted eNd from
leaching of volcanic ash is below analytical uncertainty. However, the eNd of core-top leachates in the GOA is consistently
more radiogenic than bottom water. We infer that authigenic phases record pore water eNd, and the relationships of eNd

among bottom waters, pore waters, authigenic phases and detrital sediments are primarily governed by the exposure time
of bottom water to sea-floor sediments, rate of exchange across the sediment-water interface and the reactivity and compo-
sition of detrital sediments. We show that this conceptual model is applicable on the Pacific basin scale and provide a new
framework to understand the role of authigenic phases in both modern and paleo-applications, including the use of authigenic
eNd as a paleo-circulation tracer.
� 2016 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

The isotopic composition of neodymium (eNd) of seawa-
ter has attracted wide attention in the paleoceanography
community as it is considered to be free from complications
such as biological fractionation and gas exchange, and
therefore can hypothetically be used as a quasi-
conservative circulation tracer in the ocean interior
http://dx.doi.org/10.1016/j.gca.2016.08.005
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(Frank, 2002; Goldstein and Hemming, 2003). This appli-
cation of eNd builds on an assumption that its heterogeneity
in the ocean is inherited from the surrounding continents
and persists in water masses. This framework suggests an
oceanic residence time of Nd shorter than the �1000 yr
time scale of global overturning circulation (Goldstein
and Hemming, 2003; Tachikawa et al., 2003).

Current debates on the oceanic cycle of Nd are centered
on two related issues: the sources of marine Nd and the
contrasting behaviors of Nd concentration and eNd (com-
monly referred to as the Nd paradox) (Tachikawa et al.,
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2003; Arsouze et al., 2009; Jeandel and Oelkers, 2015).
Recent assessments of the oceanic Nd budget suggest atmo-
spheric and dissolved riverine inputs are only minor
sources, and to close the budget some ‘‘missing” sources
are required (Tachikawa et al., 2003; Jones et al., 2008;
Arsouze et al., 2009; Rempfer et al., 2011). One study sug-
gested potential contribution from submarine groundwater
discharge (Johannesson and Burdige, 2007). A recent study
of riverine sources showed that although the dissolved Nd
flux is small, the amount of Nd released from suspended
sediments in river estuaries could be globally significant
(Rousseau et al., 2015). Lacan and Jeandel (2005) proposed
the ‘‘boundary exchange” concept to reconcile the elemen-
tal and isotopic budgets of Nd, but this remains an
umbrella term that could refer to a suite of unidentified pro-
cesses. While the original proposition emphasized ‘‘ex-
change”, subsequent investigations were more suggestive
of a ‘‘boundary source” generally limited to the margins
(Arsouze et al., 2009; Rempfer et al., 2011; Wilson et al.,
2012). Another mechanism proposed to resolve the Nd
paradox, reversible scavenging (Siddall et al., 2008), is
based on well-established ideas (Bacon and Anderson,
1982; Bertram and Elderfield, 1993), but awaits validation
through better sampling of particulates in the ocean
(Jeandel and Oelkers, 2015). A different line of work
focuses on the influence of pore water and early diagenesis
on the marine Nd cycle (Elderfield and Sholkovitz, 1987;
Sholkovitz and Elderfield, 1988; Sholkovitz et al., 1989,
1992; Haley et al., 2004; Schacht et al., 2010; Abbott
et al., 2015a). The effect of benthic flux on bottom water
eNd distribution was recently quantified in the Northeast
Pacific with pore water eNd measurements (Abbott et al.,
2015b, 2016). One key discovery is that the heterogeneity
of sediments in terms of reactivity and isotope composition
does play a critical role in the diagenetic and oceanic cycles
of Nd (Wilson et al., 2013; Abbott et al., 2015b, 2016).
These works further find, perhaps counterintuitively, that
the mobilization of Nd and other Rare Earth Elements
(REEs) during early diagenesis is more favored at greater
water depths that are typical of open ocean conditions,
and its relationship to the redox cycles of Fe and Mn is
complicated (Haley and Klinkhammer, 2003; Haley et al.,
2004; Schacht et al., 2010; Abbott et al., 2015a,b, 2016).
Indeed, while the data are yet spatially limited, there is no
mechanistic reason to suggest that the benthic flux is limited
to the margins, as might be inferred from the boundary
exchange paradigm, and existing data are also not consis-
tent with a surficial sink linked to the presence of Fe–Mn
oxides in oxic sediments (Haley and Klinkhammer, 2003;
Haley et al., 2004; Abbott et al., 2016). Despite such signif-
icant advances, sediment-water interaction remains one of
the least understood aspects of the oceanic cycle of Nd.

In addition to uncertainties regarding the modern ocea-
nic processes that control Nd concentrations and isotopic
compositions in authigenic phases, the application of eNd

in paleoceanography relies on careful extraction of authi-
genic eNd without contamination. Planktonic foraminifera
and fish debris are viewed favorably as authigenic archives
because removal of potential contaminating phases is easier
than from bulk sediments (Tachikawa et al., 2013, 2014).
These archives present practical challenges, however,
because they are not present in all areas of the ocean, and
their extraction is labor intensive. Retrieving eNd signals
from authigenic Fe–Mn oxyhydroxide coatings by leaching
of bulk sediment offers an advantage that detailed
down-core records can be constructed almost anywhere
(Rutberg et al., 2000; Piotrowski et al., 2004; Horikawa
et al., 2010; Böhm et al., 2015), but designing suitable leach-
ing procedures that minimize detrital contamination
remains challenging. While a few studies suggest leaching
with acetic acid (AA) on carbonate rich samples is adequate
(Gourlan et al., 2008, 2010), others promote acid-reductive
leaching with hydroxylamine hydrochloride (HH) (Bayon
et al., 2002; Gutjahr et al., 2007; Martin et al., 2010;
Wilson et al., 2013). Few studies have explored systemati-
cally the effects of experimental parameters such as reagent
concentration, leaching duration, solid/solution ratio on
leachate eNd and the utility of a decarbonation step
(Wilson et al., 2013; Wu et al., 2015; Blaser et al., 2016).

To date, the primary concern has been designing labora-
tory procedures to generate authigenic eNd records free
from detrital contamination. Traditional views assume a

priori that authigenic phases record bottom water eNd; devi-
ations from bottom water signatures are often inferred to
reflect problems with the extraction process, particularly
in bulk sediment leaching studies (Gutjahr et al., 2008;
Elmore et al., 2011; Wilson et al., 2013; Huang et al.,
2014). However, the recently proposed ‘‘bottom up” per-
spective (Abbott et al., 2015b) calls for rethinking of how
authigenic eNd is related to bottom water. Nearly all the
core-top studies in the Pacific Ocean (Vance et al., 2004;
Horikawa et al., 2011; Ehlert et al., 2013; Molina-Kescher
et al., 2014a) and several others in the Atlantic Ocean
(Elmore et al., 2011; Tachikawa et al., 2014) reported eNd

extracted from foraminifera and fish debris that were differ-
ent from bottom water, and it seems unreasonable to attri-
bute all these cases to extraction bias, as in some cases of
Fe–Mn leachates.

Early on, Palmer (1985) and Palmer and Elderfield
(1985) suggested that the diagenetic nature of Fe–Mn oxy-
hydroxide coatings on foraminiferal tests implied that they
register pore water eNd. Similarly, Toyoda and Tokonami
(1990) concluded that the REEs in sedimentary biogenic
phosphates were dominantly derived from pore water
rather than bottom water. While it was well recognized ear-
lier that authigenic phases are actively engaged in the early
diagenetic cycle of Nd (Elderfield and Sholkovitz, 1987;
Sholkovitz and Elderfield, 1988; German and Elderfield,
1989; Sholkovitz et al., 1989, 1992; Haley et al., 2004),
the implications of these findings have rarely entered the
discussions on the application of authigenic eNd in paleo-
ceanography (Kraft et al., 2013; Tachikawa et al., 2014).

Abbott et al. (2015b) advanced understanding beyond
the earlier inferences by showing that dissolved Nd in pore
waters had eNd that differed from bottom water in the
Northeast Pacific. The pore water data on Nd concentra-
tions require a net flux from the sea floor into bottom
waters at these sites. Abbott et al. (2016) further found that
at their sites bottom water is the least important reservoir in
terms of concentration in the early diagenesis of Nd and
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suggested that trace detrital minerals can significantly influ-
ence the authigenic and pore water eNd (Abbott et al.,
2016). Similarly, other pore water studies pointed out that
the diagenesis of detrital sediments, including volcanic
ash, can lead to enrichment of Nd in pore water, which in
turn exchanges Nd with authigenic Fe–Mn and phosphate
phases (Caetano et al., 2009; Schacht et al., 2010). These
findings cast doubt on the traditional interpretation of
authigenic eNd as a quasi-conservative bottom water tracer
and suggest that pore water and detrital sediment are
involved in the formation of authigenic eNd.

Here we examine the relationships of eNd among authi-
genic phases, bottom waters, and detrital sediments in the
Gulf of Alaska (GOA) from the Northeast Pacific (Fig. 1a).
This is a particularly useful area to test hypotheses about
bottom-up control of Nd in the ocean, because it spans
the region of the oldest water masses in the global ocean,
for example as reflected in low oxygen content (Fig. 1b).
Given this high water mass age and the size of the North
Pacific, this is an important region for carbon budgets of
the global ocean and changes in water masses here may
have global biogeochemical consequences. This poorly
understood region also presents some challenges; bulk
sediments include Nd-bearing authigenic and detrital
mineral phases with a broad range of reactivities (Wilson
et al., 2013; Abbott et al., 2016), and developing a leaching
procedure that separates authigenic Fe–Mn oxyhydroxides
from bulk sediments requires distinguishing detrital sedi-
ment components, including potentially reactive juvenile
volcanic materials, from authigenic components.

We explore rigorously the methodological effects of
reagent type, concentration and leaching duration on lea-
chate eNd and optimized a combination of experimental
parameters to extract Nd from authigenic phases. We test
this procedure in a set of core-top and volcanic ash samples
to identify the sources of Nd in leachates. We evaluate how
detrital contamination may affect leaching results, and
provide methods to reliably isolate the uncontaminated
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eNd signature from authigenic Fe–Mn oxyhydroxides in
these complex sediments. We find systematic offsets of
authigenic eNd in GOA core-top sediments relative to the
eNd signature of regional bottom waters. We propose a con-
ceptual model relating authigenic eNd to that of bottom
water, pore water, and detrital sediment, and show that this
model can explain basin-scale distributions of deep water
eNd in the Pacific, while a model of conservative water mass
mixing cannot. These findings lead to a new framework for
the use of authigenic eNd as a tracer in paleoceanography
that acknowledges the importance of the diagenetic cycle
of Nd in the coupled ocean-sediment system (Abbott
et al., 2016).

2. MATERIALS AND METHODS

2.1. Sampling

Core-top sediments stored at the Marine Geology
Repository of Oregon State University (http://osu-mgr.
org/) were sampled for this study (location metadata in
Electronic Annex Table EA1). Water depth of these cores
ranges from 125 m to 4575 m with about half shallower
than 1000 m. Most of the cores, including all but one of
the shallower cores, were retrieved by the EW0408 Expedi-
tion in 2004. Samples from pristine multicores were taken
as close to the sediment interface as possible and were all
within the upper 7 cm. The rest of the gravity and piston
cores were sampled only for the top 1 cm interval.

All the core-top sediments are described as dark sandy
to silty clay. GOA sediments are predominantly lithogenic
(>90%) and poor in carbonate (<5%) but may contain
traces of biogenic silica and organic matter (Walinsky
et al., 2009; Jaeger et al., 2014). The sediment columns
may include discrete volcanic ash layers and minor dis-
persed volcanic glasses to various degrees; most of this
ash is sourced from the volcanic centers in the Aleutian
Arc and Alaska-Canada Cordillera (Scheidegger et al.,
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1980; Jaeger et al., 2014). Sedimentation rates are excep-
tionally high on the GOA margin, 5 mm/yr to 48 mm/yr
(Walinsky et al., 2009), and even at �4000 m water depth
sedimentation rates are >0.1 mm/yr (Jaeger et al., 2014;
Praetorius et al., 2015), suggesting that minor ash input is
highly diluted by terrigenous input. No discrete ash layers
were found in the upper 20 cm of the cores studied here.
Rare (<1%) dispersed volcanic glasses were detected in
smear slides at two sites (EW0408-25MC at 10 cm and
-39MC at 20 cm); no ash was detected in other core-top
sediments. All multicore tops sampled here are essentially
modern, based on 210Pb and 14C (Walinsky et al., 2009;
Davies et al., 2011; Davies-Walczak et al., 2014;
Praetorius et al., 2015). Other core-top samples from
archived piston and gravity cores do not have verified ages,
but fill out the geographic distribution of sites. However, at
each depth range there is at least one verified modern
multicore top. Two down-core samples from cores
EW0408-85JC and EW0408-87JC, dated using 14C to late
glacial time (Davies-Walczak et al., 2014; Praetorius
et al., 2015) are also selected.

To further improve our understanding of the effect of
volcanic ash on leachate eNd, we sampled one ash-bearing
sediment interval of core EW0408-66JC, two discrete vol-
canic glass layers in core EW0408-26JC and two pumice
layers in core EW0408-40JC; these are all down-core sam-
ples of unknown age, and the latter four are referred to
as ‘‘GOA marine ash layer” samples. Note that none of
these samples are pure ash; all contain some ambient sedi-
ments. For comparison to a pure ash end member we ana-
lyzed fresh Mount St. Helens volcanic ash samples collected
shortly after the 1980 eruption at four locations in the State
of Washington, United States. Further sampling informa-
tion can be found in Table EA1.

2.2. Developing leaching tests to extract authigenic eNd

We tested various leaching methods on two modern
core-top samples (EW0408-84MC and EW0408-88MC),
two late-glacial samples (EW0408-85JC and EW0408-
87JC, sites correspond to those of EW0408-84MC and -
88MC, respectively) and one ash-bearing sample
(EW0408-66JC). Collectively, these are referred as ‘‘test
samples” (Fig 1a). All leach tests started with fresh bulk
samples (i.e., no sequential leaching or decarbonation).
This choice is made for two reasons: (1) Wilson et al.
(2013) showed that it is highly likely a decarbonation step
in a sequential leaching procedure could lead to consider-
able detrital contamination in final leachates; (2) cleaned
and uncleaned planktonic foraminiferal eNd are typically
identical and therefore Nd from the carbonate lattice of fos-
sil shells is insignificant compared to Nd in Fe–Mn coatings
(Palmer, 1985; Haley et al., 2005; Roberts et al., 2012;
Tachikawa et al., 2014). These published results suggest
sequential leaching and a decarbonation step will not only
lead to loss of authigenic Nd but also increase the risk of
contamination, and is not necessary.

For extraction of authigenic components we explored
differences between acidic (acetic acid; AA) leaching and
acid-reductive (hydroxylamine hydrochloride acidified by
acetic acid; HH) leaching. For the AA tests, we made a
reagent stock of 3.33 M acetic acid buffered to pH � 4 by
sodium acetate. For the HH tests, we made a reagent stock
of 0.053 M hydroxylamine hydrochloride, 2.62 M acetic
acid and buffered to pH � 4 by sodium hydroxide.

In the AA tests (AA1–AA3) we fixed the reagent con-
centration at 10% (v/v of the stock solutions listed above;
diluted with Milli-Q� water; MQW, 18.2 X) while increas-
ing the leaching duration from 3 h to 18 h. We performed
two sets of HH tests. In the first experiment (HH1–HH6)
we set the leaching duration to 0.5 h but increased the
reagent concentration from 5% to 50%. In the second
experiment (HH7–HH11), we fixed the HH reagent concen-
tration at 50% and varied the leaching duration from 1 h to
48 h. This design illustrates how integrated leaching inten-
sity controlled by either leaching duration or reagent con-
centration affects leachate eNd. All experimental
parameters are reported in Table EA2.

For each test, 1 g freeze-dried sediments were rinsed
with MQW three times in centrifuge tubes. After super-
natant removal, diluted reagents (7 ml in AA tests or 8 ml
in HH tests, Table EA2) were added into the tubes, which
were then left on a LabquakeTM Tube Rotator (Thermo Sci-
entific) for reaction. After waiting for the reaction time
specified for each experiment, the samples were centrifuged
(4000 rpm, 10 min), supernatant leachates were collected by
pipette and filtered through 0.45 lm nuclepore syringe fil-
ters with polyethersulfone membranes, and then were evap-
orated to dryness. Next, concentrated nitric acid was added
to the leachate samples to break down organic compounds.
A small aliquot was then extracted for elemental analyses,
and the remaining solution was converted to a dominantly
chloride solution using 6 M HCl for ion exchange chro-
matography and isotopic analyses.

For reasons described in the discussion, we applied
method HH4 to an array of other core-top samples from
the region (Table EA1). Dry weights of some core-top sam-
ples were slightly below 1 g because of limitations of sample
availability. In any case, no less than 0.8 g was used and we
adjusted the volume of reagent accordingly to fix the solid/
reagent ratio at 1 g/8 ml (Wilson et al., 2013). Finally, to
evaluate the potential effect of dispersed trace volcanic
ash on leachate eNd, we applied method HH4 to the Mount
St. Helens fresh volcanic ash and GOA marine ash layer
samples, and in this case the dry weights of samples were
fixed at 1 g.

For bulk sediment analyses, separate samples from the
same cores and depths as the five leaching test samples were
freeze dried and then digested using a mixture of HF-
HNO3-HCl in a CEM MARS-6 microwave oven, following
our published procedure (Muratli et al., 2012).

2.3. Analytical methods

2.3.1. Elemental concentrations

Major elements (Al, Ca, K, Mg, Fe and Mn) and several
minor elements (Ba, Co, Cu, V and Sr) were analyzed on a
Teledyne Leeman Prodigy ICP-OES at the W.M. Keck Col-
laboratory for Plasma Spectrometry of Oregon State
University. Procedural blanks for these elements were
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always below method detection limits and 2r uncertainties
were <5% of measured values. Trace elements Cr, Ni, Sc,
U, Y, Zn and REEs were analyzed on a Thermo VG ExCell
quadrupole ICP-MS in the same laboratory. Samples, stan-
dards and blanks were all spiked and normalized with inter-
nal standards (209Bi, 187Re and 103Rh). For REEs,
procedure blanks were <0.5% and 2r uncertainty was
�3%. Repeated measurements of digestion standards
(PACS-2 and an in house standard) yielded <3% (1r) exter-
nal precision for REEs and <6% for all the other elements.
All elemental concentrations are reported as total extracted
elemental mass normalized to the dry weight of sediment
leached (i.e., ng element/g sediment).

2.3.2. Nd and Sr isotopes

Neodymium and Strontium were isolated from other
elements in leachates using ion exchange chromatography
columns. Neodymium separation employed Ln-specTM, fol-
lowing Abbott et al. (2015b). Strontium was purified using
Sr-specTM, following Abbott et al. (2016). Total procedure
blanks for Nd and Sr isotope analyses were 0.13
± 0.07 ng Nd and 6 ± 2 ng Sr, which are negligible
(<0.5% for both) relative to sample yields.

Neodymium and Strontium isotopic compositions were
analyzed on a Nu Instruments MC-ICP-MS in the Keck
Collaboratory at Oregon State University. Instrumental
mass fractionation was accounted for by normalizing to
146Nd/144Nd = 0.7219 and 86Sr/88Sr = 0.1194 following
exponential laws (Steiger and Jäger, 1977; O’Nions et al.,
1979). 143Nd/144Nd and 87Sr/86Sr ratios were then normal-
ized to the accepted values of their respective standards,
namely 0.512115 for JNdi-1 and 0.710245 for NBS 987.
2r uncertainties of the JNdi-1 and NBS 987 standards from
repeated analyses were ±0.000018 (n = 397) and ±0.000049
(n = 671) respectively. In-house standards were used to
monitor external precision for 143Nd/144Nd and 87Sr/86Sr
and their long-term 2r uncertainties were ±0.000019
(n = 350) and ±0.000049 (n = 461). Neodymium isotope
composition was expressed in e-notation (normalized to
the present Chondritic Uniform Reservoir value of
0.512638 (Jacobsen and Wasserburg, 1980)). The 2r exter-
nal reproducibility in this unit is ±0.37, which is used to
create uncertainty bars in the plots.

3. RESULTS

3.1. Nd and Sr in leaching tests and bulk digestions

In the AA tests, the amounts of extracted Nd and
leachate eNd are similar for each individual sample (within
analytical uncertainty for the latter) (Fig. 2, Table EA3).
In the HH tests, Nd concentrations increase as extractions
become more aggressive, particularly from HH1 to HH4
during which the concentrations more than doubled. Apart
from an initial drop of �1 e from HH1 to HH3 in EW0408-
88MC, leachate eNd of all HH tests are essentially constant
for each individual sample. Except for HH1 and HH2, AA
leaches extract Nd that were 11% to 75% of the HH leaches.
The similarity of eNd between the AA and HH leachates,
with the exception of core-top EW0408-88MC, suggests
that a significant amount of Nd that is HH-extractable is
also AA-extractable. This finding is consistent with sugges-
tion of Wilson et al. (2013) that the decarbonation step in
sequential leaching procedures is not needed.

In the AA tests, concentrations of Sr do not vary as sys-
tematically as those of Nd (Fig. 2, Table EA3). In the HH
tests, the variations of Sr concentrations are within 20% of
the average for all samples except core-top EW0408-88MC,
which saw an overall two-fold increase from HH1 to HH6.
Further, 87Sr/86Sr is essentially constant throughout the
tests for each individual sample.

On average, leachates extract �1% of Nd and �10% of
Sr relative to the total amounts measured from complete
digestions of bulk sediments (Fig. 2, Table EA3). Bulk
sediments have distinctively high eNd and low 87Sr/86Sr val-
ues compared to the leachates. All bulk sediment eNd values
are similar (+3.1 to +4.9) and so are bulk 87Sr/86Sr
(0.70661–0.70698) with the exception of a low 87Sr/86Sr
value of the ash-bearing core EW0408-66JC (0.70571).

3.2. Nd and Sr in core-top leachates

We applied the HH4 leaching procedure (0.5 h, 30%
HH, 1 g dry sample in 8 ml reagent, pH � 4) on a larger
array of core-top samples to assess spatial and water-
depth variability of leachate eNd values relative to measured
seawater values in the GOA (locations in Fig. 1a and results
in Table EA3). Overall, core-top leachate eNd is within the
range of �2.0 to +1.5 (Fig. 3a). Shallower than 500 m the
average value is �0.1 (1r = 0.7, n = 10, range from �1.5
to +0.9). At two sites near 700 m, eNd is between �1.5
and �1.0. At about 1500 m eNd ranges from �1 to 0. At
depths greater than 3000 m most samples cluster between
�1.5 and �1.0 though two leachates have values as high
as +1.0. The eNd of core-top leachates are almost always
�2 e higher (more radiogenic) than GOA seawater at equiv-
alent depths (Haley et al., 2014), although the spatial
heterogeneity of seawater eNd at depths <200 m makes com-
parison difficult at shelf depths (Fig. 3a). Below 1500 m,
leachate eNd from piston and gravity core-tops are similar
(with the exception of two samples bellow 3000 m) to mul-
ticore tops from the same depth range that are verified to be
modern, suggesting the vertical distribution described here
is a robust feature.

Unlike eNd, core-top leachate 87Sr/86Sr varies signifi-
cantly with water depth (Fig. 3b). Shallower than 200 m,
leachate 87Sr/86Sr is in the range of 0.70729 –0.70905. As
depth increases, leachate 87Sr/86Sr becomes significantly less
variable and it converges to modern seawater value
(0.7091792 ± 0.0000021) (Mokadem et al., 2015) at depths
greater than 3000 m. Low abundance (<5%) of marine car-
bonate in GOA sediments makes it possible to correct lea-
chate 87Sr/86Sr for contributions of Sr from carbonate
dissolution during extraction. We assume that all extracted
Ca is from biogenic carbonates (thus the corrections repre-
sent maximal offsets from measured leachate values) and
then use a Sr concentration of 1200 ppm and modern sea-
water 87Sr/86Sr in marine carbonate to compute the
carbonate-free leachate 87Sr/86Sr (Fig. 3b). Details are pre-
sented in the Electronic Annex Section 1. Such corrections
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make core-top leachate 87Sr/86Sr from shallow water sites
deviate even more from the known seawater value, but have
little effect at depth (particularly bellow 3000 m).

3.3. Nd and Sr in ash leachates

Leachates from the four Mount St. Helens fresh ash
samples (erupted in 1980) have very similar eNd values
(+6.2 to +6.4) and the 87Sr/86Sr of ash leachates are also
in a narrow range (0.70348–0.70459), except for one sample
from Spokane (0.70608) (Table EA3). Whole-rock diges-
tion of volcanic materials erupted in the same 1980 event
yielded eNd of +5.8 and 87Sr/86Sr of 0.703607 (Halliday
et al., 1983).

The 87Sr/86Sr of the four GOA marine ash layer lea-
chates are very similar to each other (0.70829 –0.70859),
but their eNd values differ (�0.6 to +3.1) (Table EA3).
Compared to the Mount St. Helens ash samples, these mar-
ine ash leachates have much lower eNd and higher 87Sr/86Sr.
Note, however, that the marine ash layer samples are not
pure ash, but are natural mixtures of ash and ambient
sediment.

3.4. REEs in leaching tests, bulk digestions, core-top and ash

samples

Rare Earth Element patterns normalized to Post-
Archean Australian Shale (PAAS) (McLennan, 1989) and
praseodymium (Pr) are highly consistent across leaching
tests and core-top extractions (Fig. 4, Table EA3). Lea-
chates are enriched in middle REEs (MREEs) relative to
both light REEs (LREEs) and heavy REEs (HREEs) and
except for one core-top sample (Y70-4-56) all the other
extractions have negative Ce anomalies. Fully digested
GOA bulk sediments are characterized by a flatter yet rela-
tively LREE-depleted pattern (Fig 4a). All the test and
core-top leachates and digestions have positive Eu anoma-
lies. Leachates of the dacitic Mount St. Helens ash samples
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have strong PAAS normalized negative Eu anomalies
(Fig 4b). Leachates of GOA marine ash samples (which
are mixtures of ash and ambient sediment), however, show
positive Eu anomalies and MREE enrichment similar in
shape to the GOA core-top leachates (Fig 4b).

4. DISCUSSION

4.1. Insensitivity of leachate eNd to experimental parameters

and its implication for extracted phases

Within the ranges of tested leaching parameters, eNd is
insensitive to reagent type, concentration and leaching
duration (Fig. 2). This consistent behavior of eNd contrasts
sharply to Nd concentrations, which increase continuously
with greater leaching intensity in the HH tests (Fig. 2).
These data suggest that increasing leaching intensity
extracts more Nd of relatively fixed eNd from a dominant
(plausibly authigenic) phase. The observed decoupling
between eNd and Nd concentration precludes the possibility
that leachate eNd represents mixing of two or more phases
with distinct eNd (for example, authigenic and detrital
phases), unless these phases release Nd proportionally dur-
ing extraction. This proportional release hypothesis would
require that the contributing phases have essentially identi-
cal reaction kinetics, which is implausible (Wilson et al.,
2013).

The consistency of REE patterns (Fig. 4) in leaching
tests and additional core-top leaches, and their distinct dif-
ference from bulk sediment digestions, further support the
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hypothesis that only one dominant phase was extracted that
has a distinct MREE bulge pattern. The relative stability of
87Sr/86Sr in leaching tests (Fig. 2) also agrees with this
hypothesis, although dissolution of carbonates may influ-
ence the Sr signals, unlike the Nd (and eNd) signals.

We choose the HH4 procedure as our standard method
for core-top samples because our test results show this
extraction method reflects the least intensive leaching
beyond which no change of eNd was observed (Fig. 2). This
choice is arguably arbitrary, but HH4 procedure consis-
tently yields enough Nd for isotopic analysis from �1 g
samples. Further increasing leaching intensity increases
the potential risk of contaminating the leachate with other
phases (e.g., detrital sediment), although we did not observe
any significant changes in leachate eNd even with the two
stronger leach recipes of HH5 and HH6.

4.2. Nd bearing phases in sediment

The dominant phase extracted in test and core-top lea-
chates yields eNd clearly offset from measured bottom water
eNd (Fig. 3a). To consider whether this offset indicates wide-
spread detrital contamination of leachate Nd, we examine
the possible sources of Nd to leachates in sediment. Poten-
tial candidates for Nd in the leaches are authigenic Fe–Mn
coatings, biogenic materials and detrital sediments. In this
study we define detrital sediment as the non-authigenic
and non-biogenic fraction of the sediment and in particular
refer to the aluminosilicate fraction of the sediment, includ-
ing both eroded terrestrial materials and volcanic ash.

All the test and core-top leachates have MREE enriched
patterns typical of Fe–Mn oxyhydroxide (Gutjahr et al.,
2007), suggesting this phase was principally extracted
(Fig. 4). Biogenic carbonate may harbor REEs but Nd in
carbonate lattice is negligible compared with Nd in Fe–
Mn coatings (Shaw and Wasserburg, 1985; Palmer, 1985;
Haley et al., 2005; Roberts et al., 2012; Tachikawa et al.,
2013, 2014). Given that GOA sediments are poor in carbon-
ates (<5%) (Walinsky et al., 2009; Jaeger et al., 2014), it is
unlikely that carbonate contributes significantly to leachate
Nd, a suggestion supported by the fact that REE pattern
extracted from planktonic carbonate is typically more
enriched in HREEs (Palmer, 1985; Haley et al., 2005;
Freslon et al., 2014; Molina-Kescher et al., 2014a). Biogenic
apatite, such as fish debris, also accumulates REEs post-
mortem in sediment and is also considered an authigenic
archive (Martin and Haley, 2000), but there is no visual evi-
dence of its significant presence in our samples and it is
unlikely our weak leaching method can significantly attack
apatite (Martin et al., 2010; Horikawa et al., 2011). There
are very few studies on REEs and eNd associated with other
biogenic phases such as opal, organic matter and barite,
and they are relatively rare in sediments outside of the
highly productive fjords in the GOA (Walinsky et al.,
2009). Since we do not use the specific reagents that target
these biogenic phases (Jones et al., 1994; Martin et al., 1995;
Freslon et al., 2014), we do not consider their contribution
to leachate Nd to be important. Moreover, organic matter
typically has more LREE-enriched (Freslon et al., 2014)
and opal more HREE-enriched patterns (Akagi et al.,
2011; Xiong et al., 2012) than do our test and core-top lea-
chates, suggesting that these biogenic materials are not sig-
nificant sources of leached Nd in our samples.

Because the detrital sediment includes Nd-bearing com-
ponents of different reactivities and distinct isotopic compo-
sitions (McLennan et al., 1993; Wilson et al., 2013; Abbott
et al., 2016), comparing leachates to bulk sediment diges-
tions gives limited insight into detrital contamination. The
same can be said for comparison of leachate to opera-
tionally defined ‘‘detrital residue” after sequential extrac-
tions (Bayon et al., 2002). Separate analysis of the various
detrital components may be more insightful, but in practice
these detrital components cannot be physically or chemi-
cally isolated easily. Instead, we employ geochemical prove-
nance tracers (McLennan et al., 1993) to constrain possible
inputs from various detrital end members. This approach
assumes that in the leaches, Nd is proportional to its rela-
tive concentrations and reactivities in the individual detrital
components.

The GOA collects mainly terrestrial sediments from the
Alaska-Canada Cordillera with a minor volcanic ash com-
ponent mostly from the Aleutian arc (Fig. 1) (Plank and
Langmuir, 1998; Nokleberg et al., 2000; Jaeger et al.,
2014). The isotopic characteristics of the terranes from
Alaska-Canada Cordillera are diverse: the eNd and

87Sr/86Sr
range at least from �25 to +10 and 0.702 to 0.709 respec-
tively (Samson et al., 1989, 1990, 1991a,b; Farmer et al.,
1993). Aleutian arc volcanic rock and ash have much nar-
rower distributions of eNd and 87Sr/86Sr, typically within
+7 to +9 and 0.702 to 0.704 respectively (Turner et al.,
2010; Hildreth and Fierstein, 2012; Kelemen et al., 2014).
Although the Aleutian arc lavas are mainly basaltic and
andesitic (Kelemen et al., 2004, 2014), volcanic ash deposi-
tions in the GOA are more evolved and predominantly rhy-
olitic (Pratt et al., 1973; Scheidegger et al., 1980; Cao and
Arculus, 1995). Rhyolitic ash is the least reactive of these
potential ash sources because of its high acidity (Wolff-
Boenisch et al., 2004). Based on eNd alone the argument
in Section 4.1 precludes volcanic material as the dominant
phase directly extracted in our test and core-top leachates.

Finally, it is worth considering the potential effect of
‘‘preformed” authigenic Fe–Mn oxyhydroxides that may
have been delivered to marine sediments by aeolian parti-
cles and river/glacial meltwater sediments (Bayon et al.,
2004; Poulton and Raiswell, 2005; Kraft et al., 2013). The
extremely high sedimentation rate (5 –48 mm/yr) in the
GOA (Walinsky et al., 2009) implies exceptionally high ero-
sion and transport rates (Gulick et al., 2015). GOA sedi-
ments are mostly glaciogenic (Jaeger et al., 2014), which
typically carry much less preformed phases than river borne
sediments (Poulton and Raiswell, 2002). The short resi-
dence time in very small floodplains, cold temperature
and large grain size (Jaeger et al., 2014) are all unfavorable
for significant Fe–Mn oxyhydroxide formation during
transport (Poulton and Raiswell, 2005). Indeed, Mn, Nd
(and to some extent Fe) extracted from deeper core-top sed-
iments (>3000 m) are four to ten-fold higher than Mn and
Nd extracted from shallower sediments (Table EA3). These
data suggest the extracted Fe–Mn phases are formed in situ

in the marine realm rather than being transported from
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elsewhere. Moreover, it seems unlikely that preformed Fe–
Mn oxyhydroxides could survive the redox cycling during
early diagenesis without being converted to marine authi-
genic phases (Kraft et al., 2013). And if such preformed oxi-
des are resistant to diagenesis, it is then doubtful that they
would be mobilized in our mild leaches of 0.5 h. For these
reasons, we assume that we do not need to consider pre-
formed oxides as a distinct reactive phase.
4.3. The major and trace element geochemistry of leachates

Elemental distributions in leachates can be used to fin-
gerprint the phases extracted (Gutjahr et al., 2007;
Gourlan et al., 2010). Here we compare the major and trace
element geochemistry of HH4 leachates, including the five
test samples and all the core-top leachates, to that of
selected authigenic and detrital end members (Fig. 5,
GOA geochemical data are reported in Table EA3). Such
comparisons are necessarily complicated by possible re-
adsorption and non-uniform reaction kinetics during lab
extractions (Wilson et al., 2013), so our strategy is to use
a multi-faceted approach (leaching tests, major and trace
element geochemistry, kinetic mineral dissolution rates, iso-
tope systematics) to derive a conclusion consistent with all
observations.

The range of elemental concentrations in potential
authigenic end members is constrained by published data
from Fe–Mn crusts and nodules, planktonic foraminiferal
extractions and published Fe–Mn leachates that are consid-
ered to be free from detrital contamination. The implicit
assumption, which is borne out by our data compilation,
is that the authigenic Fe–Mn phase has a characteristic geo-
chemistry that can be compared with known values else-
where. We consider not only detrital sediment in the
averaged sense (i.e. bulk sediment or operationally defined
detrital residue), but also various detrital components of
distinct geochemistry and reactivity. Aleutian volcanic
products (basaltic and andesitic lavas and rhyolitic and
dacitic ashes) will serve as the volcanic detrital end mem-
bers and the Upper Continental Crust (UCC) will represent
the continental sourced detrital materials. The bulk sedi-
ments of the GOA, the Aleutian and Alaska subducting
sediment composites, the Mid-Ocean Ridge Basalt
(MORB) and other sources will be used as detrital end
members when necessary. References to these end members
are listed in the caption of Fig. 5.

Fe–Mn crusts and nodules, uncleaned planktonic fora-
minifera and published Fe–Mn leachates have similar Al/
Nd ratios, on the order of 101 to 102. Our HH4 leachates
are within the range of these values (Fig. 5a). The Al/Nd
of detrital end members are one to two orders of magnitude
higher than all the authigenic phases.

The detrital end members also have low Mn/Fe (<0.1)
and Nd/Fe (<0.001). Our HH4 leachates have much higher
Mn/Fe and Nd/Fe (Fig. 5b), which are unlike detrital com-
ponents but similar to known authigenic end members.
Decarbonated leachates are separated from other authi-
genic extractions by having Mn/Fe <0.1, suggesting
preferential loss of Mn-phases, perhaps Mn-oxides and
Mn-carbonates during decarbonation (Roberts et al.,
2012; Wilson et al., 2013).

For most elements, ratios to Nd in HH4 leachates are
proportional (approximately 1:1) to ratios in authigenic
Fe–Mn crusts and nodules (Fig. 5c). An exception to this
rule is the apparent enrichment of alkali-alkaline earths
(Ca, Mg, Sr, and perhaps Ba), K, and U in HH4 leachates.
These anomalies reflect additional sources such as carbon-
ate (Ca and Sr), biogenic barite (Ba), sea salts (K and
Mg) and authigenic U phases, which have little or no effect
on leachate eNd.

Enrichment factors, i.e.,
ðelement=NdÞsample

ðelement=NdÞdetrital endmember

� �
, of the

first series transitional metals in HH4 leachates (normalized
to Katmai rhyolitic ash from the Aleutian Arc in Fig. 5d
and other detrital end members in Fig. EA1 of the Elec-
tronic Annex Section 2) show close similarity of leachates
to Fe–Mn crusts and nodules (for example, relative enrich-
ment of Mn, Co, Ni, Cu, Zn).

Finally,REEpatterns canhelp to diagnose the underlying
geochemical processes, and we examine the indices HREE/
LREE ([Yb + Lu]/[Pr + Nd]; PAAS normalized concentra-
tions) and MREE* (2[Tb + Dy]/[Pr + Nd + Yb + Lu])
(Martin et al., 2010; Molina-Kescher et al., 2014a) (Fig. 6).
Seawater, pore water, Fe–Mn crusts and nodules, planktonic
foraminifera, fish debris, published Fe–Mn leachates from
wide spatial and temporal ranges, all fall on the same broad
trend (dash line). We call this the ‘‘authigenic-pore water
array.”The existence of this array suggests that the processes
fractionating REEs in seawater, pore water and authigenic
phases aremechanistically related, possibly reflecting the sur-
face chemistry of authigenic phases and mineral-organic
matter-water interactions (Byrne and Kim, 1990;
Sholkovitz et al., 1994; Bau et al., 2013; Schijf et al., 2015).

In contrast, REE data from detrital sediments and their
plausible end member components all fall on a roughly
orthogonal trend that we call the ‘‘detrital array” (solid
lines). This array results from mixing of continental crust
and mantle derived materials. Here mantle materials are
represented by MORB and continental crustal materials
UCC and PAAS (McLennan, 2001) (Fig. 6). The trend in
the detrital array reflects the differential partitioning of
the REEs during partial melting (McLennan, 1989;
White, 2013): LREEs are less compatible than MREEs
and HREEs because of greater ionic radii (with the excep-
tions of Ce and Eu but they are not included in the MREE*

and HREE/LREE indices). As a result, continental crust is
more enriched in LREEs relative to the mantle and conse-
quently has lower values of both the MREE* and HREE/
LREE indices.

The identification of these two nearly orthogonal trends
helps to differentiate the processes responsible for the for-
mation of the phases of interest, i.e., low-temperature aque-
ous processes for authigenic phases and high-temperature
igneous processes for detrital phases. Our HH4 leachates
fall within the range of Fe–Mn crusts and nodules and gen-
erally follow the trend of the authigenic-pore water array.
They certainly do not follow the detrital array trend, and
do not form mixing lines toward either the MORB or the
UCC/PAAS end members (Fig. 6).
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From these elemental analyses, we conclude the phase
extracted dominantly in HH4 leachates is authigenic
Fe–Mn oxyhydroxide, and detrital contamination to
leachate Nd is insignificant.

4.4. Kinetic mineral dissolution rates

Detrital and authigenic contributions during leaching
can be further quantified by considering relative mineral
dissolution rates (Table EA4, see the Electronic Annex).
Mineral dissolution mechanisms can be classified as
proton-promoted versus ligand-promoted, and for oxyhy-
droxide reductive versus non-reductive (Zinder et al.,
1986; Stone and Morgan, 1987; Brantley, 2008). Chemical
extractions using an acidified reducing reagent applied over
a short time interval, such as our HH4 method, should rep-
resent far-from-equilibrium proton-promoted dissolution
of silicate minerals and reductive dissolution of Fe–Mn
oxyhydroxide (Fig. 2), and therefore short-term leaching
procedures should be governed by kinetics. Indeed, we
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(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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found Nd concentrations from HH6 to HH9 tests increase
linearly with time (0.5–6 h), suggesting zero-order kinetics.
To estimate Nd extraction rates from authigenic and silicate
minerals we need to know (i) the mineralogy of sediment,
(ii) the relative kinetic dissolution rates of these phases
under an environmental condition that is similar to our lab-
oratory extractions (pH � 4 and room temperature), (iii)
the specific surface area of these minerals and (iv) the rela-
tive concentration of Nd in the source minerals.

We report pH-dependent Nd release rate calculations in
Fig. 7 (details are presented in the Electronic Annex Sec-
tion 3). Volcanic ash is not included in this calculation
because of its rare presence; we discount the potential for
ash contamination in Section 4.5. All rates are reported
as ng of Nd released from 1 g of mineral/sediment in
0.5 h to facilitate comparison with our leachate data
(Table EA3). We note that interpretation of these estimates
is limited to an order-of-magnitude scale, as comparing
kinetic mineral dissolution rate measurements with higher
precision would requires more data, for example precise
measurements on mineral grain sizes and surface areas, that
are beyond the scope of our study (Bandstra and Brantley,
2008).

Observed Nd release rates in our HH4 leachates
(220–2051 ng Nd g�1 0.5 h�1) fall within the theoretical
bounds of reductive dissolution of Fe oxyhydroxide and
are very close to the rates previously measured using oxalic
acid as the reducing agent (Zinder et al., 1986). This finding
is consistent with authigenic Fe–Mn oxyhydroxide being
the phase extracted dominantly in HH4 leachates. Total
Nd release rates from silicate minerals depend on the choice
of representative mineral and specific surface area in calcu-
lation. Nevertheless, even when choosing silicate minerals
of higher reactivity and with generous estimates of specific
surface area, detrital Nd release rates (<10 ng Nd g�1

0.5 h�1 in the pH range of 3.5–4.5) from these silicate min-
erals are two to three orders of magnitude lower than those
of authigenic oxyhydroxides or our observed leach values,
suggesting they can account for <1% of total Nd observed
in our leachates. Given the eNd of GOA bulk sediment is
�+5, these low levels of detrital contamination should
therefore not bias leachate eNd by more than +0.05 e, which
is within external analytical precision and thus negligible.

4.5. Estimating volcanic ash contamination

Results from leaching volcanic ash samples may provide
a more accurate empirical measure of the potential effect of
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ash contamination on leachate eNd than calculations using
kinetic dissolution rate can afford. The eNd (+6.2 to +6.4)
and 87Sr/86Sr (0.70348 –0.70608) of the four Mount St.
Helens ash leachates (HH4 method) are very close to bulk
digestion/whole rock analyses of materials erupted in the
same event (+5.8 to +6.0 for eNd and 0.703607 for
87Sr/86Sr) (Halliday et al., 1983; Goldstein et al., 1984). This
provides a well-constrained volcanic end member. These
Mount St. Helens ash samples are dacitic, which are more
reactive than the rhyolitic ash in GOA sediments (SiO2 wt
% typically >70%) (Pratt et al., 1973; Scheidegger and
Kulm, 1975; Cao and Arculus, 1995) because of low acidity
(Wolff-Boenisch et al., 2004). These fresh ash samples are
also expected to be much more reactive than the marine dis-
persed ash in our samples (White and Brantley, 2003).
Therefore, estimates of volcanic contamination to GOA
core-top leachate based on the Mount. St. Helens end mem-
ber provide an upper limit.

Neodymium extracted from the four fresh Mount. St.
Helens ash samples are in the range of 90–450 ng/g in
0.5 h (Table EA3). Since the observed dispersed ash is only
of trace amount (<1% wt) in GOA core-top sediments, up
to 4.5 ng of Nd might be derived from ash in our core-
top leaches extracted from 1 g dry sediment (Fig. 7), assum-
ing complete and kinetically unconstrained release and pro-
portional re-adsorption. This estimated value of 4.5 ng of
Nd from dispersed ash in 1 g sediment is equivalent to 1%
(±0.5%, max = 2%) of the total measured Nd in HH4 lea-
chates. If we assume ash eNd of +6.9 (Katmai rhyolitic and
dacitic ash from Alaska Peninsular; Hildreth and Fierstein,
2012), then this ash contribution would bias our core-top
leachate eNd of about +0.07 e (±0.04 e, max = 0.15 e),
which is much smaller than our 2r analytical uncertainty
(0.37 e) and negligible.

Results of leaching the four GOA down-core marine ash
layer samples (two volcanic glass layers from EW0408-26JC
and two pumice layers from EW0408-40JC, both contain-
ing some ambient sediment) further support the robustness
of our HH4 method. Though a similar amount of Nd was
extracted from these marine ash samples (276 ng/g,
1r = 180; Table EA3), the extracted eNd (�0.6 to +3.1)
and 87Sr/86Sr (0.70829–0.70859) are far different from pure
volcanic signals, suggesting that ash is not the dominant
source of Nd and Sr, even in ash-layer sediments. We infer
that authigenic Fe–Mn oxyhydroxide coatings dominate
the Nd signal leached, as in our other non-ash layer sedi-
ments. Indeed, the REE patterns of these marine ash lea-
chates are very similar to all the other core-top leachates
with distinct MREE enrichment pattern (Fig. 4b), suggest-
ing the dominance of low-temperature aqueous geochemi-
cal processes (Fig. 6).

We can also use 87Sr/86Sr of these marine ash layer lea-
chates to estimate ash contamination. Though these sam-
ples contain little calcium carbonate (total extracted Ca in
these leachates are only �10% of the core-top samples,
Table EA3), we still correct their leachate 87Sr/86Sr for
influence of carbonate dissolution. Such a correction, how-
ever, does not decrease leachate 87Sr/86Sr more than 0.0005.
Using these corrected values, mixing calculations between
volcanic ash (0.70371 for Katmai rhyolitic ash) and
seawater (0.7091792) show no more than 25% of the non-
carbonate Sr measured in these marine ash leachates can
be derived from volcanic sources. The relative contribution
of volcanic sources to leachate Nd must be even lower, as
Fe–Mn coatings are more enriched in Nd than Sr
(Gutjahr et al., 2007). We suggest these radiogenic down-
core ash layer leachates may represent genuine radiogenic
authigenic eNd that results from ash diagenesis in situ,
rather than ash contamination during our lab extractions.
This is supported by previous observations that ash dissolu-
tion can lead to extreme enrichment of pore water REEs
during early digenesis (Schacht et al., 2010).

Similar to the leachates from pure Mount St. Helens
ash, the leachates from marine ash layers offer some con-
straint on volcanic contamination in our GOA core-top lea-
chates. Even if we make a worst-case assumption the GOA
core-top samples contain as much volcanic ash as the four
marine ash layer samples, and the contaminating effect to
leachate Nd is as high as to leachate Sr, then ash contami-
nation still cannot account for core-top leachate eNd that
are more radiogenic than �0.5 when the 25% upper limit
is used (Fig. 3a). Together, we conclude that GOA core-
top leachate-bottom water eNd differences are not the result
of ash contamination.

Thus, our geochemical arguments lead to the conclusion
that the dominant Nd bearing phase extracted is authigenic
Fe–Mn oxyhydroxide. Detrital contamination, from all the
phases considered including ash, is an insignificant source
of Nd in GOA HH4 leachates. This implies that the authi-
genic phases have eNd signatures distinct from bottom water
(Fig. 3a). We conclude that authigenic phases register pore
water eNd. The following sections explore the consequences
of this finding.

4.6. Pore water process to explain the decoupling between eNd

and 87Sr/86Sr in core-top leachates

The conclusion above implies that the deviation of core-
top authigenic eNd from bottom water eNd (Fig. 3a) must be
the results of processes happening in situ. We show here
that this deviation can be explained by the contribution
of the long-term diagenesis of detrital sediment to the
formation of pore water and authigenic eNd. This explana-
tion is consistent with our observation that leachate
87Sr/86Sr (corrected for Sr release from carbonate during
extraction; Figs. 3b and 8) have seawater-like 87Sr/86Sr
(core-top samples >3000 m) at the same time leachate eNd

diverges systematically from bottom water values. We refer
to this phenomenon as ‘‘decoupling”.

Because bottom water is far more enriched in Sr over Nd
relative to detrital sediments by five orders of magnitude –
for example, 7 ppm Sr (Sarmiento and Gruber, 2013) and
4 � 10�6 ppm Nd (Haley et al., 2014) in seawater, com-
pared to 306 ppm Sr and 19 ppm Nd in GOA bulk sediment
– the 87Sr/86Sr signal of pore water is inherited from bottom
water and is relatively insensitive to detrital inputs. In con-
trast to 87Sr/86Sr, the eNd of pore water is highly sensitive to
sediment diagenesis. For example, a binary mixing model
for pore water 87Sr/86Sr and eNd between bottom water
and detrital sediment, weighted by the composition and
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reactivity of the sedimentary components (see the Elec-
tronic Annex Section 4), shows that the deviation of pore
water 87Sr/86Sr from the seawater value (0.7091792) would
not exceed our 2r analytical uncertainty (0.000049) until
>99.5% of pore water Nd is derived from sediment
(Fig. 8, green lines). Volcanic materials are typically more
reactive than crustal sourced materials (Elderfield and
Gieskes, 1982; Jones et al., 2012; Wilson et al., 2013;
Jeandel and Oelkers, 2015; Bayon et al., 2015), but are rare
relative to eroded terrigenous material in the GOA. Never-
theless, the reactivity-weighted detrital eNd is expected to
bias toward volcanic values, so we choose Aleutian basalt
and andesite as the reactive end members of detrital sedi-
ment to create mixing lines with seawater. Mixing lines
between bulk sediment and seawater would lead to virtually
the same result. Although this mixing model is quite simple,
the GOA deep (>3000 m) core-top leachates fall close to
this mixing trend (Figs. 3 and 8), supporting the conclusion
that the deviation of authigenic eNd from bottom water
toward more radiogenic values and the observed eNd

-87Sr/86Sr decoupling are the results of long-term sediment
diagenesis within pore water, at least for this region.

The mixing model can also be used to assess the effects
of contamination of eNd and 87Sr/86Sr during the leaching
process. In this case, 87Sr/86Sr is most sensitive to contam-
ination effects (Fig. 8; vermilion lines and shaded region;
two scenarios are chosen to bracket the range of core-top
data), because authigenic Fe–Mn oxyhydroxide is more
enriched in Nd than Sr relative to ambient detrital sedi-
ments (Gutjahr et al., 2007). This trend is orthogonal to
the mixing trend that occurs naturally within pore water.
Binary mixing between the authigenic phase and Aleutian
volcanic products explains the observed range of isotopic
values in core-top leachates (Fig. 8). Although some con-
tamination from reactive volcanic components may explain
the relative low 87Sr/86Sr in the core-top leachates, the pos-
sible contamination effect on eNd is less than analytical pre-
cision in all cases except two shallow samples, showing that
our HH4 method generally provides robust values of authi-
genic eNd. We note that although some of these data could
also fall in the mixing regions between bulk sediment and
authigenic phases, others require the mixing of authigenic
phases with volcanic components. Whichever end member
is chosen as the source of contamination, the effect on lea-
chate eNd is insignificant for most of the samples (in partic-
ular the samples >3000 m that have seawater-like
87Sr/86Sr). We favor the parsimonious argument that labo-
ratory contamination comes primarily from the volcanic
components of relatively high reactivity (Wilson et al.,
2013), instead from the bulk sediment in the generic sense
(which is made of components of distinct reactivity and
geochemistry) (Abbott et al., 2016), but emphasize that
the effects of this contamination, regardless of the end
member chosen, are within analytical precision and thus
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negligible in our experiments except the two outliers. The
more important process in setting the eNd of Fe–Mn oxyhy-
droxides occurs in situ, within the pore waters.

4.7. A conceptual model relating the eNd of authigenic phase

to bottom water and detrital sediment

Although with our preferred leaching methods the con-
tamination effects within the laboratory are very small or
negligible, we find that the eNd of GOA core-top leachates
are systematically higher (more radiogenic) than bottom
water (Fig. 3a). This is consistent with the findings of
Abbott et al. (2015b) that pore water eNd is more radiogenic
than bottom water in the Northeast Pacific. Abbott et al.
(2016) further suggested that authigenic phases exchange
Nd with pore water and that detrital minerals could con-
tribute to the formation of authigenic eNd via their long-
term influence on pore water eNd. Other studies have also
shown that mobilization of REEs from detrital sediments,
including volcanic ash, during diagenesis is common, and
that authigenic Fe–Mn oxyhydroxides and authigenic phos-
phates are sinks of pore water REEs (Palmer and
Elderfield, 1985; Elderfield and Pagett, 1986; Elderfield
and Sholkovitz, 1987; Toyoda and Tokonami, 1990;
Rasmussen et al., 1998; Martin and Haley, 2000; Takebe,
2005; Caetano et al., 2009; Schacht et al., 2010; Soyol-
Erdene and Huh, 2013; Takahashi et al., 2015; Chen
et al., 2015). Here, we extend the study of Abbott et al.
(2015b) and Abbott et al. (2016) to the basin scale and pro-
pose a conceptual model that relates the eNd of authigenic
phases to pore water, bottom water and detrital sediment
(Fig. 9).

Traditionally a diagenetic effect in a paleoceanographic
proxy is referred to as the alteration of an original signal
by diagenesis post-burial. In this context previous studies
have found minimal diagenetic alternation of authigenic
eNd during late diagenesis, such as the remobilization of
Nd in Fe–Mn coatings and the recrystallization of carbon-
ate and apatite after burial (Palmer and Elderfield, 1986;
Murphy and Thomas, 2010). We agree that once authigenic
phases are deeply buried their eNd are unlikely to be subject
to alteration during late diagenesis, mainly because of the
extremely high Nd concentration in such phases relative
to ambient pore water. However, eNd is different from other
paleoceanographic tracers in that it is carried in authigenic
phases that are the products of sediment diagenesis
(Froelich et al., 1979; Berner, 1980; Burdige and Gieskes,
1983; Canfield, 1989; Burdige, 1993, 2006; Poulton and
Raiswell, 2002; van der Zee et al., 2003; Emerson and
Hedges, 2003; Poulton and Canfield, 2005; Schulz and
Zabel, 2006; Aller, 2014; Abbott et al., 2016), and therefore
the original signal itself is a diagenetic signal (Palmer, 1985;
Palmer and Elderfield, 1985; Toyoda and Tokonami, 1990;
Abbott et al., 2016). We distinguish the diagenetic formation

of authigenic eNd in early diagenesis from its diagenetic

alteration in late diagenesis.
Pore water can be considered as bottom water altered by

sediment diagenesis (Schacht et al., 2010; Abbott et al.,
2016). Once bottom water is buried through sedimentation,
its eNd starts to be modified by relatively slow release of Nd
from sedimentary phases (Fig. 9). These sedimentary phases
do not represent a uniform reservoir of Nd, rather, they
include a spectrum of Nd-bearing phases with distinct reac-
tivity and eNd (Wilson et al., 2013; Abbott et al., 2016).
Unlike our HH4 leaching experiments in which detrital sed-
iment is only in contact with reagent for 30 min, detrital
sediment may react with pore water on time scales of hun-
dreds to thousands of years. This longer reaction time com-
pensates for slow reaction kinetics, and allows bulk
sediment to exert much greater influence on the Nd budget
of pore water than it does in the laboratory leaches. Pore
water eNd depends on a balance of diffusive/advective
exchange with bottom water and relatively slow release of
Nd from sediments. As this process is setting the eNd signa-
ture of pore water, authigenic Fe–Mn oxyhydroxides pre-
cipitate out of pore water and hence inherit its eNd at the
time and depth of precipitation (Fig. 9). Once these authi-
genic coatings are formed, their high concentration of Nd
serve to buffer the pore water-bottom water Nd concentra-
tion gradient and hence benthic flux (Fig. 9) (Abbott et al.,
2016).

If there were no benthic flux of Nd with a pore water eNd

signature, bottom water eNd could reflect conservative mix-
ing of the various water mass sources in the deep sea,
assuming reversible scavenging is not important. The net
benthic flux of Nd into bottom waters, however, makes
eNd in bottom waters non-conservative (Figs. 9 and 10),
particularly in the Pacific (Jones et al., 2008; Horikawa
et al., 2011). The degree of such modification of bottom
water depends on the strength of the benthic source, the
integrated exposure time of a water mass to such sources
at the sea floor (Abbott et al., 2015b), and the reactivity
and isotopic composition of the detrital sediments
(Abbott et al., 2016).

Our finding that authigenic phases, and by implication
pore water, have consistently higher eNd values than GOA
seawater agrees with this model, which explains observa-
tions that GOA seawater eNd is more radiogenic than
expected from conservative mixing between North Pacific
Deep Water (NPDW) and North Pacific Intermediate
Water (NPIW) at depths >500 m (Fig. 3a) (Haley et al.,
2014; Abbott et al., 2015b). We suggest, perhaps in addition
to reversible scavenging, the benthic flux of measured radio-
genic authigenic eNd explains such deviations.

Differences between core-top authigenic and bottom
water eNd similar to what we documented in the GOA are
widespread in the Pacific and are observed in fish debris
(Horikawa et al., 2011) and foraminifera (Vance et al.,
2004; Ehlert et al., 2013; Molina-Kescher et al., 2014a).
Extracted eNd is almost always higher than bottom water
in these cases, even becoming more radiogenic than the
eNd of operationally defined detrital residue (Ehlert et al.,
2013). These results agree with the finding of Abbott
et al. (2015b) and Abbott et al. (2016) that pore water eNd

is always more radiogenic than both bottom water and bulk
sediment in the Northeast Pacific. According to our model
and based on our GOA study, we attribute these differences
to the long-term contribution of more reactive and more
radiogenic (mostly volcanic) detrital components (Wilson
et al., 2013) to pore water and thus to authigenic eNd



W
at

er
 C

ol
um

n
S

ed
im

en
t D

ia
ge

ne
si

s

[Nd]

B
en

th
ic

 fl
ux

εNd

S
in

k

Fe-Mn 
coating

Redox and 
surface chemistry

Preferential dissolution of reactive materials

Authigenic phases once preserved, subject to little change because of high Nd concentration

E
ar

ly
 

La
te

Reactive detritus
Refractory detritus

Pore water εNd ≈ authigenic 
εNd and are in between 
bottom water and detrital 
sediments weighted by 
reactivity and concentration

Pore 
water

Difference depends on 
benthic flux, exposure 
time, reactivity and 
composition of detrital 
sediments etc.

Benthic modification 
once in touch with sediments

Surface sources (atmospheric and riverine)

Reversible  scavenging

ScavengingIsopycnal

m
ixing

Diapycnal mixing

B
en

th
ic

 fl
ux

S
in

k

Lateral mixing•

Dissolved

Fig. 9. A conceptual model describing the relationship of eNd among authigenic phase, pore water, bottom water and detrital sediment. Water
column and pore water eNd and Nd concentration profiles are from the HH3000 site in Abbott et al. (2015b). The model is divided into water
column, early diagenesis zone and late diagenesis zone. Bottom water is buried and becomes pore water, the isotopic compositions of which
will be modified by the diagenesis of detrital sediments and authigenic phases. The detrital sediment comprises components of distinct
reactivity and eNd, which contribute to pore water Nd differentially. Fe–Mn oxyhydroxide forms in pore water and derives its eNd at the time
of formation. Once formed, Fe–Mn coatings become the most significant reactive Nd bearing phase in sediment as they have both high Nd
concentration and reactivity. Interaction between Fe–Mn coatings and pore water supports a significant benthic flux of Nd, with pore water/
authigenic eNd. This flux modifies the bottom water eNd and tends to shift bottom water eNd toward pore water values. The difference between
bottom water and pore water/authigenic eNd depends on the magnitude of the benthic flux, the integrated time the bottom water is exposed to
this flux (Abbott et al., 2015b), the reactivity and composition of detrital sediment . Along the circulation route bottom water eNd derived from
conservative water mass mixing is continuously modified by the benthic flux, while water-column processes like scavenging and reversible
scavenging also affect deep-water eNd. Water masses that are not directly in contact with sediment can still feel the benthic influence through
lateral and diapycnal mixing. The sink term is not discussed in this study, but we assume it has the same eNd as bottom water, while the benthic
flux term has the eNd of pore water. Once authigenic phases are preserved in the late diagenesis zone, their eNd is insensitive to alternation
because of high Nd concentration relative to the other solid and dissolved phases.

28 J. Du et al. /Geochimica et Cosmochimica Acta 193 (2016) 14–35
(Abbott et al., 2016). Even though they may be minor com-
ponents of the total sediment, their high reactivity relative
to bulk sediment increases their influence in pore water
(Abbott et al., 2016). We distinguish such diagenetic contri-
butions from laboratory detrital contamination (Fig. 8).

We propose that radiogenic benthic flux of Nd is wide-
spread in the Pacific, and that this, rather than surface
fluxes or internal cycling, explains the relatively radiogenic
nature of deep Pacific seawater eNd (Jones et al., 2008). We
consider the benthic fluxes to be widespread in the deep sea,
and thus separate from previous concepts of boundary
exchange (e.g. Arsouze et al., 2009). Here we further show
that the benthic flux concept of Abbott et al. (2015b)
applies on the basin scale and is consistent with observa-
tions of relationships between deep water eNd and water
mass age. In the deep Pacific, the trend of deep water eNd

becoming more radiogenic from the Southern Ocean to
the North Pacific is paralleled by the aging of water masses
(Fig. 10a). We approximate the exposure time proposed in
Abbott et al. (2015b) using water mass age based on
radiocarbon (Khatiwala et al., 2012). With a box model,
we can conduct a simply test of the sensitivity of deep
water eNd distribution to various magnitudes and isotope
compositions of the benthic flux (Fig. 10b). Although this
box model does not include sinks of Nd, as long as the iso-
topic composition of the sinks are close to the pore water or
bottom water isotopic signature, the sinks would have little
impact on the isotopic composition of Nd; the basic rela-
tionship of eNd vs. age is robust to this model simplification.
Model results suggest that, given the ranges of the magni-
tude (10–100 pmol cm�2 yr�1) and the isotope composition
(�6 to 0 eNd) of the benthic flux that are consistent with
observations of pore water (Haley and Klinkhammer,
2003; Schacht et al., 2010; Abbott et al., 2015a,b) and authi-
genic phases (this study, Vance et al., 2004; Horikawa et al.,
2011; Ehlert et al., 2013; Molina-Kescher et al., 2014a),
deep water eNd distribution in the Pacific could indeed be
reasonably captured (Fig. 10). Clearly, for anything beyond
a first-order comparison, multi-component models and
future pore water samplings on the abyssal plain would
be necessary to improve the model-data fit. Nevertheless,
this sensitivity test does indicate this is a reasonable hypoth-
esis. In contrast, a pure conservative mixing model is incon-
sistent with the data (Fig. 10b) (Jones et al., 2008; Rempfer
et al., 2011). Reversible scavenging is neglected here, so
what is provided here likely overestimates the importance
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Water (NADW), Antarctic Intermediate Water (AAIW), North Pacific Intermediate Water (NPIW) and other surface water masses. The end
member seawater eNd data are chosen to be compatible with this set of water mass mixing ratios. All relevant data are presented in Table EA5
in the Electronic Annex. This model does not take into account reversible scavenging. (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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of benthic Nd flux; but the fact that this crude model, with
its simplifications, can reasonably capture the distribution
of eNd in the entire deep Pacific to the first order suggests
that benthic flux with pore water eNd could be the dominant
term in controlling the oceanic distribution of eNd.

This conceptual model does not violate findings else-
where that seawater eNd could appear to behave conserva-
tively and core-top authigenic and bottom water eNd are
similar. For example, in the North Atlantic, a combination
of perhaps low benthic fluxes, short exposure times associ-
ated with rapid water mass ventilation, and weak detrital
reactivity could lead to only slight benthic modification of
bottom water eNd, (Lambelet et al., 2016). On the other
hand, Abbott et al. (2015b) has also shown that bottom
water eNd could approach pore water because of stronger
benthic flux, longer exposure time, or similarity between
water mass eNd and detrital eNd. This suggests that the
‘‘authenticity” of authigenic eNd as a bottom water signal
cannot be validated simply by showing resemblance

between authigenic and bottom water eNd.

4.8. Implication for eNd in paleoceanography

Our hypothesis implies that the relevant question for the
application of authigenic eNd in paleoceanography is not
whether authigenic phases and bottom water share similar
eNd, but what controls the variability of pore water eNd in
the past. The dynamic interactions between bottom water,
pore water, authigenic phases and detrital sediments may
seem to complicate the use of eNd, but understanding these
interactions is essential for recognizing proxy limitations
and will likely also lead to new proxy opportunities. We
suggest authigenic eNd at a particular site of interest is
derived from three processes (Fig. 9). Large-scale deep
water formation and mixing determine the conservative
mixing component of seawater eNd. Along the circulation
route this conservative component may be modified some-
what by reversible scavenging, but we suggested it is more
significantly influenced by benthic fluxes that modify the
water mass eNd as a function of exposure time before arriv-
ing the studied site. Finally, this water mass signal is further
modified locally during diagenetic cycling in which the
authigenic and pore water eNd are created in situ.

It is critical to understand the relative importance of
these processes to interpret authigenic records in terms of
paleoceanography. We suggest on the scale of the Pacific
Ocean, local benthic modification is the most important
term, for two main reasons: First, the time scale of local
benthic process, i.e., early diagenesis, is generally much
shorter than changes in water mass circulation (Froelich
et al., 1979; Burdige, 2006), with a model estimate on the
order of 0.2 yr for Nd (Arsouze et al., 2010). Second, the
basin scale bottom boundary condition, i.e. core-top sedi-
ment composition and reactivity, is relatively invariant on
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this time scale. In some other cases, such as in the modern
Atlantic where the exposure time of bottom water masses to
benthic fluxes is small relative to the mixing of different
end-member water masses, the benthic flux ‘‘age” effect
may not be dominant, but this does not mean it is absent
or can be assumed to be irrelevant under different circula-
tion regimes of the past.

The implications for the use of authigenic eNd as a paleo-
circulation tracer are different under these two scenarios. In
the first case, the deviation of authigenic from detrital eNd

could be used as a proxy for local ventilation rate, i.e. expo-
sure time (Abbott et al., 2015b): fast circulation (low expo-
sure time) may tend to decouple pore water and authigenic
eNd from the detrital values while leaving the water mass
eNd signal persistent in pore water and authigenic phases to
certain degree; sluggish circulation would homogenize the
eNd of all these phases. The key challenge, however, is to sep-
arate this ventilation effect from any changes in local detrital
composition and reactivity. For example, previous studies
suggested authigenic eNd could record events of changing
sediment composition andwere used as proxies for continen-
tal weathering, erosion and sediment provenance rather than
circulation (Le Houedec et al., 2012; Cogez et al., 2015).
Therefore, it is of fundamental importance to measure authi-
genic and detrital eNd concurrently. In the second case, authi-
genic eNd might be used as a quasi-conservative water mass
tracer much as it is widely adopted in modern literature,
but even in this case it is key to recognize the water mass
eNd is not simply the result of conservative watermassmixing
but the benthic modification along the circulation route
needs to be considered, i.e. authigenic eNd could be still differ-
ent from the values expected of conservative mixing. While
these are end member cases, in more general situations
aspects from both cases could exist. Therefore, understand-
ing the role of sediment-water interaction in the oceanic
and diagenetic cycles of Nd is critical in both modern and
paleoceanographic applications.

5. CONCLUSION

We developed a robust leaching method to extract authi-
genic eNd from bulk sediment and applied it to a set of core-
top samples in the GOA. We show that in our experiments
one dominant phase is extracted during leaching, and by
comparing leachates to selected detrital and authigenic
end members using major and trace element signatures,
we conclude that the extracted phase is Fe–Mn oxyhydrox-
ide. Detrital contamination of leachate Nd, estimated using
kinetic mineral dissolution rate, leaching fresh and marine
volcanic ash samples and eNd -

87Sr/86Sr mass balance calcu-
lations, is typically on the order of 1% and does not bias the
authigenic eNd signal beyond analytical uncertainty; thus,
our leaching method accurately reflects the composition
of authigenic Fe–Mn oxyhydroxide.

The eNd of GOA core-top leachates are consistently
higher than bottom water, even though carbonate-
corrected 87Sr/86Sr of leachates are very close to modern
seawater at water depths >3000 m. These observations are
reconciled if the authigenic phases record the isotopic
values of pore water rather than bottom water.
We propose a conceptual model to describe the relation-
ship among the leached authigenic phase, pore water, bot-
tom water and detrital sediment, which includes
differential reactivity of detrital components, the eNd signa-
ture of these components, benthic fluxes of Nd, and the
time that bottom waters are in contact with the sea floor.
This model suggests that on long circulation timescales
eNd is a non-conservative water mass tracer. We show that
this conceptual model can be applied on the Pacific basin
scale by simulating the relationship between water mass
age and water mass eNd in the deep Pacific. In general, dif-
ferent scenarios of parameter combination (benthic flux,
detrital composition and reactivity, exposure time etc.)
under this new framework can accommodate observations
that seawater eNd appears to behave conservatively in some
regions (for example, the modern Atlantic where benthic
exposure times are small relative to the mixing of different
water mass end members) and that core-top authigenic
and bottom water eNd are similar.

Our finding that authigenic eNd records pore water
rather than bottom water signatures requires a new
framework for the use of eNd as a circulation tracer in pale-
oceanography. In particular, we recommend that authi-
genic and detrital eNd should be measured concurrently
and the deviation of authigenic from detrital eNd can be
used as a proxy for local bottom water ventilation rate, if
local benthic modification is the dominant factor control-
ling the formation of authigenic eNd and detrital composi-
tion and reactivity are time invariant. On the other hand,
if the local benthic process is of secondary importance,
the traditional quasi-conservative trace approach might be
appropriate, bearing in mind that even in this case the water
mass eNd signal recorded in authigenic phases may not
necessarily be the same as expected from conservative water
mass mixing, because of the benthic modification along the
circulation route.
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Cheron S., Dennielou B., Etoubleau J., Freslon N., Gauchery
T., Germain Y., Jorry S. J., Ménot G., Monin L., Ponzevera E.,
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