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We present an overview of a Virtual Special Issue (VSI) entitled “Cycles of trace elements and isotopes in the ocean -
GEOTRACES and beyond.” In addition to hosting the overview of the GEOTRACES Intermediate Data Product
2017, we highlight the contents of 30 other articles that comprise the VSI. These articles contribute to the In-
ternational GEOTRACES mission in four areas of discovery: developments in marine transition metal isotope
analysis; the role of the Southern Ocean in driving global trace element cycling; advances in understanding of the
utility of rare-earth elements and natural and anthropogenic radionuclides as tracers of ocean processes; and
using aerosols, particles, and elemental speciation to interrogate processes driving trace element cycles. We close

by highlighting the future direction of developments in the field.

1. Special issue overview

This Virtual Special Issue (VSI), Cycles of trace elements and isotopes in
the ocean - GEOTRACES and beyond..., consists of 31 chemical oceano-
graphic studies concerning the chemical and isotopic distributions of
trace elements and their isotopes (TEIs) throughout the global oceans.
This VSI was inspired by two sessions at the Goldschmidt Conference in
Paris in Summer 2017: Non-Conventional Stable Isotopes in the Ocean:
Novel Applications, Technological Advances, and Future Applications (10h)
and Cycles of Trace Elements and Isotopes in the Ocean: GEOTRACES and
Beyond (10i). The VSI showcases the current state-of-the-art of the dis-
tribution and biogeochemical cycling of several TEIs, ranging from well-
studied elements (e.g., Fe; Moffett and German, 2020) to relatively novel
tracers such as Pt (Lopez-Sanchez et al., 2019).

Advances in this field in the last decade have been driven by im-
provements in field sampling, chemical purification, automation and/or
rapid-throughput, and improved analytical capabilities. Many of these
improvements were inspired or facilitated by the activities of the In-
ternational GEOTRACES Program (Frank et al., 2003; Anderson and
Henderson, 2005; SCOR Working Group, 2007; Anderson et al., 2014),
which has the stated mission: “to identify processes and quantify fluxes that

control the distributions of key trace elements and isotopes in the ocean, and
to establish the sensitivity of these distributions to changing environmental
conditions” (GEOTRACES Planning Group, 2006). Indeed, driven largely
by field programs like GEOTRACES and CLIVAR, the prevalence of TEI
data in the oceans has experienced a figurative explosion in the last
decade, revolutionizing our understanding of the processes that influ-
ence the marine distributions and cycling of TEIs (e.g., Anderson et al.,
2014; Anderson, 2020; Grand et al., 2014; Urban et al., 2020). As such, it
is fitting that this editorial comes just over ten years after the official
launch of the GEOTRACES section program at the Ocean Sciences
Meeting in Portland in 2010.

At the time of writing, GEOTRACES has released two intermediate
data products (Mawji et al., 2015; Schlitzer et al., 2018) with a third to
be launched in 2021, and an electronic atlas of sections and 3D scenes
(https://www.egeotraces.org/). Participating GEOTRACES countries
have completed over 120 section, process study, or compliant cruises in
all oceans as well as in several marginal basins (https://www.bodc.ac.uk
/geotraces/cruises/programme/). Here, we provide an overview of the
articles featured in this VSI, as well as highlighting the four wider fields
of discovery that this collection touches upon. It is not, however, our
intention to review the entire field of TEI research that GEOTRACES and
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other field programs have facilitated in recent years. Instead, we point
the reader to several recent review papers and collections that have
grown out of GEOTRACES synthesis workshops and provide a more
comprehensive overview of advances in our understanding of TEI
cycling, boundary exchange, or paleoproxies in the oceans (e.g., Hen-
derson, 2016; Hayes et al., 2018, 2021; Lam and Anderson, 2018;
Anderson, 2020; Close et al., 2021; Horner et al., 2021).

2. Research highlights of this VSI

Below we provide a brief history of the GEOTRACES Program (Sec-
tion 2.1) and introduce the 2017 Intermediate Data Product (Section
2.2), then we explore four areas of discovery featured in this VSI: de-
velopments in analytical methods for measurement of transition metal
isotope systems in marine samples (Section 2.3), the role of the Southern
Ocean in driving global TEI cycling (Section 2.4), advances in our un-
derstanding of ocean processes using rare-earth and radionuclide tracers
(Section 2.5), and emerging insights into ocean TEI cycles from the study
of aerosols, particles, and elemental speciation (Section 2.6).

2.1. History of the GEOTRACES program

The International GEOTRACES program, the first field program to
present visualization of TEI distributions at high spatial resolution in the
oceans, grew out of discussions at international conference sessions that
culminated in an international planning workshop in Toulouse, France
in 2003 (Frank et al., 2003). These endeavors ultimately led to the
publication of a Science Plan in 2006 (GEOTRACES Planning Group,
2006) that continues to guide the GEOTRACES mission, science objec-
tives, program structure, and timetable. A key objective of GEOTRACES
is to standardize best practices for the collection and analysis of
contamination-prone TEISs, to rigorously intercalibrate GEOTRACES and
GEOTRACES-compliant datasets via a Standards and Intercalibration
Committee, and to generate global data products (SCOR Working Group,
2007). Accordingly, the early years of the program (2008-2009) hosted
two cruises (IC1 and IC2) in the North Atlantic and North Pacific oceans
that acted as intercomparison exercises for many GEOTRACES TEIs prior
to the start of the GEOTRACES field program in 2010 (Cutter and Bru-
land, 2012; Anderson et al., 2014). The outcome of these exercises was
published in a special volume of L&O Methods (http://www.aslo.org/l
omethods/si/intercal2012.html). These comprehensive activities to
intercompare key GEOTRACES TEIs built on earlier inter-comparison
efforts for a more limited set of TEIs that used ‘SAFe’ seawater refer-
ence standards, which were collected in the North Pacific in 2004
(Johnson et al., 2007). Although supplies of the SAFe standard materials
are exhausted, these samples continue to be used as evidence for pre-
cision and accuracy by trace metal concentration analysts, supple-
mented by new seawater and dust standards (https://www.geotraces.or
g/standards-and-reference-materials/). Additionally, a GEOTRACES
Methods Manual which provides best practices for TEI sampling and
analysis was produced by the GEOTRACES Standards and Intercalibra-
tion Committee and is periodically updated and publicly available
(Cutter et al., 2017).

The GEOTRACES field program officially began in 2010 with the first
three Atlantic Section cruises (GA02; GA03; GA10; Anderson et al.,
2014; Mawji et al., 2015), but the first GEOTRACES related cruises
sailed in 2007-2008 as part of International Polar Year. By 2014, GEO-
TRACES launched their first publicly available ‘Intermediate Data
Product’ (IDP2014), a global compilation of carefully inter-calibrated
datasets from 15 cruises by 8 nations in the Arctic, Atlantic and Indian
Oceans (Mawji et al., 2015). This product included discrete water data
for numerous TEIs, together with CTD sensor data, and included 237
different parameters at 796 oceanic water column ‘stations’ (Mawji
et al., 2015). This data was available through either direct download, or
via an Electronic Atlas visualization of sections and 3D scenes (htt
p://egeotraces.org; Mawji et al., 2015). The data product was also
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distributed to conference attendees in the form of USB keys. By
launching data products during the lifetime of the program, it was hoped
to strengthen community interactions, but also stimulate interest from
other scientific communities (Mawji et al., 2015). The 2014 product also
included data from several GEOTRACES-compliant cruises—expeditions
that measured parameters of interest to the program but were not
originally proposed as GEOTRACES sections. These expeditions are
denoted by either the lowercase ‘c’ in cruise names (e.g., GAc01; Fig. 1),
as GIPY for International Polar Year Cruises, or as GPpr for process
studies.

2.2. The GEOTRACES Intermediate Data Product 2017

In 2017, GEOTRACES launched a second Intermediate Data Product
(IDP2017), with a third planned for mid-2021 (IDP2021). In this VSI, we
host the overview paper for the IDP2017 which summarizes the pro-
duction of the product and its contents. Compared to the IDP2014, the
IDP2017 represents an approximate doubling of oceanographic TEI
data, with 46,794 samples from 810 stations from 39 cruises carried out
by 11 countries between 2007 and 2014, and now covering the Arctic,
Atlantic, Pacific, Southern and Indian Oceans (Fig. 1; Schlitzer et al.,
2018).

Perhaps the most exciting addition to the 2017 Intermediate Data
product is improved coverage of the vast Pacific Ocean, which was not
covered by the 2014 Data Product. The Pacific data gap was important
to close, since this basin played host to the first and most iconic trace
metal profiles in the late 1970s (e.g., Boyle et al., 1976; Bruland et al.,
1978), as well some of the first studies identifying that margin sediments
were a potentially important ocean Fe source (Johnson et al., 1997).
Since then, GEOTRACES section cruises in the Pacific have already led to
paradigm shifts in understanding the importance of processes such as
long distance transport of both sedimentary and hydrothermal Fe
(Fig. 2; e.g., Fitzsimmons et al., 2014; Resing et al., 2015; Nishioka et al.,
2020), and while the planned Atlantic GEOTRACES program is largely
complete, section cruises in the Indian, Pacific, and Southern Oceans are
likely to continue for at least another 5 years (Anderson et al., 2014).
Lastly, the second GEOTRACES data product is the first to include
aerosol and rain TEI data, as well as inclusion of GEOTRACES-compliant
datasets.

The Indian Ocean is now the most-sparsely covered ocean, with only
a single meridional GEOTRACES section (GI04) included in the GEO-
TRACES IDP 2017 (Fig. 1). However, despite the comparative paucity of
GEOTRACES sections in the Indian Ocean, this VSI features several pa-
pers covering the region: Amakawa et al. (2019) feature the first Nd
isotope ratios from the South West Indian Ocean, Barrett et al. (2018)
present particulate data from CLIVAR sections in the Indian Ocean,
Moffett and German (2020) features the distribution of Fe from GI04 in
the Western Indian Ocean, and Wang et al. (2019a) present Ni and Zn
isotope data from the Indian Sector of the Southern Ocean. Moffett &
German also point in the direction of what will likely be a next phase of
GEOTRACES—synthesizing and comparing multiple basin sections—in
this case comparing Indian GI04 and Southeast Pacific GP16 Fe sections
in order to advance understanding of globally relevant processes
(Figs. 1-2). In this case, one of their findings is to highlight the impor-
tance of the so-called Fe shelf-basin ‘shuttle’ mechanism in moving
dissolved Fe from the shelf to the deep ocean in multiple Oxygen Min-
imum Zones (Moffett and German, 2020), a mechanism that is also
investigated in detail for the anoxic Black Sea in another article in this
issue (Lenstra et al., 2019).

As detailed in Schlitzer et al. (2018), IDP submitting investigators
had to proceed through rigorous data quality control, which required
demonstration of data quality to the Standards and Intercalibration
Committee via demonstrating suitability of sampling and analytical
techniques as well as external comparability via measurement of SAFe
standards, crossover stations (locations occupied by more than one
GEOTRACES section cruise), or via similar approved methods. As such,
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Ocean Data View

Fig. 1. Map showing GEOTRACES cruises included in the GEOTRACES Intermediate Data Product 2017. Figure reproduced from Schlitzer et al. (2018).

the data product can be viewed as an integrated product where datasets
from different investigators and cruises can be compared. Use of cross-
over stations is vital for providing the opportunity to assess inter-
comparison of different cruises and laboratories for a suite of TEIs, but
also provides the opportunity to assess potential temporal variability
between cruises (e.g., Middag et al., 2015; Conway et al., 2016). Data
included in the IDP2017 are available in three ways: downloading the
entire dataset (https://www.bodc.ac.uk/geotraces/data/idp2017/); as
customized data subsets (https://webodv.awi.de/login); or, through the
GEOTRACES Electronic Atlas (http://www.egeotraces.org), which now
includes 593 section plots (Figs. 1-2) and 132 animated scenes (Schlit-
zer et al., 2018). The customized subset option represents a significant
advance in ease of access upon the first IDP, allowing data for single
parameters or cruises to be more-easily downloaded. A continuously
updated database of GEOTRACES and related field, modeling and
laboratory-based publications on oceanic TEI cycling are also publicly
available on the GEOTRACES website (https://www.geotraces.org/geo
traces-publications-database/).

2.3. Developments in analysis of transition metal isotope systems in
marine samples

Since 2006, a combination of improved metal-free laboratory prac-
tices and advances in multi-collector ICP-MS have facilitated measure-
ment of the isotopic ratios of the bioactive transition metals (Cd, Cr, Cu,
Fe, Ni, Zn) in seawater with the precision and accuracy required to
resolve oceanic variability (i.e. <0.1%o). The first measurements of
5%7n and 5°°Cu in seawater were published in early 2006 (Bermin et al.,
2006), closely followed by the first seawater data for 5'*4Cd (though at
the time, denoted €cd/amu), Which was published together with culture
evidence that phytoplankton preferentially incorporate isotopically
light Cd (Lacan et al., 2006). Evidence that phytoplankton exhibit a
similar preference for light Zn in culture soon followed (John et al.,
2007), as well as global evidence that biological uptake gen-
eratesdiscernable Cd isotope variations in the water column (Ripperger
and Rehkamper, 2007; Ripperger et al., 2007). The first methods for

analysis of §°°Fe in coastal seawater were published in 2007 (de Jong
et al., 2007), with the first method for measurement of open ocean 5°°Fe
data presented by Lacan et al. (2008), requiring 10-20 L samples. This
was then followed by further methods that refined the procedure and/or
reduced the volume requirement to 1-4 L (John and Adkins, 2010; Lacan
et al., 2010). By the onset of the GEOTRACES field program in 2010,
however, published seawater measurements for 656Fe, §%Cu, 5%Zn and
5'14Cd were limited to less than 60 per element, and no data for §°Cr
and 8°°Ni (Table 1).

While early high-quality studies also showed the promise of these
tracers (e.g., Vance et al., 2008; Abouchami et al., 2011; Radic et al.,
2011; John et al., 2012), and early GEOTRACES intercomparison efforts
broadly demonstrated the accuracy of different research groups (Boyle
et al.,, 2012), it was the development of higher throughput, multi-
elemental, techniques which facilitated the first application of these
isotopes tracers to GEOTRACES ocean sections at high spatial resolution
(e.g., Conway et al., 2013; Conway and John, 2014a). At the time of
writing, multiple groups have applied these isotope tracers to different
GEOTRACES sections, which has led to a dramatic increase in the
number of trace metal isotope data available from the global oceans,
increasing from <60 per element in 2010 to >1,500 for 5°°Fe, and
>2,000 for §%Zn and §''#Cd (Table 1; Schlitzer et al., 2018). Slower
progress has been made for Ni and Cu (Table 1), though the first oceanic
dissolved 8°°Ni data was published in 2014, and recent studies are
significantly expanding the oceanic §°°Ni dataset (e.g., Wang et al.,
2019a; Archer et al., 2020; Yang et al., 2020). Dissolved §°3Cr was the
latest system to be widely applied in seawater, largely lagging due to the
difficulty of dealing with Cr’s complex redox chemistry in seawater; the
first inter-basinal §°>Cr study came only in 2015 (Scheiderich et al.,
2015). Since then, progress has been rapid, with this issue hosting the
first deep ocean full water column profile of dissolved §°Cr in the North
Pacific (Moos and Boyle, 2019); this profile adds to the rapidly growing
oceanic dataset (>300 data) from the Atlantic, North and South Pacific,
the North Atlantic, and the Southern Ocean (e.g., Goring-Harford et al.,
2018; Rickli et al., 2019; Janssen et al., 2020; Nasemann et al., 2020).

With the notable exception of Cr, the dramatic advances in coverage
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Fig. 2. An example three-dimensional scene available from the GEOTRACES electronic atlas (www.egeotraces.org/), showing dissolved Fe from multiple GEO-
TRACES cruises in the South Pacific. Figure reproduced from Schlitzer et al. (2018).

Table 1

Comparison of oceanic dissolved transition metal isotope data reported in 2010
compared to 2020, after 10 years of the GEOTRACES field program, ordered by
data availability in 2010.

Isotope Published data in Published" data in Fold
system 2010 2020 increase
5'14cd? 53 2,683 >50
5°°Fe 37 1,718 >46
5%°Cu 32 434 >13
5%7n 14 2,023 >144
5°°Ni 0 274 -

5°3Cr 0 343 -

Data sources are shown at the end of the article.

# Note Cd isotope ratios are reported in the literature in several notations
(e1'2Cd, £''*Cd, ecqjamu, Or 8'1*Cd); here, we include all Cd isotope data as
511cd.

b published also includes data included in the GEOTRACES IDP2017.

for most metal systems have been facilitated by the availability of low-
blank, high-yield cation ion-exchange resins that bind multiple metals
using nitrilotriacetic- or ethylenediaminetriacetic acid chelators, such as
Nobias PA-1 (Hitachi; e.g., Sohrin et al., 2008) or Nitriloacetic Acid
(NTA) Superflow resin (Qiagen; e.g., Lohan et al., 2005). Building on
these earlier studies, these resins are now used in automated pre-
concentration systems for metal concentration analysis (e.g., ESI sea-
FAST; Lagerstrom et al., 2013) and are also utilized by most groups to
extract metals from seawater for stable isotope analysis (Lacan et al.,
2008; John and Adkins, 2010; Takano et al., 2013; Conway et al., 2013;
Rolison et al., 2018; Ellwood et al., 2020; Archer et al., 2020). Indeed,
Nobias-PA1 resin is utilized by several studies in this issue for mea-
surement of one or more of 8°°Ni, §%°Cu, 5°0Zn, and 5''*Cd, including
the first paired oceanic 8°°Ni-5°Zn dataset, the first measurements of
dissolved 8°°Ni in the Southern Ocean, and the first measurements of
dissolved 5!1*Cd in the Pacific sector of the Southern Ocean or §%°Cu in
the South Atlantic Ocean (Little et al., 2018; Sieber et al., 2019a; Wang
et al., 2019a).

Despite initially lagging the other transition metals, the oceanic
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§%°Cu dataset, like 5°3Cr, is progressing at pace (Table 1); this is high-
lighted by two studies in this VSI which focus on 8%°Cu in the South
Atlantic Ocean (Little et al., 2018) and Mediterranean Sea (Baconnais
et al., 2019). Both papers highlight the emerging utility of §°°Cu as a
source and process tracer, adding to the growing consensus that the deep
ocean 8%°Cu reservoir is relatively homogenous at near +0.7%o. Set
against this background, however, Little et al. also find that the partic-
ulate 8°°Cu pool can be characterized into two pools (labile and re-
fractory) that have distinct isotope signatures, similar to what has been
observed in marine sediments. Little et al. also show that both benthic
and estuarine inputs of Cu to the South Atlantic are associated with light
dissolved 8%°Cu anomalies, suggesting that Cu isotopes may be a sensi-
tive tracer of Cu source that is difficult to discriminate from concen-
tration alone (Little et al., 2018). Similarly, and in agreement with
previous work by Takano et al. (2014), Bacconais et al. show that both
biological activity and Cu sources also leveraged distinct changes in
dissolved §°°Cu in Mediterranean surface waters, specifically via addi-
tion of light Cu from atmospheric dust, scavenging of light Cu associated
with the euphotic zone, heavy Cu added by riverine outflow from mining
and also light Cu associated with benthic inputs (Baconnais et al., 2019).

Possible use of 8°°Cu as a source tracer highlights the differential
behavior of trace metals -and utility of trace metal isotopes- in the
oceans, reflecting recent findings that benthic and atmospheric addition
of Zn can be observed as light dissolved 5°6Zn anomalies in ocean sec-
tions (e.g., Conway and John, 2014b; Lemaitre et al., 2020a; Liao et al.,
2020), but that the longer residence time of Cd or Ni in the oceans means
that these isotope systems do not generally show anomalies linked to
sources. Indeed, Xie et al. (2019a) demonstrate that there is little
observable external influence on [Cd] and §''*Cd from riverine and
natural dust sources to the North Atlantic, with §''*Cd instead being
dominated by biological cycling and ocean circulation. Unlike mea-
surements of Cd and Zn isotopes, however, key questions remain about
the fidelity of different analytical techniques for measurement of both
[Cu] and §%°Cu, especially about the role of acidification strength, UV
oxidation, and storage time prior to analysis (Posacka et al., 2017; Little
et al., 2018; Baconnais et al., 2019). Both Cu studies in this VSI note that
[Cu] is systematically higher in seawater samples that are UV oxidized
prior to analysis, and that although most reported deep ocean 5%°cu
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values range from +0.6 to +0.7%o, there is disagreement by up to 0.2%o
on consensus standards (Little et al., 2018; Baconnais et al., 2019). Such
observations highlight the challenges of measuring trace metal isotope
ratios in seawater, especially for elements that are strongly complexed
by organic ligands and for which double-spiking, which requires four
stable isotopes, is not possible. As 8°°Cu continues to be applied as an
oceanic tracer, we repeat the call of Little et al. (2018) that both a robust
Cu isotope intercalibration exercise and the establishment of best
practices are urgently needed.

Several papers in this issue also revisit the fractionation of stable
isotopes during biological uptake by phytoplankton (e.g., Kobberich and
Vance, 2019; Wang et al., 2019a). Despite being part of the earliest
marine trace metal isotope research (Lacan et al., 2006), and the
widespread observations that biological uptake and regeneration ap-
pears to shape the isotopic distributions of several of the trace metals
(reviewed in detail in Horner et al., 2021), this is an area of the field that
arguably lags the GEOTRACES-driven explosion of field data. Indeed,
understanding the isotope fractionation factors associated with different
species remains poorly constrained for all the trace metals. Kobberich
and Vance (2019) address this paucity of species data for §°6Zn, pre-
senting the first culture data for Zn incorporation by cyanobacteria and
comparison with several species of diatoms as well as the literature (see
Fig. 3). Their study confirms previous findings that uptake of Zn into
cells occurs with an almost-universal preference for light isotopes in
culture (e.g., John et al., 2007; John and Conway, 2014; Samanta et al.,
2018), but also warns that some of this ‘apparent’ fractionation observed
in culture may be the result of using an organic chelator such as EDTA
(Kobberich and Vance, 2018). The authors postulate that this over-
estimation of uptake fractionation in culture may explain why such
muted §%Zn variability is seen in Southern Ocean water column data in
comparison to systems such as 8''Cd (e.g., data presented by Sieber
et al., 2019a and Wang et al., 2019a).

Further potential complexity for interpreting oceanic surface §°°Zn
patterns arises from possible uptake of heavy Zn by diatoms in culture
under Fe-limitation or scavenging of Zn to organic matter (John and
Conway, 2014; Kobberich and Vance, 2017; Weber et al., 2018),
although such effects do not appear to be obvious from the first Southern
Ocean studies of 8°°Zn under various states of Fe limitation (Wang et al.,
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Fig. 3. A summary of culture studies on the fractionation of Zn isotopes during uptake by marine phytoplankton. Boxes show measured biomass §°°Zn composition
relative to the media for cyanobacteria (Synechococcus sp., Prochlorococcus sp.), diatoms (T. weissflogii, T. oceanica, Chaetoceras sp.), and coccoliths (E. huxleyi). The
orange bar denotes the expected signature of bioavailable Zn when culturing with the chelator EDTA. Figure reproduced with permission from Kobberich and

Vance (2019).
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2019a; Sieber et al., 2020). As such, while such advances in our un-
derstanding of 5°6Zn fractionation in culture do highlight the intriguing
value that trace metal isotope measurements bring to understanding
trace metal biogeochemistry, they demonstrate that more marine pro-
cess studies are needed. For other systems, such as 5°°Fe and 5°°Ni, there
is some mixed evidence for fractionation in field data (e.g., Wang et al.,
2019a; Archer et al., 2020; Yang et al., 2020; Ellwood et al., 2015; Ell-
wood et al., 2020), but there is currently a lack of culture studies of
uptake fractionation for these elements.

2.4. The role of the Southern Ocean in driving global TEI cycling

Early trace element concentration datasets, which observed tight
global correlations between elements such as Cd and phosphate, or Zn
and silicate, were primarily interpreted in terms of one-dimensional
vertical profiles, dominated by the processes of biological uptake,
regeneration, and scavenging (e.g., Boyle et al., 1976; Bruland, 1980; de
Baar et al., 1994). These processes were invoked to explain low con-
centrations of TEIs such as Cd and Zn in surface waters, along with
enrichment into deep waters by dissolving biogenic material along the
oceanic ‘conveyor’. Similarly, dissolved Fe profiles were largely
considered as a balance of surface addition, uptake, regeneration, and
scavenging (see Boyd and Ellwood, 2010). By the early 2000s, however,
focus had switched to the dominant role of the Southern Ocean ‘hub’ in
driving the low latitude distributions of the macronutrients nitrate,
phosphate, and silicate (e.g., Sarmiento et al., 2004; Marinov et al.,
2006). This view holds that a combination of upwelling of nutrient-rich
deepwater and surface processes of uptake and regeneration within the
Antarctic Circumpolar Current (ACC) of the Southern Ocean act to
impart pre-formed nutrient signatures to subducting water masses
which are then transported to the lower latitudes via ocean circulation.
As such, at first order, the differing oceanic profiles of macronutrients
such as P and Si arise not from the differing in situ length scales of 1D
regeneration of these elements, but rather from supply of P and Si to
intermediate depths by Southern-sourced water masses with differing P:
Si preformed ratios (Sarmiento et al., 2004), with only a secondary role
for addition of nutrients as water masses circulate (Sarmiento et al.,
2007).

While early trace element studies recognized the role of Southern
Ocean processes and ocean circulation in driving the low-latitude dis-
tribution of many TEIs (e.g., Broecker and Peng, 1982; Frew and Hunter,
1992), the extreme paucity of field data for the contamination prone TEI
micronutrients in high latitude water-mass formation regions meant that
by default a number of TEIs continued to be interpreted in largely 1D
terms well into the GEOTRACES era, often dependent on sampling res-
olution. However, with the onset of the GEOTRACES program and
release of Intermediate Data Products, much larger, more-accurate
datasets for TEIs became available (Mawji et al., 2015; Schlitzer et al.,
2018), facilitating a more 3D view of global cycling for many TEIs (e.g.,
http://www.egeotraces.org). For example, based on such datasets,
recent studies have confirmed that the Southern Ocean and global water
mass mixing are just as influential in driving the global distributions of
Cd and Zn (and their correlations with macronutrients), as they are in
driving the distributions of the macronutrients themselves (e.g., Baars
et al., 2014; Abouchami et al., 2014; Vance et al., 2017; Middag et al.,
2018).

Several studies now show that uptake of certain nutrients such as Si
and Zn within the sub-Antarctic Zone of the ACC can lead to low pre-
formed quantities of these nutrients in north-flowing waters that act as
precursors for intermediate and mode waters (e.g., Sarmiento et al.,
2004; Vance et al., 2017). Similarly, a combination of surface Southern
Ocean processes and circulation have been invoked to explain the 3D
distribution of isotope systems such as Cd, Si or Ba within the Atlantic
Ocean (de Souza et al., 2012a; Abouchami et al., 2014; Horner et al.,
2015), or Si in the Pacific (de Souza et al., 2012b). Preferential biolog-
ical uptake of light Cd in Southern Ocean waters imparts a distinctly

Chemical Geology 580 (2021) 120381

isotopically heavy 5'*Cd signature to intermediate water masses (+0.4
to +0.6%o) relative to the deep ocean (+0.2%.), with the presence of
these southern-sourced water masses dominating the 1D vertical dis-
tribution of 8''#Cd well into the North Atlantic (e.g., Xue et al., 2012;
Abouchami et al., 2014; Conway and John, 2015a).

Several articles in this issue add clarity to the view that Southern
Ocean processes are important for understanding the distribution of
TEIs, with Sieber et al. (2019a) presenting the first meridional dataset of
dissolved Cd and 5''*Cd in the South Pacific Ocean from Japanese
GEOTRACES Section GP19. This work further highlights the importance
of Southern Ocean surface processes in setting preformed Cd:P and
isotopically heavy 8''*Cd to AAIW and AASW, which then advect
northward with §!1*Cd signatures conserved into the low-latitude Pa-
cific Ocean (Sieber et al., 2019a). The presence of elevated 5'cd in
intermediate water masses influencing the low-latitude intermediate
depth Pacific Ocean can be seen in Fig. 4, analogous to that demon-
strated previously for §!1Cd in the Atlantic Ocean (Abouchami et al.,
2014) and for 8°°Si in the South Pacific (de Souza et al., 2012b). In
contrast, the muted §°6Zn fractionation during uptake in the Southern
Ocean shown by Wang et al. (2019a), when combined with more recent
research by Sieber et al. (2020), demonstrate that uptake of Zn in the
Southern Ocean cannot exert an equivalent influence on the low-latitude
distribution of dissolved §°¢Zn.

Outside of the Antarctic, Sieber et al. (2019a) find that almost all
variability in 8'1*Cd and Cd along the GP19 section can be attributed to
the effects of transport and mixing of preformed signals, with only small
roles for remineralization; this finding is also consistent with what has
been reported for dissolved Cd in the Atlantic (Xie et al., 2015; Middag
et al., 2018). In this VSI, Xie et al. (2019a) present new data from the
tropical Atlantic Ocean, which also supports the dominance of water-
mass mixing on driving Cd:P and 5''*Cd throughout the Atlantic
Ocean. However, this study also highlights the complexity in low-
latitude Cd cycling that can be caused by processes that appear to
decouple Cd from P in situ, such as addition of Cd, preferential regen-
eration of either Cd or P in sinking organic matter, or loss of Cd to
particulates in sulfides in oxygen minimum waters, that has been pro-
posed by Janssen et al. (2014) previously in both the North Atlantic and
North Pacific Oceans (Xie et al., 2019a).

Despite the importance of Southern Ocean surface processes in ul-
timately setting the pre-formed concentrations of different water masses
that advect northward, Southern Ocean TEI studies are often restricted
to Austral Summer for obvious logistical reasons. However, since deep
winter mixing and entrainment have been shown to play an important
role in both supplying metals to sustaining summer productivity,
‘resetting’ the system, and playing a role in TEI cycling in the Southern
Ocean (e.g., Tagliabue et al., 2014; Sieber et al., 2020), our under-
standing of TEI cycling processes occurring in winter remains an
important knowledge gap. Beginning to address that paucity of data, in
this issue Cloete et al. (2019) present TEI data ([Cu], [Ni] and [Zn]) from
expeditions in the Atlantic Sector of the Southern Ocean over a full
austral-winter cycle. Their findings include insights into winter TEI
cycling, specifically that [Cd], [Zn] and [Ni] are higher in mixed layers
in winter compared to summer, attributed to lower productivity and
differential incorporation of metals relative to macronutrients under
low-light levels in austral winter. The latter finding adds weight to
studies suggesting that deeper winter mixing might impart distinctive
metal:nutrient ratios and/or trace metal isotopic signatures that are
preserved in remnant winter water during summer and highlights both a
need for more seasonal-resolution data in the Southern Ocean, and more
data coverage from high latitude water-mass formation regions in
general.

2.5. Advances in understanding of the utility of rare-earth elements and
natural and anthropogenic radionuclides as tracers of ocean processes

Similar to the bioactive trace metals and their isotopes, the onset of
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Fig. 4. Dissolved cadmium isotope ratios (§'**Cd) from GEOTRACES GP19 transect along longitude 170°W in the Southwest Pacific Ocean. This figure shows how
surface processes in the Southern Ocean can impart a preformed signature to intermediate depths at low latitudes, with the northward proliferation of Antarctic
Intermediate Water visible in low salinity and elevated 5!'*Cd. Figure reproduced with permission from Sieber et al. (2019a).

large field programs such as GEOTRACES has spurred on analytical
development of methods to measure and field application of a range of
natural and anthropogenic radionuclides (e.g., He, Ra, Th, U, Pu), rare
earth elements (Nd, Hf etc.), and radiogenic isotope systems (e.g.,
143Nd/144Nd) throughout the oceans. Indeed, dissolved measurements
of the radiogenic **Nd/***Nd ratio (typically expressed as eNd) are
classified as a GEOTRACES required ‘key parameter’, meaning that eNd
should, in principle, be measured on all GEOTRACES cruises (GEO-
TRACES Planning Group, 2006). Here we feature some of the contri-
butions from articles in this VSI to advancing the use of both naturally
occurring (eNd, Ra) and anthropogenic radionuclides as tracers (>3,
239py; 240py).

2.5.1. Neodymium

The utility of the radiogenic eNd ratio in the ocean arises because
water masses acquire distinct eNd based on where they acquired their
Nd. Neodymium is added to seawater by weathering of continental
rocks, which exhibit considerable spatial variability in **Nd/!*‘Nd
depending on age and composition (see recent compilation by Robinson
et al., 2021). Moreover, the residence time of dissolved Nd is shorter
than the oceanic mixing time, meaning that seawater is spatially vari-
able for eNd (e.g., Frank, 2002; Jeandel et al., 2007). Although eNd were
first measured in seawater and identified as a potential water mass
tracer by pioneering studies such as Piepgras et al. (1979), applied as
paleoproxies for water mass circulation in archives such as ferroman-
ganese crusts as early as the 1980s (e.g., Goldstein and O’Nions, 1981;
Albarede and Goldstein, 1992), and a large global database of seawater
eNd available by 2011 (see Lacan et al., 2012 and references therein), it
was not until the onset of the GEOTRACES era that widespread dissolved
eNd section datasets have become available. Indeed, the number of
dissolved ¢eNd measurements made between 2011 and 2016 exceeded
the total measured in the last 30 years (reviewed by van de Flierdt et al.,
2016), with the GEOTRACES IDP 2017 featuring nine ocean sections
(Schlitzer et al., 2018). GEOTRACES also facilitated interlaboratory
intercomparison exercises for groups measuring eNd in seawater and
marine particles (van de Flierdt et al., 2012; Pahnke et al., 2012).
Reflecting the findings of earlier studies, the first GEOTRACES eNd
sections in the Atlantic (GA02 and GAO3; Stichel et al., 2015; Lambelet
et al., 2016) largely confirmed the utility of eNd as a water mass tracer,
further constraining the eNd endmember signature of North Atlantic
Deep Water masses in detail (van de Flierdt et al., 2016). However, such
studies also provided evidence for the variable importance of local
boundary exchange in modifying dissolved eNd but not [Nd] (e.g., Lacan

and Jeandel, 2005; Jeandel, 2016), as well as further evidence that in-
ternal cycling such as reversible scavenging of Nd to biogenic particles
acts to decouple Nd and eNd distributions (e.g., Siddall et al., 2008;
Stichel et al., 2020).

In this issue, several studies provide further insight into the processes
controlling both the marine cycling of [Nd] and the utility of eNd as a
water mass tracer. Morrison et al. and Laukert et al. present new high-
resolution datasets from the high-latitude North Atlantic, namely
around Iceland and the Barents Sea respectively, while Amakwara et al.
present the first eNd from the South West Indian Ocean and Zieringer
et al. present new data from the tropical eastern Atlantic (Amakawa
et al., 2019; Laukert et al., 2019; Morrison et al., 2019, Zieringer et al.,
2019). These articles highlight the dominance of conservative mixing of
water masses (with distinct eNd) in controlling eNd distributions in the
ocean, and place better constraints on the endmember ¢Nd signature of
water masses in their respective areas of study. The studies also examine
the influence of local processes which could compromise the use of
regional eNd as a circulation tracer. For example Morrison et al. (2019)
investigate the possibility of addition of uniquely-radiogenic eNd from
weathering of basalts on Iceland, but find that such an addition of [Nd]
only affects the eNd of local coastal waters, rather than compromising
the eNd signature of other major water masses in the Iceland Basin. In
contrast, Zieringer et al. (2019) show that, similar to previous work by
Stichel et al. (2015) and Rickli et al. (2010), surface waters of the
tropical eastern Atlantic are significantly impacted by seasonally- and
spatially-variable deposition of Saharan dust, manifesting in both [Nd]
and eNd, potentially weakening the use of eNd as a water mass tracer in
this region. Zieringer et al. also confirm the importance of boundary
exchange associated with Canary Island and Cape Verde volcanism for
modifying eNd throughout the whole water column in this region while
not changing [Nd], as shown previously by Rickli et al. (2010). Also in
this issue, Pham et al. (2019) investigate [REE] distributions in the
Solomon Sea and show that this region exports elevated Nd at inter-
mediate depths into the equatorial Pacific undercurrent from conti-
nental weathering, but also find that no elevated Nd is seen in surface
waters. Lastly all three eNd studies demonstrate the removal of Nd by
scavenging to particles without a noticeable change in eNd, providing
further weight to the widespread importance of this process for decou-
pling [Nd] and eNd in the oceans (Laukert et al., 2019; Morrison et al.,
2019; Zieringer et al., 2019; Stichel et al., 2020).

2.5.2. Radium
The four common naturally-occurring radionuclides of Ra (**°Ra,
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224Ra, 226Ra, 228Ra) are present in trace quantities in the ocean forming
from the decay of their parent Th isotopes in sediments. Radium is
soluble in seawater and so Ra produced in sediments diffuses out of
sediment pore waters into the water column where the different Ra
isotopes behave ‘essentially conservatively’, but with half-lives ranging
from 3 days to 1,600 years (e.g., Charette et al., 2015). As such, the
longer-lived Ra isotopes (*?%Ra, 1,600 yr; 2®Ra 6 yr) have been long
been applied as tracers for calculating fluxes to the coastal environment
from processes such as riverine addition or submarine groundwater
discharge (SGD), both at the local and basin scale (e.g., Moore, 1969;
Moore and Shaw, 2008). The shorter-lived isotopes (223Ra, 114; 224Ra, 4
d) are increasingly used to determine coastal mixing rates (e.g., Moore,
2000), providing rate information for understanding processes that
cycle TEIs. With the development of new methods for high-throughput
processing of marine samples for all four Ra isotopes, intercomparison
efforts, and the onset of the GEOTRACES program, Ra isotope distri-
bution datasets have undergone a similar increase in data to that of the
other TEIs (e.g., Charette et al., 2012; Henderson et al., 2013; Schlitzer
et al., 2018). This increase in data has facilitated a more detailed ex-
amination of the role of different boundary processes in influencing
oceanic distribution of all four Ra radioisotopes, as well as being useful
for constraining fluxes from these boundaries and calculating water
mass ages (e.g., Charette et al., 2015; Sanial et al., 2018; Kipp et al.,
2019; Garcia-Orellana et al., 2021).

Further, GEOTRACES synthesis efforts have made use of global
modelling and ??°Ra datasets to use Submarine Groundwater Discharge
(SGD) ??®Ra fluxes to quantify SGD fluxes of other TEIs to the oceans (e.
g., Kwon et al., 2014; Charette et al., 2016; Mayfield et al., 2021). A
similar approach is made by Roy-Barman et al. (2019) in this issue,
where they use 2?®Ra to constrain SGD Ba fluxes to the Mediterranean
Sea as part of the GA-04S MedSeA GEOTRACES cruise and show that
such fluxes can be significant to the dissolved Ba budget. Also in this
issue, Neuholz et al. (2020) highlight a second use of the short lived
229Ra and 22°Ra isotopes, using them above the Brothers Volcano hy-
drothermal system on the Kermedec Arc to determine hydrothermal
plume age, and calculate the relative roles of eddy diffusion and
advection for plume dispersion. This study is the first to look at an
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interarc volcanic system, showing that diffuse flow takes five days
longer to reach the plume than direct venting (Neuholz et al., 2020), and
builds on previous studies using both short- and long-lived Ra isotopes to
quantify fluxes, plume ages and dispersion at hydrothermal sites such as
Puna Ridge, the Mid Atlantic Ridge TAG vent site, and the East Pacific
Rise (Moore et al., 2008; Kipp et al., 2018).

2.5.3. Artificial radionuclides

Since the onset of the nuclear age, there has been substantial public
concern about the environmental and health impacts of the release of
radioactive nuclides into the natural environment. These
anthropogenic-derived radionuclides are principally released as fallout
from atom bomb testing (typically released to the atmosphere), or from
nuclear reactor accidents (can be atmospheric or oceanic release). While
a concern for environmental health, such accidental releases have also
led to serendipitous opportunities to use measurements of some of these
anthropogenic radionuclides to trace ocean processes, also stimulated
by the GEOTRACES program. For example, in this issue Villa-Alfagme
et al. present the first measurements of the long-lived radioisotope
250 from GP16 cruise in the Eastern Tropical Pacific by AMS (Villa-
Alfageme et al., 2019). They show that concentrations reach as low as
1000 atoms kg! in the deep Pacific, and that 226U, when combined with
other tracers such as A14C and He, can be useful for constraining water
mass mixing in the region (Villa-Alfageme et al., 2019). Secondly, Wu
et al. (2019) present measurements of 240/23%9py; in samples collected in
2014-2015 from the Kuroshio Current near Japan, to assess the regional
impact of radioactive release of Pu from the Fukushima Daiichi Nuclear
Power Plant Disaster in 2011. Their findings (reproduced in Fig. 5),
show no impact of the accident on surface water 2*°Pu/23°Pu in the
wider region, but highlight the continuing influence of radioactive
pollution from US nuclear testing in the Pacific Proving Grounds in
combining with global nuclear fallout to set the 240/23%py signature of
North Pacific waters (Wu et al., 2019).
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Fig. 5. Measurement of the dissolved anthropogenic radioactive contaminant plutonium (**°Pu/?**Pu) in the Kuroshio current and extension waters close to Japan
(2014-2015) following the Fukushima Daiichi Nuclear Power Plant Disaster (FDNPP) in 2011. Figure compares seawater data with possible sources (global fallout,
Pacific Proving Ground nuclear tests [PPG] and FDNPP), showing little impact of the Fukushima release on seawater 2*°Pu/?**Pu. Figure reproduced with permission

from Wu et al. (2019).
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2.6. Aerosols, particles, and elemental speciation

2.6.1. Aerosols

As with seawater dissolved TEI measurements, collection of atmo-
spheric dust has a long history, and the importance of atmospheric
deposition to the marine Fe cycle has long been known, significantly
predating large field programs like GEOTRACES (e.g., Duce et al., 1991;
Duce and Tindale, 1991; Jickells et al., 2005). More recently, shipboard
aerosol collection has facilitated characterization of soluble Fe and Al,
and other TEIs in aerosols at greater resolution over the open ocean (e.g.,
Baker et al., 2006; Buck et al., 2006), adding to multiple decades of time
series measurements from sites such as Barbados and Bermuda (e.g.,
Arimoto et al., 1995; Prospero et al., 2014). With the onset of cruises as
part of large field programs like GEOTRACES, CLIVAR, and AMT (the
Atlantic Meridional Transect), has come the further opportunity to
couple atmospheric and surface ocean TEI measurements in order to
dramatically increase coverage, understanding and synthesis of total
and soluble TEI deposition fluxes to the global oceans (e.g., Buck et al.,
2010, 2013; Grand et al., 2014; Shelley et al., 2015; Shelley et al., 2017;
Jickells et al., 2016; Barraqueta et al., 2019). Coupling of elements such
as “Be or 2°Th and ?32Th with aerosol TEIs has also led to improved flux
estimates of dust and TEIs to the surface oceans (reviewed by Anderson
et al., 2016).

This VSI contains two GEOTRACES aerosol ‘sections’, with Marsay
et al. (2018) presenting the first high resolution TEI aerosol study from
the western Arctic Ocean from GNO1 in 2015, and Buck et al. (2019)
examining aerosol fluxes to the Southeastern Tropical Pacific Ocean
from GP16 in 2013. Measurements of aerosol TEI deposition fluxes are
scarce in the climate-sensitive Arctic Ocean, and so it is significant that
Marsay et al. provide a large aerosol TEI composition and solubility
dataset to test and inform deposition models, as well as using ’Be
deposition to calculate TEI deposition fluxes; they show that summer-
time deposition fluxes of both mineral dust and Fe are low, typical of
open marine air, yet the region does experience significant aerosol TEI
contributions from anthropogenic pollution. In the tropical South-
eastern Pacific, Buck et al. show a pronounced offshore negative
gradient in both dust and Fe deposition moving offshore from Peru into
open marine air, with elements such as Fe and Al coming from natural
sources and other TEIs such as Cu, Cd, and Pb coming from anthropo-
genic sources (Buck et al., 2019). Buck et al. highlight the importance of
atmospheric-derived Fe is greatly increased in the Fe-limited offshore
portion of GP16, far from the Peruvian margin (Buck et al., 2019). Also
in this issue, Chien et al. (2019) provide a time series analysis of TEI
deposition to Lake Tahoe in California; like both open-ocean aerosol
studies, they find a largely natural source of elements such as Fe, but an
anthropogenic source of elements such as Pb or Cd.

2.6.2. Particles

Marine particles play a vital role in oceanic TEI cycling, acting as
surfaces for permanent or reversible exchange with the dissolved phase,
and thus act as both important sources and eventual sinks for dissolved
TEIs (e.g., McDonnell et al., 2015; Jeandel et al., 2015). As reviewed by
Jeandel et al. (2015), although oceanic programs such as JGOFS and
GEOSECS provided a wealth of early understanding of the distribution
and biogeochemistry of marine particles, the methods for collection and
analytical tools to study most contamination-prone particulate trace
elements were not available, highly limiting data coverage. With the
onset of the GEOTRACES program however, efforts to review, refine,
and intercalibrate clean large volume particulate sampling methods (e.
g., McLane, MULVEFS or SAPS pumps vs go-flo filtration), filter type,
digest methods, and analytical tools such as optical, ICP-MS, X-ray and
synchrotron techniques have led to vast leap forwards in our knowledge
of single-particle and particle assemblage TEI chemistry (e.g., Bishop
et al., 2012; McDonnell et al., 2015; Lam et al., 2015a; Boss et al., 2015).
Accordingly, the GEOTRACES program has led to the first high-
resolution ocean sections of TEIs such as Fe and Mn coupled to
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particle composition (i.e., lithogenic, authigenic, suspended organic
matter, opal, carbonate; as well as a suite of minor TEIs and their iso-
topes (e.g., Lam et al., 2015b; Ohnemus and Lam, 2015; Lam et al., 2018;
Hayes et al., 2015; Revels et al., 2015; Little et al., 2018; Gourain et al.,
2019; Lemaitre et al., 2020Db).

Two papers in this issue touch on the topic of particulate Ba cycling
(Roy-Barman et al., 2019; Martinez-Ruiz et al., 2019). Marine particles
play an integral role in the marine Ba cycle, with dissolved Ba removed
from seawater by the precipitation of particulate barite during the mi-
crobial oxidation of sinking organic matter (e.g., Chow and Goldberg,
1960; Dehairs et al., 1980). The balance between barite precipitation
and dissolution varies with depth, often leading to the development of
significant particulate Ba standing stocks in the mesopelagic ocean (e.g.,
Lam et al., 2015b). However, questions remain about the exact mech-
anisms of barite precipitation in seawater, which is generally under-
saturated with respect to barite (e.g., Church and Wolgemuth, 1972).
Most studies agree that overcoming this thermodynamic barrier requires
some form of biological mediation, and frequently invoke a
microenvironment-mediated model of precipitation (e.g., Chow and
Goldberg, 1960). Martinez-Ruiz et al. provide further insight into this
process, using mineralogical and crystallographic analyses of size-
fractionated marine particles to suggest that pelagic barite forms in
two steps: first as an amorphous Ba phosphate-rich phase in association
with extracellular polymeric substances that is later substituted by sul-
fate to form barite. These observations are consistent with other recent
findings pointing toward the importance of organic matter—and spe-
cifically biofilms—in mediating barite precipitation in undersaturated
waters (e.g., Horner et al., 2017; Deng et al., 2019; Martinez-Ruiz et al.,
2020). However, the second Ba study in this VSI, by Roy-Barman et al.,
finds that organic matter regeneration may contribute to the dissolution
of particulate barite in the Mediterranean Sea, highlighting additional
complexity in the marine geochemical cycle of Ba.

This VSI also hosts several papers which focus on particle cycling and
the interaction of dissolved and particulate phases in the ocean, espe-
cially highlighting the contribution of other field programs such as
CLIVAR and the Bermuda Atlantic Time Series (Barrett et al., 2018;
Conte et al., 2019). Barrett et al. (2018) present a transect of trace ele-
ments in suspended particulate matter (Al Si, P, Ca, Fe and Zn) from
three US CLIVAR/CO repeat hydrography sections (I09N/108S/106S) in
the Indian and Southern Oceans, stretching from either India or South
Africa to Antarctica. This work, which adds a wealth of particulate TEL
data to a particularly poorly sampled region, highlights the unexpected
importance of biogenic CaCOj3 in scavenging dissolved Al to particles in
regions of high productivity, examines particulate Al and Fe sources
across the region, and documents the elevated uptake of Zn by Southern
Ocean diatoms with elevated Zn:P ratios (Barrett et al., 2018). The latter
finding confirms the importance of high Southern Ocean Zn and Si up-
take by Fe-limited diatoms in influencing the global distribution of Zn
relative to Si (Twining and Baines, 2013; Vance et al., 2017). Conte et al.
(2019) examine the composition and TEI content of particles reaching
the deep Sargasso Sea in the North Atlantic, making use of a 15-year
time series at the BATS site (Fig. 6.). Their findings highlight the
importance of understanding seasonality for understanding particle
type, particle-TEI exchange (e.g., biogenic fluxes of TEIs and/or scav-
enging of TEIs to authigenic Mn oxides), as well as the role of margin
sediments in supplying lithogenic particles to the deep Atlantic (Conte
et al., 2019). Lastly, Cheize et al. (2019) provide an elegant particle
incubation experiment that shows that resuspension of benthic particles
is a large source of Fe and Mn, but that release of these elements is
decoupled in time and by particle type. Such time-series datasets and
small-scale process studies provide invaluable insights into seasonal to
inter-annual variability, which are essential for placing the findings of
‘snapshot” GEOTRACES datasets in context.

2.6.3. Elemental speciation
Alongside the GEOTRACES-facilitated data explosion in dissolved
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Fig. 6. Long term sediment trap particulate flux time series from the Bermuda Atlantic Time Series, showing seasonal variability in the flux of different particulate
phases. Figure highlights the utility of time series data for investigating variability in particulate cycling, and is reproduced with permission from Conte et al. (2019).

and particulate TEI distributions have come new insights into our un-
derstanding of the physico-chemical speciation of TEIs in seawater. For
example, while it has been known for a number of decades that organic
ligands complex as much as 99% of dissolved Fe in seawater (see
Gledhill and Buck, 2012), the GEOTRACES field program has led to the
first high resolution ocean sections of both Fe-binding organic ligands
and the size-partitioning of dissolved TEIs into soluble and colloidal
species (e.g., Buck et al., 2015; Fitzsimmons et al., 2015; Gerringa et al.,
2017; Roshan and Wu, 2018; Jensen et al., 2020). These studies yielded
insights into the chemical characteristics of the phases binding Fe in
seawater. Despite these advancements however, the molecular identity
of most of the organic ligands in this pool remain uncharacterized.
Several papers in this VSI add to our knowledge in this area. For
example, Gonzalez et al. classify diatom-produced polyphenol com-
pounds in the laboratory as weak Fe-binding ligands, and add to the
body of evidence that such organic Fe-binding ligands may reduce Fe
(IID) to release Fe(Il) into seawater (Gonzalez et al., 2019). At the other
end of the Fe spectrum, Santana-Gonzalez et al. use a novel approach to
show how organic ligands influence Fe(II) to Fe(IIl) oxidation kinetics in
a field study in the Labrador Sea, finding that while temperature,
salinity, and pH are the driving variables influencing oxidation kinetics,
organic matter can have both a positive and negative effect on reaction
kinetics (Santana-Gonzalez et al., 2019). Lastly, Lough et al. (2019)
present a hydrothermal process study linking the role of ligands, col-
loids, and particles in controlling the speciation and longevity of Fe
entering the ocean interior.
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3. Outlook

What is beyond GEOTRACES? One obvious answer is provided by the
GEOTRACES Science Plan, which points to section cruises stimulating
new ideas and questions that may be answered by targeted laboratory
and field process studies. We anticipate that this phase of the program
will answer many questions raised by the section cruises. There is an
urgent need for more studies on the processes influencing TEIs in high
latitude regions where water masses form—the current paucity of data
in these regions presents a key knowledge gap for understanding global
cycling. A second answer is the development of programs which aim to
link microbial activity directly to observed patterns of marine chemistry,
such as the nascent ‘BioGeoSCAPES’ program. Lastly, we also look for-
ward to new advances in analytical techniques which can further
identify the chemical speciation, isotopic composition, and form of TEIs
and organic molecules at even lower concentrations in the ocean.

Data sources for Table 1

Number of seawater samples presented per paper excludes replicate
analyses of the same samples. Cadmium: 28, Lacan et al. (2006) 3, Rip-
perger and Rehkamper (2007); 22, Ripperger et al. (2007) 20, Abou-
chami et al. (2011); 2, Boyle et al. (2012); 51, Gault-Ringold and Stirling
(2012); 11, Xue et al. (2012); 16, Yang et al. (2012); 12, Conway et al.
(2013); 48, Xue et al. (2013); 53, Abouchami et al. (2014); 16, Yang
et al. (2014); 516, 22, Conway and John (2015a, 2015b); 122, Janssen
et al. (2017); 77, Xie et al. (2017); 69, Guinoiseau et al. (2019); 510,
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John et al. (2018a); 134, Yang et al. (2018); 118, George et al. (2019);
158, 186, Sieber et al. (2019a, 2019b); 61, 82, Xie et al. (2019a, 2019b);
343, Zhang et al. (2019); 3, Hawco et al. (2020). Iron: 12, de Jong et al.
(2007); 4, Lacan et al. (2008); 5, John and Adkins (2010); 16, Rouxel
and Auro (2010); 11, Radic et al. (2011); 2 Boyle et al. (2012); 8, John
and Adkins (2012); 31; John et al. (2012); 11, Conway et al. (2013); 11,
Staubwasser et al. (2013); 468, Conway and John (2014b); 13, Labatut
et al. (2014); 20, Ellwood et al. (2015); 286, Mawji et al. (2015); 12,
Conway and John (2015b); 13, Chever et al. (2015); 12, Fitzsimmons
et al. (2015); 41, Fitzsimmons et al. (2016); 34, Abadie et al. (2017); 57,
Fitzsimmons et al. (2017); 12, Klar et al. (2017); 314, John et al.
(2018Db); 27, Klar et al. (2018); 65, Rolison et al. (2018); 164, Charette
et al. (2020); 35, Ellwood et al. (2020); 20, Hawco et al. (2020). Copper:
7, Bermin et al. (2006); 25, Vance et al. (2008); 4, Boyle et al. (2012); 13,
Takano et al. (2013); 9, Thompson et al. (2013); 77, Takano et al.
(2014); 47, Thompson and Ellwood (2014); 17, Takano et al. (2017); 64,
Little et al. (2018); 103, Baconnais et al. (2019); 20, Hawco et al. (2020);
48, Yang et al. (2020). Zinc: 7, Bermin et al. (2006); 7, John and Boyle
(2007); 6, Boyle et al. (2012); 11, Conway et al. (2013); 569, Conway
and John (2014a); 57, Zhao et al. (2014); 22, Conway and John (2015b);
30, Vance et al. (2016); 66, Samanta et al. (2017); 17, Takano et al.
(2017); 526, John et al. (2018a); 26, Vance et al. (2019); 52, Wang et al.
(2019a); 157, Charette et al. (2020); 35, Ellwood et al. (2020); 20,
Hawco et al. (2020); 110, Lemaitre et al. (2020a); 121, Liao et al. (2020);
184, Sieber et al. (2020). Nickel: 29, Cameron and Vance (2014); 30,
Vance et al. (2016); 17, Takano et al. (2017); 52, Wang et al. (2019b);
70, Archer et al. (2020); 19, Hawco et al. (2020); 49, Yang et al. (2020).
Chromium: 9, Bonnand et al. (2013); 1, Paulukat et al. (2015); 29,
Scheiderich et al. (2015); 1, Economou-Eliopoulos et al. (2016); 3,
Holmden et al. (2016); 41, Paulukat et al. (2016); 3, Pereira et al.
(2016); 4, Farkas et al. (2018); 3, Frei et al. (2018); 43, Goring-Harford
et al. (2018); 2, Bruggmann et al. (2019); 12, Moos and Boyle (2019);
66, Rickli et al. (2019); 5, Wang et al. (2019b); 5, Davidson et al. (2020);
41, Janssen et al. (2020); 25, Moos et al. (2020); 50, Nasemann et al.
(2020).
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