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Abstract

Marine ferromanganese crusts and nodules, which contain a variety of metals, are potential seabed mineral resources. Given
their low growth rates, they are regarded as condensed stratigraphic sections that archive millions of years of paleoceano-
graphic information. Ferromanganese crusts and nodules incorporate trace elements like Cu, Zn, Mo, Tl and Ni during
growth. The non-traditional isotopic systems of these metals are increasingly being developed as powerful tracers in the
modern ocean and as proxies for the paleo-ocean, due to their tendency to be fractionated by redox-related and/or biological
processes. In recent years, both the global variations of metal stable isotopes in ferromanganese crust/nodule surface scrap-
ings and some depth profiles through the ferromanganese crusts were systematically analysed. These studies established
the isotopic variability present in ferromanganese crusts, nodules and seawater, explored the isotopic fractionation mecha-
nisms associated with the formation of ferromanganese deposits, and determined whether these ferromanganese crusts can
be used as documents of deep water metal isotope compositions and long-term seawater isotope variations. In addition, some
isotopes of ferromanganese deposits have been successfully applied to constrain the metal sources and geochemical cycles
in the ocean, reconstruct paleo-oceanic redox conditions and seawater isotope record, and reveal continental weathering
and climate changes. Nevertheless, it is worth noting that a few limitations of current applications of some non-traditional
isotopes as paleoceanographic proxies still remain. Therefore, there is still a great need for a community effort to develop
and enhance non-traditional isotope geochemistry of marine ferromanganese crusts and nodules.

Keywords Marine ferromanganese crusts and nodules - Seawater - Isotope composition - Isotopic fractionation - Non-
traditional stable isotopes

Abbreviations 1 Introduction

REE Rare earth element

TIMS Thermal ionization mass spectrometry Marine ferromanganese (Fe—Mn) crusts and nodules have

MC-ICP-MS Multiple collector inductively coupled gained recognition as potential future mineral resources for a
plasma mass spectrometry wide variety of elements such as Co, Ti, Mn, Ni, Pt, Te, Mo,

XANES X-Ray absorption near edge structure REE:s etc. for crusts and Ni, Cu, Co, Mn, Mo, Li and REEs

EXAFS Extended X-ray absorption fine structure for nodules (Hein et al. 2000, 2013). Having formed deep

in the oceans and grown slowly (1-10 mm/Myr), Fe-Mn
crusts and nodules have experienced geological histories
of millions or even tens of millions of years (Burton et al.
1999; Frank 2002; Fu et al. 2005; Klemm et al. 2005; Ling
et al. 2005; Usui et al. 2017). They are formed by long-term
interactions between the oceanic lithosphere and other Earth
spheres that include the hydrosphere, the Earth’s crust and
mantle, and long-term couplings among a variety of metal-
logenic factors (Christensen et al. 1997; Banakar and Hein
2000; Hein 2004; Hein and Koschinsky 2014; Conrad et al.
State Key Laboratory of Ore Deposit Geochemistry, Institute 2017). Their formations not only record their mineralization
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history of oceanic and climatic conditions (Ling et al. 1997,
Zhu et al. 2000; Banakar and Hein 2000; Hein 2004; Nielsen
et al. 2009; Hein and Koschinsky 2014; Gueguen et al. 2016;
Usui et al. 2017).

Radiogenic isotopes (e.g., Pb, Sr, Nd, Os, Hf) in Fe-Mn
crusts and nodules have been extensively investigated to
resolve fundamental paleoceanographic issues such as the
evolution of oceanic circulation, changes in the marine
source and/or sink fluxes, modifications in continental
weathering, impacts of hydrothermal inputs and age deter-
minations of marine Fe—-Mn deposits (McMurtry et al. 1994;
Peucker-Ehrenbrink et al. 1995; Christensen et al. 1997;
Burton et al. 1999; Lee et al. 1999; Ling et al. 1997, 2005;
O’Nions et al. 1998; Frank 2002; Frank et al. 1999; Fu et al.
2005; Klemm et al. 2005; Chen et al. 2013). In recent years,
with the rapid developments in multiple collector induc-
tively coupled plasma mass spectrometry (MC-ICP-MS)
and thermal ionization mass spectrometry (TIMS), isotopes
of more elements such as Fe, Cu, Zn, Mo, Cd, Mg and Tl
can be accurately measured (Table 1). When compared to
traditional stable isotopes (H, C, N, O and S), these “non-
traditional” stable isotopes have some unique geochemical
characteristics. Their concentrations vary greatly in different
geological reservoirs, many of them are redox-sensitive and/
or biologically active elements, and, their bonding environ-
ments differ from those of traditional stable isotopes (Hoefs
2015; Teng et al. 2017). These characteristics make the dif-
ferent elements susceptible to different fractionation mecha-
nisms, and by extension, make them powerful proxies in a
variety of research realms including cosmochemistry, envi-
ronmental geochemistry, marine geochemistry, petrology,
and mineral deposits studies (Jiang et al. 2000; Zhu et al.
2000; Siebert et al. 2003; Rehkdmper et al. 2004; Young
and Galy 2004; Albarede 2004; Horner et al. 2010; Huh
et al. 2001; Little et al. 2014a; Gueguen et al. 2016; Teng
et al. 2017).

In the marine environment, authigenic Fe—Mn oxides pre-
cipitate from seawater, incorporating many dissolved trace
elements such as Cu, Zn, Mo, T1 and Ni, whose isotopic
compositions are new proxies for additional evidence regard-
ing the causes and effects of changes in ocean chemistry
and climate (Chu et al. 2006; Nielsen et al. 2009; Gall et al.
2013; Goto et al. 2015). Fe—-Mn crusts and nodules are ideal
choice to study non-traditional isotopic geochemistry for
these reasons: (1) their elevated concentrations of various
metal elements can meet the required amounts for samples
with accurate isotope measurements of multiple elements
simultaneously (Hein and Koschinsky 2014; Little et al.
2014a); (2) large isotope fractionation was usually produced
during oceanic low-temperature geochemical processes in
which Fe-Mn deposits were formed (Maréchal et al. 2000;
Barling et al. 2001; Rehkdmper et al. 2004; Chan and Hein
2007; Gall et al. 2013); (3) they represent a useful analogue
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for the sorptive output to dispersed Fe—-Mn oxide phases
present throughout marine sediments deposited under oxic
conditions (Barling and Anbar 2004; Gall et al. 2013; Lit-
tle et al. 2014a); (4) they control the concentration of some
elements and the redox state of some metals in the global
ocean (e.g., Fe, Cu, and Mo) (Barling et al. 2001; Anbar
and Rouxel 2007; Little et al. 2014a; Hein and Koschinsky
2014); (5) they have proven potential as documents of past
chemical and isotopic compositions of various elements
dissolved in ocean deep waters (Burton et al. 1999; Frank
2002; Ling et al. 2005; Hein and Koschinsky 2014; Usui
et al. 2017).

Up to very recently, pioneering studies were done on the
non-traditional isotopic geochemistry of Fe—Mn crusts and
nodules. Their works have not only primarily determined
the isotope compositions and evolving characteristics of
Fe—Mn crusts and nodules but have also revealed the iso-
tope fractionations between seawater and Fe—Mn deposits,
and associated isotopic fractionation mechanisms (Zhu et al.
2000; Maréchal et al. 2000; Rehk@mper et al. 2002; Levas-
seur et al. 2004; Albaréde 2004; Barling and Anbar 2004;
Chan and Hein 2007; Schmitt et al. 2009; Gall et al. 2013).
In addition, some studies discussed potential applications
of these archives as constraining marine metal geochemi-
cal cycle and ocean isotope budget, reconstructing paleo-
oceanic redox conditions, seawater isotope record and past
changes in Earth’s marine and climatic conditions (Zhu et al.
2000; Maréchal et al. 2000; Siebert et al. 2003; Rehkdmper
et al. 2004; Chan and Hein 2007; Horner et al. 2010; Rose-
Koga and Albarede 2010; Little et al. 2014a; Gueguen et al.
2016). This paper summarizes the recent advance, important
application and future direction of non-traditional isotope
studies in marine Fe—-Mn nodules and crusts.

2 Sample preparation and isotopic analyses

The development of the geochemistry of non-traditional sta-
ble isotopes fell behind that of light stable isotope (H, O, C
and S) and radiogenic isotopes (Nd, Sr, Pb and Os) primar-
ily for analytical techniques. In recent years, the analytical
issues were solved with the development of MC-ICP-MS,
which made it possible to measure these new isotopes rap-
idly and precisely that is sufficient for the resolution of small
isotopic variations. MC-ICP-MS is becoming the instrument
of choice for non-traditional stable isotope analysis because
of the high ionization efficiency of the high-temperature Ar
plasma and rapid sample throughput (Albaréde and Beard
2004). Moreover, because instrumental mass bias varies
relatively stable during the course of an analytical ses-
sion, corrections for instrumental mass bias can be made
by bracketing standards and by comparison to the mass
bias inferred from an element of similar mass added to the
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analyte (Halliday et al. 1995; Rehk@mper and Halliday 1999;
Galy et al. 2001; Bermin et al. 2006; Wieser et al. 2007,
Millet et al. 2012). Although stable isotope analyses by MC-
ICP-MS still present a series of challenges, this method has
come to dominate non-traditional stable isotopes research as
such challenges have been addressed one by one.

Prior to chemical purification, the powdered samples
must be leached and digested to dispose of any detrital mate-
rial and achieve complete dissolution, because the mineral
composition in marine Fe-Mn deposits is complex and the
contents of various metal elements are high. In most stud-
ies, samples were leached in 6 M hydrochloric acid and
any undissolved (detrital) material was eliminated from
the solution by centrifugation (Maréchal et al. 1999; Zhu
et al. 2000; Rehk@mper et al. 2002; Horner et al. 2010; Gall
et al. 2013). In addition, sequential step-leaching experi-
ments were performed for optimal extraction of Li and Mg
associated with the respective Fe—-Mn oxide phases, because
the occurrence states of these two elements in Fe-Mn nod-
ules and crusts are different from those of other elements
such as Cu, Zn, Mo and Ni (Chan and Hein 2007; Fu and
Wang 2012). For Li isotope, samples were subjected to a
two-step leaching using acetic acid and hydrochloric acid
to leach out loosely bound Li and more tightly bound Li in
the Fe—-Mn oxides—oxyhydroxides (Chan and Hein 2007).
For Mg isotope, samples were subjected to a series of incre-
mental leaching steps, various concentrations of ammonium
acetate, acetic acid, hydroxylamine hydrochloride, to extract
Mg from different phases not associated with detrital mate-
rial (including surface adsorbed Mg, and those associated
with carbonates, Fe—Mn oxides) (Fu and Wang 2012). The
precision of non-traditional stable isotopic measurements
depends on the quality of the chemical extraction and on the
correction of the instrumental bias. The high purity of the
final target metal fraction is needed to remove both isobaric
interferences and matrix interferences. As target isotopes
can be fractionated during ion-exchange chromatography,
the chemical procedure requires quantitative yields, unless
a double-spike is added pre-column chemistry. The chemi-
cal purification of target metal is generally made by a com-
bination of anion or/and cation exchange chromatography,
making use of different affinities of the metals for the ion
exchange resins in different strengths of acid media (Bar-
ling et al. 2001; Maréchal and Albaréde 2002; Nielsen et al.
2004; Dauphas et al. 2009; Millet et al. 2012). In addition,
some elements present in Fe—-Mn nodules and crusts can
hardly separate effectively, thus, a number of new element-
specific resins are continually being developed as the need
for new applications is encountered. References providing
detailed descriptions of purification techniques for the met-
als discussed here include: Fe, Zhu et al. (2000); Cu and
Zn, Maréchal et al. (1999); Mo, Barling et al. (2001); Cd,
Schmitt et al. (2009); T1, Rehkdmper and Halliday (1999);
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Li, Chan and Hein (2007); Mg, Teng et al. (2007); Ni, Cam-
eron et al. (2009).

3 Non-traditional stable isotopes
in the ocean and marine Fe-Mn deposits

3.1 Iron (Fe) isotopes

As the metal element with the highest abundance in the solar
system, iron, one of the most important elements of variable
valency, is the essential nutrition element for life. Fe has four
naturally occurring stable isotopes (Table 1): Fe (5.84%),
Fe (91.76%), 'Fe (2.12%) and *®Fe (0.28%). Natural mass-
dependent Fe isotope variations span a range of up to 5%o in
5Fe/**Fe ratios, commonly expressed as §°°Fe or £°"Fe rela-
tive to the international standard IRMM-14. Previous studies
have shown that the conversion formula between &°°Fe and
8" Fe is 8°°Fe =0.677 x 8°'Fe (Zhu et al. 2001; Beard and
Johnson 2004).

In the modern ocean, Fe demonstrates low concentra-
tions (< 1 nmol/L) and short residence times (70-200 years)
(Johnson et al. 1997). Dissolved Fe in seawater is primarily
Fe3* and Fe?™, both of which exist in the form of free ions
or inorganic and organic complexes. The sources for oce-
anic Fe include atmospheric dust, river runoff, hydrothermal
vents, reducing sediments along continental margins, and
oxic seafloor sediments, in which atmospheric dust is the
main source (Beard et al. 2003; Anbar and Rouxel 2007;
Conway and John 2014). Fe—-Mn nodules and crusts, clastic
sediments, and carbonates are the sinks for Fe in seawater
(Anbar and Rouxel 2007; Conway and John 2014). Fe con-
centration is not uniformly distributed in the oceans. To take
the seawater profile of the Pacific Ocean SAFe station as an
example, Fe concentration in the shallow water (< 100 m)
is low (< 0.1 nmol/kg), the concentration in the interme-
diate water (1000-1500 m) is highest (0.7 nmol/kg), and
the concentration in the deep water (below 2000 m) is low
(0.4-0.5 nmol/kg) again (Conway and John 2015). Simi-
larly, Fe isotope compositions are not uniformly distributed
in the oceans. The range of 8°°Fe in the seawater of Atlantic
Ocean is —0.64%o to +0.80%0 (Conway and John 2014;
Fitzsimmons et al. 2015), whereas that in the Pacific Ocean
is —0.64%0 to + 0.58%0 (Radic et al. 2011; Conway and
John 2015). The 8°°Fe of the seawater profile at the SAFe
station ranges from —0.6%o to +0.1%¢ (Conway and John
2015). These studies indicate that oceanic Fe isotope com-
positions demonstrate significant fractionation between dif-
ferent ocean basins and between shallow, intermediate, and
deep seawater.

It is well-known that Fe is actively involved in key bio-
geochemical processes and has a variety of potential sources
to the oceans, therefore, the record of Fe isotopes in Fe-Mn
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deposits has attracted significant interest (Zhu et al. 2000;
Beard et al. 2003; Levasseur et al. 2004; Chu et al. 2006;
Horner et al. 2015; Marcus et al. 2015).

The 8°’Fe of the surface scrapings of hydrogenetic
Fe—Mn crusts from global oceans ranges between — 1.2 and
—0.1%o (converted to 8°°Fe is between —0.81 and — 0.07%o)
(Fig. 1), and the isotope changes are irrelevant to the growth
rates of the crusts, and there is no significant basin to basin
trends or relationships with expected hydrothermal contri-
butions (Levasseur et al. 2004). §7°Fe variations in Fe—Mn

0° 90°E

deposits are mainly controlled by the relative proportions
of Fe from aerosols (~0%o) and Fe from mid-oceanic-ridge
hydrothermal fluids (— 0.5%o¢ to —1%o), there is no Fe iso-
topic fractionation between seawater Fe and the Fe—Mn
oxyhydroxides during crust growth, which is unlikely con-
sidering the variety of Fe isotope fractionation processes in
hydrothermal plumes (Beard et al. 2003).

Some studies have established Fe isotope depth profiles
for several marine Fe—-Mn crusts and nodules, and identi-
fied different variations in Fe isotope compositions (Fig. 2)

.Ocean Data View

Fig. 1 Map of marine Fe-Mn nodules and crusts locations and the 8°°Fe values of surface scrapings from each sample. Data from Zhu et al.
(2000), Levasseur et al. (2004), Chu et al. (2006), Marcus et al. (2015), Horner et al. (2015)
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Fig.2 Temporal 8%°Fe record from selected marine Fe—Mn crusts. The BM1969.05 crust profile is from Zhu et al. (2000), the 28DSR9, D105-
5AB and D97-1 crust profiles are from Chu et al. (2006), the CD29-2 crust profile is from Horner et al. (2015)
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(Zhu et al. 2000; Chu et al. 2006; Horner et al. 2015; Mar-
cus et al. 2015). The Northwest Atlantic Fe—Mn crust
BM1969.05 has a significant £>’Fe changes, with &°’Fe
ranging between — 11.5 and +2.0 (converted to 8°Fe is
between —0.78 and 0.14%o) since 6 Ma (Fig. 2), and the
Fe isotope variations predominantly reflect those of iron
input from terrigenous sources and provide no evidence for
biologically induced mass fractionation within the North
Atlantic Deep Water (Zhu et al. 2000). The Central Pacific
crust 28DSR9 has a relatively stable Fe isotope composition
(8°°Fe = — 0.41%o0 +0.05%o0) since 10 Ma (Fig. 2), the Izu-
Bonin back arc crust D105-5AB also has a relatively stable
Fe isotope composition (—0.55%0 +0.06%o0) since 5 Ma
(Fig. 2), it indicates that despite the significant changes in
the inputs of Fe into the ocean surface via atmospheric par-
ticles since 10 Ma, the input pathway for Fe into the deep
ocean has remained stable (Chu et al. 2006). However, the
Izu-Bonin back arc crust D97-1 demonstrates a large range
of 8%Fe (Fig. 2), it is negatively correlated to the concentra-
tions of Mn, Mg, Ni, Cu, Zn, Mo and V, and the decreases
in 8°°Fe with respect to time are consistent with the peri-
ods of intense hydrothermal input. However, crust D105-
5AB, which is only 100 km from D97-1, did not record the
increase in Fe input via the hydrothermal, which indicates
that the hydrothermal isolated pathways for Fe input may
have migrated in the back arc (Chu et al. 2006). The central
Pacific Fe-Mn crust CD29-2 has a range of 5°°Fe values
from — 1.12%o to + 1.54%o along 76 Ma (Horner et al. 2015)
(Fig. 2), this range encompasses the data of §°°Fe measured
for dissolved and particulate Fe from open ocean seawa-
ter and oxygen minimum zones (Conway and John 2014;
Chever et al. 2015). Horner et al. (2015) proposed that heavy
5°°Fe values of seawater (up to 2.2%o¢) may result from the
modification of deeply sourced Fe by precipitation of isotop-
ically light Fe sulphides, by considering a fractionation fac-
tor during crust uptake of A%®Fep, sw=—0.77 +0.06%o.
The South Pacific Fe—Mn nodule has the §>°Fe values from
—0.16%0 to —0.07%0 over a period of 4 Ma, it suggests
that constant Fe isotope values is irrelevant to the diversity
of Fe mineral phases identified in the nodule layers (e.g.,
feroxyhite, goethite, lepidocrocite, and poorly ordered ferri-
hydrite-like phases). Hence, the results indicate that mineral
alteration did not affect the primary Fe isotopic composition
of the nodule (Marcus et al. 2015).

3.2 Copper (Cu) isotopes

Cu is a siderophile and highly chalcophile element (Siebert
et al. 2011), mainly exists as sulfides or sulfate minerals
in nature. Cu has three chemical valences, 0, + 1 and + 2,
which enables Cu to have various geochemical behav-
iours under different redox conditions so that Cu can exist
in a variety of minerals, rocks, fluids, and organisms and
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participate in all types of geochemical processes and life
activities (Albarede 2004). Cu has two naturally occurring
stable isotopes (Table 1): ®3Cu (69.17%) and %Cu (30.83%)
(Shields et al. 1964). Natural mass-dependent variations in
5Cu/%Cu span 10%o (Mathur et al. 2005). Cu isotopes are
usually expressed relative to NIST SRM 976 as 8°°Cu. With
the continuous decrease of international standard NIST SRM
976, the new alternative ideal standard material has yet to
be unified.

Cu plays an important role as a micronutrient for organ-
isms in the ocean. Dissolved Cu has concentrations of
0.5-6nmolkg™! in seawater and mostly complexes with
organic ligands, which results in very low concentrations
(fmolkg~! to pmolkg™") of the free Cu** ion (Coale and
Bruland 1990; Thompson et al. 2014). Vertical distributions
of dissolved Cu are of the nutrient-scavenging hybrid type
(Bruland and Lohan 2003). The residence time of Cu in
ocean is 5400 years (Little et al. 2014a). Sources for oceanic
Cu include rivers, hydrothermal inputs, and atmospheric
depositions, whereas the main sinks for Cu are ferromanga-
nese oxides and carbonate depositions (Little et al. 2014a).
Seawater from the Indian and the Pacific Oceans and differ-
ent depths of the Northeastern Pacific has significant differ-
ences in Cu isotope compositions (Bermin et al. 2006; Vance
et al. 2008; Takano et al. 2014). §%Cu values of seawater
from the Indian and the Pacific range between 0.9 and 1.5%o
(Vance et al. 2008). §%Cu values of the Northeastern Pacific
seawater increases gradually from 0.9%o at the ocean surface
to a maximum of approximately 1.3%o at 100 m and then
gradually decreases to approximately 0.8%o at a depth of
400 m (Bermin et al. 2006). 8%Cu values in deep seawater
of the South Indian and North Pacific seawater are heavier
than those in surface seawater and become heavier with the
age of deep seawater because of preferential scavenging of
the lighter isotope to Fe—Mn oxides (Takano et al. 2014).

Cu isotopes could provide insight into the mechanisms
of metal cycling and oceanic mass balance, marine Fe—Mn
nodules and crusts represent a major output of Cu from
seawater to sediments, hence, the record of Cu isotopes
in Fe—-Mn deposits has caught much attention (Maréchal
et al. 2000; Little et al. 2014a, b). Cu isotope composi-
tions from 31 surface scrapings of global oceanic Fe—Mn
nodules do not demonstrate significant differences (Fig. 3),
and Cu isotopes do not display distinct geographical dis-
tributions, 8%°Cu changes between 0.05 and 0.6%. and
averages 0.31%o +0.23%0 (Maréchal et al. 2000). Cu iso-
tope analyses on the Fe—-Mn crust D11-1 from the central
Pacific, crust Alvin 539 from the North Atlantic, and crust
109D-C from the Indian Ocean show that 8%°Cu changes
between —0.16%o and + 1.19%0. §°°Cu in crust D11-1 has
not changed since 17 Ma, which averages 0.54%o + 0.07%o.
8%°Cu in crust Alv539, with a mean of 0.33% +0.15%o, has
changed slightly since 15 Ma. 8%°Cu in the crust 109D-C,
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Fig.3 Map of marine Fe—-Mn nodules and crusts locations and 8*Cu values of surface scrapings from each sample. Data from Maréchal et al.

(2000), Little et al. (2014a)

decreased from + 0.3 to +0.15%o between 11 and 6 Ma. It
is evident that Cu isotopes demonstrate differences among
oceans but do not change significantly with time (Little
et al. 2014a). Apparent isotope fractionation exists between
Fe—Mn nodules/crusts and seawater in that Fe—Mn nodules/
crusts contain lighter Cu isotopes (Maréchal et al. 2000;
Little et al. 2014a). Little et al. (2014b) studied the frac-
tionation mechanisms of Cu isotopes between Fe—Mn crusts
and seawater using extended X-ray absorption fine struc-
ture (EXAFS). They believed that dissolved Cu in seawater
mainly exists as hydrate Cu(H20)§+ and tends to combine
with strong organic ligands, which are more favourable of
the heavy isotope ®*Cu. Consequently, the manganese oxides
in the Fe—-Mn nodules and crusts are more favourable of
lighter Cu isotopes.

3.3 Zinc(Zn) isotopes

Zinc usually exists in the form of +2 valence in the litho-
sphere, hydrosphere, biosphere, and atmosphere. It widely
participates in a variety of geochemical processes and life
activities (Albarede 2004). Zinc is the second most abundant
transition metal in the ocean, exhibiting a nutrient depth
profile similar to those of biologically active major ele-
ments like nitrogen and phosphorus (Bruland 1989; Sinoir
et al. 2012). Zn has five naturally occurring stable isotopes
(Table 1): *Zn (48.63%), “Zn (27.90%), *"Zn (4.10%),
%87n (18.75%), and "°Zn (0.62%). Natural mass-dependent
Zn-isotope variations span a range of ~ 1%o amu~', usually

expressed as 8°°Zn relative to the standard. There is no uni-
fied international standard for Zn isotopes, JMC 3-0749 and
JMC-Lyon are widely used currently.

In global seawater, Zn concentrations range between 0.1
and 10 nM (Bermin et al. 2006), whereas 95% of Zn forms
stable compounds with organic matter, and 5% exists in the
form of free ions (Bruland 1989). The residence time of Zn
in ocean is 11 kyr (Little et al. 2014a). Sources for oceanic
Zn include river runoff, hydrothermal inputs, and atmos-
pheric depositions, and the main sinks for Zn are Fe—-Mn
oxides, carbonate depositions and continental margin sedi-
ments (Little et al. 2014a, 2016). §°°Zn values of the GA03
seawater vertical profile in the North Atlantic range from
—1.10 to +0.90%o (relative to IMC-Lyon standard). The
top 100 m has the largest differences, with §°°Zn ranging
from —1.10 to +0.90%o0, from 100 to 1000 m, it increases
from —0.6%o to +0.6%o0, and below 1000 m, it is stable and
averages + 0.45%o0 +0.24%0 (Conway and John 2014). On
the seawater vertical profile from the SAFe station in the
Pacific, the Zn concentration at 25 m is 0.7 nmol/kg, and
8%7Zn is —0.15%0 +0.06%o (relative to IMC-Lyon standard).
At 100 m, 8°Zn is — 0.05%o +0.09%o. From 100 to 500 m,
8%Zn increases with depth. Below 500 m, Zn concentra-
tions reach 9 nmol/kg, and Zn isotope composition is sta-
ble between +0.45 and + 0.56%0 (Conway and John 2015).
The Zn isotope distribution in the North Pacific seawater
depth profile is consistent with that of the SAFe station (Ber-
min et al. 2006). In the Southern Ocean, Zn concentrations
increase with depth. 8°Zn values change significantly in
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the surface seawater over a range of 0.07-0.80%¢ (relative
to JMC 3-0749 L standard). Below 1000 m, similar to the
North Atlantic and the North Pacific, 8°°Zn is stable and
relatively uniform and averages 0.53%o +0.14%0 (Zhao et al.
2014), which is also consistent with the fact that Zn has a
very long residence time in the ocean. However, at the sur-
face and the intermediate water, heavy Zn isotopes remain in
seawater due to strong biological absorption, whereas light
Zn isotopes are enriched within organisms (Conway and
John 2014; Zhao et al. 2014).

It seems likely that the Zn isotopes could be useful in
understanding the processes controlling water-column Zn
distributions, and constraints on its global oceanic mass bal-
ance, and biogeochemical cycling of the metal in the mod-
ern ocean (Albarede 2004; Conway and John 2014; Zhao
et al. 2014). Marine Fe—Mn sediments represent one of the
largest sinks from global seawater for Zn (Maréchal et al.
2000; Juillot et al. 2008; Little et al. 2014a, b; Bryan et al.
2015). Zn isotopes were analysed systematically from 40
surface scrapings of Fe—Mn nodules from global oceans and
Fe—Mn crust profiles from three oceans (Fig. 4). Zn isotope
compositions on the global Fe-Mn nodules surface demon-
strate a large range of variations of 0.53—1.16%. for 8°°Zn
and an average of 0.90%o +0.28 %o (relative to JIMC 3-0749
L standard). Variations of Zn isotopes in Fe-Mn nodules
highly depend on latitude, Zn isotopes in the tropical oceans
are relatively lighter, whereas those in the polar oceans are
relatively heavier (Maréchal et al. 2000). Zn isotope anal-
yses on the Fe—-Mn crust D11-1 from the Central Pacific,

crust Alvin539 from the North Atlantic, and crust 109D-C
from the Indian Ocean show that §°°Zn changes between
0.6 and 1.13%o and averages 1.04%o +0.21%o (relative to
JMC-Lyon standard). §%Zn in crust D11-1, which averages
1.12%0 4 0.12%o, has slight variations since 17 Ma; 8%7n
in crust Alv539 has a small change since 15 Ma and its aver-
age of 0.96%0 +0.17%o; 8%Zn from crust 109D-C, which
averages 0.97%o, is similar to that from the other two crusts
and has not changed much (Little et al. 2014a). Apparently,
these studies have observed that Zn isotopes in Fe-Mn nod-
ules and crusts are consistent and demonstrate significant
isotopic fractionation with seawater, and a significant enrich-
ment of heavy Zn isotopes in Fe—Mn deposits, moreover, the
adsorption reactions at mineral/water interfaces are thought
to result in mass-dependent fractionation of Zn isotopes
throughout the water column. Some experimental studies
explained the mechanism responsible for preferential enrich-
ment of heavy isotopes of Zn in Fe—Mn nodules and crusts.
Juillot et al. (2008) revealed an equilibrium fractionation
mechanism with an enrichment of heavy Zn isotopes dur-
ing adsorption onto 2-Line ferrihydrite and goethite. Two
minerals perform differently vis-a-vis the absorption and
fractionation of Zn isotopes. These different magnitudes
of Zn fractionation are related to structural differences
between Zn complexes existing on the surface of goethite
(octahedrally coordination) and ferrihydrite (tetrahedrally
coordination) (Schauble 2004; Ponthieu et al. 2006). Uti-
lizing EXAFS analysis, Little et al. (2014b) believed that
the combination of Zn with birnessite in Fe-Mn crusts is
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Fig.4 Map of marine Fe-Mn nodules and crusts locations and 8°°Zn values of surface scrapings from each sample. Data from Maréchal et al.

(2000), Little et al. (2014a)
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through the tetrahedral coordination, whereas Zn in sea-
water usually combines in the form of Zn(H,0)* through
octahedral coordination. Therefore, different from the Cu
isotopes, Zn isotopic fractionation between Fe—Mn deposits
and seawater is inorganic fractionation during the absorption
of Zn by manganese oxide minerals. Bryan et al. (2015) con-
ducted experiments at different ionic strength and different
surface loading, they found that Zn was adsorbed to birnes-
site firstly as tetrahedral complexes at low surface loading,
with preferential incorporation of heavier isotopes relative
to the octahedral Zn species predominating in solution at a
high ionic strength. As surface loading increases, so does
the percentage of Zn adsorbing as octahedral complexes,
thus diminishing the magnitude of fractionation between the
dissolved and adsorbed pools of Zn.

3.4 Molybdenum (Mo) isotopes

Molybdenum, which has unique chemical behaviour, is a
typical redox-sensitive element. The Mo element and its
isotopes have played a key role in constraining the chemi-
cal environments of ancient oceans. Mo has seven naturally
occurring stable isotopes (Table 1): Mo (14.84%), %Mo
(9.25%), Mo (15.92%), **Mo (16.68%), *’Mo (9.55%),
%Mo (24.13%), and '"Mo (9.63%) (Anbar 2004). Natural
mass-dependent Mo isotope variations span a range of ~ 1%o
amu~! mass difference. Early reports on Mo isotopes mostly
expressed as 8°7/°*Mo, whereas 8°%/°°Mo is now widely
taken due to the double isotope dilution method. There is
presently no international Mo reference standard, data are
typically reported relative to in-house laboratory standards
include NIST SRM 3134, IMC Mo, MOMO and Alfa Aesar
Mo, which produce consistent Mo isotope composition
results with tolerable errors for comparisons.

In modern oxic seawater, Mo is dissolved as molyb-
date (M0042_) species with concentrations reaching
10.3+0.48 pg/L (or 107 nM) (Collier 1985). The high con-
centration of Mo in the modern oceans is largely dictated
by the high solubility of Mo phases and slow removal rate
of MoO,~ in the presence of dissolved O,. Mo has a long
residence time in the ocean, probably 400 kyr (Miller et al.
2011) but possibly as long as 800 kyr (Firdaus et al. 2008),
with several orders of magnitude greater than ocean mix-
ing times. In the oceans, the source for Mo is the riverine
inputs and low-temperature hydrothermal inputs, quantita-
tively, the latter of which is approximately 10% of the for-
mer inputs (Miller et al. 2011). The sinks of oceanic Mo
are mainly authigenic Fe-Mn oxides and anoxic sediments,
and depend on the redox degree of the seawater. In oxygen-
ated settings, removal of Mo from the water column leads
to strong Mo enrichments in Fe—-Mn crusts and nodules,
such enrichment most likely reflects authigenic accumula-
tion of Mo by adsorption to and/or co-precipitation with

Mn oxides (Barling and Anbar 2004). In euxinic settings,
molybdate (M0042_) is converted to sulfur-containing
Mo complexes (e.g., thiomolybdate or Mo polysulfide) in
H,S-bearing systems (Erickson and Helz 2000; Dahl et al.
2013). Regarding the Mo isotope composition of seawater,
Barling et al. (2001) reported Pacific seawater 8°”**Mo as
1.48%o0 (8°%°°Mo=12.22%0). Siebert et al. (2003) tested
seawater samples obtained from the Atlantic, the Pacific,
the Indian oceans and the Labrador Sea and showed that
their °¥*Mo ranged from 2.3 to 2.5%0 and a mean of
2.3%0+0.1%0 (relative to JMC standard). These studies
illustrate that seawater from different oceans over the globe
has the same Mo concentration (0.011 ppm) and uniform Mo
isotope composition.

According to its redox-sensitive character, the abundance
and isotope composition of Mo recorded in sediments are
frequently used as proxies to reconstruct the redox evolution
of the oceans and atmosphere (Barling et al. 2001; Siebert
et al. 2003; Barling and Anbar 2004; Kurzweil et al. 2015).
Scholars investigated different types of marine Fe—Mn
oxides from different oceans and explored the possibility
of Mo stable isotope geochemistry in paleoredox applica-
tions (Barling et al. 2001; Siebert et al. 2003; Goto et al.
2015). Barling et al. (2001) performed Mo isotope analysis
on Fe—Mn nodule standard materials NOD-P-1 and NOD-
A-1 obtained from the Pacific and Atlantic, and the results
show that 8°¥*°Mo values (relative to JMC standard) are
—0.63%0£0.1%0 and — 0.95%0¢ +0.1%o, respectively, which
demonstrate the characteristics of enriched light Mo iso-
topes and significant isotopic fractionation from seawater
(2.3%0). This phenomenon may be attributed to the oxi-
dized environment, in which the absorption of Mo onto fer-
romanganese oxides and hydroxides tends to enrich lighter
Mo isotopes, which leads to heavy Mo isotopes in seawater
and an isotopic fractionation of 2%o between seawater and
ferromanganese oxides/hydroxides. Siebert et al. (2003)
performed Mo isotope analysis on two profiles of Fe—Mn
crusts (BM1969.05 and 237KD) and six Fe—Mn crust sur-
face scrapings from three oceans. §°**Mo values (relative
to JMC standard) of the two profiles range from —0.5 to
—1.0%0 and from —0.6 to —0.7%o, respectively. 8°%**Mo
data from 6 surface samples are also very stable between
—0.5 and —0.8%o. These Mo isotope ranges are consistent
with the results from Barling et al. (2001). Therefore, Mo
isotope compositions of the seawater from various ocean
basins and depths are homogeneous, whereas Mo isotope
compositions in Fe-Mn crust have not changed significantly
since 60 Ma. In addition, Goto et al. (2015) analysed the
Mo isotope in the modern marine hydrothermal manga-
nese crusts collected from the Ryukyu arc system. Their
results show that the hydrothermal manganese crusts have
high concentrations of Mo. The 8°**Mo range is —0.56 to
—0.66%o0 (relative to NIST SRM 3134 standard), which is
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lighter than the Mo isotope of hydrothermal fluids (~0.5%o;
McManus et al. 2002) and modern seawater, and similar to
that of hydrogenetic Fe-Mn nodules and crusts. Although
the possible contribution of hydrothermally derived Mo can-
not be excluded, such light Mo isotopes may mainly come
from the isotopic fractionation induced by the changes in
coordination number during the adsorption of Mo from sea-
water onto Mn oxides. The Mo isotopic fractionation caused
by the absorption onto ferromanganese oxides/hydroxides
has been verified by subsequent absorption experiments.
Laboratory studies have shown that the lighter Mo isotope
is preferentially adsorbed by minerals compared to °’Mo,
with a fractionation of about 2%o (Barling and Anbar 2004;
Goldberg et al. 2009), and the fractionation is greatest when
there is a large change in the structure of the sorbed ion, e.g.
a change from tetrahedral to octahedral coordination such
as occurs when MoO,*" is adsorbed to MnO, (Wasylenki
et al. 2011; Kashiwabara et al. 2011). Much smaller isotopic
fractionations have been observed when there is no change
in coordination, as with ferrihydrite (Goldberg et al. 2009;
Kashiwabara et al. 2011).

3.5 Thallium (TI) isotopes

Thallium has both lithophile affinity and sulphophile affinity
and is therefore highly decentralized in the crust, with an
average abundance of only 0.75x 10~® (Taylor and McLen-
nan 1985). T1 has two naturally occurring isotopes (Table 1):
20371 (29.5%) and 2%°T1 (70.5%). This equates to a relative
mass difference of < 1%. TI isotope is usually expressed as
25T (€20%203TY) relative to the international standard NIST
SRM 997.

In the ocean, T1 has a residence time of 18.5 kyr, which is
larger than the ocean mixing time and a conservative distri-
bution (Flegal and Patterson 1985; Rehkd@mper and Nielsen
2004). Flegal and Patterson (1985) performed accurate
comparisons of seawater Tl concentrations from different
locations of the oceans (the North and South Pacific and the
deep water and surface water of the Pacific and Atlantic).
Their results show that seawater T1 concentration is distrib-
uted quite uniformly between 12 and 16 pg/g and averages
13.3 pg/g. Previous scholars have various understandings
of the dissolved form of Tl in seawater. Batley and Flor-
ence (1975) found that in the Pacific Tl mainly exists as
TI**, which accounts for 80% of total T1, whereas TI* only
accounts for 20%. This may be due to the variety of com-
plex ligands and colloidal substances in seawater. Nielsen
et al. (2009) believed that Tl in seawater mainly exists in
the forms of T1* and TICI. Oceanic Tl has 5 input fluxes,
which are rivers (1.3 Mmol/year), hydrothermal fluids (1.2
Mmol/year), subaerial volcanism (1.6 Mmol/year), mineral
aerosols (0.4 Mmol/year), and benthic fluxes from conti-
nental margins (0.7 Mmol/year). The output fluxes of TI
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include pelagic clays (1.3 Mmol/year) and altered oceanic
crust (2.9 Mmol/year) (Rehkdmper and Nielsen 2004;
Nielsen et al. 2006). Previous studies have performed TI
isotope tests on seawater from various oceanic locations.
Samples from Tenerife Island in the North Atlantic have
light €295T1 of approximately — 8.1. Seawater at different
depths in the Arctic Ocean has consistent Tl isotope com-
position with €2°°T1 approximately —35.5. Tl isotopes from
the Atlantic and Arctic Oceans have some minor differences,
which may be attributed to the different regional continental
inputs (Rehkimper et al. 2002). The £**T1 range for the
South Atlantic is — 5.8 to — 6.3, with a relatively consist-
ent Tl isotope composition that averages —6.0 +0.3 (Owens
et al. 2017). In general, global seawater has relatively light
and uniform TI isotope compositions that average —5.8 +0.6
(Rehkémper et al. 2002; Owens et al. 2017).

The marine Tl isotope geochemistry is of interest because
it could respond to important changes in ocean chemistry
such as cycling of Fe and Mn, bottom water oxygen condi-
tions as well as marine organic carbon burial (Baker et al.
2009; Nielsen et al. 2009). Tl isotopes recorded in marine
Fe—Mn crusts show great promise as a tracer of past changes
in Earth’s marine and climatic conditions (Rehkdmper
et al. 2004; Baker et al. 2009; Nielsen et al. 2009). Up to
the present, TI isotopes of Fe-Mn nodules and crusts have
been extensively studied mainly by the research group of
Rehkédmper and Nielsen. T1 isotope compositions of hydro-
genetic Fe—-Mn crusts, diagenetic Fe—Mn nodules and hydro-
thermal manganese sediments demonstrate significant dif-
ferences and systematic variations (Fig. 5) (Rehkémper et al.
2002, 2004; Nielsen et al. 2009, 2011, 2013). The surface
scrapings of globally hydrogenetic Fe—Mn crusts have uni-
form Tl isotope compositions, and are enriched in heavy TI
isotopes, with £?°TI between + 10 and + 14.5, implying a
constant equilibrium isotope fractionation between seawa-
ter and T1 incorporated into the Fe-Mn crusts (Rehkdmper
et al. 2002; Nielsen et al. 2013). Peacock and Moon (2012)
confirmed this conclusion with absorption experiments and
high accuracy measurements of X-ray absorption spectros-
copy (XAS). The results show that TI(I) is oxidized into
TI1(IIT) when absorbed into the hexagonal birnessite. T1(III)
forms an inner-sphere complex at the hexagonal birnessite
surface, located at vacant octahedral sites in the phylloman-
ganate sheets. It is noteworthy that T1(I) only forms surface
complex but is not oxidized when absorbed on todorokite,
triclinic birnessite, and ferrihydrite. The diagenetic-hydro-
genetic deep-water Fe—Mn nodules and crusts exhibit a
much large ranges of variation in €°>T1 (0 to 4 9), whereas
the shallow-water diagenetic deposits from the Baltic Sea
demonstrate variations ranging over — 5 to 0, indicating
that Tl absorption may occur in a closed-system reservoir
of limited size in which pore fluids stagnate and absorption
is fast. Hydrothermal manganese sediments are similar to
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Fig.5 Map of marine Fe-Mn nodules and crusts locations and ¢®TI
values of surface scrapings from each sample. Data from Rehkdmper
et al. (2002). The solid red circles represent hydrogenetic deposits,

15

13F

8ZOSTl
o

¢ CD29-2
0 DI11-1

0 10 20 30 40 50 60 70
Age(Ma)

Fig.6 Time-series of the Tl isotope composition of Pacific Fe—-Mn
crusts D11-1 and CD29-2. Data and figure are from Nielsen et al.
(2009)

diagenetic manganese sediments, e2*T1 ranges of which are
between those of seawater and hydrogenetic Fe—Mn deposits
(Rehkamper et al. 2002).

Some studies have established T1 isotope depth pro-
files for several marine Fe—Mn crusts, and identified large
systematic variations in Tl isotope compositions (Fig. 6)
(Rehkidmper et al. 2004; Nielsen et al. 2009, 2013).

Ocean Data View

90°w

the red triangles represent the deep-water diagenetic deposits, the
triangle stars represent hydrothermal manganese deposits, and the
empty circles represent mixed hydrothermal-hydrogenetic deposits

Rehkdmper et al. (2004) determined the first depth profiles
of Tl isotopes in Fe—Mn crusts from the Atlantic, Pacific,
and Indian Oceans. In three crusts older than 25 Ma,
from 60 to 25 Ma, £2°°TI increases with the crust ages
decreases. Especially over 55 ~40 Ma, £%05T1 increases
dramatically from + 6 to + 12, which may be due to the
changes in the Tl isotope composition of seawater that
were caused by changes in the marine input and/or output
fluxes of Tl element during the Early Cenozoic. Nielsen
et al. (2009) presented high resolution Tl isotope records
in two Fe—Mn crusts, CD29-2 and D11-1 from the Pacific
Ocean (Fig. 6). The result shows that TI isotope curve of
Cenozoic seawater has a significant €2°T1 changes and
there is a large shift in the €2°5T1 value between 55 and
45 Ma, it reflects an increase in organic carbon export
in the oceans, which led to a decrease in the amount of
authigenic Fe—Mn oxides that were deposited with pelagic
sediments in the early Eocene. Time-dependent variations
of TI isotope compositions in Fe—Mn crusts can be inter-
preted to reflect either changes in the isotope fractiona-
tion factor between seawater and Fe—Mn crusts or the Tl
isotope composition of seawater (Rehkdmper et al. 2004;
Nielsen et al. 2009). Factors that potentially influence the
fractionation factor need to be further explored and the
Tl isotope compositions of the main sources and sinks of
dissolved oceanic Tl need to be further investigated.
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3.6 Cadmium (Cd) isotopes

Cadmium is a highly volatile, chalcophile, moderately
incompatible and biologically active trace element with
a single oxidation state (Cd*") in the Earth (McDonough
and Sun 1995). Cd concentrations in Fe—-Mn nodules and
crusts range between 2 and 20 ppm, which are significantly
higher than its abundance in the crust (0.2 X 1079 (Hein
2004; Hein and Koschinsky 2014). Cd has eight naturally
occurring stable isotopes (Table 1): 106Cd (1.25%), '%%Cd
(0.89%), 11°Cd (12.49%), ''Cd (12.80%), '>Cd (24.13%),
B¢d (12.22%), '*Cd (28.73%) and ''°Cd (7.49%), with a
large (>9%) relative mass difference, which could lead to
large mass-dependent isotope fractionation. According to the
abundance of Cd isotopes and its interferences with isotopes
of other elements, £'1¥11°Cd is widely used internationally to
characterize Cd isotopes. To date, there is no unified inter-
national standard for Cd isotope analysis. Alfa Cd Ziirich,
NIST SRM 3108, IMC Cd Mainz and JMC Cd Miinster are
widely used for research.

The major natural sources of Cd are injected into the
ocean by atmospheric deposition, rivers and hydrothermal
activity, whereas the sinks are absorption by organisms,
sediments, and Fe—Mn oxides (Simpson 1978; Collier and
Edmond 1984; Rosenthal et al. 1995). Previous study has
shown that although the residence time of Cd in seawater
(50 kyr) is larger than the mixing time of seawater, Cd is
not homogenous in the oceans (Bewers and Yeats 1977).
Previous Cd isotope analyses on seawater depth profile
samples from various locations in the Pacific, Atlantic,
Arctic, and the Southern Ocean show that Cd concen-
trations and isotope compositions differ significantly at
different depths or different locations. The fractionation
has the tendency of variation with water depth and lati-
tude (Lacan et al. 2006; Ripperger et al. 2007; Xue et al.
2013; Conway and John 2015). Ripperger et al. (2007)
showed that seawater samples from above 150 m in each
ocean display large ranges of Cd isotope compositions, the
e 1¥110Cq (relative to NIST SRM 3108 standard) of which
are between — 6.8 and +37. Most samples have low con-
centrations of Cd (<0.03 nmol/kg). Samples below 900 m
have more enriched Cd (0.3-0.9 nmol/kg) and relatively
consistent Cd isotope compositions (e!1¥!'%Cd ~ +2.5, rel-
ative to NIST SRM 3108 standard) (Ripperger et al. 2007).
Conway and John (2015) found similar characteristics in
the seawater from the SAFe station in the Pacific Ocean.
Below 500 m, e''¥11°Cd is approximately + 3 (relative to
NIST SRM 3108 standard). Approaching the surface, Cd
isotopes become increasingly heavier. At 35 m, e!'¥11°Cd
is approximately + 8.5, indicating that Cd isotopes in shal-
low water are mainly influenced by biological absorption.
The oceanic Cd concentrations and isotopes demonstrate
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correlations below certain depths. Most seawater samples
have negative correlations between Cd isotope ratio and
dissolved Cd concentration, which reflects the dynamical
isotopic effects of Cd absorption by phytoplankton in a
closed system. Oceanic Cd isotopes are mainly controlled
by water body mixing, phytoplankton absorption, and
anthropogenic inputs (Lacan et al. 2006; Ripperger et al.
2007; Ripperger and Rehkdmper 2007; Xue et al. 2013).

From the above, it is likely that Cd isotope data for
seawater can provide insights into the cycling of this
element in the marine environment. As a valuable pale-
oceanographic document, there is important significance
to test the potential of Fe—Mn crusts to monitor seawa-
ter Cd isotope variations. Such an archive will be useful
to further investigate the marine biogeochemical cycling
of Cd and the application of Cd isotopes as a proxy for
nutrient utilization. Schmitt et al. (2009) performed a
Cd isotopic analysis on 31 hydrogenetic Fe—Mn nodule
surface scrapings worldwide and a hydrogenetic Fe—Mn
crust (121DK) depth profile from the Northeastern Atlan-
tic. Their analysis showed that e''*11°Cd (relative to IMC
Cd Mainz standard) in the hydrogenetic Fe—Mn sedi-
ments ranges between —0.54 and + 2.0 (converted into
the e''*119Cd relative to NIST SRM 3108 is between 0.39
and 5.43). Samples from above 2000 m had heavier Cd
isotopes compared to samples from deep waters, which
reflects shallow inorganic scavenging of Cd by Fe—Mn
oxides and its remineralization at depth. Cd isotope com-
position in the shallow water Fe-Mn nodules is consistent
with the seawater Cd isotope compositions measured by
Ripperger et al. (2007), which indicate that precipitation
of Fe—Mn oxides from seawater only produces very limited
Cd isotope fractionation. Relatively heavy Cd isotopes in
shallow water samples are due to Cd absorption by phy-
toplankton. Cd isotope changes recorded in Fe—Mn crust
121DK from the Northeastern Pacific reveal that the oce-
anic Cd circulation has not experienced significant long-
term changes since 8 Ma, and thus e"210Cq can be used
as a proxy of paleo-productivity for a specific depth in the
oceans (Schmitt et al. 2009). Horner et al. (2010) analysed
the Cd isotopes of 15 Fe—Mn crust surface scrapings from
the Atlantic, Pacific, Indian, and the Southern Ocean (14
samples from below 900 m). With the exception of one
sample (DR 153), all samples display a narrow range of Cd
isotope compositions between &'1#!1°Cd (relative to Alfa
Cd Ziirich) values of 1.8-4.6 (converted to NIST SRM
3108 is between 0.67 and 3.46), which is consistent with
Cd isotope compositions in seawater below 900 m (Rip-
perger et al. 2007). Therefore, deep water Fe—Mn crusts
and seawater do not demonstrate significant isotopic frac-
tionation and thus can be used to record the Cd isotope
composition of seawater.
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3.7 Lithium (Li) isotopes

Lithium, the lightest of the alkali elements, exists mainly
in the form of + 1 valence and demonstrates high environ-
mental activity. It has small abundance but is distributed
widely on Earth. Li has two naturally occurring stable iso-
topes (Table 1): °Li (7.5%) and "Li (92.5%). They have a
large mass difference (16.7%), resulting in a significant mass
dependent fractionation. Consequently, the range in lithium
isotope ratios observed in terrestrial samples is enormous,
up to + 100%o (Tomascak 2004). This large fractionation
provides enormous potential for application of lithium iso-
topes as a geochemical tracer. Similar to other non-tradi-
tional isotopes, Li isotopes commonly expressed as &'Li
(87"°Li) relative to the international standard NIST L-SVEC
(SRM 8545).

The high solubility of Li means that it is a conserva-
tive element in the oceans. It has a long residence time of
approximately 1.2 Ma (Huh et al. 1998). The dominant
sources of dissolved Li to seawater are rivers (10 x 10° mol/
year), hydrothermal inputs (13 X 10° mol/year), and subduc-
tion reflux (6 x 10° mol/year) (Huh et al. 1998). The removal
of Li from seawater is entirely by incorporation into marine
sediments and low-temperature altered oceanic crust (Misra
and Froelich 2012). Li concentrations in seawater are quite
homogeneous vertically and laterally at approximately
175 ppb. Li isotope compositions at different locations in
the global ocean differ slightly, with 8’Li ranging from
29.3 to 33.3%o. The average 8'Li is 31.13%o for the Pacific,
31.12%o for the Mediterranean, 31.17%o for the North Atlan-
tic, and 30.75%o for the Sargasso Sea (Chan and Edmond
1988; Tomascak 2004; Misra and Froelich 2009; Millot et al.
2004). Previous studies constructed Li isotope history of
Cenozoic seawater by analysing planktonic foraminifera, the
8Li value of seawater rose by 9 per mil (%o) from the Pale-
ocene to the present (Misra and Froelich 2012).

The lithium isotope of seawater incorporated into Fe—Mn
crusts has the potential to record changes in seawater chem-
istry, help unravel the changing factors linked to continen-
tal weathering, hydrothermal circulation and alteration of
oceanic crust (Tomascak 2004; Chan and Hein 2007; Misra
and Froelich 2012). To establish the validity of Fe—Mn
crusts as a recorder of seawater 8’Li, Chan and Hein (2007)
measured the Li contents and isotope compositions of 32
Fe—Mn crusts from a variety of tectonic environments in the
global ocean. Their results showed that Li tends to exist in
hydrothermal crusts rather than hydrogenetic crusts. There-
fore, Li concentrations can be used to trace the sources of
related deposits and can be used as a sensitive indicator of
the history of local hydrothermal activity. Chan and Hein
performed step leaching experiments on these various types
of Fe—Mn deposits with HAc and HCI. They separated the
loosely bound Li via HAc (HAc-Li) and the more tightly

bound Li via HCI (HCI-Li). The results show that HAc-Li
8’Li in hydrogenetic and hydrothermal crusts are similar to
the Li isotope in modern seawater, whereas HCI-Li &"Li is
relatively lighter, indicating that Li is incorporated in the
crystal lattices of Mn—Fe oxides—oxyhydroxides by inner
sphere complexation with preference for °Li. The research
also found that due to the high mobility of Li, the initial
characteristic of Li isotopes in Fe—Mn crusts changes after
sedimentation and exchanges with seawater and thus can-
not be used to record the long-term evolution of seawater
Li isotopes.

3.8 Magnesium (Mg) isotopes

Magnesium is the 8th most abundant element in the con-
tinental crust and the 4th most abundant species in sea-
water (Taylor and McLennan 1985), and it is the second
most abundant cation in the ocean (1276 ppm), following
Na (Edmond et al. 1979). Mg participates in almost all
geochemical processes on Earth. Mg has three naturally
occurring stable isotopes (Table 1): Mg (78.99%), Mg
(10.00%) and **Mg (11.01%). Mg isotopes commonly
expressed as 5*°Mg relative to the international standard
DSM-3. The standard SRM980 has been temporarily aban-
doned due to its nonuniformity (Galy et al. 2003).

In the oceans, Mg primarily exists in the form of Mg**
ions (or the hydrate Mg(H,0)2"). The input fluxes of oceanic
Mg are rivers and groundwater (5.2 X 10! mol/year), for
which rivers account for a large portion, whereas groundwa-
ter may only account for approximately 10% of the continen-
tal total inputs (Wilkinson and Algeo 1989; Berner 2004).
The output fluxes of Mg are exchange with the oceanic
crust during hydrothermal circulation at mid-ocean ridges
(0.5x10"2-2 x10'> mol/year), the precipitation of dolomite
(0.1x10"-0.8%x10'? mol/year), and ion-exchange reactions
with clays (Elderfield and Schultz 1996; Tipper et al. 2006).
Previous studies have measured Mg concentrations and iso-
tope compositions of seawater at various locations. Their
results illustrate a relatively uniformed Mg concentration
(53 mmol/L) and isotope composition (5*Mg=—0.82%o)
in modern oceans (Young and Galy 2004; de Villiers et al.
2005; Tipper et al. 2006), which is consistent with the long
residence time of Mg in the ocean (~ 13 Ma; Berner and
Berner 1987) and indicates that Mg has fully mixed in the
oceans so that its isotopes are evenly distributed.

Mg isotope records can be used to quantify the relative
contributions of changes in silicate or carbonate fluxes to
the global Mg budget (Young and Galy 2004; Tipper et al.
2006). Although marine Fe—Mn nodules and crusts are not
allimportant Mg sinks in seawater, Mg isotopes in Fe—Mn
deposits may be likely to provide important paleoceano-
graphic information, such as seawater Mg isotope record and
seawater Mg budget. Until now, very few research efforts
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have been achieved in Mg isotope studies of Fe—Mn nod-
ules and crusts. Rose-Koga and Albarede (2010) tested the
Mg isotopes from 26 Fe—-Mn nodules surface scrapings from
the global oceans. Their results showed that Mg isotopes of
Fe—Mn nodules from different oceans have significant dif-
ferences. §?°Mg in the Pacific and Atlantic Fe~Mn nodules
display a small range of —1.89 to —0.54%o, whereas those
from the Indian Ocean display a large range of —2.94 to
+0.69%0. Mg isotope compositions in Fe-Mn nodules and
seawater are also different. Rose-Koga et al. explained that
Mg isotopic fractionation is produced by the difference of
early oxic diagenesis. Since Mg is an important petrogenic
element, and its abundance in ocean ranks 2nd after Na,
the occurrence state of Mg in Fe—Mn nodules and crusts
is different from that of Mo, Cu, and Zn. Due to the vari-
ous occurrence states of Mg in Fe—-Mn crusts, Fu and Wang
(2012) performed sequential step-leaching experiments and
showed that the main occurrence states of Mg in Fe—-Mn
crusts are exchangeable Mg, Mg bound to carbonates, Mg
bound to Fe—Mn oxides. The remaining states account for
less. Fu et al. (unpublished data) found that the surface of
Fe-Mn crust MP2D06 from Central Pacific has a 8°°Mg of
— 1.55%0 in exchangeable Mg, — 1.12%¢ in Mg bound to
carbonates, + 1.01%o in the Fe—-Mn oxides. 826Mg value in
Fe—Mn oxides is relatively heavy and has a significant frac-
tionation with modern seawater (— 0.82%0) (Young and Galy
2004; Tipper et al. 2006). Mg isotope compositions in vari-
ous occurrence states in Fe—Mn crusts demonstrate isotope
fractionation controlled by minerals. §°°Mg in the Fe—Mn
oxides at depth profile of Fe—Mn crust MP2D06 display a
large variations, which may be the result of changes in the
Mg isotope composition of seawater and/or the changes in
fractionation coefficient between Fe—Mn crusts and seawater.
So far, the use of Mg isotopes in Fe—Mn deposits as a tool
in research of seawater Mg isotope record and seawater Mg
budget is currently limited by scant data. Therefore, meas-
urements of the Mg isotopic composition of Fe—Mn nodules
and crusts should be further explored in future studies.

3.9 Nickle (Ni) isotopes

Nickle is a nutrient element in the oceans. Its circulation is
related to biogeochemical processes (Cameron et al. 2009).
Ni has five naturally occurring stable isotopes (Table 1): **Ni
(68.08%), ®Ni (26.22%), °'Ni (1.14%), ®*Ni (3.63%) and
%4Ni (0.93%) (Gramlish et al. 1989). Ni isotopes are usu-
ally expressed as 8°'Ni (8°”°®Ni) relative to the SRM 986
international standard.

Worldwide, the concentration of Ni in seawater varies
between approximately 2 and 12 nmol/kg, with a global
average of 8.2 nmol/kg (Saager et al. 1992, 1997; Frew
et al. 2001; Mackey et al. 2002; MBARI 2012; Cameron
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and Vance 2014). Dissolved Ni in seawater has three main
sources: 40% from continental weathering products inputs
via river and groundwater, 40% from the mineral dust and
volcanic ash via the atmosphere, and 20% from hydro-
thermal vent fluids. The sinks for oceanic Ni are pelagic
sediments and Fe—Mn deposits (Gaillardet et al. 2003; Li
and Schoonmaker 2003; Gall et al. 2013). The residence
time for oceanic Ni is controversial. Some scholars esti-
mated it as 10 kyr (Sclater et al. 1976) while others esti-
mated it as approximately 30 kyr (Cameron and Vance
2014) or 4 kyr (Li and Schoonmaker 2003; Rehkdmper
and Nielsen 2004). Previous studies have investigated the
Ni isotope compositions in the North Atlantic, NE Pacific
and the Southern Ocean. Their results showed that sea-
water has consistent Ni isotope composition, with 8°°Ni
of 1.44%0 +0.15%0 (Gall et al. 2013; Cameron and Vance
2014).

The isotope composition of Ni in marine systems has
recently attracted significant attention owing to its nutri-
ent-type behavior and multiple sources in seawater (Gall
et al. 2013; Cameron and Vance 2014; Little et al. 2015).
Due to Fe—Mn deposits is a major sink of Ni in the oceans,
scholars have attempted to establish Ni isotopic variability
in Fe—-Mn crusts and determine whether the crusts can
be used as archives for deep water Ni isotope composi-
tions (Gall et al. 2013; Gueguen et al. 2016). §°°Ni in the
Fe—Mn crust surface scrapings ranges from 0.9 to 2.5%o
and averages 1.6%o + 0.8 %o, there was a consistent Ni iso-
tope composition in different ocean basins. Compared with
seawater, Fe—Mn crusts have heavier Ni isotopes (Gall
et al. 2013; Gueguen et al. 2016). The isotopic fractiona-
tion between Fe—Mn crusts and seawater may be related
to changes in Ni inputs via continental weathering and
hydrothermal fluids but not related to the Ni adsorption
and incorporation into Fe—Mn crusts (Gall et al. 2013). In
addition, the North and South Pacific crusts have had very
consistent Ni isotope compositions since 17 Ma despite
different growth rates, textures and geochemical patterns
(Fig. 7). 8%Ni values on the 76 Ma crust CD29-2 depth
profile from the Central Pacific display a large variation
range of 1.6-2.3%o (Fig. 7). Although the redistribution
of Ni associated with phosphatisation may exist in older
parts of the crust, there is no systematic difference in Ni
isotopic composition between older parts and younger
parts of the crust, which suggests a steady state of the
oceanic Ni fluxes over the Cenozoic. Besides, changes in
Ni isotopes in the crust profile are consistent with changes
in Mn concentrations, implies that Ni isotopes in Fe—Mn
crusts are related to Ni release via hydrothermal activity.
Therefore, Ni isotope variations in Fe—Mn crusts may not
only record the changes in oceanic Ni sources, but also
post-depositional processes.
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Fig.7 Temporal 8°°Ni record from selected marine Fe—Mn crusts.
The South Pacific Fe-Mn crust ZEP2-DR06-03 and North Pacific
Fe-Mn crusts J2-480 and J2-480-R14 profiles are from Gueguen
et al. (2016), the Central Pacific Fe—-Mn crust CD29-2 profile is from
Gall et al. (2013). The model age of crust CD29-2 is from Nielsen
et al. (2009)

4 Summary and outlook

Marine Fe—Mn crusts and nodules have long been character-
ized for their elevated concentrations of metals (e.g., Co, Ni,
Cu and Zn). Due to the slow growth rates (1-10 mm/Myr),
they are condensed stratigraphic sections and, depending
on their thickness, up to 70 Ma of oceanic history may be
recorded in their layers. With the development of analyti-
cal instruments and methods, non-traditional stable isotopic
geochemistry (e.g., Fe, Cu, Zn, Mo, Cd, T1, Li and Mg) has
experienced dramatic advancements. The past decade has
seen an explosion of interest in the use of non-traditional
stable isotopes for investigating marine processes and ele-
ment cycling. The isotopic compositions of these metals in
marine Fe—Mn crusts and nodules could offer the way to
understand their enrichment mechanisms and mechanisms
that control changes in Fe—-Mn crust and nodule composi-
tions with location in the global ocean. Meanwhile, they
could provide interesting proxies to unravel changes in the
marine sources and biogeochemical cycles of some metals
through time as well as past chemical and isotopic composi-
tions of various elements dissolved in oceanic deep water.
For these purposes, both the global variations of isotope
ratios in Fe—Mn crusts and nodules surface scrapings and
detailed depth profiles through the crusts were systemati-
cally investigated. These studies established non-traditional
isotopic variability present in Fe-Mn crusts and nodules,
explored the isotopic fractionation mechanisms associ-
ated with the Fe-Mn deposits formation, and determined
whether these Fe—Mn crusts can be used as archives for
deep water isotope compositions and long-term seawater
isotope record. More importantly, non-traditional isotope

compositions of marine Fe—-Mn deposits have been suc-
cessfully applied to constrain the metal sources and metal
geochemical cycles in the ocean, understand continental
weathering and climate change, and reconstruct paleo-oce-
anic redox conditions and past changes in marine processes.
Nevertheless, it is important to note that current applica-
tions of some non-traditional isotopes as paleoceanographic
proxies remain a few limits or exist some problems since
some processes may affect the isotope records preserved in
Fe—Mn crusts and nodules. For instance, postdepositional
processes of Fe—-Mn (oxyhydr)oxide phases and crust/nod-
ule—seawater interactions, changes in the relative fluxes of
metal sources and sinks in the ocean, fractionation processes
during metal incorporation at the Fe—-Mn crust/nodule sur-
face and metal distribution among Fe—Mn mineral phases.
In addition, there is also a great need for a community effort
to exploit and enhance in studies on non-traditional isotope
geochemistry of marine Fe—Mn crusts and nodules. (1) The
precision and accuracy of the analytical methods need to
be further improved. For example, in chemical purification
of Li, Mg, Cd and TI from Fe-Mn samples, at least two or
three sets of anion and cation exchange chromatography are
needed, it is time-consuming and it may also cause isotopic
fractionation. So we need to create some new concise and
effective chemical purification procedures that can be used
to extract the target element. In addition, effective meth-
ods for correction of isotope discrimination effects needs
further development to avoid isotopic fractionation during
MC-ICP-MS measurements. Besides, there needs to be a
number of suitable Fe—-Mn curst/nodule reference mate-
rial to help monitoring the entire experiment procedures.
(2) Some isotope international standards are needed for the
non-traditional stable isotope geochemistry. For instance,
currently, the international standards of Zn, Mo, and Cd iso-
topes are not readily available, and international standard
NIST SRM 976 of Cu isotope has been run out. Although
some studies have provided the transformation formulae for
different isotope reference materials, it is still very incon-
venient for the research and application of these isotopes.
(3) Although the distributions and fractionations have been
reported for some non-traditional isotopes in Fe—Mn crusts/
nodules and seawater, the data remain limited and the mech-
anisms controlling isotopic fractionation for some metals
have yet to be clearly explained, particularly for Li, Mg, Cd
and Ni isotopes. Therefore it is necessary to investigate more
Fe—Mn curst/nodule samples from different ocean areas, and
accumulate adequate isotopic data from different reservoirs
and different types of natural samples, and further elucidate
the factors that control the isotopic fractionation of met-
als. (4) For many of these promising isotope systems, the
molecular scale controls on their isotopic fractionations are
needed to be further explored. Different molecular bond-
ing mechanisms of metals to different Fe—Mn crust and

@ Springer



86

Y. Fu

nodule mineral phases (e.g., birnessite, vemadite, todorokite,
goethite and ferrihydrite), determined using for example
XANES and EXAFS synchrotron radiation data, which
may explain the sequence of enrichment and fractionation
of metals in marine Fe—-Mn deposits. So far, only Cu, Zn
Mo and Tl isotopes were carried out some experiments, and
there are many extend work to do. (5) Constraining some
specific questions using multiple isotopic proxies should be
enhanced. For instance, in paleo-redox studies, a particu-
larly promising approach is to combine different isotope sys-
tems, taking advantage of their differing redox response, and
avoiding the weaknesses associated with the use of a single
redox proxy. However, from the previous researches of non-
traditional isotopes in Fe—Mn deposits, we can see most of
the studies using a single isotope proxy to understand impor-
tant issues such as paleo-oceanic redox conditions, metal
sources, past changes in climatic conditions, even if using
the same samples for example CD29-2. (6) Much effort will
be applied to develop new non-traditional isotopic proxies in
Fe—Mn crusts that reflect the evolution of Cenozoic oceans,
atmosphere, and continents. A handful of oceanographically
interesting elements such as V, Cr, Te, U and W in Fe-Mn
nodules and crusts should be received increasing attention.
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