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In the oceans, Cu is strongly scavenged by ferromanganese (Fe-Mn) crusts. The isotopic fractionation 
of Cu between seawater and crusts provides insight into the mechanisms of trace metal cycling in the 
oceans. Dissolved Cu in seawater is isotopically heavy (+0.66 ± 0.19�) relative to Cu in crusts (+0.31 ±
0.24�). The primary mineral phase sorbing divalent trace metals in Fe-Mn crusts is birnessite. Recent 
laboratory measurements show that isotopically light Cu is preferentially sorbed on birnessite, with a 
fractionation factor of 0.45 ± 0.18�. Here, we use first-principles (quantum mechanical) calculations 
to predict the isotopic fractionation between aqueous Cu2+ complexes and Cu as a surface complex on 
birnessite. We find that isotopic fractionation between the Cu(H2O)+5 complex and sorbed Cu should 
be 0.49� (at 25 ◦C), in close agreement with experiments, confirming that these experimental results 
reflects equilibrium fractionation. We then predict the isotopic fractionation between dissolved inorganic 
Cu in seawater and birnessite given the thermodynamic speciation of dissolved Cu at pH 8. We find 
dissolved inorganic Cu should be 0.94� (at 5 ◦C) heavier than Cu sorbed to birnessite. This value is 
substantially greater than the observed fractionation between seawater and Fe-Mn crusts (�sw-fmc ≈
+0.35�). Moreover, it is well established that dissolved Cu in seawater is strongly complexed by organic 
ligands. Based on model Cu complexes and published experimental data, we estimate that fractionation of 
Cu by organic ligands should increase the equilibrium fractionation between seawater and Fe-Mn crusts 
by 0.2 to 1.5� to yield �sw-fmc = +1.1 to 2.4�. We conclude that Cu in marine Fe-Mn crusts in not 
in isotopic equilibrium with dissolved Cu in seawater, and consider the possible explanations of this 
surprising finding.

© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Copper is both an essential micronutrient and a toxicant in 
aquatic ecosystems (e.g., Bruland et al., 2013). In oxic environ-
ments it is strongly scavenged (sorbed), particularly by manganese 
(IV) (hydr)oxides (e.g., Koschinsky and Hein, 2003). In aquatic en-
vironments, dissolved Cu will complex with a range of organic 
(and inorganic) ligands (e.g., Coale and Bruland, 1988; Moffett and 
Dupont, 2007). Each of these processes (biological uptake, sorption, 
organic complexation) is associated with Cu isotope fractionation 
(e.g., Bigalke et al., 2010; Navarrete et al., 2011; Pokrovsky et al., 
2008; Ryan et al., 2014; Sherman, 2013). Therefore, Cu isotopes 
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offer a potential tool to investigate the relative importance of dif-
ferent processes in the biogeochemical cycling of Cu.

Here, we determine the Cu isotope fractionation during sorption 
to birnessite, a phyllomanganate (layer-type MnO2) phase which is 
the dominant phase in marine ferromanganese crusts and nodules. 
Birnessite is a key scavenger of divalent cations like Cu (Koschin-
sky and Hein, 2003; Sherman and Peacock, 2010; Post, 1999). It is 
common both in the terrestrial environments, in soils and rivers, 
and in the marine environment, for which sorption to Mn oxides 
represents one of the major oceanic Cu removal fluxes (e.g., Little 
et al., 2014a, 2014b; Sherman and Peacock, 2010).

Little et al. (2014a) investigated the phase association and co-
ordination chemistry of Cu in hydrogenetic Fe-Mn crusts, using 
micro-focus XRF and EXAFS spectroscopy. Ferromanganese crusts 
consist of micro-scale intergrowths of birnessite and goethite (α-
FeOOH). Copper, as expected, is associated with the birnessite 
phase. Analysis of EXAFS spectra indicated that it is predomi-
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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nantly sorbed as III-IV fold surface complexes over the vacancy 
sites, with up to 35% incorporation in the mineral structure (Little 
et al., 2014a). In a mixed hydrogenetic-diagenetic Fe-Mn nodule, 
Manceau et al. (2014) reported that all Cu2+ was incorporated into 
the mineral structure.

Models of hydrogenetic Fe-Mn crust formation have empha-
sized the importance of inorganic sorption processes (Koschinsky 
and Hein, 2003). However, the formation of Mn(III,IV) oxide min-
erals can be catalysed by microorganisms (Tebo et al., 2004), with 
rates of biological Mn(II) oxidation that are up to five orders of 
magnitude faster than those of abiotic oxidation. As a result, bi-
ological Mn oxidation is thought to dominate in terrestrial and 
shallow water aquatic environments and, though the relative roles 
of biotic and abiotic Mn oxidation in deep sea settings remains 
uncertain, there is increasing evidence for diverse communities of 
microbial life living in and on marine Fe-Mn coatings and nodules 
(e.g., Shiraishi et al., 2016; Tully and Heidelberg, 2013). Study of 
Mn biooxides produced by P. putida strain Mn-B1 find that they 
are structurally similar to synthetic δ-MnO2, i.e. poorly crystalline 
Mn(IV) minerals with hexagonal sheet symmetry, of the type com-
mon in the natural environment (e.g., Villalobos et al., 2003).

Several experimental and theoretical studies have investigated 
the mechanism of Cu adsorption on synthetic δ-MnO2 (Kwon et 
al., 2013; Peña et al., 2015; Qin et al., 2017; Sherman and Peacock, 
2010). Adsorption occurs primarily via the formation of triple-
corner-sharing (TCS) surface complexes over the vacancy sites, 
with the local coordination environment of the Cu2+ ion reported 
to be either III-IV fold (Sherman et al., 2015; Sherman and Pea-
cock, 2010) or V-VI fold (Kwon et al., 2013; Manceau and Nagy, 
2015) coordinated. At high pH (pH ≈8), analysis of extended X-ray 
adsorption spectra (EXAFS) indicated that up to 20% of Cu is incor-
porated as a VI-fold solid solution inside the vacancy site (Sherman 
and Peacock, 2010). However, static subsequent density functional 
theory (DFT) calculations suggested that the formation of this in-
corporated Cu species should be energetically unfavourable (Kwon 
et al., 2013). At high Cu loading, recent work has argued for ad-
ditional sorption of Cu as multinuclear complexes, particularly on 
edge sites (Peña et al., 2015; Qin et al., 2017).

All else being equal, mass-dependent isotopic fractionation 
tends to partition the heavy isotope into complexes with lower 
coordination numbers and shorter, stronger bonds. In inorganic 
aqueous solution, Cu2+ occurs as the Cu(H2O)2+

5 (V-fold coor-
dinated) complex (Amira et al., 2005; Pasquarello et al., 2001). 
Consequently, sorption by complexation over the vacancy sites 
of birnessite (assuming III-IV fold coordination) was expected 
to favour the heavy isotope (Little et al., 2014a). However, in 
laboratory-based sorption and desorption experiments, Ijichi et al. 
(2018) observed sorption of isotopically light Cu on birnessite, with 
�65/63Cudissolved-sorbed = 0.45 ± 0.18� (2 SD, n = 12). Fe-Mn 
crusts are also isotopically light (δ65Cu = +0.31 ± 0.24�, 2 SD, 
n = 34; Albarède, 2004; Little et al., 2014b) compared to deep 
seawater (δ65Cu = +0.66 ± 0.19�, 2 SD, n = 185; Baconnais et 
al., 2019; Boyle et al., 2012; Little et al., 2018; Takano et al., 2014; 
Thompson and Ellwood, 2014), which has been hypothesised to re-
flect organic complexation of isotopically heavy Cu in the aqueous 
phase (Little et al., 2014a).

Experimental measurements of isotopic fractionation between 
minerals and aqueous solutions are needed before we can in-
terpret observed fractionations in natural systems. However, it is 
often difficult to unequivocally establish equilibrium isotope frac-
tionation under experimental conditions. Isotopic fractionation in 
experiments is influenced by the kinetics of mineral precipitation, 
by nucleation and crystallisation pathways, and by solution spe-
ciation. In addition, analytical constraints mean that experiments 
are typically carried out at sorbent concentrations many orders of 
magnitude higher than usually occur in the natural environment 
(e.g., in the ocean). Calculations from first-principles circumvent 
many of these complications, providing independent estimates of 
equilibrium isotope fractionation factors that can be compared to 
experimental data.

In this study, we predict the equilibrium isotopic fractiona-
tion of birnessite-sorbed Cu via the statistical mechanical parti-
tion function from the relevant vibrational modes of finite clusters 
used to approximate the surface complexes using first-principles 
(ab initio) simulations. Comparison of the theoretical equilibrium 
fractionation with experimental values and that observed in the 
oceans will be used to understand fractionation process in the ma-
rine environment.

2. Ab initio calculations

Ab initio MD simulations were done using the open source 
molecular dynamics code CP2K/QUICKSTEP package (VandeVon-
dele et al., 2005) based on density functional theory using a local 
orbital basis set and pseudopotentials for the core electrons. We 
used the DZVP-MOLOPT-SR-GTH basis set (VandeVondele and Hut-
ter, 2007) and the PBE exchange correlation functional (Perdew 
et al., 1996)). Plane-wave cutoffs of 400 eV and REL_CUTOFF at 
60 Ry were used in the calculation. All calculations were done 
using spin-unrestricted calculations with Mn and Cu in a ferro-
magnetic configuration. The molecular dynamics are run in the 
NVT ensemble with the temperature controlled at 323 K using 
a Nose thermostat to avoid the glassy behaviour of liquid water 
found at lower temperature. The simulation of Cu on sorbed to 
birnessite was based on a model structure consisting of a single 
birnessite slab with unit cell composition Mn16O36H4 with 62 H2O 
molecules. This slab contains two vacancy sites. Addition of 2 Cu 
atoms yielded a system with 0 charge with copper in +2 oxidation 
state upon convergence of the wavefunction. The resulting unit cell 
was orthorhombic with cell parameters 15.173 Å, 18.0 Å and 8.76 
Å. As discussed in the results section, the nature of the Cu surface 
complex depends on the starting protonation of the vacancy sites, 
so we started with simulation with one vacancy site protonated 
and the other non-protonated. The starting atomic coordinates are 
given in the supplemental data.

Calculations of the local structures and vibrational models of 
finite clusters used to model the local coordination environment 
of Cu in aqueous complexes and the birnessite surface was done 
using the Amsterdam Density Functional (ADF) program (te Velde 
et al., 2001). Molecular orbitals in the ADF code are constructed 
from Slater type atomic orbitals. For all atoms, an uncontracted, 
triple-zeta basis set with polarization functions (Van Lenthe and 
Baerends, 2003) was used. No optimization of the basis set was 
done. With this basis set, counterpoise corrections for basis set su-
perposition energy, evaluated by replacing a Cu with a ghost atom 
in a simple cluster, are found to be negligible (<1 kJ/mole). All 
calculations were done using a spin unrestricted formalism.

The calculations for aqueous complexes were done using the 
B3LYP hybrid exchange-correlation functional and were described 
in (Sherman, 2013) and (Sherman et al., 2015). The geometry 
of each complex was optimized before the harmonic vibrational 
frequencies were evaluated to ensure that imaginary frequencies 
were absent. Geometries were optimised by including a long-range 
solvation field approximated using the COSMO solvation model 
(Klamt and Schurrmann, 1993). Vibrational frequencies, however, 
were calculated in the absence of the COSMO solvation field, but 
using the solvated geometries (except for the Cu(H2O)+2

5 complex 
which yielded several imaginary frequencies at the COSMO geom-
etry). Calculations of vibrational modes for Cu complexes on bir-
nessite were done using the PBE exchange-correlation functional 
and the relative fractionation was evaluated from the Cu(H2O)+2
5
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modes evaluated in the PBE functional. The geometries and vibra-
tional frequencies are given in the Supplemental Data.

The reduced isotopic partition function ratios were then calcu-
lated for the harmonic frequencies using the equation of (Bigeleisen 
and Mayer, 1947). The 65-63 reduced partition function of Cu in a 
species A, for example, is:

65–63βA =
N∏

i=1

63Ui ē
65Ui/21 − ē

63Ui

63Ui ē
63Ui/21 − ē65Ui

(1)

where

Ui = hvi/kT (2)

Here vi are the vibrational frequencies, in the harmonic approxi-
mation, of the independent modes of A; h is Planck’s constant; k 
is Boltzmann’s constant and T is temperature. The equilibrium con-
stant for isotope exchange between two chemical species A and B 
is then α = βB/βA ; however, since α is very close to 1, the isotopic 
fractionation (per-mil) between species A and B is

�(B − A) = δ65CuB − δ65CUA ≈ 1000 lnα = 1000(lnβB − lnβA)

(3)

3. Results

3.1. Surface complexation of Cu on birnessite

Despite a number of studies investigating the local coordination 
environment of Cu2+ in the first Cu-O shell, debate remains as to 
the coordination number (III-IV fold or V-VI fold) of the vacancy 
complex, and the ability of Cu to substitute for Mn atoms via in-
corporation in the mineral structure (Kwon et al., 2013; Little et al., 
2014a; Peña et al., 2015; Qin et al., 2017; Sherman and Peacock, 
2010). A combination of EXAFS and DFT calculations indicated that 
Cu2+ sorbs predominantly via the formation of III-IV fold coordi-
nated complexes over vacancy sites (Sherman and Peacock, 2010). 
Initial static ab initio calculations (Sherman and Peacock, 2010) 
predicted that Cu is in 3-fold coordination over the birnessite va-
cancy site. However, subsequent calculations (Sherman et al., 2015) 
which modelled the surface complex with a more complete sol-
vation environment (additional water molecules) predict that Cu 
forms a tetrahedral complex over the vacancy site. It is clear that 
explicit inclusion of the longer range solvation environment is 
necessary to correctly predict the stability and structures of sur-
face complexes. To that end, in the course of the work reported 
here, we performed ab initio molecular dynamics simulations of 
Cu on birnessite in a periodic system with 62 H2O molecules per 
Mn16O36H4 unit cell (Fig. 1). We confirm that Cu complexed to 
the vacancy site on birnessite is in 4-fold coordination (3 surface 
oxygens and 1 inner-sphere H2O) in an approximately tetrahedral 
environment. This complex is stable over 50 ps. Significantly, the 
formation of the surface complex requires that two of the oxy-
gens below the birnessite vacancy site be protonated. If the bir-
nessite vacancy site oxygens are unprotonated, the Cu atoms will 
occupy the vacancy site. The results confirm the interpretation of 
the EXAFS of Cu sorbed to synthetic birnessite (Sherman and Pea-
cock, 2010) and Cu associated with natural marine ferromanganese 
crusts (Little et al., 2014a). Experimentally (Sherman and Peacock, 
2010), we find that sorption via surface complexation is favoured 
at low pH; sorption via structural incorporation occurs only at high 
pH where the surface oxygens are unprotonated. Our results are 
at odds with the static periodic calculations of (Kwon et al., 2013) 
which did not include the degree of explicit solvation used here. In 
particular, Cu is not in a Jahn-Teller distorted 6-fold coordination 
Fig. 1. Snapshot of periodic ab initio molecular dynamics simulation of Cu + 62 
H2O molecules and birnessite layer. The unit cell is indicated by the dashed blue 
lines and the cell parameters (fixed during the simulation) are given. Red atoms are 
Mn, blue are O, orange are Cu and grey are H. Note that Cu sorbed as a surface com-
plex is associated with protonation of the MnO2 oxygen at the base of the vacancy 
site. If the vacancy site oxygens are unprotonated, sorption occurs via structural in-
corporation. (For interpretation of the colours in the figure(s), the reader is referred 
to the web version of this article.)

as proposed by Kwon et al. (2013) and hypothesised by Manceau 
and Nagy (2015). Consequently, we calculated the vibrational par-
tition functions for surface-complexed Cu on birnessite using the 
cluster shown in Fig. 2.

Aside from sorption by inner-sphere complexation over vacancy 
sites in birnessite, EXAFS of natural and synthetic Cu birnessite 
show that Cu also sorbs by incorporation into the manganate layer 
by occupying the vacancy site to give Cu in 6-fold coordination 
(e.g., Sherman et al., 2015); Little et al., 2014a). The fraction of 
vacancy site Cu increases with pH and comprises about 20% of to-
tal sorbed Cu at pH 8 in both synthetic (Sherman and Peacock, 
2010) and natural (Little et al., 2014a) samples. Cu that is struc-
turally incorporated is easily resolvable in the EXAFS because of 
the short Cu-Mn distance associated with this complex. However, 
this structural incorporation (Cu in vacancy site) is proceeded by 
the surface complex (Cu on vacancy site) and controlled by surface 
protonation (and varies by pH). As discussed below, the presence 
of 20-30% structural Cu at high pH will not detract from the con-
clusions about isotopic fractionation of Cu between dissolved and 
sorbed species.

As noted above, Peña et al. (2015) and Qin et al. (2017) have 
argued for Cu complexation on the edge sites of birnessite layers 
at high loading. Such complexes were not resolved in the EXAFS of 
synthetic Cu birnessite of (Sherman and Peacock, 2010) nor in the 
EXAFS of Cu in ferromanganese crusts investigated by Little et al. 
(2014a). Nevertheless, here we also determined the structure and 
vibrational modes of a Cu edge complex (Fig. 3). In the edge com-
plex, Cu is in an approximately square-planer arrangement with an 
additional axial water molecule. Whether such a complex actually 
forms in marine ferromanganese crusts is unclear.

3.2. Predicted isotopic fractionation between Cu species

As discussed in Sherman (2013), aqueous Cu+2 is present as 
Cu(H2O)+2

5 . In freshwater at pH 6, the free aquo-Cu complex is 
the dominant inorganic Cu species (Turner et al., 1981). How-
ever, in seawater inorganic Cu+2 is predominantly complexed by 
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Fig. 2. Cluster used to optimise the structure of Cu complexed over vacancy site and 
for calculations of the vibrational frequencies.

Fig. 3. Optimised structure of Cu edge-complex on birnessite.

CO−2
3 ions (Turner et al., 1981). Based on the stability constants 

in Powell et al. (2007), we calculate that the dominant inorganic 
complexes of Cu+2 in seawater are CuCO0

3 (46%), Cu(CO3)−2
2 (21%) 

and CuOH+ (17.5%). The structures, vibrational frequencies and re-
duced partition functions for these inorganic complexes were given 
in Sherman (2013), and from these we can evaluate �65/63Cu for 
different Cu species relative to the Cu(H2O)+2

5 aquo complex. These 
are presented in Fig. 4.

Using the optimized cluster that models the surface com-
plex of Cu on birnessite (Fig. 2), we predict a fractionation fac-
tor between Cu(H2O)+2

5 and Cu surface complexed on birnessite 
(Fig. 4). At 25 ◦C, and assuming all dissolved Cu is present as 
Fig. 4. Calculated isotopic fractionations between species relative to the Cu aquo 
complex Cu(H2 O )+2

5 .

the aqueous Cu(H2O)+2
5 complex, we predict that the fractiona-

tion between aqueous Cu (as Cu(H2O)+2
5 and surface-complexed 

Cu will be �65/63Cu = 0.49� (that is, birnessite will preferen-
tially sorb the light isotope). Our result is in excellent agreement 
with recently obtained experimentally by Ijichi et al. (2018) where 
�65/63Cufree-sorbed = 0.45 ± 0.18� (n=12). This suggests that the 
experimental results were in isotopic equilibrium. The agreement 
between theoretical and experimental results also helps confirm 
the structural model for the Cu birnessite surface complex. Note 
that under the pH conditions (∼6) of the experiments, the surface 
complex greatly dominates over the structural Cu in the birnes-
site layer (Sherman and Peacock, 2010). The edge-complex (Fig. 3) 
favours isotopically light Cu even more strongly (Fig. 4) than the 
surface complex (Fig. 2). The good agreement between the theo-
retical fractionation due to the surface vacancy complex and the 
observed fractionation measured by Ijichi et al. (2018), suggests 
that edge-complexes do not form under the experimental condi-
tions used by Ijichi et al. (2018).

Given the equilibrium (thermodynamic) speciation of Cu in sea-
water at pH 7.5, we can evaluate the average �65/63Cu between 
dissolved inorganic Cu in seawater (as 46% CuCO0

3, 21% Cu(CO3)−2
2

and 17.5% CuOH+) and the Cu(H2O)+2
5 complex (Fig. 3). We es-

timate that the isotopic composition of dissolved inorganic Cu in 
seawater should be +0.94� (at 5 ◦C) heavier than that of Cu+2

sorbed to birnessite via the surface complex over the vacancy site; 
i.e. complexation by inorganic ligands should enhance the fraction-
ation between dissolved and scavenged Cu.

We had previously hypothesized that sorption of Cu on bir-
nessite should result in the enrichment of heavy Cu isotopes in 
the surface complex (Little et al., 2014a), based on the change in 
coordination environment of the Cu2+ atom and the shortening 
of bond lengths between aqueous and sorbed Cu2+ (Kwon et al., 
2013; Little et al., 2014a; Manceau and Nagy, 2015; Peña et al., 
2015; Sherman and Peacock, 2010). However, experimental results 
(Ijichi et al., 2018) and the theoretical predictions obtained here 
show that qualitative predictions of isotopic fractionation based on 
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changes in coordination number and bond lengths are not reliable 
guides for the small degree of fractionation associated with metal 
sorption on manganese oxides.

4. Application to the Oceans

Analysis of the Cu isotope composition of seawater is challeng-
ing (Bermin et al., 2006; Vance et al., 2008; recently reviewed in 
Little et al., 2018). Nevertheless, recently collected data for differ-
ent ocean basins from several laboratories converge on a homo-
geneous deep ocean Cu isotope composition of +0.66 ± 0.19�
(Baconnais et al., 2019; Boyle et al., 2012; Little et al., 2018; Takano 
et al., 2014; Thompson and Ellwood, 2014). By comparison to this 
seawater value, Fe-Mn crust and nodule samples are isotopically 
light (Albarède, 2004; Little et al., 2014b), implying an isotopic 
offset �65Cusw-fmc ≈ 0.35�. This result differs substantially (by 
0.59�) from the predicted inorganic fractionation. However, Cu 
speciation in seawater is not inorganically controlled. Instead, dis-
solved Cu is strongly complexed by organic ligands (e.g., Coale and 
Bruland, 1988; Moffett and Dupont, 2007). There is evidence that 
organic complexation of dissolved Cu is ubiquitous throughout the 
world oceans, including in deep waters, suggesting that Cu-binding 
ligands are refractory and long-lived (e.g., Heller and Croot, 2014; 
Jacquot and Moffett, 2015; Moffett and Dupont, 2007).

However, organic complexation cannot explain the discrepancy 
between the predicted inorganic isotopic fractionation and that 
observed in the oceans. Experiments and theory suggest that or-
ganic Cu-binding ligands preferentially complex heavy isotopes (Bi-
galke et al., 2010; Ryan et al., 2014; Sherman, 2013; Sherman 
et al., 2015). For example, Sherman (2013) and Sherman et al. 
(2015) find that organic ligands such as hydroxymate, malonate 
and histadine favour the heavy isotope over inorganic free Cu2+
(�65Cucomplex-free) by +0.75 to 1.5�. If such ligands are indicative 
of those in the marine environment, then the equilibrium fraction-
ation between dissolved Cu in seawater and sorbed Cu in birnessite 
should be as high as �65/63Cusw-fmc = +1.7 to 2.4�.

In experiments using a Donnan membrane, Ryan et al. (2014)
found a strong correlation between the logarithms of the stabil-
ity constants (log K) of organic Cu complexes with the magnitude 
of isotope fractionation, with �65Cucomplex-free values ranging from 
+0.14 to +0.84� for a range of log K of 8 to 25. Given the typical 
range of published conditional stability constants for Cu-binding 
ligands in seawater, at about 11.5 to 14 (Coale and Bruland, 1988; 
Heller and Croot, 2014; Leal and Van Den Berg, 1998; Moffett and 
Dupont, 2007), this relationship implies a �65/63Cucomplex-free in 
seawater of approximately +0.2 to 0.5� (Ryan et al., 2014). Even 
with these smaller degrees of isotopic fractionation, we would 
still predict that the equilibrium fractionation between dissolved 
(organically complexed) and Cu sorbed to ferromanganese crusts 
should be much greater than that observed, at +1.1 to 1.6�.

Our predicted isotopic fractionation of Cu sorbed to birnessite 
neglects the contribution of Cu occupying the vacancy site in the 
birnessite structure. In both synthetic birnessite near pH 8 (Sher-
man and Peacock, 2010) and natural marine ferromanganese crusts 
(Little et al., 2014a), structural Cu comprises about 20-30% of total 
sorbed Cu. Structural Cu would be isotopically heavier than sur-
face complexed Cu. However, any isotopic fractionation between 
surface-complexed and structurally incorporated Cu cannot explain 
the observed �65/63Cusw-fmc fractionation unless the fractionation 
between surface complexed and structurally incorporated Cu is 
greater than 3�. Such a large fractionation between surface com-
plexed and structurally incorporated Cu is physically unreasonable; 
fractionations of such magnitude require a change in oxidation 
state (Cu+ vs. Cu+2) or a drastic change in the ligand (Cl− vs OH−) 
in the Cu coordination environment (Sherman, 2013). Moreover, if 
dissolved Cu in the oceans is complexed by organic ligands, the 
fractionation between surface-complexed and structural Cu would 
need to be on the order of 6� if the observed bulk �65/63Cusw-fmc
reflects isotopic equilibrium.

Thus, the rather small �65Cusw-fmc offset presents a paradox, 
suggesting that Cu in Fe-Mn crusts is out of isotopic equilibrium 
with deep seawater – a surprising finding. It is possible that natu-
ral organic Cu ligands in seawater are not associated with isotope 
fractionation, but we consider this unlikely, given the lines of ex-
perimental and theoretical evidence suggesting otherwise (Bigalke 
et al., 2010; Ryan et al., 2014; Sherman, 2013; Sherman et al., 
2015; Fujii et al., 2013).

Interestingly, the labile (leachable) fraction of oceanic partic-
ulate matter has an isotopic composition very similar (at about 
+0.4�; Little et al., 2018) to that observed in Fe-Mn crusts. In fact, 
similar δ65Cu values (at about +0.3�) have been observed in the 
authigenic fraction of all marine sediments analyzed to date (Lit-
tle et al., 2017). One possibility to explain the small �65Cusw-fmc
offset, therefore, is that the primary source of Cu to Fe-Mn crusts 
is not seawater, but sinking particulate organic matter (POM), and 
that Fe-Mn crusts retain Cu that is released from these organic-
rich particles during oxic diagenesis without isotopic fractionation. 
However, very little POM survives the transit from its production 
in the sunlit upper ocean to the deep sea (e.g., Martin et al., 1987), 
and we consider it unlikely that sinking POM is the dominant sup-
ply route of Cu to Fe-Mn coatings.

Little et al. (2017) proposed two alternative explanations for the 
observed consistent isotopic offset between authigenic and sea-
water Cu. First, they suggest an equilibrium isotope fractionation 
between isotopically heavy Cu complexed to strong organic ligands 
and isotopically light Cu sorbed to particles (Little et al., 2017). 
However, for sorption to birnessite, we have shown that such 
an equilibrium isotope fractionation should lead to �65Cusw-fmc
= +1.1 to 2.4�, much larger than observed in the ocean (at 
about +0.35�). Second, Little et al. (2017) suggest equilibrium 
isotope fractionation in the aqueous phase between an isotopi-
cally heavy ligand-bound pool and the particle reactive free Cu2+
species, followed by quantitative scavenging of the free Cu2+
species by particulates (of any type). Experimental estimates for 
�65/63Cucomplex-free, of +0.2 to 0.5� at the log K of typical seawa-
ter ligands (Ryan et al., 2014), would be consistent with observed 
oceanic �65/63Cusw-fmc (at about +0.35�). The concentration of 
free Cu2+ is very low in seawater (e.g., Jacquot and Moffett, 2015) 
so quantitative (and irreversible?) scavenging of this species to 
Fe-Mn crusts is plausible, if somewhat surprising, given their slow-
growth rates.

Another possible resolution to the paradox is that the inorganic 
isotope fractionation factor for Cu sorption on birnessite is not 
expressed because Fe-Mn coatings are not purely inorganic precipi-
tates. Diverse communities of microbial life have been found living 
in and on marine Fe-Mn coatings and nodules (e.g., Shiraishi et al., 
2016; Tully and Heidelberg, 2013; Blöthe et al., 2015). Rates of bio-
logical Mn(II) oxidation are orders of magnitude higher than those 
of inorganic oxidation, and most known Mn oxidisers are thought 
to use multicopper oxidase enzymes (e.g., Tebo et al., 2004), which 
would be supported by the high Cu content of marine Fe-Mn nod-
ules (Shiraishi et al., 2016).

Structurally, Mn biooxides are closely related to synthetic δ-
MnO2 (Villalobos et al., 2003), which is also the dominant form 
of Mn oxide found in Fe-Mn coatings (Post, 1999). This structural 
similarity implies a similar Cu sorption mechanism on synthetic 
and bio-δ-MnO2, and similar isotopic fractionation; indeed, simi-
lar binding mechanisms have been observed for Fe-Mn crusts and 
in synthetic sorption experiments (Sherman and Peacock, 2010; 
Little et al., 2014b). However, an important difference between bio-
oxides and inorganic δ-MnO2 may be the presence of extracellular 
polymeric substances (EPS) produced by Mn(II) oxidising bacteria, 
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which can affect the sorptive properties of the biooxide (Tebo et 
al., 2004). The presence of EPS may also influence the isotopic frac-
tionation associated with Cu sorption (Coutaud et al., 2018), even 
if the ultimate mineral binding site of the Cu is apparently unaf-
fected (Little et al., 2014a).

To summarise, we make the surprising finding that Cu in Fe-Mn 
crusts appears to be in isotopic disequilibrium with deep seawa-
ter. We suggest that this finding may be due to: a) quantitative 
scavenging of the free Cu2+ species, the latter being isotopically 
light due to strong organic complexation of Cu in seawater, or b) 
the possibility that the inorganic fractionation factor on sorption 
to birnessite is not expressed because Mn(II) oxidation is medi-
ated by microorganisms. If the diversity of scavenging particles in 
the ocean are either organic-rich or organic-coated (e.g., Mn bioox-
ides coating with EPS), it is plausible that, isotopically, they may 
behave alike. Future work should investigate the isotopic fraction-
ation associated with biooxides, with incorporation of Cu into the 
birnessite mineral structure, and with other prevalent marine Mn 
oxide phases (e.g., todorokite). In addition, it should investigate the 
isotopic fractionation associated with natural organic ligands, for 
example, those produced by organisms in culture.
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