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Abstract :

Manganese oxides are an important sink for Ni in the ocean. To explore the potential of Ni stable isotopes
as a geochemical tracer, we conducted two types of sorption reactions between Ni and hexagonal
birnessite in 0.05M NaNO3 media: one where we varied pH from 5 to 8 (constant initial Ni
concentration = 170 ymol/L), and a second where we varied the initial dissolved Ni concentration from 17
to 426 pmol/L (constant pH = 7.7). Isotopic measurements were made on both the solid phase and the
supernatant solutions to determine the Ni isotope fractionation factors (A60/58Nimin-
ag = 660/58Nimin — 660/58Niaq) between the mineral and aqueous phases. Nickel extended X-ray
absorption fine structure (EXAFS) spectroscopy showed Ni in two distinct bonding environments: one
where Ni atoms incorporate into the MnO2 sheet and a second where Ni atoms associate with the mineral
surface sharing oxygens with 3 Mn tetrahedra (TCS, triple corner sharing). As pH and net negative surface
charge increase, the coordination of Ni shifts to higher proportions of incorporation. The number of
structural vacancies in birnessite, which are locations for TCS coordination of Ni, are controlled by pH and
increase with decreasing pH. These vacancies are preferentially occupied by lighter Ni isotopes leading
to fractionation factors, A60/58Nimin-aq, ranging from —2.76%o (lowest TCS) to —3.35%0 (maximum TCS).
These Ni isotopic fractionation factors are among the largest observed in natural geological and biological
materials to date. Our findings reveal a relationship between Ni coordination environment and pH that
may ultimately be used as an isotopic geochemical tracer of past ocean conditions. However, the results
are inconsistent with current isotopic fractionation factors for marine ferromanganese deposits relative to
seawater and point to unaddressed processes that modify Ni isotopic fractionation for ferromanganese
deposits. Further research is needed to develop Ni as an isotopic tracer.
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Highlights

» Manganese oxides are important nickel sink in oceans. » Nickel exists in two distinct chemical bonding
environments with manganese oxide birnessite. » Both nickel surface bonding and nickel birnessite
mineral incorporation forms exist. » Nickel isotopic fractionation between aqueous phase and solid
birnessite occurs. » Future potential for nickel as geochemical tracer of past ocean conditions.
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1. Introduction

Over geological time scales, variations in Ni bioavailability in the ocean may have
impacted the global carbon cycle (Konhauser et al., 2009; Rothman et al., 2014). In the modern
ocean, Ni is an important biologically-active trace metal and essential micronutrient for marine
phytoplankton. Nickel has a nutrient-type profile showing depletion in surface waters due to
consumption by biological activity and enrichment in deep waters due to recycling of organic
matter in the water column (Bruland, 1980; Feller et al., 1991; Morel et al., 2003; Morel and
Price, 2003). The dominant sources of Ni to the ocean are rivers, and potentially hydrothermal
vents and atmospheric dusts, with concentrations in seawater ranging from 2 to 12 nmol/L
(Boyle et al., 1981; Bruland, 1980; Cameron and Vance, 2014, Sclater et al., 1976). Surface
seawater concentrations are relatively high compared to other transition metals even in
phosphate-depleted surface seawater, most likely due to enhanced solubility of organically-
bound Ni (Mackey et al., 2002). From a biogeochemical perspective, Ni sources and sinks within
the ocean are heavily dependent on geochemical reactions between Ni and minerals, combined
with organic matter cycling (Cameron and Vance, 2014; Vance et al., 2016).

Evidence to-date suggests that scavenging of Ni by Mn (oxyhydr)oxides is an important
control on the biogeochemical cycling of Ni in both marine and terrestrial environments, thus
providing a major pathway for Ni removal (i.e., sink) from seawater (Cameron and Vance, 2014;
Gall et al., 2013; Gueguen et al., 2016; Vance et al., 2016). Nickel has been observed to
partition from seawater to Mn and Fe (oxyhydr)oxide phases including minerals formed in-situ
in pelagic sediments, Fe-Mn crusts and nodules, and metalliferous deposits (Bonatti et al., 1972;
Bostrom and Peterson, 1966; Cronan, 2000; Nicholson and Eley, 1997). In particular, a

systematic correlation between Ni and Mn has been reported for metalliferous deposits such as



marine ferromanganese nodules and crusts (Aplin and Cronan, 1985; Koschinsky and Halbach,
1995; Koschinsky and Hein, 2003; Peacock, 2009), as well as Fe- and Mn-(oxyhydr)oxides in
soils (Chukhrov et al., 1981; Manceau et al., 2002b). The incorporation of metals, including Ni,
in Fe- and Mn-(oxyhydr)oxide phases is generally assumed to occur via sorption reactions onto
the mineral surface. As demonstrated for other trace metals elements, such as, B (Lemarchand et
al., 2007), Tl (Nielsen et al., 2013), Zn (Pokrovsky et al., 2005), Ge(Pokrovsky et al., 2014), Mo
(Barling and Anbar, 2004; Kashiwabara et al., 2011), Cd(Wasylenki et al., 2014) and U
(Brennecka et al., 2011), sorption processes might produce an isotopic offset in Ni relative to
seawater.

Recent experimental studies report that sorption and co-precipitation reactions yield
measurable stable isotopic signatures for Ni (Fujii et al., 2011; Gueguen et al., 2018; Wasylenki
et al., 2015). For example, Ni in the mineral phase is isotopically lighter following sorption onto
Fe oxyhydroxide ferrinydrite (~ -0.35 %o) (Wasylenki et al., 2015). In a follow-up study,
Gueguen et al. 2018 found that Ni sorption on goethite (a-FeOOH) produced an even more
fractionated sorbed-Ni with enrichment of the solid phase in light Ni isotopes by -0.77 %.. Nickel
extended X-ray absorption fine structure (EXAFS) data on these samples indicated that the
difference in Ni isotope fractionation extent between ferrihydrite and goethite is related to the
degree of Ni coordination at the mineral surface. Specifically, the number of Fe atoms
coordinating each Ni atom (in the second-shell) was lower for goethite than for ferrihydrite. This
observation was interpreted as a weaker surface complex between goethite and Ni that favored
adsorption of isotopically light Ni.

The present study provides a first assessment of the extent of Ni isotope fractionation

during sorption on Mn (oxyhydr)oxides—as a function of pH and Ni-loading to the mineral



hexagonal birnessite—in the context of detailed mineral structure and surface coordination

chemistry as measured by Ni and Mn EXAFS.

2. Methods

2.1 Mineral synthesis and characterization

Hexagonal-birnessite (KosMn204-1.5H20, also known as “acid birnessite”) was prepared by
boiling a 2.5 L solution of 0.4 mol/L KMnOa4 with vigorous mechanical stirring. The precipitate
was formed through dropwise addition of 163 mL of concentrated HCI using a burette. The
precipitate was then washed in 3 centrifuge-resuspend cycles with purified water (18.2 M MQ;
MilliQ), separated from suspension using vacuum filtration (0.22 um Millipore
polyethersulfone), and finally freeze dried and stored as a dry powder (McKenzie, 1971,
Villalobos et al., 2003). All reagents were ACS (American Chemical Society) grade. The purity
of the powder was confirmed by powder X-ray diffraction.

The surface area of the birnessite powder was measured (after degassing at 150 °C), with
a Quantachrom Quantasorb analyzer via N2 adsorption. The calculated BET surface area was
36.12 m2/g (Brunauer et al., 1936).

Zeta potential measurements were conducted using a ZetaPALS analyzer (Brookhaven
Instruments Corp.) by suspending birnessite particles in purified water (18.2 MQ; MilliQ) at a
concentration of 1.52 g/L and averaged from 3 cycles of 5 runs each. The samples were analyzed
using a conductance of 82 uS, a current of 0.34 mA, applied voltage of 7.54V, and an electric
field of 9.29 V/cm. The zeta potential measurements at pH 7 show that birnessite exhibits a

negative surface charge of -55.41 mV.



Elemental composition of the birnessite (KosMn204-1.5H.0) was determined by ICP-MS
(Inductively coupled plasma Mass Spectrometer) on a Thermofisher Scientific X-Series
instrument with an ESI PC3 Peltier cooled spray chamber, SC-FAST injection loop, SC-4
autosampler, and an internal Yttrium standard (Geochemistry Laboratory, Department of Earth

Sciences, University of Minnesota Twin Cities).

2.2 Sorption experiments

Nickel sorption experiments were based on published methods for Ni adsorption on Fe
oxyhydroxide minerals (Gueguen et al., 2018). Ni stock solution (17.04 mmol Ni/L) was
prepared with Ni(NO3)2 x 6H20 (MW= 290.71). All experiments began by preparing six 250 mL
Teflon reaction vessels (Nucleopore) by adding a 0.075-0.150 g of birnessite (dry weight) to 150
mL of 0.05 mol/L NaNO3 electrolyte solution. Sodium nitrate was chosen as the electrolyte,
over NaCl, because NOs™ aq forms fewer aqueous complexes with Ni* aq than would CI- aq.
Throughout the experiment the suspensions were continuously mixed using Teflon-coated
magnetic stir bars and pH was controlled by automated titration with 0.05 mol/L HNO3z or 0.05
mol/L NaOH. pH was monitored and adjusted with a custom-built pH control system consisting
of 6 Hanna Instruments HI 504 controllers each with a Thermo Scientific Orion 9110 pH
electrode. pH adjustments were made with proportional additions of 0.05 mol/L HNO3 and 0.05
mol/L NaOH using two 3-way General Valve solenoid valves and a Manostat Carter peristaltic
cassette pump, the system provided pH control of £ 0.2 pH units. Adsorption experiments were
conducted as functions of Ni loading (0 to 0.852 pumol Ni/kg suspension) and pH (5.0-8.2) at
25°C. These reaction conditions were chosen to mimic the environmental conditions and Ni

loadings observed in ferromanganese deposits (Peacock, 2009; Peacock and Sherman, 2007a)



(Peacock and Sherman, 2005). Experiment 1 was performed as a function of pH (pH 5.0, 6.0,
7.0, 7.7, 8.0, and 8.2) with an initial Ni concentration of 170 umol/L Ni. Experiment 2 was
performed as a function of initial Ni concentration (17, 85, 170, 341, and 426 pumol/L) at pH 7.7.
After addition of Ni, the suspension was agitated using a magnetic stir bar at 25°C and allowed
to react for 24 hours before the solution was separated from the solids by vacuum filtration (0.22
pm polycarbonate, Millipore). The supernatant solution was refrigerated until analysis by ICP-
MS and the solid material (filter-bound paste) was stored frozen. Solid Ni-sorbed mineral
samples were split for EXAFS and isotopic analysis.

The aqueous speciation of Ni was calculated for the experimental conditions using
MINEQL+ v.4.6 (Environmental Research Software) with stability constants from NIST (NIST,
1995). Calculations used initial Ni concentrations of 17, 85, 170, 341, and 426 pmol Ni/L, pH
range of 5.0 to 8.0, ionic strength of 0.05 mol/L NaNOs, and partial pressure of CO. of 94.3 ppm
for an open system. Nickel precipitates were not predicted to form under our experimental

conditions.

2.3 Extended X-ray absorption fine structure (EXAFS) spectroscopy

Nickel K-edge EXAFS spectra were collected at the Advanced Photon Source (Argonne
National Laboratory) beamline 20-BM in fluorescence mode. The Mn K-edge EXAFS were
collected in transmission mode at beamline 20-BM. Due to limited instrument time, Ni and Mn
EXAFS spectra were not collected for all sorption experiments. Nickle EXAFS spectra were
collected for samples having a pH range of 5.0 — 8.2, and a Ni loading range of 21.5 — 254 pmol
Ni / g birnessite. Manganese EXAFS spectra were collected for birnessite equilibrated at pH 7.0,

7.7, 8.0, and 8.2, but not for the two lower pH conditions (pH 5.0 and 6.0).



Samples were prepared for EXAFS analysis by thawing and transferring, as a thin smear,
to Kapton adhesive. Multiple layers of sample were stacked and sealed with Kapton adhesive.
Measurements were conducted at room temperature. Individual scans were examined for changes
in peak position or shape to detect photon-induced sample alteration; none were observed. The
monochromator energy was calibrated using a Ni metal foil and set to 8334.5 eV or a Mn metal
foil at 6537.67 eV. Two detectors were used: (1) a liquid-nitrogen-cooled 12-element Canberra
Germanium [Ge(Li)] detector for fluorescence mode measurements and (2) an in-line
transmission ion chambers for reference measurements.

All EXAFS data processing was done using the IFEFFIT software suite with the Athena
program used for energy calibration, pre-edge subtraction, and post-edge normalization (Ravel
and Newville, 2005). Shell-by-shell fitting was accomplished using the SixPack software
package (Webb, 2005). Fitting the Ni-O shell of NiCl>(aq) and Ni(II)EDTA(aq) was used to
determine an amplitude reduction factor (S%) of 0.96 (Pena et al., 2010). Threshold energy (AEo)
was allowed to vary but was linked for all shells during fitting. For all fits the bond distance (R),
coordination number (CN), and the Debye-Waller factor (c%) were allowed to vary for each path,
unless otherwise stated. All paths were generated using the FEFF6L program from SixPack and
the mineral structure data for birnessite (Post and Veblen, 1990).

A model for the Ni EXAFS data was created by fitting the Ni-O first-shell contributions
and fixing them while fitting the second-shell. The second-shell was modeled with two Ni-Mn
paths corresponding to Ni incorporation into the mineral and Ni in a triple corner sharing (TCS)
orientation (Manceau et al., 2007b; Peacock, 2009; Pena et al., 2010). To fit the two Ni-Mn
paths, we linked the Ni-Mn1 path (Ni incorporated) to the Ni-Mn2 path (TCS) by defining the

variable (F) to represent the fraction of the Ni in the TCS coordination. The coordination number



for TCS sites was expressed as 6 x F and as 6 x (1-F) for the incorporated Ni. During the fitting
process, the total number of Ni-Mn pairs was constrained to a value of 6. Linking the two
second-shell paths with shared variable F allowed us to determine the ratio of Ni incorporated
into the mineral versus Ni in a TCS orientation.

The statistical parameters of R-factor (value of 0.05 or less being an acceptable value)
and reduced chi square (reduced %), both calculated by IFEFFIT, were used to determine the
quality of shell-by-shell fits. In addition, the uncertainty of fitted parameters generated by
FEFF6L (Kelly et al., 2008) and visual inspection of the fit in k-space and the Fourier-transform,

including the imaginary portion, were used to evaluate the goodness of fit.

2.4 Chromatographic column purification of nickel

Birnessite samples were dissolved in 10 mL of 6 mol/L HCI for 72 hours at room
temperature. Dissolution was complete and did not require any heating. Prior to chromatographic
column separation, elemental concentrations of Ni, Fe and Mn were measured by quadrupole
ICP-MS (X-Series 2, Thermofisher Scientific) at the Pole Spectrométrie Océan (PSO,
Laboratoire Géosciences Océan, Brest, France). The fraction of Ni adsorbed was determined by
mass balance using the initial Ni concentration in solution and the amount of Ni measured in
minerals after the experiment.

The method employed for separating Ni isotopes from the matrix using ion-exchange
chromatographic columns, is described in Gueguen et al. (2013) and summarized here. Briefly, a
fixed aliquot of the archive solution in 6 mol/L HCI was collected and loaded on an anion-
exchange chromatographic column using AG1-X8 anion exchange resin (Biorad) for removing

traces of Fe. A second separation step involving a Ni-specific resin (Eichrom) in which Ni forms



a complex with dimethylglyoxime, ensured purification of Ni from remaining matrix elements
such as Mn from birnessite and Na from the electrolyte. Aliquots of the supernatant solutions and
the Ni stock solution were only processed through the Ni-specific resin while splits of birnessite

were processed through the entire chemical procedure (Gueguen et al., 2013).

2.5 Mass spectrometry procedure and double-spike correction scheme

Nickel isotope compositions were measured by MC-ICP-MS Neptune (Thermofisher
Scientific) at PSO, Ifremer (Brest, France) using a double-spike (mixture of ®'Ni and ®2Ni
isotopes) added to samples prior to loading on Ni-specific resin (2" step of chromatography
columns separation) to correct for instrumental mass bias. An Apex Q (Elemental Scientific,
USA) desolvation introduction system was employed and Ni isotopes were measured in high
resolution mode to resolve argide interferences. The double-spike correction scheme of isotope
ratios was computed using an iterative method as described in (Siebert et al., 2001). The double-
spike was added in a known amount with a spike/natural concentration ratio of 1 as described by
Gueguen et al. (2013) (Gueguen et al., 2013). Analysis of each sample on the mass spectrometer
consists of 50 cycles of measurement for which we calculated an internal two standard error
value (2se) that is typically in the range of 0.02 and 0.05 %o. Based on duplicated isotope
analysis of Ni standard solution and georeferenced materials (e.g., BHVO-2, Nod-A-1, Nod-P-
1), we determined a long-term external precision (2 standard deviation) of about 0.06 %o.. The
5058Nii values obtained for the geostandards are 0.03 £0.06 %o, 1.04 £0.04 %o and 0.34 +0.03 %o
for BHVO-2, Nod-A-1 and Nod-P-1 respectively, consistent with previously published values.

The Ni isotope composition of sorbed and aqueous Ni are reported according to the

conventional delta notation (1) using the Ni international isotopic standard NIST SRM 986 as the



reference standard ratio (Rnistess) and the Ni isotope ratio of the sample (Rsampie) for ©Ni/*8Ni
following the approach of Gueguen et al. (Gueguen et al., 2013):

860/58Ni (%0) = (Rsample/RN|ST986 — 1) x 1000 (l)

3. Results
3.1 Nickel sorption

Table 1 shows the range of values observed for the percent Ni sorbed (Nimineral/Niintial X
100%) to birnessite for the pH gradient (constant Ni) experiment ranging from 59.5% to 100 %
and for the concentration gradient (constant pH) experiment ranging from 64.0% to 100%. The
final loading of Ni to birnessite ranged from 221.8 to 249.7 pmol Ni/g mineral (2.01-2.27 pmol
Ni/mol Mn) for the pH gradient experiment and from 21.5 to 225.0 pumol Ni/g mineral (0.20-2.04

umol Ni/mol Mn) for the concentration gradient experiment (Figure 1).

3.2 Nickel EXAFS spectroscopy

Shell-by-shell fitting was performed for all Ni EXAFS spectra (Table 2, Figure 2). All
spectra were fit with ~ 6 Ni-O atom pairs in the first-shell at a distance of 2.04 + 0.01 A. The
second-shell was fit by linking two Ni-Mn paths, one at ca. 2.86 A (Ni incorporated into the
MnO: sheet) and the other at ca. 3.49 A (Ni in triple corner sharing coordination at a vacancy site
(TCS)), which combined have ~ 6 Ni-Mn atom pairs. The Ni k-edge spectra for the pH-gradient
samples (Figure 2b) show systematic changes in the EXAFS spectra near k=8 A consistent with
a change in the average Ni-Mn bonding environment as pH increases, consistent with less Ni in
TCS configuration. A comparison of two samples with different Ni loadings and consistent pH

(Figure 2c) for pH 6, 7, and 8 shows that increased Ni concentration causes less splitting in the



oscillation of the spectral features between k=9-11 A% The Ni k-space spectra for the
concentration gradient samples (Figure 2a) do exhibit systematic changes as Ni concentration
increases. Fourier transforms (FTs) of the spectra for all samples are presented in Supplementary
Information (Figure S1). These images show two clear coordination environments for Ni
sorption, Ni incorporated into the mineral sheet at R+AR =2.5 and Ni in a TCS configuration at
R+AR =3.2 (Pefia et al., 2010).

By linking the second-shell Ni-Mn paths via the F variable it was possible to determine
that the percentage of Ni in the TCS coordination ranged from 69% to 95% across all samples.
For the pH gradient samples (Table 2), the percentage of Ni in the TCS coordination shows a
trend of decreasing TCS as a function of increasing pH: 95% TCS at pH 5 to 80% TCS at pH
8.2. The concentration gradient samples (at pH 7.7) show a more subtle trend of increasing TCS
with increased Ni loading to the mineral: 78% at 21 pmol Ni/g mineral to 86 % at 190 umol Ni/g
mineral. The samples NiBirn_pH50_C227 (pH 5 with final loading of 227 pumol Ni/g birnessite)
and NiBirn_pH60_C234 (pH 6 with final loading of 234 umol Ni/g birnessite) exhibit Ni
incorporation into the birnessite sheets on the order of 5-10 % of total sorbed Ni (1-F) (Table 2).
The error estimate for the F variable is £ 3-10 %. Fitting the Ni-incorporated shell is thus
difficult and required the o value for the TCS shell to be set at 0.005 in order to accomplish

fitting.

3.3 Manganese EXAFS spectroscopy
Manganese K-edge EXAFS spectra were collected for birnessite following reaction with
Ni over a range of pH values. Figure 3 shows that no changes were observed in the Mn EXAFS

as pH increased. Comparison to the findings of Villalobos for unaltered hexagonal birnessite

10



from the same synthesis protocol shows matching EXAFS spectral features (Villalobos et al.,
2006). These factors indicate there was no detectable change (with EXAF90ykS) in the structure

of birnessite due to changes in pH during the experiments.

3.4 Nickel isotope compositions

Nickel isotope measurements were performed on both the solid phase and the supernatant
solution following sorption experiments for the pH gradient experiments at 0.075 g of mineral
and for the solid phase only for the concentration gradient experiments and pH gradient
experiments at 0.15 g of mineral (Table 1). The initial Ni stock solution was processed through
chromatographic separation and yielded a Ni isotope composition of §*¥*¥Niinitiai -0.32 £0.06 %o
(n=3, 2sd). The Ni isotope fractionation factor A®”*8Nimin-oq for the sorption experiments is
expressed as the apparent difference in Ni isotopic composition between the mineral-sorbed Ni

and Ni remaining in solution (2):

ASYSBNirin-ag = 56958 Nlimineral - 5°**Niagueous @)

Mass balance considerations also imply that:

560/58Niinitial = [%ads X 560/58Nimineral + (100' %adS) X 860/58Niaqueous]/1oo (3)

where %ads is the percentage of Ni adsorbed onto birnessite. By combining equations (2) and

(3), it is possible to calculate the fractionation factor (4) for the “"concentration gradient”

experiments for which the 57%8Niagueous Values were not determined, insofar as %ads is

11



significantly different from 0% or 100% as it is the case for Ni_Birn_pH77_C189 and

Ni_Birn_pH77_C190 (Table 1).

A60/58Nimin-aq = [660/58Niminera| - (660/58Niinitial - %ads x 860/58Nimineral)/(100' %adS)]/lOO (4)

Results are presented in Table 1 and Figure 4. Isotopic mass balance of the system
(equation 3) was verified for the “pH gradient experiment set 2” and yielded 3°*%¢Ni values
identical within uncertainty to the Ni isotope composition of the initial Ni stock solution.
Birnessite minerals efficiently scavenge Ni from solution. Sorption experiments with low Ni in
solution (17, 85 and 170 umol/L of Ni) show complete (>99 %) Ni sorption onto the mineral
surface and thus the Ni isotope composition of the aqueous phase could not be determined for
these samples. However, the average Ni isotope composition of the mineral phases is -0.33 +
0.09 %o (2sd, n=3), similar, within uncertainty, to the §°*8Ni value of the initial Ni stock
solution (-0.32 £0.06 %o, 2sd). These results are consistent with total scavenging Of Ni(q) onto
the birnessite surface. For the concentration dependent experiments that did not show complete
uptake of Ni from solution (from 64 to 71 %), we determined the fractionation factor values
A®Y8Nimin-aq USing the mass balance equation (3) and results show A”*®Nimin.aq values at -2.43 +
0.28%o (2sd, n=2).

The pH gradient experiments at 0.15g of birnessite per reactor (set 1) show total sorption
of aqueous Ni, thus A5Y>®Nimin-aq values could not be calculated. The average Ni isotope
composition of the solid phases is -0.34 £0.03 %o (2sd, n=4) consistent with the Ni isotope
composition of the initial stock solution. For pH gradient experiment at 0.075¢g of birnessite per

reactor (set 2), the Ni sorption range from 59 to 68% and the §°¥58Ni values of the solid phases

12



range from -1.53 £ 0.03 %o to -1.41 £0.02 %o and the Ni isotope composition of the associated
supernatant solutions varied from +1.33 +£0.03 %o to +1.94 £0.04 %o (Table 1, Figure 5). The
isotope fractionation factor between the mineral and the solution for the pH-dependent
experiments indicate enrichment of the mineral phase in light Ni isotopes compared to the
aqueous phase, with ASY*8Nimin-aq Values ranging from -3.35 £0.05 %o to -2.76 +0.04 %o and

yielding an average of -2.99 +0.41 %o (2sd, n=7) (Table 1, Figure 6).

4. Discussion
4.1 Mineralogical controls on Ni isotope fractionation
4.1.1 Structure of birnessite

Hexagonal or potassium birnessite is characterized as a layer-type Mn oxide exhibiting
hexagonal sheet symmetry (Manceau et al., 2003; Silvester et al., 1997). It consists of sheets of
edge-sharing Mn** octahedra that may have vacancies or Mn®* substitution resulting in a
negative layer charge (Lopano et al., 2009). Previous work by Lanson and Manceau (2002)
attributed the layer charge of synthetic hexagonal birnessite to approximately 17% of the Mn
sites in the sheet being vacant (Lanson et al., 2002; Manceau et al., 2002a). This layer charge is
compensated for by protons and interlayer cations with each octahedral vacancy capped by a
cation that could include Mn®*.

In the present study, when Ni?* is oriented above a surface vacancy it adopts an inner-
sphere triple-corner-sharing surface complex (TCS) at a Ni-Mn interatomic distance of ~3.5 A
(Bodei et al., 2007; Manceau et al., 2002a; Peacock and Sherman, 2007b; Pena et al., 2010).

Additionally, Ni has been found to be incorporated into the sheets of hexagonal birnessite in an

13



edge-sharing configuration with its neighboring Mn(1V) octahedral with an interatomic distance
of ~2.9A (Manceau et al., 2007a; Peacock, 2009; Peacock and Sherman, 2007b).

We observed no detectable change in the structure of birnessite due to changes in
experimental pH, as shown in Figure 3, for pH 7.0 to 8.2. Previous work showed that changes in
the birnessite structure can occur between pH 3.7 and 5 (Peacock, 2009; Peacock and Sherman,
2007a). This suggests that changes in birnessite structure can occur at low pH, and perhaps affect
our two lowest pH values, 5.0 and 6.0. Therefore, the relationships we observe may not be
applicable below pH 7. This indicates that changes in the location or amount of Ni sorption in the

pH range 7.0 to 8.2 are not due to changes in the birnessite structure.

4.1.2 pH and concentration dependence of Ni sorption

We observed nearly complete adsorption of Ni to birnessite when the initial Ni
concentration was 170 pmol/L with 0.15 g of mineral in 150 mL 0.05M NaNOs solution. (Table
1). Peacock (2007) observed near total adsorption of dissolved Ni under similar experimental
conditions at pH 7 regardless of the time the solution was allowed to incubate (Peacock, 2009).
When either the Ni concentration in our reactions was increased to 341 pumol/L or the amount of
mineral was reduced to 0.075 g, adsorption decreased to between 60% and 71% while the total
amount of Ni adsorbed to the mineral increased only slightly (Table 1). This pattern is illustrated
in Figure 1b and represents an adsorption isotherm, which shows that the Ni loading approaches
a maximum value of ~250 pmol of Ni per gram of mineral. Previous studies showed that
increasing the concentration of dissolved Ni above 0.6 pmol/L does not significantly affect the
total sorption of Ni (Langmuir, 1997; Peacock and Sherman, 2007a; Simanova et al., 2015).

Toner et al. (2006) conducted similar experiments with Zn sorption to biogenic hexagonal

14



birnessite and reported a similar adsorption isotherm. However, those experiments did not reach
the breakthrough concentration, which is likely due to the presence of microbial biomass (Toner
et al., 2005; Toner et al., 2006).

Although the Ni coordination environment at the mineral surface changes as a function of
pH, the total Ni loading to the mineral does not change (Figure 1a). Our results show that
dissolved Ni concentration impacts the final Ni loading to birnessite until the cation sorption
capacity of birnessite, which is controlled by pH driven surface charge, is reached. This
information, paired with the knowledge that the structure of birnessite remains stable across the
pH range investigated, shows that pH is the master variable in controlling these adsorption
processes. One of the major findings of this study is that change in pH has a significant effect on
the Ni isotope equilibrium fractionation factors. AY>®Nimin-aq Values vary from -2.76 %o to -3.35
%o for pH values ranging from 8.2 to 7.0 showing that isotopically lighter Ni is sorbed at lower
pH. The pH range investigated here includes that of seawater, which suggests that Ni isotopes
could be used as paleo-pH proxy in seawater. Although these results are promising, they require
additional experimental data on, for example, the effect of salinity (ionic strength of the

experiments) on Ni isotope fractionation.

4.1.3 Nickel coordination chemistry
The Ni EXAFS data and fits obtained in this study are consistent with inner-sphere
complexation of Ni by birnessite and with previous studies (Manceau et al., 2007a; Manceau et

al., 2007b; Manceau et al., 2007c; Peacock and Sherman, 2007h; Pena et al., 2011; Pena et al.,
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2010). The coordination environment of Ni is octahedral with the first shell consisting of 6 O at
~2.04 +£0.01 A. Previous EXAFS studies using laboratory generated minerals have reported first
shells consisting of 6 O at a distance of 2.0£0.06 A [43, 45, 56, 57, 62]. The second coordination
shell is comprised of a total of six Mn atoms present at two distinct distances, 2.86+0.02 A and
3.48+0.01 A [43, 45, 56, 57, 62]. Previous work has identified these two distances as
representing Ni which is incorporated into the mineral structure and Ni which isina TCS
orientation (Manceau et al., 2007b; Peacock, 2009; Pena et al., 2010). Based on the findings of
Simanova et al. (2015) it is possible that a third coordination scenario in which Ni sorbs to edge
sites on the birnessite may account for up to 10-20% of the surface-associated Ni; however, our
EXAFS fit results do not provide evidence for this coordination environment (Simanova et al.,
2015).

For laboratory generated Mn minerals, Peacock (2009) and Pefia (2010) report second
shell values for Ni consisting of 6 Mn at 3.5+0.1 A and identify it as Ni complexes located on the
surface of the Mn minerals (Peacock, 2009; Peacock and Sherman, 2007b; Pena et al., 2010).
Our o2 values are in agreement with those reported in the studies discussed above. Studies on
natural ferromanganese nodules and crusts also report similar values for the Ni coordination
environment. Manceau (2002) reported a Ni-O distance of 2.05 A and Ni-Mn distance of 2.91 A
for Ni in the Mn minerals of a soil nodule (Manceau et al., 2002b). Peacock (2007) found that
the Ni present in nodule and crust samples from the Pacific Ocean exhibited 6 O at ~2 A and 6
Mn at ~2.9 A, and interpreted it as Ni incorporated into the Mn mineral structure (Peacock and
Sherman, 2007a). In a study of a freshwater ferromanganese nodule, Manceau (2007) identifies
Ni incorporated into the structure of birnessite at 2.91+0.01 A and Ni complexes at vacant layer

sites at 3.49+0.02 A (Manceau et al., 2007a).
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4.1.4. Nickel isotopic fractionation
Our study, along with several others, provides experimental evidence that Ni is incorporated into
the mineral structure of layer-type Mn (oxyhydr)oxides over short time scales and that the
resulting Ni speciation varies with pH (Bodei et al., 2007; Manceau et al., 2002a; Peacock and
Sherman, 2007a). Here we used a dual isotopic-spectroscopic approach to quantify the change in
both proportion of TCS coordination to mineral incorporation and isotopic fractionation factor,
as a function of pH. We observe that the Ni isotope fractionation factor for Ni-loaded birnessite
is correlated with coordination chemistry (Figure 6). Specifically, as pH increased from 7.0 to
8.2, the proportion of Ni in TCS coordination decreased. We observed greater Ni incorporation
with increased pH; density functional theory calculations indicate this might be due to a pH-
dependent energy barrier that decreases at higher pH leading to greater incorporation (Pena et al.,
2010). We also observed an enrichment of heavier Ni isotopes associated with the mineral, as
expressed by the ASY®8Nimin.aq values increasing from -3.25 %o to -2.76 %o as pH increases from
7.0 to 8.2. These results are consistent with a pH-dependent change in the proportion of TCS
and a pH-dependent change in isotope fractionation. While these observations do not
demonstrate causality, an interpretation of our findings is that the isotopic fractionation response
is due to the surface coordination chemistry, both of which are a function of the master variable
pH.

There are large differences in Ni isotope fractionation factors for sorption on either Fe-
(oxyhydr)oxides such as 2-line ferrihydrite and goethite (up to ~ -0.8 %o) (Gueguen et al., 2018;
Wasylenki et al., 2015), or Mn-(oxyhydr)oxides (up to ~ -3 %o) (this study). The difference in Ni

isotopic fractionation observed for the two types of minerals is critical for developing Ni isotopes
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as a geochemical tracer. Iron-(oxyhdr)oxides are mostly relevant for weathering on continental
surfaces (Ratie et al., 2015) while in marine environmentss Mn-(oxyhydr)oxides are the
predominant phases controlling Ni uptake from seawater (Cameron and Vance, 2014; Ciscato et
al., 2018; Gall et al., 2013; Gueguen et al., 2016). While each of these mineral groups harbor
complexity, especially when loaded with trace metal impurities, we can draw some general and
overarching conclusions about them. For example, we know that these mineral groups (i.e., Fe-
versus Mn-(oxyhydr)oxides) have very different reactivity with cations based on their permanent
and variable charge characteristics (Sposito, 1989). Iron-(oxyhydr)oxides, such as goethite, are
characterized by variable (pH-dependent) charge and a net neutral or slight positive charge in
seawater (e.g. PZNC of 7-8). In contrast, Mn-(oxyhydr)oxides such as birnessite (MnO2) have
both permanent (Mn vacancies) and variable charge characteristics with a strong net negative
charge in seawater (e.g., PZNC of 1.5-2.5). Given these charge properties, we would expect Mn-
(oxyhydr)oxides to have a stronger affinity for cations (such as Ni) than Fe-(oxyhydr)oxides, and

direct observation supports this reasoning (Takahashi et al., 2007).

4.2. Implications for geochemical tracer development

Marine ferromanganese crusts, comprised of Fe and Mn-(oxyhydr)oxides, constitute one
of the major Ni reservoirs in modern oceans. In contrast to the Ni sorption experimental results
presented here, Ni isotopic fractionation between ferromanganese crusts and modern day
seawater is not observed (Gall et al., 2013). This discrepancy points to unrecognized processes
that affect Ni isotope fractionation and require investigation. Here we will discuss several types
of processes that should be investigated further: reaction kinetics, coordination chemistry,

aqueous Ni speciation, and partitioning of Ni into minerals other than Mn (oxyhydr)oxides.
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It is possible that marine ferromanganese deposits reach isotopic equilibrium faster than
new crust formation processes can preserve the initial isotopic signature. For example,
experimental results from Cd sorption on birnessite show a decrease in Cd isotope fractionation
factor values with duration of reaction from AM#M2Cd ~0.4 %o after 1 hour to A?¥112Cd ~0.1 %o
after 912 hours (Wasylenki et al., 2014). The authors attributed this result to structural
incorporation of Cd combined with a reversible sorption mechanism, allowing continuous
isotopic exchange between the solution and the mineral. The fractionation factor determined
between Fe-Mn crusts for Cd is similar to the 0.1 %o value determined for longer duration
experiments (Horner et al., 2010; Schmitt et al., 2009). Building on the interpretation of
Wasylenki et al. (2015), long exposure time of Fe-Mn crusts to seawater during slow formation
of the crusts (a few mm/Ma) could explain the limited Ni isotope fractionation between seawater
and Fe-Mn crusts (Wasylenki et al., 2015).

Another potential explanation for the observed difference between our laboratory results
and Fe-Mn crust measurements is a difference in Ni coordination chemistry. While our samples
are dominated by Ni in the TCS coordination, Ni associated with Fe-Mn crusts is largely
incorporated into the mineral structure (Peacock and Sherman (2007b) which could give rise to a
difference in isotopic signature. For example, Nielsen et.al (Nielsen et al., 2013) reported
differences in isotopic fractionation during thallium sorption onto birnessite depending on
whether sorption occurred in Mn vacancies (large fractionation) or on edge sites (negligible
fractionation). The present study found two Ni coordination environments, sorption at vacancies
and incorporation into the birnessite structure. The fractionation factors for these two different
coordination environments could perhaps be investigated using a triclinic birnessite lacking

vacancies as an experimental end-member (Lanson et al. 2002).
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Aqueous Ni speciation is another potential influence on Ni isotope fractionation between
Fe-Mn crusts and seawater, in particular, complexation reactions with organic ligands may be
important. Owing to its relatively low charge to radius ratio, Ni commonly exists as a hydrated
Ni2* ion in aqueous settings (Gaillardet et al., 2014), with Ni?* and NiCI* being the primary
inorganic species in seawater (20 % and 57 %, respectively) (Fujii et al., 2011). However,
measurements of Ni concentration in the Beaulieu estuary (UK) showed that Ni adsorption on
inorganic detrital particles is limited when organic matter is present due to Ni-ligand
complexation (Turner et al., 1998). Nimmo et al. (1989) reported that 31-41 % of dissolved Ni in
the Liverpool Bay was organically bound. These findings indicate that organic ligands play a
significant role in Ni speciation in seawater (Boiteau et al., 2016; Mackey, 1983; Mackey et al.,
2002; Nimmo et al., 1989; Turner and Martino, 2006; Van den Berg and Nimmo, 1987). The
potential impact of organic species on the isotopic composition of inorganic Ni in seawater was
theoretically and experimentally explored by Fujii et al. (2011) (Fujii et al., 2011) where authors
demonstrated that fractionations up to 2.5%o for 8%”°8Ni could occur during exchange reactions
between inorganic and organic ligands, while enrichment in heavy Ni isotopes likely occurs in
the order of Ni?* > NiCI* > NiCl,. It follows that if the Ni?*(.q) species is preferentially sorbed on
ferromanganese crusts (Koschinsky and Halbach, 1995) this could result in enrichment in heavy
Ni isotopes compared to bulk seawater. A more complete understanding of the role of aqueous
speciation, and in particular the impact of Ni-organic complexes and their influence on
adsorption to mineral surfaces, will undoubtedly help to explain Ni isotope cycling in
seawater,weathering environments, and its incorporation in marine sediments.

The geochemistry of the sediments in contact with seawater is also expected to exert

control over Ni isotope fractionation. For example, Vance and others have demonstrated that
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seawater associated with sulfide phases displays an isotopically heavy Ni signature as compared
to the lighter signature of the associated sediments (Cameron and Vance, 2014; Vance et al., 2017;
Vance et al., 2016). Laboratory studies comparing Ni partitioning to Fe and Mn oxides to Ni
precipitation as a sulfide mineral should be a promising future research direction to develop the Ni

isotope tracer for different oxidation-reduction regimes.

4.3 Conclusion

Nickel isotope fractionation factors ranging from -2.76 %o to -3.35 %o, measured here
during sorption of Ni on birnessite are among the largest observed for natural geological and
biological materials to date (Cameron and Vance, 2014; Ciscato et al., 2018; Gall et al., 2013;
Gueguen et al., 2013; Gueguen et al., 2016; Gueguen et al., 2018; Porter et al., 2014; Ratie et al.,
2015; Vance et al., 2016; Wasylenki et al., 2015). In comparison, the magnitude of the
fractionation factor resulting from Ni sorption onto ferrihydrite (-0.35 %o) (Gueguen et al., 2018;
Wasylenki et al., 2015) and goethite (-0.77 %o) (Gueguen et al., 2018) is up to an order of
magnitude smaller. It is possible that this appreciable difference in the fractionation between Fe-
(oxyhydr)oxides and Mn-(oxyhydr)oxides during Ni sorption could result in large differences in
Ni isotope signatures in natural systems depending on the specific mineral phases present.
Additionally, the Ni isotope fractionation factor measured here is larger than Ni isotope
fractionation driven by biotic processes, as illustrated by Ni uptake by methanogens (~ -1 %o)
(Cameron et al., 2009), and also between dissolved seawater species including organic and
inorganic species (~ 2.5 %o) (Fujii et al., 2011) and solids (Ciscato et al., 2018; Porter et al.,

2014).
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Prior to using Ni isotopic signatures as a window into past oceanic biogeochemical
conditions there are several complicating factors, including reaction kinetics, fractionation
factors for specific coordination chemistries, aqueous Ni speciation, and partitioning of Ni into
minerals other than Fe and Mn (oxyhydr)oxides that must be more fully documented through
laboratory experimentation. Additional studies are needed to render Ni isotopic signature a
reliable means of geochemical tracer. Of particular note is the large discrepancy between the
isotopic signature observed in this study and that of marine ferromanganese deposits in
equilibrium with modern day seawater, which points to potential missing links in our current

understanding of Ni marine biogeochemistry.
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Table Captions

Table 1. Sample information and summary of experimental conditions including Ni loading to
the mineral, Ni isotope composition (%o) of mineral phases (for all experiments) and of
supernatant solutions (for pH-dependent experiments).

Table 2. Optimized fit parameters for Ni extended X-ray absorption fine structure (EXAFS)
spectra for all experimental samples.

Figure Captions

Figure 1. (a) Nickel sorption to birnessite at 170 umol/L initial Ni concentration for pH
conditions 5.0 to 8.2, and (b) Ni sorption to birnessite from 17 to 426 pmol/L initial Ni

concentrations at pH 7.7.

Figure 2. Comparison of Ni extended X-ray absorption fine structure (EXAFS) k3-weighted data

and shell-by-shell fit results for samples from sorption experiments consisting of: (a) a pH
gradient from pH 5 to 8.2; (b) a comparison of two samples at pH 6, 7, and 8 with different Ni
loadings to birnessite; and (c) a concentration gradient at pH 7.7.Experimental data are solid
lines and fits are dashed lines.

Figure 3. A comparison of Mn extended X-ray absorption fine structure (EXAFS) k3-weighted
data for birnessite in samples ranging from pH 7 to 8.2.

Figure 4. Nickel isotope composition (%o) of birnessite solid phases (circles) and supernatant
solutions (squares) versus sorption percentage for pH-dependent experiments (black line
indicates Ni isotope composition of the starting Ni solution (5°*®Ni = -0.32 %o)). Error bars

show the two-standard error of the mean.
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Figure 5. Nickel isotope fractionation factors (A8”*®Nimin-aq = 8> Nimineral - 5°¥*®Niaqueous)
versus pH (A) and final Ni loading (B) to the mineral (umol/g mineral) for pH-dependent
experiments. With the exception of the data point at pH 6, other samples show a trend between
higher pH and lower A®*8Nimin-aq Values, i.e. lower isotope fractionation for Ni sorbed onto the
mineral at higher pH. Error bars show the two-standard error of the mean.

Figure 6. Nickel isotope fractionation factors AS”*®Nimin-aq = 88 Nimineral - 5°¥*®Niaqueous) Versus
Ftcs, which corresponds to the proportion of total Ni in TCS coordination. pH values of each

data point are shown on the plot. Error bars show the two-standard error of the mean.
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Table 1 Ni sorption

Experiment Groups Sample Name pH [Nilag"™"* Fltr;ayi?'lae(:;g Fltr;ayi?'lae(:;‘llg % Of, Ni . 560/?:"min I2se 5" Nisqueas A(Gr:?il\(lelrrgln-aq 2se C;Oa/L(;u!atedf N E;:QFS
(UmolIL)  (imol Nifg)  umol Niim?) 5PN (ineran = (2queous) aqueous) o Niniat™ collected

%pH gradient - set 1 NiBirn_pH50_C227 5 170 227 6,28 99,7 -0,33 0,02 €. - - - - yes

NiBirn_pH60_C234 6 170 234 6,47 99,9 -0,35 0,02 - - - - - yes

NiBirn_pH70_C222 7 170 222 6,14 99,9 -0,35 0,02 - - - - - yes

NiBirn_pH80_C227 8 170 227 6,30 99,9 -0,32 0,03 - - - - - yes

PConcentration gradient NiBirn_pH77_C021 7,7 17 215 0,60 99,7 -0,29 0,03 - - - - - yes

NiBirn_pH77_C110 7,7 85 110 3,06 100,0 -0,37 0,06 - - - - - no

NiBirn_pH77_C225 7,7 170 225 6,22 99,9 -0,34 0,02 - - - - - no

NiBirn_pH77_C189 7,7 341 189 5,24 71,4 -1,05 0,02 - - - - - yes

NiBirn_pH77_C190 7.7 426 190 5,25 64,0 -1,17 0,03 - - - - - yes

°pH gradient - set 2 NiBirn_pH60_C253 6 170 254 7,02 59,5 -1,43 0,03 1,33 0,03 -2,76 0,04 -0,31 yes

NiBirn_pH70_C246 7 170 246 6,82 68,0 -1,41 0,04 1,94 0,04 -3,35 0,05 -0,34 yes

NiBirn_pH77_C113 7,7 170 113 3,12 62,5 -1,45 0,02 1,58 0,04 -3,04 0,05 -0,31 yes

NiBirn_pH77_C244 7,7 170 244 6,76 63,4 -1,53 0,03 1,56 0,04 -3,09 0,05 -0,40 no

NiBirn_pH80_C239 8 170 239 6,62 60,7 -1,51 0,03 1,53 0,05 -3,04 0,06 -0,32 no

NiBirn_pH80_C250 8 170 250 6,91 59,7 -1,52 0,03 1,37 0,05 -2,88 0,06 -0,35 yes

NiBirn_pH82_C249 8,2 170 249 6,88 59,9 -1,37 0,02 1,40 0,03 -2,77 0,04 -0,26 yes

Ni standard solution - - - - - - - -0,32 0,03 - - -

a Experiments having variable pH, constant dissolved Ni concentration, and 0.15 g hexagonal birnessite per reactor
b Experiments having variable dissolved Ni concentration, constant pH, and 0.15 g hexagonal birnessite per reactor
¢ Experiments having variable pH, constant dissolved Ni concentration, and 0.075 g hexagonal birnessite per reactor
d Standard deviation

e "-" not anlaysed

f This calculation was done by mass balance.



8.5

T T T T T T T
(@)
o
© 0 O P
(@)
— 4w
N~
o
© ~
| Y]
©
o
(@) (@) <
| Y]
s}
o
. . |_.D.
— Jw©
<
~—
<
l l l l l l l M
o o o o o o o o o
© < N S o © < N )
(q\] (q\] (q\] (q\] ~ ~ ~ ~ ~

(6/jowir) Buipeoj jesaulw IN

(B)

250

]
o
o
—

(6/10wrl) Buipeo| |eJauiw IN

200 -
150 |-

50 -

450

400

350

300

250

200

150

100

50

Ni initial concentration (umol/L)

Figure 1



x(k)k?

x(k)k®

oH=77 A

21 umol Ni

£ 113 umol Ni

. 189 umol Ni

190 umol Ni

%225 umol Ni

12

\»pH 5.0, 227 umol Ni

pH 6.0, 234 umol Ni

A pH7.0,222 umol N

\pH 8.0, 227 umol Ni

\pH 8.2, 249 umol N

C

_pH 6.0, 234 umol Ni
PHE.0253 umol Ni

V\/pH 7.0, 222 umol Ni

JpH .70, 246 umol Ni

H8.0,227 umol Ni

pH 8.0, 250 umol Ni

2 4 6 k (51) 8 10 12

Figure 2



x(k)k3

pH 8

w:

pH 8.2

2 4
Figure 3



2.5 T T T

© Mineral
O  Solution
—— Standard stock solution
2.0 o _
(]
15 F o B i
1.0 _
0.5 i
)
X
Z 0 i
8
3
@]
-0.5 | i
1 k- -
@)
(@) (@)
-15 @ © ° e .
2.0 | -
IZse
2.5 ! ' '
55 60 65 70

% adsorption (pH-dependent)

75



(A)

(%o)
=

min-aq

A60/58 Ni
1
w
N
|

<

5.5 6.0 6.5 7.0

7.5

8.0

8.5

(B)

(%o)

min-aq
¢
o
T
<

A60/58Ni _

4.0 l I 1 1 1

100 120 140 160 180 200

Ni mineral loading (umol/g)

220

240

260



min-aq (%0)
b
o
|

A60/58Ni .

pH=8.2

pH=8.0

pH=7.7

pH=7.0

pH=6.0

Figure 6

0.78 0.80

0.82 0.84
Ftcs

0.86

0.88

0.90



	Sorensen et al. Figures.pdf
	loading_pH_Ni_initial_fig1.pdf
	figures_2_3 (1).pdf
	dNi_sorption_fig4.pdf
	DNi_pH_final-load_fig5.pdf
	DNi_Ftcs_fig6.pdf


