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Although initial studies have demonstrated the applicability of Ni isotopes for cosmochemistry
and as a potential biosignature, Ni isotope composition of terrestrial igneous and sedimentary
rocks, and ore deposits remains poorly known. Our contribution is four-fold: (1) to detail an
analytical procedure for Ni isotope determination, (2) to determine the Ni isotope composition of
various geological reference materials, (3) to assess the isotope composition of the Bulk Silicate
Earth relative to the Ni isotope reference material NIST SRM 986, and (4) to report the range of
mass-dependent Ni isotope fractionations in magmatic rocks and ore deposits. After purification
through a two-stage chromatography procedure, Ni isotope ratios were measured by MC-ICP-
MS and were corrected for instrumental mass bias using a double-spike correction method.
Measurement precision (two standard error of the mean) was between 0.02 and 0.04%0 and
intermediate measurement precision for NIST SRM 986 was 0.05%o0 (2s). Igneous and mantle-
derived rocks displayed a restricted range of 8°””*Ni values between -0.13 and +0.16%o
suggesting an average BSE composition of +0.05%¢. Manganese nodules (Nod A1; P1), shale
(SDO-1), coal (CLB-1) and a metal-contaminated soil (NIST SRM 2711) showed positive values
ranging between +0.14 and +1.06%0, whereas komatiite-hosted Ni-rich sulfides varied from -0.10

to -1.03%o.

Keywords: Nickel, stable isotopes, MC-ICP-MS, geological reference materials, Bulk Silicate

Earth, abiotic fractionation.

Bien que les premieres études démontrent la pertinence des isotopes du nickel en cosmochimie et
en tant que signature biologique, la composition isotopique du nickel des roches ignées et
sédimentaires terrestres ainsi que celle des dépdts de minerais est encore treés peu connue. Notre
contribution s’organise en quatre axes, (1) détailler la procédure analytique pour la détermination
des compositions isotopiques en nickel, (2) déterminer la composition isotopique de matériaux
géologiques de référence variés, (3) estimer la composition isotopique de la Terre Silicatée
Globale (BSE) par rapport au standard isotopique de référence de nickel NIST SRM 986, et (4)
reporter la gamme des fractionnements isotopiques du nickel dépendants de la masse dans les

roches magmatiques et les dépots de minerais. Apres purification suivant une procédure de
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chromatographie en deux étapes, les rapports isotopiques du nickel ont été mesurés par MC-ICP-
MS puis corrigés du biais de masse instrumental par la méthode du double-spike. La fidélité de
nos mesures (erreur standard de la moyenne) est comprise entre 0.02 et 0.04%o, et la précision de
mesure intermédiaire pour le NIST SRM 986 est de 0.05%o (2s). Les roches ignées et
mantelliques montrent une gamme restreinte de valeurs isotopiques 5°”°*Ni entre -0.13 et
+0.16%o, ce qui suggere une composition moyenne de la BSE a +0.05%0. Les nodules de
manganese (Nod Al; P1), le shale (SDO-1), le charbon (CLB-1) et le sol contaminé en métaux
(NIST SRM 271) donnent des valeurs 5°”**Ni positives comprises entre +0.14 et +1.06%,
tandis que les sulfures riches en nickel présents dans les komatiites ont des valeurs négatives

allant de -0.10 a -1.03%o.

Mots-clés : Nickel, isotopes stables, MC-ICP-MS, matériaux géologiques de référence, Terre

Silicatée Globale, fractionnement abiotique.

Nickel has five naturally occurring isotopes, i.e., 3 8Ni, 6ONi, 61Ni, 62Ni, and 64Ni, with abundances
of 68%, 26%, 1.1%, 3.6% and 0.9%, respectively. To date, Ni isotope studies have been applied
mainly to cosmochemical processes (e.g., Morand and Allegre 1983, Shimamura and Lugmair
1983, Tanimizu and Hirata 2006, Moynier et al. 2007, Cook et al. 2008), specifically to detect
any °“Ni anomaly in iron meteorites resulting from the rapid decay of “°Fe, which has a half-life
of 2.62 Myr (Rugel et al. 2009). Since Ni occurs solely in one natural valence state (Ni2+) in the
Earth’s crust, redox-controlled processes will not induce mass-dependent isotopic fractionations
as is the case for other transition metals such as Fe, Mo, Cr and Cu (e.g., Albarede and Beard
2004, Anbar and Rouxel 2007). It implies that any observed fractionation in natural
environments should be the result of either biotic processes, such as assimilation of Ni by micro-
organisms, or abiotic processes such as chemical precipitation or adsorption in aqueous systems,
or during mineral crystallisation. However, despite its potential, the understanding of Ni isotope
systematics of terrestrial reservoirs lags behind other non-traditional isotope systems. An initial
study by Tanimizu and Hirata (2006) demonstrates significant Ni isotope fractionation in

magmatic sulfides, and only two studies subsequently report Ni isotope composition of crustal
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rocks (Cameron et al. 2009, Gall et al. 2012). Interestingly, a recent study demonstrated that
methanogens — micro-organisms producing methane in anaerobic environments — fractionate
5ONi/*®Ni ratios by up to 1.5%o by preferential incorporation of the light isotope (Cameron et al.
2009). Identification of such biosignatures in complex natural systems, however, remains
uncertain. More recently, Fujii et al. (2011) report theoretical and experimental constraints on
abiotic Ni isotope fractionations among aqueous species (i.e., chlorides, sulfides, sulfates,
carbonates and hydroxides). The experimental results indicate that fractionation among Ni
ligands, such as Ni**, NiSO,, NiCOs, NiHCO;*, NiCI* and NiOH" is up to 2.5%0 in §°”**Ni
values, and encompasses the magnitude of fractionation during biological processes associated

with methanogens (Cameron et al. 2009).

Since a growing number of studies apply Ni isotope systematics to natural samples, we aimed
this study at (1) developing an experimental and analytical protocol to perform high-precision Ni
isotopic determination in geological samples, including igneous rocks and sediments by multi-
collector-inductively coupled plasma-mass spectrometry (MC-ICP-MS) and using a double-spike
method to correct for instrumental mass bias, (2) providing a substantial and relevant dataset of
Ni isotope composition for RMs to allow a comparison of Ni isotope data among different
laboratories and with the purpose of demonstrating that significant Ni isotope variations are
detectable in a large range of rock types occurring on Earth, and (3) assessing Ni isotopic
composition of the Bulk Silicate Earth necessary for interpreting Ni isotope fractionation in

terrestrial rocks, based on analyses of mantle-derived rocks and komatiites.

Materials and methods

Sample description

Geological reference materials: Samples analysed in this study include several USGS
geological reference materials, namely BHVO-2, a basalt from Hawaii (USA); BIR-1, a basalt
from Iceland; DNC-1, a dolerite sampled in North Carolina (USA); DTS-1, a dunite sample from
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the Twin Sisters area in the Washington state (USA); PCC-1, a peridotite sample from the Twin
Sisters area in the Washington State (USA); Nod-A-1 and Nod-P-1 representing composites of
manganese nodules from the Atlantic (Blake Plateau at 788 m depth) and Pacific (at 4300 m
depth) oceans, respectively; CLB-1, a coal from the Lower Bakerstown coal bed (Bettinger Mine
in the Castleman Coalfield, Maryland, USA); SDO-1, a Devonian shale from Morehead,
Kentucky (USA); and the granite G-2 collected in the Sullivan quarry (Rhode Island, USA). We
also analysed NIST SRM 2711, a modern soil RM affected by metal contamination (Montana,
USA). Further description of these RMs and their chemical composition can be found in
Govindaraju (1994). For Mn-nodule RMs, Axelsson et al. (2002) provide an intercomparison
study of trace and major element concentrations. In addition, the ca. 3.8 Ga IF-G Banded Iron
Formation geological reference material provided by the CRPG (Nancy, France) was also

analysed.

Selected samples of basalts, mantle-derived rocks and marine sediments: Fresh
volcanic glass and olivine from seafloor basalts from recent olivine-phyric pillow lava flows
were selected from the site FeMO Deep at the base of Loihi Seamount (Edwards ef al. 2011).
These samples were recovered during the FeMO cruise by the R/V Thompson (University of
Washington). Samples of serpentinised ultramafic rocks that were recovered from the Logatchev
hydrothermal field (Rouxel et al. 2004, Fouquet et al. 2010) during the MICROSMOKE cruise
by the R/V Atalante (Ifremer-Genavir) were also analysed. Olivine and fresh glass of the FeMO
Deep basalts were separated by hand-picking to evaluate potential Ni isotope fractionation
between olivine and glass, whilst serpentinite powders were prepared from bulk rocks. In
addition, samples of altered and fresh basalts, and deep-sea clays (from the top of the
stratigraphic sequence, in the first few metres below the seafloor) recovered at IODP site 1149
(hole C, Pacific Ocean, Eastern Japan) during cruise 185 by the R/V Joides Resolution (Plank et
al. 2000, Rouxel et al. 2003) were also studied. Together with volcanic rocks available as RMs,
this selected set of igneous and mantle-derived rocks allowed the estimation of the Bulk Silicate
Earth (BSE) Ni isotope composition and potential Ni isotope fractionation during olivine

crystallisation.
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Komatiite-hosted Ni-rich sulfides: Bulk rock samples comprising both komatiites and
associated Ni-rich sulfide ores were analysed from two areas: the Agnew-Wiluna greenstone belt
in Western Australia and the Abitibi greenstone belt in Canada (Bekker et al. 2009). The ca. 2.7
Ga Agnew-Wiluna greenstone belt is composed of a deep-marine volcanic and volcaniclastic
sequence with felsic and mafic to ultramafic compositions, which locally contains large lenses of
volcanogenic massive sulfides, sulfidic cherts, carbonaceous shales, and laterally variable
komatiites with cumulates, thin spinifex-textured units and komatiitic basalts. Mineralisation
occurs as disseminated sulfides, massive sulfide ores or sulfide aggregates comprising mostly
pentlandite and pyrrhotite grains. The Mount Keith and Perseverance sites of the Agnew-Wiluna
greenstone belt are among the largest komatiite-hosted Ni-Cu-PGE ore deposits. Samples from
the Abitibi greenstone belt in Canada are from the Alexo mine, where Fe-Ni-Cu-PGE sulfide
mineralisation occurs in a komatiitic unit with olivine cumulates (Naldrett and Mason 1968,
Muir and Comba 1979, Houlé€ et al. 2012). Nickel-rich sulfide ores selected for this study include
massive and blebby sulfides; in addition, brown olivine associated with disseminated Ni-sulfides

was also analysed.

Iron meteorites: Two iron meteorites, namely Gibeon and Nantan, were selected for
testing the experimental and analytical procedure because of their very high Ni content and

previously determined Ni isotope compositions (Moynier et al. 2007, Cook et al. 2008).

Experimental procedure

Reagents and materials: Ultra-pure 18.2 MQ cm water made with a Millipore system
(Milli-Q grade) was used. Both concentrated nitric and hydrochloric acids used for dissolution
and column work were double-distilled from reagent-grade acids using a Cleanacids® distillation
apparatus (Analab, France). Acids of lower molarity were prepared from these double-distilled
acids. All plastic ware was cleaned with cold 1.2 mol I HCl (reagent grade), whereas Savillex®

Teflon beakers were washed with hot 8 mol I'' HNO; (reagent grade).
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The double-spike used was prepared with spikes ®'Ni (batch 127890) and **Ni (batch 233026)
provided by the Oak Ridge National Laboratory. Original spikes in metal form were dissolved
separately in concentrated distilled HNO3 and evaporated at 70 °C. Aliquots of the spikes were
mixed together in known proportion to obtain a final double-spike solution at a concentration of
500 ug g and with a ®'Ni/ ®*Ni ratio of ~ 1. The double-spike concentration was then determined
by MC-ICP-MS using the nickel NIST SRM 986 standard solution. Considering the limited
amount of spike used, we did not attempt to determine the double spike isotope composition

through a gravimetric approach.

Sample digestion: Depending on their Ni concentrations, between 50 and 250 mg of
sample powder was weighed in Teflon beakers. Non-siliceous materials such as Mn-nodules,
sulfides and iron meteorites were digested with 5 ml of concentrated HNO; and 5 ml of 6 mol "'
HCI, while silicate rocks were digested with a mixture of 2 ml of concentrated HF (28 mol 1!
Trace Metal Grade or Suprapure grade) and 6 ml of concentrated HNOs. Closed beakers were
put on a hot Teflon plate at 70—80 °C overnight and then caps were removed to allow
evaporation to dryness. The solid residue was then dissolved in a mixture of concentrated HNOj3
and 6 mol I"" HCI and further evaporated to dryness at a temperature of 70—80 °C. This latter step
was repeated to achieve complete digestion of non-siliceous rocks and ensure removal of
potential fluorides formed in the course of the first dissolution step of siliceous materials. Final
solutions were prepared by dissolving the residue in 10 ml of 6 mol I"' HCI, and one drop of

optima-grade H,O, was added to each sample to ensure complete oxidation of Fe.

As explained below, all sample batches, generally including twenty-four samples, were
processed with duplicates of BHVO-2, DTS-1, PCC-1, Nod-P-1 or Nod-A-1 reference materials,
one procedural blank and one pure mono-elemental solution of Ni (Ni Plasma Cal standard
solution made by SCP Science). Note that the shale SDO-1 and the coal CLB-1 were ashed prior

to digestion at 600 °C to oxidise organic matter before chemical dissolution.
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Nickel chemical purification by ion-exchange chromatography columns: The
chemical purification protocol used was adapted from previous work by Cameron et al. (2009)
and Cook et al. (2007) and followed a two-stage procedure. The first set of ion-exchange
chromatography columns (i.e., disposable polypropylene columns equipped with a large-volume
(15 ml) reservoir) was filled with 3 ml (wet volume) of anionic resin AG1-X8 in the chloride
form (BioRad 100-200 mesh). The washing procedure of the columns was begun by loading 15
ml of ultra-pure water, then 15 ml of 3 mol 1! HNOs;, 15 ml of ultra-pure water, and 5 ml of 0.24
mol 1" HCI. Conditioning was carried out with 5 ml of 6 mol "' HCI followed by the loading of a
fraction of the final solutions in 6 mol I HCI on the columns. The final solutions obtained after
digestion were kept as archive solutions, and only a split was taken for ion-exchange
chromatography column work. Nickel elution was achieved by passing through 15 ml of 6 mol I
YHCl during which Fe, Zn and most of the Co and Cu were retained on the resin. The eluted Ni
fraction was then taken to dryness at 100—-120 °C on a hot plate and then dissolved in 1 ml of
0.24 mol I HCL. This solution was then purified on a second series of chromatography columns
filled with a specific nickel resin commercially available from Eichrom (Ni-Spec). As discussed
below, the use of the Ni-spec resin was required to ensure complete removal of all matrix
elements remaining after the anion-exchange purification step, including major rock-forming

elements such as alkali and alkaline earth metals.

The specific Ni-resin, made of polymethacrylate, contains a dimethylglyoxime (DMG) molecule
that scavenges Ni at pH 8-9 to form an insoluble Ni-DMG complex retained on the resin. To
prevent the co-precipitation of metals in the form of insoluble hydroxides, which may inhibit the
formation of the Ni-DMG complex on the resin, ammonium citrate was added to buffer solutions
at pH 8-9. About 0.5 ml (wet volume) of Ni-Spec resin was loaded into disposable columns and
initially washed with ultrapure water. Conditioning was made using a mixture of 2.1 ml of 0.2
mol I ammonium citrate and 11.7 mol 1" optima-grade ammonia adjusted to pH 8-9. Before
loading the sample onto the column, 1 ml of the initial solution in 0.24 mol "' HC1 was mixed
with 0.3 ml of 1 mol I'" ammonium citrate, and 0.1 ml of 11.7 mol I"' optima-grade ammonia to
maintain a pH of 8-9. The matrix was then eluted with 4.2 ml of mixed ammonium citrate and

ammonia solution and 4 ml of ultra-pure water. Nickel was quantitatively eluted from the resin
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with 8 ml of 3 mol I"! HNOj3, which ensured oxidation and destruction of the Ni-DMG complex
with nitric acid. This technique, therefore, prevented any regeneration and reuse of the resin. The
eluted Ni solution was evaporated to dryness on a hot plate at 90 °C and the residue dissolved in

0.28 mol "' HNO; when it was ready for isotope determination.

Before chemical purification through the Ni-spec column, a known amount of double-spike
solution was added to each sample. As explained below, the double-spike amount was chosen to
be equal to the Ni content in the sample. Chemistry yields were determined using the measured
spike/natural ratio (i.e., S2Ni/*ENi). Chemistry blanks were also spiked, which enabled us to
determine procedural blank values. Chemistry yields through Ni-spec resin were generally better
than 85%, while yields through AG1-X8 resin were always quantitative. In contrast to another
recently published experimental procedure for nickel purification (Gall et al. 2012), our yields
were not dependent on the geological matrix and amount of nickel loaded on the column. Nickel
procedural blanks were generally ca. 3—4 ng, and since between 0.5 and > 1 pg of nickel was
generally processed through chemistry (see footnotes in Tables 3, 4, 5, 6 and 7), this blank level
was considered negligible and did not require any correction. However, when smaller sample

sizes are analysed, care should be taken to reduce these blanks.

Mass spectrometry procedure and data reduction scheme

Delta notation: Nickel isotope composition is expressed following the conventional
stable isotope delta notation, i.e., sample isotopic ratios are expressed relative to a standard ratio

as per mil deviation (%o) following:

§**Ni = (Rep/Rnist — 1) x 1000 (1)

where Ry and Ryist are the isotopic ratios *Ni/>®Ni of the unknown sample and the nickel NIST

SRM 986 reference material, respectively; *Ni stands for one of the following three isotopes:
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6ONi, INj or 62Ni, and the light isotope, > 8Ni, is placed in the denominator (it is also the most
abundant). However, note that following Coplen's (2011) recommendation, omission of the
multiplication factor of 1000 in the delta notation could be permitted because technically it
belongs to the %o symbol rather than to the 6 notation. The ratio that will be used to describe the
data in this study is ®*Ni/°®Ni and it will be reported as §°*°*Ni.

MC-ICP-MS settings: All samples were analysed on a Neptune (Thermo-Electron) MC-
ICP-MS operated at the Pole Spectrométrie Océan (PSO) located at IFREMER, Centre de Brest,
France. This instrument was equipped with nine Faraday cups that allowed simultaneous
measurement of 58Ni, 60Ni, ®INji and 62Ni, %Cu and Cu isotopes, as well as isobarically-
interfering Fe monitored at mass °'Fe. The instrument was run in either a medium or high mass-
resolution mode, but the medium-resolution mode was sufficient to resolve argide and oxide
interferences on Ni isotopes as discussed below. Nickel ion beam intensity in a medium
resolution mode with the ApexQ was typically ~ 50=75 V/ug ml™" on **Ni. Although both sample
and skimmer cones (X cone) were made of Ni, their contribution to the Ni isotopic ratios of
samples was negligible, since the measured instrumental blank signal intensity on mass *°Ni did
not exceed 0.5 mV and 0.2 mV on the spiked isotope ®*Ni. This also indicated that the use of
other cone types (e.g., Al or Pt cones) was unnecessary, as already demonstrated by Moynier et
al. (2007). The inlet system was either a spray chamber (i.e., Stable Introduction System (SiS)
coupled with a 50 ul min”' PFA micro-concentric nebuliser) or an ApexQ (ESI, USA)

desolvation introduction system.

Fifty measurement cycles, each having an integration time of 4 s, were performed on samples,
whereas washout consisted of ten measurement cycles, each with an integration time of 4 s. The

total time required per analysis was, therefore, approximately 4 min (analysis plus washout).

The main interferences on Ni isotopes included Fe (e.g., 8Fe on 58Ni), Ar or other element (e.g.,

Ca) oxides generated in the argon plasma with identical masses (e.g., YAr'®0* on **Nit), and
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doubly-charged ions (e.g., '**Xe** on ®Ni). The latter was negligible considering that (1) Xe has
a high first-ionisation potential and (2) no '**Xe** was measured on mass 62 in the blank
solution; and (3) the use of ultrapure argon resulted in negligible Xe intensity, as previously
reported by Fehr ef al. (2004) for Te isotope measurements with potential important isobaric
interferences from Xe isotopes. The other major potential spectral interference on **Ni is from
%47n. Since the Faraday cup configuration of the mass spectrometer did not allow simultaneous
measurement of the interference-free **Zn isotope, we did not attempt to measure the “Ni
isotope in this study. Argide and oxide interferences included **Ar**Mg* and **Ca'®0* on ®Ni*;
% ArMg*, and BAr>Na* on O'Ni*; AMg*, ¥Ar*Mg*, and “Ca'®0* on Ni*; BNa¥CI",
YAr'0*, and “Ca'®0" on **Ni*. Medium-resolution (and also high-resolution) modes allowed us
to resolve polyatomic interferences on *°Ni*, which still remained significant even when using

the ApexQ (ESI, USA) system due to the production of argon oxide.

Fe isotope interference correction: Consideration of isobaric interference from Fe was
critical given that it affects the major isotope *Ni. Therefore, even if Fe was quantitatively
separated from Ni during chemical purification prior to analysis, °'Fe was systematically

measured and the interference of >*Fe on **Ni was corrected using Equation 2:

(58Fe/57Fe)measured = (58F€/57Fe)natural . (M58/1v[57)fFe (2)

where (5 SFe/ 7Fe)me.dsured is the raw ratio measured by MC-ICP-MS; (5 SFe/ 7Fe)m‘mlml is the
corrected natural iron ratio; Msg is the atomic weight of 3 8Fe; Ms7 is the atomic mass of 5 7Fe; and
fre 1s the mass discrimination factor considered equivalent to the mass discrimination factor of
nickel (fxi), which is generally around 1.8. The discrimination factor was estimated based on
measurements of iron and nickel mixed solution at the beginning of each analytical session. It is
important to note that this correction is only an approximation since the natural Fe isotope ratio
may vary by as much as 3%o per mass unit (e.g., Dauphas and Rouxel 2006). However, this

correction was negligible for Ni isotopes (< 0.1%o) given that iron interference was very small
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after chemical separation, when iron was quantitatively removed from the analyte. Additionally,
we estimated the effect of iron on the isotopic composition of nickel by measuring several NIST
SRM 986 solutions doped with various amounts of iron. The results (see Table 1) show that
minor amounts of iron (Fe/Ni ratios from 0.001 to 0.010) did not produce any bias in Ni isotope
ratios. The Ni isotope composition of NIST SRM 986 Fe-doped solutions was corrected for
instrumental mass bias using the calibrator-bracketing method (a non-doped NIST SRM 986
solution was measured before and after each Fe-doped NIST SRM 986 solution), which explains

why the analytical precision was lower than for the samples corrected with the double-spike.

Inter-elemental correction of Ni instrumental mass bias using Cu isotopes: This
method is based on adding a known amount of Cu standard solution (i.e., NIST SRM 976),
which is used to correct for instrumental mass bias. As demonstrated in previous studies (e.g.,
Marechal et al. 1999), instrumental mass bias on MC-ICP-MS follows an exponential mass-
fractionation law with the fractionation factor “f”” being specific for each element. The linear
relationship (plot not shown) between logarithms of Ni isotope ratios of NIST SRM 986 and Cu
isotope ratios of NIST SRM 976 confirmed that (1) Cu isotopes follow the same exponential
mass fractionation law as Ni isotopes; (2) fcu/fn; was constant during individual analytical

sessions, which allowed us to use fc, determined on NIST SRM 976 (Equation 3) to calculate fy;

(Equation 4).
(Rmeasmtrue)Cu = (M65CU/M63cu)fcu (3)
(Rmeasmtme)Ni = (M60Ni/M58Ni)fNi (4)

Considering that nickel recovery yield on the Ni-spec resin purification step ranged from 85% to
99%, it is possible that Cu-corrected Ni isotope compositions of purified samples were affected

by significant analytical artefacts. Hence, this correction method is only suitable for Ni-rich ores
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and iron meteorites purified through anion-exchange resin as used in previous studies (Quitté et
al. 2006, Moynier et al. 2007, Cook et al. 2008). In addition, this approach was used to compare
Ni isotope data obtained using Cu-doping and double-spike methods.

Determination of the double-spike composition: In theory, double-spike composition can be
determined either gravimetrically or after normalisation to a known isotopic reference material,
such as NIST SRM 986 (Gramlich et al. 1989). In practice, however, the gravimetric technique
does not yield a sufficiently precise composition for small quantities of spike. In addition,
isotope ratios might be influenced by the type of instrument and instrumental settings, and it is
therefore critical to cross-calibrate both isotope reference materials and spike on the same
instrument. Indeed, as discussed previously by Siebert et al. (2001), uncertainties on the natural
spike and RM isotope composition do not introduce bias providing that both double spike and

RM are calibrated on the same instrument and that isotope data are expressed as 8°”°*Ni values.

The isotopic composition of NIST SRM 986 was first determined by internal normalisation using
a Ni/*®Ni ratio of 0.385199 + 0.000728 (2s) (Gramlich ez al. 1989). This ratio was then used to
calculate the instrumental mass-discrimination factor fy;, which allowed the calculation of other
isotopic ratios, i.e., “Ni/**Ni and ®'Ni/*®Ni. The isotopic composition of the nickel double spike
was then determined using the Cu-doping correction method to determine the true “’Ni/*®Ni,
%INi/*®Ni and ®*Ni/*®Ni ratios of the spike vs. NIST SRM 986. A Cu-doped pure standard
solution was used to calculate the f¢,/fy; ratio, which was then applied to Cu-doped pure double-
spike solution. In order to avoid cross-contamination between the standard solution and the
double-spike solution, an extended rinse time and “on-peak zero” method was used. Results are

presented in Table 2.

Double spike correction scheme: The double-spike calculation procedure was based
upon the method described by Siebert et al. (2001) for Mo isotope determination. The double-

spike method can be visualised as a three-dimensional diagram where axes represent the three
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measured isotopic ratios as specified above. Line and plane intercepts, defined by isotopic
compositions of the double-spike, standard solution and sample measured by MC-ICP-MS, are
used to determine fractionation factors between the measured and corrected isotopic ratios
(Albarede and Beard 2004). A template was established to calculate those plane intercepts by
making iterative calculations to account for both natural and instrumental fractionation factors,
which were applied subsequently to the measured raw isotope ratios. At least two nested
iterations were run to properly obtain the fractionation factors. The template could be performed

either on an Excel™ spreadsheet or using Matlab™.

In order to obtain satisfactory precision, fifty analytical cycles (~ 4 min of total integration time)
were acquired during sample analysis. Each sample analysis was bracketed by the measurements
of NIST SRM 986 nickel solutions at the same nickel concentration and spike/standard ratio as
that of the samples. The double spike method offers several advantages relative to the Cu-doping
or sample-calibrator bracketing methods by allowing: (i) the correction of potential isotopic
fractionation during chemical separation through Ni-spec resin; (ii) the determination of precise
and accurate nickel concentrations of samples using the isotopic dilution method; (iii) better
overall analytical precision (because corrected ratios were less affected by the stability of the
instrumental mass bias and the assumption that fc,/fn; remained constant throughout the
analytical session); and (iv) accurate measurement of very small amounts of nickel, down to 50

ng, by MC-ICP-MS.

Results of analytical method development

Measurement precision and limit of detection

For each analysis, the measurement precision is reported as a two standard error of the mean
calculated on fifty cycles of measurement during MC-ICP-MS acquisition. With the double-
spike correction, the precision of 898N values was usually around + 0.02-0.04%0 (2SE) for

samples with nickel concentrations ranging from 100 ng g'1 tolpug g'l. Precision at lower
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concentrations was assessed by analysing NIST SRM 986 solution at different concentrations. In
Figure 1, the two standard error of the mean calculated for each analysis is reported against the

nickel concentrations, and shows that below 30 ng g'1 the precision slightly deteriorated to about
+ 0.07%o, but became worse at 10 ng g and lower concentrations, e.g., 2SE = 0.59%¢ at 2 ng g”'

of nickel.

For optimum measurement precision during isotope measurements, we usually ran samples with
nickel concentrations of 100-200 ng g', when using either the ApexQ or SiS introduction

systems on the MC-ICP-MS instrument.

Intermediate measurement precision of NIST SRM 986 and RMs

A spiked NIST SRM 986 solution was measured before and after each sample in a manner
similar to the calibrator-sample bracketing (CSB) analysis. We found that the Ni isotope ratios of
NIST SRM 986 calculated using the double-spike method may deviate by up to 0.2%o per mass
unit between analytical sessions but remained constant within 0.02—-0.05%o (2s) during each
analytical session. As a result, we normalised delta values of the samples relative to the average
NIST SRM 986 Ni isotope ratios determined during the same analytical session. The large data
set acquired for NIST SRM 986 allowed us to evaluate the measurement precision under
intermediate precision conditions of the Ni isotope composition determined by the double-spike
method. For instance, 2s determined using all NIST SRM 986 delta values calculated so far gave

a value of 0.045%o for 320 measurements.

The precision under intermediate precision conditions was also estimated for certified reference
materials (BHVO-2, PCC-1, DTS-1, DNC-1, BIR-1, Nod-A-1 and Nod-P-1) using duplicate
analyses of these samples (see footnotes of Table 3 for details). A value of 0.041%o0 (2s)

calculated for BHVO-2 duplicates (n = 11) was similar to the precision under repeatability
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conditions. This suggests that the chemical purification method did not introduce additional
variability in isotope measurements. One of the BHVO-2 basalt duplicates was spiked after a
complete purification procedure to evaluate potential Ni isotope fractionation during chemical
purification. Although only one sample was spiked subsequent to the purification procedure, the
results gave similar values, i.e., 0.006 + 0.041%o (2s) and -0.067 + 0.017%o0 (2SE) for the samples
spiked before and after sample purification, respectively. This indicates that the incomplete
recovery of Ni through the Ni-resin did not introduce Ni isotope fractionation (Table 3). Other
RMs, ie., PCC-1, Nod-A-1, Nod-P-1, BIR-1, DNC-1 and DTS-1, were also analysed in
duplicate and their 8°”**Ni values generally did not deviate by more than 0.069%o (2s; Tables 3
and 7), which is similar to the intermediate measurement precision of NIST SRM 986. It is also
important to note that for BHVO-2 the isotopic composition and recovery remained invariant
even for different amounts of sample material processed through the chemistry, i.e., between 0.2
and 5 pg of nickel. In addition, the mono-elemental solution of Ni-PCal (Ni Plasmacal®, SCP
science) processed through the entire chromatography procedure (Figure 2) yielded an average
value of 0.020 £ 0.065%0 (2s, n = 24), which is similar to that for direct analysis of Ni-PCal

standard solution.

Alternatively, another method for estimating the precision under intermediate precision
conditions would be to pool all the data and to calculate the standard deviation using Equation

(5) (Steele et al. 2011):

s2=k"! > d,'z ®)

where s is the standard deviation, & is the degree of freedom and d is the deviation from the
mean. This method is appropriate when conditions of sample processing and measurement are
similar. From data in Table 3 with five samples and 21 degrees of freedom (not including the
BHVO-2 spiked after the purification procedure), 2s was 0.045%o; from data in Table 7 with six

samples and 23 degrees of freedom (not including single measurements on USGS G-2, IF-G and
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NIST SRM 2711), 2s was 0.053%0. Taking samples from both Tables 3 and 7 (i.e., eleven
samples and 44 degrees of freedom), 2s was 0.050%.. Hence, the 2s value of 0.045%o calculated
as the measurement reproducibility of NIST SRM 986 (see above) is comparable to the standard
deviation calculated following the methodology of Steele ef al. (2011), indicating that in our
study both methods were adequate for assessing the measurement reproducibility (‘external

precision’).

Optimum spike/sample ratio for Ni isotope determination

Several tests were undertaken with different spike/sample ratios (between 0.03 and 8) to evaluate
the robustness of the double-spike correction. For each sample used for the tests, the
concentration of NIST SRM 986 was kept fixed and different amounts of double-spike were
added to make final solutions with different spike/sample ratios, which is tantamount to *'Ni/**Ni
ratios. To simply visualise the meaning of the spike/sample ratio, one should consider that nickel
from the NIST SRM 986 solution is equivalent to the nickel present in a natural sample
(denominator of the ratio), whereas nickel from the double-spike solution is the spike (numerator
of the ratio). Instead of simply reporting a concentration ratio (concentration of
spike/concentration of NIST SRM 986), the spike/sample ratio was calculated using measured
intensities (corrected for instrumental mass bias), isotopic masses, and true INi/%¥Ni ratios of

NIST SRM 986 and the double-spike mixture.

As shown in Figure 3, only under-spiked samples may not be properly corrected. Indeed,
spike/sample ratios lower or equal to 0.6 yielded §°”**Ni values ranging between -0.05 = 0.02%o
(2SE) and -0.24 + 0.06%o for NIST SRM 986, whereas ratios higher than 0.6 yielded 8°”**Ni
values clustering around 0.01 + 0.02%o¢. Even spike/sample ratios of up to 7 gave consistent
5°¥Ni values of 0.04 + 0.02%e. Although an optimum precision was obtained for spike/sample

ratios between 0.7 and 8, we used a spike/sample ratio ~ 1 throughout this study.
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The Matlab® template constructed by Rudge et al. (2009) allowed us to further evaluate the
optimum spike/sample ratio. Calculations indicated that the best results were obtained with

spike/sample ratios between ~ 0.6 and ~ 4, which is consistent with our results.

Evaluation of potential matrix effect and chemical purification efficiency

Chemical purification efficiency was checked for a number of RMs (e.g., manganese nodules,
basalts and shale) by measuring concentrations of matrix elements with an ICP-Quadrupole
(ICP-Q-MS, X-series II) at PSO, Brest. Potassium, Na, Ca, Cr, Mn, Fe, Mo and Co
concentrations in purified samples were all below the detection limit of the instrument. The
estimated separation efficiency factor, defined as the mass (g) of an element loaded on resin
divided by the mass of the element remaining after purification, was > 10° for Na and Mg, ~ 10°
for Cu and > 10’ for Mn. Titanium was found more difficult to separate with a separation factor
as low as 10°. On the other hand, Zn was well separated (separation efficiency factor better than
10%), although care should be taken to avoid Zn contamination during sample preparation. Since
%Ni was not considered in our double-spike calculations and final results, potential isobaric
interference from ®*Zn was not critical for our study. Iron was not detected in all analysed
solutions (separation efficiency >>10°), which suggests that iron was quantitatively separated

during the chemical procedure even if samples had high amounts of iron.

Potential matrix effects were further assessed using several NIST SRM 986 solutions doped
separately with Ca and S. Since several Ni-rich sulfides were analysed without Ni-spec resin
column purification, we tested the influence of sulfur on the instrumental mass bias with S/Ni
ratios between 2 and 0.5 in analysed solutions. The same was also done with Ca, which is a good
proxy for matrix-forming elements in silicate rocks. Calcium is also a source of potential isobaric
interferences from calcium oxides (e.g., “*Ca'®0 on *®Ni). Matrix-doped nickel solutions were
analysed using a calibrator-sample bracketing method and without a nickel double-spike in order

to monitor all natural Ni isotope ratios. As shown in Table 1, the results suggest that isobaric
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interferences and changes in instrumental mass bias were insignificant for element/Ni ratios
between 1 and 0.5, yielding 8°”°*Ni values of -0.18 + 0.14%o (2s) and 0.02 + 0.14%o (2s) for
Ca/Ni =1 and S/Ni = 1, respectively. These results also imply that the medium-resolution mode
resolved major isobaric interferences from CaO. Note that similar to the Fe-doping tests (see
section on MC-ICP-MS settings), measured Ni isotope values for NIST SRM 986 doped with Ca
and S were corrected for instrumental mass bias using the sample-calibrator bracketing method.
The reported precision is the two standard deviation value based on replicate measurements of

non-doped NIST SRM 986.

Comparison between Cu-doping and double-spike correction methods for instrumental

mass bias

Several Ni-rich sulfides as well as iron meteorites (i.e., Ni-rich meteorites) were analysed and
corrected for instrumental mass bias using two different methods. One method involved sample
purification through anion-exchange resin and instrumental mass bias correction based on Cu-
doping. The second method involved purification through the entire procedure and double-spike
correction. As shown in Figure 4, values calculated with the two methods fall within
uncertainties for the total range of 8°”**Ni values from -0.60%o to 0.40%.. These results further

validate the reliability of the double-spike data reduction scheme.

Sample analysis results and discussion

Assessment of the Bulk Silicate Earth (BSE) Ni isotope composition

It is important to have an estimate of the Bulk Silicate Earth value in order to interpret and
compare Ni isotope fractionation in natural samples. Hence, our approach was to measure Ni

isotope values in various igneous rocks, including oceanic basalts and Archaean komatiites. The
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former yield an estimate of the modern mantle isotope composition, whereas the latter may

represent the early Earth’s mantle isotope composition.

Igneous and ultramafic rock samples: As presented in Table 3 and Figure 5, mafic and
ultramafic RMs (i.e., basalt, dunite and peridotite) closely clustered within a range of §O38N
values between -0.10%0 and +0.15%0; BHVO-2 gave a near zero 598N value (0.01 £ 0.04%eo,
2s,n = 11). Table 4 and Figure 5 display isotopic and chemical composition of the basalt
samples from Hawaii (Loihi Seamount) and serpentinite from the Mid-Atlantic Ridge
(Logatchev field). Fresh pillow basalts from Loihi Seamount were selected since they were
probably derived from the deep enriched Earth’s mantle as indicated by their high *He/*He ratios
(Kurz et al. 1983). Therefore, they might represent the most primitive mantle composition,
which is important for determining the BSE Ni isotope composition. Fresh glass material from
Loihi yielded a value of +0.07%o, while hand-picked olivine crystals displayed a slightly more
positive value of +0.10%o. Serpentinite from the Logatchev hydrothermal field had a 838N
value of -0.13%0, whereas peridotite PCC-1 had the value of +0.12%0 and dunite DTS-1 had a
composition of -0.07%o. In addition, fresh and altered basalts recovered at IODP core site 1149
(Plank et al. 2000, Rouxel et al. 2003) were also analysed (Table 5 and Figure 5). They gave
898N values between -0.03 and +0.10%o, without any significant difference between fresh and
altered basalts, and are in agreement with Ni isotope values for other mafic igneous rocks
reported in this study. In summary, all mantle-derived rocks analysed in this study, i.e., RMs
(BHVO-2, BIR-1, DNC-1, DTS-1 and PCC-1) and fresh and altered basalts from Loihi seamount
and TODP core 1149, displayed a small range of 8°***Ni values, less than 0.1%o, which is too

close to the analytical uncertainty to be considered significant.

For comparison, previously published 8°*°*Ni values (figure 5 in Cameron et al. 2009) are
systematically heavier with values up to +0.34 + 0.08%o (2s) for PCC-1 and +0.13 + 0.03%0 (2s)
for BHVO-2. In contrast, Gall e al. (2012) obtained results similar to ours for both PCC-1 and
BHVO-2 (~ +0.1%o0). The small discrepancy in the data, although minor, might be related to

reference material heterogeneity or to an as yet unclear difference in analytical methods.
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Ni isotope composition of deep-sea clays: Deep-sea clays were collected at IODP site
1149 along with altered and fresh basalts described above (Plank et al. 2000). Clay minerals are
the most common component of sediments on the oceanic seafloor; hence they represent an
important sedimentary reservoir on Earth. Deep-sea sediments are the repository of materials of
both detrital and chemical origin derived from the continents. Therefore, their Ni isotope
composition can be taken as representative of the average composition of the continental crust.
As expected, 8°Y°8Ni values of +0.04 and +0.02%o for deep-sea clays (Table 5, Figure 5) clearly

fall in the range of values obtained for igneous and ultramafic rocks in our study.

Ni isotope composition of komatiite-hosted Ni-sulfide ores: Our komatiite samples
were representative of Ni-sulfide-mineralised ultramafic magmas. While some samples were
dominated by pentlandite mineralisation (AX-1, AX-2, MC-1, TD21, MKTD76), others were
composed of almost pure komatiitic materials (B and A) and two samples were olivine mineral
separates (BE-1 and BE-2). An unexpected large range of Ni isotope values was measured on
these samples, ranging from -0.10 to -1.03% (Table 6, Figure 5), but the most negative 8°”°*Nj
values, from -0.62 to -1.03%o, were determined on samples with elevated content of pentlandite,
whereas olivine minerals and pure komatiite samples were close to modern basalt values, from -

0.26 to -0.10%eo.

The choice of these samples was essentially motivated by our attempt to assess a value for the
BSE composition, and we did not expect to obtain such a large range of variation in the Ni
isotope composition of komatiites. Regardless of the, as yet unclear, mechanism of Ni isotope
fractionation in komatiites, our results clearly demonstrate that significant abiotic fractionation of
Ni isotopes took place during the magmatic processes that formed these rocks. This
interpretation is further confirmed by recent Ni isotope data for Archaean Ni-rich magmatic
sulfides from Zimbabwe that show a systematic enrichment in low atomic number isotopes to

values as low as -0.82 + 0.02%o, with most values clustering around -0.40%¢ (Hofmann et al.
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submitted). Therefore, it seems very likely that negative Ni isotope values measured for these

komatiites reflect the contribution of Ni-rich sulfides.

All Archaean komatiite samples and associated Ni-sulfide mineralisation from this study
previously yielded negative A*S values (Table 6; Bekker et al. 2009). Bekker et al. (2009)
suggest that these negative values reflect assimilation of sulfur processed through an oxygen-
poor atmosphere, where it underwent mass-independent fractionation during photochemical
reactions. Although S isotopes indicate crustal contribution for sulfur during komatiite
emplacement, which promoted sulfide saturation to form sulfide mineralisation, Ni is unlikely to
be sourced from a crustal reservoir and is most probably linked with partial mantle melting.
Therefore, the observed Ni isotope fractionations are solely the result of magmatic processes
occurring at high temperatures (i.e., abiotic fractionation). Iron isotope composition of the same
samples was less variable, with a range from +0.36 to -0.30%o interpreted as being the result of
either crustal contamination or high-temperature fractionation (Bekker et al. 2009). High-
temperature Fe isotope fractionation has been documented by Teng e? al. (2008), who show that
magmatic differentiation in the Kilauea Iki lava lake (Hawaii) produced Fe isotope fractionations
of ~ 0.2%o. Since the range of Ni isotope variations reported in our study was ~ 0.90%o, it
indicates that Ni isotopes are at least as sensitive as Fe isotopes to high-temperature processes
and crystallisation effects in magmatic systems. Although a detailed discussion of parameters
that govern Ni isotope fractionation at high temperature is beyond the scope of this paper, these
promising results coupled to their ubiquitous occurrence in mantle rocks mean that Ni isotopes

could be potentially used to investigate crystallisation processes at the magmatic system scale.

Ni isotope composition of the Bulk Silicate Earth: Mantle heterogeneity and high-
temperature mass-dependent fractionation processes have been inferred from studies of stable
isotope systems ranging from traditional low atomic number isotopes, O and S (e.g., Eiler 2001),
to non-traditional isotopes, including Mg and Fe (e.g., Young and Galy 2004, Dauphas and
Rouxel 2006, Teng et al. 2008). Our results for Ni isotopes are, to some extent, consistent with

inferences from studies of other stable isotope systems, precluding a straightforward estimate of
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the Bulk Silicate Earth value. However, since we observed a narrow range in 898N values
from mantle-derived rocks, between ~ -0.1 and +0.1%o0, we feel confident to ascribe the BSE
composition to the average value of common basalts and mantle-derived rocks, which is +0.05 +
0.05%0 (measurement reproducibility). Our BSE estimate is slightly lower than that of +0.179 +
0.036%0 determined by Steele et al. (2011) on Japanese basalt JP-1 and dunite DTS-2. The large
range of mantle-derived rocks analysed in our study and the inclusion of common sedimentary
minerals such as deep-sea clays improves our understanding of the Ni isotope composition of

BSE.

Ni isotopes in selected RMs

Organic matter-rich samples: Samples containing high contents of organic matter,
namely SDO-1 Devonian Ohio shale (Morehead, Kentucky, USA) and CLB-1 coal (Maryland,
USA) gave 5°”**Ni values of +0.58%0 and +0.47%o, respectively (Table 7 and Figure 5). These
positive values relative to BSE provide strong evidence for Ni isotope fractionation in low-
temperature environments with interesting prospects for future studies. Although shales are
generally considered as a proxy for bulk crustal composition (e.g., Turekian and Wedepohl
1961), organic-rich shales are characterised by authigenic enrichments of redox-sensitive trace
metals such as Mo, Ni, U, Cu, V and Zn, leading to metal/Al ratios well above crustal values
(e.g., Algeo and Maynard 2004, Brumsack 2006, Tribovillard et al. 2006, Scott et al. 2008, Scott
et al. 2011). In marine sediments nickel has a strong affinity to organic matter, forming
organometallic complexes, and with iron sulfides (e.g., pyrite), which may form either in the
water column or during diagenesis in sediments. Hence, positive Ni isotope values in marine
organic matter-rich sediments probably reflect the contribution of isotopically heavy nickel

sources, derived either directly from seawater or in association with organic matter.

Mn-nodule RMs: Geological reference materials of manganese nodules (Nod-A-1 and
Nod-P-1) that represent composite samples from the Atlantic and Pacific oceans gave 838N
values of +1.03%0 and +0.36%o, respectively. Mn-nodules are typically enriched in transition

metals such as Ni, Cu, Zn and Co and form in deep-sea sediments generally at water depths
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between 4 and 6 km. They consist of concentrically laminated Fe-Mn oxyhydroxides precipitated
at the sediment-water interface. The two Mn-nodule RMs were prepared from a large number of
individual Mn-nodules collected from the Atlantic and Pacific oceans (Table 7 and Figure 5).
These nodules had been analysed previously for other isotopic systems (Table 8) such as Fe
(Dideriksen et al. 2006), Zn and Cu (Bigalke et al. 2010, Chapman et al. 2006), Cd (Horner et al.
2010, Schmitt et al. 2009, Cloquet et al. 2005), Mo (Barling et al. 2001) and TI (Nielsen et al.
2004; Rehkamper et al. 2002), highlighting differences in their isotopic composition with the
exception of Mo (Anbar 2004) and Cd isotopes. The difference in Ni isotope composition
between these two nodules is larger (per mass unit) than for any other studied isotope system,
and indicates that Ni isotopes are particularly sensitive to mechanisms involved in the formation
of nodules, compared with other metal isotope systems. Several processes could be inferred to
explain such variations: (1) diagenetic processes through which metals contained in subsurface
sediments (e.g., associated with organic matter) were released into pore waters and then
scavenged onto Mn-oxides during nodule growth, (2) adsorption of metals directly from
seawater onto oxyhydroxides, (3) biological productivity in surface waters, which could result in
a high supply of organic matter to the sediments providing metals to pore waters during organic-
matter re-mineralisation, (4) in situ biological activity, specifically that of microbial mats, which
have been observed to cover entire nodule surfaces. It is clear that more detailed investigations
regarding the contribution of each of these mechanisms to the composition of polymetallic
nodules, as well as a larger dataset, are needed to clearly establish which of these processes are

responsible for variations in the Ni isotope composition of Fe-Mn nodules.

Rehkédmper et al. (2002) argue that variations in TI isotope ratios of Mn-nodules reflect
equilibrium fractionation during preferential adsorption of heavy T1 isotopes onto Mn-oxides in a
closed system developed in pore waters, which are an important source of metals for Mn-nodule
growth. Similarly, Ni isotopes might be affected by this mechanism as revealed by experimental
results on nickel adsorption on Fe-Mn oxides (Gueguen et al. 2011). Alternatively, Horner et al.
(2010) argue that Cd isotopes incorporated with Mn-oxides into Fe-Mn crusts were not
fractionated compared with seawater Cd probably because of the high ionic strength of seawater.

The same might hold true for Mn-nodule Cd isotope compositions that probably reflect biotic
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fractionations by micro-organisms rather than fractionation during adsorption on Fe-Mn oxides
(Schmitt ef al. 2009). The chemical behaviour of nickel in seawater is akin to that of cadmium
(and zinc), for example, in their depletion in surface waters upon their uptake by phytoplankton.
We therefore suggest that Ni isotopes in precipitated marine Fe-Mn oxides might have been also

affected by biological activity, although this remains to be demonstrated.

Other RMs corresponding to major terrestrial reservoirs: The metal-contaminated
soil sample NIST SRM 2711 (Table 7 and Figure 5) was found to have a 8°”°*Ni value of
+0.14%0, which is very close, within uncertainty, to lithogenic sediments such as loess and Nile
river sediment with §°”°®Ni values of +0.10 and +0.13%o, respectively (Cameron et al. 2009) and
to Pacific deep-sea clays (see above). In contrast, granite G-2 with very low nickel content was
significantly enriched in heavy Ni isotopes with a +0.43%o value (Table 7 and Figure 5),
suggesting variability in Ni isotope ratios within common continental rocks. Finally, the Iron

Formation IF-G sample displayed an enrichment in heavy Ni isotopes of +0.45%o (Table 7).

Ni isotope composition of iron meteorites

Our main goals in measuring iron meteorite samples were to implement our experimental and
analytical procedure on Ni-rich rocks and to compare our data with results from previous studies.
Since the first Ni isotope measurements were made on meteoritic materials to study
nucleosynthetic processes (Birck and Lugmair 1988, Cook et al. 2006, 2007, Moynier et al.
2007, Regelous et al. 2008, Chen et al. 2009), the available dataset of Ni isotope determinations
mainly concerns extraterrestrial reservoirs with the main focus on mass-independent Ni isotope

variations.

The Gibeon and Nantan Iron meteorites both displayed fairly similar positive 5°U8Ni values (see
Table 5; 2s calculated on duplicate analyses) of +0.26%0 and +0.31%o, respectively, consistent

with data in Cook et al. (2008), who obtained a §°*°®Ni value of +0.37 + 0.09%. on Gibeon Iron.

60/58
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Our values are also in full agreement with the range of Ni values measured in iron
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meteorites by Cameron et al. (2009) and Steele et al. (2011), i.e., 0.24 to 0.36%0. Other
meteorites analysed by Moynier et al. (2007) and Cameron et al. (2009), including chondrites,
are also enriched in high atomic number isotopes and have a range of values between +0.02%o
and +0.80%o0 (only few meteorites in these datasets have negative Ni isotope values). It is
however important to note that Moynier et al. (2007) report their isotopic ratios with respect to
the Aesar ICP-MS Ni standard solution batch No 066110910 and expressed their results as per

mass unit.

As discussed by Regelous et al. (2008), the observed isotopic variations among iron meteorites
and chondrites, which are mass-independent, are likely to be the result of mixing within the
protosolar nebula of mineralogical phases with different nucleosynthetic origin. Steele et al.
(2011) and Regelous et al. (2008) suggest that each iron meteorite class had their protolith
formed in a restricted region of the protosolar nebula as was previously demonstrated for the
precursor materials to the different classes of chondrites. The overlap between mass-
independently fractionated Ni isotope values of iron meteorites and chondrites suggests that the
source regions of parent bodies for the different classes of chondrites and iron meteorites might
have also overlapped. In addition, the range of Ni isotope values among iron meteorites is also
suggestive of lateral heterogeneity in the early Solar System. Alternatively, based on mass-
dependent Ni isotope compositions, Moynier et al. (2007) and Cook et al. (2007) argue that all
meteorites follow the same mass-dependent fractionation line as terrestrial samples and indicate
fractionation from a common isotopic pool, which was homogenised in the solar nebula. In this
interpretation, nickel isotope variations in meteorites reflect physicochemical reactions between
distinct phases (e.g., solid-vapour, metal-silicate). Recently, Huh et al. (2009) experimentally
demonstrated an isotopic fractionation of at least -0.3%0 between metallic and silicate phases at
magmatic temperature (800 °C), with the metal being enriched in low atomic number isotopes.
Altogether, these results suggest that significant Ni isotope fractionations may have occurred
during Earth’s core segregation and that Ni isotope composition of the Earth after its accretion
may have differed from the Bulk Silicate Earth composition developed after the early

differentiation of the metallic core.
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Conclusions

In this paper, investigation of deep-sea clays, and mantle-derived rocks of RMs and mafic and
ultramafic igneous rocks and minerals such as fresh and altered basalts, komatiites and olivine
crystals allowed us to establish the isotopic composition of the Bulk Silicate Earth at 808N =
+0.05 £ 0.05%0. We report here the Ni isotope composition of selected geological reference
materials, which show a range of §°”°®Ni values more than 1%e. Interestingly, both Fe-Mn

nodules and organic matter-rich shales have positive §°*°®

Ni values, suggesting either biotic or
inorganic Ni isotope fractionations in aqueous environments. We also found that bulk rock
samples of komatiites and associated Ni-sulfide mineralisation display a range of §°”°*Ni values
from -0.10 to -1.03%o, indicating that fractionation in high-temperature magmatic systems can
explain some variations in the Ni isotope composition of natural samples. We infer that Ni-rich
sulfides with negative 898N values affected the Ni isotope composition of komatiites, which
otherwise, as shown by the least mineralised komatiite samples, have Ni isotope compositions
close to that of BSE with a near zero value. This is an important finding since it emphasises that
Ni isotope fractionations are not an unique biosignature, as was recently inferred (Cameron et al.
2009), but they can be also produced by abiotic processes such as high-temperature magmatic
processes and, potentially, by low-temperature processes during co-precipitation of Ni with Fe-
Mn oxides (Gueguen et al. 2011). Therefore, the Ni isotope composition of specific terrestrial
reservoirs (e.g., magmatic and sedimentary rocks) relevant to the biogeochemical Ni cycle might
significantly deviate from the BSE value, and, more importantly, our results demonstrate that Ni
isotope fractionations are systematic, i.e., positive fractionations characterise low-temperature
processes, while negative fractionations mark high-temperature processes. Finally, we have
demonstrated that for Ni isotopes the double-spike correction method is appropriate for
measuring a broad range of sample matrices from silicate rocks to metalliferous deposits,
including sulfides, and a large range of Ni concentrations. The method allowed us to measure
small but meaningful fractionations of more than ten times the analytical precision even when
small amounts of Ni were processed through chemistry and determined by MC-ICP-MS. The

new results for RMs and analytical methods presented here should help to make Ni isotope
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measurements more straightforward, and more frequently utilised in future studies of terrestrial

and planetary materials.
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Figure captions

Figure 1. Plot of two standard errors (2SE) of delta values versus Ni concentration (in ng g'l) of
NIST SRM 986. These measurements were done to assess the effect of Ni concentration on the
precision of the determination of Ni isotopes. Nickel concentration in solution above 40 ng g™
during MC-ICP-MS analysis was necessary to obtain satisfactory precision, i.e., 2SE < 0.06%0
shown on the figure by the grey band (see text for further details).

Figure 2. Isotopic composition of the mono-elemental standard solution Ni PlasmaCal® after it
was processed through chemistry. This standard solution was run along with each sample batch.
This figure shows the consistency of the measured value even when different amounts of nickel
were processed. The dashed lines indicate the range of 2s (25 = 0.07%o for 24 data points)
calculated for the mean of Ni delta values of Ni PlasmaCal®.

Figure 3. Plot of NIST SRM 986 delta values versus different spike/sample ratios. Under-spiked
samples (ratios below 0.6) were found not to be correctly calculated by the double-spike method
(wide error bars and non-zero delta values), whereas over-spiked samples up to a ratio of 7 were

still correctly determined (see text for details). The black line stands for the isotopic composition
of NIST SRM 986, 5****Ni = 0.00%e.

Figure 4. Comparison of values obtained with the Cu-doping and double-spike correction
methods. The 1:1 linear trend was plotted on the figure to show that data points follow this line.
It indicates the consistency of the two methods, but more importantly it validates use of the
double-spike method for correction of instrumental mass bias when Ni isotope ratios are
measured (see text for details on each method).

Figure 5. Plot showing Ni isotope composition in %o of terrestrial samples from this study and
the literature. RMs, komatiites and associated Ni-sulfide mineralisation, mantle-derived rocks
and deep-sea clays are shown by closed symbols, and literature data for both extraterrestrial and
terrestrial materials are represented by open symbols (Cook et al. 2007, Moynier et al. 2007,
Cameron et al. 2009, Steele et al. 2011). The grey bar stands for the BSE 88N value of 0.05 +
0.05%0, determined using various igneous and volcanic rocks and minerals such as altered and
fresh basalts, dunite, peridotite, deep-sea clays and olivine crystals. See text for further details.

© 2013 The Authors. Geostandards and Geoanalytical Research © 2013 International
Association of Geoanalysts



Table 1.
Nickel isotopic composition (in %c) of NIST SRM 986 solutions doped in Ca, S or Fe

Element/Ni

Doped element s 5" "IN (%q) 25"
Ca 0.5 -0.19 0.14
Ca 1 -0.18 0.14
Ca 2 -0.05 0.14
) 0.5 -0.01 0.14
s 1 -0.02 0.14
S 2 -0.06 0.14
Fe 0.001 -0.11 0.09
Fe 0.01 -0.06 0.09
Fe 0.001 -0.05 0.09
Fe 0.01 -0.09 0.09

The elemental ratio corresponds to a ratio of element concentrations in the solution analysed by MC-ICP-MS,

" Isotopic compositions of NIST SRM 986 Fe doped solutions calculated without application of the Fe correction.

"'2s is the two standard deviation value calculated for all pure NIST SRM 986 solutions analysed during the session
in calibrator-sample bracketing mode.

Table 2.

Abundance (in %) of Ni isotopes for NIST SRM 986 and double-spike

Standard solution Isotope  |Abundance (% 2s"
NIST SRM 986’ BNj 68.07689 0.00592
NIST SRM 986 0N 26.22315 0.00514
NIST SRM 986 SINj 1.13989 0.00043
NIST SRM 986 2N 3.63453 0.00114
NIST SRM 986’ SN 0.92555 0.00060
Double-spike BN 1.05106 0.00071
Double-spike ONi 0.76974 0.00071
Double-spike *INj 51.28893 0.04432
Double-spike 2N 46.61106 0.04753
Double-spike SNj 0.27920 0.00055

'NIST SRM 986 values are from Gramlich et al. (1989).

"2s of double-spike isotopic composition is the two standard deviation
value calculated from ratios of repeated measurements corrected for blank
and Fe interference but not corrected for instrumental mass bias.
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Table 3.
Nickel isotope composition (in %ec) of mafic rock reference materials

Sample name Rocktype | Ni(uga™) ™ | 8%*Ni(%q 2SE ':::.t:;:: 2s”
USGS BHvO-2" Basall, Hawail 112 0.014 0.026
USGS BHVO-2™ Basalt, Hawaii 110 0.023 0.031
USGS BHVO-2™ Basalt, Hawail 113 0.049 0.026
USGS BHvo2 T Basalt, Hawail 111 0.020 0.029
USGS BHVO-21TH Basalt, Hawail 108 -0.011 0.029
USGS BHYVO-2THT Basalt Hawaii 110 0.003 0.029
USGS BHVO-2 T Basalt. Hawai 115 -0.003 0.019
USGS BHyO-2TTT. Basalt, Hawaii 115 0.006 0.027
USGS BHYO-2 1T Basalt, Hawaii 112 -0.008 0.036
UsSGS BHvO-2 Basalt Hawaii 114 -0.003 0.036
USGS BHyO-2 T Basalt, Hawaii 112 -0.030 0.032
Average BHVO-2 0.008 - n=11 0.041
USGS BHVO-2TMS | Basalt, Hawaii 105 -0.067 0.017
USGS BIR-17 Basalt, lceland 159 0105 0.020
USGS BIR-1™ Basait, Iceland 159 0.115 0026
Uscs iR Basalt, lceland 185 0140 0.020
Average BIR-1 0.120 - n=3 0.035
uscs onc-1t Dolerite 242 0165 0.027
USGS DNC-1 1= Dolerite 244 0115 0.023
UsGs N1t Dolerite 239 0118 0.021
Average DNC-1 0.132 - n=3 0.056
uUsGs oTs-1t Dunite 2327 -0.061 0.028
USGS DTS-1™ Dunite 2451 -0.100 0.026
usGs oTs1 ™t Dunite 2171 -0.083 g.022
Uscs DTs-1t Dunite 2199 -0.039 0.034
Average DTS-1 -0.071 - n=4 0.053
uscs Pcc-1t Peridotite 2245 0111 0.035
USGS PCC-1™ Peridotite 2369 0.100 0.026
usGs Pcc-1™ Peridotite 2188 0.149 0.022
usas poctt Peridotite 2204 0.097 0.023
uUsGs Pcc-1t Peridotite 2241 01386 0043
Average PCC-1 0.119 - n=5 0.045

‘This symbol denotes the archive solution of a digested sample that was processed several times through the identical procedure
of chemical purification in order to obtain duplicates of the same sample that were processed through the same chemistry.

T his symbol stands for different powder digestions, e.g., five digestions were made for BHVO-2 and two digestions for PCC-1.

* Samples were usually spiked prior to the second chromatography colurmn step (Ni-spec resin), the BHVO-2 sample (in italic) was spiked
only after the entire procedure of purification.

“Ni concentration (in pg ') were determined by isotape dilution after measurement on MC-ICP-MS. Amount of Ni processed through chemistry
was between 0.5 and 25 pg.
" Two standard deviation {2s) calculated on values of the whole batch of identical samples (see text), number of samples (n) is specified

© 2013 The Authors. Geostandards and Geoanalytical Research © 2013 International
Association of Geoanalysts



Tabled.

Concentration of some major ekements (in pg g°*) and Ni isotope compasition [In %s) of basaltc glass and offvine from Loihi and serpentinite from the Logatchex hydrothermal fiekd

Sample name Rocktype | Alfpag”)" | Calpag’)’ [ Malpgg’)' | Nafpgg™)' | Mnipgg™)* | Felpg™)" | Cofmmg™)' | Znipgg’)" | Nilpog')™ | 8"*Mipk)  25E
Basaiic gass (Lo Basalt Hawai 51291 70508 084 15661 11 903 ] 10 [ (i) 7]
Dinvine mirerals factiors (L) Ciiving minerals 72] bk HESY 5 150 1045 1w & 250 014 e
Eserpa-ameu.ogmu hydrotherma fei)| Serpentite, Aflanéc | 29 L] 158867 201 k] 151144 a3 1778 1505 1% ilic
“Blementz! concenizations (in g ') wers determined by [CPHAES at PSQL Brest, France Precision expressed as RS0 was bebwesn 0.5% and 3%
"M concertration {n pay ") were redetermined] by isoiopic diion afler nessirement using MC-CP-MS. Amoort of 8 provessed Srough chesmisty was bebween 15 a0 25 g
Tabe 5
Hickel lsotope compostion {in o) and major elment concentratkns {In 5 mim) of Guep-sea clys and atesed and fresh basalts flom 100P ste 1149, hole C
e W | Ko | R0 | 8% | w0 | W0 | WO | M0 | PO | Mo | TO | #™m  BE | Nipgg)
TR | 14 | Mehamsiatewmem | GN0 I 3 B i i® [ 1 wr [T [ [T @
RTINS oy 1 ke 1 akrd 14 m " m 518 1438 054 M 00M %
B3R | %% Ateed tasat . ik W 0% E4 (1] o i} 0 &6 178 g [iliecg ]
WERBRIEND | 403 Basat sightiy stered M1 018 T8 i3 112 TH8 (16 ] it | (1] 154 17 {r11] Gl m
RIS G55 Deepest fresh basat 12 0 Hir #% S8 §12 iz ki) [P 145 i il17d [cliez) 4
MR R T Aleaed sl 20 0% g2 &7 neE T 0t 284 18 1516 17 405 iy L
om0 | oss Atores basat 25 0% ] 43 121 5% i) 16 1) 18 17 [ R m

‘N corentratons fin ) were sdstarmined by isodopic dbon el e et g MC-CPUS. Amour of H rocsssed hrough heemisty was 45
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Table 6.
Hickel isotope composition (In %) of selected komatites and associated Ni-sulfide méneralisation from Canada and Westam Australia

Type of
Sarmple name fample locatiof Drillcore # | mineratizatio| YOS | o umy” | Fephmimi” | Gyl | Mipog'l | 8% NI 28E | 8%Re o | 4™ s
n

Bletnena,

Y alabindi,
Agrew-YWiluha Bamen
BE-1 Bielt, Yilgarn MKTD 528 Cinane omatiies 035 50 <DL 7253 -0,256 0,024 -0.05
Westam
Australia

Bietfono,
Vakabinde,
Agnesw-Wiluna Haire
BE-Z Bait. Yiigarn MKTOS26 Oleane " 036 50 <DL BEI2 =0.243 0,028 -0.02
Cran komatites
Weerstarn
Australin

Jordan, Albion
Ciowmz, Agnew)
\iina Bedt,

A Yiigarmi ADJD 248
Craton,

Western
Auistralia

Digsemenated Baren

sullidas P— ngr = 52 3893 =0.103 0,024 - 0.1

AX-1 es beanng ko - 5315 104 58693 -1.003 0.029 -0.2% -0.9

Greenstone ) suifide cres

Akt Massae

LS Greemsione s sisfide ores

e beanng ko = 524 1681 71462 1,035 0.034 ~0.30 0.8

ount

Mourt Ciird

MC-1 mﬂ:m LMCDO0S5 | Biebby sulides Kes beanng kod 107 1T 170 82159 -0.621 0029 0.03 -0.5

Australia

Spinifoe Park,
Mound Kaih,

Ay - il
TO21 Ben. Yigam MKTDZ1
(Craton,

VWestem
[ Awsiraka

Massne

Suffide ois s bearing ko 4150 5 0ar 7063 -0.718 0.023 -0.10 -0.6

Spintex Park,
Mount Keith,

LR ]
To21* Belf, Yilgam MKTO21
(Craton

Viestemn
Aurstraia

Missve

Sulfide o (18 bearing e 4150 45 oar 063 -0.817 0.033 -0.10 -0.6

| Spinifex Park,
Mount Kaih,

Agrnaw-Wiluna
MKTDSE  |Beh, Yigam MKTDES
(Craton,

Viestem
Ausirata

Messhe

it ois. ries bearing o 3500 472 056 22418 -0.639 0.024 0.36 0.6

Spintex Park,
Mournd Keith

A e\ iluna
METEEG  [Bel, Yigam MKTDGE
Cratan,

VWestem
L

WS

s ok des pearing kol 3500 472 056 22381 -0.643 0.030 0.36 0.6

“The same digested powder was used bul separate chemistry procedures were applied.

“Dain asw from Bekker of al (2008) and 475 = 55 0515 84S

NI concentrations (In g @) were determined by |sotople dilution after measurement with MC-TCP-MS. Amaunt of NI processed through chemistry was between 10 and 20 g,
< 0L below dotection imit
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Table 7.

Nickel isotope composition (in %e) of iron meteorites, granite G-2 and selected geological reference materials

of sedimentary origin

Sample name Rock type Ni(pg g™ ™ | 8"**Ni (%) 2SE ::I:Ilil::::: 25 ™
UsGs G-2 Granite 2 0.431 0.034
Mantan Iron iren meteorite (11ICD) 58328 0.331 0.022
Mantan Iron’ iron meteorite (ICD) §9370 0.301 0.029
Nantan Iron’ iran metearite (ICO) 61239 0.313 0.030
Average Nantan Iren 59645 0.315 - n=3 0.030
Gibeon Iron iron metearite (IVA) 59314 0.284 0.028
Gibeon Iren’ iron metearite (IVA) 82959 0239 0.026
Gibeon Iron’ iron meteorite (IVA) 74133 0.255 0.032
Average Gibeon Iron 75469 0.260 - n=3 0.045
USGS Nod-A-11 Mn-nodule Atlantic 5616 1.034 0.028
USGS Nod-A-11 Mr-nodule Atlantic 5413 1.062 0.031
USGS Nod-A-1T" Mn-nodule Atlantic 5633 1.043 0.026
USGS Nod-aA-11t Mr-nodule Atlantic 5778 1.043 0.028
USGS Nod-A1T Mn-nodule Atlantic 8513 1.043 0.031
USGS Nod-A-1T" Mn-nodule Atlantic 5334 0.976 0.031
Average Mn-nodule
agntlantlc 5548 1.034 § n=8 0.059
USGS Nod-P-17 Mn-nodule Pacific 12330 0.347 0.028
USGS Nod-P-1" Mn-nodule Pacific 11961 0.412 0.028
USGS Nod-P-1Tt Mn-nodule Pacific 12208 0401 0.034
USGS Mod-p-1T1 Mn-nodule Pacific 12454 0.345 0.028
USGS Nod-P-17 Mn-nodule Pacific 12165 0.263 0.025
USGS Ned-P-1T Mn-nodule Pacific 12482 0.343 0.039
USGS Nod-P-11* Mn-nodule Pacific 12605 0.304 0.032
USGS Nod-P-111* Mn-nodule Facific 11553 0349 0.038
Average Mn-nodule 12220 0.258 i} - 0.069
Pacific
UsSGS sDO-1 Devonian shale a2 0. 600 0.021
USGS sDo-1' Devonian shale a5 0.593 0.040
UsSGS SDO-1' Devonian shale 85 0.576 0.020
USGS SDo-1 Devorian shale 91 0.583 0.036
USGS SDo-1 Devorian shale o1 0571 0.031
Average SDO-1 9 0.585 - n=5 0.025
USGS CLB-1 Coal 20 0475 0.018
USGS CLB-1 Coal 21 0,502 0.046
USGS CLB-1 Coal 21 0.470 0.027
USGS CLB-1 Coal 21 0.443 0.042
Average CLB-1 21 0.473 - n=4 0.048
IF-G Banded Iron Formationg 20 0.455 0.032
NIST SRM 2744 Gofainatod 18 0.140 0.019
Maontana soil

‘Same as in Table 3.
“Sarne as in Table 3.
TSame as in Table 3
" Same asin Table 3
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Table 8.
Compilation of published isotope composition of Tl, Mo, Cd, Fe, Cu and Zn in two Mn-nodule
RMs and Ni isotope data (this study)

Nod-P-1 2s Nod-A-1 2s Reference
5" Ninieress (%d) 0.36 0.07 1,03 0.06 This study
B Y hoaroar (%) nd - 1.07 0.05 Nielsen et al. (2004)
52" ThusToe7 (%) 0.05 0.045 0.89 0.045 Rehkamper et al. (2002
5" Mo ac-spec (%d) -0.42 0.1 -0.63 0.1 Barling et al. (2001)
Wl scaman (Bd]  0.020 0.016" -0.018 0.016" Schmitt et al. (2009)
B1U10G G i (%) 022 oos” 025 006 Hormner et al. (2010)

- i POPRIRR 0.13 0.12" -0.07 0.12" Cloquet et al. (2005)
5 F et 14 (%0) 050 0.10 0.35 0.09 Rouxel, unpubl.
5" Ferm1a (%o) nd - -0.42 0.07 Dideriksen et al. (2006)
5™ Cuperers (%9 0.46 0.08 nd - Chapmar et al. (2008)
5% UpisTors (%) 0.35 0.08 nd - Bigalke et al. (2010)
5% Zn pc.zn (%) 0.78 0.08 nd - Chapmar et al. (2008)
5" Zn e g1 (o) 0.87 0.08 nd - Bigalke et al. (2010)

nd: not-determined

'Isctope ratios were initially reported in per thousand in epsilon notation. For clarity, values are given here in per
mil to express values in delta notation.

“Measurement precision is expressed as two standard error of the mean.

"Data from Schmitt et a/. {2009) were originally reported as MO ratio. For more comparison with other Cd data,
the data were converted to delta values expressing them as the 114/110Cd ratio.

SNote that Cd isotope compositions for the three references are reported relative to different reference materials
(JMC-Mainz, JMC Alfa Ziirich, Spex).
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