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 ABSTRACT 

Microbially-mediated sulfate reduction is a promising cost-effective and sustainable process utilized 

in permeable reactive barriers (PRB) and constructed wetlands to treat mine wastewater. Laboratory 

batch experiments were performed to evaluate nickel (Ni) isotope fractionation associated with 

precipitation of Ni-sulfides in the presence of the sulfate-reducing bacterium (SRB) Desulfovibrio 

desulfuricans T (DSM-642). Precipitates were collected anaerobically and characterized by 

synchrotron powder X-ray diffraction (PXRD), scanning electron microscopy combined with 

energy-dispersive X-ray spectroscopy (SEM-EDS) and transmission electron microscopy (TEM). 

Solid-phase analyses showed the precipitates associated with bacteria attached to the serum bottle 

walls were characterized by enhanced size and crystallinity. Lighter Ni isotopes were preferentially 

concentrated in the solid phase, whereas the solution was enriched in heavier Ni isotopes compared 

to the input solution. This fractionation pattern was consistent with closed-system equilibrium 

isotope fractionation, yielding a fractionation factor of Δ60Nisolid-aq = −1.99‰. The Ni isotope 



fractionation measured in this study indicate multiple Ni reaction mechanisms occurring in the 

complex SRB-Ni system. The results from this study offer insights into Ni isotope fractionation 

during interaction with SRB and provide a foundation for the characterization and development of 

Ni stable isotopes as tracers in environmental applications. 

Keywords: Nickel isotopes; remediation; SRB; sulfide precipitation; PRB. 

Synopsis: Research on Ni isotopes as tracers in environmental systems is lacking. This study 

focuses on Ni isotope fractionation associated with microbially-mediated Ni removal from solution. 

 

 INTRODUCTION 

The extensive industrial use of Ni has led to the release of this metal into the environment1. 

Although Ni is considered an essential micronutrient for plants and many other organisms, high Ni 

concentrations can have harmful effects on plants, micro-organisms, animals, and humans1-5.  Metal 

sulfide precipitation as a remediation technique has been successfully applied to treat acid mine 

drainage and industrial wastewaters and this approach has been shown to be more effective than 

traditional metal hydroxide precipitation6,7. The main advantages of sulfide precipitation include: 

the low solubility of sulfide phases, the high rate of removal at low pH, and the potential recovery 

of metals from the precipitates. Sulfide precipitates are also characterized by more rapid settling 

rates and improved dewatering properties compared to hydroxides6,7.  Research involving Ni sulfide 



precipitation at low temperature has included both biotic8-13 and abiotic14-19 experiments that have 

resulted in the formation of a variety of Ni sulfide phases, such as α-NiS, β-NiS, Ni3S4, NiS2, Ni3S2, 

Ni7S6, Ni9S8, depending on the experimental conditions (i.e., pH, sulfur source, reaction time)15,17-19.  

Microbially-mediated reduction of sulfate under anaerobic conditions plays an important role in the 

treatment of waste streams contaminated by heavy metals9-12,20. Sulfate-reducing bacteria (SRB) can 

couple oxidation of organic matter with dissolved sulfate reduction (equation 1) resulting in metal 

attenuation through precipitation of metal sulfides (equation 2)21: 

 2CH2O(s) +  SO 4
2-

(aq) + 2H(aq)
+ → H2S(aq)+ 2CO2 (aq)+ H2O(l) (1) 

 aq
2+ + H2S(aq) → NiS s + 2H(aq)

+  (2) 

In contrast with abiotic sulfide precipitation, the microbially-mediated process has the capacity to 

simultaneously remove dissolved sulfate and heavy metals, which are often problematic 

constituents in mining effluents and industrial wastewaters, at low cost and reduced risk22. Because 

of these aspects, SRB have been utilized with positive outcomes in passive remediation systems, 

such as permeable reactive barriers (PRBs)21,23-25.  

Metal stable isotope analysis has become a valuable tool in the field of environmental geochemistry 

with applications focussing on tracing the source and cycling of metals in the environment26-32.  

Despite this, Ni isotope measurements remain an under-exploited tool in environmental 

applications. Studies on Ni isotope fractionation conducted on microbial activity33, types of 

vegetation34,35, weathering36-38, adsorption39-43, and the formation of secondary minerals39,40,44 have 

indicated that environmental processes induce significant Ni isotope fractionation, thus 

demonstrating the potential of Ni isotope analysis as a tool to trace Ni cycling in the environment. 

For example, recent studies have shown a preferential uptake of lighter Ni isotopes by minerals 

during adsorption onto calcite (Δ60Nimin-aq = −0.52‰))42 and birnessite (Δ60Nimin-aq = −2.76 to 

−3.35‰)43. Furthermore, research involving the precipitation of Ni-hydroxide, Ni-



hydroxycarbonate, and Ni-sulfide has shown that lighter Ni isotopes are incorporated into the solid 

phases, resulting in fractionation factors ε = −0.40‰, −0.50‰, and −0.73‰, respectively44.  

Because Ni isotope signatures in environmental samples result from multiple Ni sources and 

transformation processes, Ni isotope tracing might be challenging. Laboratory experiments, 

focusing on the identification and quantification of Ni isotope fractionation associated with 

important biogeochemical processes, such as SRB-mediated sulfate reduction, are therefore crucial 

for the application of Ni isotopes as environmental tracers.  

The purpose of this study was to determine the mechanisms responsible for Ni removal from 

solution under microbially-mediated sulfate reduction, and to measure Ni isotope fractionation 

associated with these processes. Assessment of Ni isotope signatures resulting from microbially-

mediated attenuation of Ni in contaminated groundwater is of great importance for the application 

of isotope analysis to investigate the fate and bioavailability of Ni in the environment. Due to the 

important role SRB play in many passive remediation systems and in the natural environment, 

exploring their role is an important first step in understanding microbial processes influencing Ni 

isotope fractionation in mine-waste impacted systems.  

 MATERIALS AND METHOD 

Batch experiments. Desulfovibrio (D.) desulfuricansT (strain Essex 6, DSM-642) was cultured in 

sterile Postgate B medium45 which contained the following (per liter of distilled water): 0.5 g 

K2HPO4, 1.0 g CaSO4, 1.0 g NH4Cl, 2.0 g MgSO4.7H2O, 3.5 g Na lactate, 1.0 g yeast extract, 0.1 g 

ascorbic acid, 0.1 g thioglycolic acid, and 0.5 g FeSO4.7H2O. The medium was bubbled with argon 

(Ar) gas before the addition of FeSO4.7H2O. The pH of the complete medium was adjusted to 7.4 

with 10 M NaOH. The medium (75 mL aliquots) was transferred to 100 mL serum bottles, and briefly 

bubbled with Ar. The serum bottles were capped (with butyl rubber septa) and crimped (with 

aluminium caps) before autoclaving (121 °C, 30 min). After cooling, the bottles were inoculated with 

D. desulfuricans, and incubated at room temperature for 6 days (without agitation) before 

subculturing (~10% inoculum) into fresh Postgate B medium.  



Postgate C medium45 containing in g L-1: 0.5 KH2PO4, 1.0 NH4Cl, 4.5 Na2SO4, 0.04 CaCl2∙2H2O, 

0.06 MgSO4∙7H2O; 6.0 Na lactate, 1.0 yeast extract, 0.004 FeSO4∙7H2O, and 0.3 sodium citrate∙2H2O; 

pH~7.5, was transferred into 40 mL serum bottles and bubbled with Ar gas. The serum bottles were 

capped, crimped and autoclaved. Once cooled, the Postgate C medium was inoculated with the 

second-generation Postgate B culture (~1 mL) and incubated at 27°C (without agitation). 

 After several subcultures, 1 mL aliquots of D. desulfuricans at approximately late logarithmic phase 

(~24 h) were inoculated and cultivated at 27°C in 40 mL serum bottles filled with modified Postgate 

C medium (pH~6.8) that did not contain Fe or sodium citrate.  

Filter-sterilized aliquots of 1M NiCl2 stock solution, bubbled with Ar, were injected into the 40 mL 

serum bottles containing D. desulfuricans pre-grown in modified Postgate C medium for 4 days. 

Blank samples, composed of modified Postgate C medium, were analyzed before and after 

inoculation. The initial concentrations of Ni in solution were 10, 15, 20, 25, 30, and 40 mM. Sacrificial 

sampling was conducted at 1 hour, 1 day, and 1 week after the addition of Ni. Aqueous samples were 

filtered using 0.2 μm sterile syringe filters with Supor® Membrane (Acrodisc, Pall, UK), except for 

the subsamples on which pH measurement was performed. Samples for cation and Ni isotope analyses 

were acidified with concentrated HNO3 (Omnitrace ultra, EMD Millipore). Total sulfur and Ni 

concentrations were analyzed by inductively coupled plasma optical emission spectrometry (ICP-

OES; Thermo Scientific iCAP 6500). Solid samples were collected by centrifuging in an anaerobic 

chamber (N2:H2 with ca 1-3% H2 atmosphere, Coy Laboratory Products Inc., Grass Lake, MI) to 

avoid oxidation. Solid subsamples for isotope analysis were washed multiple times with ultrapure 

water, frozen, freeze-dried, and digested with aqua regia. Subsamples for solid-phase characterization 

were also frozen and freeze-dried but not washed. 

Parallel batch tests using the same conditions as adopted in the main experiment were conducted to 

evaluate the bacterial viability. After the exposure of SRB to the various Ni concentrations (10, 15, 

20, 25, 30, and 40 mM) at the selected time intervals (1 hour, 1 day, and 1 week), 1 mL of solution 

was injected into a fresh Postgate B medium to assess the toxicity of Ni to the microorganisms. The 



SRB viability was assessed by biomass production (turbidity) and inhibition of SRB growth was 

assessed by relatively lower (or absent) turbidity.  

Isotope measurements. Sample preparation and Ni isotope analysis were conducted following 

Parigi et al., 44. Briefly, acidified samples were spiked with a 61Ni − 62Ni double-spike solution and 

purified following a two-step chromatography procedure. First, the samples were loaded onto anion 

exchange resin (Bio Rad AG MP-1M; 100–200 mesh, chloride form) to separate Ni from Fe, Zn 

and Cu. Afterwards, a Ni-specific resin (Eichrom Technologies) was used to ensure a clean sample. 

Eluted Ni fractions were evaporated and finally dissolved in 3% HNO3 for MC-ICP-MS analyses. 

Nickel isotope ratios were determined on a Thermo Scientific Neptune MC-ICP-MS with an 

APEXQ desolvation introduction system (ESI). Measurements were made in high resolution mode 

on the low mass shoulders of the peaks to avoid polyatomic interferences. The raw data were 

processed following the method described by Siebert et al.46, and the true isotopic composition of 

the samples was expressed as δ60Ni in per mille (‰) relative to the NIST SRM 986 Ni isotope 

standard (equation 3): 

 
 (3) 

Results were normalized to the average value of NIST SRM 986 determined before and after each 

sample. The long-term analytical reproducibility of the standard NIST SRM986 was determined to 

be ±0.05‰ (2SD, n = 167). A 2SD value of 0.05‰ (long-term reproducibility) was used when the 

2SD related to three data points for each sample was <0.05‰. Procedural blanks were also included 

and subjected to the entire analytical procedure to evaluate possible contamination. 

The external reproducibility was evaluated by measuring two reference materials, USGS Nod A1 

and Nod P1. The measured δ60Ni of 1.04 ±0.05‰ (n = 8), and 0.35 ±0.05‰ (n = 8) for Nod A1 and 

P1, respectively, agree with previously published data36,40,47-49.  



The measured Ni for the input solution NiCl2 was -0.17‰ ± 0.05‰. For the purposes of plotting, 

comparison, and data interpretation, all samples were normalized to the input solution value 

(δ60NiNiCl2 = 0.00 ± 0.05‰). 

Solid-phase characterization. Subsamples of the freeze-dried solid material were mounted in 0.5 

mm ID polyimide capillaries (Cole-Parmer: 95820-04), which were sealed at both ends with gel 

adhesive (Loctite 454 Prism Gel, Henkel) and analyzed with synchrotron powder X-ray diffraction 

(PXRD). PXRD patterns were collected at the Canadian Light Source (CLS), Canadian 

Macromolecular Crystallography Facility (CMCF) bending magnet beamline (08B1-1)50. Two-

dimensional (2D) diffraction data were collected on a Rayonix MX300HE detector, using a 

wavelength (λ) of 0.6888 Å (photon energy 18 keV). The sample-detector distance, detector 

centering, and tilt were calibrated using a lanthanum hexaboride (LaB6) standard reference material 

(NIST SRM 660a LaB6). The PXRD patterns were calibrated and integrated (2 to 40°, 2θ) using the 

GSASII software package51. Search/match phase identification was performed with Powder 

Diffraction File, PDF-4+ software52. 

Samples for whole-grain mounts were filtered with a Whatman® grade 4 (20 – 25 μm) cellulose 

filter to collect the precipitates for scanning electron microscopy and energy-dispersive X-ray 

spectroscopy (SEM-EDS) analyses. The precipitates were dried in an anaerobic glovebox (N2 and 

H2 (~1.5%) atmosphere) for approximately 24-hr and then dispersed on conductive carbon tape 

applied to a metal sample stub. All sample preparation was completed in an anaerobic chamber to 

prevent the oxidation of the precipitates, which contained reduced sulfur and metal phases. 

Mounted samples were removed from the anaerobic chamber in sealed containers and opened 

immediately before SEM analysis. Conductive coatings were not applied to whole-grain mount 

samples before analysis.   

Grain mounts were characterized with a FEI Quanta™ 250 FEG-ESEM with an Oxford Instruments 

X-act silicon drift detector (SDD) for EDS. Back-scattered electron (BSE) and secondary electron 



(SE) images were acquired with an accelerating voltage of 20 kV and a sample distance of 10 mm 

from the detectors.  

Samples for transmission electron microscopy (TEM) characterization were sonicated to disperse 

the precipitated nanoparticles in solution and then diluted 1:100 in ultrapure water (MilliQ A10 

water system 18.2 MΩ cm at 25 °C). The diluted solution was pipetted on to a Formvar/Carbon 

400-mesh copper Pelco® TEM grid. Nanoparticles were characterized with a Zeiss Libra 200MC 

TEM equipped with an EDS detector. TEM images were acquired at an accelerating voltage of 200 

kV. Images were processed using Digital Micrograph (Gatan Inc.) and lattice distances were 

calculated from the inverse fast Fourier Transform (FFT) patterns of selected areas after masking 

the FFT pattern to improve the delineation of atomic distances. 

 RESULTS AND DISCUSSION 

Nickel removal by SRB culture. Results from the batch experiments are summarized in the 

Supporting Information (Table S1). The pH values were characterized by a slow decrease over the 

course of the experiment: from initial values of 6.8, to final average values of 5.7 after a week 

(Table S1). The Ni removal efficiency achieved using different initial metal concentrations is shown 

in Figure S1. Nickel removal from solution reached almost 95% after 1 week in the batches with the 

lowest initial Ni concentration (10 mM). As the concentration of the Ni addition in the batch 

experiments increased, the extent of Ni removal progressively declined. The batches with the 

highest initial Ni concentration (40 mM) showed removal of approximately 25% of the initial Ni 

after 1 day. This removal remained relatively constant in the 1-day and 1-week samples likely due 

to the inhibition of the SRB by the high metal concentration. Bacterial viability tests showed no 

bacterial growth in fresh Postgate B inoculated from the batches containing 40 mM of Ni and 

sampled after 1 day and 1 week. These results confirmed the negative impact of the highest Ni 

concentration used in the experiments (40 mM) on the SRB. 

Total sulfur concentrations in solution also decreased with time, showing a removal of ~50% after 1 

week, common to all the batches regardless of the initial Ni amounts. 



Characterization of the solid phase.  The final solid phase products were composed of a 

predominant black precipitate that accumulated at the bottom of the serum bottles and thin sheets of 

a precipitate with a metallic lustre that formed on the walls of the bottles (Figure S2 a, b, and c). 

The precipitate with the metallic lustre increased over the course of the experiments, and its growth 

was inversely proportional to the initial concentration of Ni. The 10 mM Ni samples had the largest 

amount and the 40 mM Ni samples had only a small amount of this solid phase. The solid-phase 

formation and resulting solid composition were likely affected by the composition of the SRB 

growth medium (inorganic constituents in particular). However, the environmental conditions in 

mine remediation systems such as PRB can vary significantly based on a plethora of factors (such 

as PRB composition and age as well as the mine effluent composition, hydrogeology of the site, 

climatic conditions etc.), thus complicating creating a representative experimental system. 

During the experiments, the metallic precipitate formed first on the walls of the serum bottles, and 

subsequently accumulated at the bottom. At equal Ni concentrations, the 1-week samples showed 

the largest amount of this precipitate except for the 40 mM batches which displayed an equal 

amount of the same precipitate at collection times of 1 day and 1 week. 

Due to the delicate, thin, sheet-like nature of this phase, it was impossible to effectively separate it 

from the black precipitates. Thus, samples taken for the solid product characterization consisted of a 

mixture of these two solid phases. The powder X-ray diffraction patterns for the 10 mM and 40 mM 

samples collected after 1 hour, 1 day, and 1 week are displayed in Figure 1. All patterns were 

characterized by broad peaks at ~14 degrees (d = ~ 2.8 Å) and ~22 degrees (d = ~1.8 Å). Similar 

features were also reported by previous abiotic14,15,44 and biotic10,13 Ni sulfide precipitation studies 

and were attributed to poorly crystalline polyphasic Ni-sulfide precursors13. Such poorly crystalline 

Ni sulfides were dominantly nanoparticulate material with the general formula NiS∙1.5H2O which 

displayed an anhydrous core of crystalline millerite (β-NiS) surrounded by a hydration shell14. The 

Ni:S ratio of the hydrated NiS exhibited a slight excess of Ni over S, thus indicating the potential 

deposition of a Ni(OH)2-like phase in the mantle layer53. Some of the early time patterns (i.e., 10 



mM at 1 hour, Figure 1Aa; 10 mM and 40 mM at 1 day, Figures 1Ba and 1Bb) showed an 

additional broad peak at ~8.5 degrees (d =~4.6 Å). As 4.6 Å corresponds to the Bragg reflection 

associated with the (001) planes of the mineral theophrastite (Ni(OH)2), the presence of this peak is 

consistent with the potential precipitation of either a Ni(OH)2-like phase or a hybrid material 

composed of both millerite and  theophrastite structural components53. Furthermore, Wilkin and 

Rogers16 demonstrated that freshly precipitated nickel sulfide is characterized by residual Ni-O 

coordination which is replaced by Ni-S coordination with ageing time. 

Although the 1-day 10 mM and 1-day 40 mM patterns (Figures 1Ba and 1Bb) were also 

characterized by numerous Bragg reflections in addition to the broad features previously indicated, 

no conclusive matches were identified for most of these peaks. These two samples appeared to 

share a low angle reflection at ~ 4.22 degrees (d = ~ 9.4 Å), but most of the other low angle 

reflections were not common to both patterns. We therefore suggest that the 1-day samples may be 

composed of a mixture of metastable phases that were not well characterized in previous studies. 

Most of the peaks observed in the 1-day patterns were not visible in the 1-week patterns, confirming 

the metastable nature of the 1-day precipitates. 

The 1-week patterns (Figure 1Ca and 1Cb) and all the 40 mM samples displayed halite (NaCl) 

Bragg reflections; this is presumed to be from residual salts from the media. In addition to this, the 

1-week 40 mM sample was also characterized by the presence of nickelboussingaultite 

(NH4)2Ni(SO4)2(H2O)6 plus additional un-matched reflections, whereas the 1-week 10 mM sample 

showed sharp reflections due to thenardite (Na2SO4). Lattice parameters for nickelboussingaultite 

were slightly different from the reference PDF database entry (PDF 04-007-5461), due to either a 

different hydration state or slightly different ionic substitution. It is worth noting that the 1-week 10 

mM diffraction pattern displayed sharper features associated with modifications of the poorly-

crystalline NiS precursor (red asterisks in Figure 1Cb). These features were particularly accentuated 

at ~ 13.41 degrees (d ~ 2.95 Å) and ~ 23.37 degrees (d ~ 1.70 Å). No single nickel sulfide with 

peaks corresponding to both the 2.95 Å and 1.70 Å d-spacing was found. Polydymite [more intense 



reflections (311) and (440) at 2.87 Å and 1.68 Å, respectively] and α-NiS [reflections (100) and 

(110) at 2.98 Å and 1.72 Å, respectively] were phases that displayed the most similar patterns 

(Figure 1Ca). The presence of these “sharper” peaks may indicate evolution from a poorly 

crystalline NiS precursor towards the development of higher-order Ni sulfides with time. In similar 

experiments, Mansor et al.13 observed a distinct increase in crystallinity of biogenic Ni sulfide 

nanoparticles over a period of ~6 days, furthermore, the biogenic reaction products were 

characterized by enhanced dimensions and crystallinity relative to their abiogenic counterparts13. 

Similar findings were reported for SRB-mediated Zn sulfide formation54. The development of more 

crystalline phases associated with biotic precipitation of sulfides has been linked to the formation of 

a low pH micro-environment around the bacterial cell walls and to the presence of organic 

compounds secreted by SRB13. Conversion of Ni monosulfide to polydymite and vaesite has shown 

to be redox dependant13,16, and, under anaerobic conditions, H+ is the most probable oxidant to drive 

this transformation55. Consequently, the micro-environment around the bacteria cell walls, which 

differ chemically from the bulk circumneutral pH experimental conditions, could favour the 

precipitation of Ni sulfide minerals, such as polydymite and vaesite13, favoured under low pH (pH ≤ 

5). Although vaesite is considered to be the most thermodynamically stable phase at low 

temperature16, polydymite and vaesite reflections, which were clearly identified in the 10 mM 1-day 

powder X-ray diffraction pattern, were no longer present in the 10 mM 1-week sample. 

All the 40 mM powder X-ray diffraction patterns displayed broad, low angle reflections at ~2.25 

degrees (d ~ 17.5 Å) and ~3.65 degrees (d ~ 10.8 Å). These reflections, which were probably from 

the same phase due to comparable broadening and intensity ratios, had similarities with the patterns 

of clays, although no obvious matches were found in the PDF database. Bacterial microcolonies are 

known to mediate the formation of clay minerals56-58. Formation of colloidal clay-like phases (often 

Fe-bearing aluminosilicates) is favoured by the presence of bacteria and their metabolic products58, 

and these poorly crystalline precursors may convert to more ordered phases over time56-58. The 



presence of material with clay-like composition was observed through SEM-EDS analysis (Fig. 

S3). 

SEM-EDS analyses performed on both the freeze-dried and freshly sampled 10 mM and 40 mM 1-

week solid materials also showed that the larger grains, predominantly occurring as the precipitate 

with a metallic lustre, were made of aggregates of Ni sulfides with different habits and composition 

(Figure S4 to S6), which is consistent with the PXRD results. These higher-order aggregates were 

closely associated with bacteria attached on the serum bottle walls. Attached cells can form 

biofilms, which are microbial multicellular aggregates, that attach to surfaces and can often 

immobilize metal ions55. Although bacterially mediated sulfate-reduction by SRB was the main 

process responsible for Ni removal from solution in the present study, extracellular polymeric 

substances (EPS) secreted by bacterial cells can bind Ni and other metals, thus creating additional 

nucleation sites10,13,60. The SEM-EDS analysis of D. desulfuricans in our study showed Ni-sulfide 

precipitates surrounding the microorganisms (Figure S7). Precipitation of metal sulfides on bacterial 

surfaces is known to provide protection to SRB, enhancing their tolerance to the toxic effects of 

heavy metals61. Other studies indicate that metal nanoparticles can enhance electron uptake across 

the cell membrane enabling the bacteria to utilize solid-phase electron donors, as observed for Fe 

nanoparticles62,63.  Chemotaxis and substrate storage are other speculated roles of metal 

nanoparticles in microbial metabolism63. 

The finest fraction of the solids mainly occurred as black precipitates that accumulated at the 

bottom of the bottles. Lattice-fringe spacing measurements, derived from the TEM study, confirmed 

the polycrystalline nature of these precipitates (Figure S8 A and B). 

Although the final experimental batches were filled with a modified medium without Fe, SEM-EDS 

results indicated a small amount of Fe was carried over from previous batches during subculturing, 

and Fe had coprecipitated with and/or substituted Ni in the solid phase (Figure S6). 



 

Figure 1: X-ray diffraction patterns of Ni precipitates: Aa) 40 mM Ni solid sample collected after 1 hour. Halite, NaCl (04-
016-2944) Ab) 10 mM Ni solid sample collected after 1 hour. Ba) 40 mM Ni solid sample collected after 1 day. Halite, NaCl 

(04-016-2944) Bb) 10 mM Ni solid sample collected after 1 day. Theophrastite, Ni(OH)2(04-013-3641), polydymite, Ni3S4 (04-
004-5623), vaesite, NiS2 (04-003-1992), α-NiS (04-002-6886). Ca) 40 mM Ni solid sample collected after 1 week. Halite, NaCl 

(04-016-2944), nickelboussingaultite, (NH4)2Ni(SO4)2(H2O)6 (04-007-5461). Cb) 10 mM Ni solid sample collected after 1 week. 
Halite, NaCl (04-016-2944), thenardite, Na2SO4 (04-010-2457). Red asterisk (*) indicates peaks corresponding to 

modifications of the poorly crystalline NiS precursor. 



Isotope fractionation. The magnitude of Ni isotope fractionation between Ni in solution and Ni 

associated with the solid phase was investigated by varying the initial concentrations of Ni in 

solution. The isotope results are reported in Table S1. 

Figure 2 displays the measured δ60Ni values corresponding to the fractions of Ni in solution and in 

the associated solid phases. The isotope data were fitted with both reversible equilibrium and 

Rayleigh fractionation models. The black solid lines are the linear best-fit to the data, whereas the 

black dashed curves are the best-fit Rayleigh trends ε = −1‰ (Fig. 2). According to these results, 

the data seem to be best represented by equilibrium, closed-system fractionation (linear trends) with 

continuous exchange between the aqueous and the solid pools. An average magnitude of Δ60Nisolid-aq 

= −1.99‰ was determined for the data set. 

The data showed partitioning of light Ni isotopes in the solid phase compared to the initial solution, 

and enrichment in heavy isotopes of the residual aqueous Ni fractions. Enrichment in the heavier 

isotope associated with the aqueous fraction of Ni was observed in abiotic Ni sulfide precipitation 

experiments44. Isotopic fractionation in abiotic NiS precipitation experiments was fit with a 

Rayleigh curve yielding a fractionation factor of ε = −0.73‰44.  Fujii et al.64,65 also observed that 

lighter Ni isotopes preferentially partition into the sulfide species, reporting the equilibrium 

fractionation factors between the dissolved species Ni2+ and Ni(HS)+ as Δ60NiNi2+-Ni(HS)+  = + 0.68‰ 

and Δ60NiNi2+-Ni(HS)+  = + 0.66‰ at 25°C, respectively. Vance et al.66 reported a fractionation factor 

of −0.7 ‰ associated with the removal of dissolved Ni as Ni sulfidized species in the Black Sea at a 

depth ≥ 300 m. 

The difference between the fractionation factors measured in this study and the magnitude of Ni 

isotope fractionation of ~ −0.7 ‰ calculated in other NiS precipitation studies44, 64-66 can be quite 

surprising. However, it is important to note that, due to the complexity of the current experimental 

system, it is not possible to attribute the magnitude of the isotopic fractionation measured in this 

study to a single Ni sulfide precipitation process. Although Ni precipitation as sulfide phases was 

the main mechanism of Ni removal from solution, it is likely the fractionation measured in our 



experiments resulted from a combination of multiple Ni attenuation processes present in the SRB 

system. As previously discussed, bacteria cell walls and EPS can bind heavy metals such as Ni, thus 

providing precipitation sites for metals and sulfide phases. Interactions between SRB and Ni might 

induce Ni isotope fractionation before the precipitation of sulfide phases occurs. Adsorption of 

dissolved Ni to the freshly precipitated Ni sulfides can also considerably affect the measured Ni 

isotope fractionation44. Ni adsorption to minerals was documented to cause enrichment of heavy Ni 

isotopes in solution compared to the solid phases and to generate significant Ni isotope 

fractionation39-43. For example, in a recent study, adsorption of Ni to the mineral birnessite induced 

the largest fractionation factors observed for Ni to date (Δ60
min-aq ranging from −2.76‰ to 

−3.35‰)43. Nickel adsorption to and coprecipitation with clay-like phases, whose bio-induced 

formation was detected in the experiment, might also contribute to the measured isotope 

fractionations.  

The reduced partition function ratios of 60Ni/58Ni (103 ln β60–58) related to important Ni sulfides 

calculated by Liu et al.67 showed a decrease in the order of polydymite > heazlewoodite > millerite 

> godlevskite > vaesite, highlighting the connection between Ni isotope fractionation and Ni-S, Ni-

Ni bond lengths of Ni sulfide crystals. Furthermore, Liu et al.67 estimated the influence of Fe 

substitution on equilibrium Ni isotope fractionation in Ni sulfide minerals. Fe substitution for Ni 

yielded a decrease of the reduced partition function ratios of 60Ni/58Ni. Thus, the presence of low 

concentrations of Fe, a characteristic of the current experimental systems, cannot be ignored, 

because changes in the Fe/Ni ratio can have a considerable influence on Ni isotope fractionation67. 



 

Figure 2: Ni (δ60Ni) isotope fractionation relative to the input solution Ni concentration versus the fraction of Ni remaining in 
solution (f). The black straight lines represent the closed-system equilibrium fractionation trends yielding Δ60Nisolid-aq = 
−1.99‰; The dash curves are Rayleigh trends for ε60Ni = −1‰. Black symbols correspond to the 40 mM samples; Red 
symbols correspond to the 30 mM samples; Light green symbols correspond to the 25 mM samples; Blue symbols correspond 
to the 20 mM samples; Pink symbols correspond to the 15 mM samples; Dark grey symbols correspond to the 10 mM 
samples. The error bars represent 2SD from three analytical measurements. 

Environmental implications. The determination of fractionation factors of important 

biogeochemical processes, such as microbially-mediated sulfate reduction, is necessary to apply Ni 

isotopes as tracers for Ni sources and cycling in the environment. This study, which focused on the 

investigation of Ni fractionation associated with the mechanisms of Ni removal from solution 

occurring during Ni-SRB interactions. This is among the first studies to explore the potential of Ni 

isotopes as environmental tracers, offering an important addition to the existing literature, and 

providing a basis for further progress of Ni stable isotope analysis aimed to understand transport 

and fate of Ni in the environment.  

Due to the close interaction between SRB and dissolved metal ions, SRB-based metal precipitation 

approaches are considered a valuable tool in passive treatment remediation. Because of the 

complexity of the investigated system, which is characterized by a multiplicity of mechanisms 

involved in the bio-mediated attenuation of Ni, it is challenging to attribute the measured 

fractionation factor to a single process. As a result, it is reasonable to ascribe the extent of 



fractionation measured in the present study to a combination of mechanisms involved in removal of 

Ni from solution accompanied by formation of Ni-S phases. Additionally, bacterial activity is 

influenced by changes in geochemical and physical parameters, such as pH, nutrient availability, 

and dissolved oxygen concentration59. Interactions with complex microbial communities (in 

contrast to pure cultures such as the one used in the present study) may also result in differences in 

the isotopic signatures. Therefore, future studies that would aim to determine Ni isotope 

fractionation under varying experimental conditions would be beneficial to elucidate what 

mechanisms have the greatest impact on Ni isotope signatures in SRB systems and in more complex 

microbial communities.  
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