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14  Abstract
15 An approach for the identification of the origin of iron sulfides formation on iron surfaces

16 using Time-of-Flight Secondary lons Mass Spectrometry (ToF-SIMS) is reported here in.
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Two different sulfidation processes of iron surfaege presented (both at room temperature):

the first abiotic procedure was carried out usihgpnoamperometry (E = -0.8 V/SCE) of

pure iron in 10 mM of Ng&g,9H0 (pH =11) while the second biotic procedure was

accomplished by immersing a pure iron sample irediom containing HSons produced by

a sulfate-reducing bacterium (SRB) of the gebBsulfovibrio at an open circuit potential

(OCP). A surface analytical method using Time-afil Secondary lons Mass Spectrometry

(ToF-SIMS) coupled with ToF-SIMS spectra peakiiiftiand data processing was developed

to calculate an accurate sulfur isotopic fractimmab34S,.cpr on iron sulfide layers formed

on iron surfaces, thus allowing to discriminatensn abioticallyersus biotically generated

sulfides. This approach contributes to a betteretstdnding of iron surface interactions with

sulfur containing environmental species of abiotidiotic origin.

Keywords: Biocorrosion, ToF-SIMS, Isotopic fractionatidinon sulfides

1 Introduction

Biocorrosion or Microbially Influenced Corrosion (®) is a phenomenon defined as the

involvement of microorganisms in the corrosion oftatlic materials [1-4]. The metabolic

activity of microorganisms can modify the chemisto§ environment, especially the
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metal/environment interface [5,6]. It is documentbdt microbial activity can lead to the

modification of corrosion behavior and rates of mhetallic materials.

MIC impacts several industrial sectors including tmaper, nuclear, and petrochemical [7]

industries, as well as public infrastructure. Thetaf corrosion represents around 4% of the

GNP (Gross National Product) for most countrieslf-and, according to Flemmirej al.

[9], approximately 20% of the total cost is likely telh to MIC. While numerous studies

worlwide have focused on understanding MIC, thelmasms are complex [11-15] and the

phenomenon remains not well understood.

Several types of bacteria belonging to differemega and species such as iron-, sulfate-, or

CO»- reducing bacteria and iron-, sulfur- and mangenegidizing bacteria are implicated in

MIC. Sulfate-Reducing Bacteria (SRB) are frequetily key-culprit in MIC [16]. SRB is a

group composed of diverse anaerobic able to forfidsuollowing a dissimilatory sulphate-

reduction [17-19]. The latter metabolic activitysuéis in the formation of }$ gas or HS

ions, both of which are corrosive to metallic matleand considered to be health and safety

hazards [20,21]. The corrosion of iron in the pnegeof actively metabolizing SRB, can lead

to the formation of different forms of sulfides cpounds including mackinawite (tetragonal
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FeS), pyrite (Fe§, pyrrhotite (FexS, where x = 0 to 0.2), troilite (hexagonal Fe8) a

greigite (FeSy) [22].

During the process of sulphate reduction, bacterederentially reduce light sulfur isotopes

rather than heavier isotopes. This phenomenon aanexplained by thermodynamic

considerations, as dissociation of molecules diffeetween isotopes, the lightest making

weaker bonds compared to the heaviest [23]. Kineffects can also be involved, as

according to the so called “kinetic isotope effettacteria can process lighter isotopes faster

than heavier ones [24].

Comparison of sulfur isotopic abundances in coomgproducts is therefore a potentially

powerful tool for SRB — influenced corrosion diagtios [25-27].

The isotopic ratio is defined as the ratio of thuradance of the two main isotopes. For

example, the sulfur isotopic ratio R34S is defiasd

Abundance of 34S Eq.(1)

R34S = Abundance of 32S

As shown by Thodet al. [28], the corrosion products resulting from MIChébit a different

isotopic ratio than those formed during abioticrosion. The isotopic ratio of corrosion

products formed in the absence of SRB, Ra#4g is known to be 0.04519 [23,30]. It is

obtained from the sulfur natural abundances foftBdsotope and th¥&S isotope, which are
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94.93% and 4.29% respectively [23,30]. In the acHsEIIC caused by SRB, due to bacterial
preference for utilizing lighter isotopes, the @ut ratio R34S is lower than that the
“natural” one (R34%uura)- In this study, the difference in the sulfur ot ratio is aids to
discriminate between the abiotiersus biotic corrosion process.

To make interlaboratory comparison [31], it is coamrto employ the notation of isotopic
fractionation according to the equation below:

R34’Ssample

Eq.(2)
—_—— 1) x 1000
R34'SStamda1rd

534S Standard(%o) = (

The first standard used for sulfur isotopic composiwas troilite from the Canyon Diablo
Troilite (CDT) meteorite, which crashed in Arizomal1891 [32—34]. However, Beaudo#h

al. later proved isotopic inhomogeneity of the mateof35], making its use as reference
material inadequate in order to compare data bethadmratories.

In 1993, to avoid the problem of inhomogeneity aod make inter-comparisons, the
International Atomic Energy Agency (IAEA) advisogroup proposed a new reference
material, called IAEA S-1 [36-38], which is an dimacsilver sulfide. The calibration of this
new materialversus the CDT scale was practically impossible, becaidbe inhomogeneity
of the CDT. Thus, at the Consultants Meeting heldDecember 1993 in Vienna, it was

proposed to adopt the IAEA S-1 isotopic fractionatvalue of§34S AEAS1= 0.3 %oversus
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an hypothetical scale, called Vienna — Canyon Dbiabtoilite (V-CDT)[36,38]. It was

recommended to normalize the isotopic sulfur contipos data to the new V-CDT scale

using the material reference IAEA S-1. The lattexsvartificially prepared from isotope-

enriched elemental sulfu’8, **s and®S). The resultant species, A, Ap>>S and Ag>'S,

prepared by the gravimetric methodology, formedsatopic mixture of AgS, which mimic

the natural isotopic composition of studied matsr{28]. The IAEA provided reference

materials such as the IAEA S-1 to Diagal. [36] and they measured the abundance ratio of

the IAEA S-1, corresponding t§SPS = 22.6504. Becausi84S £EASLis -0.3 %, it was

possible to calculate the V-CDT abundance ratio thiedabundance ratio, which is 22.6436

(i.,e. R349.cpr = 0.0441626). Under such conditions, the naturadojgic fractionation of

sulfur can be calculated in the V-CDT scale arigl 884S J3%53! = 23 26 %o.

In here presented investigation, all isotopic f@wtions were calculated following the above

listed equatioriq.(2) with respect to the V-CDT standard, using R34s = 0.0441626.

Recent study [39] demonstrated that the ToF-SIMS lma used to identify the biotic and

abiotic origins of iron sulfides. In this work [39the sulfur isotopic ratio was directly

calculated from the peak area in the ToF-SIMS spect
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Here, to improve the accuracy of the method*’8sand*®0, give overlapping signals, and

because™S and**S concentrations are directly correlated with paetas in ToF-SIMS, a

peak-fitting protocol is applied for fitting eaclegks belonging to a specific mass range in

order to have an accurate estimation of the prapouf the two isotopes?S and*S, and

thus, calculate the sulfur isotopic fractionation.

To establish the procedure, ToF-SIMS analysis bébke reference materials is required.

Two different reference materials correspondinguee abiotic and biotic iron sulfides have

been prepared and analyzed in the laboratory. ifsteplart of this communication addresses

the preparation of abiotic and biotic sulfides dhd method used to obtain the ToF-SIMS

data, while in the second part, the data processipgesented. Lastly, the peak-fitting method

is applied to spectra of abiotic and biotic refeematerials to precisely determitme sulfur

isotopic fractionatio34S,.cpr obtained from each reference material.

2 Materials and methods

2.1 Abiotic sulfidation

Pure iron samples (Goodfellow) were mechanicalllisped with diamond paste (ESCIL)

down to ¥ pm, then sonicated in acetone (CARLO ERRB#hanol (CARLO ERBA), and in
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ultra-pure water, to obtain a clean and mirror goliinish. Samples were dried in a flow of

compressed air.

The sulfidation was performed electrochemicallyngsia Bio-Logic (SP) potentiostat

connected to a conventional three electrode elgutrical cell, with the pure iron sample as

working electrode, a saturated calomel electrodeef@sence and a platinum wire as counter

electrode. The electrolyte was a1l Na,S, 9H0 (Sigma Aldrich) and I8M NaOH (pH =

11) deaerated aqueous solution.

To reduce the oxide which naturally formed on thefexe, a linear sweep voltammetry

starting from the OCP down to a potential E = -1VZSCE with a scan rate of 50 mV/s was

first performed and the lower potential was mamgdi for 1 min. A potential step to -0.8

V/SCE (potential corresponding to the sulfide damafi the E-pH diagram) was applied and

the potential was maintained during 50 min to poeduwon sulfide on the surface.

Following electrochemical treatment, the samplegced by a dark deposit, was dried using a

flow of compressed air and transferred into the -BOMS spectrometer, where it was

immediately analysed.
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2.2 Biotic sulfidation

To produce the biotic reference sample, the makiaeterium Desulfovibrio alaskensis

(NCIMB 13491) was used. The organism has beenteblfaom a corroding steel installation

[40]. Since SRB belong to an anaerobic group [41,@# culture was grown in an anoxic

medium composed of (gLdistilled water): NaCl, 20; MgGJ| 6H,0, 3.0; CaGl, 2H,0, 0.15;

NH4CI, 0.25; KHPQO, 0.2; KCI, 0.5; sodium lactate 0.6; p&O, 3.5; resazurine and trace

element solution, the latter as reported by Zinkle\and Beech [41]. The pH was adjusted to

7.2 value by adding 0.1 M NaOH. Medium was deadratieh a N/CO, gas mixture for 2h

and augmented with a vitamin solution [43]. Freghigpared medium was sterilized through

autoclaving at 121°C for 20 min, in order to avthé presence of any micro-organism [41].

The inoculum that consisted of a two day @esulfovibrio alaskensis (NCIMB 13491)

culture, in exponential growth phase, was addethéosterile medium at 10% (v/v). The

culture was grown at 37°C for 72h to ensure a bmicentration of H3ons.

To expose the Fe sample to 'H8ns, and to exclude bacterial cells and sulfateoid

contamination of the surface which could modify slfur isotopic fractionation, the bacteria

were removed by collecting, after centrifugationc{g&les, 15min each cycle at 17°C with

6500 rpm), the supernatant, and the sulfates weeeipitated and filtered using 1 M
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deaerated barium (Sigma Aldrich) chloride and &€Yi22 um filter. In this way, the obtained

agueous medium contained only s.

The sample was pure iron, mechanically polishet diédmond paste down to ¥4 um to obtain

a mirror polish finish, and rinsed with acetonel #le preparation steps were carried out

aseptically, under anaerobic conditions. Finalhe sample was immersed in the medium

containing HSfor 24h at the OCP and at room temperature. Aftenersion, the specimen

was rinsed with UP water and stored in a steriksgltube filled with B gas to prevent

surface modification and contamination.

2.3 ToF-SMSmeasurements

ToF-SIMS is a surface sensitive technique thatwallas to analyse elements, isotopes or

molecules which are present on a surface. A magtufe of this spectrometry is its very high

sensitivity with a detection limit around ppb ahe possibility to detect isotopes.

As previously discussed by Seyeux and Marcus [B@], ToF-SIMS is fully appropriate for

the study of the abiotic or biotic origin of suksl formed on surfaces.

To reach both high mass resolution Am/ around 7 000) and high lateral resolution (around

200 nm), the spectrometer was used in the BA-IMAB& st-Alignment Image) mode where

10
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each primary pulse was split in 4 pulses (burstenodl high lateral resolution mode has been

used in order to be able to apply the method to ptexn samples that can be non-

homogeneous, with both Fe sulfides and Fe oxidesept at the surface. A low primary

current is necessary to avoid the saturation of ¥ signal that would lead to an

underestimation of the sulfur isotopic fractionatd®4S,.cpr.

ToF-SIMS analyses were performed using a ToF-SIMSp¥ctrometer (lonToF — Munster

Germany). The spectrometer was operated at a pees$i0° mbar. A pulsed 25 keV Bi

primary ion source was used for analysis, deliefir03 pA over a 100 x 100 um? area. 2D

spectra of negatively charged ions were recordeghEample was analysed two times on

two randomly selected areas. Data acquisition avst-pprocessing were carried out using

Surface Lab 6.7 software.

Before each measurement, the extreme surface witersnl for a period of 10s using a’'Cs

ion sputter gun to remove any surface contaminafitve sputter gun used delivered 120 nA

over a 500 x 500 pm? area.

As previously shown by Grousset [44], it is necegsa reach a minimum of fluence around

10" ions/cm? to stabilize the sulfur isotopic fracéion. Thus, only the data from *£0

11
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ions/cm? and up were used to calculate the sudhtopic fractionation. Here, the spectra were

acquired during sufficiently long time to reachwehce of, at least, 3.10ons/cm2.

To improve the accuracy of the determination of $héur isotopic fractionation, fronfS

and>*S peak areas, all spectra were fitted using théededescribed in §2.4.

2.4 Peak-fitting method using CasaXPS software

ToF-SIMS peak-fitting has been already done inedéht studies. In the work of Cliét al.

[45], a peak-fitting algorithm was developed to oem interferences of ARnd**C*N" from

12c15N", because in this work low mass resolution was .used

More recently, the fit of TOF-SIMS spectra usings@4PS software was done in the work of

Abel et al. [46]. The aim of their peak-fitting method was ¢orrelate the peak shape,

including both full width at half-maximum FWHM amasymmetry, to surface information

such as roughness and oxide thickness. They usa mfathematic function combining

Lorentzian (70%) and Gaussian (30%) with the additof an asymmetry factor, allowed

them to establish a link between the asymmetryofaend the FWHM with the oxide

thickness and the roughness. The same methodolagyiged by Shimizet al. [47] and Dou

et al. [48].

12
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Here, CasaXPS software was used for data proceddimgysoftware is commonly employed

for the processing of XPS and Auger data. Receatiypodule for processing ToF-SIMS data

has been added [49Dne of the main differences between XPS and ToFSSidata

processing, in terms of peak-fitting, is the asynmnef the peak side and the background.

While the peak shape and the background are diras8ociated to physical phenomena in

XPS (these are correlated to an electronic emigsiocess) [50-52], the physical parameters

related to the peak shape have not been yet clieleryified for ToF-SIMS measurements. In

our work, the CasaXPS software was used to determhie functional of the instrumental

response, allowing us to fit the peaks, withoutsidering any specific physical factor.

In this investigation, the peak-fitting method wased to process data, in which there are

mass interferences (Table 1) in tif& and®'S regions, in order to determine an accurate

sulfur isotopic fractionation.

Element (amu)

328 31P1H 1602
Mass range from 31.95 to 32.02
(31.972) | (31.982) | (31.990)

Mass range from 33.95 to 34.02 ¥s 3S'H H,%s *o™0

13
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212
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216

217

218

219

(33.968) | (33.979) | (33.988)] (33.994

Table 1: Possible mass interferences for each masgg {*S and*'S)

While processing our ToF-SIMS data, no backgrouad used and the peak-fitting was done

with a LA line shape (Lorentzian Asymmetric). Firhe symmetric Lorentzian line shape

L(f,m/z) is given by:

1
L(x:f,m/z) = Eq.(3)
144 x (X_fm/z)2
The asymmetric Lorentzian line shape b)) is:
_ ([Lx:fm/z)]* x <m/z
LA B) = {[L(x: £ m/z)]f x> m/z Ea.(4)

Where f is the full width at half-maximum (FWHM),/mis the mass/charge ratio, amdp

are the parameters to determine.

The LA(o, B) line shape was operated with the addition of asS@an convolution, written

LA(a, B, n) wheren (between 0 and 499) is a parameter controllingwiitith of a Gaussian

convolution applied to the functional form.

For defining thew, B andn peak-fitting parameters, thHéCl" peak was chosen as reference

peak, because it is close in mass“® and*'S, and not affected by overlapping with any

14
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230

other signals. With th&CI peak, it is possible to determine the functionathef instrumental

response for each analysis.

As shown on the Figure 1, the procedure was fir§it the *’Cl peak with the LAg, B, n) line

shape.
¥CI signal before peak-fitting (a) ¥CI signal after peak-fitting LA(a, B, 7) (b)
40000 40000
35000 35000
30000 30000
£ 25000 £ 25000
= =
S S
2.20000 .20000
E 15000 E 15000
10000 10000
5000 5000
0 0
36,95 36,97 36,99 36,95 36,96 36,97 36,98 36,99 37,00
Mass (amu) Mass (amu)
—«-Experimental spectrum ¢ Experimental spectrum —Fitted spectrum

Figure 1: Peak-fitting of th&’CI" signal in order to determine the besp andn parameters:

(a) before andb) after peak-fitting

The obtainedy, p andn parameters are then directly used to fit b8 and*’S mass ranges

using the LA line shape (it is assumed that thekpslaapes remain the same in the

investigated mass spectrum). Thus, the best fithefexperimental data with all possible

species taken into account (see Table 1) is olataine

15
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This fitting methodology allows us to determine fercentage of each element present in
both *?S and®*'S mass ranges. In this way, precise proportionfé®fand®*S are determined
and used for the calculation of the sulfur isotdpactionations34S,.cpr.

Each sample was analyzed two times using diffeaeeas. On each area, since a primary
beam fluence over 3.1bions/cnt is needed, several primary ion pulses are givethéo
surface. Thus, as a mass spectrum is associatedcto individual primary pulse, several
spectra were obtained (around 5000 mass spectr@@rled on each analyzed areas of the
sample). For each sample (abiotic and biotic iraffides), the mean sulfur isotopic
fractionation534S,.cpt corresponds to the maximum of the Gaussian cured s fit the
statistical distribution 0634S,.cpr, calculated from all mass spectra for the 2 areasamh
sample (i.e. around 10000 mass spectra per sample).

The uncertainty on the mean sulfur isotopic frawimon value, as well as the standard

deviation, are also given by the fit of the statedtdistribution 0f634S,.cpr.

3 Results and discussions
Figure 2.a, Figure 3.a, Figure 4.a and Figure Bmat the raw ToF-SIMS data obtained on
abiotic and biotic iron sulfide samples in tff& and®*'S mass ranges (between 31.95 and

32.02 amu, and between 33.95 and 34.02 amu, résggrt These figures directly evidence

16
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the mass interferences in tff& and**S regions on both biotically and abiotically geneda

sulfides. The presence 0fO, signal, resulting from the sample preparation methce.

exposure in aqueous environment, is overlappindh vifte 3S signal and causes an

overestimation of thé”S intensity. Consequently, uncertainty in the dalton of the sulfur

isotopic fractionatio®34S,.cpr can make difficult to distinguish abiotic and legbrocesses,

therefore the origin of iron sulfidation. Carefubpessing of the experimental data through a

peak-fitting procedure, to extract the most acaupoportion of?S and®'S andto calculate

a relevant sulfur isotopic fractionatiéB4S,.cpr, is thus of paramount importance.

The peak-fitting was carried out with the methodgldescribed previously in 82.4. First, the

o, B andn parameters are determined based on the posititimedfCl” peak. Then, the LA

line shape and these parameters are applied guosble mass interferences. Since*to

isotope is detected in the mass spectra, it isnasguhat thé’P'H component is not present

in abiotic and biotic samples in tH& mass range. Thus on§& and*®0, are considered

(between 31.95 and 32.02 amu). The fitted spect{mmreen) is the sum of both considered

components, i.€S (in ) and*®0, (in blue). The experimental peak (iHack) is well

fitted applying this model (Figure 2.b, Figure 4.B¥fter peak fitting we checked that the

residual was always < 1% of the peak.

17



265 A similar procedure was applied for tf& mass range. The results are presented in Figure

266 3.b and Figure 5.b (between 33.95 and 34.02 amuhig latter mass range, four species must

267 be considered®S (in purple), **S'H (in pink), H**S (in turquoise) and*®00 (in grey).

268 The presence ofS'H and*®0™0 species is confirmed by the presencé?sfH ~and°0,

269 species. Again, the fitted spectrum ¢ireen) fits very well the experimental spectrum. After

270 peak fitting we checked that the residual was asway % of the peak.

271 The fit parameters are LA(9,1.45,80) for abiotigalenerated iron sulfide and LA(9,1.55,80)

272 for the biotic iron sulfide samples.

273 It is important to note that during ToF-SIMS datagessing, a slight difference in tife

274 parameter value is observed as function of the Eampmcedure (abiotic or biotic). The

275 measurements have been performed on different dayse, the slight variation in the value

276 of B parameter could be due to fluctuation in the fesdtings of ToF-SIMS instrument.

277 Moreover, as reported by M.L Abet al.[46], the oxide thickness may modify the peak

278 asymmetry. Indeed, sulfide thickness differencesvéen the samples could explain the

279 differences in the value ¢ parameter used for peak-fitting. Finally, the sidfchemical

280 composition on the value @fparameter cannot be excluded.

18
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To minimize the uncertainty due to topographic, position and thickness variations, it was

deemed more appropriate to fit tHEl" peak and to determine the thregs andn parameters

for each mass spectrum. The proportiof’sfand®'S peaks were then estimated with higher

accuracy, and the sulfur isotopic fractionaté®4S,.cpr was recalculated.

38- signal before peak-fitting (a) 18- signal after peak-fitting (h)
GO G000
S000M) SO0 iﬂ - (]
= §000
‘L E o000
& 40000 = 40000 = 4000
g E F 2
i E ‘& E -“ﬂ:_:
=. 30000 = 30000 - 31,98 32 a0
E E [ YYK Mass (uma)
= 20000 = 20000 :
I
i
10000 10000 . )
) - *
I '
0 0 | M- P !
3s 3197 31,99 3z 3195 3eT 31,99 axm
Muass (amu) Muass (amu)
- Experimental spectrum + Experimental spectrum Fit 328 ==-Fit 16002 —Fitted spectrum

Figure 2:The’’S signals beforéa) and after(b) peak-fitting on abiotic iron sulfide formed by
electrochemical treatment in 1M Na&S, 9HO and 1¢ M NaOH (pH = 11) deaerated

aqueous solution.
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290 Figure 3: The”S signals befor¢a) and after(b) peak-fitting on abiotic iron sulfide formed

291 by electrochemical treatment in 40 NaS, 9HO and 1 M NaOH (pH = 11) deaerated

292 aqueous solution.
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Figure 4:The*®S signals beforéa) and after(b) peak-fitting on biotic iron sulfide formed in

solution containing H3ons generated by metabolic activity of SRB.
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Figure 5: TheS signals before (a) and after (b) peak-fitting dotib iron sulfide formed in

solution containing H3ons generated by metabolic activity of SRB.

Figure 6 shows the mean sulfur isotopic fracti@mmab34S,.cor, from abiotic and biotic
samples, determined from the statistical treatnoéiihe distribution 0634S,.cpt calculated
from peak fitted mass spectra, as described inlsl@aove.

In figure 6, the zero corresponds to the V-CDT déad value [36] and the natural sulfur
isotopic fractionation is calculated with the naluabundances of sulfur (given in tables

[23,30]) i.e.034S,.cpr = 23.26 %o, as previously explained in §1.
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In Grousset’s investigation [44], the authors asetiBaS@ formed from NgSO, present in
the growing medium, with IRMS (Isotopic Ratio MaSpectrometry) and they reported an
sulfur isotopic fractionatio®34S,.cpr = 27.88 (x 1.32) %o which is similar to the natural
sulfur isotopic fractionation.

In here presented work, b&0, (that was used as a source of iron sulfide) com@s the
same supplier than the one used in Grousset’s Wwarksafety reasons, p& 9HO could not
be analysed with IRMS. Thus, it is assumed thaitSN®HO and NaSQO, have the same
sulfur isotopic fractionation and that it is cldsethe natural value of 23.26 %o.

Figure 7.a and.b show the distribution of the sulfsotopic fractionation334S,.cot
(calculated from corrected intensities*® and®'S according to the peak-fitting procedure)
of the abiotic and biotic substrates, respectivélye statistical distribution ad34S,.cpr is
very well fitted by a Gaussian law, allowing us determine the mean sulfur isotopic
fractionation334S,.cpt, and the uncertainty of the mean value for theotabiand biotic
samples. For the abiotic iron sulfide, the mearfususotopic fractionation value i€.23 (+

0.54) %owhile for biotic iron sulfide, the value #43.69 (x 0.45) %o
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321 Figure 6: Mean values of sulfur isotopic fractiaoas obtained in iron sulfides produced in

322 aqueous solutions at room temperature by abidgctf@chemical preparation) and biotic

323 (bacterial origin) processes.
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Figure 7: Statistical distribution @B4S,.cpr calculated from mass spectra obtained on the 2

analyzed areas of (a) the abiotic iron sulfide @)dhe biotic iron sulfide showing the fit by a

Gaussian law. The results from the fitting, i.e.amaulfur isotopic fractionatior®34S,.cpr),

uncertainty of the mean value, and standard dewiatif single valuesp34S,.cpr) are

indicated.

It is apparent that the abiotic and biotic sulfsotopic fractionation mean values are

significantly different (-0.23ss -13.69, respectively). Moreover the low uncertaioh these

values makes clearly possible the distinction betwthe abiotic and biotic iron sulfides

formed in aqueous conditions at room temperatus¥eitheless, it is important to point out

that the sulfur isotopic fractionation standardidg@n on simgle measurement$84S,.cpr)

is large (67.1760 and 71.1%%o0 for abiotic and biotic reference samples, respebt). This is

related to the ToF-SIMS spectrometer and the aisaby@nditions used to record the data.

Thus, a sufficient large number of measurementst rbescollected on each sample to

determine accurately the mean sulfur isotopic ioaettion value and the uncertainty on this

mean value. In our work, the mean sulfur isotdpactionation being the result of at least

10000 mass spectra, the statistical distributiothefsulfur isotopic fractionation is well fitted
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342 by a Gaussian law, making the determination of tiean sulfur isotopic fractionation

343 possible with a low uncertainty.

344 This investigation has demonstrated the capalohtyoF-SIMS to distinguish the abiotic or

345 biotic origin of iron sulfides formed in aqueousddions at room temperature, if a sufficient

346 number of data points is recorded and peak fittregitment of the mass spectra used to

347 remove the possible mass interferences if48eand®'S mass regions.

348 It is also worthwhile noting that the sulfur isotogractionation calculated for the abiotic

349 sample is close to the that of standard V-CDT v&b3dS,.cpr = 0 %0). This observation is

350 not surprising considering the chemical environmémnmt the formation of the V-CDT

351 standard. The standard value is in agreement \wihtype of sulfur isotopic fractionation

352  which occurs during an abiotic sulfide-influencexntrosion process.

353 The more negative sulfur isotopic fractionation3(60 %.) obtained from the biotic sample

354 indicates that the sulfide is enriched?8, as predicted for biotic corrosion [53].

355 The sulfur isotopic fractionation obtained usingpéib sample (-0.23 %o) is clearly below the

356 natural sulfur isotopic fractionatiod34S,.cot = 23.26 %o in average).

357 It has been shown by Harrison and Thode that tiva® isotopic fractionation during the

358 chemical reduction of sulfate to sulfide, includsgyeral chemical reaction steps [54].
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Thodeet al. [28] analysed sulfur dioxide gas produced by the conmmusif iron sulfide

under a flow of @gas and did not observe any isotopic fractionation

Here, an isotopic fractionation is recorded followithe abiotic reaction. As already

explained above, it is difficult to predict the chieal reaction, regardless whether it is biotic

or abiotic reaction which would lead to an isotofactionation. Thus, in our work, an effect

of the abiotic reaction on the isotopic fractionatcannot be excluded.

However, in that case, the difference between mbastd biotic isotopic fractionation would

be even larger, making easier the identificatiothefbiotic process.

The variability could originate from the surfaceiéh as explained by Kitet al. [55,56]. The

roughness or scratches on the surface can influghee variability of the isotopic

fractionation. The sample topography can createefarohation of the electrostatic field

applied to the sample surface. This deformatioriccoodify the trajectory of secondary ions

and result in fractionation of isotopes havingeliéint masses.

In summary, using ToF-SIMS as an analytical teah@jccombining the analysis with data

processing using CasaXPS software and a propestsi@t analysis of the data allows to

distinguish between the origins of the two irorfisiels. To apply this approach to the analysis

of other samples, on which the iron sulfide layeheéterogeneous in thickness (e.g. localized
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sulfides forming islands on the surface), locafwsuisotopic fractionation measurement will

require both high lateral and high mass resolutions

4  Conclusions

Two kinds of iron sulfide layers, abiotic and baythave been prepared on iron surfaces. The
abiotic iron sulfide layer was electrochemicallytanhed in an agueous solution of JSa(10
mM) on pure iron. The biotic iron sulfide layer walstained by immersion of an iron sample
in a solution containing HSproduced by bacteria (SRB). ToF-SIMS with high sas
resolution and high lateral resolution was usedrtalyse biotically and abiotically formed
iron sulfides on iron surfaces. The data were @see using CasaXPS software to fit i@
mass region and subtract tH®©, contribution, and thé*S mass region and subtract the
%33'"H" and H**S contributions.

The sulfur isotopic fractionation values that wegdculated from the areas S and*'S
peaks, revealed significant statistical differebeéwveen abiotic and biotic sulfides, namely
0.23 (£ 0.54) %ofor the abiotic iron sulfide and tel3.69 (x 0.45) %ofor the biotically
generated iron sulfide.

The reported data demonstrate that employing ToFSS&llows us to distinguish between

abiotic and biotic iron sulfide layers, and thatFf8IMS measurements with high mass
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resolution correlated with an appropriate data gssing (peak-fitting) procedure of tf&S

and**S regions and the acquisition of a sufficient numifenass spectra on a given substrate

would allow the determination of a precise sulswtopic fractionation and would facilitate

identification of the origin of sulfide-rich corra® products on iron or steel surfaces. It is

proposed that using the high lateral resolution enaldT oF-SIMS (~100-200 nm), the method

is suitable for investigating the origin of cormsiin sulfidogenic environments, including

surfaces on which sulfide corrosion products amvanly distributed. It is proposed that ToF-

SIMS platform can serve as a tool for investigathagterial contribution to sulfide-driven

corrosion, thus allowing a better understandindpiotorrosion, and an improvement of the

corrosion protection strategy.
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