Environmental Science & Technology
DOI: 10.1021/es403210y

Supporting Infor mation to:

Arsenic Speciesformed from Arsenopyrite Weathering along a
Contamination Gradient in Circumneutral River Floodplain Soils

Petar N. MandalieV® Christian Mikutta Kurt Barmettler, Tsvetan KotseV,

and Ruben Kretzschmar

Soil Chemistry Group, Institute of Biogeochemistry and Pollutant Dynamics, ETH Zurich, CHN, 8092 Zurich,
Switzerland
*Department of Geography, National Institute of Geophysics, Geodesy and Geography, Bulgarian Academy of
Sciences, 1113 Sofia, Bulgaria

(14 pages, 8 figures, 6 tables)

S (1o VA= 1= VPRSPPI S2
2. SOIl ChAraACTEIIZALION. .....cci it et e e e e e e e e e e S3
3. Arsenic refer@nNCe COMPOUNGS ... ... e e e e e e e e e e ereaa e e e e e e e e e e e e e e e e e e e e e e aeens S7
4. AS XANES BNAIYSIS ....eeeeiiiiiiiiiiiit s ettt ettt e e e e e e e e e e e e e s s e r e e e e e e e e e e nnnenes S8
5. 1ron referenCe COMPOUNGS ........ui ittt e e e e e e e e e e e e e r e e e e e e e e e aannes S9
6. XAS data reduction and @NaIYSIS .........cceeuiriiiiiiiiii e S11
7. LCF @NAIYSIS ..o S12
8. Shell-fit analysis of reference sample AS-HFBQ0............oooiiiiiiiiiiiiiiiiiieeeee s emmmemeeee e S13
9. RETEIEINCES ...t ettt e e oot ekttt e e e e e e n e e e e e e e e e e e e e e e e e e e e a e S14

$present address: Swiss Federal Office for the Enmient, 3003 Bern

*Corresponding author e-mail: kretzschmar@env.ethz.
Phone: +41-44-6328758; Fax: +41-44-6331118

S1



1. Study area

Ogosta River is one of the largest draining systeniéorth-West Bulgaria and its catchment involves
more than 40 feeders. The river is 141 km long @nrs an area of approximately 3110°kithe
average altitude is 395 m, the mean river slofelig%o, and the afforestation is ~379%he Ogosta
River basin is strongly contaminated with As anigeotheavy metals (e.g., Pb, Cu, Zn, Cd) as result
of intensive mining operations upstreffihe largest ore bodies in the mining area areAbe Ag-

Pb, and fluorite-barite-calcite deposits, which thie products of Paleozoic and Alpine metallogenesi
hosted in low-grade metamorphic rocks (marble achis§® Between 1951 and 1999, ferrous-
titanium, ferrous-manganese, aa/Zn-Auores were intensively mined and processed in thég
area’ A large tailings dam failure in 1964 and the use@r water for irrigation of agricultural land
additionally contributed to a significant dispersdl mining waste in the floodplain. Prior to the
reconstruction of several tailing ponds, wastewateginating from several ore-dressing plants was
discharged mostly into the river channel until 19Particularly the association of As with Fe
minerals in the mining waste, notably pyrite (Fe8nd arsenopyrite (FeAsS), led to high As
concentrations in the floodplain soils.
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Figure S1. Location of (a) the Ogosta River floodplain in NBWigaria, and (b) sampling points
along the studied transect with soil profiles P1-3.
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2. Soil characterization

P (1

Figure S2. Photographs of soil profiles P1-3, which are ledat, 7, and 49 m from the river front,
respectively (see Figure S1b).
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Table S1. Physical and chemical characteristics of the Bolksamples <2 mm.

Depth pH TIC*  TOC As Fe S Mn Ca Al Asc Fess ASasdFense
(cm) (Cact) %) (gkg) (gkg) (molimol)
Profile 1
0-5 6.7 0.1 8.5 7.1 73.8 2.1 7.1 37.0 6.43 4.1 12.8 0.23
8-10 5.8 1.1 0.6 40.3 164.6 4.6 15.3 18.3 5.42 - - -
10-20 6.6 1.4 0.5 32.4 145.8 29.9 14.0 51.6 .320 18.2 40.2 0.34
20-30 6.9 2.3 0.2 20.3 124.4 24.6 14.1 97.8 518 11.8 32,5 0.27
30-40 6.8 1.8 0.1 28.1 187.5 315 24.6 734 116 75 30.5 0.18
40-50 6.9 2.0 0.1 30.3 187.5 27.6 21.8 83.2 .117 5.4 29.5 0.14
50-60 7.0 3.8 0.3 9.3 120.0 0.78 215 a05. 24.8 7.1 26.8 0.20
60-70 6.7 3.8 0.2 8.6 120.1 0.73 19.7 303. 24.6 7.1 29.9 0.18
70-80 6.9 35 0.3 10.1 131.5 3.4 18.7 94.8 4.82 55 24.6 0.17
80-90 6.2 1.9 0.5 25.7 171.5 2.3 23.0 18.5 0.62 16.9 40.5 0.31
90-100 5.7 1.7 0.6 38.8 195.2 5.8 27.6 11.824.8 15.3 33.5 0.34
Profile 2
0-10 6.7 1.3 4.3 12.2 102.3 2.8 9.4 37.441.1 6.5 19.9 0.24
10-20 6.9 1.6 0.6 9.2 117.3 1.3 16.7 46.1 .436 6.2 22.6 0.20
20-30 6.6 2.2 0.3 19.3 165.8 11.9 24.7 59.6 823. 10.9 32.9 0.25
30-40 6.8 2.4 0.5 14.1 143.6 31.4 19.3 92.6 619. 8.0 23.3 0.26
40-50 6.9 1.9 1.1 9.6 138.1 29.0 21.2 102.7 518. 5.5 235 0.17
50-60 6.9 2.2 0.9 15.2 155.6 37.8 22.7 94.2 615 7.1 24.7 0.21
60-70 7.0 2.8 0.4 9.9 139.9 23.3 22.0 91.7 3.41 5.3 21.6 0.17
70-80 6.9 1.1 25 11.3 151.3 24.4 22.9 957 712 3.9 20.1 0.14
80-90 6.9 25 2.1 9.2 131.8 9.4 20.9 117.1 .016 6.5 21.9 0.22
90-100 7.0 3.9 0.6 6.4 162.2 10.6 24.2 394. 14.4 2.9 17.5 0.12
100-110 7.0 4.1 1.1 6.8 157.6 5.9 27.7 490. 14.1 2.7 15.2 0.13
110-120 7.0 3.6 0.7 3.9 170.2 1.9 41.2 146. 17.4 1.5 15.6 0.07
Profile 3
0-10 7.0 0.4 1.4 0.9 57.7 0.5 6.4 21.853.5 0.6 75 0.06
10-20 7.0 0.4 1.2 0.9 57.8 0.4 6.6 22.652.3 0.5 5.9 0.06
20-30 7.1 0.6 0.9 0.7 61.7 0.3 7.9 24.952.3 0.4 8.9 0.03
30-40 7.1 0.8 0.9 0.9 66.0 0.5 8.4 30.052.8 0.5 8.9 0.04
40-50 7.0 0.4 0.8 0.3 53.9 0.2 5.6 16.7 56.3 0.2 5.7 0.02
50-60 6.7 0.1 0.4 0.04 39.4 0.1 1.3 87 601 <0.1 1.8 <0.01
60-70 6.6 0.01 0.7 0.08 43.2 0.2 20 71 65.8 <0.1 2.7 <0.01
70-80 6.8 0.01 0.3 0.07 45.6 0.1 1.7 9.7 59.4 <0.1 2.1 <0.01
Pearson correlation coefficients
As 1 0.75~ 0.45 0.4% 0.08 -0.56
Fe 1 0.55+  0.89»  0.51+ -0.9%+
S 1 0.37 0.58+ -0.63+
Mn 1 0.56+ -0.86+
Ca 1 -0.7%
Al 1

3Total inorganic carborfTotal organic carborfAscorbate-extractable As and Fe.
*Significance leveP <0.05, **significance leveP <0.01, ***significance leveP <0.001.
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Table S2. Physical and chemical characteristics of the 2#B0and <2um particle size fractions.

Depth Fraction TC As Fe Mn S As’ Fas® ASasd Feus
(Cm) 2-50pm <2um 2-50pum <2um 2-50pym  <2pm 2-50pm <2pm 2-50pum <2um 2-50pym  <2pm 2-50um  <2pm 2-50um  <2pm 2-50um <2pm
(%) (g/kg) (mol/mol)
Profile 1
0-5 10.5 - 51 - 15.4 - 91.1 - 4.7 - 21 - - - - - - -
8-10 17.2 3.4 0.9 2.1 86.4 89.7 266.2 P36. 8.5 11.1 4.0 0.4 26.2 62.2 40.4 115.8 480. 0.39
10-20 18.8 3.0 0.7 1.9 100.8 53.2 266.3 154.2 6.2 10.2 16.9 4.3 48.1 - 74.7 - 0.48 -
20-30 15.4 - 1.1 - 65.6 - 251.4 - 11.9 - 6.21 - 35.1 - 66.9 - 0.39 -
30-40 11.2 35 1.2 1.6 72.5 50.2 298.2 255.1 17.0 25.4 12.7 29 29.0 25.9 60.2 99.8 360. 0.19
40-50 8.5 - 0.4 - 62.8 - 318.7 - 16.8 - 3.6 - 8.1 - 25.8 - 0.23 -
50-60 39.8 4.8 0.4 2.5 13.8 51.6 150.3 217.3 23.1 15.5 0.9 1.6 7.1 34.6 22.4 94.5 0.23 0.22
60-70 31.1 - 0.2 - 14.9 - 167.1 - 22.4 - 0.9 - 9.8 - 39.2 - 0.19 -
70-80 43.6 3.9 0.2 2.8 12.8 43.4 152.2 221.2 19.1 18.4 4.7 0.5 5.9 28.7 24.1 88.5 0.18 0.24
80-90 13.3 - 0.2 - 81.4 - 271.6 - 8.6 - 2.9 - 52.5 - 86.4 - 0.45 -
90-100 5.7 3.1 0.3 2.8 102.8 214.0 337.3  8.41 17.3 31.3 2.5 0.6 46.7 66.9 83.7 129.2 410 0.35
Profile 2
0-10 14.1 2.1 2.6 2.4 35.6 23.4 142.4 149.3 6.3 16.7 3.4 0.2 20.8 19.2 47.1 54.7 0.33 260.
10-20 7.6 - 0.3 - 72.1 - 284.3 - 7.6 - 4.6 - 39.2 - 65.1 - 0.45 -
20-30 10.5 - 0.3 - 89.6 - 325.7 - 8.7 - 512 - 421 - 70.1 - 0.45 -
30-40 11.2 1.8 0.1 2.2 58.9 41.4 297.1 177.2 10.9 21.6 14.7 1.5 30.6 17.6 67.3 34.2 0.34 .380
40-50 7.6 - 1.4 - 52.8 - 341.9 - 14.1 - 114 - - - - - - -
50-60 10.7 2.2 0.4 25 60.2 39.7 292.8 207.4 14.6 25.2 10.9 1.6 16.2 25.3 33.9 80.1 0.36 .240
60-70 6.6 - 1.2 - 433 - 297.6 - 20.2 - 912 - 9.6 - 33.1 - 0.21 -
70-80 8.9 2.1 0.7 35 43.8 31.4 282.3 224.1 20.1 33.7 7.7 1.5 12.5 16.1 34.7 66.3 0.27 0.18
80-90 32.8 - 2.0 - 15.4 - 167.4 - 22.1 - 92 - 8.9 - 25.2 - 0.27 -
90-100 17.6 - 0.6 - 14.4 - 242.8 - 25.7 - 3.1 - 4.7 - 21.5 - 0.16 -
100-110 22.7 - 1.6 - 12.4 - 201.2 - 30.1 - 4.9 - 3.1 - 18.3 - 0.12 -
110-120 6.2 - 0.6 - 15.3 - 241.7 - 42.9 - 1.8 - 3.0 - 20.8 - 0.11 -
Profile 3
0-10 11.1 2.1 1.7 2.7 1.3 7.2 67.1 109.1 114 114 0.4 0.2 0.8 34 13.1 16.9 0.05 0.15
10-20 10.3 - 1.3 - 1.3 68.4 - 8.2 - 0.4 - 0.9 - 13.8 - 0.05 -
20-30 114 - 1.3 - 1.5 - 82.1 - 1.2 - 0.5 - 0.9 - 21.3 - 0.03 -
30-40 10.6 1.8 1.3 2.8 1.7 5.1 82.4 109.6 1.1 10.2 0.6 0.2 - 3.6 - 33.3 - 0.08
40-50 12.0 - 1.1 - 1.1 - 78.5 - 1.1 - 0.4 - - - - - - -
50-60 6.2 - 0.7 - 0.06 - 44.5 - 1.5 - 0.1 - - - - - - -
60-70 2.6 - 0.4 - 0.04 - 51.6 - 28 - 0.2 - - - - - - -
Pearson correlation coefficients
As 0.84+« 0.92= -0.04 0.42 0.66 -0.02
Fe 1 1 0.38 0.67 0.74 -0.01
Mn 1 1 0.07 0.07
S 1 1

Total carbon®Ascorbate-extractable As and Fe. *Significance llév€0.05, **significance leveP <0.01, ***significance leveP <0.001.
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Figure S3. XRD patterns of the <2 mm, 2-50 um, and <2 pmigarsize fractions of selected top-
soil samples from soil profiles P1-3. The main geale labeled as follows: Q, quartz; Ca, calcite; H
hornblende; K, kaolinite; I, illite; Chl, chloriteS, siderite; P, plagioclase. Peak positions fait@y
and arsenopyrite are marked with dashed lines (AsiEyPy).
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3. Arsenic reference compounds

Table S3. Arsenic reference compounds analyzed by XAS (Fig4e

Compound Chemical formula Source/synthesis
Arsenopyrite FeAsS natural
Loellingite FeAs natural
Orpiment AsS; natural
Realgar 0-AsS, natural
Pharmacolite CaHAs2H,0 natural
Arseniosiderite (Care;0,(ASOy)3- 2H0) naturdl
Pharmacosiderite (KEASOy)3(OH),- 6H:0) natural
Scorodite FeAs@2H0 natural
Amorphous ferric arsenate (AFA)  FeAs@+n)H,O syntheti€t
As(V)-Fh As(V) sorbed to ferrihydrite (As/Fe ~0.05) synthetié
As(ll)-Fh As(lll) sorbed to ferrihydrite (As/Fe ~@6) synthetit:

%Provided by the mineralogical collection of TU Bakgdemie Freiberg (German$iprovided by the
mineralogical collection of ETH Zurich (SwitzerlantMikutta et al*. “Langner et al.
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Figure S4. C-weighted AsK-edge EXAFS spectra of As reference compounds.
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4. As XANES analysis

As(lll) 11869 eV

As(-1) 11866 LCF fit results (%)
1 : Depth (cm) As(V)-Fh  AsPyr
0-5 — — 100 0
8-10 0 10
10-20 51 49
30-40 P 47 53
50-60 92 8
70-80 66 34
80-90 76 24
S 90-100 =4 L 63 37
o
5 0-10 — — 78 22
T 20-30 67 33
e 40-50 P2 82 18
E 60-70 88 12
E—, 80-90 - — 89 11
0-10 P3 — 100 0
20-30 _| | 100 0
AsPyr —
As(ll)-Fh
As(V)-Fh References
AFA —

11860 11870 11880 11890
Energy (eV)

Figure S5. Normalized AsK-edge XANES spectra for selected <2 mm soil sampled As

reference compounds and linear combination fittegults using As(V)-sorbed ferrihydrite (As(V)-

Fh) and arsenopyrite (AsPyr) as reference compowntthe final fits. As(lll) was not detected in any
of the samples. In the final fits, the sum of AA®(V)-Fh and AsPyr was constrained to 100%.
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5. Iron reference compounds

Table $4. Iron reference compounds analyzed by XAS (Fig@e S

Compound Chemical formula Source/synthesis
Pyrite Fe$ naturaf
Arsenopyrite FeAsS natural
Chlorite (Rlpldollte, Cca—Z) (Q@s)(Mg4_44Fe(|||)3_47Fe(||)3_02A|o_ed\/lno_01Tio_oe)(Si4_51A| 13_49)020(OH)16 natural
Siderite FeCQ@ naturaf
Scorodite FeAs@2H,0 naturalt
Amorphous ferric arsenate (AFA) FeAs@+n)H,O synthetié
As-HFO-0.39 Fe(lll)-As(V) coprecipitate (molar A€/Fatio = 0.39) synthefic
Ferrihydrite FeyO14(OH),Fe(OH) synthetié
Goethite a-FeOOH syntheti¢
Lepidocrocite y-FeOOH syntheti¢
Magnetite FeO, naturaf

%rovided by the mineralogical collection of ETH iwr (Switzerland).’Provided by the mineralogical collection of TU
Bergakademie Freiberg (German§§ource Clays Repository (Origin: Flagstaff Hill, Ebrado County, CA, USAfMikutta et al*
®This studyLangner et at.
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Figure S6. k>-weighted FeK-edge EXAFS spectra of Fe reference compounds.ABREFO-0.39
reference sample is an As-rich hydrous ferric oxuite a molar As/Fe ratio of 0.39.
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Figure S7. (a) X-ray diffraction patterns, (b) As-edge EXAFS, and (c) A¢-edge EXAFS spectra
of pure ferrihydrite (no As EXAFS), a range of FB{As(V) coprecipitates (CP) with molar As/Fe
ratios of 0.05-0.39, and amorphous ferric arse(@ak\). Numbers in (a) refer to the approximate
interplanard-spacings of the peak maxima in Angstrom. The C&KA = 0.39) sample corresponds
to the As-HFO-0.39 reference used for linear cortbam fitting (LCF) of Fe EXAFS spectra.
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6. XAS datareduction and analysis

XAS data reduction and linear combination fittingCE) were performed using AthefAd@rincipal
component analysis (PCA) and target transformafiof) testing were performed using SIXPdck.
Absorption spectra were normalized using a lineacfion in the pre-edge region (-200 to -30 eV
relative to the edge ener@y) and a quadratic polynomial in the post-edge megi®b0 eV to 690 eV
relative toEg). The EXAFS spectra were extracted using the Autalgorithm implemented in
Athena k-weight = 3). Linear combination fit analyses weagried out over thk-range 3.0-12.0 A
Starting from a single component fit € 1) yielding the lowest normalized sum of squatesidual
value,NSSR, the number of components was stepwise increaséahg as th&lSSR of the besn+1-
component fit was at least 10% below H8SR of the besin-component fit. The fitted fraction of
each spectrum was constrained between 0 and théubmponent sum was not forced to 100% in
order to obtain component ratios.

Iron and AsK-edge EXAFS spectra of the <2 mm, 246, and <2um soil fractions were
evaluated by PCA-TT in order to determine the numbé statistically significant spectral
components contributing to the EXAFS speétraThe PCA-TT analysis was carried out kh
weighted As and FE-edge EXAFS spectra overkaange of 3.0-12.0 & using the samE, for all
samples (11873 eV for As and 7128 eV for Fe). TI@ARanalysis revealed that 2-3 spectral
components were needed to reproduce the set ofAsOlEXAFS spectra, whereas 3-4 spectral
components were required to reproduce the setildFs&XAFS spectra. The suitability of Fe and As
reference spectra for LCF was further assessedlysing the first 3-4 components calculated with
PCA. This assessment is based on the classificafidghe As and Fe reference spectra using the
empirical SPOIL valué® ! Arsenic and Fe EXAFS references (Tables S3 andv8d) classified as
excellent (SPOIL 0-1.5), good (SPOIL 1.5-3), fa8PQIL 3-4.5), acceptable (SPOIL 4.5-6), and
unacceptable (SPOIL >6).For the As EXAFS references, TT analysis resuite@POIL values
(<4.5) for the following As reference compoundssearopyrite, As(V)-ferrihydrite, AFA, As-HFO-
0.39, and pharmacolite. For the Fe EXAFS referent@sanalysis resulted in acceptable SPOIL
values for arsenopyrite, ferrinydrite, AFA, As-HRICB9, chlorite, siderite, pyrite, goethite, and
magnetite. Poor spectra reconstructions with hi@ROIL values (>4.5) were found for all other As
and Fe reference spectra.

The FeK-edge EXAFS of the As-HFO-0.39 sample was extracigdg the Autobk algorithm
implemented in Atherfa(k-weight = 3). The frequency cut-off parametyi,, was set to 0.85 arig),
was defined as the maximum of the first XANES datike (7127.4 eV). The pre-edge region was
fitted with a linear function and the post-edgeisagwith a quadratic polynomial. The Fourier
transform was calculated ovier= 2.0-12.5 A using a Kaiser-Bessel apodization window with k sil
width of 3 A" Shell fits were performed iR-space oveR + AR = 1.0-4.0 A in Artemi¥ (fit k-
weight = 3). Theoretical phase-shift and amplitfalections were calculated with FEFF v.8.4 based
on the structures of scoroditend goethité? The passive amplitude reduction fact®f, was set to
0.9, andthe degeneracies and Debye-Waller parametérsf octahedral multiple scattering paths
were defined in terms of the Fe-O sHall.
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7. LCF analysis

Table Sb. Linear combination fitting (LCF) results of Fe ERA spectra of selected samples from soil profilgifduding
either amorphous ferric arsenate (AFA) or As-HFB30(an Fe(lll)-As(V) coprecipitate with a molar &g/ ratio of 0.39) as

possible Fe reference in the LCF (see box for &sréxplanation).

Size fraction

Fh

AFA  As-HFO-0.39

Sid

Chl

Sum NS

As in AFA or

As in AsPyr

As in AFA or

As in AsPyr

Depth AsPyr .
As-HFO-0.39 As-HFO-0.39 + AsPyr Explanation:
‘ _ (Fe EXAFS)  (As EXAFS)  (Fe and As EXAFS) (Fe EXAFS) Each sample was fitted three times:
(cm) (%) (normalized to sum = 100) (% of total As) . ithout AFA and As-HFO-0.39
0-10 <2mm 56 9 25 92 8.4 (i) withou and As-ArFO-U.
<2 mm 41 15 18 26 86 6.2 280 19 299 (i) with AFA
<2 mm 37 20 19 24 94 7.1 109 19 128 (iii) with As-HFO-0.39
as possible Fe reference.
2-50um 5 66 10 18 96 46
2-50pum 6 50 16 10 19 91 21 131 35 167 43 All fits included arsenopyrite
2-50um 5 41 25 1118 97 21 9 35 9 39 (AsPyr), ferrihydrite (Fh), siderite)
<Zum %6 1 52 52 (Sid), and chlorite (Chl) as Fe¢
<2um 54 36 10 89 23 98 98 references.
<2um 26 61 13 93 1.8 83 83 i
= From the fitted amounts of AFA o
30-40 <2 mm 6 58 12 24 03 77 As-HFO-0.39 (Fe EXAFS), thg
<2 mm 6 45 13 12 24 89 6.1 124 50 174 53 theoretical amounts of As present |n
<2 mm 6 41 17 12 24 92 7.0 48 50 98 53 these phases were calculated (in %|of
550 3 o1 m 0 e total As) to test the plausibility of the
-50pm . iy
2-50um 9 62 18 11 100 25 101 22 123 49 Fe EXAFS fits.
2-50um ’ 45 36 11 104 24 81 22 103 38 To these values, the amounts of Asfin
<2pm 36 12 92 17 arsenopyrite  determined by Ap
<2pm 70 18 12 91 1.9 105 20 125 EXAFS were added.
<2um 49 38 13 96 1.8 90 20 110 .
b For comparison, the amounts of As |n
20-80 <2pm 77 23 To1 5.2 arsenopyrite from Fe EXAFS are
<2pm 59 15 26 88 37 138 8 146 provided in the last column (only fo
<2um 50 26 24 99 4.6 71 8 79 the fits with AFA or As-HFO-0.39).
90-100 2-50um 3 78 5 12 83 5.4
2-50um 5 60 18 4 14 84 15 79 11 90 22
2-50um 3 37 43 5 12 86 1.9 65 11 76 13
<2um 86 14 89 10.9
<2um 54 36 10 86 2.3 79 5 84
<2um 26 61 13 97 1.8 49 5 54

3Normalized sum of the squared residuals (NSSR (%)@ (datafit;)%=(data)?).
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8. Shell-fit analysis of reference sample AssHFO-0.39

Mag + Re FT(;(k)k) (A

2 ' 4 ' 6 8 10 ' 12 ' 14
k (A R+ AR (A)
Figure S8. (a) k-weighted Fek-edge EXAFS of the Fe(lll)-As(V) coprecipitate wighmolar As/Fe
ratio of 0.39 (As-HFO-0.39), as well as (b) magdéuand real part of the Fourier-transformed

EXAFS. Experimental data and the fit are shown @il sand dotted line, respectively. Shell-fit
parameters are summarized in Table S6.

Table S6. EXAFS parameters determined by shell fitting of #heK-edge
EXAFS spectrum of the As-HFO-0.39 sambple.

Path CcN R (A) o? (A2)d AE (eVF  R-Factof  redy®
Fe-O 4.4(2)  1.98(0) 0.008(0) 4.2(5) 0.003 212
Fe-Fe 2.3(8)  3.08(1) 0.019(5)

Fe-As 0.39 3.32(2) 0.006(2)

Fe-O-C" 17.8 3.40(7) 0.015

Fe-O-Fe-C 4.4 3.90(3) 0.015

#Parameter uncertainties are given in parenthesethéolast significant figure. Parameters withotrbe
assignment were fixed or constrained in the’@pordination number (path degeneraciean half path
length.“Debye-Waller parametefEnergy-shift parametefR-factor =Y;(data-fit;)¥/ydata."Reducedy? =
Nigy/NorsY i ((data-fit)/e)5(Nigp-Nvar) ™, Wherenig, Ny andny, are, respectively, the number of independent
points in the model fit, the total number of datanps, the number of fit variables, agds the uncertainty

of thei™ data point figs/Nvar = 20/11)."CN = 4CN(Fe-O) and?® = 20%(Fe-0).'CN = CN(Fe-0) and?® =
20%(Fe-0).
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