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Routine determination of inorganic arsenic speciation in precipitates from acid mine drainage using orthophosphoric acid extraction followed by HPLC-ICP-MS

A simple chemical extraction method is proposed for the routine determination of the proportions of As(III) and As(V) species in iron-rich precipitates originating from acid mine drainage (AMD). The procedure consists of an orthophosphoric acid (1 M) extraction and subsequent analysis of As(III) and As(V) concentrations in the extract by HPLC-ICP-MS. The proposed method was validated on a series of synthetic As(III)/As(V)-schwertmannite samples and of AMD samples exhibiting various mineralogical compositions, total As concentration, As/Fe and As(III)/ΣAs ratios as determined by X-Ray Diffraction (XRD), total digestion-ICP-MS and synchrotron-based X-ray Absorption Near Edge Structure spectroscopy (XANES), respectively. High arsenic extraction efficiency (99 ± 10% of total As) was achieved with orthophosphoric acid since As-bearing iron phases that form in AMD are poorly crystalline.

As(III) and As(V) proportions determined using the chemical extraction method followed by HPLC-ICP-MS analysis well matched the arsenic redox data obtained from the As K-edge XANES spectra analysis, showing the possibility to routinely measure As oxidation state in AMD precipitates using this new simple extraction method.

Introduction

High levels of arsenic (As), in the form of As(III) and As(V), commonly occur in acid mine drainage (AMD) due to the oxidative dissolution of As-rich sulfidic ores. [1][2][3] Natural attenuation processes of AMD are known to involve microbially mediated Fe-and As-oxidation and precipitation, thus, limiting the dissemination of arsenic throughout downstream hydrosystems. 4,5 Both As(III) and As(V) species can sorb to secondary Fe-oxyhydroxides as ferrihydrite 6 and Fe-oxyhydroxysulfates such as schwertmannite. 7,8 Arsenic(V) can also be incorporated in jarosite that forms below pH 2 in AMDs. 9 For extreme As concentrations, Ascontaining minerals such as amorphous ferric arsenate 10,11 and tooeleite 4 may also form.

Since As(III) and As(V) have different geochemical behaviors and toxicity to the ecosystems, the knowledge of As oxidation state in secondary Fe-precipitates that form in AMD is essential to evaluate arsenic impacts to these environments and to optimize remediation strategies.

Synchrotron-based techniques as X-ray Absorption Spectroscopy (XAS) greatly improved our understanding of As behavior and attenuation processes in AMD-impacted environments by providing detailed information about As oxidation state in the solid phase using X-ray Absorption Near Edge Structure (XANES) spectroscopy and its distribution among As-bearing phases using Extended X-ray Absorption Fine Structure (EXAFS). [7][8][9][11][12][13][14][15] However, synchrotron-based XAS is unlikely to be used as a routine technique for monitoring As speciation in large sets of samples from field and remediation systems.

Chemical extractions followed by speciation analysis using hyphenated techniques (e.g. HPLC-ICP-MS, HPLC-HG-AFS) have been widely used to determine As oxidation state in soils and sediments. [16][17][18][19][20][21][22][23][24][25][26] However, these methods have not been tested and validated for the determination of As oxidation state in Fe-precipitates from AMD. Arsenic extraction from the solids represents a critical step because total As solubilization is not always achieved using 'soft' extractants, the most common being orthophosphoric acid [21][22][23] , while more aggressive extractants such as concentrated hydrochloric acid can fail in preserving As oxidation state. 24- 26 One major issue with regard to AMD samples was the presence of high amount of Fe(III) that is suspected to oxidize As(III) during the extraction step. 26 The objective of this study was to develop and validate a simple chemical extraction method for the routine determination of As oxidation state in As-rich Fe-precipitates that form in AMDimpacted streams and in AMD remediation technologies. This method relies on an orthophosphoric acid extraction followed by HPLC-ICP-MS (High Performance Liquid Chromatography coupled to Inductively Coupled Plasma Mass Spectrometry) analysis.

Validation has been performed by comparison with XANES spectroscopy. Moreover, robustness of the extraction method was tested by applying this method on a variety of AMD samples exhibiting various mineralogy, As content, As/Fe and As(III)/ΣAs ratios, and on synthetic As(III)/As(V)-schwertmannite samples. and the other one made with 50 g L -1 EDTA disodium salt (Chem-Lab, ACS reagent, 99-101%)

Materials and methods

were used to preserve As speciation in standard solutions and diluted samples before analysis. 27 These solutions were stored in the dark at 4 °C and kept for 6 months.

Arsenic(III) and As(V) standard solutions (1000 mg L -1 ) were prepared by dissolving an appropriate amount of NaAsO 2 (Sigma-Aldrich, ≥90%) and Na 2 HAsO 4 (Sigma-Aldrich, ACS reagent, 98,0-102,0%), respectively, in double deionized water. These solutions were stored in the dark at 4 °C and their stability was frequently checked. An intermediate standard solution containing a mixture of As(III) and As(V) (10 mg L -1 each) was prepared daily and preserved with 1% v/v acetic acid and 1% v/v EDTA solution. It was used for the preparation of calibration solutions in the same medium (1% v/v acetic acid-EDTA solution). Ammonium phosphate buffer (pH 8.0, 30 mM), used as HPLC mobile phase, was prepared from analytical grade NH 4 H 2 PO 4 (Merck) and (NH 4 ) 2 HPO 4 (Fisher Scientific).

Samples

A set of 29 samples representative of Fe-As precipitates commonly found in AMD-impacted streams was used in this study. These samples were selected for their variability with regard to mineralogy, total As content, As/Fe ratio and As(III)/ΣAs ratio (ΣAs = As(III) + As(V)).

Seven As-rich sediment samples, referred to as F1 to F7 (Table 1), originated from an AMDimpacted stream at the former Pb/Zn Carnoulès mine (Gard, France), four of which having been previously characterized (mineralogy, As content, As/Fe and As(III)/ΣAs ratios) by Morin et al. 5 After field sampling, solids were centrifuged and vacuum dried and preserved in sealed containers.

Seventeen further Fe-As precipitate samples, referred to as 0-G1 to 3B-G4 (Table 1) originated from a laboratory pilot system dedicated to biological treatment of Carnoulès AMD-water.

After collection of the solid samples, one subsample was placed in a vacuum desiccator, dried until constant weight and stored at 4 °C in sealed bag for further determination of total As and Fe content, together with As speciation using chemical extraction. Another subsample was dried in a glove box under Ar atmosphere for further characterization of the mineralogy and As speciation determination using X-Ray Diffraction (XRD) and XANES spectroscopy, respectively.

Finally, five synthetic reference samples, referred to as 100/0 to 0/100 (Table 1) consisted of mechanical mixtures of synthetic As(III)-and As(V)-sorbed schwertmannite were used as proxies for AMD mineral phases with well controlled As speciation. Prior to As sorption, schwertmannite was synthesized according to Barham 28 as detailed in the Supplementary Information (Section 1). After the exact chemical composition of each As(III) and As(V)sorbed schwertmannite endmember was checked following the protocol described in the Supplementary Information (Section 2), mechanical mixtures of As(III)schwertmannite/As(V)-schwertmannite were produced by mixing appropriate masses and kept under anoxic atmosphere until analysis.

Sample characterization

2.3.a. Total arsenic and iron concentrations

Total As and Fe concentrations were determined using a routine method involving an aqua regia digestion and ICP-MS analysis (see the Supporting Information, Section 2 for details); except for F1, F2, F3 and F4 samples, whose total As and Fe concentrations had been determined

previously by electron microprobe analysis. 5 

2.3.b. Mineralogy (XRD)

Powder XRD measurements were performed with Co Kα radiation using a Panalytical X'Pert Pro diffractometer. Depending on the amount of solid available, solids were either analysed as bulk powders in appropriate sample holders or were deposited on silicon single-crystal lowbackground sample holders. Data were collected in continuous mode between 5 and 80 °2 with a 0.033 °2 step, counting ~4 h per sample.

2.3.c. Arsenic oxidation state determined by XANES spectroscopy

Arsenic K-edge XANES spectra of samples were collected both at 15 K in transmission mode on the SAMBA beamline (SOLEIL, Saint-Aubin, France) using a Si(220) double-crystal monochromator, equipped with dynamic sagittal focusing of the second crystal and in transmission mode at 80 K on the XAFS beamline (ELETTRA, Trieste, Italy) using a Si(111) double-crystal monochromator. To preserve As oxidation state during these analyses, samples were mounted on the cryostat sample rod within a glovebox next to the beamline and quickly transferred into the cryostat. The incident beam energy was calibrated by setting to 11947 eV the energy position of the absorption maximum in the L III -edge of an Au foil recorded in doubletransmission setup.

XANES linear combination fits (LCF) using As(III) and As(V) model compounds were performed using an homemade program based on a Levenberg-Marquardt algorithm. Model compounds used to fit the experimental spectra were As(III) and As(V) coprecipitated schwertmannites 11 and tooeleite 5 (Supplementary Information, Figure S1). The fit quality was estimated using a reduced χ 2 as follows:

 2 R = 1 / (N ind -N p ) ∑ i =1,n [ µ(E)exp i -µ(E)calc i ] 2
with N ind = ∆E/NW (∆E : energy fitting range; NW: natural width of the As K level) the number of independent parameters, N p the number of fitting components, µ(E)exp i and µ(E)calc i the experimental and calculated data point i. Uncertainty on each refined parameter was estimated as 3 × √𝑉𝐴𝑅 ( 𝑝 ) 𝜒 𝑅 2 , where VAR(p) is the variance of parameter p returned by the Levenberg-Marquardt routine for the lowest  2 R value.

Arsenic speciation by chemical extraction and HPLC-ICP-MS analysis

2.4.a. Chemical extraction procedure

Chemical extractions were carried out using 50 to 100 mg of milled samples depending on the amount of available material. Samples were heated at 95 °C during 1 h on a hot plate with 15 mL of 1 M H 3 PO 4 in a polypropylene tube, under darkness and with manual shaking every 10 minutes. After the extraction step, samples were allowed to cool to room temperature and were filtered using a polypropylene syringe and a cellulose acetate syringe filter (0.22 µm). The first drops of the filtered extract were not recovered, allowing the syringe filter to be rinsed out.

Due to the high As content in the studied samples (31-240 mg g -1 ), extracts were diluted from 2000 to 10,000 times with an acid acetic-EDTA solution (1% v/v) before injection in HPLC-ICP-MS. Speciation analyses were carried within 6 h after extraction.

To check that no As(III) oxidation occurred during the extraction procedure, 100 mg of a selected sample (F7) was extracted with 15 mL of 1 M H 3 PO 4 spiked with a known amount of Preliminary test of different methods widely used in the literature 23,25,26 allowed to select orthophosphoric acid extraction on hot plate as the easiest method to implement (Supplementary Information, Section 3 and Figure S2).

2.4.b. Arsenic(III) and As(V) species analysis by HPLC-ICP-MS

Determination of As(III) and As(V) concentrations in the extracts was carried out by HPLC-ICP-MS (High Performance Liquid Chromatography coupled to Inductively Coupled Plasma Mass Spectrometry) as described in Héry et al. 29 . A 100 µl sub-sample of the diluted extracts was injected into the HPLC system (SpectraSystemP4000, ThermoScientific).

Chromatographic separation was performed by elution with a 1 ml min -1 flow of ammonium phosphate buffer (pH 8.0, 30 mM) through an anion-exchange Hamilton PRP-X100 column (25 cm x 4.1 mm i.d. x 10 µm) equipped with a precolumn (Figure S3 in the Supporting Information). Detection of As(III) and As(V) was carried out using an ICP-MS (X Series II, ThermoFisher Scientific). Arsenic species were calibrated with standard solutions of As(III)

and As(V) (5-20-100 µg L -1 ) and Ge was used as internal standard by continuous addition through a T-junction before introduction into ICP-MS. The detection limits were 0.1 µg L -1 for As(III) and 0.5 µg L -1 for As(V). Extraction blanks were performed and both As(III) and As(V) species represented less than 1% of As measured in samples.

2.4.c. Uncertainty determination

The Information (Section 4 and Table S1). The relative standard deviations (RSDs) were 2-6% for total As concentration and 3-11% for As(III) proportion. The largest RSD values were assigned to samples processed once (i.e. 6% for ΣAs and 11% for As(III)/ ΣAs).

Results and discussion

Sample characterization

Arsenic is a major constituent of all studied samples with As content ranging from 31 to 240 mg g -1 (Table 1). The mixtures of synthetic As(III)-/As(V)-schwertmannites had lower As concentration (31-48 mg g -1 ) than the laboratory AMD-precipitate samples (59-97 mg g -1 ) and the AMD-sediments collected at the Carnoulès mine (120-240 mg g -1 ). S4). Previous studies conducted at the Carnoulès mine showed that As was mainly trapped as tooeleite and amorphous ferric arsenate in AMD sediments close to the spring while schwertmannite was present further downstream, once As concentration had decreased in the dissolved phase. 4,5,11 Besides, in ageing experiments with Carnoulès AMD water, jarosite formed after most As had been removed from the dissolved phase. 30 Hence, schwertmannite, tooeleite and amorphous ferric arsenate and arsenite are likely to represent the main As-bearing phases in the AMD samples studied here. 

3.2.a. Total arsenic extraction yield

Total As concentration (ΣAs) determined by chemical extraction and HPLC-ICP-MS analysis was in good agreement with that determined by aqua regia digestion and ICP-MS analysis (R²=0.970, Figure 1a). Arsenic extraction yields averaged 99 ± 10% (n=28) and by taking into account uncertainties there were no significant differences between results obtained from both methods (Supplementary Information, Table S2), except for three samples namely F7, 3B-G3 and 10/90 schwertmannite mixture for which the extraction yield was 82, 72, and 120%, respectively. These discrepancies were neither related to the sample type (natural vs. artificial sample), nor to As concentration, As/Fe ratio or mineralogical composition and may rather result from the sample heterogeneity. It is noteworthy that no solid residues were observed in the extracts after the extraction step, except in the presence of quartz (F5, F6, F7, 0-G1 and 0-G2 samples). Overall, these results showed that all the studied As-bearing solid phases (i.e.

tooeleite, schwertmannite, amorphous ferric arsenate and arsenite) were fully dissolved using a simple orthophosphoric extraction and that As was completely recovered from these phases.

Wide ranges of As extraction yields, from few percent to complete recovery, have been reported in the literature for orthophosphoric acid extraction of soil or sediments samples. 17,20-23,2 5 Extraction efficiency appeared to depend on a great extent on the sample composition and the mode of As association with solid phases. Adsorbed As pool can be easily released from solid phases through competition between phosphate ions and As species at the solid surface while structural As in crystalline phases is more difficult to extract and necessitates the dissolution of mineral structures. 17,21,24,26 However, orthophosphoric acid may also be able to dissolve some mineral phases via proton dissolution and ligand-promoted dissolution mechanisms. 21,24 In AMD environments, freshly formed Fe precipitates usually consist of nanocrystalline, poorly ordered or amorphous phases 5,11 , which make those solids prone to be readily dissolved as observed in this study. 

3.2.b. Speciation of arsenic in orthophosphoric acid extracts i-Stability of arsenic speciation in the extracts

The stability of As oxidation state in orthophosphoric extracts throughout time was assessed to consider a possible storage delay prior to analysis by HPLC-ICP-MS. No significant conversion of As(III) into As(V) species was observed after 7 and 35 days for both undiluted extracts and diluted extracts, indicating that speciation analysis can be performed up to one month after the extraction (Figure 2). Arsenic species distribution was preserved despite the presence of high amount of dissolved Fe(III) in the extracts, probably due to the inhibition of Fe-mediated photooxidation processes ensured by a storage under dark conditions 31 and the complexation of dissolved Fe(III) with phosphate ions. 32 ii-Speciation of arsenic in AMD-precipitate samples Arsenic(III) was observed in the orthophosphoric extracts from all the studied AMD-precipitate samples except for pure synthetic As(V)-schwertmannite (Figure 1b). The proportion of As(III) compared to total As extracted (As(III)/ΣAs) ranged from 6 to 65% in field AMD-precipitates, from 20 to 81% in laboratory AMD-precipitates and from 0 to 99% in As(III)-/As(V)schwertmannite mixtures (Supplementary Information, Table S2). Arsenic(III)/ΣAs ratios obtained from the chemical extraction matched well with As(III) proportion values from the LCF-XANES analyses (R²=0.958, Figure 1b) and considering uncertainties of both methods (Supplementary Information, Table S2), no significant differences were observed for most Otherwise, as only 15 mg of sample are used for XANES analysis, small discrepancies could possibly be observed due to sample heterogeneity.

Altogether, the results indicated that As oxidation state of AMD precipitates was successfully preserved during and after the extraction step while several studies dealing with As speciation in soils and sediments reported a conversion of As(III) into As(V) during orthophosphoric acid extraction of As(III)-spiked samples. 17,20,21,24 This conversion was assigned to the co-extraction of some soil and sediment constituents, such as Mn and Fe, which could either oxidise As(III)

or catalyse its oxidation in the presence of dissolved oxygen. 21,25 In particular, Giral et al. 25 observed that the soil content in Mn oxides had a major influence on As(III) oxidation during the extraction. In the present study, the low Mn content (1-20 µg g -1 ) of the AMD precipitates would exclude such effect and as mentioned earlier, Fe(III) complexation with phosphate ions and dark storage may have inhibited the oxidation of As(III) into As(V) by reactive species produced from Fe(III) hydrolysis. Finally, the high As/Fe ratios in the solids might contribute to inhibit As(III) oxidation since a decrease in As(III) oxidation rate has already been evidenced with increasing As/Fe ratio during abiotic experiments dealing with As(III) oxidation in acidic Fe(III)-rich waters. 31 

Limitations of the proposed orthophosphoric acid extraction method

The AMD-precipitate samples exhibited high As content due to high dissolved As levels that characterize AMD waters at the Carnoulès mine. 4,13 Application of the proposed method to environmental samples in which As would be present at trace levels could imply a lower dilution of orthophosphoric acid extracts than in the present study, where dilution factors ranged from 2000 to 10,000. Previous studies showed that an orthophosphoric acid concentration up to 0.3 M did not significantly influence the chromatograms 20,21 , thus allowing a 4-fold minimal dilution following the proposed 1 M orthophosphoric acid extraction. Such a low dilution may be unappropriate due to the high Fe content of the extracts. However, considering the low detection limit for As(III) and As(V) species in HPLC-ICP-MS and the lowest dilution (2000fold) used in the present study, the method is applicable to AMD-precipitates with As(III) and

As(V) concentrations as low as 0.1 mg g -1 and 0.5 mg g -1 respectively, without any disturbance of the chromatographic separation due to matrix effect.

Additional improvement of the proposed method could be done by analysing As(III) and As(V) species in the orthophosphoric extract using a simpler and more cost-effective method such as HG-AFS (hydride generation-atomic fluorescence spectrometry). 33,34 

Conclusions

The application of a 1 M orthophosphoric acid extraction (95 °C, 1 h) followed by HPLC-ICP-MS analysis is a suitable method to determine As speciation in Fe-rich precipitates originating from AMD as well as in AMD-remediation devices. Total arsenic was fully recovered (99 ± 10%) from all the studied As-bearing phases consisted of amorphous Fe phases, schwertmannite and tooeleite which are representative of Fe precipitates forming in AMD. The comparison of speciation results from orthophosphoric acid extraction and HPLC-ICP-MS analysis with reference data from LCF-XANES analysis proves that the proposed method successfully preserved As(III) and As(V) species distribution during the entire procedure.

Moreover, at least a one-month delay is allowed between the extraction step and the speciation analysis of the extracts. Finally, the proposed method can be easily implemented and can consequently be recommended as a routine procedure for the determination of As oxidation state in As/Fe-rich precipitates from AMD-impacted streams and remediation devices.
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SYNTHESIS OF AS(III)-AND AS(V)-SORBED SCHWERTMANNITE

Prior to As sorption, schwertmannite was synthesized according to Barham (1997). A solution of FeSO4 (0.1 M) was adjusted to pH 2.5 with in an anaerobic chamber. The solution was then removed from the anaerobic chamber and oxidized using an excess of H2O2 while stirring and heating at 70 °C.

After 2 hours, the solid phase was recovered by centrifugation and dried under vacuum. Sorption of As(III) or As(V) onto synthetic schwertmannite was performed under anoxic conditions by adding appropriate amounts of a solution of As(III) 0.1 M (NaAsO2) or As(V) 0.1 M (Na2HAsO4 • 7H2O) to obtain solid containing ratio of 0.05 As/Fe (mol/mol) according to Maillot et al. (2013). Solids were then centrifuged and dried under vacuum in the anaerobic chamber.

Reference

Barham R. J. (1997) Schwertmannite: a unique mineral, contains a replaceable ligand, transforms to jarosite, hematite, and/or basic iron sulfate. J. Mater. Res. 12(10), 2751-2758.

DETERMINATION OF TOTAL ARSENIC AND IRON CONCENTRATIONS

Total As and Fe concentrations were determined using an aqua regia digestion followed by ICP-MS analysis. Digestion of solid samples was carried out in a class 10,000 clean room. All material was acidcleaned before use. About 0.1 g of milled sample was digested in PTFE reactor on hot plate using (1) 3 mL of 35% H2O2 during 16 h at room temperature followed by 24 h at 95 °C and (2) a 1:3 mL concentrated HNO3-HCl mixture (aqua regia) during 24 h at 95 °C. Samples were allowed to cool to room temperature and evaporated to dryness at 65 °C between the two steps and at the end of the procedure. Then, samples were brought to 30 mL using 3 mL HNO3 and double deionized water. Finally, samples were filtered to remove possible residues using a polypropylene syringe and a 0.22 µm cellulose acetate syringe filter previously rinsed with 10% v/v HNO3. Method blank and certified reference material digestion (Stream sediments LGC6189 from United Kingdom Accreditation Service) were performed.

Total As and Fe concentrations were determined after an adequate dilution using an ICP -MS, iCAP Q (ThermoFisher Scientific) equipped with KED (Kinetic Energy Discrimination Technology). A 10 µg L -1 Ge solution in 1% HNO3 (v/v) was injected on-line as internal standard. The quality of analytical methods was checked by analysing international certified reference waters (SLRS-5, NIST1643e); results ranged within 10% relative to the certified values. Analytical error (relative standard deviation) was better than 5%. Finally, accuracy was within 8% of the As certified value for the sediment reference material (LGC6189) and the procedural blank represents less than 0.1% of As and Fe concentration measured in samples.

COMPARISON OF EXTRACTION METHODS

Experimental section

In a first stage, in addition to the 1 M H3PO4 extraction method describes in section 2.4.a of the main paper (hereafter referred to as D"), the three following extraction protocols have been tested using 100 mg of samples. For that, F5 and F7 samples were selected because they contain both As(III)

and As(V) species (As(III)/ΣAs of 53 and 41%, respectively) and As is associated with crystallized phases from which As may be more difficult to extract than from amorphous phases. After the extraction step, samples were allowed to cool to room temperature and were filtered using a polypropylene syringe and a cellulose acetate syringe filter (0.22 µm). The first drops of the filtered extract were not kept allowing the syringe filter to be rinsed out. Extracts were diluted (10,000-fold for method A and B and 100,000-fold for method C) with an acid acetic-EDTA solution (1% v/v) and analysed by HPLC-ICP-MS as described in the section 2.4.b of the main paper.

Results

Arsenic was almost completely extracted (Figure S2a) whatever the extraction method used, with extraction yield averaging 77 ± 3% for F7 and 100 ± 7% for F5 samples.

Similar proportions of As(III), expressed as a percentage total As (As(III)/ΣAs), were obtained using the extraction methods A, C and D for both samples (As(III)/ΣAs = 46 ± 1% for F7 sample and As(III)/ΣAs = 41 ± 1% for F5 sample, Figure S2b). In contrast, the procedure B (1 M H3PO4 + 0.5 M ascorbic acid under microwaves) gave a higher As(III) proportion in F7 sample, with As(III)/ΣAs ratio of 89%, which implied either reduction of As(V) into As(III) during this procedure or As(III) oxidation with the other protocols. The latter assumption was inconsistent considering XANES data and suggest that a reduction of As(V) occurred during the extraction step. An As(III)/ΣAs ratio of 86% was obtained for F7 sample spiked with As(V) standard before applying the extraction procedure B confirming that As(V) was partially reduced during the extraction step.

On the basis of these tests, the method B was not tested further. Moreover, method D was preferred to the methods A and C. Indeed, H3PO4 concentration up to 0.3 M did not disturb chromatographic separation of As(III) and As(V) species (Gallardo et al., 2001), allowing a minimal 2000-times dilution factor for orthophosphoric acid extracts to be analysed, which remains compatible with the analysis of lower concentrated samples (see the section 3.3 of the main paper for details). Conversely, high chloride concentration in HCl extracts may generate polyatomic interferences during HPLC-ICP-MS analysis (Rahman et al., 2009). Finally, standard hot plate heating in procedure D was preferred to microwaveassisted extraction in procedure A for its easiest and cheapest implementation.

ARSENIC SPECIATION BY ORTHOPHOSPHORIC ACID EXTRACTION AND HPLC-ICP-MS ANALYSIS: UNCERTAINTY CALCULATION

The reproducibility of the orthophosphoric acid extraction method was determined through measuring replicate AMD-precipitate extracts for selected field samples (F5, F6 and F7) and laboratory samples (1A-G4 and 2A-G3) (Table S1). The relative standard deviations (RSDs) ranged from 1 to 6% for As(III) concentration and from 2 to 8% for As(V) concentration.

Total As concentrations (ΣAs) and As(III) proportions (As(III)/ΣAs) were calculated according to equations 1 and 2, respectively. The uncertainties of total As concentrations and As(III) proportions were assessed from an error propagation calculation on the basis of the standard deviation (σ) and average values obtained for As(III) and As(V) concentrations (equations 3 and 4, respectively). The relative standard deviations (RSDs) were 2-6% for total As concentration and 3-11% for As(III)

proportion (Table S1). Field sample -Tooe F6

  As(III) standard solution (corresponding to a two-fold increase of total As concentration) just before the extraction. Additionally, the stability of As redox speciation in orthophosphoric acid extracts throughout time was assessed. For that, extracts were immediately analysed by HPLC-ICP-MS after the extraction (T0). An aliquot of the extract was diluted 100-times in 1% v/v acetic acid-EDTA solution. Then, extracts and diluted extracts were kept at 4 °C in the dark and re-analysed with an adequate dilution after 7 (T7) and 35 (T35) days.

  uncertainties on the total As concentration (ΣAs) and As(III) proportion (As(III)/ΣAs) values obtained by chemical extraction and HPLC-ICP-MS analysis were assessed by means of an error propagation calculation taking into account the uncertainties on As(III) and As(V) concentrations. The latter were determined by repeating the whole protocol for selected field samples (F5, F6 and F7) and laboratory samples (1A-G4 and 2A-G3) and thus represent the reproducibility of both chemical extraction step and speciation analysis. The results for replicate samples and the detailed calculation of uncertainties are given in the Supplementary

5 b

 5 Data obtained by electron microprobe analysis 5 c Percentage of As(III)-Schwertmannite/As(V)-Schwertmannite 3.2. Efficiency of the orthophosphoric acid extraction procedure The efficiency of the extraction method was assessed with regard to total As extraction yield and As oxidation state preservation. Arsenic extraction yields are calculated by comparing the sum of As(III) and As(V) species (ΣAs) measured by chemical extraction and HPLC-ICP-MS analysis with the total As concentration determined by aqua regia digestion and ICP-MS analysis. Arsenic oxidation state preservation was assessed using XANES result as reference data. Bias on As(III) proportion given in section 3.2.b are regression residuals calculated as follows: difference between the value obtained from orthophosphoric acid extraction and the yvalue calculated using the regression equation in Figure 1b (orthophosphoric acid extraction vs XANES results) with XANES data as x-value.

Figure 1 :

 1 Figure 1: Relationship between a) total As concentration obtained by chemical extraction followed by HPLC-ICP-MS analysis and by total digestion and ICP-MS analysis and b) proportion of As(III) (expressed as a percentage of total As; ΣAs=As(III)+As(V)) determined by chemical extraction followed by HPLC-ICP-MS analysis vs. LCF-XANES data. Examples of LCF reconstruction of XANES signals are given in Figure S5 using the reference compounds presented in Figure S1 (Supplementary Information).

Figure 2 :

 2 Figure 2: As(III) and As(V) concentrations (mg g -1 ) in F5 sample determined by analysing undiluted extracts (n=3) and diluted extracts (stabilized by a 100-times dilution in 1% v/v acetic acid-EDTA solution, n=3), the day of the extraction (T0), after 7 days (T7) and 35 days (T35) of storage (at 4 °C under darkness).

  ). The larger negative bias on As(III)/ΣAs ratio was observed for F3 (-9%), F4 (-12%) and F5 (-10%) samples, whereas positive bias (i.e. an As(III) proportion determined by chemical extraction higher than XANES data) were observed for three laboratory samples: 2A-G2 (+12%), 2A-G3 (+6%) and 1B-G2 (+7%). It should be noted that there was no relation between the bias value and As extraction yield, As concentration, As/Fe ratio or mineralogical composition.In addition, the chemical extraction procedure was applied to the field AMD-precipitate sample F7 after doping with an As(III) standard; the spiked As(III) was completely recovered (102%) without conversion to As(V) confirming that As(III) oxidation does not occur during the extraction step. As the samples F3 and F4 were collected at the Carnoulès mine in 20005 , a partial oxidation of As(III) upon ageing could explain the lower As(III) proportion observed with the chemical extraction method rather than As(III) oxidation during the procedure.

  Protocol A-Extraction with 15 mL of 1 M H3PO4 (VWR Chemicals, analytical grade, 85%) in an acid-cleaned Pyrex tube. The sample was maintained at 60 W during 10 min using a microwave system (Discover SP-D Plus, CEM®) (Rahman et al., 2009). Protocol B-Extraction with 15 mL of 1 M H3PO4 (VWR Chemicals, analytical grade, 85%) + 0.5 M ascorbic acid (Sigma-Aldrich, 99.7-100.5 %) in an acid-cleaned Pyrex tube. The sample was maintained at 60 W during 10 min using a microwave system (Discover SP-D Plus, CEM®) (Giral et al., 2010). Protocol C-Extraction with 2 mL of 4 M HCl (Merck, Suprapur, 30%) + 10% acetic acid (VWR Chemicals, analytical grade, 100%) in a polypropylene tube. The sample was heated at 95 °C during 1 h on a hot plate (Huang and Kretzschmar, 2010).

Equation 1 :Figure S1 :Figure S2 :Figure S5 :

 1S1S2S5 Figure S1: XANES spectra of reference compounds used for linear combination fitting procedure applied to experimental XANES spectra of AMD samples.

  Crystalline phases were found in some of the Carnoulès AMD sediment samples including tooeleite (Fe 6 (AsO 3 ) 4 (SO 4 )(OH) 4 '4H 2 O), jarosite (KFe 3 (SO 4 ) 2 (OH) 6 ) and quartz. The dominant phase consists of amorphous ferric arsenate and arsenite.

	Iron concentrations
	ranged from 36 to 57 wt.% in synthetic schwertmannite mixtures, from 30 to 38 wt.% in
	laboratory AMD-precipitates and from 16 to 30 wt.% in natural AMD-sediments, with
	corresponding As/Fe molar ratio of 0.1, 0.1-0.2 and 0.5-0.7, respectively.

5 

The laboratory AMD-precipitate samples consisted exclusively of nanocrystalline schwertmannite (Fe 8 O 8 (OH) 6 SO 4 ) and amorphous ferric arsenate and arsenite. An overview of the mineralogy for each group of samples is given in the Supplementary Information (Figure

Table 1 :

 1 Total As (mg g -1 ) and Fe concentrations (wt.%), As/Fe molar ratio and mineralogy of field and laboratory AMD-precipitates and synthetic As(III)-/As(V)-schwertmannite mixtures.

		Chemical composition		Mineralogy		
	Sample As (mg g -1 )	Fe (wt.%)	As/Fe Schw. Tooel.	Amorphous arsenate/arsenite ferric	Jarosite Quartz	Ref.
	AMD-precipitates (field samples)					
	F1 (S32F00) a	220 b	26 b	0.6		x		
	F2 (unpubl.)	120 b	n.d.	n.d.		x			Morin
	F3 (S30F00) a	210 b	28 b	0.6	x	x			et al. 5
	F4 (Cs12) a	240 b	30 b	0.6	x	x		
	F5	145	17	0.6	x	x	x	x
	F6	138	21	0.5	x	x	x	x
	F7	157	16	0.7	x	x	x	x
	AMD-precipitates (laboratory samples)				
	0-G1	76	30	0.2	x	x		x
	0-G2	66	34	0.1	x	x		x
	1A-G4	84	34	0.2	x	x		
	1B-G1	83	35	0.2	x	x		
	1B-G2	81	34	0.2	x	x		
	2A-G1	75	36	0.2	x	x		
	2A-G2	68	37	0.1	x	x		
	2A-G3	95	35	0.2	x	x		
	2A-G4 3A-G1 3A-G2	70 97 79	36 36 36	0.1 0.2 0.2	x x x	x x x			This study
	3A-G3	71	36	0.1	x	x		
	3A-G4	73	38	0.1	x	x		
	3B-G1	72	36	0.1	x	x		
	3B-G2	62	37	0.1	x	x		
	3B-G3	59	36	0.1	x	x		
	3B-G4	n.d.	n.d.	n.d.	x	x		
	Synthetic As(III)-/As(V)-schwertmannite mixtures			
	100/0 c	48	57	0.1	x			
	90/10 c	45	53	0.1	x			
	50/50 c	37	44	0.1	x			
	10/90 c	32	38	0.1	x			
	0/100 c	31	36	0.1	x			

a Sample reference in Morin et al.
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Figure S4: X-Ray powder diffraction data obtained for selected AMD samples used in this study (F6, 0-G2, 90/10, 3A-G2). Each diffractogram is representative for a group of samples presented in the Table 1. Too stands for reflexions from Tooeleite, Ja for Jarosite, Qz for quartz, and Sw for schwertmannite.