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S1. ARSENIC REMOVAL FROM GROUNDWATER IN BANGLADESH

Arsenic (As) is a non-essential element and its occurrence in products dedicated for human consumption
such as rice 2 or drinking water * poses a threat to human health resulting from the mostly geogenic
contamination of groundwater. The World Health Organization recommends an upper limit of 10 pg/L As
in drinking water. In industrialized, high-income countries, large-scale treatment facilities are operated for
As removal.* Despite global efforts to provide access to safe drinking water to everyone, 80 to 220 million
people, mostly in Southeast Asian countries consume drinking water with geogenic As concentrations above
10 ug/L.> Depending on the geochemical composition of the water source, different As removal methods
are applied. In Vietnam, anaerobic groundwater often contains ferrous iron (Fe(II)) that is oxidized to ferric
iron (Fe(IIT)) when the water is pumped to the surface and aerated.® At near-neutral pH, Fe(III) rapidly
precipitates as hydrous ferric oxides (HFO) to which As is adsorbed.”-® This principle is used in sand filters
with sufficient residence time for Fe(Il) oxidation and precipitation to occur and thus to eliminate As from
the filtered water.” In contrast, groundwater in other regions, for example Nepal, !° Burkina Faso !! and rural
Bangladesh often contains concentrations of Fe(Il) that are too low to effectively remove As, or higher
levels of phosphate that interfere with As removal by competing for sorption sites.” !2 In this case, Fe(II)
must be added artificially, e.g., through the corrosion of zerovalent iron (ZVI), to enable the removal of As
and P. In Bangladesh, the commercial ZVI-based, “SONO filter” provides such a low cost means for
decentralized household-level As-removal from drinking water.!> '* ZVI corrosion is also a prominent
method in the remediation of trichloroethylene or explosives from groundwater using permeable reactive

barriers.!318

The SONO filter contains a composite iron matrix (CIM, here denoted as ZVI), which corrodes in contact
with aerated groundwater and releases Fe(Il) into solution (eq. S1). At neutral to alkaline pH, Fe(Il) is
rapidly oxidized to Fe(III) that precipitates as HFO of varying crystallinity and structure such as ferrihydrite
(Fh), lepidocrocite (Lp) or goethite (Gt) (HFO denoted as Fe(OH);, egs. S2) *'# or as carbonate green rust

(GRC) at low dissolved oxygen (DO) concentrations.'? 2

2Fe® + 0, + 4C0O, + 2H,0 — 2Fe?* + 4HCO3 (S1)
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2Fe?* + 4HCO3 + 20, + H,0 - 2Fe(OH); + 4C0, (82)

GRC was discovered as a corrosion product in steel pipes?!' and thereafter also identified in natural systems
such as soils or aquifers.??>* The GRC window of stability is narrow and GRC rapidly transforms into Lp,
Fh or Gt in the presence of DO. By reaction with Fe?*, on the other hand, GRC can transform into magnetite
(Mag).?> GRC has the ability to adsorb As(IIT) and As(V), 263! but also other oxyanions such as phosphate
32 or silicate **. The kinetics of GRC transformation and the nature of the products were shown to strongly
depend on the water chemistry and adsorbed oxyanions.?> 2% 3* GRC was reported to contribute to As
removal in sediment remediation using ZVI-based permeable reactive barrier 2° and to As removal from

drinking water using an electrocoagulation process.?’

In reducing groundwater, As mainly occurs as As(IIl) (H3AsOs, arsenous acid / arsenite), which tends to be
more mobile than As(V) (H3AsOs, arsenic acid / arsenate). At relevant pH values (7-9), arsenate occurs as
negatively charged oxyanion (H,AsOs / HAsO4*), whereas arsenite mainly occurs as fully protonated
species explaining its enhanced mobility. Through intermediates formed during the oxidation of
Fe(IT) — Fe(IlI), arsenite can be oxidized to arsenate *° which then can strongly adsorb to the HFO formed

during ZVI corrosion 3¢,

These processes occur during filtration of fresh water in SONO filters, when DO is continuously transported
into the ZVI matrix. Without further water being added to the filter, the DO concentration in the stagnant
water is depleted by ZVI corrosion. Thereafter, ZVI corrosion may continue by the reduction of protons

(H") to hydrogen (H.), a process that is significantly slowed as the pH increases concomitantly (eqn. S3).
Fe® + 2C0O, + 2H,0 - Fe?* + H, + 2HCO3 (S3)

The released dissolved Fe?', can induce the formation of the dense, mixed-valence Mag (p = 5.2 g/cm?)

from the lower density HFO or GRC. 14.25:37

2Fe(OH)5 + Fe?* + 2HCO3 — Fe30, + 4H,0 + 2CO0, (S4)
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This reaction reduces the molar volume of the Fe solids in the pores and thereby may also reduce the risk
of pore clogging and increasing hydraulic resistance of the filter column. At the same time, Mag may also

effectively immobilize As(III) through adsorption and As(V) through structural incorporation.?

Although a general understanding of the geochemical processes involved in the As removal in filters
depending on the geochemistry of the raw water, has been acquired in the last decades, a mechanistic
understanding of the coupling of these geochemical reactions with the hydrodynamics at the pore scale, is
currently missing. Therefore, pore-scale studies are necessary to gain insights into these coupled processes
that enable the design of more effective filter schemes. Furthermore, they are also essential for an improved

understanding of the controlling processes in ZVI-containing reactive barriers for groundwater remediation.

S2. SUPPORTING MATERIALS AND METHODS

Chemicals and synthetic groundwater preparation. Quartz (CAS #: 14808-60-7, 50-70 mesh particle
size, Sigma-Aldrich) was sieved to between 200 and 250 um using two sieves (Retsch). ZVI (CAS #: 7439-
89-6, -50/+100 mesh, 99.8+% metal basis, analysis results in Table S1, American Elements) was sieved to
between 200 and 250 um as well. CaCO3;, NaHCO3, Na,SiOs - 9 H,O, NaH,;POs - H,O were obtained from
Sigma Aldrich in analytical grade quality and used as received. Synthetic groundwater was prepared similar
to previous work.* First CaCOs was added to doubly deionized (DDI) water and dissolved by purging the
solution with CO, overnight, resulting in a pH of ca. 5.6. Solid NaHCO; was then added. Thereafter,
Na,SiO; - 9 HoO was added from a 20 g/L Si stock solution while the solution was stirred vigorously.
Subsequently, air was passed through the solution to raise the pH to = 7.0. Then, NaH,PO, was added from
a 20 g/L P stock solution. Air was passed through the solution until it reached pH 7.50. Arsenite was added
from a 1000 mg/L NaAsO: stock solution. Finally, the pH was readjusted to 7.50 by further air/CO; purging.
The synthetic groundwater was stored in the dark at 3 °C for up to 50 days. The pH increased to 7.6 after 2
weeks of storage time and was readjusted to 7.5 by air/CO; purging. The calculated concentrations of Na,

Si, P, Ca, As, HCOs  were 3, 0.5, 0.1, 1.5, 0.0067, 4.9 mmol/L, respectively (Table S3).

sS4



Speciation of dissolved As by high performance liquid chromatography. Concentration of dissolved
As(IIT) and As(V) were measured by high performance liquid chromatography (HPLC, Agilent 1260
Infinity II) coupled to an Agilent 8900QQQ ICP-MS (HPLC-ICP-MS) after adaption of a method by Raber
et al® Chromatographic separation was done using a Hamilton PRP-X100 HPLC column
(150 mm x 4.1 mm, 5 pm particle size) after 20 pL injection and a 1 mL/min mobile phase flow with a
malonic acid gradient from 4 to 40 mL at pH 5.2. The total run time was 6 min. Arsenic was measured using

ICP-MS/MS with mass shift after reaction with O,.

Microchannel impregnation. To impregnate the microchannels and prepare them for X-ray measurements,
24 mL of resin were mixed with 3 mL of hardener (ratio according to the manufacturer; EpoFix, Struers,
Denmark), stirred thoroughly and degassed at 200 mbar for 20 min until no further gas bubbles appeared.
The degassed mixture was filled into a disposable syringe (B. Braun) and injected into the aged
microchannels at 100 pL/min for 5 min using a syringe pump (PHD Ultra, Harvard Apparatus). The resin
was allowed to harden for 48 h in a glovebox under nitrogen (N») atmosphere (O, and H,O < 0.1 ppm). The
glass cover was removed using a diamond-file and a surgical blade. The resin cast was several micrometer
elevated against the chip body due to a removed glue layer (Figure 1b). This elevation were removed on a
diamond grindstone (Diamond sharpening system, DMT). Finally, the top was polished using diamond
polishing pastes of 6 - 12 pm and thereafter 1 pm diamonds (FUTURO G10 and GO1). From the polished
microchannels, transmitted and reflected light optical microscopy images were recorded. The impregnated
microchannels were stored in the glovebox prior to X-ray measurements. Models A and B were investigated
using a benchtop micro-XRF spectrometer (M4, Tornado, Bruker) and Model B was additionally
investigated by scanning electron microcopy including energy dispersive X-ray measurements (15 kV
acceleration voltage, NanoSEM, FEI). These measurements were performed after the synchrotron

measurements.

Synchrotron X-ray data acquisition. X-ray spectroscopy was performed at the KIT Light Source
(Karlsruhe Institute of Technology, Germany). The electron storage ring was operated at 2.50 GeV and

initially ca. 150 mA, the beam current constantly declining during operation. The storage ring was refilled
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daily to 150 mA. At the SUL-X beamline, a 27 pole in-vacuum wiggler provides synchrotron light, which
is monochromatized by a Si(111) double-crystal fixed exit monochromator (DCM). The monochromatized
beam is focused by Kirkpatrick-Baez mirrors and cut by horizontal and vertical slits. The samples were kept
in a huge vacuum chamber at 1.2 x 105 mbar at room temperature during three days of measurements. Three
ionization chambers were used to record the transmission signal of the sample and of a Fe or Au foil used
for energy calibration. A 7-channel silicon drift detector was used to record the X-ray fluorescence (XRF)
signal. The cumulative counts within selected energy regions encompassing specific fluorescence lines
(regions of interest) were recorded for P, Ca, Fe and As. Additionally, the Fe fluorescence pileup and Si
escape peak were recorded, but mostly remained insignificant. A weak pileup was observed where ZVI

grains were directly exposed to the surface.

Micro-focused XRF mappings (u-XRF) at 12.5 keV (for Fe, Ca and As) and at 3.95 keV (below the Ca K
edge for P measurements to avoid secondary P excitation from Ca Ka fluorescence) were recorded (Model
A: 10.70 x 5.14 mm? and Model B: 24.62 x 5.50 mm?). The beam was focused to 40 x 40 um?. To display
the u-XRF data, the color intensity was scaled between 1 (for pixels with ROI counts exceeding or equal to

the counts of 99.5% of all pixels) and 0 (minimum counts).

For micro focused X-ray absorption spectroscopy (1-XAS) measurements at the As and Fe K-edges, the
beam size was set to 50 x 50 um? to reduce the flux density and thus prevent beam induced speciation
changes in the sample. Fe p-XAS spectra were recorded from 6978.5 eV to 7512.5 eV and As u-XAS from

11,722 eV to 12,256 eV (both k=10 A-") with 0.3 eV steps around the edge in both cases.

Fe chemical images in four areas of interest (sizes in Table S2) were reconstructed from 20 Fe pu-XRF maps
(beam size 40 x 40 pm?) recorded at 20 energies around the Fe K-edge.*® This data revealed the spatial

distribution of Fe-phases and their relation to the colors in the microscopy images and to the As distribution.

Full field Fe X-ray absorption near edge structure (XANES) measurements for full field spectroscopic
imaging were performed at the XAS beamline, where a 1.5 T bending magnet provides synchrotron light

that is monochromatized by a Si(111) DCM.*! The full field data acquisition setup has been previously
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described.*? Briefly, the X-ray beam of around 12 x 1.1 mm? passed through the sample at 90°. The
transmitted beam hit a YAG fluorescence screen and the visible light image was recorded by a PCO-edge
camera. Between the recording of the radiograms at increasing energy values, the sample was moved in and
out of the beam by a hexapod (M-850.50 Hexapod, PI USA, operated at um-precision) to determine the
spatially distributed photon intensity with and without the sample. Per run, the method allowed the parallel
recording of more than 500,000 XANES spectra with an effective 5 x 5 um? pixel resolution, at 312 energies
between 6962 and 7664 eV and with an 0.5 eV stepsize over 79 energies around the Fe Ka-edge. On Model
A, 4 runs with about 200 um vertical overlap were recorded to obtain a dataset of 2495 x 873 pixels

covering an area of 11.84 x 4.14 mm?.

XAS reference spectra. Reference spectra were recorded to analyze XAS data by linear combination fitting
(LCF). For Fe, reference spectra of Mag (Sigmal Aldrich), 2- and 6-line Fh were measured in transmission
mode at the SUL-X beamline, using the same settings as for p-XAS measurements. A siderite spectrum was
available but did not improve the fit quality. Reference spectra of Lp with a low degree of crystallinity and
an Fe-phosphate precipitated in the presence of high Ca concentrations (CaFeP) were obtained from Senn
et al. (2015).* A GRC reference spectrum was kindly provided by Case M. van Genuchten (Geologic
Survey of Denmark and Greenland). A vivianite (Viv) reference spectrum recorded at the XAS beamline
(KIT Light Source, Germany) was kindly provided by Mingkai Ma (University of Utrecht). The Viv sample
was synthesized according to a method described in Al-Borno and Tomson (1994),* except that N,-filled

glove bag instead of an anoxic chamber was used for the synthesis.

For As, reference spectra of As(Il) adsorbed onto goethite, NaAsO, and Na;AsO; were recorded at the
SUL-X beamline, using the same settings as for p-XAS measurements. Reference spectra for As(IIl) and
As(V) adsorbed onto ferrihydrite and goethite that had also been recorded at the SUL-X beamline were
kindly provided by Hongyang Wang (KIT), and reference spectra for As(I1l) and As(V) adsorbed onto green
rust and magnetite and of As(V) incorporated into magnetite > were provided by Case can Genuchten

(Geological Survey of Denmark and Greenland). Based on preliminary LCF analyses, the reference spectra
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of As(III) or As(V) adsorbed onto ferrihydride (Fh) (As(IIl)-Fh and As(V)-Fh) and of As(V) incorporated

into magnetite (As(V)-Mag) were retained for the final XANES LCF analysis.

Evaluation of Fe K-edge n-XAS data. For Fe, the transmission data were in general evaluated, with the
exception of pFe 17 (Model A). Nevertheless, some spectra suffered at locations with very high Fe
concentrations were distorted in both fluorescence and transmission mode because of over-absorption

(fluorescence) or spectral compression (transmission). These spectra were removed from the analyses.

Normalization and background subtraction of spectra was performed using the Athena software code.*® To
extract the Fe K-edge EXAFS spectra, the AUTOBK algorithm implemented in the Athena software code
was used with an Rykg value of 0.85. The LCF analyses of the XANES and EXAFS data were performed

using Matlab by solving

arg(min( 3|i — M%|*)) (S5)

using the Levenberg-Marquardt algorithm, where [i is a vector containing the normalized X-ray absorption
coefficients relevant for the LCF, M is a matrix containing the normalized X-ray absorption coefficients of
the relevant reference material spectra and X is a vector containing the contributions of the individual
reference material spectra (x;), which were allowed to contribute with a factor between 0 and 3 and thus
constrained to non-negative values. For each LCF, eq. (S5) was solved 200-times with randomly generated
initial conditions (entries in X) between 0 and 0.5 of each reference material spectrum. After fitting 200-
times with varying initial conditions, the fit with the best result for eq. (S5) was accepted. For the automated
analysis of a large number of spectra, this procedure yielded significantly improved results as opposed to
constant initial condition, e.g., 1/n X [1,1,..,1]T, where n is the number of references. This evaluation
procedure was used for the LCF to p-XAS spectra and chemical imaging data. For u-XAS LCF, Fe XANES
was evaluated between 7108 and 7180 eV, and Fe EXAFS between £ = 3 - 8 A-'. Arsenic XANES was
evaluated between 11854 and 11939 eV. Reference spectra and LCF results are included in this SI (Figure

S7, Figure S8, Figure S18 and Table S5 to Table S10). We recorded the normalized sum of squared residuals
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(NSSR) for all XANES and EXAFS LCEF, the fitting results (normalized individual fractions) and the sum

of all fitted fractions. The energy shift was never fitted.

Evaluation of As K-edge n-XAS data For As, the fluorescence XANES data was evaluated due to the
generally lower As concentrations compared to Fe. All XANES were of sufficient quality and were analyzed

in the same manner as the Fe XANES indicated above.

Evaluation of Fe chemical imaging data. In four areas of interest, chemical images were recorded at the
Fe K-edge to determine the Fe speciation distribution. For the construction of chemical images, u-XRF
maps were recorded at 20 energies across the Fe K-edge (7040, 7080, 7110, 7114, 7115, 7117, 7118, 7119,
7120, 7122, 7125, 7128, 7130, 7132, 7135, 7140, 7170, 7200, 7250, and 7350 eV). The u-XRF maps were
stacked, and the normalized spectra in each pixel were evaluated by LCF. On each spectrum, ten LCF with
varying, randomized initial component fractions were performed and the best fit was accepted (see above).
Based on previously derived data quality criteria that account for data quality and the difference in the
reference spectra, we find that in between 75% (area of interest 2) and 84.0% (area of interest 1) of all pixels,
the dominant component was correctly determined.*® The high uncertainty was related to the spectral
similarity between the references in the XANES as we similarly showed for oxidized or sulfidized copper

species.®

Evaluation of full field Fe XANES data. Around 2,200,000 full field XANES spectra were recorded on
Model A. The spectra were normalized and a principle component analysis (PCA) was performed to identify
the principal spectral components. The first 5 principle components were used to calculate the respective
loadings at each point for the components. The second and third component showed in lot of cases either
positive between 0.5 — 2 or negative values between -3 and -0.5. We therefore used in a three component
RGB-plot. Zero was selected for negative values and one for positive values. For each area identified by
cluster analysis, a representative spectrum was derived by averaging the normalized XANES spectra over a
sub-area. All these computations were performed using custom scripts based on the Igor Pro software code

(WaveMetrics).
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The average spectra of the different clusters were interpreted by comparing them with relevant Fe reference
spectra and p-XANES spectra recorded on the microchannels (bold, black lines Figure S17). Based on their
similarity to reference spectra, these clusters are referred to as Lp-like, Mag-like, GRC-like and metallic Fe-
like (from top to bottom). In addition, the reference spectra used for the LCF analysis of u-XANES spectra
and chemical imaging data are displayed (dashed, blue curves). To relate the full field cluster spectra that
suffer from spectral compression (due to locally enhanced absorber concentrations) to the u-XANES data,
selected spectra are displayed (dotted, red curves). In Figure S17 we use the labels *? to refer to the four
average spectra calculated from the four clusters. * LCF results for pr. 3 (Model B) are dominated by 65%
CaFeP and 16% Lp, Ppre 61 (Model B; not included in the main analysis due to a low sum of fitted EXAFS
fractions) is dominated by 33% GRC, 29% Mag and 21% CaFeP (NSSR = 0.00022), ¥ pr. 2 (Model A) is
dominated by 46% GRC, 35% metallic Fe and 19% Viv, and ° pre 32 (Model A) is represented by 100%

metallic Fe.

The combination of the full field and u-XANES LCF results indicated that the Lp-like cluster is best viewed
as representative of CaFeP and Lp, the Mag-like cluster as representative of a mixture of GRC and Mag
(This explains the onset of the edge at lower energies compared to Mag and the light shoulder at energies
just below the white line.) The GRC-like cluster can be seen as a mixture of GRC, metallic Fe, and Viv
(This explains the onset of the edge at lower energies compared to pure GRC and the splitting of the white
line). The metallic Fe-like cluster can be viewed as pure ZVI (suffering from extreme spectral compression

and a resulting apparent shift of the onset of the edge to lower energies).

S3. SUPPORTING EXPERIMENTAL DATA

Head loss evolution in constant and intermittent laboratory flow columns. Two glass columns
(d =10 mm, L = 100 mm, Omnifit) were filled with 3 cm, 1 cm and 2 cm of quartz grains, ZVI grains and
quartz grains from bottom to top, respectively (Figure S26). The quartz (Sigma Aldrich) and ZVI (American
Elements, 99.8+% purity) grains were -50/+100 Mesh (d = 150 - 300 um) (compare Materials and Methods

section). In total, each column contained 5.4 g quartz and 3.0 g ZVI. Cotton was added to the top of the
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upper quartz layer. In a trial experiment, column fittings were mounted on top and capillaries were used to
transport the column effluent to the waste. However, oxygen diffusion through the fittings and capillaries
led to Fe-hydroxides precipitation in the fittings and significantly impacted the head loss measurements.
Operating the column with an open top prevented this issue. No red/orange Fe(Ill)-hydroxide precipitates
were visible on the upper end of the quartz grains, i.e. DO diffusion from the top side was insignificant.
Synthetic groundwater electrolyte as used in the microchannel experiments was passed through the columns
in upflow mode, at a flow rate of 5 mL/h using two peristaltic pumps (Gilson). One column was operated
continuously, the other column was operated intermittently with 12 h of flow followed by 12 h of no-flow
(stagnation). Below the inflow of each column, an uncompensated gage pressure transducer (24PC series,
0-30 psi (0-2.07 bar) range, Honeywell) was installed using a T-piece. The transducer output signals were
recorded by a memograph (Ecograph T RSG35, Endress+Hauser) using a 1 Hz sampling frequency and
exported as 1-min average values. The pressure transducers were externally calibrated against a compressed

air bottle pressure indicator between 0 and 2 bar at 10 points (R? = 0.9993).

Using Darcy’s law (eq. S6) with the hydraulic gradient (i) and the hydraulic conductivity (K), (eq. S7) the
relation between flux (J), volume flow (Q) and column cross section (4) and (eq. S8) the definition of the
definition of the hydraulic gradient with hydraulic head (AH) and length of the column (L), we calculate the
hydraulic conductivity (eq. S9). The hydraulic head (AH in m) is calculated from the pressure drop (in Pa)

through the hydrostatic equation.

J = —Ki (S6)
j=2 (S7)
(= -8 (S8)
k=22 (S9)

The head losses/hydraulic conductivity of the columns in constant and intermittent flow mode are compared

(Figure S27). The head loss of the intermittent flow column was around 0.1 bar in the beginning of the
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experiment and stabilized at 0.11 to 0.12 bar before the end of the experiment. This translates into a
hydraulic conductivity of 0.8 x 10% m/s, comparable to silty sand.*” Although the head loss of the constantly
operated column started off comparably, it continuously increased until the end of the experiment and the
average hydraulic conductivity in the column decreased to around 1077 m/s. Therefore, we conclude the
intermittent flow operation to be beneficial at preventing a rapid increase in hydraulic resistance, at least on
short time scales. Although pressure drop and changes in hydraulic conductivity were averaged over the
entire length of the column, significant changes likely resulted mostly from processes occurring in the ZVI

layer and shortly above.

We propose that through geochemical reactions observed in the microchannels, namely, the repeated
transformation of Lp or GRC during no-flow periods and subsequent precipitation of Mag from GRC
sufficient pore space remained available for the filtration of water with only moderate increase in hydraulic
resistance. Additionally, stopping and restarting the flow sent a short pulse through the intermittent column.
This pulse could cause the periodic detachment and transport of particles as observed in the microchannel
(M3-4, WEO 1). Downstream quartz grains may act as colloid collectors (Figure S6d,e). This effect is likely
beneficial to reduce hydraulic resistance originating from secondary Fe-phases formed in the ZVI layer.

However, it cannot account for the large differences between the two operation modes.
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S4. SUPPORTING TABLES

Table S1: Impurities of the ZVI used in this study as indicated by the manufacturer (American Elements).

Analysis | C S o P Si Mn |[Cu [Ni |Mo [Cr |V
% 0.003 | 0.01 [ 0.13 | 0.004 | 0.002 | 0.11 | 0.11 | 0.06 | 0.04 | 0.05 | 0.001

Table S2: Experimental parameters, properties and means of investigation employed for the two
microchannels (Models A and B), which were used to represent ZVI / quartz filters for As removal from
groundwater. Masses of ZVI and quartz were obtained using a balance during model preparation and the
pore volume was calculated from the empty microchannel volume and the masses and densities of ZVI and
quartz. The filtered pore volumes were calculated from the volume of groundwater passed through the micro
flow channel. The mass of accumulated As was determined from the water flow and the difference between
the influent and the effluent As concentrations.

Property / Model Model A Model B
Experimental runtime 13 day 49 day (44 days flow)
ZV1 (mg) 23 21
Quartz (mg) 96 110
Pore volume (uL) 23.3 18.4
Pore volume (%) 37 29
Filtered pore volumes 2006 8600
Accumulated As (ug) 16 (days 1-11) 40
Laboratory camera images - Days 1-43
Optical microscopy images Days 1-13 Days 44-49
Collected effluent fractions }_21 11°r)acti0ns / flow period (days ;6f;e;lc(‘;i32y/s f};(iﬁ g)eriod (days 1-
Available elements from Fe, Ca, P, As (10.70 x 5.14 mm?) | Fe, Ca, As (24.62 x 5.50 mm?)
synchrotron p-XRF
Fe n-XAS spectra 24 points 69 points
As nu-XAS spectra 40 points 31 points
4 areas of interest: N/A
1: 1.76 x 0.84 mm?
Chemical images 2:1.84 x 1.02 mm?

3:1.58 x 1.10 mm?
4:2.00 x 0.92 mm?
Full field Fe XANES available | ca. 11 x 4 mm?, ca. 2.2x10° pixel | N/A
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Table S3: Target (calculated) and measured concentrations of Na, Si, P, Ca and As in synthetic groundwater
in mmol/L (mM) or mg/L. Two standard deviations are included for the values of the measured

concentrations.
Calculated Calculated Measured Excess measured
concentration (mM) | concentration (mg/L) | concentrations concentration
(mg/L) (%)

Na 3.0 69.0 734+1.5 6

Si 0.5 14.0 16.4 +£0.1 17

P 0.1 3.1 35+04 13

Ca 1.5 60.0 62.5+0.5 4

As 0.0067 0.50 0.57 £0.06 14

Table S4: Molar concentrations of introduced and retained compounds, estimates for corroded ZVI and
the molar ratios between the compounds introduced with the influent and available Fe. * For Model A only
day 1-11 out of 13 days total runtime are considered. ® Assumption is that the influent contains 8 mg/L
DO. ¢ Assumptions are that the influent contains 8 mg/L DO and the Fe(II)/Fe(Ill) ratio is 1 as derived
from full field XANES data. ¢ Assumption is that the Fe(II)/Fe(III) ratio is unit, as for Model A.

Compound | Total Retained | ZVI ZV1 Molar ratios of | Molar ratios
introduced | (umol) | corroded: | corroded: | Xinwoducea/Fe of Xietained/Fe
(umol) oxic, oxic,
Fe(IIT) Fe(TI/IIT)
(umol) * | (umol) ©
Model | Ca 62 25 13 17 38-4.7 1.5-19
At Silicate 23 nd 14-1.7 nd
Phosphate 4.5 4.4 0.27-0.34 0.27-0.33
As 0.30 0.17 0.018 - 0.023 0.010-0.013
Bicarbonate | 194 nd 12-15 nd
Model | Ca 248 113 53 66 38-4.7 1.7-2.1
d
B Si 94 20 14-1.7 0.31-0.38
P 18 17 0.27-0.34 0.25-0.32
As 1.2 0.54 0.018 -0.023 0.0081 -
0.010
Bicarbonate | 776 nd 12 -15 nd
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Table S5: Model A. Fe K-edge XANES LCF results. Fractions (in %) of metallic Fe, vivianite (Viv),
carbonate green rust (GRC), magnetite (Mag), lepidocrocite with a low degree of crystallinity (Lp) and
amorphous Fe-phosphate precipitated in Ca-containing background electrolyte (CaFeP), normalized to a
sum of 100%. Effective sum of fitted fractions is listed. The normalized sum of squared residuals (NSSR)
corresponds to the r-factor from Athena.*® The locations of the spectra are indicated in Figure Slc.

pre | Metallic Fe | Viv | GRC | Mag | Lp | CaFeP | Sum of fitted fractions | NSSR

2 |35 19 |46 0 0 |0 1.02 0.00114
3 (100 0 0 0 0 |0 1.30 0.04615
4 |4 10 |6 22 |31 |28 1.02 0.00027
5 |12 6 8 18 |31 |25 1.13 0.00022
6 |2 23 160 11 0 |5 1.02 0.00019
7 |12 26 | 62 0 0 |0 1.02 0.00012
8 |96 4 0 0 0 |0 1.26 0.01680
9 |21 41 |38 0 0 |0 1.03 0.00035
10 | 4 13 |35 26 |0 |21 1.01 0.00016
14 |3 9 59 28 1 [0 0.99 0.00023
1512 0 0 0 67 | 31 1.01 0.00021
16 | 7 0 0 0 38 | 55 1.17 0.00038
17 | 27 16 | 13 9 3311 1.09 0.00005
18 | 14 2 0 16 18 | 50 1.02 0.00069
19 | 15 0 0 6 17 | 62 1.04 0.00062
20 | 7 1 0 6 61 | 26 1.05 0.00009
27 19 0 0 4 58 |29 1.09 0.00008
31 |13 0 0 2 64 | 20 1.04 0.00013
32 | 100 0 0 0 0 |0 1.24 0.02225
33 |33 13 | 54 0 0 |0 1.06 0.00037
34 | 16 10 |49 14 |3 |8 1.05 0.00014
50 | 37 24 |2 0 24 |13 1.05 0.00019
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Table S6: Model B. Fe K-edge XANES LCF results. Fractions (in %) of metallic Fe, vivianite (Viv),
carbonate green rust (GRC), magnetite (Mag), lepidocrocite with a low degree of crystallinity (Lp) and
amorphous Fe-phosphate precipitated in Ca-containing background electrolyte (CaFeP), normalized to a
sum of 100%. Effective sum of fitted fractions is listed. The normalized sum of squared residuals (NSSR)
corresponds to the r-factor from Athena.*® The locations of the spectra are indicated in Figure S3b.

pre | Metallic Fe | Viv | GRC | Mag | Lp | CaFeP | Sum of fitted fractions | NSSR

2 |11 8 3 37 1 140 1.03 0.00040
3 |6 6 0 6 15 | 66 1.03 0.00041
5 10 8 5 22 10 | 55 1.00 0.00038
7 12 3 0 41 |2 |52 1.03 0.00035
8 |10 6 2 18 [7 |56 1.02 0.00052
12 | 6 7 8 26 10 | 43 0.97 0.00027
15 110 4 0 6 16 | 64 1.08 0.00079
16 | 4 5 0 9 21 | 62 1.05 0.00028
17 16 10 |6 29 |9 |4l 1.02 0.00040
19 | 8 17 19 25 |6 |36 1.00 0.00039
20 10 5 8 18 12 | 57 1.05 0.00044
21 |1 8 9 42 |2 |38 1.06 0.00021
26 | 16 27 32 2 2 |21 0.96 0.00136
32 10 12 |1 31 12 | 45 1.04 0.00032
33 |13 6 0 7 22 |52 1.05 0.00046
34 |1 3 4 25 13 | 54 1.05 0.00037
38 |3 6 1 9 21 | 60 1.08 0.00019
42 117 18 |52 16 [2 |5 0.97 0.00027
44 10 13 |53 24 |0 |10 0.95 0.00063
45 |1 8 10 38 |4 |38 1.02 0.00017
46 | 7 8 21 26 |0 |38 1.00 0.00030
48 | 13 5 3 9 12 | 59 1.00 0.00048
50 | 12 8 2 12 |9 |57 1.00 0.00081
59 | 18 9 0 5 17 | 51 1.10 0.00090
62 |1 11 | 14 20 |6 |48 1.03 0.00030
63 |6 4 22 32 10 |36 1.18 0.00022
64 |0 12 145 25 |0 |18 0.98 0.00043
6510 14 |52 21 0 |13 0.98 0.00092
66 | 0 10 |58 19 [0 |13 0.93 0.00097
68 | 0 12 |11 31 2 |44 0.99 0.00048
69 | 4 8 8 25 12 | 42 1.03 0.00041
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Table S7: Model A. As K-edge XANES LCEF results (in %). As(III)-Fh and As(V)-Fh correspond to
As(III) or As(V) adsorbed onto ferrihydrite, respectively. As(V)-Mag corresponds to As(V) incorporated
into magnetite. Effective sum of fitted fractions is listed. The normalized sum of squared residuals (NSSR)
corresponds to the r-factor from Athena.*® The locations of the spectra are indicated in Figure S1d.

pas | As(II)-Fh | As(V)-Fh | As(V)-Mag | Sum of fitted fractions | NSSR

1 |19 46 35 0.97 0.000454
2 130 48 22 0.98 0.000175
3 122 46 31 0.97 0.000226
4 129 51 20 0.98 0.000801
5 |22 43 35 0.97 0.000202
6 |23 60 17 0.98 0.000144
7 |18 74 8 0.99 0.002779
8 |24 50 26 0.97 0.000339
9 |21 55 25 0.98 0.000122
10 | 18 68 14 0.98 0.002541
11 |21 53 25 0.97 0.000098
12 |39 41 20 0.95 0.004399
13 | 26 42 32 0.98 0.000799
14 |21 63 16 0.98 0.001090
15 | 31 63 6 0.97 0.003816
16 | 20 63 18 0.99 0.001643
17 | 13 64 24 1.00 0.000595
18 | 22 51 27 0.98 0.000182
19 | 34 37 29 0.97 0.000247
20 | 14 63 23 0.98 0.000551
21 | 22 46 32 0.98 0.000180
22 |17 52 31 0.98 0.000674
23 [ 29 47 24 0.98 0.000208
24 |26 51 23 0.97 0.000084
25 | 28 46 27 0.99 0.000325
26 | 15 68 17 0.98 0.001564
27 | 16 50 34 0.98 0.000468
28 |25 63 12 0.98 0.001334
29 |18 54 28 0.98 0.000093
30 | 25 53 22 0.98 0.000184
31 |29 51 21 0.98 0.000762
32 120 57 23 0.98 0.000101
33 |28 53 19 0.98 0.000120
34 | 28 42 30 0.98 0.000229
35 119 60 20 0.98 0.000937
36 | 13 45 42 0.97 0.000377
37 | 15 63 22 0.98 0.000733
38 |31 38 31 0.98 0.000788
39 | 16 64 20 0.97 0.000838
40 | 25 44 31 0.97 0.000075
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Table S8: Model B. As K-edge XANES LCF results (in %). As(IlI)-Fh and As(V)-Fh correspond to
As(III) or As(V) adsorbed onto ferrihydrite, respectively. As(V)-Mag corresponds to As(V) incorporated
into magnetite. Effective sum of fitted fractions is listed. The normalized sum of squared residuals (NSSR)
corresponds to the r-factor from Athena.*® The locations of the spectra are indicated in Figure S3c.

pas | As(II)-Fh | As(V)-Fh | As(V)-Mag | Sum of fitted fractions | NSSR

15 |24 76 0 1.01 0.001276
16 | 37 54 8 1.00 0.000473
17 | 68 20 12 0.99 0.000633
18 | 78 13 8 0.99 0.000689
19 | 58 35 7 0.99 0.000519
20 | 40 55 5 0.99 0.000548
21 |71 24 5 1.00 0.000590
22 190 5 5 0.97 0.001814
23 191 2 7 0.98 0.002074
24 | 85 10 5 0.99 0.001849
25 |71 23 6 0.99 0.000710
26 | 82 7 11 0.99 0.001566
41 | 78 16 5 0.98 0.001173
42 | 76 13 11 0.99 0.001632
43 | 80 11 9 0.98 0.001136
44 | 84 7 8 0.99 0.001244
45 | 62 33 5 1.00 0.000492
46 | 59 37 4 1.00 0.000531
47 | 69 26 5 0.99 0.000595
48 | 44 52 4 0.99 0.000350
49 | 45 55 0 0.98 0.000393
50 | 46 49 4 0.98 0.000263
51 | 82 14 4 0.97 0.001216
52 179 12 9 0.98 0.000560
53 |36 56 8 0.98 0.000300
54 | 40 45 16 0.98 0.000315
55 |52 40 8 0.98 0.000247
56 | 69 23 9 0.98 0.000252
57 |74 15 11 0.98 0.000525
58 |59 32 9 0.99 0.000602
59 123 65 12 1.00 0.000603
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Table S9: Model A. Fe K-edge EXAFS LCF results. Fractions (in %) of metallic Fe, vivianite (Viv),
carbonate green rust (GRC), magnetite (Mag), lepidocrocite with a low degree of crystallinity (Lp) and
amorphous Fe-phosphate precipitated in Ca-containing background electrolyte (CaFeP), normalized to a
sum of 100%. Effective sum of fitted fractions is listed. The normalized sum of squared residuals (NSSR)
corresponds to the r-factor from Athena.*® The locations of the spectra are indicated in Figure Slc.

pre | Metallic Fe | Viv | GRC | Mag | Lp | CaFeP | Sum of fitted fractions | NSSR

2 10 0 96 0 4 10 0.70 0.30257
3 113 5 67 0 1 |13 0.12 0.40920
4 10 5 4 6 65 | 20 0.80 0.04131
5 10 8 9 15 51 |16 0.96 0.16501
6 |0 6 81 0 6 |8 0.83 0.20276
7 10 2 98 0 0 |0 0.84 0.02431
8 |5 3 92 0 0 |0 0.30 0.04721
9 |3 17 | 80 0 0 |0 0.68 0.04940
10 | 1 16 |42 0 19 | 22 0.84 0.09192
1410 2 87 0 12 10 0.82 0.04356
1510 0 0 1 72 | 26 1.08 0.14787
16 | 0 0 10 32 15 | 43 1.18 0.55097
17 | 4 9 43 0 24 | 19 0.70 0.09302
18 |0 2 3 4 89 | 2 0.76 0.01196
1910 0 0 2 63 | 35 0.82 0.15252
2010 3 4 2 90 |1 0.97 0.01292
2710 0 3 0 82 | 15 0.95 0.05585
31 |3 21 |0 0 76 | 0 1.13 0.20672
32 197 0 0 0 0 |3 0.34 0.11757
3319 20 |71 0 0 0.88 0.17867
34 10 7 78 0 519 0.86 0.20928
50 | 7 28 | 16 0 15 | 34 0.66 0.26465
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Table S10: Model B. Fe K-edge EXAFS LCF results. Fractions (in %) of metallic Fe, vivianite (Viv),
carbonate green rust (GRC), magnetite (Mag), lepidocrocite with a low degree of crystallinity (Lp) and
amorphous Fe-phosphate precipitated in Ca-containing background electrolyte (CaFeP), normalized to a
sum of 100%. Effective sum of fitted fractions is listed. The normalized sum of squared residuals (NSSR)
corresponds to the r-factor from Athena.*® The locations of the spectra are indicated in Figure S3b.

pre | Metallic Fe | Viv | GRC | Mag | Lp | CaFeP | Sum of fitted fractions | NSSR

2 10 0 13 4 15 | 68 0.66 0.09795
3 10 0 0 7 10 | 84 0.82 0.05974
5 10 0 25 5 0 |70 0.80 0.16309
7 |1 0 0 0 17 | 82 0.75 0.08030
8 |0 0 3 0 16 | 80 0.71 0.05724
12 10 0 6 3 32 1 60 0.68 0.07373
15 |2 0 0 0 0 |98 0.93 0.25963
16 | 0 0 0 0 7 193 0.94 0.08065
17 10 0 8 0 15 |77 0.68 0.04160
1910 0 26 0 13 |61 0.76 0.16517
20 10 0 11 0 20 | 69 1.00 0.22022
21 |0 0 10 0 12 | 78 0.68 0.13670
26 | 0 0 63 0 12 |24 0.69 0.36996
32 |0 0 0 0 24 176 0.70 0.05463
33 |5 0 0 0 8 |87 0.89 0.12764
34 |2 0 0 17 |8 |73 0.74 0.28362
3810 0 0 6 16 | 78 0.82 0.08437
42 10 0 75 0 0 |25 0.68 0.02536
44 10 0 63 0 30 0.75 0.08895
45 10 0 13 0 5 |82 0.95 0.39534
46 | 0 0 25 1 21 | 53 0.70 0.03328
48 1 0 0 0 9 2 |88 0.72 0.03791
50 |0 0 0 3 12 | 86 0.67 0.03322
59 10 0 0 6 21 | 73 0.72 0.09254
62 |0 0 17 0 24 |59 0.80 0.05432
63 |0 0 18 0 17 | 66 0.78 0.10949
64 |0 0 53 0 12 | 35 0.71 0.02813
6510 0 69 2 11 |19 0.76 0.04964
66 | 0 0 62 0 5 133 0.72 0.06735
68 | 0 0 12 0 14 | 75 0.68 0.03170
69 |0 0 0 0 20 | 80 0.72 0.02759
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S5. SUPPORTING FIGURES
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Figure S1: Model A. (a) Transmitted and (b) reflected light optical microscopy images. Panels (d-f) show
the distribution of Fe, As, P and Ca, respectively. The numbers in (c-d) indicate the locations of the
recorded p-XAS data for Fe and As, respectively. Numbers and locations included in this graph but not in
the main text indicate locations in which the quality of the recorded data was insufficient to be included.
The corresponding information is indicated in Figure 4, but including annotations and tri-color maps
instead of single element maps.
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Figure S2: Model A. (a) Optical image and (b) Fe, As and P distributions determined using a laboratory
micro X-ray fluorescence (XRF) spectrometer (silver (Ag) tube, emission at ca 22 keV, M4 Tornado,
Bruker). The data in (b) can be compared to the synchrotron u-XRF data displayed in Figure 4c.

S22



y-coordinate (mm) y-coordinate (mm)

y-coordinate (mm)

y-coordinate (mm)

26 -24 22 -20 -18 -16 -14 12 -10 -8
x-coordinate (mm)

Figure S3: Model B. (a) Reflected light optical microscopy image. Panels (b-d) show the distribution of
Fe, As and Ca, respectively. The numbers in (b-c) indicate the locations of the recorded p-XAS data for
Fe and As, respectively. Numbers and locations included in this graph but not in the main text indicate
locations in which the quality of the recorded data was insufficient to be included. The corresponding
information is indicated in Figure 5, but including annotations and tri-color maps instead of single element
maps.
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Figure S4: Model B. (a-c) Fe, Ca, P and As distributions determined using a laboratory micro X-ray
fluorescence (XRF) spectrometer (Ag tube, emission at ca. 22 keV M4, Tornado, Bruker) in different
combinations. The data can be compared to synchrotron p-XRF displayed in Figure 5b. (d) XRF spectra at
two locations indicated in (c). In Location 1 (blue) significant Ca precipitations occurred. Calcium
excitation and subsequent Ca Ko XRF leads to secondary P excitation. Therefore in Location 1 and
wherever high Ca concentrations were reported, the P concentration is overestimated. In Location 2, only
low Ca signal was observed. This was confirmed by scanning electron microscopy (SEM) energy
dispersive X-ray spectroscopy (EDX) data presented in Figure S6.
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Figure S5: Model B. (a) Arsenic versus Fe Ko fluorescence intensities in pixels displayed in the white
frame in Figure 5b. (b) LCF-derived sum of As(V)-Fh and As(V)-Mag fractions versus only Fe(III)
containing phases (Lp, CaFeP) (bold, red line) and As(IIl)-Fh fractions versus LCF-derived Fe(II)-
containing phases (Viv, GRC, Mag) (dashed, blue line). For both, As and Fe, the XANES LCF data were
used.
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Figure S6: Model B. SEM-EDX data. (a) Reflected light optical microscope image with locations. Areas mapped by SEM-EDX and displayed in
panels (b-d) are marked by white rectangles. (b-¢) Micrographs recorded by scanning electron microscopy (SEM) (FEI NanoSEM, 15 kV, back
scattered electron detection). In panel (d), the area probed in panel (e) is indicated by a white frame. (f-h) Energy dispersive X-ray fluorescence (EDX)
spectra recorded on locations indicated in panels (b), (c) and (e). Calculated compositions in each spectrum are indicated in tables. Orange labels and
arrows in (b-d) describe the phases that are observed in the micrographs based on the EDX results.
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Figure S7: Model A. Experimental Fe K-edge (a) p-XANES and (b) u-EXAFS spectra (black lines) and
linear combination reconstructions (red lines) from LCF results. Reference spectra are displayed. The
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corresponding fit results can be found in Table S5 (XANES) and Table S9 (EXAFS).
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Figure S8: Model B. Recorded Fe K-edge (a) u-XANES and (b) u-EXAFS spectra (black lines) and linear
combination reconstructions (red lines) from LCF results. Reference spectra are displayed. The
corresponding fit results can be found in Table S6 (XANES) and Table S10 (EXAFS).
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Figure S9: Model A. Chemical imaging results of area of interest 1. (a) Reflected light optical microscopy
image of the area of interest 1, (b) chemical image, (c) Fe (red), As (green), P (blue) tri-color map and (d)
Ca (red), As (green), P (blue) tricolor map. The corresponding data is displayed in Figure 4 in the main
text. The frames labeled Spec 1 to 7 indicate areas over which an integrated XANES spectrum was
calculated from the chemical imaging data. This data is displayed in Figure S10.
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Figure S10: Model A. (a) Linear combination fit reconstructions (bold, black lines) of integrated chemical
imaging data (dotted, grey lines) obtained from the area of interest 1. The shaded areas indicate two

standard deviations at each energy value. (b) LCF fractions. For the locations of Spec 1 to 7 refer to Figure
S9.
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Figure S11: Model A. Chemical imaging results of the area of interest 2. (a) Transmitted light optical
microscopy image of the area of interest, (b) chemical image, (c) Fe (red), As (green), P (blue) tri-color
map and (d) Ca (red), As (green), P (blue) tricolor map. The corresponding data is displayed in Figure 4 in
the main text. The frames labeled Spec 1 to 6 indicate locations in which an integrated XANES spectrum
was calculated from the chemical imaging data. This data is displayed in Figure S12.
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Figure S12: Model A. (a) linear combination fits (bold, black lines) to integrated chemical imaging data
(dotted, grey lines) obtained from the area of interest 2. The shaded areas indicate two standard deviations
at each energy value. (b) LCF fractions. For the locations of Spec 1 to 6 refer to Figure S11.

S33



| CaFeP

{Lp
Mag

GRC

Viv

I Metallic Fe
y

H
> o
&

E
g
@
8
5}
g
k!
5
8
<}
?
=

T T
s> 2 > D o
oo -~ (=] o =

-12.2 -12.4 -12.6 -12.8 -13.0 -13.2 -13.4 -13.6 -12.2 -12.4 -12.6 -12.8 -13.0 -13.2 -13.4 -13.6
x-coordinate (mm) x-coordinate (mm)

Figure S13: Model A. Chemical imaging results of the area of interest 3. (a) Reflected light optical
microscopy image of the area of interest, (b) chemical image, (c) Fe (red), As (green), P (blue) tri-color
map and (d) Ca (red), As (green), P (blue) tricolor map. The corresponding data is displayed in Figure 4 in
the main text. The frames labeled Spec 1 to 5 indicate locations in which an integrated XANES spectrum
was calculated from the chemical imaging data. This data is displayed in Figure S14.

S34



Hnorm

[ Metallic Fe [ Mag

Cviv Edip

[ IGRC I CaFeP
I I

7100 7120 7140 7160 7180 0
Energy (eV)

20

40 60 80 100
Fractions (%)

Figure S14: Model A. (a) linear combination fits (bold, black lines) to integrated chemical imaging data
(dotted, grey lines) obtained from the area of interest 3. The shaded areas indicate two standard deviations
at each energy value. (b) LCF fractions. For the locations of Spec 1 to 5 refer to Figure S13.
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Figure S15: Model A. Chemical imaging results of the area of interest 4. (a) Reflected light optical
microscopy image of the area of interest, (b) chemical image, (¢) Fe (red), As (green), P (blue) tri-color
map and (d) Ca (red), As (green), P (blue) tricolor map. The corresponding data is displayed in Figure 4 in
the main text. The frames labeled Spec 1 to 4 indicate locations in which an integrated XANES spectrum
was calculated from the chemical imaging data. This data is displayed in Figure S16.
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Figure S16: Model A. (a) linear combination fits (bold, black lines) to integrated chemical imaging data
(dotted, grey lines) obtained from the area of interest 4. The shaded areas indicate two standard deviations
at each energy value. (b) LCF fractions. For the locations of Spec 1 to 4 refer to Figure S15.
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Figure S17: Model A. Full field data derived average XANES spectra in four clusters (bold, black lines).
Based on their similarity to reference spectra, these clusters are referred to as Lp-like, Mag-like, GRC-like
and metallic Fe-like (from top to bottom). In addition, the reference spectra used for the LCF analysis of p-
XANES spectra and chemical imaging data are displayed (dashed, blue curves). To relate the full field
cluster spectra that suffer from spectral compression (due to locally enhanced absorber concentrations) to
the u-XANES data, selected p-XANES spectra are displayed (dotted, red curves). For a discussion of the
presented data, see section S2, paragraph Evaluation of full field Fe XANES data.
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Figure S18: Models A and B. Recorded As K-edge n-XANES spectra (black lines) of Models A (a) and B
(b) and linear combination reconstructions (red lines) from LCF results. Reference spectra are displayed.
The corresponding fit results can be found in Tables S7 (Model A) and S8 (Model B).
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Figure S19. Model A. (a, d) Reflected or (g) transmitted light optical microscopy images of three
representative locations displayed in Figure 4. (b,e,h) Tricolor maps for Fe-As-P and (c,i,h) Ca-As-P. This

data corresponds to the data shown in Figure 4c,d. XANES and EXAFS spectra measured on the locations
indicated in (a,d,g) are shown in Figure S20.
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Figure S20: Model A. Fe K-edge (a) XANES and (b) EXAFS data in locations pr. 14, 15, 17 and 34. The
spectrum pre 17 was recorded in fluorescence mode, the other spectra in transmission mode. The optical
and u-XRF results corresponding to these spectra are shown in Figure S19.
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Figure S21: Model A. Chemical images (left column) and full field XANES data (right column) in the

areas of interest 1 to 4 from top to bottom.
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Figure S22: Model A. Comparison of Fe K-edge (a) XANES (Table S5) and (b) EXAFS LCF results
(Table S9). Significant differences between the results displayed in (a) and (b) arise from the quality of the
LCF as discussed in the section on Fe and As speciation in the main text.
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Figure S23: Model B. Comparison of Fe K-edge (a) XANES (Table S6) and (b) EXAFS LCF results
(Table S10). Significant differences between the results displayed in (a) and (b) arise from the quality of
the LCF as discussed in the section on Fe and As speciation in the main text.
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Figure S24: Models A and B. Fe K-edge XANES versus EXAFS based LCF result for (a) Model A and

(b) Model B. Data was taken from Table S5, Table S6, Table S9 and Table S10.

14.0

15.0

16.0

17.0

y-coordinate (mm)

18.0

19.0

il Lp like

Mag like
Metallic Fe like

GRC like

-14.0
x-coordinate (mm)

Figure S25: Model A. Overlay plot of As distribution map (black to white) and Fe full field XANES
results (colors indicated in the colorbar on the right).
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Figure S26: The laboratory column setup used to determine the head loss during constant column
operation.
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Figure S27: Head loss as a function of (a) filtered bed volumes and (b) experimental run time. The dashed,
blue and bold, orange curves represent the head losses measured for the constantly and intermittently
operated column, respectively. The head loss data is used to calculate the hydraulic conductivity, displayed
as (c) a function of bed volumes and (d) column operation time.
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