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ARTICLE INFO ABSTRACT

The presence of ferrihydrite in sediments/soils is critical to the cycling of iron (Fe) and many other elements but
difficult to quantify. Extended X-ray absorption fine structure (EXAFS) spectroscopy has been used to speciate Fe

Editor: K Johannesson

Keywords:
Ferrihydrite in the solid phase, but this method is thought to have difficulties in distinguishing ferrihydrite from goethite and
Goethite other minerals. In this study, both conventional EXAFS linear combination fitting (LCF) and the method of

EXAFS linear combination fitting
Standard-additions
Pleistocene sediments

standard-additions are applied to the same samples in attempt to quantify ferrihydrite and goethite more rig-
orously. Natural aquifer sediments from Bangladesh and the United States were spiked with known quantities of
ferrihydrite, goethite and magnetite, and analyzed by EXAFS. Known mineral mixtures were also analyzed.
Evaluations of EXAFS spectra of mineral references and EXAFS-LCF fits on various samples indicate that ferri-
hydrite and microcrystalline goethite can be distinguished and quantified by EXAFS-LCF but that the choice of
mineral references is critical to yield consistent results. Conventional EXAFS-LCF and the method of standard-
additions both identified appreciable amount of ferrihydrite in Bangladesh sediments that were obtained from a
low-arsenic Pleistocene aquifer. Ferrihydrite was also independently detected by sequential extraction and >”Fe
Mossbauer spectroscopy. These observations confirm the accuracy of conventional EXAFS-LCF and demonstrate
that combining EXAFS with additions of reference materials provides a more robust means of quantifying short-
range-ordered minerals in complex samples.

1. Introduction more crystalline analogue, goethite, can significantly decrease surface

area and liberate adsorbed species (Postma et al., 2010; Robinson et al.,

Ferrihydrite is a nanocrystalline/amorphous Fe(III) oxyhydroxide
common in the natural environment, a critical adsorbent, and parti-
cularly susceptible to changes in redox conditions (Childs, 1992;
Cornell and Schwertmann, 2003; Drits et al., 1993; Hiemstra, 2013;
Michel et al., 2007; Willett et al., 1988). Ferrihydrite has a very large
surface area up to 800 m? g~ !, meaning that if present in sediments
and soils, it is often a key carrier for various metal(loid)s and nutrients,
such as arsenic and phosphorus, and affects the turnover of organic
carbon (Childs, 1992; Hiemstra, 2013; Johannesson et al., 2013; Michel
et al., 2007; Sun and Bostick, 2015; Torn et al., 1997; Willett et al.,
1988; Zhu et al., 2013). Ferrihydrite is also the most bioavailable Fe(III)
mineral for dissimilatory Fe(IlI)-reducing bacteria (Hansel et al., 2005;
Postma et al., 2010). The transformation of ferrihydrite, even to its

2011; Willett et al., 1988). Differentiating ferrihydrite from other Fe
minerals is therefore necessary to understand the biogeochemical cycles
of Fe and numerous other elements associated in the environment.
Quantifying Fe mineral composition in complex sediments and soils
remains an analytical challenge. Bulk X-ray diffraction (XRD) is in-
sensitive to poorly crystalline minerals such as ferrihydrite or to any
trace constituent (Houben and Kaufhold, 2011; Johnston and Lewis,
1983). Scanning and transmission electron microscopy can characterize
ferrihydrite, but they are qualitative and not suited to quantify ferri-
hydrite at low concentrations (Akai et al., 2004; Childs, 1992; Johnston
and Lewis, 1983). Mossbauer spectroscopy can detect low concentra-
tions of Fe minerals including ferrihydrite, but responds to magnetic
domains, which can contain multiple phases for intergrown and highly-
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substituted structures (Ginn et al., 2017; Johnston and Lewis, 1983;
Postma et al., 2010). Other common and easily available methods for
studying ferrihydrite include Brunauer-Emmett-Teller (BET) surface
area analysis, infrared analysis, differential thermal analysis, cation
exchange capacity analysis, and chemical extraction (Houben and
Kaufhold, 2011; Poulton and Canfield, 2005). However, these methods
are often not sufficiently quantitative to interpret Fe mineral compo-
sition in sediments and soils.

Extended X-ray absorption fine structure (EXAFS) spectroscopy
measures backscattering photoelectrons with energies above the ab-
sorption edge of an element of interest and allows characterization of
the atomic number, near-neighbor distances, coordination number, and
less directly, bond angles (Bertagnolli and Ertel, 1994; O'Day et al.,
2004). It is element-specific, sensitive to diluted phases, and provides
direct measures of structure even in non-crystalline phases. EXAFS,
therefore, has been used to speciate Fe in sediments and soils, typically
through linear combinations of reference spectra or theoretical shell-by-
shell fitting (Hansel et al., 2005; Karlsson et al., 2008; Schroth et al.,
2009; Sparks, 2004; Sun and Bostick, 2015). However, the capability of
EXAFS analysis to distinguishing between minerals having similar
structures, for example, ferrihydrite and goethite, has been questioned
(O'Day et al., 2004; Schroth et al., 2009).

One approach to assess the reliability of EXAFS on quantifying Fe
mineral composition is to examine the spectra of Fe mineral mixtures
with known composition. Using this approach, O'Day et al. (2004)
verified that EXAFS could accurately interpret mixtures of Fe sulfide
and non-sulfide (phyllosilicate + oxide) minerals. However, few stu-
dies have assessed the performance of EXAFS using minerals mixed
within the same structural class, let alone using complex natural sedi-
ments and soils. The method of standard-additions is widely used in
liquid-phase analyses to increase confidence in quantification when
interferences are a potential concern. In this approach, the linear re-
gression of the instrument's response to a known added amount of
analyte is used to back-calculate the original concentration of the
analyte by correcting for matrix effects and spectral interferences
(Ellison and Thompson, 2008; Harris, 2010). Homogenization is a po-
tential issue for using the standard-additions method on solids. In the
solid phase, this method has been used for quantitative XRD (Harris,
2010; Hughes et al., 1994; Steenbruggen and Hollman, 1998), but, to
our knowledge, has not been applied to quantify ferrihydrite by EXAFS.

This study applies both conventional EXAFS linear combination
fitting (LCF) on a single sample and the method of standard-additions to
quantify Fe mineral composition in natural sediments and mineral
mixtures. Minerals used for spiking include ferrihydrite, goethite, and
magnetite, all of which are Fe oxides but differ in arrangement of the
basic octahedral structural units. Mineral compositions determined
using the method of standard-additions were compared with those de-
termined by conventional EXAFS-LCF method on unspiked samples,
and with those determined independently by sequential extraction and
7Fe Mossbauer spectroscopy. Binary mineral mixtures were also pre-
pared and examined.

2. Material and methods
2.1. Natural sediments

Two aquifer sediments were selected for this study: one from the
fluvial floodplain of central Bangladesh, and the other from the Dover
Municipal Landfill Superfund Site in New Hampshire, USA. The two
sediments are referred to hereafter as Bangladesh sediments and Dover
sediments, respectively. Bangladesh sediments were obtained from a
freshly drilled borehole in the village of Purinda in Araihazar upazila
(23.8541°N, 90.6354°E) (Mihajlov, 2014). Immediately following dril-
ling using the traditional hand-flapper method, a 30 cm long, 1.8 cm ID
sediment core was recovered at ~18 m below ground surface (BGS)
from the borehole with a manual push corer (AMS 424.45). The
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sediment core, with top and bottom several centimeters discarded, was
then capped, wrapped with electrical tape, sealed and refrigerated in a
nitrogen-flushed airtight Mylar bag with oxygen adsorbents (Sorbent
Systems). Bangladesh sediments were also sampled from this borehole
into polypropylene microcentrifuge tubes, coated with glycerol to
prevent exposure to oxygen and to preserve reduced Fe minerals, sealed
and refrigerated in another nitrogen-flushed airtight Mylar bag with
oxygen adsorbents. Dover sediments from the Superfund site were ob-
tained between 9 and 12 m BGS in the southeast corner of the landfill
perimeter by sonic vibration drilling. Immediately following retrieval,
the sediments were sealed in a steel can with epoxy liners and re-
frigerated. Bangladesh sediments were composed of orange-colored
sand, whereas Dover sediments were composed of a mixture of gray-
colored fine sand, silt and clay. X-ray fluorescence (XRF) analysis using
an InnovX Delta Premium instrument indicate that bulk Fe concentra-
tions are 2.0% in both samples (concentrations reported in this study
are all on a dry mass basis). Bulk Fe analyses of four certified references
(National Institute of Standards and Technology NIST 2709, 2010,
2711, and Chinese Geochemical Standard GSS 1) and one internal
standard (Standard Lamont Observatory Sediment from the Hudson
SLOSH III) containing 2.9-4.3% Fe on the same XRF instrument were
consistent within 93-102% of the certified or accepted values.

2.2. Iron oxide minerals

Ferrihydrite and goethite were synthesized following the procedures
of Schwertmann and Cornell (2000): Ferrihydrite was prepared by
precipitating ferric nitrate with potassium hydroxide at pH 7-8; goe-
thite was prepared by oxidizing ferrous sulfate in the presence of car-
bonate at pH6-7, which according to Schwertmann and Cornell
(2000), has particle size and morphology close to various natural goe-
thites. Ferrihydrite and goethite were freeze dried and stored as
powder. Mineral identities were confirmed as 2-line ferrihydrite and
microcrystalline goethite (micro-goethite), respectively, by XRD ana-
lysis (Supplementary material Fig. SA1). Magnetite was obtained from
Ward's Science and ground with an agate mortar-and-pestle to powder
before use. The surface areas of the ferrihydrite, goethite and magnetite
were 228, 24.9 and 2.77 m® g~ !, respectively, as determined by BET
isotherm using nitrogen gas as adsorbate, although the actual surface
area of ferrihydrite is likely underestimated by the BET method
(Dzombak and Morel, 1990; Gustafsson, 2003). When calculating the
concentrations of mineral additions, formulas Fe;y014(OH)5'0.74H50,
FeOOH and Fe304 were used for ferrihydrite, goethite and magnetite,
respectively (Cornell and Schwertmann, 2003; Hiemstra, 2013).

2.3. Preparation of standard-additions and mineral mixtures

Bangladesh sediments from the core were freeze dried and mortar-
and-pestle ground for an hour before use, producing homogenized dry
powder. A 1g aliquot of the powder was used as an unspiked
Bangladesh sample. To assess the reliability of using EXAFS to quantify
ferrihydrite, a 20 g aliquot of the powdered Bangladesh sediments were
spiked with five increments of known ferrihydrite mass and homo-
genized by grinding. After each increment homogenization, 1 g of the
mixture was removed and labeled as one of the standard-additions. This
process achieved an added Fe concentration ranging from 2000 to
9000 mg kg~ ' (added Fe fraction ranging from 9 to 32% of total Fe,
Table SA1) and thus a bulk Fe concentration from 2.2 to 2.9%. To test
the effectiveness of EXAFS analysis in separating potentially interfering
species, Bangladesh sediments were also spiked with both ferrihydrite
and goethite. Another 20 g aliquot of the powdered Bangladesh sedi-
ments and three combinations of ferrihydrite and goethite were used to
achieve an added Fe concentration ranging from 6000 to 9000 mg kg~ *
(from 23 to 31% of total Fe, Table SA1) and thus a bulk Fe con-
centration from 2.6 to 2.9%. The Dover samples were prepared with
additions of ferrihydrite and in some cases also magnetite. To enable
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Fig. 1. (A) k®>-weighted EXAFS spectra of ferrihydrite (Fh) and goethite (Gt), over k range of 2-13 A~ 1. (B) Corresponding radial structure functions, over R range of 0.5-4.0 A. Details
about these minerals are in Table SA4, and their continuous Cauchy wavelet transformed EXAFS spectra are in Fig. SA3.

Table 1

Comparison between different methods of quantifying ferrihydrite, in aquifer sediment samples from Bangladesh and Dover. Results are reported in both Fe concentrations (mg kg~ ') and

fractions (% of total and extractable Fe).

Sediments Analytical technique Conventional single-sample method Method of standard-additions
Concentration Fraction Concentration Fraction
Bangladesh EXAFS-LCF 12,700 + 1700 mg kg~ ! Total: 64 + 9% 13,200 + 2000 mg kg~ ! Total: 66 + 10%
Hydroxylamine-HCl extraction 7770 mg kg~ * Total: 39% 6810 + 1360 mgkg ' Total: 34 = 7%
Extractable: 58% Extractable: 49 = 10%
Dover EXAFS-LCF 8140 + 1690 mgkg ™! Total: 41 + 9% 1020 + 1000 mgkg™* Total: 5 + 5%
Hydroxylamine-HCI extraction 1420 mg kg~ ! Total: 7% - -
Extractable: 18%
Table 2 microcentrifuge tubes and refrigerated prior to analysis, and analyzed

Mossbauer Fe assignments in unspiked Bangladesh sediments. Fh = ferrihydrite,
nGt = nano-goethite, and nano-Fe(Ill) = an unidentified, highly disordered nano-scale
Fe(Il) oxyhydroxide. Results are reported in both Fe concentrations (mgkg~') and
fractions (% of total Fe). Uncertainties are 2 standard deviations calculated from the
Recoil™ Software. Details on >’Fe Mossbauer data collection and interpretation are given
in Supplementary material Section B.

Site population Concentration Fraction
Fe(Ill) in oxyhydroxides  Fh-like Fe(III) 5370 = 990 mgkg ™! 27 * 5%
nGt-like Fe(Ill) 4180 + 200 mgkg ™' 21 £ 1%
Nano-Fe(III) 3780 + 600 mgkg ! 19 = 3%
Fe(1lI) in clay and/or organic matter 4580 + 600 mgkg™’ 23 * 3%
Fe(ID) in clays and/or sorbed 1790 + 200 mgkg™ ! * 1%
Fe(Il) in ilmenite 200 + 200 mgkg ™! 1+ 1%

comparison of preparation methods, ~100 g of moist Dover sediments
were used without prior drying or grinding, and Dover sediments and
spiked mixtures were homogenized by stirring with a polypropylene
spatula. A 1.5 g aliquot of the homogenized moist Dover sediments was
used as an unspiked Dover sample. A 30 g aliquot of sediments was
spiked with five increments of ferrihydrite with 1.5 g removed after
each increment, achieving an added Fe concentration ranging from
2000 to 8000 mg kg~ 1 (from 8 to 29% of total Fe, Table SA2) and thus
a bulk Fe concentration from 2.2 to 2.8%. Another 30 g aliquot of se-
diments was used for spiking with three combinations of both ferrihy-
drite and magnetite, with an added Fe concentration ranging from 4000
to 6000 mg kg~ 1 (from 15 to 22% of total Fe, Table SA2) and thus a
bulk Fe concentration from 2.4 to 2.6%. Each of the Dover samples was
coated with glycerol. The remainder (~38.5 g) of the 100 g Dover se-
diments was weighed before and after oven drying, to determine the
water content (23.6%) and correct dry weight factor. Five binary
mixtures in known ratios, either ferrihydrite-goethite as dry samples or
ferrihydrite-magnetite as glycerol-coated samples, were also prepared
(Table SA3). All the samples were sealed in polypropylene

by EXAFS within 48 h following preparation.

2.4. Iron EXAFS spectra collection and processing

Iron K-edge EXAFS spectra were collected at the Stanford
Synchrotron Radiation Laboratory (SSRL) on Beamlines 11-2 and 4-1,
which were equipped with 100- and 32-element Ge detectors, respec-
tively. An aliquot of each sample was sealed in Kapton tape, and ana-
lyzed in fluorescence mode. The monochromator crystal used was Si
(220) with phi angle of 90°. Soller slits and a 6 ux Mn filter were used to
minimize the effects of scattered primary radiation. The beam was
detuned as needed to reject higher-order harmonic frequencies and
prevent detector saturation. Scans were calibrated by setting Fe metal
foil edge inflection to 7112 eV. EXAFS spectra of many commonly en-
countered Fe reference compounds were previously collected at SSRL in
a consistent fashion.

EXAFS spectra were processed using the SIXpack interface (Webb,
2005) unless mentioned otherwise. For each sample/reference, parallel
EXAFS scans were averaged, normalized with linear pre-edge and
quadratic post-edge functions, and converted to k®-weighted chi func-
tion with a threshold energy (Eo) of 7124 eV. Relevant Fe mineral re-
ferences to be included in linear combination fitting (LCF) were se-
lected based on previously published studies on Bangladesh and Dover
aquifers (Aziz et al., 2017; Jung et al., 2012; Mihajlov, 2014; Sun et al.,
2016a; Sun et al., 2016b). To be specific, relevant references included
ferrihydrite, micro-goethite, hematite, magnetite, Fe-bearing silicates,
mackinawite, and siderite (reference spectra are in Fig. SA2). Ad-
ditionally, SPOIL values from target transform analysis were used as a
statistical criteria to evaluate whether the references selected were
suitable. The SPOIL value indicates whether the vector of the tested
reference spectrum (i.e., target) fits well or instead increases the error
in the matrix of sample spectra reproduced. Targets having SPOIL va-
lues < 6 could be potential references to be included in fitting
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Fig. 2. >’Fe Mossbauer spectra of unspiked Bangladesh sediments at 295 K, 140 K, 77 K, 13 K and 5 K. In each spectrum, the black line is the total calculated fit, through the discrete data
points. The resolved spectral components and assignments are: (1) Fe(III) in clay minerals and organic matter (blue line); (2) Fe(II) in sheet silicates or sorbed Fe? * (dark green line); (3)
Fe(ID) sorbed to magnetically ordering Fe(III) minerals (gray line); (4) Fe(Il) in ilmenite (light blue line); (5) Fe(IIl) in nano-goethite (orange line); (6) Fe(II) in ferrihydrite (pink line); and
(7) Fe(Ill) in unidentified even more disordered nano-scale oxyhydroxide mineral(s) (umber line). (For interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)

(Beauchemin et al., 2002; Strawn and Baker, 2009). To further evaluate
the ferrihydrite and micro-goethite references selected, EXAFS of fer-
rihydrite and four goethites in our spectral library were compared
(details are in Table SA4). Then, least-squares LCF was performed over
k-range of 2 to 13A~ 1, to quantify the fractions (mol% Fe) of in-
dividual references in the sample. Uncertainties for EXAFS-LCF fits
were obtained by SIXpack, which include error propagation from fit-
ting, spectral noise in sample and reference spectra, and similarities
between reference spectra (Webb, 2005). For standard-additions, the

fractions (mol% Fe) were converted to concentrations (mg Fe per kg
sediments, i.e., mgkg™ '), by simply multiplying bulk Fe concentra-
tions. “EXAFS-LCF determined concentration” in this study thus refers
to product of bulk Fe concentration and EXAFS-LCF determined frac-
tion.

For each set of standard-additions, a linear regression model was
generated between the added concentrations of the analyte (ferrihy-
drite, goethite or magnetite), x;, and the apparent (i.e., the sum of
original and added) concentrations determined by EXAFS-LCF, y;. The
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Fig. 3. Iron EXAFS spectra and fits of binary mixtures of ferrihydrite (Fh), goethite (Gt)
and magnetite (Mgt). Solid gray lines with open symbols: sample spectra; solid red lines:
EXAFS-LCF fits. (A) EXAFS-LCF was done with two ‘end-member’ reference spectra; (B)
EXAFS-LCF was done with all the environmentally relevant reference spectra used for
natural sediments. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

original concentration in the unknown sample, which corresponds to
the absolute value of the x-intercept of this regression, was back-cal-
culated according to the formula (Harris, 2010):

b

Original Concentrationg,,, ;.4 sdditions = —

(€]
where m and b are the slope and y-intercept. For the method of stan-
dard-additions, uncertainty on the original concentration was calcu-
lated according to the formula (Harris, 2010):

Uncertalntystandard—additions
T2
Y

1 [Ze-ma-b2] |1
_EX\/[ }X[N+m22(xi—f)2

N-2
where N is the number of samples, m and b are the slope and y-inter-
cept, and X and y are the average x- and y-values.

(2)

2.5. Additional mineralogical analyses

Sequential chemical extraction and >’Fe Mossbauer spectroscopy
were used to provide independent measurements of Fe mineral

Chemical Geology 476 (2018) 248-259

composition that could be compared with EXAFS analysis. The se-
quential extraction procedure (see Table SAS5 for details) was based on
Poulton and Canfield (2005) and used in our previously published
studies (Poulton and Canfield, 2005; Sun et al., 2016a; Sun et al.,
2016b). The procedure includes four main steps to distinguish pools of
Fe: (1) a 24 h acetate extraction targeting carbonates, including side-
rite; (2) a 48 h hydroxylamine-hydrochloride extraction targeting short-
range-ordered oxides, including ferrihydrite; (3) a 2 h dithionite-citrate
extraction targeting crystalline oxides, including bulk goethite and
hematite; and (4) a 6 h ammonium oxalate extraction targeting re-
calcitrant oxides, including magnetite and presumably residual hema-
tite from the previous step. Each extraction step was repeated once
before proceeding to the next. Unspiked and spiked Bangladesh sedi-
ments were subjected to extraction after their EXAFS spectra were
collected. The Dover samples prepared above were not used because
they were glycerol-coated or oven-dried. Instead, fresh moist Dover
sediments from the same container were freeze-dried, ground to
powder, and subjected to extraction. Extractions were conducted at
room temperature in constantly agitated polyethylene centrifuge tubes.
Dissolved Fe concentrations in the extractions were determined by in-
ductively coupled plasma mass spectrometry (Thermo Fisher Scientific
Element XR) using previously published procedures (Sun et al., 2016a;
Sun et al., 2016b).

5’Fe Mossbauer spectroscopy was used, on unspiked Bangladesh
sediments, to further assess Fe mineral composition. The analysis and
spectra fitting routine were consistent with previously published pro-
cedures (Tishchenko et al., 2015). Mossbauer spectroscopy was per-
formed with a variable temperature He-cooled system with a 1024
channel detector. A °’Co source embedded in a Rh matrix was used at
room temperature. Velocity (gamma-ray energy) was calibrated using
a-Fe foil at 298 K. The transducer was operated in constant acceleration
mode and folding was performed to achieve a flat background. Each Fe
mineral (site population) was quantified by the spectral fitting as a
fraction of the total Fe spectral area. Quantification in this manner
assumes equal Mossbauer recoilless fractions of all detected minerals,
which should be valid at cryogenic temperatures and also be a good
approximation at room temperature with dry samples (Tishchenko
et al., 2015). Mossbauer analysis was also conducted on the synthesized
ferrihydrite and goethite minerals. Additional details are contained in
the Supplementary material Section B.

Powder X-ray Diffraction (XRD) was also used, to determine sedi-
ment bulk mineralogy, including seeking to detect any possible Fe
minerals. XRD analysis was carried out using a PANalytical X'pert3
Powder diffractometer, equipped with a PIXcel'® detector and a ro-
tating sample stage. The diffractometer used Cu K-alpha radiation and
scanned over 20 range from 4° to 80°, with a step size of 0.013° and a
counting time of 1 min per step.

3. Results
3.1. Iron mineral references included in EXAFS-LCF

For unknown multi-mineral assemblages, EXAFS-LCF requires
proper identification of the minerals present and inclusion of their
spectra in fitting. To be consistent with previously published studies
(Aziz et al., 2017; Jung et al., 2012; Mihajlov, 2014), ferrihydrite,
micro-goethite, hematite, magnetite, Fe-bearing silicates, mackinawite,
and siderite were selected as references for the samples derived from
the Bangladesh sediments. These references were then evaluated based
on their SPOIL values. Ferrihydrite and micro-goethite, which were
used in spiking Bangladesh sediments, had SPOIL values of 2.91 and
4.45, respectively; the other selected references also had SPOIL va-
lues < 6 and thus were acceptable references in EXAFS-LCF (Table
SA6). To be consistent with previously published studies on the Dover
Superfund site (Sun et al., 2016a; Sun et al., 2016b), the minerals se-
lected for the Bangladesh sediments were also selected as references for
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the samples derived from the Dover sediments. Ferrihydrite and mag-
netite, which were used in spiking Dover sediments, had SPOIL values
of 1.45 and 1.92, respectively; the other references also had SPOIL
values < 6 (Table SA6).

In addition, the spectral signatures of ferrihydrite, micro-goethite
and three other environmentally relevant goethites, which vary with
particle size and morphology, were compared (Figs. 1 and SA3). Var-
iations between their EXAFS spectra were mostly observed over the k-
range of 5-10 A~ ', where Fe backscattering has the highest amplitude.
Although the interatomic Fe-Fe distances in these minerals are roughly
the same, the Fe-Fe shells in micro-goethite have higher amplitudes
than those in ferrihydrite and in nanocrystalline goethite (nano-goe-
thite) (Fig. 1B). Micro-goethite also show high spectral similarity with
the two natural goethites available (Figs. 1 and SA3). Because micro-
goethite closely resembles natural goethites in soils and sediments
(Bertsch and Seaman, 1999; Schwertmann and Cornell, 2000) and was
the goethite used for spiking the sediment samples, micro-goethite was
regarded as the most appropriate goethite reference.

3.2. Iron mineral composition of unspiked sediments

For unspiked Bangladesh sediments, EXAFS-LCF (Tables 1 and SA1)
indicated a ferrihydrite concentration of 12,700 + 1700 mgkg ™'
(64% *= 9% of total Fe) and a goethite concentration of
1740 = 660 mg kg’1 (9% + 3% of total Fe). EXAFS-LCF also re-
ported similar results on glycerol-coated sediment samples collected
from the same borehole (Fig. SA4). Consistent with EXAFS-LCF, se-
quential extraction and %"Fe Mdéssbauer spectroscopy identified short-
range-ordered Fe phases (e.g., Ferrihydrite and nano-goethite) as the
major Fe phases. Sequential extractions (Tables 1 and SA7) indicated an
amorphous Fe oxide concentration of 7770 mg kg ™! (39% of total Fe,
58% of extractable Fe) and a crystalline Fe oxide concentration of
3620 mg kg~ ! (18% of total Fe, 27% of extractable Fe). >’Fe Mossbauer
spectroscopy (Table 2, Fig. 2 and Table SB1) indicates a ferrihydrite
concentration of 5370 = 990 mg kg’1 (27% =+ 5% of total Fe), a
nano-goethite concentration of 4180 * 200 mgkg™! (21% = 1% of
total Fe), and an unidentified, highly disordered nano-scale Fe(III)
oxyhydroxide concentration of 3780 + 600 mgkg~' (19% =+ 3% of

total Fe), which likely represents highly-substituted ferrihydrite or
nano-goethite phases. As expected, XRD analysis could not identify
ferrihydrite or any other Fe mineral in the Bangladesh sediments (Fig.
SA5).

For unspiked Dover sediments, EXAFS-LCF (Tables 1 and SA2) in-
dicated a ferrihydrite concentration of 8140 + 1690 mgkg !
(41% = 9% of total Fe) and a magnetite concentration of
0 = 470 mg kg_1 (0% = 2% of total Fe). Compared to EXAFS-LCF
fits, sequential extraction (Tables 1, SA7 and Fig. SA6) indicated a
much lower concentration of amorphous Fe oxide, 1420 mg kg~ * (7%
of total Fe, 18% of extractable Fe), and a higher concentration of re-
calcitrant Fe oxide, 2130 mg kg~ * (11% of total Fe, 27% of extractable
Fe). Again, XRD analysis failed to identify any Fe mineral in the Dover
sediments (Fig. SA5).

3.3. Performance of EXAFS-LCF on known binary mineral mixtures

To determine if EXAFS-LCF can quantify ferrihydrite in the presence
of other Fe minerals, known ferrihydrite-goethite mixtures and ferri-
hydrite-magnetite mixtures were examined. Fits were performed with
spectra of the two known end-members, and also with spectra of all the
environmentally relevant minerals that were used to fit natural sedi-
ments (Fig. 3 and Table SA3). In either case, EXAFS-LCF fits agreed with
known composition (Fig. 4). When extra mineral references were used,
EXAFS-LCF incorrectly reported a low concentration, 4% on average, of
Fe-bearing silicates but correctly excluded four minerals that were not
present.

3.4. Iron mineral composition quantified by the method of standard-
additions

EXAFS-LCF combined with the method of standard-additions was
used to increase confidence in the quantification of Fe minerals in
natural complex samples (Fig. 5). For Bangladesh sediments, EXAFS-
LCF fits on samples with ferrihydrite added in known concentrations
(ferrihydrite-additions, Fig. 6A) indicated an original ferrihydrite con-
centration of 13,200 + 2000 mgkg~ ' (66% = 10% of total Fe), and
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fits on goethite-additions (Fig. 6B) indicated an original goethite con-
version of this article.)

centration of 2680 + 910mgkg™ ' (13% = 5% of total Fe). When
the concentrations of goethite were changing, the EXAFS-LCF fits on
ferrihydrite stayed constant; for sediments unspiked and spiked with
ferrihydrite/goethite, EXAFS-LCF fits of the other Fe minerals including
Fe-bearing silicates stayed nearly identical (Table SA1). The method of
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standard-additions was also combined with sequential extractions. The
concentration of Fe solubilized in hydroxylamine-HCI extraction step
increased proportionally with increments of ferrihydrite spiked into
Bangladesh sediments (Fig. 7A). Hydroxylamine-HCl extractions on
ferrihydrite-additions indicated an original amorphous Fe oxide con-
centration of 6800 + 1360mgkg™' (34% = 7% of total Fe,
49% =+ 10% of extractable Fe). Responding to the additions of ferri-
hydrite, EXAFS-LCF and extractions both correctly indicated increased
ferrihydrite concentrations, whereas XRD was insensitive as expected
(Fig. SA7).

For Dover sediments, EXAFS-LCF fits on ferrihydrite-additions, on
the whole, indicated lower original ferrihydrite concentration than fits
on the single unspiked sample (Figs. 8 and 9A). If the unspiked Dover
sample was excluded, EXAFS-LCF fits on ferrihydrite-additions in-
dicated an original ferrihydrite concentration of
1020 + 1000 mgkg™ ! (5% =+ 5% of total Fe). Compared to Bangla-
desh ferrihydrite-additions, the data on Dover ferrihydrite-additions
showed more scatter (Fig. 6A versus Fig. 9A). EXAFS-LCF fits on Dover
magnetite-additions (Fig. 9B) indicated an original magnetite con-
centration of 130 + 300 mgkg ™' (1% =* 2% of total Fe).
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4. Discussion
4.1. Comparison of methods of quantifying ferrihydrite

To determine if the “ferrihydrite” detected by EXAFS-LCF was truly
ferrihydrite, this method was tested on known binary mineral mixtures
(Fig. 4). The result indicated that ferrihydrite could be differentiated
from micro-goethite or other Fe oxides using EXAFS-LCF, even though
their spectral similarity can complicate such differentiation (O'Day
et al., 2004). EXAFS-LCF fits with extra mineral references agreed with
fits with the two end-members, which further indicated the robustness
of EXAFS-LCF and, to some extent, the uniqueness of the reference
spectra. However, when extra references were used, as much as 4% of a
component, often Fe-bearing silicates, might be included when it is not
present (Table SA3). This indicates that the practical detection limit of
EXAFS-LCF is on the order of 3-5%, similar to what was observed in
other studies (O'Day et al., 2004).

For complex sediments/soils, if references are well defined, con-
ventional EXAFS-LCF is effective at quantifying ferrihydrite; if Fe-
bearing silicates or other minerals are variable in structure or not re-
presentatively described by a few references, then conventional EXAFS-
LCF alone might be less accurate. An advantage of combining EXAFS-
LCF with the method of standard-additions is that fitting error(s) caused
by the choice of references is distributed uniformly over unspiked and
spiked samples, at least when the addition does not appreciably change
the bulk Fe concentration (in this study, the addition of Fe oxide mi-
nerals increased bulk Fe concentration from 2.0% to 2.2-2.9% in
Bangladesh sediments and from 2.0% to 2.2-2.8% in Dover sediments).
As such, the accuracy of quantifying ferrihydrite instead depends on the
sensitivity of EXAFS to measure changes in the abundance of ferrihy-
drite. For Bangladesh sediments, the regression for ferrihydrite showed
good linearity and a slope close to 1, and was not affected by the
samples simultaneously spiked with goethite (Fig. 6A). This indicates
that EXAFS-LCF is able to respond systematically to additions of ferri-
hydrite in multi-mineral assemblages, even in the presence of goethite.
Furthermore, the fits of the other minerals including Fe-bearing silicates
stayed constant (Table SA1), indicating that they did not bias fits. For
Bangladesh sediments, ferrihydrite quantified by EXAFS-LCF standard-
additions agreed with the conventional EXAFS-LCF method on a single
unspiked sample, and also had comparable uncertainty (Table 1). Given
detailed prior work identified all the key references to include in the
LCF model (Aziz et al., 2017; Jung et al., 2012; Mihajlov, 2014), it is
expected that the EXAFS-LCF standard-additions and single sample
methods agree. In cases where no prior work on Fe mineralogy is
available, the concentration and uncertainty determined by EXAFS-LCF
standard-additions should be more reliable given that it is less affected
by the choice of other references.

Ferrihydrite in the Bangladesh sediments was also quantified by
57Fe Mossbauer spectroscopy and sequential extraction. Mdssbauer is
extremely sensitive to the degree of short-range ordering or crystallinity
— much more so than EXAFS or XRD — such that the most highly
substituted or disordered Fe oxyhydroxide phases exhibit only partial
ordering (a collapsed sextet) at 5K (Fig. 2). These highly-disordered
phases may have angstrom-level atom spacing consistent with ferrihy-
drite or goethite, but regardless, the phases do not exhibit crystal or-
dering beyond a few nanometers. For Bangladesh sediments, nearly half
of the Fe magnetically orders was consistent with either ferrihydrite or
these highly disordered, nanocrystalline Fe(IIl) phases, which agreed
with the abundance of ferrihydrite detected using EXAFS (Tables 1 and
2). Mossbauer spectroscopy also indicated broadly consistent compo-
sition of the other Fe minerals with EXAFS-LCF and validated the choice
of mineral references included in fitting. As for sequential extraction,
although it has certain limitations, this method is unique in that each
extraction step corresponds to the reactivity of specific mineral class
(Poulton and Canfield, 2005). Compared to ferrihydrite concentrations
determined by EXAFS-LCF, the concentrations of hydroxylamine-HCI
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extractable Fe were consistently lower (Fig. 7B and C). This can be
attributed to incomplete extractions, something that is commonly ob-
served in extraction experiments (Bacon and Davidson, 2008; Gleyzes
et al.,, 2002). Nevertheless, hydroxylamine-HCl extraction, both con-
ventional and combined with standard-additions, indicated significant
concentration of amorphous Fe oxides in Bangladesh sediments
(Table 1).

Conventional EXAFS-LCF also detected ferrihydrite in the Dover
sediments (Table 1). However, this result disagrees with previous stu-
dies on the Dover Superfund site (Sun et al., 2016a; Sun et al., 2016b).
The Dover sediments were gray-colored sediments from underneath a
landfill that should contain limited quantity of oxidized reactive Fe.
EXAFS-LCF fits on Dover ferrihydrite-additions successfully revealed
the lack of ferrihydrite in the original sample (Fig. 9A), which was
further supported by hydroxylamine-HCl extraction (Table 1). The
difference between EXAFS-LCF on a single sample and standard-addi-
tions, therefore, most likely reflects sediment heterogeneity or poten-
tially sample preservation issue. For complex sediment/soil samples, it
is hard to envision small aliquots being perfectly representative all the
time. Such issues are not something that EXAFS-LCF itself or other
analytical techniques can overcome. Furthermore, the Dover ferrihy-
drite-additions were less linear than Bangladesh ferrihydrite-additions
(Fig. 6A versus Fig. 9A). The poorer fit is likely a result of difficulty with
homogenizing small volumes of unpowdered solid materials, especially
when they contain mixtures of sand, silt and clay. The comparison
implies that grinding is a better method for homogenization.

4.2. Adequacy of EXAFS in distinguishing between different goethites

For the Bangladesh sediments, conventional EXAFS-LCF quantified
a lower concentration of goethite than the EXAFS-LCF standard-addi-
tions method (Fig. 6B). This apparent disagreement is likely because the
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synthetic micro-goethite used for spiking was not perfectly re-
presentative of the natural goethite in the Bangladesh sediments. Al-
though in theory such micro-goethite is close to natural goethites
(Bertsch and Seaman, 1999; Schwertmann and Cornell, 2000), in reality
soil and sedimentary goethites are variable in composition and struc-
ture. [Note that ferrihydrite may also exhibit structural variations,
partially due to interferences from aluminum and silicon (Adra et al.,
2013; Wang et al., 2015).] Independent evidence from the Mossbauer
analysis indicates that the Fe(Ill) oxides in the unspiked Bangladesh
sediments at 295 K are superparamagnetic or near their blocking tem-
perature (Supplementary material Section B). This contrasts with the
synthetic micro-goethite used in the standard-additions experiment,
which yielded a full sextet at 295 K (Table SB2 and Fig. SB1). Thus,
natural goethite in the Bangladesh sediments is more disordered or of
smaller particle size than the synthesized micro-goethite and similar to
nano-goethites typically found in highly weathered soils and sediments
(Ginn et al., 2017; Thompson et al., 2011; Tishchenko et al., 2015; van
der Zee et al., 2003).

While ferrihydrite and micro-goethite have sufficiently distinct
EXAFS spectra, it appears that the EXAFS spectra of ferrihydrite and
nano-goethite are similar (Figs. 1 and SA3). If micro-goethite and nano-
goethite were both present in the sample, including only the micro-
goethite reference in fitting would possibly result in an underestimation
of goethite and an overestimation of ferrihydrite concentrations. One
potential solution is to include both micro- and nano-goethite in fitting.
The goethite-like phases detected by Mossbauer (21% of total Fe,
Table 2) were best approximated by nano-goethite standards and those
phases exhibited a continuum of crystallinity based on ordering tem-
perature that is consistent with multiple populations of goethite (Sup-
plementary material Section B.3.2). This suggests using two goethite
references in EXAFS-LCF could be effective to differentiate goethite
based on crystallinity. To test this idea, EXAFS-LCF were redone on
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Bangladesh goethite-additions with including both micro- and nano-
goethite as references (Table SA8). From a statistical perspective based
on the goodness-of-fit parameter, reduced %2, including nano-goethite
did not significantly improve the individual fits. This is not surprising
considering that the spectral signature of nano-goethite can be de-
scribed (or say masked) by the combination of ferrihydrite and micro-
goethite. Nevertheless, using the method of standard-additions, the
regression combining micro- and nano-goethite had a slope of 0.82
(Fig. 6C), much closer to 1 than fits using micro-goethite alone (a slope
of 0.57, Fig. 6B). The new fits indicated an original goethite con-
centration of 3430 = 1170 mgkg™' (17% = 6% of total Fe) from
conventional EXAFS-LCF and 3530 + 2960 mg kg™ ' (18% =+ 15% of
total Fe) from standard-additions. The new fits suggested a nano-goe-
thite concentration of about 2000 mg kg™ 1 (10% of total Fe, Fig. 6C),
which was previously fit as ferrihydrite. Using nano-goethite alone (no
micro-goethite) in fitting resulted in unstable fits for goethite and other
Fe minerals (Table SAS8).

The inclusion of nano-goethite (in addition to ferrihydrite and
micro-goethite) in EXAFS-LCF, especially when combined with stan-
dard-additions, may provide more mineralogical information than has
previously been possible. However, using spectroscopically similar re-
ferences in fitting produces larger uncertainty (Fig. 6C) and increases
complexity in data interpretation.

5. Conclusions and implications

This study verified the capability of EXAFS analysis to distin-
guishing ferrihydrite from other Fe minerals including micro-goethite,
and verified the accuracy of conventional EXAFS-LCF. This is a timely,
important verification as EXAFS analysis has been becoming one of the
most popular analytical geochemical research tools. Furthermore, this
study represented an initial attempt to apply the method of standard-
additions to EXAFS-LCF analysis (and also to sequential extraction)
using real sediments. Such application improves our ability to quantify
Fe mineral composition in complex natural samples. In addition to Fe
minerals, our general observations regarding quantification could be
transferable to EXAFS-based analysis of other mineral phases. Due to
limited time available on synchrotron-based EXAFS techniques, in-
creased number of analyses required for standard-additions, as well as
effort required for sample preparation including homogenization, it is
probably difficult to involve standard-additions in routine EXAFS ana-
lysis. Nevertheless, such application provides a means of more con-
clusively detecting short-range-ordered minerals in unknown matrices.
Data from the method of standard-additions are also less biased by any
single sample when heterogeneity is present (as is often the case with
natural sediments and soils). To evaluate the performance of EXAFS-
LCF standard-additions more comprehensively, continued efforts are
required and could be put into studying samples with unusually high or
low bulk Fe concentrations, more variable degrees of crystallization,
aluminum-substituted ferrihydrite and goethite, and variable contents
of organic Fe species etc.

Another finding of this study is that all applied methods reveal the
presence of ferrihydrite in Bangladesh sediments (Fig. 10). This finding
is significant because this short-range-ordered mineral is highly reactive
with respect to microbial reduction, metal(loid) retardation and other
processes. The Bangladesh sediments were obtained from a low-arsenic
Pleistocene aquifer that provides critical drinking water resources in
South and Southeast Asia, because groundwater of Holocene aquifers is
contaminated with arsenic (Harvey et al., 2002; Horneman et al., 2004;
Mihajlov, 2014; Zheng et al., 2005). Despite the broad consensus that
Fe(IIl) oxides are more prevalent in Pleistocene aquifers than in Holo-
cene aquifers, the presence of easily reducible ferrihydrite in Pleisto-
cene aquifers is controversial, and as a result, ferrihydrite is often as-
sumed to be absent (Jessen et al., 2012; Polizzotto et al., 2006;
Stollenwerk et al., 2007). The multiple approaches applied in this study
consistently indicate the presence of ferrihydrite (and nano-goethite) in
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Pleistocene aquifers and minimize the chances of a fitting artifact or
incorrect attribution. This points out the need to better understand and
document the distribution of ferrihydrite in these Pleistocene aquifers,
to ensure more robust predictions of the long-term fate of arsenic and to
design suitable remediation measures.
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Appendix A. Supplementary data

Section A contains data on individual concentrations/fractions of
the Fe mineral additions, EXAFS spectra of the references, the detailed
EXAFS-LCF results, sequential extraction scheme and detailed extrac-
tion results, XRD patterns, etc. Section B contains details on >’Fe
Mossbauer data collection and interpretation. Supplementary data as-
sociated with this article can be found in the online version, at https://
doi.org/10.1016/j.chemgeo0.2017.11.021.
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