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ARTICLE INFO ABSTRACT
Article history: A series of naturally occurring ferrihydrites sampled from an acid mine drainage
Received 30 October 2010 environment were characterized and compared with synthetic 2-line ferrihydrite using

Accepted after revision 17 November 2010 high energy X-ray total scattering and pair distribution function analysis, Scanning

Transmission X-ray Microscopy (STXM), Transmission Electron Microscopy (TEM), BET N,
Mots clés : surface area measurements, and chemical extractions in order to place constraints on their
Ferrihydrite structural and physical properties as a function of composition. Overall, the short- and
gg?:cpt?frlet'on intermediate-range ordering of the natural samples is comparable to synthetic
Réactivité ferrihydrite. However, with increasing Al, Si, and organic matter contents, a decrease
in particle size and an increase in structural disorder were observed. Silica is suspected to
have a pronounced effect on the crystallinity of ferrihydrite as a result of its inhibitory
effect on Fe polymerization and particle growth, and it is likely complexed at the surfaces
of ferrihydrite nanoparticles. Aluminum, on the other hand may substitute for Fe>* in
natural ferrihydrite. Organic matter is pervasive and intimately associated with
ferrihydrite aggregates, and its presence during ferrihydrite precipitation may have
contributed to additional structural disorder. The increase in impurity content affects not
only the particle size and structural order of ferrihydrite but may also have a significant
effect on its surface reactivity.
© 2010 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

RESUME

Key"_"ords-_' Une série de ferrihydrites naturelles provenant d'un site de drainage minier acide a été
Ferrihydrite caractérisée et comparée a une ferrihydrite synthétique « 2-line » par diffraction des

gfrngile“on rayons-X (DRX), microscopie a balayage par transmission de rayons-X (STXM),
Reactivity microscopie électronique a transmission (MET), analyses BET N, et extractions chimiques,

pour étudier I'impact de la composition chimique sur les propriétés physiques et
structurales de ce minéral. Globalement, la structure des ferrihydrites naturelles est
similaire a celle de la ferrihydrite synthétique. Cependant, une augmentation des teneurs
en Al Si, et matiére organique associées avec la ferrihydrite, entraine une baisse de la taille
des particules et une augmentation du désordre structural. Ces changements ont été
attribués principalement a la présence du silicium, qui affecte de maniére significative la
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polymérization du fer en solution, la cristallinité et la croissance des particules. Le
silicium serait plut6t complexé a la surface des nanoparticules de ferrihydrite, tandis que
I'aluminium pourrait étre incorporé dans la structure méme des ferrihydrites. Une forte
association entre la matiére organique et la ferrihydrite a été observée et on soupconne
que sa présence, lors de la précipitation de ferrihydrite, a aussi affecté le désordre
structural de ces matériaux. La présence de ces impuretés pourrait également fortement
modifier la réactivité de surface des ferrihydrites naturelles.

© 2010 Académie des sciences. Publié par Elsevier Masson SAS. Tous droits réservés.

1. Introduction

Ferrihydrite is a hydrated Fe(Ill) nano-oxide that is
ubiquitous in various Earth surface environments. Due to
its abundance, frequent occurrence as particle coatings,
and its large reactive surface area resulting from its small
particle size (1-7 nm), ferrihydrite is well recognized for its
capacity to control the mobility of inorganic and organic
pollutants in the environment through sorption reactions.
Its occurrence is documented at near-neutral pH condi-
tions in a variety of redox-active environments, such as
soils and sediments, as well as freshwater and marine
settings (Jambor and Dutrizac, 1998 and references
therein), where it may comprise a considerable fraction
of the available reactive surface area. Ferrihydrite can also
be found locally in vast sedimentary deposits in environ-
ments characterized by high ferrous iron supply from
groundwaters and high oxidation rates. Well-known
examples of such settings include acid mine drainage
(AMD) environments, ferriferous groundwater springs,
hydrothermal springs, and seafloor vents (Boyd and Scott,
1999; Carlson and Schwertmann, 1981; Childs et al., 1982;
Kim and Kim, 2003; Pichler et al., 1999). In several of these
settings, an accelerated oxidation of iron by microbial
activity was shown to be favorable (Ferris et al., 1989;
Kennedy et al.,, 2003) but not essential for ferrihydrite
precipitation.

The complexity of naturally occurring ferrihydrite is
attributed not only to its poor crystallinity and nanoparti-
culate character but also to considerable variations in its
composition. Several inorganic impurities including alu-
minum, silicon, arsenic, manganese, phosphorous, as well
as natural organic matter (NOM) are known to be
associated with ferrihydrite as a result of their affinity
for iron oxides. For example, precipitates from AMD
environments, volcanic springs, and cold springs were
found to contain between 0.5 and 31.5 wt % SiO,, between
0.5 to 9.6 wt % Al,05, and up to 7.2 wt % PO4 (Boyd and
Scott, 1999; Childs et al., 1982; Henmi et al., 1980; Jambor
and Dutrizac, 1998; Kim and Kim, 2003; Parfitt et al.,
1992). Arsenic is particularly abundant in ferrihydrites
formed in acid mine drainage environments as well as in
some isolated hydrothermal deposits, with reported As(V)
contents between 0.7 and 28.3 wt % (Majzlan et al., 2007;
Pichler et al., 1999). The association of NOM with iron
precipitates has also been documented in instances where
such precipitates form under the influence of bacterial cells
or bacterial exudates in hydrothermal, lacustrine, and
AMD settings (Chan et al., 2004; Fortin et al., 1993;
Kennedy et al., 2003). Furthermore, correlations between
carbon and iron contents in soils have led to suggestions

that there is an intimate association between humic
substances and nanoparticulate iron oxyhydroxides
(Schwertmann et al., 2005).

These impurity species can affect ferrihydrite crystal-
linity and particle size, its solubility and stability with
respect to transformation, its aggregation properties, as
well as its surface structure and composition. These
changes in its physicochemical properties can also impact
ferrihydrite chemical reactivity significantly and in vari-
able ways. Several studies on doped synthetic ferrihydrites
have shown that the presence of foreign ions and/or
organic molecules can affect ferrihydrite reactivity with
respect to reductive dissolution (Jentzsch and Penn, 2006),
siderophore-promoted dissolution (Mikutta and Kretzsch-
mar, 2008), and metal(loid) adsorption (Anderson and
Benjamin, 1985; Anderson and Benjamin, 1990; Masue
et al., 2007). Thus, a knowledge of the structure, composi-
tion, and physical properties of naturally occurring
ferrihydrite is important for understanding its reactivity
in the environment. Despite numerous studies of naturally
occurring ferrihydrites, detailed information on their
atomic-level structures is lacking. Indeed, even the
structure of synthetic ferrihydrite (Michel et al., 2007a;
Michel et al., 2007b; Michel et al., 2010) has been the
subject of significant debate (Combes et al., 1989; Combes
et al., 1990; Drits et al., 1993; Manceau, 2009; Manceau,
2010; Rancourt and Meunier, 2008). Difficulties associated
with the characterization of the structure and composition
of this phase arise primarily from its nanometer-sized
particles, inherent structural disorder, and lack of a
crystalline counterpart. Recently, Michel et al. used X-
ray total scattering and pair distribution function (PDF)
analysis to propose a structural model describing synthetic
ferrihydrite as a single defective phase (Michel et al.,
2007a; Michel et al., 2010).

Variations in the composition of ferrihydrite are
expected to have a direct effect on its structure. However,
precise determination of natural ferrihydrite composition
is often complicated by the formation of separate but
intimately mixed nano-scale phases. The interaction of
foreign species with ferrihydrite can range from structural
incorporation to surface complexation and/or surface
precipitation to physical mixtures at the nm scale. For
example, cations with a similar valence state and ionic
radius may substitute for Fe>* and reside directly in the
structure (Tang et al., 2010). Conversely, strong-binding
ligands such as arsenate or silicate are suspected to be
primarily associated with the surfaces of ferrihydrite
particles as a result of their inhibitory effect on iron
polymerization (Doelsch et al., 2000; Pokrovski et al., 2003;
Waychunas et al., 1993). However, the distinction between
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true chemical substitution and surface complexation is, in
most cases, very difficult to make for these poorly
crystalline nano-scale phases using conventional diffrac-
tion, imaging, and spectroscopic techniques. In some cases
(e.g., Si impurities at high concentrations), available
evidence suggests a physical association of ferrihydrite
with a silica-rich phase(s), as will be discussed below.

In this study we have characterized a suite of naturally
occurring Al-, Si-, and NOM-bearing ferrihydrites in an
attempt to identify the effects of these impurity species on
their structural and physical properties. We have com-
pared our structural results for natural ferrihydrites with
those from recent X-ray scattering studies of synthetic 2-
line, 6-line (Michel et al., 2007a, 2007b), and ordered
ferrihydrite (Michel et al.,, 2010). Ferrihydrite samples
were collected from an AMD system at the New Idria
mercury mine in central California. Their characterization
was carried out using synchrotron-based (X-ray total
scattering and PDF analysis, scanning transmission X-ray
microscopy) and laboratory-based techniques (TEM, BET,
ICP-AES), which provided atomic-scale structural infor-
mation at short- and intermediate-ranges (~20A), evi-
dence for compositional heterogeneity at the nm-scale, as
well as clues about the effects of composition on particle
size, aggregation properties, and the surface chemistry of
natural ferrihydrites.

2. Materials and methods

Ferrihydrite was sampled at the New Idria mercury
mine (San Benito Co., CA, USA), which was North America’s
second largest mercury producer located in the central part
of the California Coast Range mercury mineral belt
(Rytuba, 2000), where an AMD system has developed
since the mine’s closure in 1972. Three ferrihydrite
samples, referred to as NIFh1, NIFh2, and NIFh3, were
collected over a two-year period from the top few
centimeters of the thick ferrihydrite sediment layer
precipitated in the near-neutral pH waters of San Carlos
Creek, which drains from the mine site. Once in the
laboratory, the ferrihydrite slurries were centrifuged to
separate excess water, dried in a fume hood and stored as
powders. It is possible that centrifugation causes aggrega-
tion of ferrihydrite particles, although it is likely that they
are already aggregated to some extent prior to centrifuga-
tion in part because of their small surface charge. The
measured pHp,. of the natural ferrihydrite samples
(including impurities) varies between ~8 and 8.4 and
thus the particles would be expected to have a near-
neutral charge, which should lead to aggregation at the pH
conditions of this site (pH = ~8). Pure synthetic ferrihydrite
used for comparison with the natural samples was
synthesized in the laboratory by neutralizing a 0.2 M
ferric nitrate solution by 1 M NaOH to a pH value of 7.5,
following the protocol developed by Schwertmann and
Cornell (1991).

Chemical compositions of the natural ferrihydrites
were obtained by ammonium oxalate extraction (Loeppert
and Inskeep, 1996). This extraction procedure provides the
composition of the poorly crystalline sample fraction and
does not take into account the contribution of trace

amounts of crystalline detrital phases such as quartz or
clay minerals associated with the bulk sediment. All
solutions obtained by digestion were filtered prior to
analysis by ICP-AES (IRIS Advantage/1000 Radial ICAP
Spectrometer). Weight loss on ignition was measured by
heating the sample to 500 + 50 °C for 4 hours. Total carbon
and total organic carbon were measured by flash combustion
with a Carlo-Erba NA 1500 analyzer; the organic carbon
fraction was estimated by measuring ferrihydrite carbon
contents after a weak acid wash (Midwood and Boutton,
1998).

BET N, surface area measurements were carried out
using a Micromeritics ASAP 2020 surface area analyzer.
Samples were degassed for 13 hours at a temperature of
50°C before N, adsorption. TEM images were obtained
using an FEI Tecnai G2 F20 X-TWIN TEM operating at
200 kV.

Scanning transmission X-ray microscopy (STXM) ele-
ment mapping and near-edge X-ray absorption fine
structure (NEXAFS) spectroscopy were performed at the
Advanced Light Source (Lawrence Berkeley National
Laboratory, Berkeley, CA, USA) on branch line 11.0.2.2.
See Bluhm et al. (2006) for a detailed description of this
beamline. Protocols for data acquisition and processing can
be found in Bluhm et al. (2006) and Hitchcock (2001).
Energy calibration for the C K-edge was performed using
gaseous CO,; quartz and gibbsite were used for Si K-edge
and Al K-edge energy calibrations, respectively. All
measurements were performed using a 25nm Fresnel
zone plate, which yielded a maximum spatial resolution of
25-30 nm. Samples were prepared by placing a drop of
dilute ferrihydrite suspension onto either a lacey carbon-
coated 300 mesh copper grid or a silicon nitride
membrane. Elemental maps for Fe, Al, Si, and C were
obtained by subtracting images taken at energies below
the absorption edge of the element of interest from images
taken at an energy slightly above the absorption edge.
Carbon K-edge NEXAFS spectra were extracted from
regions of interest on image stacks. Aluminum and silicon
concentrations were not sufficient in the iron-rich portions
of these samples to obtain good quality NEXAFS spectra.
The aXis2000 software package was used for image and
spectra processing (Hitchcock, 2000).

X-ray scattering data were collected at the Advanced
Photon Source (Argonne National Laboratory) on beam line
11-ID-B. For these measurements, dry ferrihydrite pow-
ders were packed and sealed in 1 mm Kapton capillaries. A
minimum of three replicates were prepared for each
sample. Data were collected using either a MAR345 image
plate detector or a Perkin Elmer amorphous silicon
detector. An energy of ~90.5 keV (A =0.1372 A) was used
for wide-angle measurements. Low-angle diffraction data
were collected to obtain high-resolution diffraction
patterns in the low-Q region; a larger sample-to-detector
distance was chosen for this experimental setup, and an
energy of ~60 keV, (A =0.212 A) was used. Calibration of
sample-to-detector distances was performed using a CeO,
standard. Integration of the raw scattering data into
spectra was done using the Fit2D software (Hammersley,
1998), and a polarization correction was applied during the
integration procedure. Diffraction spots resulting from the
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presence of crystalline phases were masked prior to the
integration step. This procedure is used to remove similar
types of parasitic scattering in total scattering investiga-
tions using high-pressure cell devices (Ehm et al., 2007)
and does not significantly affect the PDFs presented here.
For each sample, we selected PDF data obtained from the
purest sample fractions in order to avoid artifacts that
result from the presence of crystalline phases. The total
scattering structure function S(Q) and the pair distribution
function G(r) were obtained using the program PDFgetX2
(Qiu et al., 2004). Data were initially normalized using the
chemical composition of each individual sample, to obtain
the total scattering structure function or S(Q). PDFs were
obtained by Fourier transforming S(Q), with Qmax = 22 A1,
Standard corrections, as well as corrections typical for the
image-plate geometry, were applied during data proces-
sing (Chupas et al., 2003).

3. Results and discussion
3.1. Composition of the New Idria ferrihydrites

The compositions of the poorly crystalline fraction of
the New Idria precipitates are given in Table 1. Iron,
aluminum, and silicon dominate in all three samples, and
an increase in Al and Si contents was observed from sample
NIFh1 to NIFh3. Other elements such as Mn, Mg, P, Ni, and
Zn were found in amounts below 1 wt % and do not appear
to follow a specific trend within the ferrihydrite suite
examined. Water contents (adsorbed and structural) are
significant and varied between 18 and 29.6 wt %. Although
the values given in Table 1 represent a good approximation
of the ferrihydrite compositions, it is unlikely that they
provide an accurate composition of the ferrihydrite sensu
stricto. Additional considerations must be taken into
account when evaluating the results of this chemical
extraction. Firstly, species associated with ferrihydrite as a
result of sorption reactions that occurred during or
subsequent to its formation may not necessarily be part
of the crystal structure (e.g., surface precipitates). Second-
ly, as will be discussed below, these samples appear
heterogeneous in composition and were found to contain
individual, nm-scale Al- and/or Si-containing phases,
which may also be dissolved by the ammonium oxalate
extraction procedure in addition to ferrihydrite, resulting
in an overestimation of the actual Al and Si contents of the
ferrihydrite.

Fe, Al, and Si elemental maps were collected by STXM in
order to visually inspect the spatial distribution of these
elements. The maximum spatial resolution of the STXM
microscope (25 nm for the setup conditions used here) was
not sufficient to evaluate the distribution of Al and Si
within ferrihydrite particles that are ~2nm in size.
Nevertheless, at the highest spatial resolution allowed,
Al and Si were found to be intimately associated with
ferrihydrite aggregates. However, in some cases, a speckled
distribution of Al and Si was observed within ferrihydrite
aggregates, which indicates that individual Al- and Si-rich
phases ~100 to 200nm in size are intermixed with
ferrihydrite particles (Fig. 1). The nature of these nm-size

Table 1

Composition of the poorly crystalline fraction of the New Idria samples
obtained by ammonium oxalate extraction; the contribution of trace
silicate minerals (NIFh1, NIFh2, NIFh3) and calcite (NIFh3) is not taken
into account for these analyses. Loss on ignition weight percentages as
well as total and organic C wt % were estimated from bulk samples.

Tableau 1

Composition de la fraction mal cristallisée des échantillons de New Idria,
obtenue par extraction a l'oxalate d’ammonium; la contribution des
traces de phases cristallines silicatées (NIFh1, NIFh2, NIFh3) et de calcite
(NIFh3) n'a pas été prise en compte pour ces analyses. La quantité d’eau
structurale et adsorbée (loss on ignition=perte au feu), ainsi que la
quantité de carbone total et organique ont été estimées a partir de
I'échantillon brut.

wt % NIFh1 NIFh2 NIFh3
Sio, 2.59 7.20 9.07
Aly03 4.80 8.87 15.04
Fe,03 56.92 50.35 40.62
MnO 0.11 0.07 0.48
MgO 0.17 0.07 0.65
Cao 0.03 0.04 0.04
Na,O0 0.00 0.16 0.01
K0 0.01 0.28 0.02
P,0s5 0.06 0.01 0.10
NiO 0.05 0.04 0.11
Zn0 0.11 0.16 0.63
Total C 0.78 1.33 2.13
Organic C 0.36 0.59 1.36
Loss on ignition 18.05 28.53 29.63

phases could not be determined directly by STXM as a
result of their small particle sizes. However, Al K-edge
NEXAFS data collected on larger, micron-size Al-rich
regions indicated spectroscopic signatures typical for
amorphous Al-hydroxide precipitates (data not shown).
Additional crystalline aluminosilicate phases such as clays
and albite were identified by Al-K edge NEXAFS (data not
shown) and X-ray diffraction (see section 3.3), but their
presence within ferrihydrite aggregates such as shown in
Fig. 1 is not supported by our STXM elemental maps since
overall there are no clear correlations between Al and Si
hotspots. We suspect that these nano-scale hotspots
correspond to Al-hydroxides and amorphous silica pre-
cipitates, which likely formed as a result of a heteroge-
neous precipitation process due to differences in the
hydrolysis/aqueous chemistry of Al, Si and Fe, as well as
reaction kinetics. A fraction of Al and Si may also be
intimately associated with ferrihydrite particles through
chemical substitution (Al), formation of surface complexes
or surface precipitates (Si), and these possibilities will be
discussed in section 3.3.

STXM imaging also shows a strong correlation between
iron and carbon (Fig. 2a). Estimated values for organic
carbon in the New Idria samples vary from ~0.4 to 1.4 wt %
(Table 1). Although these values are not particularly high,
STXM maps indicate that carbon in the form of NOM is
pervasive and appears to act as a matrix in which
aggregates are embedded. Carbon K-edge NEXAFS spectra
indicate a fairly similar carbon signature for all three
samples (Fig. 2b). Functional groups in these spectra were
identified by comparison with various literature reference
spectra of organic and inorganic compounds (Benzerara
et al., 2004; Schumacher et al., 2005; Solomon et al., 2009).
We assigned the peak at 285 eV to the presence of aromatic
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Fig. 1. Example of Fe, Al and Si Scanning Transmission X-ray Microscopy elemental maps of a ferrihydrite aggregate (sample NIFh3), showing compositional
heterogeneity illustrated by speckled Al and Si distribution; Al-and Si-rich domains of ~100-200 nm in diameter are observed.

Fig. 1. Exemple de cartes de distribution de Fe, Al et Si, obtenues par microscopie X en transmission par balayage pour un agrégat de ferrihydrite (échantillon
NIFh3), montrant une hétérogénéité de composition a I'échelle submicronique; les zones enrichies en Al ou Si observées peuvent atteindre ~100 a 200 nm.

Organic C

Normalized o.d.

1

1 1 1
280 285 290 295 300
Energy (eV)

Fig. 2. (a) Fe and organic C Scanning Transmission X-ray Microscopy
maps (sample NIFh3) indicate a close association of organic matter with
ferrihydrite aggregates; (b) C K-edge NEXAFS spectra obtained from
stacks for samples NIFh1, NIFh2 and NIFh3 indicate a fairly similar carbon
signature in all three samples. Spectral features marked by dashed lines
indicate (i) aromatic (285 eV), (ii) aliphatic (287.2 eV), (iii) carboxylic/
peptidic (288.4 eV), and (iv) carbonate (290.4 eV) functional groups.

Fig. 2. (a) Cartes obtenues par microscopie X en transmission par
balayage pour les agrégats de Fe, et C organique montrant une association
forte entre ferrihydrite et la matiére organique ; (b) spectres NEXAFS
obtenus au seuil K du carbone pour les échantillons NIFh1, NIFh2 et
NIFh3 montrant une signature similaire du carbone dans les trois
échantillons étudiés. Les lignes pointillées indiquent les différents
groupes fonctionnels identifiés correspondant a : (i) groupes aromatiques
(285 eV), (ii) groupes aliphatiques (287,2 eV), (iii) groupes carboxyliques/
peptidiques (288,4 eV) et (iv) carbonate (290,44 eV).

functional groups; the shoulder at 287.2 eV was assigned
to aliphatic functional groups, and the slightly broadened
peak at 288.4 eV was attributed to the presence of both
carboxylic (~288.6 eV), and peptidic (288.2 eV) bonds. The
presence of carboxyl and peptidic bonds implies the
presence of polysaccharides and proteins respectively
(Benzerara et al., 2004), indicating that the NOM may be of
bacterial origin. Carbonate was identified in samples NIFh2
and NIFh3 only, based on the feature at 290.4 eV.

3.2. Aggregation, surface area and particle size

TEM images (Fig. 3) indicate that the New Idria
ferrihydrites are found as rounded aggregates that vary
in size from ~50 to 300 nm. Aggregate size decreases from
sample NIFh1 to NIFh3. The smallest aggregates (NIFh3)
are dense in appearance, suggesting a close packing of very
small particles in comparison with the larger aggregates, in
which particles appear to be slightly larger, and more
loosely bound (NIFh1, NIFh2). These aggregates are
thought to be representative of the natural samples prior
to drying and centrifugation due to their small surface
charge (see Section 2), and the difference in density of
particle packing shown in Fig. 3 may be due to an aging or
ripening effect. The measured BET surface area was found
to be highest for sample NIFh1 (312 m?/g) and lowest for
sample NIFh3 (65 m?/g), with the surface area of sample
NIFh2 being intermediate (170 m?/g). Although aggregates
in sample NIFh1 are largest, and normally should have the
smallest surface area, we expect that additional surface
area is exposed as a result of the more loose packing of
ferrihydrite particles. In contrast, particles in sample NIFh3
appear to be densely packed, and aggregates have nearly
smooth edges. We suspect that the BET surface area
measurements reflect to some extent the degree of packing
of the ferrihydrite particles within aggregates, and not the
overall aggregate sizes.

Individual ferrihydrite particles were identified at
aggregate edges primarily for samples NIFh1 and NIFh2
(Fig. 3). Estimated particle diameters were found to vary
from 2.9 &+ 0.6 nm (NIFh1) to 2.6 + 0.5 nm (NIFh2). Particles
appear to be poorly crystalline, and exhibit poorly defined
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Fig. 3. Transmission Electron Microscopy images of samples NIFh1, NIFh2 and NIFh3, indicate variation in aggregate morphology and ferrihydrite particle

sizes.

Fig. 3. Images de microscopie électronique a transmission des échantillons NIFh1, NIFh2 et NIFh3 montrant une variation de la morphologie des agrégats et

de la taille des particules de ferrihydrite.

lattice fringes. Sample NIFh3 exhibits particularly poor
crystallinity, and individual particles were difficult to discern
in this case due to the closely packed appearance of the
aggregates. Only a few individual particles of ~2.4 nm were
identified at the aggregate edges in some instances. However,
this value likely overestimates the actual particle size of this
sample.

3.3. Structural aspects of natural ferrihydrite

X-ray diffraction data (Fig. 4) indicate that the New Idria
samples exhibit two broad maxima typical of 2-line
ferrihydrite, corresponding to d-spacings of 1.4A and
2.5A and considerable diffuse scattering. In comparison
with the XRD pattern of synthetic ferrihydrite, also shown
in Fig. 4, the natural samples have broader, less intense
maxima, which become progressively weaker from sample
NIFh1 to NIFh3. Sharp peaks in these spectra indicate the
presence of detrital mineral phases (quartz, albite) and
calcite.

Pair distribution functions (PDF) obtained by high-
energy X-ray scattering indicate that overall, the short- and
intermediate-range ordering of the natural samples are
comparable to that of synthetic ferrihydrite (Fig. 5).
However, some differences are observed in comparison
with the PDF of synthetic ferrihydrite, notably (i) an
attenuation of the PDF of the natural samples at lower
radial distances, which becomes more pronounced from

sample NIFh1 to NIFh3, (ii) differences in relative peak
intensities, and (iii) the appearance of new peaks.

The solid arrows in Fig. 5 approximate the radial
distances beyond which the PDF signal is reduced to
statistical noise. This attenuation in signal represents a
good estimate of the extent of structural coherence in
materials (Gilbert et al., 2004; Michel et al., 2007b). As
such, we estimated the coherent scattering domain (CSD)
sizes of the natural ferrihydrites at 18 A (NIFh1), 15A
(NIFh2), and 12 A (NIFh3). The coherent domain size of
sample NIFh3 is reduced considerably and is difficult to
estimate as a result of the significant statistical noise
present even at radial distances of ~8 A. In comparison,
the correlations in the PDF for synthetic 2-line ferrihy-
drite extend to distances of approximately 20 A. The error
in CSD size estimation is +3A (Hall et al., 2000). The
decrease in CSD size is consistent with the increased
broadening of the diffraction maxima shown in Fig. 4 and
correlates with increasing Al, Si, and organic matter
contents.

The association of these species with ferrihydrite is
suspected to cause not only a reduction in particle size but
also a significant increase in structural disorder. TEM
imaging (Fig. 3) provided some visual evidence for a
decrease in ferrihydrite particle sizes with increasing
impurity contents. However, particle diameters estimated
by TEM are consistently larger than the CSD sizes
estimated from the PDF data. Such discrepancies between
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Fig. 4. XRD patterns of natural ferrihydrite samples NIFh1, NIFh2, NIFh3,
and synthetic 2-line ferrihydrite collected at ~ 58 keV (A=0.212A).
Selected peaks for quartz (Qtz), albite (Ab) and calcite (Ca) are shown. (*)
The CaCO3; polymorph aragonite was found in sample NIFh3 initially;
transformation to calcite occurred prior to collection of XRD data shown
here.

Fig. 4. Diagrammes de diffraction des rayons-X des échantillons NIFh1,
NIFh2, NIFh3 et d'une ferrihydrite synthétique « 2-line », mesurés a
~58keV (A=0,212 A). Quartz (Qtz), albite (Ab) et calcite (Ca) ont été
identifiés. (*) Le polymorphe aragonite a été identifié initialement dans
I'échantillon NIFh3; la transformation en calcite a eu lieu avant
l'acquisition de ces données.

particle size and CSD sizes have been attributed to
structural disorder (Gilbert et al., 2004, Michel et al.,
2007b). Any type of structural disorder, which may be
caused by structural strain, relaxation of the surface atoms,
ion substitutions, or an increase in vacancies will not result
in coherent scattering and may be reflected in the PDF as
shifts in peak positions or peak broadening; at higher
radial distances this results in an attenuation of the PDF.
Furthermore, in the case of compositionally diverse
samples shown in this study, additional disorder can be
expected from the presence of disordered, compositionally
heterogeneous surfaces.

The first three major features in the PDF of synthetic 2-
line ferrihydrite were assigned to Fe-O, Fe-Fe edge-sharing,
and Fe-Fe corner-sharing distances by Michel et al.
(2007a). Interatomic distances for these atom pairs are
shown in the inset table of Fig. 5. These atomic pair
correlations are present in the PDFs of natural samples at
equivalent distances, but some differences in the intensity
of atom pair correlations were observed. Specifically, there
is a significant reduction in the intensity of the third major
correlation (corresponding to Fe-Fe corner-sharing lin-
kages) for samples NIFh2 and NIFh3, which occurs in
parallel with the reduction in structural coherence. A

~20 A

|
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l NIFh3

1 1 1
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r{Angstrom)
Distance (A) Atom pair
1 1.60 Si-O
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3 3.03 Fe-Fe (edge-sharing)
4 3.44 Fe-Fe (corner-sharing)

Figure 5. Pair distribution functions obtained at an energy of ~90 keV
(N =0.1370A) for natural and synthetic 2-line ferrihydrite. Solid arrows
indicate approximate radial distances beyond which no atomic
correlations typical for ferrihydrite are found, and correspond to
coherent scattering domain sizes (+3A). Peak assignments and
interatomic distances for the first three major correlations of ferrihydrite
are from Michel et al., 2007a (inset table).

Figure 5. Fonctions de distribution de paires mesurées a ~ 90keV
(\=0,1370 A) pour les ferrihydrites naturelles et la ferrihydrite synthé-
tique « 2-line ». Les fléches indiquent les distances approximatives pour
lesquelles les corrélations atomiques correspondant a la ferrihydrite
disparaissent; ces distances correspondent a la taille des domaines
cohérents de diffusion (£3A). Les paires d’atomes et les distances
interatomiques (cf. tableau) correspondant aux trois premiers pics de la
ferrihydrite ont été identifiées par Michel et al., 2007a.

similar decrease in corner-sharing Fe-Fe pair correlations
has been observed in previous studies on iron precipitates
in the presence of strong-binding ligands such as silica
(Doelsch et al., 2000), arsenate (Waychunas et al., 1993),
and organic ligands (Toner et al., 2009) by means of Fe K-
edge EXAFS spectroscopy and has been attributed to a
disruption of the ferrihydrite crystallinity.

An indication of compositional variability among the
three samples is noted in their PDFs in the form of an
additional spectral feature at a slightly shorter distance
than the Fe-O distance (~1.6A). This feature was
attributed to a Si-O atom pair and is found only in the
PDFs of samples NIFh2 and NIFh3, which contain signifi-
cant silica in the poorly crystalline fraction (7.2 and 9.1 wt
% for NIFh2 and NIFh3, respectively). We expect that silica
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has the strongest effect on the crystallinity/particle size of
the New Idria ferrihydrites as a result of its abundance and
its strong interaction with ferric oxyhydroxide polymers
during precipitation (see, e.g., Pokrovski et al., 2003). Silica
was suggested to hinder growth of ferrihydrite crystallites
by attaching to newly formed iron oligomers during
polymerization and by inhibiting the cross-linking of edge-
sharing Fe oligomers. At higher concentrations, silica is
thought to polymerize and form a shell around the ferric
hydrous oxide core (Seehra et al., 2004). Similarly, a natural
siliceous ferrihydrite was described by an analogous
model, in which surface-bound silica bridges ferrihy-
drite-like cores or domains (Parfitt et al, 1992). It is
possible that similar mechanisms were responsible for the
formation of the New Idria precipitates in the presence of
silica. Silica may thus be surface-bound, either in the form
of surface complexes or precipitates. Chemical substitution
of silica in ferrihydrite should be very limited because of
the considerable difference in ionic radii between Si** and
Fe3* (0.26 A for 'VSi** and 0.49 A for 'VFe*" (Shannon, 1976)
and the limited number of tetrahedral sites in the average
ferrihydrite structure (ideally 20% of the total Fe sites).
Although NOM is not as abundant as silica in these
samples, its presence may also contribute to a decrease in
ferrihydrite crystallinity through a similar surface poison-
ing process; it has been shown that even small amounts of
NOM present during precipitation can affect the particle
size as well as the structural order of ferrihydrite
(Eusterhues et al., 2008; Mikutta et al., 2008).

Aluminum is not expected to affect ferrihydrite
crystallinity to the same extent as silicon. AI** is known
to substitute for ferric iron in most crystalline iron oxides,
as a result of similar ionic radii and charge (0.54 A for V'AIP*
vs. 0.65A for V'Fe3*). Previous studies have shown that
synthetic 2-line ferrihydrite can accommodate up to ~80
mol% Al (Harvey and Rhue, 2008), although currently there
is no definitive proof for structural incorporation of this
level of AI** through true chemical substitution. However,
broadening of X-ray diffraction maxima of synthetic
aluminous ferrihydrites and an observed distortion of iron
octahedral environments shown by Mdéssbauer spectros-
copy point to an intimate association of Al with synthetic
ferrihydrite (Chadwick et al., 1986). In principle, Al could
substitute for either the octahedral or tetrahedral Fe sites
in the ferrihydrite structure, as was shown for other "VFe3"-
bearing iron oxides such as maghemite (Wolska and
Schwertmann, 1989); in this case, Al substitution was also
found to destroy vacancy ordering in maghemite. It may be
possible that Al incorporation in the New Idria ferrihy-
drites causes additional structural disorder, reflected by
the attenuation of their PDFs, as a result of distortion of Fe
sites or an increase in vacancies or vacancy disorder.

4. Conclusions

Despite considerable variability in composition, we
have shown that overall, the short- and intermediate-
range atomic ordering of ferrihydrite are preserved in
naturally occurring samples to radial distances up to 18 A.
However, X-ray scattering data indicate that structural
coherence decreases with increasing Al, Si, and NOM

contents. Structural disorder could be caused by an
increase in structural strain, which may be due to a
decrease in particle size induced by silica (or organic
matter) surface poisoning, to chemical substitutions in the
ferrihydrite structure (e.g., Al), to an increase in vacancies
or vacancy disorder, or to the presence of strained or
compositionally different nanoparticle surfaces. We expect
the surface reactivity of these ferrihydrites to be affected
significantly by the presence of Al, Si, and NOM as a result
of variability in their surface composition, particle size and
aggregation properties, and a study of such effects is
currently underway.
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