American Mineralogist, Volume 97, pages 1469-1482, 2012

The enigmatic iron oxyhydroxysulfate nanomineral schwertmannite:
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ABSTRACT

Two sets of precipitates collected from stream sediments in the Monte Romero (MR) and Tinto
Santa Rosa (TSR) abandoned mine sites—located in the Iberian Pyrite Belt (IPB) of Spain—were
identified as the iron oxyhydroxysulfate nanomineral schwertmannite using X-ray diffraction (XRD)
and bulk digestion and were further studied in great detail using analytical high-resolution transmis-
sion electron microscopy (HRTEM). Extensive HRTEM observations suggest that schwertmannite
should not be described as a single-phase mineral with a repeating unit cell, but as a polyphasic
nanomineral with crystalline areas spanning less than a few nanometers within an amorphous matrix.
The d-spacings measured from lattice fringes within schwertmannite’s needles match with d-spacings
of the known transformation products of schwertmannite (goethite and jarosite). This finding implies
that the initial stages of schwertmannite transformation occur as a gradual structural reordering at
the nanoscale. Energy-dispersive X-ray analysis applied across individual schwertmannite needles
with ~3 nm spot size resolution reveal a decreasing ratio of sulfur to iron and silicon to iron from the
surface of the needle to the core with the silicon to iron ratio consistently higher than the sulfur to iron
ratio. Amorphous silicon-rich precipitates were identified on the surface of the TSR schwertmannite.
All of these observations explain why the measured solubility product of schwertmannite is variable,
resulting in calculated stability fields that differ greatly from sample to sample. Arsenic is the most
abundant trace element in these samples [MR: 0.218(1) wt% and TSR: 0.53(2) wt%], keeping in mind
that schwertmannite has been shown to be a key player in the cycling of this element on a global
basis, particularly from the IPB. Furthermore, arsenic in the TSR schwertmannite is associated with
crystalline areas within its needle matrix, implying that schwertmannite-derived goethite nanocrystals
may be an important host of arsenic.
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INTRODUCTION

The ferric oxyhydroxysulfate nanomineral schwertmannite
[FesOg(OH)g (SO,), (1 <x <1.75)] was officially recognized as
amineral in 1994 (Bigham et al. 1994). The proposed structure
for schwertmannite was a modified akaganéite structure where
sulfate occupies the tunnels formed by FeO, octahedra in a
bridged bidentate complex, in place of chloride anions as in
akaganéite. Fernandez-Martinez et al. (2010) recently refined
the positions of iron and O atoms in the Bigham et al. (1994)
proposed structure using pair distribution function (PDF)
analysis of high-energy X-ray total scattering experiments and
concluded that schwertmannite consists of a “highly defective
entangled network of structure motifs.” The defects in the
iron octahedral framework would result in a strained struc-
ture. Modeling of the synchrotron powder X-ray diffraction
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(XRD) patterns revealed that the best model structure would
contain two inner-sphere and two outer-sphere sulfate anions
per unit cell. PDF analysis has advanced the understanding
of the structure of poorly crystalline nanominerals relative to
conventional XRD analysis as for example in Michel et al.’s
(2007, 2010) refinement of the ferrihydrite structure, but this
work has also been criticized. Manceau (2009, 2010, 2011)
argued that the proposed structure violates Pauling’s second
and third principles. Moreover, Manceau (2011) warned that
PDF does not provide sufficient information to obtain unique
crystallographic structures of defective minerals and in par-
ticular for nanocrystalline materials.

As suggested by the model structure in Fernandez-Martinez
etal. (2010), analysis of the schwertmannite structure must also
take into account the existence of multiple phases and defec-
tive structures. The widely ranging bulk chemistry presented
by schwertmannite and the significant variations in the condi-
tions of its formation imply the existence of a broad range of
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calculated solubility constants (Bigham et al. 1996b; Kawano
and Tomita 2001; Yu et al. 1999) that result in a pH stability
window ranging from pH ~2-3 to pH ~2-7.5, depending on the
solubility product used (Majzlan et al. 2004a). The predictive
ability of geochemical models for schwertmannite’s stability is
further hindered by the fact that its predicted stability field may
overlap with that of ferrihydrite and jarosite, both of which also
have a range of calculated solubilities (Bigham et al. 1996b).
Bigham et al.’s field samples also reflect these overlapping sta-
bility fields as many samples are mixtures of schwertmannite,
ferrihydrite, jarosite, and/or goethite. Generally, though, they
found that schwertmannite dominated precipitates collected in
waters with a pH of 2.8 to 4.5 and ferrihydrite dominated in wa-
ters above pH 6.5. Furthermore, schwertmannite is metastable
with respect to goethite and jarosite under conditions where
goethite and jarosite typically form (Acero et al. 2006; Asta et
al. 2010a), but the rate of transformation may vary anywhere
from hours (Burton et al. 2008) to years (Bigham et al. 1996b;
Jonsson et al. 2005; Regenspurg et al. 2004) depending on
geochemical conditions. Despite its unpredictability, research-
ers continue to incorporate schwertmannite into geochemical
models because schwertmannite has been widely found as a
precipitate in acid mine drainage (AMD) systems (Bigham et al.
1994, 1996b; Espana et al. 2005), mine pit lakes (Blodau 2006;
Peine et al. 2000; Regenspurg et al. 2004), and acid-sulfate soils
(Burton et al. 2006, 2007). It has also been found in acid oxic
microenvironments in glacial and iceberg sediments (Raiswell
et al. 2009). Schwertmannite preserved in icebergs may then
become a source of bioavailable iron in oceans (Raiswell 2011).
Finally, the same processes that produce schwertmannite in
AMD systems may also have occurred on the surface of Mars
(Caraballo et al. 2011; Fernandez-Remolar et al. 2004), mak-
ing schwertmannite a mineral of interplanetary importance.

High-resolution transmission electron microscopy (HR-
TEM) allows researchers to discern polyphasic crystal morphol-
ogy and atomic structure at the nanoscale. Using this technique,
researchers have shown the existence of non-classical crystal
growth mechanisms, such as oriented-attachment of crystalline
nanoparticles in material that would have appeared poorly crys-
talline or amorphous using XRD analysis (Banfield et al. 2000;
Moreau et al. 2004). HRTEM has also been used to evaluate
crystal face dependent dissolution of mineral nanoparticles
(Liu et al. 2008, 2009). Researchers used analytical-HRTEM
to identify mineral nanoparticles carrying toxic trace metals in
a river system over long distances that would have otherwise
not been predicted (Plathe et al. 2010). It has also proved to be
a useful tool in the discovery of new nanophases of minerals
(Hochella et al. 1999) and in the fate and transformation of
engineered nanomaterials in waste streams (Kim et al. 2010).
Despite the promise that HRTEM shows for giving new insights
into schwertmannite’s morphology, structure, and composi-
tion, no studies have applied HRTEM to natural samples of
schwertmannite at the resolution needed to investigate it at the
nano- and atomic scale.

In this study, we present the first HRTEM study of natural
schwertmannite, these specimens collected from abandoned
mine sites in the Iberian Pyrite Belt (IPB) of southwest Spain.
The IPB is a world-class site in which to study schwertmannite.
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The IPB is one of the largest sulfide provinces in the world,
spanning across the Huelva Province of Spain and continuing
into Portugal with an estimated 1700 Mt of original sulfide
ore reserves, the main mineral of which is pyrite (Saez et al.
1999). Thousands of years of mining these deposits for valuable
trace metals left hundreds of abandoned mines and significant
pollution in the form of largely unchecked acid mine drainage
(AMD) (Sarmiento et al. 2007). The AMD drains to the Odiel
River basin and the Tinto River and subsequently to the Gulf of
Cadiz and the Atlantic Ocean. Olias et al. (2006) estimated that
the Odiel and Tinto rivers transport 7922 tons/year of iron and
183 802 tons/year of sulfate, which represents 0.32% and 0.15%
of the total global riverine flux of these chemical components.
Furthermore, they estimated that these rivers transport 0.15%,
3.13%, and 15.1% of the global riverine flux of arsenic, copper,
and zinc, respectively. A survey of 64 AMD discharges from
25 different mines in the IPB (Espana et al. 2005) determined
that schwertmannite was the “most important mineral phase,
both in controlling the Fe solubility at pH 24, and as a sor-
bent of the trace elements (As, Cu, Zn),” effectively assigning
schwertmannite a significant part of the global cycling of these
elements, remarkably, from this single region.

MATERIALS AND METHODS

Field site and sampling description

Schwertmannite and water samples were collected from two abandoned mines
in the Iberian Pyrite Belt (IPB) of southwest Spain. The Monte Romero (MR)
mine contains a massive pyrite deposit rich in zinc, lead, and copper sulfides.
The enclosing rocks are siliciclastic schists without carbonate beds (Pinedo-Vara
1963). The main ore of the Tinto Santa Rosa (TSR) mine mainly consists of py-
rite, chalcopyrite, and arsenopyrite. After the closure of the mine and recovery of
groundwater levels, water began to flow from one of the mine adits and formed the
TSR stream. In both mine sites, fresh precipitates were collected from the stream
bed sediment. In the MR site, the iron precipitates appear as fine and loose orange
sediment (Fig. la). Iron precipitates in the TSR site have formed iron terraces of
iron-rich stromatolites (Perez-Lopez et al. 2011) in the stream bed and samples
were collected from the surface of these terraces (Fig. 1b). To avoid the presence
of aged iron mineral phases in the deeper sediments, only the top 1-2 cm of the
fresh precipitates were collected. The samples were air dried at room temperature
in the laboratory to avoid any mineral phase transformation and were ground to a
powder using an agate mill.

Water samples were collected near the solid samples. Methods were based on
previous field studies on acid mine drainage sites within the IPB (Caraballo et al.
2009, 2011). After filtering the water through a 0.1 um Millipore filter on Mil-
lipore syringe filter holders, the samples were acidified in the field to pH 1 with
concentrated nitric acid and stored at 4 °C in polyethylene bottles until analysis.
Temperature and electrical conductivity were measured in the field using a portable
CM35 meter (Crison) with 3 point calibration (147 and 1413 uS cm™ and 12.88
mS cm™). The pH and redox potential (Eh) were measured using a PH25 meter
(Crison) with Crison electrodes. Eh and pH were controlled and calibrated using
2 points (240470 mV) and 3 points (pH 4.01-7.00-9.21), respectively, with
Crison standard solutions. An auto-calibrating Hanna portable meter was used to
measure dissolved O,.

River and sediment sample analysis

Concentrations of dissolved Al, As, Ca, Cd, Co, Cr, Cu, Fe, K, Mg, Mn, Ni, Pb,
S, Si, Ti, V, and Zn in the river samples were determined by inductively coupled
plasma-atomic emission spectrometry (ICP-AES Jobin-Ybon Ultima2) using a
protocol especially designed for AMD samples (Tyler et al. 2004). Analysis was
performed at the Central Research Services at the University of Huelva (CRSUH).
Multi-element standard solutions (SCP SCIENCE) were run at the beginning and
end of each analytical series for calibration. Certified Reference Material SRM-1640
NIST freshwater- type and inter-laboratory standard IRMM-N3 wastewater test
materials (European Commission Institute for Reference Materials and Measure-
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FIGURE 1. Schwertmannite precipitates from the Monte Romero mine site (a) and the Tinto Santa Rosa creek with iron terrraces (b). (Color online.)

ments) were also analyzed. No significant differences were found between the
certified values and the measured concentrations. Samples were run in triplicate
and the relative standard deviation of the measured concentrations was less than
5%. Detection limits were calculated by average and standard deviations from 10
blanks. Detection limits were: 0.200 mg/L for Al, Fe, Mn, Mg, Si, and S; 0.5 mg/L
for Ca; 0.05 mg/L for Zn; 0.005 mg/L for Cu; 0.002 mg/L for As; and 0.001 mg/L
for the other trace elements.

The iron precipitates were first digested using concentrated nitric acid. About
0.05 g of iron precipitates were mixed with 3 mL of concentrated nitric acid (ACS
grade) and were left sitting closed at room temperature in digest vessels (CEM
MARSXpress acid digest vessel) for three or more days until colored solids were
no longer visible. The samples were then diluted with NANOpure water (Barnstead,
18.2MQ-cm water with 1-5 ppb TOC) to a total volume of 25 mL. The samples
were analyzed using ICP-AES (Spectro ARCOS ICP Model FHS16, Virginia Tech
Soil Testing Laboratory) for the concentrations of Al, As, Ca, Cd, Co, Cr, Cu, Fe,
K, Mg, Mn, Ni, Pb, S, Si, Ti, V, and Zn. Calibration standards were prepared for
each single element within the matrix solution of 12% nitric acid. A blank with 12%
nitric acid was run as well and all analyzed metals were below detection limits.
Quality control (QC) standards with a “Certificate of Analysis” were prepared
from multielement standards that are used for verification of instrument accuracy
and precision throughout the analysis. A QC check of 90-110% of the true value
is considered acceptable. White solids, most likely silicates that would not be dis-
solved by a nitric acid digestion, were visible in the MR samples. These solids were
filtered out of solution using a 0.1 um syringe filter (Acrodisc, Supor membrane)
before ICP-AES analysis. Three replicates were analyzed for each sample and the
concentration was reported as the average and twice the standard deviation or the
95% confidence interval. Detection limits were Al 6, As 17, Ca 51,Cd 4, Co 7, Cr
7,Cu7,Fe7,K41, Mg 36, Mn 3, Na 16, Ni 6, Pb 16, S 51, Si 65, Ti 11, and Zn
6 ug/L. This digestion method will not completely dissolve silicate minerals and
therefore the total metal analysis in this study would not reflect the total amount
of the elements in the samples (e.g., Si, Al, Fe, K, Mg, Ca, etc.).

Geochemical modeling

The equilibrium geochemical speciation/mass transfer model PHREEQC
(Parkhurst 1995) with the database of the speciation model MINTEQ (Ball and
Nordstrom 1991) was used to calculate the saturation indices (SI) (SI = logIAP —
logK, IAP = ion activity product) of possible iron oxide phases in the field sites and
the aqueous speciation of metals in the water samples. Additional thermodynamic
data for schwertmannite were taken from Yu et al. (1999) and Kawano and Tomita
(2001). Zero, negative, or positive SI values predict whether the field sites were
in equilibrium, undersaturated, or supersaturated, respectively, with goethite, fer-
rihydrite, jarosite, and schwertmannite.

Powder X-ray diffraction

The purity of the schwertmannite samples was determined using powder
X-ray diffraction on a PANalytical X-pert PRO diffractometer with a CuKo. (45
kV to 40 mA) radiation. Analysis was performed from 10.004 to 79.976 °26 with
a step size of 0.017°.

Transmission electron microscopy (TEM) sample
preparation and mounting

TEM ultramicrotomed thin sections of schwertmannite were prepared to exam-
ine bulk morphology (e.g., needle length and schwertmannite core morphology),
but not for atomic structure analysis because the following preparation method
could affect the schwertmannite structure. The thin sections were prepared using
a method with Poly/Bed 812 (Polysciences, Inc., Data Sheet 233). Subsamples
of the selected schwertmannite were mixed with NANOpure water in a 2 mL
centrifuge tube and then dehydrated by applying a series of ethanol solutions from
graded 15 to 100% ethanol to water. After completing dehydration, the precipitates
were placed in 100% propylene oxide for 15 min, followed by infiltration with a
suspension of propylene oxide and Poly/Bed 812 [50:50 (v:v)] and left overnight.
On the following day, the samples were again subjected to infiltrate with 100%
of Poly/Bed 812 and left to sit overnight. The following day, the samples were
embedded in a flat mold using freshly prepared 100% Poly/Bed 812. The mold
was then cured in an oven set at 60 °C for at least 48 h. Ultra-thin sections were
obtained by ultramicrotome using a diamond knife and approximately 60-90 nm
thick sections were collected on a copper or gold TEM grid with a lacey carbon
support film.

Whole schwertmannite aggregates that were examined by HRTEM as a struc-
tural analysis tool were prepared from samples that had been air dried and stored
at room temperature with no further treatment. The aggregates were dispersed
on TEM grids using the following two methods: (1) iron precipitates were sus-
pended in NANOpure water and placed in a sonicating bath for 5 min to disperse
aggregates and (2) iron precipitates were suspended in ethanol and placed in a
sonicating bath for 2 min to disperse aggregates. In both sample preparations, a
droplet of sample was placed on a copper or gold TEM grid with a lacey carbon
support film and wicked dry with a Kimwipe. TEM grids were then placed in
a desiccator under vacuum until analysis. There were no differences observed
in TEM images collected on schwertmannite prepared using these two sample
preparation methods.

These samples were found to be stable under the beam conditions used for
the duration of the time needed to collect HRTEM images. No change in the
schwertmannite needle morphology was observed at any time. The structures
observed in this study were consistent across images of schwertmannite collected
during different instrument sessions, on different instruments, and on different
schwertmannite particles, indicating that the structures observed were not simply
an artifact of interaction with an electron beam. Furthermore, although this is the
first HRTEM study on natural schwertmannite, the crystalline nanostructures
observed here are consistent with previously published work on the structure of
synthetic schwertmannite using HRTEM (Hockridge et al. 2009). In that study,
care was also taken to ensure that the schwertmannite samples were not dam-
aged by the beam.

Microscopy and chemical analysis

Whole schwertmannite aggregates on TEM grids, as prepared above, were
scanned for arsenic using an environmental scanning electron microscope (ESEM)
(FEI Quanta 600 FEG) with energy-dispersive X-ray spectroscopy (EDX) (Bruker
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QUANTAX 400) operating at 20 kV. This technique allowed us to locate samples
with a sufficiently high arsenic concentration that would be detectable on the
EDX on TEM. Seventy-four aggregates of schwertmannite from the TSR mine
site, displaying the characteristic “pin-cushion” morphology and strong iron and
sulfur signals, were scanned. Approximately 70% of those aggregates showed an
L peak for arsenic indicating that arsenic was present at detectable levels in those
aggregates. Silicon was not detectable above background levels using ESEM/EDX.
Images of the grid location of each schwertmannite aggregate were collected to
locate the same aggregate during TEM analysis.

TEM imaging and EDX analysis were performed on an FEI Titan 300 operat-
ing at 200 kV (ICTAS NCFL, Virginia Tech), FEI Titan 300 TEM operating at 300
kV (Department of Materials Science and Engineering, University of Virginia),
and an FEI Titan3 operating at 300 kV (FEI demo lab, CEOF Ohio State Uni-
versity). TEM images were analyzed using fast Fourier transform (FFT) in the
Digital Micrograph software program with supplemental software [SADP Tools
(Wu et al. 2012)] to measure d-spacings from FFT images. Where possible, lattice
fringes were directly measured by hand using ImageJ (Abramoff et al. 2004), cor-
roborating d-spacings determined from FFT analysis. When lattice fringes were
measured using ImagelJ, the error was determined by the standard deviation of at
least three measurements. The d-spacing error using FFT analysis depends upon
the pixel size of the images.

Analysis of EDX peaks was performed with a background correction that
uses a multi-polynomial fit of background bremsstrahlung radiation, which is
caused by deceleration of incident electrons. The characteristic peaks were fit-
ted with a Gaussian curve and peak intensity was recorded. The default setting
on the software recognizes peaks as significant only if they are six times higher
than the background intensity. Ratios of silicon to iron, sulfur to iron and arsenic
to iron were calculated based on the integrated intensity of the K peaks for the
respective elements. Silicon and sulfur have adjacent peaks in EDX spectra
and have k-factors that are very close to one. The ratios of sulfur to iron and
silicon to iron may therefore be directly compared as relative concentrations of
the elements. Absolute concentrations of elements were not measureable due to
unknown sample thickness.

The chemical composition of individual needles on the surface of schwertman-
nite particles were analyzed by focusing the beam to a ~3 nm spot and collecting
EDX data at that point. The beam was then manually moved to an adjacent area
and data was again collected. The schwertmannite sample was significantly dam-
aged during these analyses in the immediate vicinity of the beam (Supplementary
Fig. 1'), but the small amounts of material in the needles at this lateral resolution
necessitated this approach to obtain sufficient signal for analysis. TEM images
were collected on the undamaged schwertmannite areas before EDX data col-
lection to correlate needle morphology and structure with chemical information.

Electron tomography was performed with the FEI Titan 80-300 TEM operated
at 200 kV. Tilt-series were acquired in high-angle annular dark field (HAADF)—
scanning transmission electron microscope (STEM) mode using a Fischione
Model 3000 annular dark-field detector at a beam convergence (half-angle) of 10.5
mrad and a Fischione 2020 ultra-high tilt single-axis tomography holder. Images
were recorded every 2° in the tilt range of —65 to +65°. Hardware calibrations
and software parameters were refined to improve tilt series acquisitions at high
magnification. These parameters included: defocus, image shift, and specimen
holder tilt shift. Following an acquisition of a tilt series, images were spatially
aligned by cross-correlation algorithm using FEI Inspect 3D Express software. A
simultaneous iterative reconstruction technique (SIRT) was used to reconstruct
data sets and 3D visualization was performed using FEI Resolve RT.
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RESULTS AND DISCUSSION

Field site and bulk schwertmannite mineralogy and
chemical analysis

The water chemistry and metal content of the stream water in
MR and TSR sites (Table 1) create conditions that favor schw-
ertmannite formation in the IPB, with a low pH between 2 and
4, oxic conditions and high dissolved sulfate and iron (Espana et
al. 2005). Saturation indices calculated using PHREEQC for the
mines sites (Table 2) shows that using the Bigham et al. (1996b)
solubility constant, the sites are undersaturated with respect to
schwertmannite, whereas the solubility constants reported by
Yu et al. (1999) and Kawano and Tomita (2001) predict that
these sites are near saturation or supersaturated with respect
to schwertmannite. Calculations also predict that both sites are
supersaturated with respect to goethite and that the MR site is
supersaturated with respect to K-jarosite and H;O-jarosite. Pre-
vious studies on the MR site and TSR site also found that the
solubility constants calculated by Yu et al. (1999) more accurately
reflected the mineralogy of the field site and H;O-jarosite was the
identified jarosite phase (Acero et al. 2006; Asta et al. 2010b).

FIGURE 2. XRD pattern for precipitates from the two sampling sites,
the Monte Romero mine (A) and the Tinto Santa Rosa mine (B). The
gray dotted lines are the reported d-spacings for schwertmannite (Cornell
and Schwertmann 2003).

TABLE 1. Water chemistry of AMD streams (element concentration
=mg/L)

Site pH CE (mS/cm) T(°C) Eh (mV) pE

MR 2.66 2.76 30 672.2 1.4

TSR 2.53 253 18.4 660 11.2

Site Al As Ca Cd Co Cr Cu Fe K Mg

MR 105 0.085 260 0.701 0.775 0.0043 59 201 3.1 264
TSR 66 0791 162 0.079 0954 0.011 15 568 nd* 124
Site Mn Ni Pb S Si Ti \ Zn
MR 18 0826 0.139 1136 38 0.007 n.d. 457
TSR 33 0.731  0.076 902 33 nd. 0.00973 62

Notes: n.d. = no data. R.S.D. of element concentrations = <5%.

TABLE 2. Saturation index (SI) calculated with PHREEQC Interactive 2.15.0 for goethite, ferrihydrite, jarosite, and schwertmannite

Site Goethite Fe(OH); K-jarosite H;O-jarosite Schwertmannite Schwertmannite Schwertmannite
[logk = 18(2.5)1* [logK = 10.5(2.0)* llogK = 7.06(0.09)1%

MR 43 -1.8 24 0.39 -5.2 0.84 10.0

TSR 3.7 -2.0 n.d. -1.2 -6.1 -0.027 8.90

Note: Three different solubility constants were employed to calculate schwertmannite’s SI.
* FegOg(OH),5(S03), 6+ 20.8H* = 8Fe** + 1.650% + 12.8H,0 (Bigham et al. 1996a).

1 FegOg(OH),4(S0% ), s+ 20.4H* = 8Fe** + 1.8503 + 12.4H,0 (Yu et al. 1999).

F FegOg(OH)56(S027); o5+ 21.9H* = 8Fe3* + 1.0550% + 13.9H,0 (Kawano and Tomita 2001).
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Schwertmannite collected at the TSR and MR sites exhibits
the characteristic X-ray diffraction pattern for schwertmannite
with broad peaks, although the peak at 0.486 nm was too weak
to distinguish in our XRD analysis (Fig. 2). However, Perez-
Lopez et al. (in preparation) identified all eight peaks of these
same schwertmannite samples using synchrotron micro-XRD.
The two XRD patterns in Figure 2 are nearly identical with the
center of the peaks aligning, but the MR pattern exhibits lower

TaBLE 3. Elemental composition of schwertmannite samples (wt%)
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peak intensity, most visible in the peak at 0.255 nm.

Bulk digestion of the schwertmannite samples showed
that the most abundant elements were iron and sulfur with ap-
proximately the same average weight percent of each element
for both samples (Table 3). If we use the model structure for
schwertmannite (Bigham et al. 1994; Yu etal. 1999) and hold the
number of atoms of iron and oxygen as a constant of 16 atoms,
then we can calculate the formula for schwertmannite for the MR

Site Al As Ca Cd Co Cr Cu Fe K Mg
MR 0.125(4)* 0.218(1) 0.072(8) b.d.lt b.d.l. b.d.l. 0.0148(4) 41.9(5) 0.007(4) 0.07(2)
TSR 0.023(5) 0.53(2) 0.010(1) b.d.l. b.d.l. b.d.l. 0.0053(3) 42.0(7) b.d.l. b.d.l.
Site Mn Ni Pb S Si Ti \ Zn
MR 0.0015(9) b.d. b.d.l. 5.5(3) 0.008(3) 0.0040(7) 0.0215(3) 0.011(3)
TSR 0.0009(9) b.d.l b.d.l. 5.5(4) 0.05(1) b.d.l. 0.010(3) 0.0026(8)

* Numbers in parentheses = e.s.d. or twice the standard deviation (95% confidence).

1 b.d.l. = below detection limit.

FIGURE 3. Schwertmannite needles from a schwertmannite “pin cushion” shown in inset (inset scale bar = 500 nm) from the Monte Romero
mine (a) and the Tinto Santa Rosa mine (b) sites and a cross section of a schwertmannite particle embedded in resin from the Monte Romero mine
(¢) and the Tinto Santa Rosa mine (d) taken in HAADF-STEM mode. Insets show magnifications of needles on the surface of the schwertmannite particle.
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as Fe c0,6(OH)g3(SO4)s66 and for the TSR schwertmannite as
Fe 6016(OH);72(SO,4)3.64- The number of sulfates in this formula
is in good agreement with the model proposed by Fernandez-
Martinez et al. (2010) with two outer-sphere and two inner-sphere
complexes of sulfate per unit cell.

After iron and sulfur, arsenic was the most abundant element
measured in both samples and is an order of magnitude higher in
concentration than any other measured element in the precipitates
with the exception of aluminum in the MR schwertmannite and
calcium in the TSR schwertmannite. Previous field studies on
the MR and TSR sites also showed that schwertmannite was a
major sink for arsenic (Acero et al. 2006; Asta et al. 2010b).

Characterization of schwertmannite morphology and
needle structure

Needles on the surface of the MR schwertmannite measure
approximately 150-250 nm in length and 5-20 nm in width (Fig.
3a), which falls within the range of reported needle length from
previous studies (Bigham and Nordstrom 2000). It is difficult
though to define where a particular needle begins as the needles
are densely packed. In the core the bundles of needles are too
electron dense to differentiate between them. Many needles
appear to consist of two or more separate needles at the base,
but then grow together to form a single tip. The needles are also
tapered and become thinner from the center of the schwertman-
nite particle to the surface. They do not exhibit any faceting and
appear rounded at the tips.

The TSR schwertmannite has shorter and wider needles than
the MR schwertmannite (Fig. 3b). The needle length, measured
from the intersection of two needles to the tip (see arrow Fig.
3b for example) is <50 nm. However, if the length is measured
from a more electron dense area to the edge of the darkest part
of the TEM image, then the needles measure approximately
100-150 nm in length (see dotted line Fig. 3b for example).
The width of the needles, 5-20 nm is approximately the same
for both the MR and TSR schwertmannite samples.

In cross-section view, the longer needles on the MR schw-
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ertmannite particle are 250-300 nm long (Fig. 3c), whereas
needles on the TSR schwertmannite particle are 30-50 nm long
(Fig. 3d). Other TSR schwertmannite images (Supplemental
Fig. 2') also showed schwertmannite with longer needles on
the same length scale as the MR schwertmannite, indicating
heterogeneous needle length across schwertmannite particles.

To date no one has been able to determine whether or not
schwertmannite has a solid core or is made up of densely packed
needles (Loan et al. 2004). In the MR schwertmannite (Fig. 3¢),
features that resemble densely packed needles (e.g., porous areas
shown by a darker contrast) extend ~200 nm from the base of
the needles into the core. Assuming a spherical particle and that
this schwertmannite particle was cut at the center of the sphere,
the needles would make up greater than 70% of the volume of
the schwertmannite particle. In the TSR schwertmannite, the
needles extend ~50 nm into the core, yielding a needle volume
of 36% of the entire schwertmannite particle. This estimate
does not intend to imply that needles do not make up the entire
core of the schwertmannite particle, but to demonstrate that a
high proportion of the volume of schwertmannite aggregates
are made up of needles. A movie (Supplemental material')
prepared using tomography shows high-electron density within
the core of the three dimensional representation of the schwert-
mannite particles, but again the needles appear to dominate the
schwertmannite morphology. Investigating the structure of the
entire core of schwertmannite remains a continuing challenge.
Unfortunately obtaining a sufficiently thin sample and artifacts
from beam interaction with the resin prevented the examination
of structural motifs (e.g., lattice fringes, etc.) on these samples
using HRTEM.

The uniform contrast seen in the needles of the MR schw-
ertmannite at lower magnifications (Fig. 3a) is also observed at
higher magnifications with atomic resolution. A single needle
from the area shown in Figure 3a is pictured in Figure 4. The
edges and tip of the needle do not display any distinct facets and
have an atomically rough surface. There are no lattice fringes
that extend throughout the needle, but instead, in the places

FIGURE 4. TEM images of an individual schwertmannite needle from the Monte Romero mine on the surface of one of the schwertmannite
particles in Figure 2a. The base of the needle is shown in a and the tip of the same needle is shown in b. Inset in a shows magnified area of the
lattice fringes enclosed by the black box. The d-spacing [0.41(2) nm] does not match the schwertmannite XRD pattern, but it does match the (101)
peak in the goethite XRD pattern (see Supplemental Figure 3'). See text for details.
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where they can be recognized at all, the fringes are continuous
for no more than 4 nm, and in places are apparent for only 1
nm. This suggests an assemblage of very small nanocrystals,
but the edges of individual particles are not visible within the
needle. One area in the needle displays measureable lattice
fringes that do not correlate with any schwertmannite peak in
the XRD pattern, but the d-spacing does match the spacing for
the (101) plane of goethite at 0.41 nm (Supplemental Fig. 3').
A thicker schwertmannite needle (Fig. 5, left) from another
schwertmannite particle from the MR site (Supplemental Fig.
8!) illustrates the highly disordered nature of the schwertman-
nite. No individual spots are discernable within the fast Fourier
transformation (FFT) pattern, only a broad ring (Fig. 5, left
inset). The width of the ring gives a range of d-spacings that
overlap with the most intense peak of the schwertmannite XRD
pattern. FFT analysis on another needle from the same MR
schwertmannite particle (Fig. 5, right) displays a single pair of
bright spots within the otherwise noisy pattern. The d-spacing
measured from these spots also aligns with the intense 0.255
nm peak for schwertmannite. The water chemistry data (Table
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2) indicates that this site is supersaturated with respect to goe-
thite and jarosite, both of which have planes with d-spacings
that could match the d-spacing of the FFT spots as well (Table
4). Details on the FFT error analysis and graphs including the
d-spacing and error for Tables 4—6 are provided in the supple-
mental information'. Noisy areas in the FFT pattern could be
due to a poorly ordered structure, crystals that are not oriented
correctly with respect to the incident electron beam to diffract,
and/or overlapping crystals (Janney et al. 2000).

The TSR schwertmannite displays differences in crystallinity
between a needle (seen by the darker contrast) and the space
between the two needles (no visible fringes and lighter contrast)
(Figs. 6 and 3b). FFT analysis of crystalline areas reveals that
most of the d-spacings measured from lattice fringes aligns with
the 0.255 and 0.228 nm XRD peaks for schwertmannite and
goethite reflections in those areas (Tables 5 and 6). One lattice
fringe, and its respective d-spacing aligns with the XRD peak
located at 0.339 nm, had no matching goethite plane. However,
the second and third most intense peaks in H;O-jarosite’s XRD
pattern could match this d-spacing (Table 5). Geochemical

FIGURE 5. TEM images of needles on the surface of a schwertmannite particle from the Monte Romero mine. Insets show the FFT patterns of
the areas enclosed by the white dashed boxes. The XRD pattern is the same schwertmannite pattern shown in Figure 2a, with the gray dotted lines
marking the positions of schwertmannite d-spacings (Cornell and Schwertmann 2003). The black lines on the XRD pattern give the location of the
d-spacings measured from the inside and outside edge of the outer diffuse ring on the FFT pattern (inset, left TEM image). See text for details. See

Supplemental Figure 4' for explanation of how error bars are calculated.

TaBLE4. The d-spacings measured from FFT analysis of lattice fringes (Fig. 5, rightimage) and the corresponding peak in the schwertmannite,

goethite, and H;O-jarosite XRD patterns*

Image area Schwertmannite XRD peak (nm) Goethite planes H;0-jarosite planest
AB 0.255/0.228 AB:(211) (002) (111); A: (011) A,B: (107) (205); A: (024)
C,D 0.255 C,D:(111) (400) (011) (210) C,D: (205) (024)

* See Supplemental Figure 4' for exact locations of d-spacings, including error bars.

t Majzlan et al. (2004b).
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FIGURE 6. Needles on the surface of a schwertmannite particle in Figure 3b from the Tinto Santa Rosa mine. The inset in the left image shows
a magnified area of the lattice fringes enclosed by the solid-line white box. The image on the right shows the tips of the same needles seen in the

left image. The insets in the right image show the FFT patterns of the areas enclosed by the dashed-line white boxes. See text for details.

TaBLE5. Thed-spacings measured from FFT analysis of lattice fringes
(Fig. 6) and the corresponding peakin the schwertmannite
and goethite XRD patterns*

Image area Schwertmannite XRD peak (nm) Goethite planes
Inset left image
0.503 nm £ 0.010 0.486 (200)
ABCD 0.255 A-D: (301), (210);
B-D:(011);
D: (400)
ACD 0.339 No known plane
[H;O-jarositet:

(113) (015) (202)]

AB,C 0.228 (401)

*See Supplemental Figure 5 for exact locations of d-spacings, including error bars.
1 Majzlan et al. (2004b).

TABLE6. The d-spacings measured from FFT analysis of lattice fringes
(Fig. 7) and the corresponding peak in the schwertmannite
goethite, and H;O-jarosite XRD patterns*

Image area Schwertmannite Goethite planes

XRD peak (nm)
AB 0.255 A:(301) (210); A,B: (111) (400) (011)
ABCDE 0.228 A-E: (401) (202); A-C: (211); C: (002)
A 0.195 (202) (311)
X:0.238 nm +0.006 0.255/0.228 (111)

* See Supplemental Figure 6' for exact location of d-spacings, including error
bars.

modeling (Table 2) did not predict that these sites were super-
saturated with respect to H;O-jarosite, hence this phase is not
shown in Tables 5 and 6, but H;O-jarosite has been observed in
other field studies on the TSR site (Asta et al. 2010b). One set
of lattice fringes visible near the base of the needle (Fig. 6 inset,
left image; Table 5) has a d-spacing that closely aligns with the
0.486 nm peak of schwertmannite. Goethite’s (200) plane has a
reflection in the range of this d-spacing. Few areas in any of the
needles that we imaged exhibit distinct outlines of individual
nanoparticles, but inset area X in Figure 7 shows lattice fringes
that form the edges of a 5 nm particle within the needle.

FIGURE 7. HRTEM images of needles on the surface of a
schwertmannite particle from the Tinto Santa Rosa mine. Insets A—E
show the FFT patterns of areas enclosed by their corresponding dashed-
line black boxes. The inset “X” shows lattice fringes from area “X”
enclosed by a dashed-line black box. See text for details.

At the scale of the bulk sample the schwertmannite from the
MR and TSR mine sites appear similar. Their XRD patterns are
nearly identical with matching peak positions and the digestion
of the bulk material shows that the iron and sulfur content dif-
fers at most by approximately 1 wt%. However, the HRTEM
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reveals differences between these samples that are not possible
to see using bulk analysis. The images in this study show that
the TSR schwertmannite samples contain schwertmannite
particles with needles that are crystalline with easily visible
lattice fringes and with FFT analyses displaying multiple bright
spots. Though outlines of individual crystals within the needles
are not discernable, the blotchy contrast displayed in multiple
TSR schwertmannite aggregates in this study (Figs. 3b and 6;
Supplemental Figs. 7' and 8') indicates rounded particles ag-
gregated together. This stands in contrast to the more uniform
contrast of the MR schwertmannite needles (Figs. 4 and 5, and
Supplemental Fig. 8') where lattice fringes are rarely visible and
FFT patterns exhibit few or no bright spots at all. Unfortunately,
due to the practical limits of TEM, it is not possible to determine
if all schwertmannite particles in both samples would exhibit
the same trends as those described above. However, all figures
in this study represent the data collected on multiple needles of
three different aggregates of schwertmannite from these samples.

Regardless of the differences between these two schwert-
mannite samples they may, eventually, transform to goethite
or jarosite. Previous field studies on both the MR and TSR
sites reported an evolution of schwertmannite to goethite and
jarosite in samples taken from the surface precipitates down
to the deeper and older sediments (Acero et al. 2006; Asta et
al. 2010a). Acero et al. (2006) also observed this transforma-
tion from natural schwertmannite to goethite and jarosite in
the laboratory, but other studies reported the transformation
of synthetic schwertmannite solely to goethite (Bigham et al.
1996b; Burton et al. 2008; Jonsson et al. 2005; Knorr and Blodau
2007; Regenspurg et al. 2004; Schwertmann and Carlson 2005).
The proposed transformation mechanism is the dissolution of
schwertmannite accompanied by simultaneous precipitation of
goethite, as evidenced by the release of sulfate and the uptake
of hydroxyls from solution (Bigham et al. 1996b).

In this study, the agreement between the d-spacings measured
from individual lattice fringes and the d-spacings for goethite
and H;O-jarosite planes suggests that transformation from
schwertmannite to goethite may occur via atomic rearrangement
with aging within the schwertmannite needles themselves. The
kinetics of the schwertmannite to goethite transformation are not
well understood and the transformation times can range from
hours (Burton et al. 2008) to months (Knorr and Blodau 2007;
Regenspurg et al. 2004; Schwertmann and Carlson 2005) to
years (Bigham et al. 1996b; Jonsson et al. 2005; Regenspurg et
al. 2004). It is also important to note again that the differences
observed in crystallinity using HRTEM are not visible in the
XRD pattern and therefore previous kinetics studies that relied
solely on XRD would not observe the initial aging steps that
are suggested in this study.

Similar aging phenomena have been observed in the conver-
sion of ferrihydrite to goethite (Banfield et al. 2000) and in the
weathering of silicate minerals (Hochella and Banfield 1995),
where structural inheritance during phase transformation occurs.
In their proposed model structure for schwertmannite, Fernan-
dez-Martinez et al. (2010) noted the close relationship between
the iron octahedral framework of schwertmannite and goethite.
The authors of that paper pointed out that the release of just one
pair of iron octahedra would allow the transformation from a
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schwertmannite to a goethite framework. A strong relationship
between the structures of goethite and schwertmannite is also
apparent in the schwertmannite XRD pattern. The most intense
peak of the schwertmannite XRD pattern at 0.255 nm—where
the majority of lattice fringes were observed—overlaps with
the second (111) and third (301) most intense reflections in the
goethite XRD pattern (Cornell and Schwertmann 2003). Based
on this it is conceivable that the small amount of observable
order in the schwertmannite XRD pattern could be due to goe-
thite nanoparticles within the schwertmannite matrix. A previous
study on synthetic schwertmannite produced at 85 °C showed
that schwertmannite nanoneedles were entirely composed of
faceted goethite nanocrystals (Hockridge et al. 2009). Although
there is no observable evidence of distinctive faceted goethite
nanocrystals in the natural schwertmannite nanoneedles in this
study, the Hockridge et al. (2009) study demonstrates that the
goethite structure may have some similarity to the schwertman-
nite structure. This was observed despite the fact that individual
goethite peaks in the XRD pattern cannot be identified.

Although proving this model is beyond the scope of this
study, it is worth noting that schwertmannite’s initial stability
as a nanomineral, but its eventual transformation to a bulk
phase of goethite, may be explained by the Ostwald step rule
as explained by Navrotsky (2004). Navrotsky points out that
with increasing metastability and increasing surface area,
surface energy decreases. For this reason certain polymorphs
(e.g., anatase, one of the polymorphs of titania) and amorphous
phases (e.g., amorphous zirconia) are favored at smaller crystal
sizes. It also follows that metastable phases will be formed ini-
tially rather than bulk phases during crystal growth as a lower
surface energy results in a lower maximum free energy barrier
and smaller size for the “critical radius” of a nucleating particle.
The “critical radius” is the size at which particles will spontane-
ously grow larger. However, although Navrotsky does not point
to a particular example, she acknowledges that the Ostwald
step rule, even as modified by her, does not take into account
kinetic factors. The Ostwald step rule assumes that the kinetics
will follow the same path as laid out by thermodynamics. This
model works well for ceramics where temperatures are high.
However, in low-temperature systems, rate-limiting steps may
be the defining characteristic for crystal growth.

These rate-limiting steps may be important if schwertman-
nite forms from many possible species in solution including
ions, small molecules, clusters, and nanoparticles. For example,
Majzlan and Myneni (2005) found that Fe'" oligomers that are
hydrogen-bonded to sulfate are present in acid sulfate waters
typical of AMD. The rate of attachment and detachment of these
species to a growing heterogeneous crystal surface is not well
understood and these processes may occur at different times on
different areas of the growing crystal. Schwertmannite’s highly
disordered and polyphasic character suggests that this may be the
case for this mineral. Therefore, although thermodynamics may
explain why a nanomineral would be formed at all over merely
precipitating a bulk phase, kinetics may play the predominant
role in governing schwertmannite’s morphology, structure,
and in situ transformation. Future studies on schwertmannite
could begin to address this possibility as a way to explain the
heterogeneous structure observed in this study.
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FIGURE 8. HRTEM images of needles on the surface of a schwertmannite particle from the Monte Romero mine. Insets show the larger area
where the images were taken. The black (a) and white (b) circles show the areas where EDX data was collected. Bar graphs show the ratio of
integrated K-peak intensities from EDX spectra for sulfur to iron (S:Fe) and silicon to iron (Si:Fe). See text for details.

FIGURE 9. Schwertmannite nanoneedles from the Tinto Santa Rosa
sample (for larger view see Supplemental Fig. 1'), with the needle
surface on the far right side of the image. The white circles show the
location where the EDX data was collected. Bar graphs show the ratio of
integrated K-peak intensities from EDX spectra for sulfur to iron (S:Fe)
(a), silicon to iron (Si:Fe) (b), and arsenic to iron (As:Fe) (¢). The ratios
of sulfur to iron and silicon to iron may be directly compared to each other
(see text), but the arsenic to iron ratios should not be directly compared
to the ratios of the other elements. See text for details.

The presence of sulfur and silicon in schwertmannite
nanoneedles

Assuming that the schwertmannite needles may have a cone-
like shape, the EDX data implies a heterogeneous distribution of
sulfur in the schwertmannite needles. The ratio of sulfur to iron
is higher on the surface of the schwertmannite needles in the
Monte Romero schwertmannite than in the center of the needle
(Fig. 8). Surprisingly, considering that the concentration of sulfur
is much greater than silicon in the bulk sample (Table 3), silicon
has a higher concentration than sulfur in the individual needles.
The silicon to iron ratio is also higher on the surface than in the
center of the needles.

EDX analysis of the TSR schwertmannite shows that the
concentration of sulfur is two orders of magnitude lower than
silicon in the needles (Fig. 9). Again, this is a surprising result
considering the bulk chemical information (Table 3) where sulfur
is two orders of magnitude higher in concentration than silicon.
In the needles, the highest concentration of sulfur occurs in close
proximity to the darker contrast areas with easily observable lat-
tice fringes. In contrast silicon occurs in the highest concentration
in the areas between the needles (see sampling points 57, Figs.
9a and 9b). In other needles on the same schwertmannite particle,
there is a high concentration of sulfur in areas with visible lat-
tice fringes, further showing evidence of the close association
of sulfur with the more crystalline and lower silicon to iron ratio
areas (Supplemental Fig. 10"). This is reasonable as a sulfate
molecule may fit in the proposed iron octahedral tunnel structure
of schwertmannite and may also complex with the surface of
the schwertmannite (Bigham et al. 1994; Fernandez-Martinez
et al. 2010). Sulfate is not a part of the structure of goethite,
however, but may sorb to the surface of iron oxides (McBride
1994). Sulfate being released to solution as the needles transform
to goethite may also explain the higher ratio of sulfur to iron on
the surface, compared to the core of the needles. Previous stud-
ies explained higher concentrations of sulfate in bulk digestions
of samples than would be predicted by the proposed chemical
formula for schwertmannite as sulfate that is adsorbed to the
surface of schwertmannite (Bigham et al. 1996a).
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Silicon, unlike sulfate, has never been suggested to play any
role in previously proposed schwertmannite structures. Under the
geochemical conditions of the MR and TSR field sites the major-
ity of silicon should be in the monosilicic acid form (H,Si0O,). As
the water samples were undersaturated with respect to amorphous
silica and these samples were collected in waters with a pH of 3,
which is much less than the pK, of silicic acid (McBride 1994),
silica most likely adsorbed to the surface of the schwertmannite.
Although surface adsorbed silica has not been observed for
schwertmannite in any previous studies, silicic acid may form
complexes and polymers at the surface of iron (oxyhydr)oxide
surfaces (Doelsch et al. 2001, 2003; Eick et al. 2009; Waltham
and Eick 2002). Surface adsorption may also increase within
the nano- and mesopores created by the closely packed needles
of schwertmannite because they create highly confined spaces
where water activity will be reduced as compared to bulk water.
This reduces the hydration of species and therefore promotes
inner-sphere complexation (Wang et al. 2003).

Silicon was measurable in multiple needles from this same
TSR schwertmannite aggregate as well as in another aggregate of
TSR schwertmannite that were randomly selected (Supplemental
Figs. 11 and 12"). The pattern of high silicon to iron ratios in
amorphous areas was also observed repeatedly (Supplemental Fig.
11'). Although it was not possible to collect chemical information
on the amount of silicon present in the interior of schwertmannite
in these studies, the ratio of silicon to iron from the bulk diges-
tion and from EDX data on entire aggregates of schwertman-
nite indicates that this high ratio of silicon to iron is a surface
phenomenon. It is also possible that only those particles that had
higher than average concentrations of silicon on the surface were
observed in this study. Determining what effect silicon could
have on the structure of schwertmannite is beyond the scope of
the current study. Recently though, a study on natural ferrihydrite
that contained 2-9 wt% silica proposed that silica reduced particle
size and increased structural disorder in the ferrihydrite particles
(Cismasu et al. 2011). Other studies also found that silica inhibits
iron polymerization and complexes with the surface of iron oxides
(Pokrovski et al. 2003). Regardless of the exact role of silicon
associated with schwertmannite, its presence in our samples
adds to the already complex nature of understanding the surface
reactivity of naturally occurring nanominerals.

The distribution of arsenic within schwertmannite needles

According to the bulk digestion of the two schwertmannite
samples, the TSR sample contains approximately twice the
concentration of arsenic as the MR sample. While arsenic was
detectable via TEM/EDX in needles in the TSR sample (Fig. 9¢),
arsenic was not detected in the MR sample. The EDX results
indicate that arsenic in the TSR sample was strongly associated
with the darker contrast and more highly crystalline areas of
the schwertmannite surface (Fig. 9¢c, sampling points 2—5 and
8-10; Supplemental Fig. 13') with the exception of point 13
where there is a lighter contrast. However, the point 13 area
also contains lattice fringes and has relatively low silicon to
iron ratio indicating that the difference in contrast is likely due
to differences in thickness or local diffraction conditions and not
crystallinity. The absence of arsenic in areas high in silicon is also
consistent with previous work where silicate reduced the rate of
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adsorption, blocked adsorption sites, and displaced arsenite on
goethite surfaces (Luxton et al. 2008; Waltham and Eick 2002).

Field studies (Acero et al. 2006; Asta et al. 2010b) explained
the sequestration of arsenic by schwertmannite through the ex-
change of the sulfate anion by the arsenate anion in the tunnels
of the akaganéite-like proposed structure for schwertmannite or
through surface adsorption (Fukushi et al. 2004; Regenspurg and
Peiffer 2005; Waychunas et al. 1994). Geochemical modeling
predicts that the dominant arsenic species will be the arsenate
anion (H,AsO;) (Dove and Rimstidt 1985) in the field sites
where our samples were collected (Acero et al. 2006; Asta et al.
2010b). Schwertmannite has a point of zero charge of 7.2 (Jons-
son et al. 2005) favoring sorption of negatively charged ions at
a low pH where the surface of schwertmannite has a positive
charge (Acero etal. 2006). While arsenic may be sequestered by
schwertmannite, it can also inhibit its formation and transforma-
tion to goethite (Regenspurg and Peiffer 2005; Waychunas et
al. 1994). Both sulfate and arsenate inhibit the formation of the
ferric hydroxyl complex [Fe(IIT)-OH] and therefore iron oxide
formation (Majzlan and Myneni 2005; Regenspurg and Peiffer
2005). Arsenate acts as a more “aggressive” competitor anion
than sulfate as the stability constant for Fe(III) and arsenate (logK
=29.3) is much higher than the stability constant for Fe(I1l) and
sulfate (logK = 7.78) (Carlson et al. 2002; Dzombak and Morel
1990; Regenspurg and Peiffer 2005). In the study presented
here though, the higher concentration of arsenic was observed
in the more crystalline TSR sample (Fig. 9¢c) with observable
lattice fringes whose spacings closely matched those of goethite
(Supplemental Figs. 5 and 6'). The natural schwertmannite from
the TSR site contained 10 times less arsenic than the synthetic
schwertmannite used in Regenspurg et al.’s (2005) study and
therefore it is likely that arsenic does not have a highly inhibi-
tory effect on goethite formation at these trace levels. Studies
on the formation of iron oxides in the presence of silicon also
found that silicon inhibits the formation of crystalline iron oxides
and instead favors the precipitation of hydrous ferric oxide and
ferrihydrite (Voegelin et al. 2010).

The presence of arsenic associated with goethite nanocrystals
possibly forming within the highly disordered schwertmannite
needle matrix has interesting implications for the fate of this
trace element once the transformation to goethite has occurred.
In laboratory studies, the solid phase retained arsenic throughout
the transformation from schwertmannite to goethite, but no spe-
cific mechanisms were proposed for this retention (Acero et al.
2006; Courtin-Nomade et al. 2005). Although the ionic radius for
arsenate would, theoretically, allow it to be incorporated into the
goethite structure (Cornell and Schwertmann 2003), this has not
been demonstrated prior to the study by Pedersen et al. (2006).
This study found that arsenate could be very strongly bound to
goethite and incorporated into the structure, preventing it from
desorbing. Previous studies also demonstrated the high affinity
of goethite nanocrystals for arsenic in river systems (Plathe et al.
2010), allowing goethite nanocrystals to act as a transporter for
trace elements over long distances or “nanovectors” (Hassellov
and von der Kammer 2008). The combined effect of a strong af-
finity for goethite and the inhibition of crystal growth by arsenic
increases the likelihood that schwertmannite derived goethite
would be a source of these nanovectors for arsenic transport. Fur-
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thermore, regardless of the presence of arsenic, goethite formed
from the transformation of schwertmannite forms nanocrystals
(Bigham et al. 1996b; French et al., in preparation). A survey
on the Iberian Pyrite Belt (IPB) concluded that the majority of
goethite in that system should be considered as a transformation
product of schwertmannite, as goethite was most often associated
with older precipitates and schwertmannite with the overlying
fresh precipitates (Espana et al. 2005). Olias et al. (2006) found
that over 36 tons per year of “dissolved” arsenic in the Odiel and
Tinto rivers (that is, arsenic that passes through a 0.45 um filter,
and therefore allowing particles <450 nm to pass through) are
released to the Huelva estuary and then to the Atlantic ocean.
Although determining whether or not there is a significant nano-
particulate load in the Odiel and Tinto rivers requires further
research, clearly the strong relationship between schwertmannite,
goethite, and arsenic in the IPB makes schwertmannite one of the
major geochemical controls on the global arsenic flux.

Schwertmannite as a “mineral”

Currently, minerals are most commonly defined as natu-
rally occurring substances, produced by (bio)geochemical
processes, with a highly ordered, repeating atomic arrangement
(a crystalline substance) whose composition can be described
by a chemical formula that is either fixed or variable (or, also
as often stated, a definite, but not necessarily fixed, composi-
tion). Samples of the same mineral vary in terms of minor and/
or trace element composition, and in the case of solid solution,
major element composition as long as these substitutions do not
change the crystal structure. Finally, it follows that minerals of
the same major and minor element composition will express a set
of measureable and consistent physical and chemical properties.

However, as science and technology progress, and miner-
alogical subjects continue to develop, many have considered
broadening the definition of how minerals are presently defined
e.g., Klein and Dutrow (2008). One area of expansion concerns
what are now known as nanominerals and mineral nanoparticles
(Hochella 2008). Most nanominerals and mineral nanoparticles
satisfy the definition of a mineral as described above, except for
one major difference: as they get smaller, it becomes likely that
their physical properties will change, sometimes dramatically,
as a function of their size and shape.

In this paper, we have considered schwertmannite to be a
nanomineral because its rod- or needle-like morphology is al-
ways in the nanometer size range. These nanoneedles are never
observed to grow to macroscopic sizes either in the lab or in the
field. However, as presented in this paper, there are additional
complicating factors. For example, the variable atomic structure
observed in schwertmannite nanoneedles includes ordered re-
gions that are only coherent over a few to several nanometers,
as well as regions that show little to no atomic order between
and among the ordered regions. Many ordered regions display
diagnostic d-spacings of goethite or jarosite, schwertmannite’s
principal transformation products. Some of these d-spacings are
also in the range that generate peaks characteristic of the schw-
ertmannite XRD pattern. From such small ordered regions, these
would result in very broad X-ray diffraction lines, as observed.
Compositionally, although the measured amounts of iron and
sulfur are consistent between bulk samples in this study, and also
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agree well with previous studies of schwertmannite, the measured
sulfur to iron ratios at nanometer spatial resolution near the edges
of needles vary considerably. Also, although silicon is a minor
component, its concentration can be much higher at least near
the surface of needles. Considering this, there is little wonder
why the measured solubility product of schwertmannite is so
variable, to the point of being only marginally useful.

Taken together for schwertmannite, nearly every aspect of the
definition of a mineral has been called into question. Therefore,
in a strict sense, one might conclude that schwertmannite is not
a mineral, nor is it a true mineraloid (a mineral-like substance
that is not crystalline, a common example being the volcanic
glass obsidian). It is well beyond the scope of this paper to try
to resolve this issue. Allowing the definition of a mineral to
become more inclusive, rather than exclusive, is surely a debat-
able matter. However this is resolved, the most important point
to be made here is that schwertmannite plays a central role in
natural systems and we must develop a rational mineralogical
and geochemical framework to deal with it.
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