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ABSTRACT

In ferruginous soils, nano- to micro-scale hematite (a-Fe,O3) plays a central role
in redox processes and contaminant cycling. Hematite is known to incorporate structural
OH" and water, and the requisite charge balance is achieved by iron vacancies. Prior
researchers have suggested that the defective hematite structures form unique phases
called “protohematite” and “hydrohematite”. Infrared and Raman spectroscopic studies
have assigned a lower-symmetry space group to “hydrohematite” (R3c) relative to that of
stoichiometric hematite (R-3c). However, the existence and structure of these phases have
been contentious, largely due to the lack of in situ X-ray diffraction data.

Here we present a new structure refinement for “hydrohematite” precipitated
hydrothermally at 200 °C in a monoclinic space group (/2/a) using time-resolved
synchrotron X-ray diffraction (TR-XRD) data collected during the in situ hydrothermal
precipitation of akaganéite and its transformation to stoichiometric hematite. Distinct
peak splitting was observed in the “hydrohematite” diffraction patterns, indicating a
violation of the 3-fold rotational symmetry. A monoclinic unit cell with parameters of a =
7.3951(10) A, b =5.0117(5) A, ¢ = 5.4417(7) A, B = 95.666(5)° provided a good fit and
significant reduction in y* and Ry, relative to S.G. R-3c. Rietveld analyses revealed that
water concentrations in the first-formed crystals of “hydrohematite” were comparable to
water contents of akaganéite and goethite. Thus, the hydrothermal transformation of
akaganéite to “hydrohematite” is promoted not by dehydration but by reconstruction of

the oxygen framework.

Keywords. Hydrohematite, Protohematite, Hematite, Akaganéite, X-ray Diffraction
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INTRODUCTION

Hematite (a-Fe,O3) is one of the most abundant iron oxide minerals on the Earth’s
surface. It is central to terrestrial redox processes and biogeochemical cycling, and it also
is likely a significant constituent of the Martian regolith (Cornell and Schwertmann 2001;
Christensen 2004; Boyd and Ellwood 2010; Potter et al. 2011; Shanker et al. 2011).
Moreover, its relative ubiquity, low toxicity and stability over a wide variety of
environments make hematite an important industrial material, and it is used in a range of
applications such as catalysts, pigments, and semiconductors (Yanina and Rosso 2008;
Liu et al. 2010; Gialanella et al. 2011; Cheng et al. 2012). Hematite often forms through
the thermal or hydrothermal transformation of iron oxyhydroxides, such as ferrihydrite,
goethite, and akaganéite. When derived from oxyhydroxides, hematite may retain
significant concentrations of molecular water and hydroxyl groups (OH") within its
structure (Cornell and Schwertmann 2001). These impurities can distort the hematite
crystal structure on the nano- to microscale, thereby changing the physical properties and
chemical reactivity (Dang et al. 1998; Jang et al. 2007; Landers and Gilkes 2007; Pailhé
et al. 2008; Chernyshova et al 2010).

Early history -- turgite and hydrohematite. Several mineralogists of the mid-
nineteenth century observed that hematite-like minerals are capable of sequestering high
concentrations of water. In an 1844 paper, Hermann described a hydrous iron oxide
mineral with 5.85 wt% H;O from the copper mines near Bosgolovsk, in the Ural
Mountains on the river Turga. As this quantity of water was half that found in
“stilpnosiderite” (Fe,Os - H,O, or what today we would call goethite), Hermann argued
for a new mineral species name, “turgite”, with the formula Fe,O3 " 2H,0O. Three years

later, Breithaupt (1847) independently proposed the name “hydrohematite” for hematite-
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like specimens from Bavaria and Prussia having ~5 wt% HO. Hermann and Breithaupt
observed that this new species is identical to anhydrous hematite in its physical
characteristics, particularly in its brick-red streak, except that “turgite” and
“hydrohematite” violently decrepitate when heated. Over the next 70 years, geologists
employed both “turgite” (or, rarely, “turite”) and “hydrohematite” as valid mineral names
to describe hydrated sesquioxides of Fe from localities around the world (e.g., Brush and
Rodman 1867; Dana and Brush 1868; Killebrew 1879; Spencer 1919).

Posnjak and Merwin (1919) systematically investigated hydrous Fe oxides by a
combination of wet chemical analysis and thermal dehydration, and they were the first to
suggest that turgite and hydrohematite do not represent distinct mineral endmembers.
Instead, they propose that these varieties are part of a solid solution between hematite and
goethite. Following their study, the mineralogy community questioned the legitimacy of
these terms as distinct mineral names. For example, in the 7th edition of Dana’s System
of Mineralogy, Palache et al. (1944) cite X-ray diffraction data to support their contention
that “turgite” is synonymous with hematite and should be discredited. Nickel and
Nichols (1991) list “turgite” as a nonspecies name synonymous with hematite, and today
neither “turgite” nor “hydrohematite” is approved by the International Mineralogical
Association. Instead, these terms are used informally by collectors as varietal names,
especially for iridescent specimens.

Recent history -- protohematite and hydrohematite. Over the half-century
following Posnjak and Merwin’s study, chemists, materials scientists, and even the
occasional geologist continued to describe hydrous varieties of hematite as “turgite” or

“hydrohematite” (Kurnakow and Rode 1928; Hiittig and Strotzer 1936; Steinwehr 1969).

Always consult and cite the final, published document. See http://www.minsocam.org or GeoscienceWorld



This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2015-4807 8/20

Page 5

92 A more serious revival of interest in the crystallographic distinctions among hydrous Fe
93  oxides developed in the 1980s. Numerous scientists have inferred that water and OH
94  substitutions must modify the hematite crystal structure, and they have offered
95  suggestions for the kinds of distortions that result (Wolska 1981; Gualtieri and Venturelli
96  1999). Some researchers have argued that water and OH™ group substitution can generate
97  two distinct iron-deficient hematite structures, commonly referred to as “protohematite”
98 and ‘“hydrohematite”, with the general formula Fe;,3(OH),Os., (Wolska and
99  Schwertmann 1989; Dang et al. 1998). The OH content, x, distinguishes these
100 compounds: For 1 < x < 0.5, the phase is classified as “protohematite”, whereas
101  “hydrohematite” has a lesser degree of OH" substitution, with 0.5 <x < 0. When x =0,
102  the phase is stoichiometric hematite, often abbreviated as SH in the materials sciences
103  literature. Although “protohematite” and “hydrohematite” are not recognized by the
104 IMA, for simplicity we will use these terms without quotations hereafter in this paper.
105 When hematite is precipitated from aqueous solutions under certain conditions,
106  the reaction is thought to involve a three-stage transition sequence from protohematite to
107  hydrohematite to stoichiometric hematite (Dang et al. 1998). Protohematite forms
108 initially, and it exhibits the largest unit-cell volume due to structurally incorporated
109  water. The subsequent transition to hydrohematite involves molecular water loss and a
110  contraction of all unit-cell parameters. As structural OH" is removed from hydrohematite
111  and iron vacancies are filled, the a-axis expands as ¢ continues to contract, and
112  hydrohematite transforms to stoichiometric hematite.
113 During the thermal dehydration of goethite, Wolska and Schwertmann (1989)

114  inferred that protohematite initially forms at ~250 °C based on a non-uniform broadening
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of X-ray diffraction (XRD) peaks that were deemed cation dependent; these researchers
attributed this broadening to the appearance of disordered iron vacancies with a
concomitant substitution of OH". In that experiment, peak broadening ceased above 400
to 600 °C, suggesting that the iron vacancies had ordered and the structure had
transitioned to hydrohematite. Stoichiometric hematite was reached at temperatures of
800 — 1050 °C.

In a separate study, Landers and Gilkes (2007) observed by transmission electron
microscopy the development of micropores in synthetic hematite, and they attributed the
microporosity to the loss of water from precursor protohematite and hydrohematite.
Moreover, several research groups have observed a difference in the infrared (IR) and
Raman spectra of stoichiometric hematite and antecedent phases (Wolska and Szajda
1985; Kustova et al. 1992; Sadykov et al. 1996; Burgina et al. 2000a; Burgina et al.
2000b). According to Burgina et al. (2000b), protohematite is identified by shifts in
certain IR spectral peaks (308, 445, and 530 cm™) relative to stoichiometric hematite
(333, 468, and 543 cm™). Kustova et al. (1992) and others assign additional lines in the
IR spectra (3200-3500 and 900-1050 cm™) to structural OH™ groups in protohematite
(Burgina et al. 2000b; Chernyshova 2007). An additional band at ~630 cm™, they assert,
is due either to quasi-tetrahedral defects in the protohematite structure or to OH"
substitution (Yariv and Mendelovici 1979; Burgina et al. 2000b). Wolska and Szajda
(1985) state that the ~3400, 900-950, and 630 cm’ bands are characteristic of
hydrohematite.

Doubts concer ning protohematite and hydrohematite. Some researchers have

questioned the attribution of protohematite and hydrohematite as phases distinct from
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hematite. Derie et al. (1976) and Goss (1987) contend that non-uniform XRD peak
broadening, additional IR peaks, and micropore formation are not indicative of
intermediate phases. Instead, they argue from TEM analysis that a nonstoichiometric
microporous hematite “skin” forms on the surface of goethite grains during dehydration,
and this skin moves inwards during the transformation. Loffler and Mader (2006)
attribute the non-uniform XRD peak broadening to nanoscale twinning in hematite, and
they note that such broadening is absent in coarsely twinned hematite. Similarly, other
scientists have ascribed non-uniform peak broadening to unusual behaviors with respect
to particle morphology, size, microporosity, strain, and stacking faults (Watari et al.
1979a,b; Watari et al. 1983; Jiang et al. 2000; Fan et al. 2006).

Previously suggested structures for protohematite and hydrohematite.
Burgina et al. (2000b) counter that morphological and defect features might possibly
explain the anomalies in XRD data but not those in the IR spectra. These authors thus
support the existence of hydrous hematite-like phases, and they additionally argue that
the crystal structures of the precursor phases must be symmetrically different from that of
hematite. Hematite is hexagonal with space group R-3c (Fig. 1). The structure contains a
framework of hexagonally closest packed O* anions, and Fe*" cations occupy two-thirds
of the octahedral interstices (Blake and Hessevick 1966). While some proponents of the
existence of protohematite and hydrohematite have assumed they share the same space
group symmetry as that of stoichiometric hematite, Burgina et al. (2000b) and others
have hypothesized a lower symmetry due to distortions associated with the incorporation
of structural water and/or OH substitution in the oxygen framework (Wolska and

Schwertmann 1989; Kustova et al. 1992; Sadykov et al. 1996; Gualtieri and Venturelli

Always consult and cite the final, published document. See http://www.minsocam.org or GeoscienceWorld



161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2015-4807 8/20

Page 8

1999). Burgina et al. (2000b) and Kustova et al. (1992) suggest that these distortions
impose the loss of an inversion center, as the extra absorption bands in IR and Raman
spectra are consistent with space group R3c. This lower symmetry would not be readily
detectable using powder X-ray diffraction because R3¢ (Cs,°) and R-3¢ (D34°) exhibit the
same extinction rules. However, R3¢ does have different selection rules than those of
R-3c that can be detected with IR and Raman spectroscopies.

Crystallization of protohematite and hydrohematite. The formation of
protohematite and hydrohematite is considered to be sensitive to particle size and
experimental conditions (e.g., initial mineral phase, pH, solution concentrations, post-
experimental treatment, etc.), and this variability may partly contribute to the ongoing
controversy over their existence (Kandori et al. 1994; Burgina et al. 2000b; Pailh¢ et al.
2008). For example, Pailh¢ et al. (2008) assert that phase stability varies with the activity
of water, so that crystallization differs when synthesis is performed hydrothermally rather
than by dry heating (Navrotsky et al. 2008). Likewise, sample preparation methods
requiring compaction and grinding of hydroxide phases such as goethite and ferrihydrite
can also cause structural and chemical changes due to partial loss of water during the
transformation to hematite (Sadykov et al. 1996).

As noted above, the choice of analytical technique also may contribute to the
controversy over the existence of these phases. Blesa and Matijevi¢ (1989) suggest that
the hydrous phases are susceptible to electron beam damage when viewed by TEM, and
they argue that ex situ observations may fail to capture the hydrothermal crystallization
sequence accurately. Ideally, the identification of protohematite and hydrohematite

should be documented in sifu and in real time using a technique that allows for time-
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184  resolved structure refinement (Blesa and Matijevi¢ 1989; Kryukova et al. 1991;
185  Chernyshova et al. 2007).

186 Here we have conducted in situ hydrothermal TR-XRD experiments involving the
187  precipitation of akaganéite and its transformation to hematite, using angle-dispersive
188  synchrotron powder X-ray diffraction coupled with Rietveld analysis. The high signal-
189  to-noise and time resolution afforded by synchrotron XRD allowed us to capture phase
190 transformations that are less evident when using alternative approaches. Using this
191  technique, we argue for the existence of a lower-symmetry precursor during the
192  crystallization of hematite in 200 °C solutions, and, for the first time, we offer a refined
193  structure for this monoclinic phase.

194

195 EXPERIMENTAL METHODS

196  Sample preparation

197 All hydrothermal crystallization experiments were performed with solutions
198  containing 0.45 M FeCls and 0.01 M HCI, prepared by dilution with deionized water of a
199 3 M FeCls stock solution made with FeCls - 6H,O (ACS reagent, JT Baker) and 1 M HCl
200  (ACS reagent, Fisher Scientific) (Matijevi¢ and Scheiner 1978). Final solutions were
201  passed through 0.05 um Millipore filters and stored in sealed Nalgene bottles. For each
202 hydrothermal precipitation experiment, ~7 pL of the 0.45 M FeCls solution were loaded
203  into 1.0 mm-outer diameter quartz glass capillaries (Charles Supper Company) and sealed
204  with high temperature epoxy (302-3M, Epotek). Solution volumes, capillary lengths, and
205 amount of headspace were kept as similar as possible to ensure temperature uniformity

206  during heating and to minimize variations among samples.
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Synchrotron X-ray diffraction

X-ray diffraction data of in situ time-resolved experiments were conducted at the
GeoSoilEnviroCARS (GSECARS) 13-BM-C beamline at the Advanced Photon Source
(APS), Argonne National Laboratory (ANL). The x-ray wavelength was 0.8265(8) A;
and the detector distance was 95.165 mm. Because of low precipitate yield during in situ
experiments, capillaries were tilted at a 60° angle to allow for precipitate sedimentation to
the bottom of the capillary. The beam was aimed near the capillary base, enabling the
capture of the initial precipitation of akaganéite from solution and the phase
transformation to hematite. Video images of the capillary solutions revealed vigorous
convection of the solutions throughout the heating experiments.

A forced-gas heater was fabricated at APS by winding Ni coils around an inner
ceramic tube and applied a DC voltage using a Sorensen 33 V x 33 A (Model XHR 33-
33) power supply to achieve resistive heating. This assembly was encased in an outer
ceramic sleeve, and He gas was forced through the interior of the heated cylinder. The
heater was oriented normal to the capillary, and a type K chromel-alumel thermocouple
was situated adjacent to the capillary and monitored with a Keithly 2700 Multimeter.
The actual temperature was calibrated by monitoring two phase transformations of
RbNO; (Alfa Aesar, 99.8%, metals basis) loaded in a 1.0 mm quartz glass capillary and
heated from 25.7 to 250 °C. Based on this standardization, we estimate that the
thermocouple measured temperature was within +1.5 °C of the actual temperature.

For our experiments, capillary solutions were heated to final temperatures of 150,

175, and 200 °C. Experimental temperatures were reached within 2 minutes and were
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230  maintained within +0.25 °C using the EPICS control software. TR-XRD patterns were
231  collected every 25 to 40 seconds using a MAR165 CCD camera for run times ranging
232 from 10 to 160 minutes. Each sample was rotated about phi (parallel to the axis of the
233  capillary) by 1° per second during exposure. Full-circle images were integrated into
234  intensity versus 20 plots using the program Fit2D with a polarization factor of 0.99
235 (Hammersley 1996). We completed one, two, and four runs at 150, 175, and ~200 °C,
236  respectively. The results from the experiments at 150 and 175 °C will be discussed in a
237  separate paper.

238

239  Structurerefinement

240 Rietveld structure refinements were performed using the EXPGUI interface of the
241  General Structures Analysis System (GSAS) program (Toby 2001; Larson and Von
242 Dreele 2004). The initial R-3c hematite structure parameters were taken from Blake and
243  Hessevick (1966). Background, scale, peak profile, and unit-cell parameters were initially
244  allowed to vary. Backgrounds were best fitted using a Chebyshev polynomial with 10 to
245 12 profile terms. Peak profiles were modeled using a pseudo-Voigt function described by
246  Thompson et al. (1987) and corrected for asymmetry as described by Finger et al. (1994).
247  After these parameters had converged, atomic positions and occupancies were refined.
248  Soft constraints in the range of 1.90 to 2.17 A were imposed on Fe-O bond lengths for
249  monoclinic hydrohematite when both akaganéite and monoclinic hydrohematite phases
250  were present. The bond restraint weighting factor was gradually reduced during the
251  refinements. Lastly, all parameters were allowed to refine simultaneously and the

252  weighting factor was set at one. Refining isotropic temperature factors generated
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negative values, and therefore, in all TR-XRD refinements we fixed temperature factors
to those determined from the hematite powder Rietveld refinement. The hematite powder
was prepared from the same ferric chloride solution described above sealed in a Teflon
lined bomb and heated to 150 °C in a convection oven. The 20 range for all refinements
was 15.4° to ~36° (d-space range: 1.3 - 3.1 A); low angle data were removed because of
the large background scattering from the capillary glass and water. After a heating run
was completed and the temperature had decreased to 38 °C, a final set of XRD data were

collected.

RESULTS

Akaganéite was the first phase to precipitate at all three temperatures, and in all
experiments hematite was the final reaction product. Likewise, in all runs akaganéite
began to precipitate before the target temperatures were reached, generally forming when
the temperature surpassed ~120 °C.

A striking difference among the reactions at the three target temperatures was the
reproducible appearance of split diffraction peaks when hematite crystallized in the four
runs at 200 °C. These split peaks were apparent after the complete disappearance of all
akaganéite peaks, but peak splitting was not observed for reactions at 150 and 175 °C
(Fig. 2). The relative intensities of the component parts of the doublet hematite peaks
varied slightly among the experiments at 200 °C. In one of the four runs, lower intensity
“shoulders” appeared on the low 20 side of the peaks (Fig. 2), whereas two other runs
captured the emergence of shoulders on the high 20 side (Fig. 3). A fourth experiment at

200 °C revealed a transition in peak shape (Fig. 4). During this run, the first hints of
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hematite-like peaks emerged within the first 3 minutes of the experiment. After a total of
4 minutes passed, shoulders were visible on the low 260 side as hematite crystallized, and
between 6 and 6.5 minutes, the relative intensities changed and the shoulders transitioned
to the high 260 side. Between 7 and 7.5 minutes, the peaks began to merge and formed a
single symmetrical peak at 8 minutes.

We attribute the variations in the behavior of the peak splitting at 200 °C to subtle
differences in the heating parameters among the four runs. Despite our best efforts to
maintain a uniform heating rate and target temperature, in two of our experimental runs —
those that produced the shoulders on the high 20 side — we overshot the target
temperature by as much as 25 °C before it settled back to the target temperature. In
contrast, in the experiments for which the target temperature was approached without
significant overshooting, the doublet peaks initially appeared on the low 26 side. We
succeeded in quenching the phase with the doublet peaks by cooling in solution to 38 °C.

At low temperature, the splitting was more sharply defined than at 200 °C.

DiscussiON
The conventional space group of R-3c¢ for stoichiometric hematite is not
compatible with the peak splitting that we observed when our solutions were heated to
200 °C. We can propose two possible explanations for the peak splitting: 1) sample
displacement errors, or 2) the formation of a lower symmetry hematite-like phase. We

will address these possibilities in turn.
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299  Peak splitting from sample displacement errors

300 Recent studies have demonstrated the sensitivity of time-resolved synchrotron
301 XRD to certain experimental artifacts, such as peak splitting from sample displacement
302  errors (Scarlett et al. 2010; Scarlett et al. 2011). Scarlett et al. (2011) analyzed sample
303  displacement using capillary holders with powders deposited only as coatings on the
304 interior walls. Because the crystals were offset from the centers of the rotating cylindrical
305 capillaries, they yielded two characteristic displacement errors (£u). Since synchrotron
306 radiation is so highly monochromated, the distance between opposite walls of a powder-
307  coated capillary is sufficient to generate a splitting of all diffraction peaks. The degree of
308 peak splitting increases with the inner-diameter of the capillary, and Scarlett et al.
309 calculated sample displacement values based on the A20 between split peaks; their
310  calculated values matched the capillary diameters within error.

311 Because the geometry of our TR-XRD experiments so closely mirrored that used
312 by Scarlett et al., we calculated sample displacements using A26 for split reflections in
313  our experiments at 200 °C and compared these values to the capillary inner diameter used
314  in our experiments (1.0 mm) (Scarlett et al. 2011). As described in Scarlett et al. (2011)
315 and Klug et al. (1974), a sample displacement u parallel to the incident beam in a Debye-

316  Scherrer geometry can be expressed as follows (Fig. 5):
317 sin ot = %sin(Z@), (Eqn 1.1)

318  where R is the detector radius, and a is the angular distance a diffracted peak is shifted
319 from the expected peak position (O’). If crystallites precipitated as a coating on the
320  capillary walls at points S; and S, in Figure 5, the sample would be displaced from the

321  capillary center (O) by +u. A diffracted peak at 26 = O’ will exhibit peak position shifts
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322 by +a to a lower (S’)) and a higher (S’;) angle due to equal and opposite sample

323  displacements of 1/2 the capillary diameter:

324 S’1=20-a,
325 S’ =20+ a. (Eqn 1.2)
326 When we applied these relationships to our system, we calculated capillary

327  diameters (2u) that ranged from 0.5 to 0.6 mm, lower than the measured values of 0.8 to
328 1.2 mm and the median value of 1.08 mm. We judge the disparity between the calculated
329 and observed displacements as sufficiently large that we can discount the role of sample
330 displacement in generating split peaks in our experiments.

331 Even more convincingly, our video footage of the in situ TR-XRD experiments
332  strongly suggests that sample displacement did not account for the observed peak
333  splitting. Our live image captures of the heated capillary solutions revealed that
334  crystallization occurred primarily within the fluid and not only on capillary walls; indeed,
335  the particles were convecting heavily at the time that peak splitting was observed. Visual
336 inspections of capillaries after the completion of experiments likewise demonstrated that
337  particles were not restricted to a coating on capillary walls. Finally, the absence of peak
338  splitting in the experiments at 150 and 175 °C seems inconsistent with its attribution to an
339  experimental artifact at 200 °C.

340

341 Peak splitting from a monoclinic hematite-like phase

342 Next, we consider the possibility that the observed peak splitting arose from a
343  precursor phase with a lower symmetry than R-3¢ hematite. As discussed above, no such

344  phase is recognized by the International Mineralogical Association, but previous
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researchers have proposed hematite-like structures lacking a center of inversion, resulting
in space group R3c (Kustova et al. 1992; Burgina et al. 2000a; Burgina et al. 2000b).
However, this symmetry loss would not lead to split peaks.

In contrast, a violation of the 3-fold rotoinversion axis would diminish the
symmetry from trigonal to monoclinic, and it would generate split diffraction peaks. We
refined a range of low-symmetry hematite derivatives within the various subgroups of
space group R-3c. Among these refinements, the highest symmetry subgroup, 12/a, was
statistically no worse than the other subgroups of R-3c, including the triclinic P1. Thus,
we developed an 12/a cell for the 200 °C refinements (Fig. 6). The unit-cell parameters
were generated through the transformation of space group R-3c¢ into /[2/a using the
relationship:

Amono = 2/3anex + 4/3bnex + 1/3¢hex . =739 A

bimono = Ghex =5.038 A

Cmono = 1/3anhex T 2/3bnex — 1/3Chex =544 A

Pmono =95.5°

Volmono = 2/3V0lpex (Eqn 1.3)
Atomic positions from stoichiometric hematite were mapped into the monoclinic cell

using the following transformation matrix:

'xmono 0 % 1 'xhex
ymono = 1 _% 0 yhex (Eqn 14)

Zu) 0 Yo -2)

Our Rietveld refinements of the monoclinic structure represented a significant
improvement over the refinements using a trigonal space group. Representative /2/a and

R-3c Rietveld refinement results are presented in Figures 7 and 8. Space group 12/a
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367  provided a better fit and lower XZ (0.639,10n0 VS. 2.7214ex), Ryp (0.0099,0n0 vs. 0.0205.),
368 and R(FZ) (0.0115,0n0 vs. 0.0175,.,) values relative to R-3c. Moreover, the final
369 monoclinic structure seems reasonable with respect to interatomic bond distances and
370 angles, and all reflections produced by a structure with this space group symmetry were
371  consistent with the data. Final refinement parameters, atomic coordinates, and selected
372  bond lengths are compiled in Tables 1, 2, and 3.

373 We searched the literature for X,0; analogs and found a V,0s; phase that
374 undergoes a transition to a monoclinic (/2/a) structure as a function of temperature
375 (Dernier and Marezio 1970; McWhan and Remeika 1970). R-3c¢ V,0; experiences a
376  monoclinic distortion below 160 K, at which point it becomes isostructural with our
377  monoclinic hematite-like phase. During the V,03 R-3¢ to I2/a transition, vanadium-
378  vanadium pairs rotate by 1.8° in the @moeno - Cmono plane (Dernier and Marezio 1970). A
379  similar distortion takes place during the formation of hydrohematite, where the equivalent
380 iron-iron pairs rotate by ~1.6°.

381 We note that Bora et al. (2012) have observed and described peak splitting in
382  XRD analyses of hematite nanoparticles that were heat treated from 250 to 900 °C in air.
383  Specifically, these authors report that diffraction peaks remained constant in shape and
384  position up to 650 °C, but from 700 to 900 °C the broad peaks resolved into distinctly
385  split peaks (see Figure 2B in that paper). They speculate that the splitting might be due to
386 a distortion of the hexagonal structure (as we do here) or to compressive stress on the
387  nanocrystalline surface in response to increased oxygen content with higher temperature.
388  Because these authors used conventional CuK ¢ radiation, however, it is not clear whether

389 the splitting that they report represents the same phenomenon that we observed, or
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390  whether the effect is due to a sharpening of the initially broad peaks during higher
391 temperature annealing, thereby allowing the K¢; and Ko components to become
392  distinct. The use of monochromatic synchrotron radiation in the present study rules out
393 that possibility as a cause of the splitting that we report.

394

395 Insitu formation of hydrohematite

396 We interpret the monoclinic hematite-like phase in our experiments as a variety of
397  “hydrohematite”, in the sense that Wolska and Schwertmann (1989) and Dang et al.
398  (1998) define the term. We base this assertion on three factors: 1) the similarity of our
399 refined monoclinic phase to structures that other researchers have posited for
400  hydrohematite; 2) the increase in our refined octahedral Fe occupancies in hydrohematite
401  during its conversion to stoichiometric hematite; 3) the behavior of the lattice parameters
402  of hydrohematite as the reaction progressed. We note that our XRD experiments did not
403 reveal evidence of symmetrically distinct “protohematite” and “hydrohematite” phases,
404  and so we simply call the intermediate phase hydrohematite.

405 Similarity to prior models of hydrohematite. The structure of stoichiometric
406  hematite contains sets of two face-sharing, trigonally distorted octahedra forming chains
407 along the ¢ axis that are separated by vacancies, resulting in one unshared face per
408  octahedron (Fig. 1 and 9) (Blake and Hessevick 1966). Each octahedron shares 3 edges
409  and 6 corners with neighboring octahedra. Each octahedron consists of three longer Fe-O
410  face-sharing bond lengths (2.116 A) and three shorter unshared Fe-O bond lengths (1.945
411 A) (Blake and Hessevick 1966). Iron atoms are displaced from octahedral centers and

412  shift towards vacancies due to electrostatic repulsion between face-sharing octahedra. Fe-
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413  Fe distances (2.900 A) between face sharing octahedra along ¢ are longer than edge
414  sharing octahedral Fe-Fe distances (2.971 A) within the octahedral layers.

415 According to Burgina et al. (2000b), hexagonal protohematite/hydrohematite Fe-
416 O bond lengths deviate from the ideal stoichiometric hematite because OH™ 1is
417  “substituting” for oxygen. As a result, face-sharing Fe-O bond lengths increase (2.18 A),
418  while edge-sharing Fe-O bond lengths contract (1.90 A). The Fe-Fe face-sharing and
419 neighboring distances remain essentially unaltered. Because OH substitution affects the
420 O framework, the shifts in oxygen positions eliminate the center of inversion of R-3¢
421  (Sadykov et al. 1996; Burgina et al. 2000a; Burgina et al 2000b).

422 Our refined structure for monoclinic hydrohematite revealed distortions that are
423  compatible with H incorporation. The refined Fe-O bond lengths varied between
424  1.855(15) and 2.19(15) A, which are similar to previously reported hydrohematite Fe-O
425  bond lengths. Face sharing Fe-Fe distances remained approximately the same as those for
426  stoichiometric hematite and hydrohematite (2.8830(21) A), but neighboring Fe-Fe
427  distances ranged from 2.906(7) to 3.028(10) A. All bond length and distance averages
428  were approximately the same as the values reported by Blake and Hessevick (1966).
429  However, the Fe-O bond length and Fe-Fe distance variations due to OH" substitution
430 produce a significant structural distortion to the octahedra. The distortion manifests as a
431  ~1.6° tilt of Fe-Fe pairs in the @mono - Cmono plane, effectively removing the 3-fold
432  rotoinversion axis. This canting of the Fe-Fe pairs occurs in the opposite sense as occurs
433  in V;,0;. In V,0s, the V-V tilt displaces the V cations towards the vacancies, whereas in
434  hydrohematite the Fe-Fe tilt moves the Fe cations away from the vacant sites, consistent

435  with a model in which H cations are bonded to O anions that neighbor vacancies.
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Decrease in octahedral Fe occupancy. Our refinement of the first monoclinic
hydrohematite phases to crystallize in our experiments revealed non-unitary Fe
occupancies, as low as 0.72(6) in one of our runs. The oxygen site occupancies refined as
unity. Moreover, we observed an increase in the refined Fe occupancy to a final value of
0.980(6) within 2.5 minutes after the first appearance of hematite (Fig. 10). In contrast,
our refinements of the stoichiometric hematite final products consistently yielded
octahedral sites that were fully occupied by Fe.

Wolska and Schwertmann (1989) and others predict that hydrohematite contains
Fe vacancies in order to maintain charge balance from the OH™ substitution for O*
(Wolska and Schwertmann 1989; Dang et al. 1998; Gualtieri and Venturelli 1999;
Burgina et al. 2000a; Burgina et al. 2000b; Chernyshova et al. 2007). Assuming that OH"
substitution is accommodated solely by Fe vacancies, Wolska (1981) notes that the
weight percent water within hydrohematite can be calculated from the absent iron using

the relation
(9.07y)

T (51.154y) (Eqn 1.5)

where y is the weight % of water within the structure and x represents the substitutional
OH’ in the formula Fe,.3(OH),0;... Our refined Fe occupancy of 0.73 for the incipient
hydrohematite in our experiments yields a water content of 11.63 wt%, which is similar
to the water concentration observed in familiar FEOOH phases, such as goethite (10.14
wt% H,0) and akaganéite (11.48 wt% H,O) (Post and Buchwald 1991; Cornell and
Schwertmann 2001; Post et al. 2003). Thus, the transition from akaganéite to the first
hydrohematite crystals that formed in our experiments apparently involved no water loss,

suggesting that the hydrothermal transformation of akaganéite to hydrohematite is
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promoted not by dehydration but by a thermodynamically driven framework
reconstruction. Moreover, this analysis reveals that defect hematite phases are capable of
storing large quantities of water.

Variations in lattice parameters. As suggested by Dang et al. (1998), the
reaction from protohematite to hydrohematite to stoichiometric hematite is best captured
through characteristic trends in unit-cell parameters. The protohematite to hydrohematite
transition occurs through isotropic contraction, whereas the transformation from
hydrohematite to stoichiometric hematite involves the selective expansion of the a-axis.

Our experiments showed similar trends, explaining the surprising shift of peak
shoulders from the low to the high 20 side of the “primary” peaks as crystallization
progressed (Fig. 4 and 11). The appearance of shoulders on the low 20 sides of peaks is
attributable to the co-contraction of the pseudo-hexagonal a- and c-axes (“protohematite”
stage). As the c-axis continued to contract and as the g-axis expanded, shoulders moved
to the high-angle sides of the peaks (hydrohematite” stage). In the final step, ¢ expanded
and a contracted, and the peaks became symmetric (yielding stoichiometric R-3c
hematite).

Conditions of hydrohematite formation. The absence of peak splitting in our
lower-temperature experiments seems counter-intuitive, since our Rietveld analyses of
the incipient hematite crystals that formed during the experiments at 150 and 175 °C also
indicated Fe vacancies on the order of 25%. We suggest that reaction kinetics likely play
an important role in the formation of the monoclinic variety of hydrohematite. Hummer
et al. (2013) have argued that the hydration of mineral surfaces is more effective at low

than at high temperatures. Since hydration can decrease distortions of surface structure,
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high temperatures actually may better promote departures from structural ideality at
nanoparticle surfaces. Moreover, we infer that the distortion of the O framework in
hydrohematite also is tied to the rapidity of crystallization at higher temperatures. The
controlling role of kinetics over thermodynamics occurs in other hydrothermal systems at
high rather than low temperatures. For instance, Brand et al. (2012) report that a mixture
of rhombohedral and monoclinic potassium jarosites form under hydrothermal conditions
at 120 °C, but only the stable rhombohedral phase crystallizes at 80 °C.

Finally, like Chernyshova et al. (2007), we emphasize that aqueous environments
obviously are important in stabilizing intermediate hydrous hematite phases. Indeed, in a
previous study, our group monitored the formation of hematite during the dry-heating of
akaganéite from 26 to 800 °C (Post et al. 2003). Akaganéite started to transform to
hematite at ~300 °C, and our re-examination of those X-ray diffraction patterns at the

transition revealed no evidence for split hematite peaks.

IMPLICATIONS

Our in situ hydrothermal XRD experiments at 200 °C enabled us to capture the
formation of hydrous precursors to hematite, supporting claims for the existence of
“hydrohematite” phases that go back more than 150 years. The formation of monoclinic
hydrohematite and its incorporation of OH  have important geological and industrial
implications. For example, hematite experiences a magnetic transition at ~260 K, known
as the Morin transition temperature, Ty;. The Ty and the temperature range over which
the transition takes place (ATw) are highly dependent on factors such as particle size,

crystallinity, and OH" substitution. Since the Morin temperature varies from sample to
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sample, its value can provide insight into the conditions under which natural hematite
forms (Dang et al. 1998; Zboril et al. 2002; Bengoa et al. 2010; Fleischer et al. 2010; Liu
et al. 2010).

Similarly, the chemical properties of hematite depend strongly on its hydration
state. Burgina et al. (2000b) report that the catalytic activity of protohematite is 10 times
greater than that for stoichiometric hematite. Jang et al. (2007) have demonstrated that
the dissolution rate of hematite increases with greater structural disorder. The degree of
distortion of Fe octahedra, and thus the change in symmetry due to the incorporation of
OH’, will also impact the physical properties of hematite. For example, Pailhé et al.
(2008) observed that the color of hematite particles can be tuned by controlling the
degree of distortion of Fe octahedra. By extension, particle characteristics of hematite
used in prehistoric paints might help us determine whether the hematite was formed
naturally or purposely produced as a red pigment (Salomon et al. 2012).

Finally, hematite is considered a significant component of the Martian regolith,
and the presence of hydrohematite may yield information about the depositional history
of Martian soils. For example, Golden et al. (2008) speculate that deposits of hematite
spherules on Mars formed via a hydrohematite intermediate by aging under hydrothermal
conditions. As our XRD results reveal that hydrohematite can store surprisingly large
concentrations of water within its structures, this phase may serve as an unappreciated

reservoir of water on Mars.
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Table 1. Final unit cell parameters and refinement results for space groups /2/a and R-3¢

at 38 °C
Space group 12/a R-3¢
Unit cell
a(A) 7.3951(10) 5.0297(5)
b(A) 5.0117(5) 5.0297(5)
c(A) 5.4417(7) 13.7502(18)
a (°) 90 90
£ (®) 95.666(5) 90
7 (°) 90 120
V(A% 200.70(6) 301.24(8)
Refinement
No. of data points 1031 1031
No. of reflections 54 19
Diffraction range (d A)  15.4-36.01 15.4-36.05
No. of variables 30 22
R(F’) 0.0115 0.0175
Ryp 0.0099 0.0205
x 0.639 2.721

Table 2. Atomic coordinates, site occupancies, and isotropic displacement values for

space group 12/a at 38 °C

8/20

Site occupancy

Atom X y 4 factor Uiso
Fel 0.3589(4) -0.0043(11) 0.2944(4) 0.973(6) 0.004
01 0.4117(21) 0.8579(27) 0.6327(29) 1.0 0.007
02 0.25 0.183(4) 1.0 0.007
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Table 3. Selected bond lengths for space group 2/a at 38 °C (A)

8/20

Within one octahedron Intralayer Interlayer
Fel-O1 2.033(20) Fel-Fe2 2.906(7) Fe2-Fe7’  2.8830(21)
Fel-O2 1.960(8) Fe2-Fe3 2.956(10)

Fel-O3 1.855(16) Fel-Feb6 3.028(10)
<Fe-O>° 1.949 <Fe-Fe>* 2.963
Fel-O4 1.969(17) 01-02 3.022(26)
Fel-05 2.190(15) 01-03 3.047(12)
Fel-O6 2.161(15) 02-03 3.051(10)
<Fe-0>'  2.107 <0-0>¢ 3.04
01-04 2.928(10) 04-05 2.669(23)
02-05 2.925(21) 04-06 2.659(16)
03-06 2.811(20) 05-06 2.659(16)
<0-0>* 2.888 <0-0>" 2.662
01-05 3.02(4)

02-06 2.802(9)

03-04 2.49(4)

<0-0>' 2.771

Values from Blake (1966): (a) 2.971, (b) 2.9, (c) 1.945, (d) 2.116, (e) 2.888, (f) 2.773,
(g) 3.035, (h) 2.669 in A

Labels for Fe and O atoms correspond to Figure 9
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Figures

Figure 1. Crystal structure of hematite in the hexagonal setting (R-3c¢).
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Figure 2. Peak splitting in a hematite X-ray diffraction pattern from experiment 1.
Shoulders are on the low 20 side (A). Standard R-3c hematite diffraction patterns do not
display peak splitting (B).
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Figure 3. Peak splitting in a hematite X-ray diffraction pattern from experiment 3.
Experiment 3 shoulders are on the high 20 side, while experiment 1 shoulders are on the
low 20 side.
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Figure 4. Time series of diffraction patterns of experiment 2 at 200 °C from 4.5 to 8
minutes. Initially, shoulders are at low 20 angles. However, this shifts to high 20 angles
after 6 minutes. Shoulders gradually disappear at 7.5 minutes and peaks become
symmetric at 8§ minutes.
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Figure 5. Shift in 20 due to a sample displacement (+u) parallel to the incident beam in
Debye-Scherrer geometry. A) The sample is coating the capillary walls instead of filling
the entire capillary volume. B) The sample is displaced from the origin, O, to S; and S..
The observed diffraction angle is shifted from O’ to §’;and S’; by +a.

Always consult and cite the final, published document. See http://www.minsocam.org or GeoscienceWorld

8/20



This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.

(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2015-4807

8/20

g
-
-
-
-
F
-
-
-
-
-
-
-

mono -

Figure 6. Crystal structure of hematite in the monoclinic setting (12/a).
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Figure 7. Observed (crosses), calculated (red line) and differences (pink line) diffraction
patterns for Rietveld refinement of experiment 1 at 38 °C using space group /2/a.
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Figure 8. Observed (crosses), calculated (red line), and difference (pink line) diffraction
patterns for a Rietveld refinement of experiment 1 at 38 °C using space group R-3c.
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Figure 9. Crystal structure of monoclinic hydrohematite with atomic positions (Table 3).
A) Projection in which the hexagonal hematite c-axis would be vertical shows the
displacement of Fe cations (yellow) and oxygen anions (red) relative to their positions in
hexagonal hematite (blue); B) Projection along the hexagonal hematite c-axis reveals the
polyhedral distortions that violate 3-fold symmetry.
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Figure 10. Refined Fe occupancy versus time at 200 °C. The Fe occupancy rapidly
increases from 0.73 and but stabilizes at 0.98 after approximately 2.5 minutes.
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Figure 11. Time resolved X-ray data at 200 °C (blue circles). Data are shown using
pseudo-hexagonal ¢ and a unit-cell parameters for comparison to experimental data from
Dang et al. 1998 (grey triangles). During our experiment, a and c initially contracted. The
a parameter began to expand after 6 minutes. Finally, there was a second contraction in a
at 7.5 minutes.
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