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Abstract Crystals of hydronium jarosite were synthe-
sized by hydrothermal treatment of Fe(III)–SO4 solu-
tions. Single-crystal XRD refinement with R1 ¼ 0.0232
for the unique observed reflections (|Fo| > 4rF) and
wR2 ¼ 0.0451 for all data gave a ¼ 7.3559(8) Å,
c ¼ 17.019(3) Å, Vo ¼ 160.11(4) cm3, and fractional
positions for all atoms except the H in the H3O groups.
The chemical composition of this sample is described by
the formula (H3O)0.91Fe2.91(SO4)2[(OH)5.64(H2O)0.18].
The enthalpy of formation (DHo

f) is
�3694.5 ± 4.6 kJ mol)1, calculated from acid (5.0 N
HCl) solution calorimetry data for hydronium jarosite,
c-FeOOH, MgO, H2O, and a-MgSO4. The entropy at
standard temperature and pressure (So) is
438.9±0.7 J mol)1 K)1, calculated from adiabatic and
semi-adiabatic calorimetry data. The heat capacity (Cp)
data between 273 and 400 K were fitted to a Maier-
Kelley polynomial Cp(T in K) ¼ 280.6 + 0.6149T–
3199700T)2. The Gibbs free energy of formation is

�3162.2 ± 4.6 kJ mol)1. Speciation and activity calcu-
lations for Fe(III)–SO4 solutions show that these new
thermodynamic data reproduce the results of solubility
experiments with hydronium jarosite. A spin-glass
freezing transition was manifested as a broad anomaly
in the Cp data, and as a broad maximum in the zero-
field-cooled magnetic susceptibility data at 16.5 K. An-
other anomaly in Cp, below 0.7 K, has been tentatively
attributed to spin cluster tunneling. A set of thermody-
namic values for an ideal composition end member
(H3O)Fe3(SO4)2(OH)6 was estimated: DGo

f ¼
)3226.4 ± 4.6 kJ mol)1, DHo

f ¼ )3770.2 ± 4.6 kJ mol)1,
So ¼ 448.2 ± 0.7 J mol)1 K)1, Cp (T in K) ¼ 287.2 +
0.6281T–3286000T)2 (between 273 and 400 K).
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Introduction

Jarosite was first described, under the Latin name
Jarosites kalicus, as a weathering product at Pb–Ag
mines in Baranco Jaroso, Spain (Breithaupt 1852). Since
then, the compounds of the jarosite group have been
frequently identified in precipitates from acidic, metal-
loaded waters (Dutrizac and Jambor 2000; Stoffregen
et al. 2000). The name jarosite became the designation
for a group of minerals, all hydroxy sulfates of ferric
iron and a mono- or divalent cation (Dutrizac and
Jambor 2000). The three most important natural end
members in the jarosite group are jarosite (sensu stricto),
KFe3(SO4)2(OH)6, natrojarosite, NaFe3(SO4)2(OH)6,
and hydronium jarosite, (H3O)Fe3(SO4)2(OH)6.

The studies on thermodynamic properties of jarosite
minerals were summarized by Stoffregen et al. (2000),
and several new investigations have appeared since then
(Baron and Palmer 2002; Drouet and Navrotsky 2003).
In these studies, Gibbs free energy or formation enthalpy
of the Na, K, and H3O end members or their solid
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solutions were determined. Among the three end
members, the thermodynamic data for H3O jarosite have
the largest uncertainties. New or improved thermody-
namic data may be helpful in advancing existing
technologies because jarosite compounds play a key role
in some areas of hydrometallurgy, especially in process-
ing of zinc ores (Dutrizac and Jambor 2000). In addition
to being common in natural specimens and beneficial in
industry, the jarosite compounds are frustrated magnets
and some of them show spin-glass behavior, and there-
fore are of interest to the physics community (e.g., Wills
and Harrison 1996; Wills et al. 2001; Grohol et al. 2003).

In this contribution, we present a complete set of
thermodynamic properties of H3O jarosite, including
formation enthalpy, heat capacity, entropy at standard
temperature and pressure, and molar volume. The Gibbs
free energy of formation and the solubility product of
hydronium jarosite are used to calculate a phase dia-
gram for the system Fe2O3–SO3–H2O and to compare
the results to the experimental work of Posnjak and
Merwin (1922). The thermodynamic data are supported
by a thorough structural analysis via single-crystal X-ray
diffraction (XRD) refinement, powder XRD Rietveld
refinement, Fourier-transform infrared spectroscopy
(FTIR), and Raman spectroscopy. We also report the
heat capacity associated with the spin-glass transition in
hydronium jarosite, and identified another Cp anomaly
at very low temperatures (<0.7 K).

Experimental procedures

Sample synthesis

Hydronium jarosite was synthesized by hydrothermal treatment
of a ferric sulfate solution which was prepared by mixing 4 g of
Fe2(SO4)3(H2O)�6.75 (reagent grade, Alfa Aesar) and 16 ml of
deionized water. The solution was sealed in a silica glass capsule with
an internal volume of �30 ml and heated at 415 K for 2 days.
Internal pressure in the capsule during synthesis was neither
controlled nor known; slight variations in the internal pressure, due
to a different ratio of solution-to-capsule volume, apparently had no
influence on the quality of the product. The capsule was broken
carefully to avoid contamination of the sample with silica glass. The
product was washed with copious amounts of deionized water, dried
at 310 K, checked for impurities under a binocular microscope, and
finely ground in an agate mortar. Every synthesis gave �400 mg of
hydronium jarosite.

Because adiabatic calorimetry requires large amounts of mate-
rial, the synthesis described above was repeated in 22 batches. Each
batch was checked for purity under an optical microscope and by
powder XRD, and the batches that were found to be pure were
combined into the final sample. One of the discarded batches was
contaminated by red flakes, most likely hematite, that formed from
isolated droplets near the top of the silica glass capsule.

Synthesis and characterization of reference compounds
periclase (MgO), a-MgSO4, and lepidocrocite (c-FeOOH) were
described by Majzlan et al. (2004).

Crystal structure analysis

Data were collected for a suitable single crystal using a Bruker
three-circle diffractometer equipped with an APEX CCD detector
and MoKa radiation. A sphere of diffraction data to 69� 2h was

collected at room temperature using a crystal-to-detector distance
of 4.67 cm, frame widths of 0.3� in x, and 10 s spent counting per
frame. Intensity data were reduced and corrected for Lorentz,
polarization, and background effects using the Bruker program
SAINT. A semi-empirical correction for absorption was applied
using the program SADABS by modeling the crystal as an ellip-
soid. A total of 5441 reflections was collected, of which 452 were
unique (RINT ¼ 7.6%), and 326 of the unique reflections were
classed as observed (|Fo| ¼ 4rF).

Scattering curves for neutral atoms and anomalous–dispersion
corrections were taken from International Tables for Crystallog-
raphy, vol. IV (Ibers and Hamilton 1974). The Bruker SHELXTL
Version 5 system of programs was used for the solution and
refinement of the crystal structure in space group R�3m. The final
refinement included positional parameters of all atoms, aniso-
tropic-displacement parameters for non-H atoms, and a weighting
scheme of the structure factors. Details and results of the structure
refinement are provided in Table 1.

The X-ray diffraction powder patterns of each batch were
collected with a Scintag PAD V diffractometer (Cu Ka radiation)
with a diffracted beam graphite monochromator. The XRD pattern
of the sample (i.e., batches mixed together) mounted in a 1.5 mm
glass capillary was collected at the bending magnet beamline at the
DND-CAT sector at the Advanced Photon Source (Argonne
National Laboratory). The X-ray radiation wavelength of 0.4247 Å
was selected with an Si monochromator. The detector was a Ge
scintillator which had an Si analyzer before it. The structural model
(from Wills and Harrison 1996) was refined by the Rietveld
technique using GSAS (Larson and von Dreele 1994).

Other characterization

Energy-dispersive analysis was performed on polished samples
using a Cameca SX-50 electron microprobe. Approximately 0.2 g
of the jarosite from the mixed batch sample was analyzed for its Fe
and S contents by a combination of ICP–AAS techniques
(Galbraith Laboratories, Inc.). Thermogravimetric and differential
thermal analysis (TGA/DTA) was performed with Netzsch 449
system in corundum crucibles, in argon flow (40 ml min)1), with a
heating rate of 10 K min)1.

FTIR spectra were collected with a Bruker Equinox 55 FTIR
spectrometer. The sample (�2 mg) was mixed with KCl (�50 mg),
pressed into a pellet, and the spectra were collected in a transmis-
sion mode. The Raman data were collected using a SPEX triple
spectrometer equipped with a CCD detector and a Raman micro-
scope. Excitation was the 514.5-nm line of an Ar laser. The laser
power at the sample was limited to 20 mW or less.

Magnetic susceptibility measurements were made using a
Quantum Design MPMSR7 SQUID (Superconducting Quantum
Interference Device) magnetometer. A 45-mg sample was loaded
into a gel capsule which was then placed inside a polyethylene
drinking straw. Data were collected between 300 and 2 K at
various applied magnetic fields in both zero-field-cooled and
field-cooled modes. The susceptibility data were corrected for the
diamagnetism of the sample holder, as well as for the core
diamagnetism of the ions in the jarosite sample.

Calorimetric techniques

Acid solution calorimetry was performed with a commercial IMC-
4400 calorimeter (Calorimetry Sciences Corporation) described by
Majzlan et al. (2004). The samples were dissolved in 25 ml of 5.0 N
HCl at 298 K. The calorimeter was calibrated with KCl (NIST
standard reference material 1655). The samples were weighed in
stoichiometry with 3.00 mg of periclase.

The home-built adiabatic calorimeter and the semi-adiabatic
calorimeters used in this study were described by Majzlan et al.
(2003b). The heat capacity between 12 and 400 K was measured by
the adiabatic apparatus, using 8.73 g of the sample. The adiabatic

519



environment of the sample was maintained by careful temperature
control of three adiabatic shields as well as by minimizing heat
exchange by conduction and convection. The accuracy was tested
by Cp measurements of corundum (NIST standard reference
material 720) over the region 15–400 K. The results deviated by ±
2% from the recommended Cp values (Archer 1993) at 15 K, and
the difference systematically decreased to ± 0.15% at 50 K. Be-
tween 50 and 400 K, the difference between measured and recom-
mended Cp (corundum) values was within ± 0.15%. The semi-
adiabatic apparatus was used to measure Cp between 0.5 and 30 K.
The sample (0.50 g) was wetted by a drop of deionized water,
pressed into a pellet, dried in vacuum at �330 K for 4 h, and
loaded into the calorimeter. The sample and parts of the instrument
were cooled to the selected temperature by liquid nitrogen, liquid
4He, and 3He cryostat. The semi-adiabatic nature of the instrument
lies in approximate satisfaction of the adiabatic condition by
applying background heat input to the sample and sample plat-
form. This background heat input compensates for the heat loss by
radiation and conduction through the platform support and the
attached components. The calorimeter was tested by measurements
on an ultra-pure copper sample: the accuracy was found to be
± 0.5% and the precision ± 0.1% within the temperature range
considered in this study (Lashley et al. 2002). We combined the two

sets of experimental results by inspecting the region of overlap and
scaling the low-temperature values so that they map smoothly onto
the high-temperature values. For the calculation of entropy and
enthalpy increments, the measured Cp data were fitted and
smoothed by orthogonal polynomials.

Results and discussion

Crystal structure and the elusive H3O
+ ion

Our jarosite sample consists of intergrown rhombohe-
dral (pseudocubic) crystals (Fig. 1) up to 0.1 mm large.
The powder XRD patterns showed only peaks that
could be indexed in the hexagonal unit cell of jarosite.
Lattice parameters and atomic positions calculated by
Rietveld refinement are listed in Table 1.

No impurities were detected in either the IR or
Raman spectra of the sample. Vibrational spectroscopy

Table 1 Atomic positions (�104), displacement parameters (Å2 � 103), unit-cell parameters, and data statistics for the refinement of XRD
data of H3O jarosite

Single-crystal X-ray diffraction refinement

x y z Occupancy Ueq Wyckoff position

S 0 0 3078(1) 1.00 12(1) 6 c
Fe 1667 )1667 )1667 0.973(3) 13(1) 9 d
O1 0 0 3936(2) 1.00 18(1) 6 c
O2 2239(1) )2239(1) )550(1) 1.00 18(1) 18 h
O3 1270(3) )1270(3) 1351(1) 1.00 19(1) 18 h
O4 0 0 0 0.905(13) 32(2) 6 c
H 1660(40) )1660(40) 1160(20) 1.00 18 h

a (Å) 7.3559(8) Rint 0.0762
c (Å) 17.0186(27) Unique reflections 452
V (Å3) 797.5(2) Unique jFoj > 4rF 326
Vo (cm3) 160.11(4) Refinement method Least squares on F2

Space group R�3m Parameters varied 30
F(000) 643 R1 for jFoj > 4rF 0.0232
Radiation Mo Ka R1 all data 0.0408
Total reflections 5441 wR2 all data 0.0451
Data range 3–69 Goodness of fit all data 0.821
Dx 2.95 Max. min. peaks (e/Å)3) 0.55, )0.97
Crystal size � 50lm

Rietveld refinement of synchrotron X-ray diffraction pattern (k ¼ 0:4247 Å)

x y z Wyckoff position

S 0 0 3085(1) 6 c
Fe 1667 )1667 )1667 9 d
O1 0 0 3933(2) 6 c
O2 2216(2) )2216(2) )566(1) 18 h
O3 1251(3) )1251(3) 1360(1) 18 h
O4 0 0 0 6 c

a (Å) 7.35463(2) V (Å3) 797.188(4)
c (Å) 17.01795(4) Vo (cm3) 160.049(1)
v2 3.00 wRp 0.2993

Rietveld refinement of Bragg-Brentano X-ray diffraction pattern (Cu Ka radiation)

a (Å) 7.3499(2) V (Å3) 795.81(5)
c (Å) 17.0104(7) Vo (cm3) 159.77(1)
v2 6.44 wRp 0.2778
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was used because, in certain cases, it can be more sen-
sitive to impurities than XRD. All bands observed in the
spectra (Fig. 2) can be assigned to vibrations of the
jarosite structure, according to the factor group analysis
by Serna et al. (1986).

Refinement of single-crystal and synchrotron powder
XRD data located positions of all atoms with the
exception of hydrogen in the hydronium group
(Table 1). The atomic positions are similar to those

reported for H3O jarosite by Wills and Harrison (1996),
and the principal features of the jarosite crystal structure
are the same as determined by Hendricks (1937). The
structure with space group R�3m consists of sheets of
octahedrally coordinated Fe, decorated by sulfate tetra-
hedra (Fig. 3). The iron atoms lie on a triangular Ka-
gomé lattice, and the triangular arrangement gives rise to
the specific magnetic properties of jarosite. Monovalent
ions occupy the intersheet portion of the structure, and,
following the choice of Hendricks (1937), they are placed
on a special position 3a (0, 0, 0). The hydrogen atom in
the hydroxyl group was also located (Table 1).

The single-crystal X-ray study did not reveal the
position of the H atoms in the H3O group. The H atoms
of the H3O group were not evident in difference-Fourier
maps, which presumably indicates disorder of the posi-
tions and that they may not conform to R�3m symmetry.
On the other hand, the H1 position, which belongs to
the OH group, was readily located in difference-Fourier
maps and was included in the refinement. Wills and
Harrison (1996) determined the position of H in the H3O
group, however, using constraints only on the bond
lengths and angles, partially because of the large inco-
herent scattering background from the interaction of
neutrons and hydrogen. They removed the oxygen in the
H3O group from (0, 0, 0) to (0, 0, z) and invoked dis-
order at the hydronium site that is necessary to maintain
the threefold rotoinversion axis. We attempted to move
the oxygen of the H3O group into a (0, 0, z) position but
the z coordinate refined to 0 within the error of the
procedure, and there is no evidence that the oxygen
atom is displaced from the (0, 0, 0) position. Therefore,
it is likely that the symmetry of the unit cell of H3O

Fig. 1 Scanning electron
micrograph of the hydro-
nium jarosite crystals

Fig. 2 Raman (top) and infrared (bottom) spectra of hydronium
jarosite
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jarosite is lower than R�3m, the �3 symmetry being broken
by the H3O group, similarly as suggested for NH4

+

jarosite (Serna et al. 1986).

Chemical composition

No elements other than Fe and S were detected by the
energy-dispersive electron microprobe analysis. The
nominal composition of hydronium jarosite is
(H3O)Fe3(SO4)2(OH)6, but all jarosite minerals have
deficiency on the trivalent metal site and nonstoichi-
ometry on the monovalent ion site (Stoffregen et al.
2000). The formulas of these compounds are usually
calculated with the assumption that the sulfur sites are
fully occupied, i.e., normalized to 2 S atoms per formula
unit. In this work, we consider that every site except the
sulfur site could have occupancy lower than 1, because
there is no published evidence that the oxygen sites for
(H3O) or (OH) must be fully occupied. Introducing
vacancies on the Fe3+ sites leads to a formula
(H3O)Fe3)y(SO4)2(OH)6)3y. The value of y, calculated
from the chemical analysis (Table 2), is 0.09. The for-
mula is (H3O)Fe2.91(SO4)2(OH)5.73, implying that only
97% of the Fe sites are filled. This datum is in excellent
agreeement with the 97.3 ± 0.3% occupancy of the Fe
sites as determined by single-crystal XRD refinement
(Table 1). All jarosite compounds show incomplete
occupancy of the Fe site. Among the deuterated salts,
the D3O jarosite reaches the highest occupancy of

97 ± 1%; the Na, K, Ag, and Rb jarosite end members
have the Fe sites filled to only 87–95% (Greedan 2001).
Wills and Harrison (1996) reported 95 ± 4% Fe site
occupancy in their hydronium jarosite.

A further complication arises because our X-ray dif-
fraction data show that the (H3O) site is not fully occu-
pied (Table 1). Accounting for the partial occupancy of
this position, measured concentration of water (Table 1)
and the requirement of charge balance gives a general
formula (H3O)1.00)xFe2.91(SO4)2[(OH)5.73)x(H2O)2x].
The occupancy of the (H3O) site is 91 ± 1% (Table 1);
therefore, the value of x is 0.09, and the formula is
(H3O)0.91Fe2.91(SO4)2[(OH)5.64(H2O)0.18]. It is interesting
to note that in previous work on jarosite and alunite
compounds, the deficiencies of K+ and Na+ were bal-
anced by the (H3O)+ ion (Stoffregen et al. 2000). Here we
show that the hydronium position in the hydronium
jarosite is not fully occupied. It is very likely that careful
interpretation of X-ray or neutron diffraction data will
show that the monovalent ion position needs not be fully
occupied, and the elusive (H3O) ion plays a lesser role in
jarosite minerals than commonly assumed.

TGA and DTA traces of hydronium jarosite are
shown in Fig. 4. The TGA/DTA experiment was stop-
ped at selected temperatures (marked in Fig. 4), and the
product was examined by powder XRD. The XRD
pattern of the product recovered after the first endo-
therm (point 1) showed poorly crystalline material that
could not be matched to any entry in the JCPDS data-
base. In potassium jarosite, the first endotherm is usually
assigned to the breakdown of jarosite to yavapaiite and
hematite (Kulp and Alder 1950)

KFe3ðSO4Þ2ðOHÞ6 ¼ KFeðSO4Þ2 þ Fe2O3 þ 3H2O:

An analogous compound, (H3O)Fe(SO4)2, has been
proposed by Pedersen et al. (1973) but the XRD pattern
of the material collected at point 1 does not correspond
to a compound structurally similar to yavapaiite. The

Fig. 3 Schematic drawing of
the crystal structure of jaro-
site which consists of octa-
hedral sheets of Fe(O,OH)6,
decorated by SO4 tetrahe-
dra. The triangular Kagomé
lattice is defined by the Fe3+

cations

Table 2 Chemical composition of the hydronium jarosite sample

Fe2O3 SO3 H2O
(by difference)

Ideal composition 49.87 33.28 16.85
Analyzed 49.33 33.98 16.69
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XRD pattern of the material heated to point 2 resembles
the pattern of monoclinic Fe2(SO4)3, though definite
identification was precluded by low signal-to-noise ratio
and broad XRD peaks. The final endotherm at 977 K is
the result of conversion of the sample to hematite (point
3, Fig. 4).

Magnetic susceptibility measurements

The zero-field-cooled and field-cooled data magnetic
susceptibility data diverge at a temperature of about
18 K (Fig. 5a). An expanded view (Fig. 5b) shows the
data in the temperature region from 2–25 K measured in
a smaller field of 0.01 T. The temperature of 18 K at
which the zero-field-cooled and field-cooled data deviate
can be taken to signify the temperature at which the
frustrated magnetic system freezes to form a spin glass.
Inverse susceptibility versus temperature, along with a fit
to a Curie-Weiss law for the data between 150 and
300 K, is shown in Fig. 5c. The measured data are linear
between 150 and 300 K and fit the Curie–Weiss
expression well despite the fact that the Weiss temper-
ature, hw ()833 K), is much higher than the temperature
range over which the data is fit. The Curie constant
(5.82 mol emu K)1) is comparable to that found by
previous workers for this material as well as for mate-
rials in which the hydronium ion is replaced by an alkali
metal cation (Inami et al. 2000; Wills et al. 2000;
Nishiyama et al. 2001; Grohol et al. 2003). This Curie
constant, if converted to a magnetic moment per Fe
atom (C ¼ NAl2/3kB, where NA is Avogadro’s number,
l is the magnetic moment, and kB is Boltzmann

constant), yields a value in excess of that expected for a
spin )5/2 ion (l ¼ g[S(S + 1)]1/2, where g is the Lande
spectroscopic splitting factor). Harris et al. (1992) have
calculated correction factors for the Curie and Weiss
constants for a Kagomé lattice for which the Weiss
temperature exceeds the highest temperature to which
the susceptibility is measured. The calculations, which
essentially account for the effect of short-range order,
yield a corrected Curie constant C0 ¼ ð9=8ÞC (Harris et
al. 1992). Even after this correction, however, the Curie
constant we measure in hydronium jarosite still leads to
an Fe3+ moment of 6.4 lB, in excess of the theoretical
value of 5.92 lB. Similar anomalously large Curie con-
stants and Fe3+ magnetic moments have been reported
for various jarosite compouds, and a satisfactory
explanation for these observations has not been found.

Heat capacity as a structural probe

The presence of a transition metal ion with unpaired
electrons (e.g., Fe3+ in jarosite) indicates the possibility
of long-range magnetic ordering below a specific tem-
perature. Because hydronium jarosite is paramagnetic at
room temperature, a transition to a magnetically
ordered state is expected at subambient temperatures.
Such transitions are accompanied by an excess heat
capacity and, well below the transition temperature, the
magnetic contribution to the total heat capacity can be
treated by the means of statistical mechanics (e.g., Gopal
1966). Hence, heat-capacity measurements offer insight
into the magnetic structure of transition metal solids.

Hydronium jarosite is a member of a small family of
magnetic solids named spin glasses. Spin glass is ‘‘a
random, mixed-interacting, magnetic system character-
ized by a random, yet co-operative freezing of spins at a
well-defined temperature Tf below which a highly irre-
versible, metastable frozen state occurs without the
usual long-range spatial magnetic order’’ (Mydosh
1993). In addition, all jarosite compounds are examples
of frustrated magnets. The magnetic frustration arises
from threefold arrangement of iron ions in the Kagomé
lattice (Fig. 3).

Spin-glass freezing transition

The spin-glass freezing transition in H3O jarosite has
been previously observed by magnetic susceptibility at
17.2 K (Wills and Harrison 1996) and at 17.5 K by
Mössbauer spectroscopy (Afanasev et al. 1974). The
zero-field-cooled magnetic susceptibility data for our
sample shows a broad maximum at T ¼ 16.5 K
(Fig. 5b). In the heat-capacity measurements, the tran-
sition is manifested as a broad anomaly, the height of
which depends on the thermal treatment of the sample.
The transition is more pronounced after long, gradual
(2 days) cooling rather than faster (15 h) cooling
(Fig. 6).

Fig. 4 Thermogravimetric (TG) and differential thermal (DT) analysis
traces for hydronium jarosite. The extrema in the DTA trace are
labeled with their corresponding temperature. The TG/DT analysis
was stopped at three different temperatures, marked by circles on the
DTA trace, and the products were examined by XRD. See text for
details
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Heat-capacity measurements should give insight into
the nature of the freezing transition. The nonlattice heat
capacity of a spin glass should have either a linear
dependence in T in the low-temperature limit, or a T2

dependence such as that found in SrGa12)xCrxO19 (Wills
and Harrison 1996). The lattice contribution is described
by the harmonic-lattice model

Cp ¼ RBnT n; n ¼ 3; 5; 7; . . . :

Addition of a T term improves the root-mean-square
deviation of the fit significantly more than addition of a
T2 term. However, the lack of Cp data for a diamagnetic
analogue (such as hydronium alunite) and the broadness
of the Cp anomaly rule out a more detailed interpreta-
tion. The temperature span of the freezing transition can
be appreciated from the neutron scattering data of Wills
et al. (2001), who showed that the magnetic signature is
already discernible at 140 K, and develops fully upon
cooling to 2 K.

Tunneling transition

Below the spin-glass transition, the measured heat
capacity falls smoothly to�0.7 K.At this temperature, an
upturn in Cp is visible in a (Cp/T) vs. T

2 plot (Fig. 7). At
such low temperatures, this anomaly can arise from
quantum-mechanical tunneling of protons in the struc-
ture, re-arrangement of the spin clusters, or spin ordering.

Proton and deuteron tunneling was documented in
K3(D,H)(SO4)2, where it significantly altered the

Fig. 5 a Zero-field-cooled (ZFC) and field-cooled (FC) magnetic
susceptibility (v) for hydronium jarosite, measured in a magnetic
field of 1.0 T. There is an onset of magnetic irreversibility at a
temperature of 18 K. b Low temperature region of the magnetic
susceptibility (v) measured in a field of 0.01 T. Zero-field-cooled
and field-cooled data are shown, and the two types of data diverge
below T ¼ 18 K, the spin-glass transition temperature. There
appears to be a second peak in the ZFC data at about 5 K. The
small step in the ZFC data at 4.2 K is an instrumental artifact. c
The inverse magnetic susceptibility (1/v) of hydronium jarosite
measured in a field of 1.0 T. Superimposed on the data (thick solid
line) is a Curie–Weiss fit (thin solid line) for the temperature range
150–300 K. The Curie constant corresponds to an Fe3+ magnetic
moment of 6.82 lB
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thermodynamic properties of the H and D end members
(Morimoto et al. 1995). Using far-infrared spectroscopy
and Cp measurements, Matsuo et al. (1999, 2001)
observed proton tunneling in 5-bromo-9-hydroxyphe-
nalenone, iodo-hydroxyphenalenone, and their deuter-
ated analogues at 20–40 K. There is no evidence of

proton motion at room temperature in the structural
analysis of H3O jarosite (Wills and Harrison 1996).
Therefore, we consider the proton tunneling character of
this transition as unlikely.

Spin level schemes of Fe(NH3CH3)(SO4)2Æ12H2O
were investigated by EPR, magnetic susceptibility, and
heat capacity measurements, and reviewed by Gopal
(1966, p. 108). The heat-capacity anomaly in this com-
pound was recorded at 0.3 K. However, in our case,
further measurements by multiple techniques would be
necessary to evaluate this possibility for H3O jarosite.

Upon cooling, spin glasses can approach a multide-
generate ground state. Spin clusters may have a number
of energetically similar states available (Mydosh 1993),
and tunneling between such states is likely. Therefore,
we tentatively identify the transition below 0.7 K as a
magnetic tunneling transition. We are not aware of any
experimental studies that have investigated a magnetic
tunneling transition in a spin glass in detail.

Thermodynamic properties

Measured thermodynamic data

The measured thermodynamic data are reported per
mole of (H3O)0.91Fe2.91(SO4)2[(OH)5.64(H2O)0.18]. An
estimate for the ideal end-member composition and
comparison to the literature data is given in a following
section. The solution enthalpies were combined with
formation enthalpies of the reference compounds to give
DHo

f of the hydronium jarosite via the thermochemical
cycle in Table 3. The enthalpy changes of reactions 2
and 3 in Table 3 were measured sequentially. The
enthalpy of solution of lepidocrocite (DH3) was
corrected to the nominal composition (FeOOH) from
the actual composition (FeOOHÆ0.162H2O) as described
previously (Majzlan et al. 2004). The correction was
0.07 kJ mol)1, i.e., 0.15% of the total measured heat
effect. The enthalpies of reactions 4 and 5 in Table 3
were measured sequentially in a fresh batch of solvent.

The heat capacity of H3O jarosite between 0.5 and
400 K is shown in Fig. 8. The measured values are listed
in Tables 4 and 5. The entropy of hydronium jarosite at
298.15 K calculated from our Cp data is
438.9 ± 0.7 J mol)1 K)1. The heat capacity between
273 and 400 K was fitted to a Maier–Kelley polynomial
Cp(T in K) ¼ a + bT + cT)2, with a ¼ 280.6,
b ¼ 0.6149, c ¼ )3199700.

Because the structural sites in our sample are not fully
occupied, there should be a small residual configura-
tional entropy at 0 K (S0). Assuming that the ions and
vacancies are completely disordered, S0 is equal to
(Ulbrich and Waldbaum 1976)

S0 ¼ �RRjmjRiXi;j lnXi;j;

where Xi,j is the fractional occupancy of i-th atom/group
of atoms on the j-th site, and mj is the ratio of multi-
plicity of this site divided by Z. Mixing occurs on the

Fig. 6 Spin-glass transition as measured by the adiabatic and semi-
adiabatic calorimeter

Fig. 7 Low-temperature heat-capacity anomaly in the hydronium
jarosite sample
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H3O site, m1 ¼ 6/3, X1,1 ¼ 0.905, X2,1 ¼ 0.095; on the Fe
site, m2 ¼ 9/3, X2,1 ¼ 0.973, X2,2 ¼ 0.027; and on the OH
site, m3 ¼ 18/3, X3,1 ¼ 0.969, X3,2 ¼ 0.031. Maximum
configurational entropy due to mixing on crystallo-
graphic sites is then 15.2 J mol)1 K)1. This value rep-
resents an upper limit because of possible short-range
order or clustering of vacancies. The residual entropy
can be further increased if the H3O groups have static
disorder. Because neither the ordering or clustering
schemes of vacancies, nor disorder of H3O groups have
been previously studied in sufficient detail, this residual
entropy is highly uncertain.

The Gibbs free energy of formation of hydronium
jarosite at 298.15 K, calculated from our DHo

f and So

(exclusive of S0), is )3162.2 ± 4.6 kJ mol)1. Inclusion
of S0 of 15.2 J mol)1 K)1, estimated above, would
translate to )TDS ¼ )4.5 kJ mol)1, and change DGo

f to

Table 3 Measured enthalpies of
solution (DHsol) for the
reference samples and hydro-
nium jarosite in 5.0 N HCl (re-
actions 1–5); formation
enthalpies of reference com-
pounds (reactions 7–10) and of
hydronium jarosite (reaction
11). The temperature of pro-
ducts and reactants in all reac-
tions listed is 298.15 K

aCalculated from Parker (1965)
bMean
cTwo standard deviations of the
mean
dNumber of measurements
eRobie and Hemingway (1995)
fKo and Daut (1980), corrected
by DeKock (1986)
gMajzlan et al. (2003a)

Reaction number and reaction DHsol (kJ mol)1)

1 H2O (l) = H2O (aq) )0.40a

2 a)MgSO4 (cr) = Mg2+ (aq) + SO4
2) (aq) )53.50b ± 0.48c(7)d

3 c)FeOOH (cr) + 3H+ (aq) = Fe3+ (aq) + 2H2O (aq) )46.15 ± 0.23(10)
4 MgO (cr) + 2H+ (aq) = Mg2+ (aq) + H2O (aq) )149.68 ± 0.60(9)
5 (H3O)0.91Fe2.91(SO4)2[(OH)5.64(H2O)0.18] (cr)

+ 4.73H+ (aq) = 2.91Fe3+ (aq) + 2SO4
2)(aq) + 6.73H2O (aq)

)53.42 ± 0.53(5)

6 2.91H2O + 2a)MgSO4 + 2.91c)FeOOH = 2MgO
+ (H3O)0.91Fe2.91(SO4)2[(OH)5.64(H2O)0.18]
DH6 = 2.91DH1 + 2DH2 + 2.91DH3 ) 2DH4 ) DH5 110.31 ± 1.75

DHo
f (kJ mol)1)

7 Mg (cr) + 1/2O2 (g) = MgO (cr) )601.6 ± 0.3e

8 Mg (cr) + S (cr) + 2O2 (g) = a ) MgSO4 (cr) )1288.8 ± 0.5f

9 Fe (cr) + O2 (g) + 1/2H2 (g) = c ) FeOOH (cr) )549.4 ± 1.4g

10 H2 (g) + 1/2O2 (g) = H2O (l) )285.8 ± 0.1e

11 2.91Fe (cr) + 2 S (cr) + 7.365O2 (g) + 4.365H2

(g) = (H3O)0.91Fe2.91(SO4)2[(OH)5.64(H2O)0.18] (cr)
DH11 = DH6 ) 2DH7 + 2DH8 + 2.91DH9 + 2.91DH10 )3694.5 ± 4.6

Fig. 8 Measured heat capacity of hydronium jarosite

Table 4 Heat-capacity data for (H3O)0.91Fe2.91(SO4)2[(OH)5.64
(H2O)0.18], measured by semi-adiabatic calorimetry

T (K) Cp

(J mol)1 K)1)
T (K) Cp

(J mol)1 K)1)
T (K) Cp

(J mol)1 K)1)

0.546 0.02913 2.79 0.2579 11.31 3.359
0.575 0.03081 2.93 0.2781 11.87 3.770
0.599 0.03132 3.07 0.3005 12.19 3.986
0.631 0.03326 3.23 0.3249 12.42 4.158
0.660 0.03434 3.38 0.3507 12.52 4.232
0.694 0.03639 3.55 0.3794 12.86 4.501
0.728 0.03816 3.72 0.4101 13.05 4.683
0.764 0.04031 3.91 0.4440 13.20 4.768
0.802 0.04232 4.09 0.4805 13.54 5.057
0.841 0.04485 4.30 0.5202 13.67 5.180
0.882 0.04736 4.50 0.5634 13.86 5.349
0.926 0.05048 4.73 0.6119 14.19 5.645
0.969 0.05332 4.95 0.6645 14.34 5.820
1.02 0.05661 5.20 0.7225 14.52 5.956
1.06 0.06020 5.45 0.7854 14.86 6.295
1.12 0.06446 5.72 0.8563 15.02 6.450
1.17 0.06874 5.99 0.9325 15.19 6.640
1.23 0.07367 6.29 1.017 15.52 6.974
1.29 0.07893 6.59 1.111 15.78 7.279
1.35 0.08474 6.92 1.218 15.86 7.319
1.42 0.09052 7.25 1.334 16.19 7.704
1.49 0.09722 7.37 1.376 16.52 8.072
1.55 0.1043 7.62 1.465 16.53 8.080
1.63 0.1121 7.71 1.498 16.86 8.455
1.71 0.1203 7.98 1.610 17.19 8.895
1.73 0.1219 8.10 1.661 17.36 9.103
1.80 0.1295 8.38 1.776 17.52 9.280
1.82 0.1317 8.50 1.821 17.86 9.671
1.88 0.1393 8.78 1.955 18.18 10.09
1.90 0.1410 8.91 2.019 19.09 11.33
1.97 0.1501 9.21 2.161 20.00 12.53
2.00 0.1525 9.36 2.224 20.99 14.00
2.07 0.1616 9.66 2.383 21.99 15.47
2.10 0.1641 9.81 2.470 23.08 17.22
2.20 0.1770 10.14 2.644 24.17 18.92
2.30 0.1903 10.28 2.714 25.38 20.96
2.42 0.2056 10.62 2.929 27.90 25.31
2.53 0.2216 10.78 3.037 30.66 30.23
2.66 0.2394
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)3166.7 ± 4.6 kJ mol)1. The thermodynamic functions
between 0 and 400 K are listed in Table 6.

Stability of H3O jarosite

The stability of H3O jarosite was investigated in several
isothermal sections of the system Fe2O3–H2O–SO3 by
Posnjak and Merwin (1922). They found that H3O
jarosite forms at 323, 348, 383, and 413 K from ferric
sulfate solutions with Fe(III)/SO4 � 2/3. The accuracy
of our thermodynamic data for H3O jarosite can be
tested, in principle, by calculating the composition of
coexisting Fe(III)–SO4 solutions, and comparing the
calculated composition to those determined by Posnjak
and Merwin (1922).

The aqueous speciation is dictated by mass-balance
constraints for Fe(III)total and SO4,total, charge balance,
and stoichiometric coefficients (‘‘Q’’) for reactions 12–15
(Table 7). A set of nonlinear equations that implements
these constraints was solved iteratively using the
Newton–Raphson algorithm (Press et al. 1996, p. 305)
to give the concentration of Fe3+, FeOH2+, FeSO4

+,

Fe(SO4)2
), HSO4

), SO4
2), and H+. The values of log

Q12 and log Q13 were estimated using the molal stoi-
chiometric coefficients for analogous aluminum com-
plexes from Xiao et al. (2002). We assumed that the
ratios Qi/Ki (i ¼ 12,13) for the aluminum and iron
complexes are equal (D.J. Wesolowski, personal com-
munication). The values of log Q14 were taken from
Byrne et al. (2000, their log b*

1). The values of log Q15

were calculated from Dickson et al. (1990).

Table 5 Heat-capacity data for (H3O)0.91Fe2.91(SO4)2[(OH)5.64
(H2O)0.18], measured by adiabatic calorimetry

T (K) Cp

(J mol)1 K)1)
T (K) Cp

(J mol)1 K)1)
T (K) Cp

(J mol)1 K)1)

12.77 4.018 101.17 174.66 237.95 370.84
13.05 4.145 106.15 183.80 243.10 376.21
13.73 5.274 111.14 192.88 248.25 381.44
14.25 6.051 116.15 201.77 253.40 386.55
15.35 6.703 121.18 210.46 258.56 391.69
16.59 7.660 126.22 218.95 263.72 396.68
17.91 9.290 131.27 227.56 268.87 401.76
19.35 11.26 136.33 235.67 274.04 406.35
20.92 13.54 141.40 243.71 279.20 410.96
22.67 16.25 146.48 251.22 284.36 415.70
24.58 19.37 151.56 259.53 289.52 420.56
26.68 22.94 156.66 267.05 294.69 425.13
28.99 27.18 161.76 274.60 296.79 426.49
31.54 31.90 166.86 281.94 299.86 429.70
32.98 34.62 171.97 289.26 301.60 430.95
34.36 37.06 177.09 296.36 305.02 434.05
36.04 40.39 182.21 303.28 306.77 435.22
39.19 46.49 187.33 310.10 311.94 439.53
42.47 53.01 192.07 316.37 317.11 443.84
44.94 58.10 192.46 316.97 322.28 447.90
45.89 59.90 196.83 322.53 327.45 452.26
48.45 65.44 197.59 323.47 332.62 456.14
52.07 72.92 201.96 329.20 337.79 460.29
52.07 73.33 202.72 329.94 342.96 464.22
55.03 79.35 207.08 335.85 348.14 467.97
55.75 81.29 207.85 336.43 353.31 472.03
58.34 86.64 212.22 342.05 358.48 476.07
62.57 95.86 212.99 342.85 363.65 479.55
67.24 106.07 217.36 348.25 368.82 483.84
71.96 116.12 218.13 349.09 373.99 487.97
76.73 126.12 222.51 354.19 379.17 491.62
81.55 136.11 223.27 355.02 384.34 495.18
86.41 145.94 227.65 359.81 389.51 499.01
91.30 155.64 228.42 360.76 394.69 502.94
96.22 165.27 232.80 365.25

Table 6 Thermodynamic functions for H3O jarosite, calculated per
mole of (H3O)0.91Fe2.91(SO4)2[(OH)5.64(H2O)0.18]

T (K) Cp

(J mol)1 K)1)
S
(J mol)1 K)1)

H(T))H(0)
(kJ mol)1)

)[G(T))H(0)]/T
(J mol)1 K)1)

0 0 0 0 0
5 0.675 0.431 0.256 0.175
10 2.57 1.39 0.873 0.518
15 6.44 3.09 2.02 1.07
20 12.56 5.73 3.85 1.88
25 20.32 9.34 6.34 3.00
30 29.05 13.81 9.39 4.42
35 38.41 18.98 12.86 6.12
40 48.10 24.74 16.66 8.08
45 58.15 30.98 20.71 10.28
50 68.72 37.65 24.98 12.68
55 79.50 44.71 29.44 15.26
60 90.35 52.09 34.07 18.02
65 101.2 59.75 38.81 20.94
70 111.9 67.64 43.65 23.99
75 122.5 75.72 48.55 27.17
80 132.9 83.96 53.50 30.46
85 143.1 92.33 58.47 33.85
90 153.1 100.8 63.45 37.34
95 162.9 109.3 68.43 40.90
100 172.4 117.9 73.39 44.54
110 190.9 135.2 83.24 51.99
120 208.5 152.6 92.95 59.65
130 225.3 170.0 102.5 67.47
140 241.4 187.3 111.8 75.41
150 257.0 204.4 121.0 83.44
160 271.9 221.5 130.0 91.54
170 286.4 238.4 138.7 99.68
180 300.3 255.2 147.3 107.9
190 313.8 271.8 155.7 116.0
200 326.7 288.2 164.0 124.2
210 339.1 304.5 172.0 132.4
220 351.0 320.5 179.9 140.6
230 362.3 336.4 187.6 148.8
240 373.0 352.0 195.1 156.9
250 383.3 367.5 202.4 165.1
260 393.2 382.7 209.6 173.1
270 402.7 397.7 216.5 181.2
273.15 405.6 402.4 218.7 183.7
280 411.9 412.5 223.4 189.2
290 420.8 427.1 230.0 197.1
298.15 427.9 438.9±0.7 235.3 203.6
300 429.5 441.5 236.5 205.0
310 438.0 455.8 242.9 212.9
320 446.2 469.8 249.1 220.7
330 454.2 483.7 255.2 228.5
340 462.0 497.3 261.2 236.2
350 469.6 510.8 267.0 243.8
360 477.1 524.2 272.7 251.4
370 484.6 537.3 278.4 259.0
380 492.1 550.4 283.9 266.5
390 499.6 563.2 289.3 273.9
400 506.9 576.0 294.7 281.3
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Although the solution speciation can be determined
with certain limitations up to I ¼ 1.0 m, appropriate
activity models [e.g., Pitzer coefficients for Fe(III)–SO4

solutions] for such concentrated solutions are not
available. The activity coefficients up to I ¼ 0.1 m were
calculated from the Davies equation (Parkhurst et al.
1980, p. 27). The equation for the activity of water was
taken from Garrels and Christ (1965, p. 65).

The calculated composition of a solution coexisting
with H3O jarosite is compared to the extrapolated sol-
ubility data of Posnjak and Merwin (1922) in Fig. 9. For
these calculations, we used DGo

f ¼ )3162.2 ± 4.6 kJ
mol)1 for the hydronium jarosite sample. Given the
limitation of both the calculations and the extrapolation,
the agreement is good and implies that the data derived
in this study can be used to model the thermodynamics
of H3O jarosite and jarosite solid solutions with the
hydronium component.

Thermodynamic properties of the ideal
composition end member

For the convenient use of thermodynamic data in
computer databases, it is preferable to know the ther-
modynamic properties for an ideal end-member com-
position, such as (H3O)Fe3(SO4)2(OH)6. In addition, an
estimate for an ideal end member allows a comparison
with previously published values for hydronium jarosite
(Table 8).

The Gibbs free energy of formation for the end mem-
ber was estimated from the calculated composition of
solutions coexisting with our sample. An end-member
H3O jarosite that coexists with the same solutions as our
sample has DGo

f ¼ )3226.4 ± 4.6 kJ mol)1 (Table 8).
This value compares well with DGo

f ¼ )3228.9 kJ mol)1

(Chapman et al. 1983), calculated from their log
Ksp ¼ )5.39. Based on their solubility measurements,
Kashkay et al. (1975) proposed DGo

f ¼ )3232.3 ±
8.4 kJ mol)1 for hydronium jarosite.

The discrepancy between our results and those pub-
lished previously may be attributed to the residual
entropy (S0). All three DGo

f values describe thermody-
namic properties of an ideal end member which appar-
ently does not exist (Greedan 2001). This ideal end
member has S0 of 0 J mol)1 K)1. However, all reported
data were derived from measurements on real, nonideal
samples, and they incorporate S0 in such real samples.
The difference between our DGo

f value and DGo
f of

Chapman et al. (1983) can be eliminated if S0 of
8.4 J mol)1 K)1 is considered. Comparison of DGo

f

value and DGo
f of Kaskay et al. (1975) gives S0 of

19.8 J mol)1 K)1. Hence, our estimate represents a real
sample with no S0, whereas the values of Chapman et al.
(1983) and Kashkay et al. (1975) include the possibility
of disorder in hydronium jarosite.

The entropy and heat capacity of (H3O)Fe3
(SO4)2(OH)6 can be estimated by assuming that the
entropy and heat capacity change for the reaction

ðH3OÞFe3ðSO4Þ2ðOHÞ6 þ 0:062CaSO4

¼ 1:031ðH3OÞ0:91Fe2:91ðSO4Þ2½(OH)5:64ðH2OÞ0:18�
þ 0:062CaO ð16Þ

is zero, since the reactants and products are solids. The
entropy and heat capacity for CaSO4 and CaO were
taken from Robie and Hemingway (1995). Results
essentially identical to those listed in Table 8 were
obtained using MgSO4–MgO, ZnSO4–ZnO, and
CuSO4–CuO pairs in reaction (16) (all data taken from
Robie and Hemingway 1995).

Table 7 Equilibria considered
in speciation calculation, and
their constants at infinite dilu-
tion

Reaction number
and reaction

Equilibrium
constant

Reference

12 Fe3+ + SO4
2) = FeSO4

+ log K12 = 4.27 Millero et al. (1995)
13 Fe3+ + 2SO4

2) = Fe(SO4)2
) log K13 = 6.11 Millero et al. (1995)

14 Fe3+ = FeOH2+ + H+ log K14 = )2.18 ± 0.01 Byrne et al. (2000)
15 H+ + SO4

2) = HSO4
) log K15 = 1.96 ± 0.02 Dickson et al. (1990)

Fig. 9 Jarosite solubility in Fe(III)-SO4 solutions and the specia-
tion of these solutions at 298 K. The circles represent the
composition of solution coexisting with H3O jarosite at 323 K
(Posnjak and Merwin 1922, experiments 96 and 63 in their
Table 9). The dashed line is a fit through their data points [their
data at higher Fe(III) and SO4 concentration not shown]
extrapolated to a region of dilute solutions. Thick solid line
represents calculated solution composition in equilibrium with H3O
jarosite at 298.15 K. Thin solid line is the predominance field
boundary for SO4

=/HSO4
). The predominant Fe(III) species is

FeSO4
+
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There are no entropy or subambient Cp measure-
ments available for the jarosite compounds. The mea-
sured Cp for hydronium jarosite is comparable to the Cp

estimate for the end-member compositions of Na- and
K-jarosite (Stoffregen 1993) (Fig. 10). The Cp for an
iron-deficient K-jarosite (Drouet and Navrotsky 2003) is
significantly higher than the other Cp estimates (Fig. 10).
The calculated entropy of H3O jarosite
(448.2 ± 0.7 J mol)1 K)1) is higher than the estimates
for So of K- and Na-jarosite of 388.9 and
382.4 J mol)1 K)1, respectively (Stoffregen 1993). The
difference is caused by substitution of a single mono-
valent cation (Na+, K+) by the H3O

+ group.
The formation enthalpy was calculated from the

estimated DGo
f and So (Table 8). Drouet and Navrotsky

(2003) measured the enthalpy of formation of

hydronium jarosite by high-temperature oxide melt
solution calorimetry. Extrapolating from the sample
they used to the ideal stoichiometric composition led to
their DHo

f of )3741.6 ± 8.3 kJ mol)1, almost
30 kJ mol)1 different from the value presented here.
Reasons for this discrepancy may include differences
and uncertainties in sample composition (including
loosely bound water), inconsistencies in the heats of
formation of other compounds used in the two very
different thermodynamic cycles, or other factors.
Unfortunately, not enough well-characterized samples
were left to cross-check the two methods directly using
the same material. The enthalpies and entropies pre-
sented here, which are based on independent measure-
ments of heat of solution and heat capacity, appear very
consistent with observed equilibria.

Table 8 Summary of thermo-
dynamic data for hydronium
jarosite. Heat-capacity coeffi-
cients given for the Maier-
Kelley polynomial Cp (T in
K) = a + bT + cT)2.

aneglecting residual entropy at
0 K (see text)

(H3O)0.91Fe2.91(SO4)2
[(OH)5.64(H2O)0.18]

(H3O)Fe3(SO4)2(OH)6

DGo
f (kJ mol)1) )3162.2 ± 4.6 (this work)a )3232.8 ± 8.4 (Kashkay et al. 1975)

)3228.9 (Chapman et al. 1983)
)3226.4 ± 4.6 (this work)a

DHo
f (kJ mol)1) )3694.5 ± 4.6 (this work) )3741.6 ± 8.3

(Drouet and Navrotsky 2003)
)3770.2 ± 4.6 (this work)

So (J mol)1 K)1) 438.9±0.7 (this work)a 563.5 (Drouet and Navrotsky 2003)
448.2 ± 0.7 (this work)a

a (J mol)1 K)1) 280.6 (this work) 287.2 (this work)
b (J mol)1 K)2) 0.6149 (this work) 0.6281 (this work)
c (J K mol)1) )3199700 (this work) )3286000 (this work)

Fig. 10 Comparison of heat
capacities of jarosite sam-
ples. Data for K- and
Na-jarosite from Stoffregen
(1993), for K- (Fe-deficient)
jarosite from Drouet and
Navrotsky (2003), and for
H3O jarosite (circles) from
this work. The solid line
passing through our data is
the Maier–Kelley Cp poly-
nomial (Table 8)
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In summary, this study presents crystal structure
parameters (Table 1), describes heat-capacity and mag-
netic susceptibility anomalies (Figs. 5, 6, 7), and derives
thermodynamic properties of H3O jarosite (Table 8).
Reliability of the thermodynamic data is validated by
consistency of formation enthalpy and entropy mea-
surements, both by independent techniques, with the
speciation and activity calculation of Fe(III)–SO4 solu-
tions and the experimental phase diagram (Posnjak and
Merwin 1922, Fig. 9).
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