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Thermal expansion of römerite under low-temperature conditions
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ABSTRACT

Römerite, a triclinic hydrous sulfate in the P1̄ space group with the chemical formula
Fe2+Fe3+2 �SO4�4·14�H2O�, is of potential interest in studies of planetary environments, with
particular relevance to Mars and the icy jovian satellites. Past work has indicated the presence of
hydrous sulfates on said bodies, and the mixed-valence iron in römerite’s structure makes the mineral
a worthwhile end-member composition in thermodynamic models. Such models should be constrained
by measurements at the low temperatures relevant to the planetary environments in question. We char-
acterized single crystals of römerite with time-domain Mössbauer spectroscopy, Raman spectroscopy,
and X-ray diffraction methods. Through our X-ray diffraction experiment, we refined the unit-cell para-
meters of the crystal between 100 and 300 K. The resulting temperature-variant lattice parameters and
volumes are reported and are fit by physical and empirical models of the thermal expansion coefficient.
The physical model considered, a Debye model of thermal expansion, provides estimates of additional
thermodynamic parameters: the ratio of the bulk modulus at 0 K and 1 bar to the thermodynamic Grü-
neisen parameter (K0,0K/γth), the volume at 0 K and 1 bar (V0,0K), and the Debye temperature (θD).

Keywords: Römerite, hydrous sulfate, low temperature, X-ray diffraction, icy satellites, thermal
expansion, Mössbauer spectroscopy, Raman spectroscopy

INTRODUCTION

Römerite is a mixed-valence, iron-bearing hydrous sulfate
with the nominal chemical formula Fe2+Fe3+2 �SO4�4 ·14�H2O�
(Fig. 1). Its structure is triclinic, with space group P1̄. The unit cell
of römerite contains two unique sulfate tetrahedra and two unique
octahedra, which host iron that is sixfold coordinatedwith oxygen.
The two octahedra contain ferric (Fe3�) and ferrous (Fe2�) iron,
respectively (Fanfani et al. 1970). The Fe2�-centered octahedra
are fully hydrated [i.e., Fe2�(H2O)6]. In contrast, the ferric iron
cations are bonded to only four water groups, with the remaining
two vertices of the octahedra composed of oxygen atoms bridging
to the sulfate tetrahedra.

On Earth, römerite is primarily formed through the oxidation
of sulfide deposits, but itmay have greater relevance to other plan-
etary bodies, such as Mars and the icy satellites of Jupiter, either
directly or acting as an end-member composition in broader mod-
els of hydrous sulfates (Fanfani et al. 1970; Mauro et al. 2019).

Remote spectroscopic measurements of Mars and of icy satel-
lites have been interpreted as indicating the presence of hydrous
sulfates. On Mars, visible and near-infrared spectroscopy has
identified hydrous sulfates as constituents of wide-ranging geo-
logic features, including plains, canyon troughs, and impact cra-
ters (Bishop et al. 2009; Murchie et al. 2009; Lichtenberg et al.
2010). Dalton et al. (2012) proposed that near-infrared spectra
of three bright plains with dark lineae on Europa, all observed
by the Galileo spacecraft, are best fit by compositions with signif-
icant hydrous sulfate components (9–22%). In addition, lower

albedo plains and nearby ridged plains, also observed by the
spacecraft, were modeled as having compositions with 62%
and 27% hydrated sulfate material, respectively, and römerite
could act as a valuable end-member in models of the features,
alongside purely ferrous and ferric species (Shirley et al. 2010).

BothMars and the icy satellites observe surface temperatures
far below those on Earth, ranging from 170 to 290K onMars and
40 to 120 K on Europa (Martínez et al. 2017; Ashkenazy 2019).
Thus, to characterize the interplay of römerite with either sys-
tem, one must understand its low-temperature behavior, with
the temperature-variant atomic structure of its unit cell being
a critical first-order constraint on said behavior.

Our study reports new single-crystal X-ray diffraction (XRD)
and synchrotronMössbauer spectroscopy (SMS) data, with XRD
measurements performed at low temperatures relevant to the
planetary bodies discussed above.

MODELS OF THERMAL EXPANSION

In characterizing the response of a crystal structure to varying
temperature, a meaningful thermodynamic parameter is the ther-
mal expansion coefficient:

α =
1
V

�
∂V
∂T

�
P

(1)

where α is the volumetric thermal expansion (K−1) at constant
pressure (P), V is the unit-cell volume, and T is the temperature.
A commonly used empirical fit, discussed in Fei (1995) is:

α�T� = a0 + a1T + a2T−2 (2)

where a0, a1, and a2 are empirical constants, and

V �T� = VTr
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Here, Tr is a reference temperature (in K), and VTr
is the unit-

cell volume at said reference temperature (in Å3).
Physical models of thermal expansion parameterize the

energy of lattice vibrations and its relation to thermal expansion.
The Debye model is one approximation of the energy of lattice
vibrations, which assumes a constant velocity for all vibrational
modes, with the vibrational spectrum extending to a maximum
frequencyωD and associated cut-off temperature θD = ℏωD

kB
. Here,

ωD is in Hz, θD is in K, ℏ is the reduced Planck constant in
J·Hz−1, and kB is the Boltzmann constant in J·K−1. Such a for-
mulation results in a parabolic-shaped phonon density of states
and an energy of lattice vibrations U at varying temperature T:

U�T� = 9NkBT�T=θD�3
R

θD=T

0
x3

ex−1dx (4)

for a sample withN atoms where x is unitless andU is in J (Kittel
2005). Various parameterizations may approximately relate this
quantity to the volume, with one simple relation for low-temper-
ature data being:

V = V 0,0K + U�γth=K0,0K� (5)

where V0,0K and K0,0K are the volume and isothermal bulk mod-
ulus at 1 bar and 0K, respectively, while γth is the thermodynamic
Grüneisen parameter at 1 bar (Wallace 1998; Knight and Price
2008; Meusburger et al. 2023). Equation 5 holds for V and
V0,0K with units of m3 and K0,0K with units of Pa, whereas V,
V0,0K, and K0,0K will be reported throughout this study in terms
of Å3, Å3, and GPa, respectively. γth is dimensionless. Note that
the relation in Equation 5 assumes temperature invariance in γth
(Wallace 1998).

EXPERIMENTAL METHODS

Römerite hand samples were obtained from CIT-15681, a rock sample in the
Caltech Mineral Collection containing römerite alongside a halotrichite-group

mineral, likely halotrichite or bilinite, and a black mineral, likely voltaite. These
accessory minerals were identified based on their visual appearance (crystal habit
and color) and known association with römerite. All are hydrated sulfates
with Fe2� and/or Fe3�, with halotrichite and voltaite additionally hosting
Al and (Al,K), respectively (Palmer et al. 2011;Majzlan et al. 2013). Hand samples
of römerite were cleaned with ethanol, then lightly rolled and crushed to isolate
single crystals, with viable crystals identified under cross-polarized light. Single
crystals were analyzed on a Renishaw inVia microRaman Spectrometer System
with a spectral resolution of 0.3 cm−1, in part to confirm the consistency of the
sample with römerite’s spectrum. Raman spectroscopy was performed both prior
to and following cleaning, confirming that the samples were not chemically altered
by cleaning. We performed measurements with a 514.5 nm, 100 mW laser, with a
10 s collection time, repeated over 10 accumulations. Prior to measurements, the
instrument was calibrated using a silicon standard. The spectrum from a single
location on one crystal is plotted in Figure 2.

One of these single crystals was further analyzed with synchrotron time-domain
Mössbauer spectroscopy (SMS), which eliminates source-broadening effects in
the measured spectra, compared with energy-domain Mössbauer spectroscopy
(e.g., Sturhahn 2004). In this analysis, the single crystal, 50 μm thick, was placed
on a plexiglass glass slide for measurement. One ambient condition SMS measure-
ment was performed at sector 3-ID-B at the Advanced Photon Source at Argonne
National Laboratory. Themeasurement was conducted operating in 24-bunchmode.
A tunable, high-resolutionmonochromator was used to tunemonochromaticX–rays
to the nuclear resonance energy of 57Fe (14.4125 keV) with an energy spectrum full-
width half maximum of 1 meV (Toellner 2000). Time spectra were collected
between delay times of 25–135 ns after excitation via a downstream avalanche photo
diode (APD) placed in the beam path and conventional time-filtering electronics.
Signal from the römerite grain was optimized to 1–2 Hz, which is a typical signal
strength for samples of this composition with natural 57Fe abundance (Ratschbacher
et al. 2023). Total collection time was 5 h and 47 min.

X-ray diffraction was performed on one of the single crystals of römerite sam-
ples, using a Bruker AXSD8VENTURE four-circle diffractometer, equipped with
a molybdenum microbeam source of wavelength 0.71073 Å. Prior to a full run of
X-ray diffraction measurements, a final sample screening was performed on the
diffractometer to select a viable single crystal without twinning and with high-
intensity reflections to minimize collection time. X-ray diffraction measurements
were taken as the sample was cooled to 100 K and as it was heated from 100 to
300 K. In both cases, the sample was measured at 5 K intervals between 260 and
300 K, and at 20 K intervals between 100 and 260 K. Data collection was per-
formed over the course of ∼3 h at each temperature step. Samples were cooled
using a stream of liquid nitrogen from an Oxford Cryosystems Cryostream 700.

b

a
a

b

c

FIGURE 1. Römerite unit cell at two orientations. Sulfate tetrahedra are plotted in yellow, Fe3�-centered octahedra are plotted in brown, and Fe2�-
centered octahedra are plotted in green.

934 BIRD ET AL.: LOW-T THERMAL EXPANSION OF RÖMERITE

American Mineralogist, vol. 110, 2025



Bruker APEX3 software was utilized in harvesting and indexing reflections
from the raw diffractometer output, determining lattice parameters, and reducing
data. The unit-cell structure was solved and refined in the Olex 2 GUI using SHELX
software. In general, we allowed atomic locations to vary during this processing, but
restrained the interatomic distances of hydrogen atoms whose positions are not well
constrained by these experimental methods. Particularly, in each water group, we
imposed a length close to 0.82 Å for each O-H bond. Furthermore, we required that
all water groups observed similar interatomic distances between hydrogen atoms.

Data
An example Raman spectrum and the collected Mössbauer spectrum are pre-

sented in Figure 2. Peaks in the Raman spectrum are reasonably consistent with those
observed in Mauro et al. (2019), with modes generally appearing at the wavenum-
bers observed in said study. A broad hump associated with symmetric and antisym-
metric vibrationalmodes ofH2O—v1(H2O) and v3(H2O), respectively—is observed
between 2700 and 3600 cm−1. Given the presence of 14 symmetrically independent
water groups whose modes overlap at room temperature, we do not claim to resolve
individual modeswithin the hump. The observed space group (P1̄) is consistent with
those reported in Fanfani et al. (1970), and the ambient-condition unit-cell para-
meters are in reasonable agreement, although a, c, and α are reduced by 0.01 Å,
0.03 Å, and 0.3°, respectively (the remaining parameters agree within uncertainty).
The ambient-condition parameters are also in excellent agreement with those of syn-
thetic römerite, with all lattice lengths agreeing within 0.004 Å and all lattice angles
agreeing within 0.03° (Mereiter 2018). While no chemical composition was mea-
sured, this agreement suggests that the studied römerite sample is reasonably pure.

Lattice parameters (Fig. 3), atom locations, densities, and unit-cell volumes
(Figs. 3–5; Online Materials1 Fig. S1) were derived from single-crystal X-ray dif-
fraction as a function of temperature. The unit-cell volume appears to increase con-
tinuously with increasing temperature, ranging from 603.6 to 610.8 Å3, where the
uncertainties are shown in Figure 5. The same is true for unit-cell parameters a and
b, which increase from 6.395 to 6.450 Å and from 15.196 to 15.315 Å, respec-
tively, as temperature increases from 100 to 300 K. In contrast, lattice parameter
c contracts from 6.338 to 6.316Å as temperature increases. Unit-cell angles α and β
do not behave monotonically over the measured temperature range, with both para-
meters taking on minimum values (of 89.64° and 100.71°, respectively) at 120 K.
Both angles increase for the remainder of the temperature series, taking on respec-
tive maxima of 90.20° and 100.95° at 300 K. Finally, lattice angle γ decreases from
amaximum of 86.02° at 100 K to aminimum of 85.84° at 300 K. Atom locations at

ambient conditions and complete volume and lattice parameter measurements are
listed in Online Materials1 Tables S1–S2.

The value of V/V300K, the unitless ratio of the unit-cell volume to the volume at a
reference temperature of 300 K, decreases more dramatically for römerite than for
denser hydrous sulfates, kieserite (MgSO4·H2O) and szomolnokite (Fe2�SO4·H2O)
(Talla andWildner 2019). Relative to blödite {[Na2Mg(SO4)2]·4H2O}, a hydrous sul-
fate of similar density (Comodi et al. 2017), the value of V/V300K for römerite
decreases more rapidly from 300 to 200 K but sees a less intense decline between
200 and 100 K (Online Materials1 Fig. S1). The measured ambient condition lattice
parameters and volume are placed in the context of other hydrous sulfates in Table 1.

Analysis
We fit the SMS data with two values of the Lamb-Mössbauer factor [0.6 and 0.8,

approximately corresponding to ferrous and ferric iron in sulfates, respectively
(Dauphas et al. 2012; Pardo et al. 2023)], and with two sites. The thickness, texture,
and siteweightswere allowed to vary, alongwith the quadrupole splitting and FWHM
of both sites and the isomer shift of site 1. In both fits, the isomer shift of site 2 is set to
0.5. Fitting was performed in the CONUSS software package (Sturhahn 2000).

Volume data (unit-cell volume, a3, b3, and c3) are fit to three parameterizations
of the thermal expansion:

(1) The empirical model described by Equations 2 and 3, as discussed in Fei
(Fei 1995): “Fei (1995).”

(2) A simplified version of the empirical model (Fei 1995), where Equation 2
is truncated to α(T) = a0� a1T: “Fei (1995), linear.”

(3) The physical Debye model described by Equations 4 and 5: “Debyemodel.”
The choice to fit the cubes of the lattice cell lengths, rather than the lengths

themselves, is in line with past work on the subject (e.g., Meusburger et al.
2023). Both empirical models may be fit with a least-squares approach, while
the Debye model is fit using Newton’s Method (Kincaid and Cheney 2009).

We constrain uncertainty in each model using Monte Carlo simulations. The
ith temperature sampled of n total samples, Ti has an associated distribution of pos-
sible volumes Vi. Vi, for example, may be characterized by a normal distribution
with mean and standard deviation equal to the observed volume and volume uncer-
tainty at Ti. That is:

V i =N �V obs
i , dV obs

i � (6)

During the jth Monte Carlo simulation, the volume at temperature Ti, Vij, is
randomly selected from Vi. Taking Ti and Vij for i = 1, 2, : : : , n as the temperature

(a) (b) (c)

FIGURE 2. (a) Raman spectrum of römerite sample. (b) Fit to SMS data with a Lamb-Mössbauer factors of 0.6 and 0.8. The y-axis of the plots is in
counts following 5 h and 47 min of collection. The fit with a Lamb-Mössbauer factor of 0.6 is plotted as a solid blue line, while the fit with a Lamb-
Mössbauer factor of 0.8 is plotted as a dashed red line. The residuals are plotted as blue circles and red squares, respectively, in the panel’s upper plot.
(c) Forwardmodeled energy spectra for each fit to the time spectrum. The fit with a Lamb-Mössbauer factor of 0.6 is plotted in blue, while the fit with a
Lamb-Mössbauer factor of 0.8 is plotted in red. Site 1 (Fe2�) spectra are shown as solid lines and site 2 (Fe3�) spectra are shown as dashed lines.
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and volume data for simulation j, we may invert for a model of the thermal
expansion coefficient associated with the simulation, αj(T). After performing m
simulations, the uncertainty in the thermal expansion coefficient at Ti may be
characterized by typical measures of data spread. For example, the standard
deviation:

σαTi =

�������������������������������������������������������������P
n
j=1 �αj�Ti� − 1

n

P
n
j=1 αj�Ti��2

n

s
(7)

To better characterize the thermodynamic anisotropy of römerite, we calculate
the eigenvalues of the Lagrangian infinitesimal thermal expansion tensor at
varying temperature steps (εi), with reference to the ambient-temperature unit cell
(Fig. 4; OnlineMaterials1 Table S3). The eigenvector corresponding to each eigen-
value is reported as its orientation relative to the crystal lattice axes (εi∧a, εi∧b,
εi∧c, Online Materials1 Table S3). These values are calculated with the software
EoSFit7c using the decreasing temperature series from our experiment (Angel et al.
2014). The thermal expansion tensor remains strongly anisotropic across the
temperature series, with an average anisotropy of (ε1:ε2:ε3) = (1.0:1.51:−0.98).
The relative magnitudes and orientations of the eigenvectors remain reasonably
constant across the temperature series. We also calculate the negative thermal
expansion eigenvalue and volume thermal expansion between temperatures
280 and 300 K, as this allows for more direct comparison with past discussions
of negative thermal expansion in Meusburger et al. (2023).

RESULTS

Both SMS parameterizations (assuming respective Lamb-
Mössbauer factors of 0.6 and 0.8) can fit the data excellently,
with χ2 values of less than 1.3 (1.21 and 1.27, respectively;
Fig. 2). The best fits are reported in Table 2. The error correlation
matrices associated with each of these parameterizations are
reported in Online Materials1 Table S4.

Each of the three models of thermal expansion is capable of
fitting the data within error (see Fig. 5), and one’s choice of
model is dependent on the desired model properties. After set-
ting the a2 term to zero, the empirical model is the simplest of the
parameterizations, requiring a linear fit of two terms. In contrast,
the Debye model is more complex, requiring a nonlinear fit of

FIGURE 3. Lattice parameters a, b, c, α, β, and γ at varying temperatures at 1 bar.

FIGURE 4. Eigenvalues of the Lagrangian infinitesimal thermal
expansion tensor, with reference to T0 = 300 K.
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three variables, but it provides a physical characterization
of thermal expansion. As the Debye model parameters have
physical meaning, they present additional insights into the ther-
modynamic properties of römerite. Furthermore, the model’s
physicality allows for more realistic extrapolation to lower tem-
peratures. This is a vital capability, as the lowest temperature
sampled in X-ray diffraction was 100 K, and relevant planetary
contexts may observe temperatures as low as 40 K.

The a2 term in the empiricalmodel discussed in Fei (1995) does
not appear to improve themodel fit meaningfully. Furthermore, the
term ensures nonphysical behavior in low-temperature extrapola-
tions, due to the singularity at 0 K in its parameterization of α.
Expected values for Debye model parameters, K0,0K/γth (GPa),
V0,0K (Å3), and θD (K), are listed in Online Materials1 Table S5.

For the unit-cell, the Debye temperature is 610 K with an
uncertainty of 151 K, V0,0K is 603.2 Å3 with an uncertainty of
0.5 Å3, and K0,0K/γth is 46 GPa with an uncertainty of 8 GPa.
The table includes model parameters derived for the temperature
series of cubed unit-cell lengths, which, while less physically
meaningful, can accurately fit the data.

DISCUSSION

The results of SMS are in agreement with our understanding
of römerite’s chemistry. In contrast to Dyar et al. (2013), where

several natural römerite samples were analyzed and between
three and five sites were used to fit the data, we were able to
fit the spectrum with two iron sites. The quadrupole splitting
and relative isomer shifts of the sites are consistent with high-
spin ferrous iron and ferric iron, respectively (e.g., Dyar et al.
2006). The weight of site 2 is approximately twice that of site
1, consistent with a unit cell containing two ferric iron octahedra
and one ferrous iron octahedron.

The reduction in lattice parameter c with increasing tempera-
ture is generally atypical but has a precedent in the szomolnokite-
kieserite solid-solution series, for which thermal contraction is
observed along the b-axis (Talla andWildner 2019). Furthermore,
various hydrous sulfates present thermal expansion tensors with
one negative eigenvalue (Meusburger et al. 2023). We compare
the anisotropy of thermal expansion with that of other hydrous
sulfates in Online Materials1 Table S6. Due to differing reference
temperatures, direct comparison of negative thermal expansion is
difficult, but the negative thermal expansion of römerite is as large
as any of those listed and is four to five times larger than that of
certain minerals (e.g., rozenite, meridianiite).

This effect appears to be tied to polyhedral rotations, similar
to those observed in Wildner et al. (2022). The rotation of poly-
hedra can allow for an overall increase in the volume with a
decrease along a particular lattice axis (in the case of römerite,
the c-axis), resulting in a strong anisotropy of thermal expansion.
The relative rotations of the polyhedra are evidenced by an
increase in angles S3-O8-Fe1 and S4-O1-Fe1 (OnlineMaterials1

Fig. S2), both of which bridge the Fe3�-centered octahedron
with adjacent tetrahedra. One could demonstrate a physical
mechanism for this thermal contraction through future measure-
ments of the low-temperature vibrational and electronic dynam-
ics of römerite, using techniques such as infrared spectroscopy
(Pardo 2023) or SMS, respectively.

Our fit to the Debye model can broadly aid understanding of
the physical properties of römerite. For unit-cell volume,V0,0K is
the parameter most tightly constrained by the Debyemodel, with
a standard error of 0.5 Å3 (<0.1% of the unit-cell volume), while
the remaining parameters are generally only constrained to a sin-
gle significant digit. Modeled values of K0,0K/γth are negatively
correlated with those of θD and V0,0K, while θD and V0,0K are
positively correlated (Table 3; Online Materials1 Fig. S3).

TABLE 1. Ambient-condition lattice parameters and volumes of hydrous sulfates
Römerite (this study) Römerite (Fanfani et al. 1970) Synthetic römerite (Mereiter 2018)

a (Å) 6.4494(15) 6.463(8) 6.4521(4)
b (Å) 15.315(5) 15.309(18) 15.3158(19)
c (Å) 6.3157(13) 6.341(8) 6.3190(4)
α (°) 90.1983(80) 90.53(17) 90.172(3)
β (°) 100.947(12) 101.08(17) 100.935(3)
γ (°) 85.8380(80) 85.73(17) 85.855(3)
V (Å3) 610.82(47) 614.0(2.3) 611.45
Space Group P1 P1 P1

Kieserite (Talla and Wildner 2019) Szomolnokite (Talla and Wildner 2019) Halotrichite (Zhitova et al. 2023) Blödite (Comodi et al. 2014)

a (Å) 6.910(1) 7.086(1) 6.1947(2) 11.115(9)
b (Å) 7.634(2) 7.555(1) 24.2966(8) 8.242(2)
c (Å) 7.643(2) 7.780(1) 21.0593(8) 5.538(1)
α (°)
β (°) 118.00(1) 118.61(1) 96.512(4) 100.82(4)
γ (°)
V (Å3) 356.00(14) 365.63(8) 3149.2(2) 498.4(7)
Space Group C2/c C2/c P21/n P21/a

TABLE 2. Parameterization of best-fit models to the Mössbauer
spectrum

Model 1 Model 2

Lamb-Mössbauer Factor 0.6 0.8
Thickness (μm) 38(6) 41(4)
Texture (%) 76(10) 74(5)
χ2 1.206 1.272
Site 1 (Fe2�)
δ1 (mm/s) 1.00(3) 0.98(2)
Δ1 (mm/s) 2.73(5) 2.74(4)
weight 1 0.33(3) 0.29(2)
FWHM 1 (mm/s) 0.51(3) 0.42(3)
Site 2 (Fe3�)
δ2 (mm/s) 0.5 0.5
Δ2 (mm/s) 0.60(3) 0.49(4)
weight 2 0.67(3) 0.71(2)
FWHM 2 (mm/s) 0.166(4) 0.113(4)

Note: The columns assume different values of the Lamb-Mössbauer Factor.
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K0,0K/γth has an expected value of 46 GPa, with an uncer-
tainty of 8 GPa. The temperature dependence of the Grüneisen
parameter may be approximated by the Mie-Grüneisen model:

γth = γ0,300K�V=V 0,300K�q (8)

Pardo et al. (2023) note that the values of γ0,300K and q are not well
characterized for sulfates, but appear to take on respective ranges
of 0.67–2.5 and 1.5–2.5. If the Grüneisen parameter of römerite is
also fit by constants in these ranges, the possible values of K0,0K

would have a lower bound at 25 GPa. While values of the bulk
modulus at zero temperature and pressure are poorly constrained
for hydrous sulfates, this lower bound is consistent withmeasured
bulk moduli for hydrous sulfates at ambient pressure and temper-
ature, with szomolnokite, epsomite, mirabilite, and blödite all tak-
ing on values between 19 and 46 GPa (Fortes et al. 2013;
Gromnitskaya et al. 2013; Comodi et al. 2014; Pardo et al.
2023). We expect temperature dependence in the quantity, so
these values should not necessarily be directly compared with
our estimate of K0,0K.

Our estimate of the Debye temperature allows for a very
rough constraint on römerite’s heat capacity at constant volume,
CV (J·K−1), which can be approximated at low temperatures
through:

CV ≈ 234NkB

�
T
θD

�
3

(9)

as discussed in Kittel (2005). As we cube the already poorly con-
strainedθD, this estimate has little practical application in isolation.

IMPLICATIONS

Further experimental work would aid the use of römerite as
an end-member in models of planetary bodies. Low-temperature
specific heat measurements could allow for a more direct con-
straint on θD through Equation 9. Due to the substantial trade-
offs between the Debye model parameters reported in this work,
a more tightly constrained value of θD would also improve esti-
mates of V0,0K andK0,0K/γth. This work also highlights the value
of the Debye model over empirical estimates on the thermal
expansion coefficient in realistically extrapolating to behavior
at low temperatures.

Low-temperature infrared spectroscopy, SMS, or nuclear res-
onant inelastic X-ray scattering (NRIXS) could likewise be highly
informative. The former would allow for a clearer realization of
the vibrational dynamics of römerite, which could clarify the
physics of its anisotropic thermal expansion. NRIXS would aid
in describing the seismic velocities of the mineral and Fe-specific
vibrational quantities and force constants, as in Pardo et al. (2023),
other valuable quantities for use in planetary studies.

Our description of the thermal expansion coefficient and
other thermodynamic constants is of particular relevance to

the behavior of Mars and the icy satellites, where hydrous
sulfates are prevalent. While past studies have characterized
the thermal behavior of other hydrous sulfates, römerite is a dis-
tinctive end-member composition, given its mixed-valence iron
and high proportion of water, and its characterization aids our
understanding of the full spectrum of hydrous sulfate behavior.

There remains ambiguity as to whether inferred hydrous
sulfates on the icy satellites are of endogenic or exogenic origin.
Considering the geographic character of spectral peaks onEuropa,
the radiolysis of endogenic rock by sulfur plasma from Io has been
proposed as the source of the body’s sulfur (Trumbo et al. 2020).
Regardless, the dynamics of Europa’s ice shell are poorly con-
strained at this time and may accommodate overturn (Buffo et al.
2020). This would provide a mechanism for material transport
between the surface and ocean, in which case hydrous sulfates
could more broadly pervade the body. Interactions with Io’s
plasma torus could also produce complex oxidation states on
the surface of the jovianmoons, such that mixed-valenceminerals
like römerite may be relevant. Therefore, the study of mixed-
valence hydrous sulfates is of general interest, as the specimens
may only be produced under distinct redox conditions. Through
laboratory experiments, one may characterize the stability fields
of various sulfates (Chou et al. 2013). Results like those reported
in our study may aid in bridging from an understanding of a
planetary body’s redox environment to the characterization of its
thermodynamics, or vice versa.

While hydrous sulfates are particularly prevalent on the mar-
tian and europan surfaces, they are potentially relevant to myriad
planetary bodies. Any quantity of hydrous sulfates on Earth’s
moon could provide insights into the history of lunar water,
for example. This is an area of continued interest, as studies have
demonstrated the presence of hydrous materials on the lunar sur-
face, but the hydration of the bulk moon and the history of water
on the body are poorly constrained (Saal et al. 2008; McCubbin
et al. 2010; Honniball et al. 2021). Given that most solar system
bodies observe lower temperatures than Earth (e.g., the equator
of Earth’s moon reaches temperatures as low as 100 K), an
understanding of the behavior of hydrous sulfates under low
temperature is critical (Malla and Brown 2015). For example,
hydrous sulfates that observe negative thermal expansion along
an eigenvector, such as römerite, could cause sulfate-rich aggre-
gates in low-temperature environments to take on preferred
orientations as they deform.

As the low-temperature measurements in this study were
performed at ambient pressure, our results primarily provide
constraints on the behavior of hydrous sulfates at shallow depths
within planetary bodies. Alongside the results of this study,
X-ray diffraction measurements of römerite at low temperatures
under compression would provide meaningful constraints on the
mineral’s equation of state. For a reasonable choice of sampled
pressures, such measurements could better characterize the
behavior of the end-member hydrous sulfate in models of the
interiors of icy satellites.
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Comodi, P., Nazzareni, S., Balić-Žunić, T., Zucchini, A., and Hanfland, M. (2014)
The high-pressure behavior of bloedite: A synchrotron single-crystal X-ray
diffraction study. American Mineralogist, 99, 511–518, https://doi.org/10.
2138/am.2014.4640.

Comodi, P., Stagno, V., Zucchini, A., Fei, Y., and Prakapenka, V. (2017) The com-
pression behavior of blödite at low and high temperature up to ∼10 GPa:
Implications for the stability of hydrous sulfates on icy planetary bodies.
Icarus, 285, 137–144, https://doi.org/10.1016/j.icarus.2016.11.032.

Dalton, J.B. III, Shirley, J.H., and Kamp, L.W. (2012) Europa’s icy bright plains
and dark linea: Exogenic and endogenic contributions to composition and
surface properties. Journal of Geophysical Research: Planets, 117, E03003.

Dauphas, N., Roskosz, M., Alp, E.E., Golden, D.C., Sio, C.K., Tissot, F.L.H., Hu,
M.Y., Zhao, J., Gao, L., and Morris, R.V. (2012) A general moment NRIXS
approach to the determination of equilibrium Fe isotopic fractionation factors:
Application to goethite and jarosite. Geochimica et Cosmochimica Acta, 94,
254–275, https://doi.org/10.1016/j.gca.2012.06.013.

Dyar, M.D., Agresti, D.G., Schaefer, M.W., Grant, C.A., and Sklute, E.C. (2006)
Mössbauer spectroscopy of Earth and planetary materials. Annual Review of
Earth and Planetary Sciences, 34, 83–125, https://doi.org/10.1146/annurev.
earth.34.031405.125049.

Dyar, M.D., Breves, E., Jawin, E., Marchand, G., Nelms, M., O’Connor, V., Peel,
S., Rothstein, Y., Sklute, E.C., Lane, M.D., and others. (2013) Mössbauer
parameters of iron in sulfate minerals. AmericanMineralogist, 98, 1943–1965,
https://doi.org/10.2138/am.2013.4604.

Fanfani, L., Nunzi, A., and Zanazzi, P.F. (1970) The crystal structure of roemerite.
American Mineralogist. Journal of Earth and Planetary Materials, 55, 78–89.

Fei, Y. (1995) Thermal expansion. In T.J. Ahrens, Ed., Mineral Physics &
Crystallography, pp. 29–44. American Geophysical Union (AGU).

Fortes, A.D., Wood, I.G., Alfredsson, M., Vočadlo, L., and Knight, K.S. (2006)
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