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Abstract
Complex mixtures of sulfates, silicates, and ice have been observed in a variety of planetary environments on Earth, Mars 
and the icy satellites of the solar system. Characterizing the properties of the corresponding compositional endmembers is 
important for understanding the interiors of a range of planetary bodies in which these phases are observed. To measure the 
electronic and vibrational properties of the pure ferrous iron endmember of the kieserite group, szomolnokite, (FeSO4⋅H2O), 
we have performed synchrotron 57Fe nuclear resonant inelastic and forward scattering experiments in the diamond-anvil cell 
up to 14.5 GPa. This pressure range covers depths within Earth’s interior relevant to sulfur cycling in subduction zones and 
the range of pressures expected within icy satellite interiors. We find evidence of crystal lattice softening, changes in elastic 
properties, and changes in the electric field gradients of iron atoms associated with two structural transitions occurring within 
the experimental pressure range. We apply these findings to icy satellite interiors, including discussion of elastic properties, 
modeling of ice-sulfate aggregates, and implications for tidal observations.

Keywords  Hydrated sulfates · High pressure · Nuclear resonant scattering · Mössbauer spectroscopy

Introduction

Sulfates in planetary environments

Complex chemical mixtures comprised of hydrous sulfates 
and other sulfate salts are found in natural environments 
throughout the solar system. These sulfates can host a vari-
ety of cations, such as Fe, Cu, Mn, and Al, and varying 
amounts of molecular water and hydroxyl groups. Cations 
in sulfate minerals can be of mixed valence states, and sul-
fate minerals with different cation valence states can coexist 

depending on the degree of weathering. These sulfates may 
be produced by surface weathering of pyrite or pyrrhotite 
and may be further altered on short timescales (hours to 
days) (McCollom et al. 2013; Wang et al. 2016). Because of 
the many hydrous sulfates found in close proximity to each 
other, interpretation of remote observations of Mars, the icy 
satellites, and other planetary bodies has focused on sug-
gesting possible mixtures that reproduce observed spectral 
features (Lane et al. 2004; Bishop et al. 2009; Lichtenberg 
et al. 2010; Dalton et al. 2012; Bu et al. 2018).

For Mars in particular, these measurements have led to 
the identification of the pure ferrous iron endmember of the 
kieserite group, szomolnokite (FeSO4⋅H2O), among other 
mono- and poly-hydrated sulfates across the planet (Wang 
et al. 2006; Bishop et al. 2009; King and McLennan 2010; 
Wendt et al. 2011; Chou et al. 2013; Singh et al. 2022). The 
abundance of sulfur on the surface and exposed subsurface 
of Mars combined with Martian meteorite analysis suggests 
a sulfur-rich Martian mantle and core (Gaillard and Scail-
let 2009; Franz et al. 2019); therefore, the observed sulfate 
phases may play (or have played) a larger role in interior 
sulfur and water cycling compared to Earth. In subduction 
zone environments on Earth, sulfur-bearing phases have 
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been suggested as minor but important mantle components 
of the Earth’s volatile cycling system (McCanta et al. 2014; 
Bataleva et al. 2018; Bénard et al. 2018; Schwarzenbach 
et al. 2018; Li et al. 2021).

Due to spectral observations of icy satellites and the 
apparent abundance of sulfur on their surfaces, it has been 
proposed that hydrated sulfates are primary components of 
their interior oceans and/or icy mantles and has motivated 
work on hydrous sulfates at high pressures (Fortes et al. 
2006, 2013, 2017; Nakamura and Ohtani 2011; Dalton et al. 
2012; Comodi et al. 2014; Pan et al. 2020). Recent work has 
suggested a primarily exogenic sulfur source for the surfaces 
of Io, Europa, and Ganymede (e.g., Trumbo et al. 2020). For 
Europa in particular, sulfur radiolytic chemistry resulting 
from sulfur implantation due to volcanic activity on Io is 
thought to be one of the main causes for the difference in 
color and spectral features of Europa’s trailing hemisphere. 
Current work suggests endogenic surface material alteration 
by exogenic sulfur radiolysis (Trumbo et al. 2020). There-
fore, surface–subsurface exchange is possible within these 
dynamic planetary bodies (Prockter et al. 2017; Buffo et al. 
2020), and the observed abundance of Mg- and Na-bearing 
hydrated sulfates on their surfaces may be indicative of their 
presence at depth (Zolotov 2019). Given the propensity of 
these sulfates to host multiple cations, Fe-bearing composi-
tions may be present at greater depths, especially where both 
soluble and insoluble Mg- and Na-rich sulfates may be avail-
able due to either a sulfate-rich ocean, or remnant insolu-
ble sulfates sourced from alteration of chondritic materials 
(Kargel 1991). On Ganymede, rocky materials and precipi-
tating salts in the icy crust and ocean should sink towards 
the basal ice layer and rocky mantle, potentially bringing 
sulfur-bearing phases from the surface to the ice-rock inter-
face (Vance et al. 2014; Ligier et al. 2019; Molyneux et al. 
2020). Internal heating could melt the ice at this interface 
and cause fluid–rock interactions (Ahrens et al. 2022). In 
other planetary environments, hydrated iron sulfates are ulti-
mately generated through the oxidation of pyrite (FeS2) by 
molecular water and O2 (e.g., Chou et al. 2013). Europa’s 
chaos terrains may deliver up to 1.3 × 1010 mol/year of O2 
to the underlying ocean, which in turn may deliver O2 and 
water to the rocky mantle where hydrothermal reactions 
could take place (Hesse et al. 2022). If FeS2 is present, these 
reactions may lead to localized formation of iron-bearing 
hydrous sulfates.

The ability for sulfates to host multiple cations in solid 
solution and the multi-mineral nature of these natural sys-
tems containing hydrous sulfates necessitates better chemi-
cal and physical characterization of the endmembers. Both 
natural and synthetic polyhydrates are known to coexist with 
their corresponding monohydrate phase (e.g., Meusburger 
et al. 2022). Whether these sulfates act as components in 
a localized volatile cycling system, or as major planetary 

interior phases, high-pressure data is needed to better model 
these environments. In this work we present nuclear reso-
nant scattering results that characterize the electronic and 
vibrational properties of szomolnokite (FeSO4⋅H2O) at high 
pressures.

Nuclear resonant scattering measurements

Building upon existing high-pressure crystal structure char-
acterization of szomolnokite (FeSO4⋅H2O) (i.e., Meusburger 
et al. 2019; Pardo et al. 2023), nuclear resonant scattering 
methods are powerful techniques that are capable of assess-
ing iron-specific properties. Importantly, and especially for 
systems like iron-bearing hydrated sulfates that display a 
diverse array of physical and chemical properties depend-
ing on the sample measured (e.g., Dyar et al. 2013), this 
in-situ study probes the electronic, vibrational and elastic 
properties of szomolnokite using nuclear resonant scattering 
under identical experimental conditions. Such measurements 
have rarely been accomplished under extreme conditions, 
but allow a unique opportunity to confidently derive the rela-
tionship between local 57Fe environments and long-range 
elastic properties (e.g., Ohira et al. 2019, 2021). The elastic 
and thermodynamic parameters constrained by these meth-
ods also provide valuable parameters that can be used in 
future thermodynamic modeling efforts.

Nuclear resonant scattering techniques rely on achieving 
nuclear resonance with a participating atom in the mate-
rial of interest. In these experiments, we achieve resonance 
with the nuclei of 57Fe atoms (14.4125 keV) within the 
szomolnokite sample and conduct both nuclear resonant 
forward scattering, also known as synchrotron Mössbauer 
spectroscopy, and nuclear resonant inelastic X-ray scatter-
ing (NRIXS) experiments. Both methods utilize time and 
energy discrimination to excite the resonant nuclei (Toellner 
2000). Synchrotron Mössbauer spectroscopy (SMS) detects 
photons emitted from micro-eV scale features that originate 
from splitting of the iron atoms’ nuclear energy levels, while 
NRIXS detects emission from meV-scale features originat-
ing from simultaneous excitation of the iron atoms and, in 
the case of crystalline materials, lattice vibrations (phonon 
excitations) that quantify the dynamics of the crystal lattice.

In particular, SMS provides access to the hyperfine 
structure of the iron components in the sample, including 
quadrupole splitting, isomer shift, and relative weight frac-
tions of distinct iron sites, as well as the Lamb–Mössbauer 
factor (e.g., Jackson et al. 2009; Zhang et al. 2022). The 
Lamb–Mössbauer factor is, however, more accurately deter-
mined by NRIXS via the 0th order moment of the excitation 
probability density and the partial projected phonon density 
of states (pPDOS) (Sturhahn 2004). In this work, we deter-
mine the Lamb–Mössbauer factor at each measured pressure 
from the NRIXS spectra, which provides tighter constraints 
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on the resulting hyperfine parameters determined from SMS 
spectral fits (discussed in “Discussion: application to icy 
satellites”). Additional properties of the iron sub-lattice 
can be determined from higher order moments of the data 
and the pPDOS, such as the mean force constant of the iron 
atoms and Debye velocity. When combined with the equa-
tion of state determined for the high-pressure polymorphs 
of szomolnokite (Pardo et al. 2023), the shear wave velocity 
(VS) and moduli (KS, G) can be constrained (Sturhahn and 
Jackson 2007).

Together, the SMS and NRIXS results contribute to a 
more detailed understanding of the micro- and macroscopic 
properties of the iron endmember szomolnokite, which will 
aid in future models containing complex mixtures of end-
member sulfates.

Previous work

Much of the published work on hydrous sulfates has focused 
on ambient pressure and variable temperature with relevance 
to interpreting remote observations on planetary surfaces, 
while relatively fewer studies have characterized high-
pressure behavior. Two structural transitions in FeSO4⋅H2O 
occurring below 20 GPa were identified with powder X-ray 
diffraction and complementary infrared spectroscopy meas-
urements indicate the retention of water across both phase 
transitions (Pardo et  al. 2023). The α–β transition was 
bracketed between 5–6.6 GPa (monoclinic C2/c to triclinic 
P1̄ ) and the β–γ transition was bracketed between 12.7 and 
16.8 GPa (triclinic P1̄ to monoclinic P21). The low-pres-
sure α–β monoclinic-triclinic transition was identified with 
single-crystal X-ray diffraction measurements at 6.15 GPa 
and characterized by a slight distortion in the Fe-octahedra 
(Meusburger et al. 2019). An analogous C2/c to P1̄ transition 
in the Mg-endmember MgSO4⋅H2O was observed at lower 
pressures than in FeSO4⋅H2O and remains in the β-phase 
through the highest pressure achieved in the experiment (~ 8 
GPa) (Meusburger et al. 2020). In addition, the Ni-endmem-
ber dwornikite NiSO4⋅H2O and Co-endmember CoSO4⋅H2O 
exhibit a similar low-pressure transition (C2/c to P1̄ ) at 
2.47 GPa and 2.40 GPa, respectively (Ende et al. 2020; 
Wildner et al. 2021). The deuterated analog of meridianiite 
MgSO4⋅11D2O was studied up to 1 GPa with neutron pow-
der diffraction by Fortes et al. 2017, who observed a struc-
tural phase transition and decomposition of MgSO4⋅11D2O 
( P1̄ ) to MgSO4⋅9D2O (monoclinic P21/c) + ice VI occur-
ring at 0.9 GPa and 240 K. MgSO4⋅H2O, MgSO4⋅6H2O, and 
MgSO4⋅7H2O were among several phases found to coexist 
with ice at pressures up to 4.5 GPa (Nakamura and Ohtani 
2011).

FeSO4⋅H2O was investigated up to pressures of 95 GPa 
with synchrotron Mössbauer spectroscopy (SMS), which 
resulted in three possible models for pressures above 20 

GPa, two of which included the occurrence of a high- to 
low-spin transition (Perez et al. 2020). SMS has also been 
used to observe the pressure dependence of magnetic order-
ing for jarosite KFe3(OH)6(SO4)2 up to 40 GPa (Klein et al. 
2018). The majority of existing conventional and synchro-
tron Mössbauer data for hydrous sulfates focuses on ambient 
pressure, including a suite of measurements consisting of 
47 natural and synthetic sulfate species (Dyar et al. 2013), 
five ferrous and ferric natural sulfate compositions (Maj-
zlan et al. 2011), characterization of both ferrous and ferric 
amorphous sulfates (Sklute et al. 2015), and identification 
of magnetic order–disorder transition in FeSO4⋅H2O at 30 K 
(Alboom et al. 2009).

Even fewer studies have taken advantage of NRIXS to 
study the lattice dynamics of hydrous sulfates (Dauphas 
et al. 2012, 2014; Roskosz et al. 2022). To the authors’ 
knowledge, the presented work is the first NRIXS study of 
a hydrous sulfate at high pressure. In this study, we describe 
the high-pressure evolution of szomolnokite’s electronic 
and vibrational properties including the Fe-site quadrupole 
splitting, the Lamb–Mössbauer factor, the 57Fe mean force 
constant, wave speeds and shear elasticity, thus spanning 
scales from atomic environments to lattice dynamics. The 
presented work focuses on pressures relevant to the interiors 
of a range of planetary bodies.

Experimental methods

Sample preparation

Powdered szomolnokite was synthesized through collabo-
ration with Isoflex (FeSO4⋅H2O, using 96% 57Fe) and con-
firmed using X-ray diffraction (Pardo et al. 2023). A powder 
pile ~ 85 × 100 × 50 μm3 was loaded into a panoramic dia-
mond-anvil cell with a Be gasket and a boron-epoxy insert 
to strengthen the gasket. Two ruby spheres were loaded 
proximal to the sample and within the boron-epoxy insert 
(~ 120 radial degrees apart) as in-situ pressure markers. 
Ruby sphere locations were chosen to eliminate alteration 
of the sample from the ruby fluorescence excitation laser. 
Pressure was determined by taking the average of the deter-
mined pressure before and after the experiments via ruby 
fluorescence (Dewaele et al. 2008). Errors were rounded to 
reflect the drift in pressure occurring during the experiment, 
as well as the estimated pressure gradient within the sample 
chamber due to the fact that the ruby spheres and sample 
were not co-located (~ 30 μm apart).

Synchrotron Mössbauer spectroscopy (SMS)

Using the same batch of synthesized szomolnokite powder, 
five coherent elastic X-ray scattering measurements were 
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taken at 1 bar with a powdered portion that was either placed 
on a plexiglass slide or contained within the non-pressurized 
sample chamber. SMS measurements were conducted using 
both the 24-bunch and hybrid timing modes at Sector 3 of 
the Advanced Photon Source at Argonne National Labora-
tory. Four 24-bunch mode measurements were performed at 
station B. Monochromatic X-rays were tuned to the nuclear 
resonance energy of 57Fe (14.4125 keV) with an energy 
spectrum full-width at half-maximum of 1 meV using a 
tunable, high-resolution monochromator (Toellner 2000). 
Using an avalanche photo diode (APD) placed downstream 
in the X-ray beam path and conventional time-filtering elec-
tronics, time spectra were collected between delay times 
of ~ 25–135 ns after the excitation pulse with collection 
times ranging between ~ 1300 and 1700 s (see Ratschbacher 
et al. 2023 for experimental setup schematic).

The 1 bar hybrid mode measurement was collected at 
station D with a new spectrometer utilizing a pair of custom 
high-speed periodic shutters which allows for isolation of 
an extended delay time window containing the SMS sig-
nal without the need for a high-resolution monochromator 
(Toellner et al. 2011). Hybrid-mode measurements access 
longer timing windows than 24-bunch mode (Finkelstein 
et al. 2017) and the use of the dual-shutters achieves higher 
count rates in hybrid mode (Toellner et al. 2011; Ratsch-
bacher et al. 2023). The time window for this data set was 
60–600 ns and the collection time was 300 s. Isomer shifts 
were determined in two of the 24-bunch mode measurements 
by placing a 0.5 µm thick 57Fe-enriched stainless-steel refer-
ence foil in the beam path, resulting in identical values for 
each measurement (see Online Resource Table S1).

High-pressure SMS measurements were collected 
using one APD positioned downstream either just before 
or immediately following the suite of NRIXS measure-
ment scans for each compression point. The average col-
lection time was ~ 900 s per spectrum and a timing window 
of ~ 25–135 ns after excitation was used to fit the data. An 
attempt was made to measure the high-pressure isomer shift 
using a 2 µm thick 57Fe-enriched stainless-steel foil placed in 
the beam path. The perceived heterogeneity in the reference 
foil within the X-ray scattering volume prevented a robust 
determination of the isomer shift. Therefore, the isomer shift 
of iron “site 1” for all pressures is fixed at the value deter-
mined at ambient conditions in the 24-bunch mode experi-
ments described above, while all other sites’ isomer shifts 
are allowed to vary.

The SMS time spectra were analyzed using the open-
source software CONUSS (version 2.2.1, www.​nrixs.​com; 
Sturhahn 2000, 2023) which performs a least squares fitting 
procedure to best-fit iron’s hyperfine parameters, including 
quadrupole splitting, isomer shift, full-width at half-max-
imum of quadrupole splitting distributions, and relative 
weight fraction of each site, with the use of prior information 

to constrain fits (Sturhahn 2000). At each compression point, 
the NRIXS-determined Lamb–Mössbauer factor was fixed to 
the value obtained from the NRIXS spectra at each compres-
sion point (described below). The best-fit values from each 
pressure were used as starting values for each subsequent 
pressure.

Nuclear resonant inelastic X‑ray scattering (NRIXS)

Incoherent inelastic X-ray scattering was measured with 
three radially positioned avalanche photo diodes (APDs) 
adjacent to the sample chamber and one APD positioned in 
the X-ray path downstream of the sample to simultaneously 
measure the monochromator’s energy-resolution function 
(see Jackson et al. 2009 for experimental setup schematic). 
NRIXS measurements were taken at 1 bar, 4.0, 6.5, 9.0, and 
14.5 GPa at beamline 3-ID-B at the Advanced Photon Source 
operating in 24-bunch top-up mode and with 153 ns bunch 
separation. The X-ray beam was focused using Kirkpatrick-
Baez mirrors to a spot with a full-width at half-maximum 
of ~ 16 × 16 μm2 (Dobrosavljevic et al. 2022). The average 
collection time was ~ 1 h per scan and ~ 12 scans were col-
lected at each compression point, with each scan consisting 
of 1001 steps, 3 s/step. Within these ~ 12 scans, a subset was 
selected for further data analysis, omitting scans in which 
significant drift of the incident X-ray intensity occurred dur-
ing the scan time. The energy scan range for each pressure 
was: − 100 to + 150 meV (1 bar), − 100 to + 150 meV (4.0 
GPa), − 80 to + 220 meV (6.5 GPa), − 80 to + 220 meV (9.0 
GPa), and − 80 to + 200 meV (14.5 GPa).

All NRIXS data were analyzed with the PHOENIX soft-
ware package (version 3.0.4, www.​nrixs.​com; Sturhahn 
2000) to obtain the partial projected phonon density of states 
(pPDOS) from the one-phonon contribution of the excitation 
probability density function. The pPDOS provides access 
to several quantities related to the 57Fe-participating atoms 
in the material: the average Lamb–Mössbauer factor, vibra-
tional kinetic energy, mean force constant, vibrational free 
energy, and vibrational entropy (see Sturhahn 2000, 2004; 
Sturhahn and Jackson 2007; Murphy et al. 2013).

The low-energy portion of the pPDOS is important for 
determining the Debye velocity, VD, which is calculated 
by using a phonon dispersion model to determine the pro-
jected sound velocity, V(E), where V(E) = VD at zero-energy 
(Sturhahn 2004). A Debye-like dispersion model varies 
quadratically with energy. In order to utilize as much data 
as possible in the low-energy region, an improved empiri-
cal model for the dispersion of long-wavelength acoustic 
phonons is applied to our data (Sturhahn and Jackson 2007; 
Morrison et al. 2019). Analysis of this low-energy region 
necessitates measuring the monochromator energy-resolu-
tion function in order to remove the elastic peak originating 
from zero-phonon excitations that masks the inelastic signal. 

http://www.nrixs.com
http://www.nrixs.com
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The elastic peak for each compression point was measured 
with the APD positioned downstream of the sample and 
removed from the measured NRIXS spectrum using PHOE-
NIX (see Online Resource Figures S1 and S2). After elastic 
peak removal and subsequent extraction of the pPDOS, the 
data within a selected energy window were evaluated with 
a fitting procedure to determine VD using both a polynomial 
and power law V(E) fit function (Morrison et al. 2019).

The isothermal bulk modulus KT and density ρ for szo-
molnokite’s α, β, γ phases were determined in Pardo et al. 
2023 using X-ray diffraction and the MINUTI software 
package (version 2.2.2, Sturhahn 2022). The adiabatic bulk 
modulus, KS, is then calculated at each compression point 
from the relationship KS = KT(1 + αγT), where α is the coef-
ficient of thermal expansion and γ is the volume-dependent 
Grüneisen parameter, with γ = γ0(V/V0)q (Mie–Grüneisen 
equation of state model). We use MINUTI to perform a suite 
of forward models to compute the Grüneisen parameter γ and 
thermal expansion α for each compression point by testing 
a range of values for γ0 = 0.67–1.5, q = 1.5–2.5, and Debye 
temperature Θ = 300–500 K, based upon existing reports of 
γ0 and Θ (and lack of reported q) for sulfates (Knittle et al. 
2001; Fortes et al. 2006, 2007, 2013; Brand et al. 2010; 
Gromnitskaya et al. 2013; Meusburger et al. 2022; Wildner 
et al. 2022). We found that the resulting range of KS values 
for each compression point are smaller than our assigned 
error in pressure. Therefore, the reported KS and associated 
uncertainty at each compression point includes the uncer-
tainty due to pressure and the range of KS values result-
ing from the forward models (for more details, see Online 
Resource Table S2 and Figure S3). Upon calculating KS and 
its uncertainty at each compression point, the shear velocity 
VS and compressional velocity VP is determined from our 
experimental data using the following relations:

Results

Synchrotron Mössbauer spectroscopy (SMS) results

SMS ambient pressure (1 bar)

We find that the hyperfine parameters determined from all 
five measurements at 1 bar are in good agreement with each 
other and consistent with ferrous iron. Figure 1a and b plots 
all high-pressure SMS and energy-domain spectra, as well 
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as the 1 bar hybrid mode spectrum with both a one- and 
two-site model in Fig. 1c. The one-site and two-site models 
are almost identical at earlier delay times (< 250 ns), but 
it becomes evident at later delay times that only the two-
site model can best fit the data, highlighting the improved 
energy-resolution resulting from access to longer delay 
times.

At ambient pressure, szomolnokite has one crystallo-
graphically unique iron site (Pistorius 1960; Wildner and 
Giester 1991; Meusburger et al. 2019). Previous work on 
iron-bearing phases has demonstrated the sensitivity of 
Mössbauer measurements to differences in local iron envi-
ronments that X-ray diffraction may not be sensitive to. For 
example, using X-ray diffraction, bridgmanite and ferroperi-
clase are characterized by a single crystallographic ferrous 
iron site (Marquardt et al. 2009; Ismailova et al. 2016). In 
Mössbauer experiments, a second distinct ferrous iron site 
has been needed to best describe the spectra for these sam-
ples, likely arising from differences in next-nearest neigh-
bor environments (e.g., Fei et al. 1994; McCammon 1997; 
Jackson et al. 2005; Solomatova et al. 2017). Two distinct 
ferrous sites in natural samples of szomolnokite have also 
been reported using Mössbauer spectroscopy (see Table S1, 
which reports the five ambient pressure measurements from 
this work and from existing literature).

Isomer shifts (IS) relative to a stainless-steel reference 
foil were determined from 24-bunch mode measurements 
at 1 bar (24-bunch mode models C and D in Table S1) and 
are similar to existing data on szomolnokite. All hyperfine 
parameters determined from our data with their 1σ error 
are reported in Table S1. All reported parameters for our 
data and existing literature agree relatively well with each 
other, but there is some variation in the absolute difference 
between the reported site 1 and site 2 isomer shifts.

SMS high pressure

With increasing pressure to 4.0 GPa, the weight fraction 
of site 1 decreases to be roughly equivalent with site 2 
(see Table 1, Fig. 2, and Figure S4). Figure 1b displays 
the calculated energy spectra from the measured time-
domain data. At 6.5 GPa, two new ferrous sites appear 
with relatively lower quadrupole splitting (QS) and small 
weight fractions. The additional sites are likely the result 
of the phase transition at 6 GPa, during which distortion 
of octahedral sites occurs to generate a second, structurally 
unique iron octahedral site (Meusburger et al. 2019). The 
increase in site 1 and site 2 QS values and the addition of 
two new sites is consistent with increased octahedral dis-
tortion within the unit cell. Meusburger et al. 2019 report 
interatomic distances including the Fe–O bond lengths 
for the octahedral sites at select pressures (Fig. 3a). The 
octahedral distortion metric plotted in Fig. 3b is defined 
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by Fe–O bond lengths within the octahedra (Brown and 
Shannon 1973). Note the oxygen bifurcation associated 
with the α–β structural transition, which may contrib-
ute to asymmetric distortion in the electric field gradient 

that Mössbauer spectroscopy is sensitive to, thus requir-
ing more distinct sites to fit the Mössbauer spectra than 
expected from the crystallographic structure.

Fig. 1   a Time-domain, 24-bunch mode spectra with fits associated 
with different models for the high-pressure series, including the 1 bar 
spectrum “24-bunch mode A”. b Energy-domain spectra calculated 
from the time-domain models for the high-pressure series; visualizing 

each site’s weight fraction (Fig. 2c) and full-width at half-maximum 
(Figure S4). c Hybrid-mode spectrum at 1 bar, including the preferred 
“Hybrid mode A” two-site model



Physics and Chemistry of Minerals           (2023) 50:32 	

1 3

Page 7 of 19     32 

Ta
bl

e 
1  

H
ig

h-
pr

es
su

re
 h

yp
er

fin
e 

pa
ra

m
et

er
s

a  Th
e 

nu
m

be
r i

n 
pa

re
nt

he
se

s r
efl

ec
ts

 th
e 

er
ro

r i
n 

pr
es

su
re

 fo
r t

he
 la

st 
re

po
rte

d 
di

gi
t

b  χ2  is
 th

e 
no

rm
al

iz
ed

 m
ea

n-
sq

ua
re

 d
ev

ia
tio

n 
be

tw
ee

n 
th

e 
m

od
el

 a
nd

 th
e 

da
ta

c  N
um

be
rs

 in
 p

ar
en

th
es

es
 in

di
ca

te
 1
σ 

er
ro

r t
hr

ou
gh

ou
t t

he
 ta

bl
e

d  N
um

be
rs

 in
 s

qu
ar

e 
br

ac
ke

ts
 in

di
ca

te
 a

 fi
xe

d 
va

lu
e 

th
ro

ug
ho

ut
 th

e 
ta

bl
e.

 O
th

er
 th

an
 IS

 S
ite

 1
, a

ll 
va

lu
es

 w
er

e 
ite

ra
tiv

el
y 

fit
/fi

xe
d 

du
rin

g 
th

e 
CO

N
U

SS
 fi

tti
ng

 p
ro

ce
du

re
 to

 a
rr

iv
e 

at
 th

e 
be

st-
fit

 
m

od
el

Pr
es

su
re

a
Q

S 
Si

te
 1

 
(m

m
/s

)
Q

S 
Si

te
 2

 
(m

m
/s

)
Q

S 
Si

te
 

3 
(m

m
/s

)
Q

S 
Si

te
 

4 
(m

m
/s

)
IS

 S
ite

 1
 

(m
m

/s
)

IS
 S

ite
 2

 
(m

m
/s

)
IS

 S
ite

 3
 

(m
m

/s
)

IS
 S

ite
 4

 
(m

m
/s

)
FW

H
M

 
Si

te
 1

 
(m

m
/s

)

FW
H

M
 

Si
te

 2
 

(m
m

/s
)

FW
H

M
 

Si
te

 3
 

(m
m

/s
)

FW
H

M
 

Si
te

 4
 

(m
m

/s
)

W
ei

gh
t 

fr
ac

tio
n

Si
te

 1

W
ei

gh
t 

fr
ac

tio
n

Si
te

 2

W
ei

gh
t 

fr
ac

tio
n

Si
te

 3

W
ei

gh
t 

fr
ac

tio
n

Si
te

 4

1 
ba

r
χ2  =

 2.
77

b
2.

61
4(

1)
c

1.
80

4(
28

)
–

–
[1

.3
66

]
1.

17
9(

9)
–

–
0.

00
5(

2)
0.

03
4(

14
)

–
–

0.
95

4(
3)

0.
04

6(
3)

–
–

4.
0(

5)
 G

Pa
χ2  =

 3.
34

2.
95

0(
5)

2.
68

(2
)

–
–

[1
.3

66
]

1.
56

(1
)

–
–

0.
12

1(
8)

0.
42

(2
)

–
–

0.
52

8(
71

)
0.

47
2(

66
)

–
–

6.
5(

5)
 G

Pa
χ2  =

 2.
73

3.
24

(3
)

2.
92

7(
3)

[2
.1

15
]

[2
.0

65
]

[1
.3

66
]

1.
48

5(
6)

[1
.5

16
]

[1
.6

29
]

0.
55

(3
)

0.
12

2(
5)

[0
.0

95
]

[0
.0

15
]

0.
30

4(
14

)
0.

53
7(

15
)

0.
08

5(
10

)
0.

07
4(

6)

9.
0(

6)
 G

Pa
χ2  =

 2.
46

[3
.1

64
]d

2.
58

8(
5)

2.
83

(3
)

[3
.0

57
]

[1
.3

66
]

1.
44

1(
5)

1.
57

2(
7)

[1
.6

15
]

[0
.0

24
]

0.
00

6
0.

11
2(

2)
[0

.0
06

]
0.

22
0(

10
)

0.
49

8(
15

)
0.

22
5(

16
)

0.
05

6(
12

)

14
.5

(6
) G

Pa
χ2  =

 1.
37

3.
81

0(
7)

0.
43

8(
4)

3.
50

7(
8)

2.
20

3(
7)

[1
.3

66
]

1.
40

5(
9)

1.
36

4(
9)

0.
37

9(
8)

1.
38

3(
4)

0.
07

3(
7)

0.
06

4(
1)

0.
02

0(
1)

0.
88

9(
1)

0.
05

8(
1)

0.
02

6(
1)

0.
02

7(
1)



	 Physics and Chemistry of Minerals           (2023) 50:32 

1 3

   32   Page 8 of 19

At the β–γ structural transition, significant changes occur 
in all four sites. One notable change is the appearance of 
a very broad site (full-width at half-maximum ~ 1.4 mm/s), 
which we interpret to be related to the β–γ phase transition. 
As shown in the calculated energy spectrum in Fig. 1b, the 
spectral features indicate line-broadening, and distinct fea-
tures at earlier delay times, outside of the measured timing 
window, may be necessary to fit a more accurate model. It is 
also not clear from X-ray powder diffraction how the recon-
struction of the unit-cell affects the iron sites. We, therefore, 
show two-site and three-site models at 14.5 GPa in Fig. 1a 
(time-domain) and Fig. 1b (inset, energy domain) that could 
explain the measured time spectrum. The three-site model 
does not accurately capture the shape of the spectrum at 
times > 100 ns compared to the preferred four-site model. 
The two-site model requires the texture parameter to sig-
nificantly increase from ~ 20 to 90% (100% is equivalent to a 
single-crystal), which would imply unlikely reorientation of 
the grains in the powdered sample. Therefore, while the two- 
and three-site models are statistically good fits to the data, 
the four-site model is preferred because it best describes the 
entire time spectrum without increasing texture and results 
in the lowest χ2 of the three models.

Existing high-pressure SMS work on szomolnokite finds 
similar trends, where two iron sites are required to fit the 
spectra at ambient pressure and additional sites are needed 
above the α–β and β–γ transition pressures (Perez et al. 
2020). In this study and in Perez et al. (2020), a fourth low-
QS (~ 0.4 mm/s) site is needed to fit the data in the γ-phase 
field. In both studies, only a small weight fraction of this 
low-QS site is required to fit the data, and the site with the 
highest QS in the γ-phase pressure region is also the site 
with the highest weight fraction. In both studies, a low-IS 
site (relative to site 1 at 1 bar) appears at pressures above the 
β–γ-phase transition (see Fig. 2). The low-QS site and low-
IS site parameters are not observed in amorphous ferrous or 
ferric sulfates (Sklute et al. 2015). Differences between this 
work and Perez et al. 2020, including the presence of three 
distinct sites between 0.4 and 12 GPa, could be caused by 
differences in non-hydrostatic conditions at higher pressures, 
which can influence next-nearest neighbor interactions. A 
non-hydrostatic sample chamber could broaden the struc-
tural transitions and thus affect the hyperfine parameters 
associated with each pressure.

Nuclear resonant inelastic X‑ray scattering (NRIXS) 
results

NRIXS ambient pressure (1 bar)

Using PHOENIX, the partial phonon density of states 
(pPDOS) was determined for each compression point (see 
Fig. 4a). The Lamb–Mössbauer factor (fraction of scattering 

Fig. 2   Select hyperfine parameters are plotted as a function of pres-
sure, a quadrupole splitting, b isomer shift, and c weight fractions. 
At P >4 GPa, a total of four sites are needed to fit the data. Dashed 
lines indicate the α–β transition at 6.15 GPa (Meusburger et al. 2019) 
and the low-pressure boundary of the β–γ transition, which occurs 
between 12.7 and 16.8  GPa (Pardo et  al. 2023). See Table  1 for 
reported values and Figure S4 for full-width at half-maximum values
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events that are recoil-free), kinetic energy (meV per 57Fe 
atom), and the mean force constant (average force acting 
on the 57Fe atoms) are calculated from each pPDOS and are 
tabulated in Online Resource Table S3, compared with exist-
ing work in Fig. 5, and plotted as a function of pressure in 
Fig. 6. Parameters calculated from the pPDOS are sensitive 
to the energy range sampled during data collection. Measur-
ing higher energy transfers in the NRIXS spectra may detect 
the presence of high-energy phonons of the sample, while 
extending the measured energy window also introduces 
noise if there are in fact no phonons present. For samples 
like szomolnokite whose pPDOS has never been previously 
measured, it can be difficult to know a priori the appropriate 
energy range. In this work, we present two methods of deter-
mining final parameter values to report at each pressure: (1) 
a probability distribution of values for each parameter deter-
mined from the entire measured energy range, (2) parameter 
values determined from discrete energy cutoffs in which data 
at higher energies are ignored. We focus on method (1)’s 
novel approach to reporting NRIXS-derived parameters in 
the main text. The probability distributions were constructed 
from random sampling within discretized portions of the 

pPDOS. The median of each distribution and corresponding 
interquartile range (the range of the central 50% of the distri-
bution) are reported in Online Resource Table S3. For more 
details on method (1)’s sampling approach and comparison 
with method (2) see Online Resource Figures S5-14.

Figure 5 compares Lamb–Mössbauer factors and mean 
force constant values at 1 bar for a range of iron-bearing 
materials, including orthoenstatite, silicate glasses, bcc-
Fe, δ-(Al, Fe)OOH oxyhydroxide, sulfates, and epsomite 
(Jackson et al. 2009; Dauphas et al. 2012; Gromnitskaya 
et al. 2013; Solomatova et al. 2017; Morrison et al. 2019; 
Buchen et al. 2021; Roskosz et al. 2022). Dauphas et al. 
2014 performed NRIXS measurements on both ferrous and 
ferric silicate glasses (pPDOS-derived parameters later 
refined by Roskosz et al. 2022), which were also character-
ized with SMS measurements up to 120 GPa (Solomatova 
et al. 2017). Dauphas et al. 2012 reports ambient condition 
NRIXS-derived parameters for potassium- and hydronium-
jarosite and goethite, which are compositionally similar to 
szomolnokite but have higher Lamb–Mössbauer factors and 
mean force constants due to ferric iron. Interestingly, the 
Lamb–Mössbauer factor and mean force constant values of 

Fig. 3   a Iron–oxygen octahedral 
bond length and b octahedral 
distortion as defined by Brown 
and Shannon (1973). All data 
are tabulated in Meusburger 
et al. 2019, but plotted here for 
discussion purposes. Dashed 
line indicates the α–β struc-
tural transition at 6.15 GPa 
identified by Meusburger et al. 
2019, above which a second, 
structurally distinct octahedral 
site is created (associated atoms 
labeled “B”). Szomolnokite’s 
ambient pressure crystal struc-
ture is shown in panel b, where 
iron and oxygen labels indicate 
the atoms associated with the 
β-phase octahedra
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jarosite compositions and szomolnokite are most compa-
rable to ferric and ferrous glasses, respectively, suggesting 
similar local iron environments. However, clear distinctions 
of crystalline hydrated sulfates from glasses are revealed in 
their long-wavelength properties, that is their bulk elastic 
properties (i.e., KS and G) (see “Discussion: application to 
icy satellites”).

NRIXS high pressure: lattice dynamics associated 
with phase transitions

Probability distribution functions described in “NRIXS 
ambient pressure (1 bar)” are shown in Fig. 6 as a function 
of pressure for the Lamb–Mössbauer factor, kinetic energy, 
and the mean force constant. At ambient pressure, the two 
highest intensity peaks in the measured NRIXS spectrum 
are centered at 12 meV and 18 meV, with the 18 meV 
peak’s intensity greater than the 12 meV peak (see Fig. 4). 
Upon increasing pressure, higher energy modes between 40 
and 50 meV are visibly populated, with modes > 45 meV 
appearing at 6.5 GPa, likely associated with the transition 
to the lower symmetry triclinic β-phase. The 12 meV peak 
also shifts towards higher energies from 1 bar to 6.5 GPa, 
reflecting typical behavior of rising vibrational frequencies 
with compression, but stagnates between 6.5 and 9.0 GPa, 
coincident with the β-transition (Fig. 4b). Simultaneously, 

the 18 meV peak decreases in intensity and shows no move-
ment towards higher energies. By 9.0 GPa, vibrational fre-
quencies of the original 12 meV and 18 meV peak positions 
are populated such that the 18 meV peak maximum is not 
discernible. The most significant change occurs between 
9.0 and 14.5 GPa, where vibrational frequencies < 15 meV 
and between 33 and 43 meV become less populated, while 
intermediate frequencies between 15 and 28 meV become 
more populated. At 14.5 GPa, the sample may or may not 
have transformed to the γ-phase, as X-ray diffraction brack-
ets the transition between 12.7 and 16.8 GPa (Pardo et al. 
2023). The stagnation of the 12 meV peak at the β-transition 
and subsequent redistribution of phonon intensities at higher 
pressures suggest a change in compression mechanism that 
inhibits the vibrational frequency distribution from continu-
ously moving towards higher energies with increasing pres-
sure. In the next paragraph, we quantify these observations.

The resulting interquartile ranges (IQRs) and medians 
of the probability density function analysis shown in Fig. 6 
suggest that the Lamb–Mössbauer factor, kinetic energy per 
atom, and mean force constant exhibit an approximately lin-
ear pressure-dependent trend to ~ 6 GPa, at which a change 
of slope occurs for data higher than 6 GPa. As confirmed 
by previous X-ray diffraction measurements (Meusburger 
et al. 2019; Pardo et al. 2023), szomolnokite undergoes its 
α-β structural transition (monoclinic C2/c to triclinic P1̄ ) at 

Fig. 4   a High-pressure series of the partial phonon density of states (pPDOS) which are vertically offset for clarity and b the 0–50 meV range of 
all pPDOS, not offset for better comparison of the relative changes in vibrational modes
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6 GPa. The IQRs for all parameters’ probability distribu-
tions show increasing trends in the 1 bar to 6.5 GPa pressure 
interval, indicating an increase in parameter values through 
the α-β structural transition. At pressures higher than the 
β-transition, the IQRs for the kinetic energy and mean force 
constant are mostly invariant to pressure, suggesting a pla-
teau-like trend. Within the uncertainties considered here, a 
decrease in kinetic energy and mean force constant between 
6.5 and 9.0 GPa could be occurring, which may be indica-
tive of crystal lattice softening in the vicinity of the β-phase 
transition. The simultaneous stagnation of the low-energy 
vibrational modes in the pPDOS and resulting plateau-like 
trend of the Debye velocity, determined from the low-energy 
modes, corroborates suspected lattice softening at a range of 
length-scales within the crystal lattice. See “Sound veloci-
ties” for sound velocity discussion.

Although the highest pressure compression point at 
14.5 GPa may lie within szomolnokite’s γ-phase stabil-
ity field, the IQRs and medians for the kinetic energy and 

mean force constant are very similar to those at 6.5 GPa. The 
Lamb–Mössbauer factor continues to increase without over-
lapping IQRs, with a change in slope near the β-transition. 
The mean force constant increasing with pressure up to 
6.5 GPa is consistent with strengthening of Fe–O bonds in 
octahedral coordination. In general, all three parameters dis-
cussed above indicate a change in compression mechanism 
at pressure higher than the α–β transition, consistent with 
the visual behavior of the pPDOS. The trends observed here 
indicate that although the α–β structural transition is marked 
by only a slight distortion in the Fe-octahedral site, there is 
a marked change in the atomic dynamics of szomolnokite.

The observations that kinetic energy and mean force con-
stant plateau or possibly decrease in the β-phase field could 
be attributed to changes in the hydrogen-bonding system at 
the α–β transition as outlined in Meusburger et al. (2019), 
where distortion of octahedral sites create a second, struc-
turally distinct iron site. Asymmetrical changes in the bonds 
of the Owater and oxygen atoms at the corner-sharing tetra-
hedra-octahedra sites occur with this distortion, resulting 
in lengthening of certain Owater–O bonds, while decreasing 
others. Fe–O bond lengths measured in Meusburger et al. 
(2019) are plotted in Fig. 3a and show that there are com-
plex changes in the bond lengths associated with the iron 
atoms between 7 and 8 GPa, in that some lengths continue to 
decrease (FeA–O2A), while others discontinuously decrease 
(FeA–O1A and FeB–O1B) or sharply increase (FeA,B–Owater). 
The net effect could lead to the plateau-like trend in the 
mean force constant described above.

We have seen from the discussion above that the trans-
formation of the iron-, oxygen-, and water-bonding system 
are reflected in the iron-participating lattice vibrations. 
Interestingly, the isothermal bulk modulus (KT) exhibits a 
similar trend to the kinetic energy and mean force constant 
at the β-phase transition. At the β-transition, KT decreases 
from ~ 85 to 76 GPa (Pardo et al. 2023), indicating a decrease 
in lattice incompressibility. At the pressures studied within 
the β-phase stability field (6.5 and 9.0 GPa), KT increases 
from 77.8(2.9) to 89.3(3.5) GPa, where uncertainties reflect 
fit-parameter correlations. Near the γ-phase boundary sam-
pled in this study (14.5 GPa), KT increases significantly 
to KT = 117.7(3.8) GPa (Pardo et al. 2023). If all bonding 
environments were uniformly stiffening upon compression, 
we would expect the 57Fe mean force constant to similarly 
increase at 14.5 GPa. However, the observed plateau-like 
trend in the 57Fe mean force constant implies that non-iron 
bonds must compensate this short-range softening in order 
for the volumetric incompressibility to increase at 14.5 GPa.

Sound velocities

The Debye velocity VD, compressional wave velocity VP, and 
shear wave velocity VS were determined using PHOENIX 

Fig. 5   Lamb–Mössbauer and mean force constant values for a range 
of iron-bearing materials at 1 bar and 300 K. Szomolnokite is plot-
ted as the black star. Purple squares represent the highest and lowest 
values from two distinct orientations of single-crystal δ-(Al, Fe)OOH 
(Buchen et al. 2021), red diamonds represent ferrous silicate glasses 
while blue diamonds represent ferric glasses which are adjacent to 
their best-fit ferric content values (Roskosz et  al. 2022), orange cir-
cles represent three orthoenstatite compositions (Jackson et al. 2009), 
bcc-Fe is plotted as the brown cross (Morrison et  al. 2019), and 
FeOOH and two ferric sulfates are plotted in solid triangles (Dauphas 
et  al. 2012). Red and blue shaded regions are for qualitative visual 
grouping of the ferrous and ferric glasses, respectively
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as described in “Nuclear resonant inelastic X-ray scattering 
(NRIXS)”. Using a fitting procedure that accounts for many 
plausible energy ranges, PHOENIX incorporates the statis-
tical error of the measured data points within the fit ranges 
and reports a probability distribution function (PDF) of the 
calculated VD. The most probable Debye velocity is found by 
fitting the PDF, where the reported value corresponds to the 
peak of this fit and its uncertainty is the distribution’s full-
width at half-maximum (Morrison et al. 2019). Szomolnok-
ite’s acoustic phonon dispersion may only be Debye-like at 
energies ≲ 5 meV, the region in the data that coincides with 
the tails of the resolution function, and hence affected by the 
elastic peak removal process. For this reason, two different 
energy windows were used to carry out the fitting procedure 
and determine two endmember Debye velocity PDF mod-
els: (1.5–6 meV) and (0.5–8 meV). Our reported VD at each 
pressure is the average of the combined velocity distribu-
tions generated from the reported VD in these two models 
and corresponding standard deviations (see Online Resource 
Figures S15-20 for individual fitting results at each pres-
sure). These results are shown in Fig. 7. Trends in VD and 

VS suggest a moderate increase within the α-phase, then a 
sharp increase across the β-transition followed by plateau. If 
the data were densely sampled across the β-phase transition, 
we may expect VP to exhibit a decrease in the vicinity of the 
transition, because VP is mostly sensitive to the equation of 
state (Eqs. 1 and 2), and as discussed in “NRIXS high pres-
sure: lattice dynamics associated with phase transitions”, a 
decrease in the isothermal bulk modulus is observed at this 
transition (Pardo et al. 2023).

To place these results in context with similar phases, 
sound velocities and shear moduli are plotted in Fig. 8 
up to 20 GPa for anhydrous and hydrous silicate glasses, 
hydrous Phase A, pure water ice, H2O ice with 0.9 mol% 
NaCl, and epsomite, measured by Brillouin scattering 
and ultrasonic interferometry (Sanchez-Valle et al. 2008; 
Sanchez-Valle and Bass 2010; Gromnitskaya et al. 2013; 
Sakamaki et al. 2014; Zhang et al. 2019; Shi et al. 2021; 
Gu et al. 2021; Wei et al. 2022). Notably, szomolnokite’s 
high-pressure shear moduli are most similar to the high-
pressure ice phases despite being significantly denser. 
The plateau observed in szomolnokite’s high-pressure 

Fig. 6   a Lamb–Mössbauer factor, b kinetic energy, and c mean force 
constant probability distributions as a function of pressure. The 
median of each distribution and interquartile range are represented by 
black circles and black vertical error bar. The value of each param-
eter derived from a singular energy window is plotted for comparison 
(light grey circles with error reported by PHOENIX). Dashed lines 

indicate the α–β structural transition at 6.15 GPa identified by Meus-
burger et al. 2019 and the low-pressure boundary of the β–γ structural 
transition which occurs between 12.7 and 16.8 GPa as measured by 
Pardo et  al. 2023. Errors in pressure are determined by in-situ ruby 
fluorescence and are represented by the width of the probability dis-
tribution at each pressure
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VS (and G) values compared to VP at pressures > 5GPa 
suggest that the shear properties are more greatly affected 
by the changes in compression mechanisms discussed in 
“Synchrotron Mössbauer spectroscopy (SMS) results”.

Although sharing similar Lamb–Mössbauer parameters 
and mean force constants described in “NRIXS ambient 
pressure (1 bar)”, szomolnokite has much slower VP and 
VS values at ambient conditions than the hydrous (~ 0.68 
wt% FeO) and anhydrous rhyolitic glass (~ 0.23 wt% 
FeO) compositions. Taking density into consideration, 
szomolnokite’s shear moduli are similar to hydrous rhy-
olitic glass at low pressures (see Online Resource Figure 
S21). By ~ 3 GPa, szomolnokite’s VP is comparable to 
both rhyolitic glasses. At pressures above 5 GPa, szo-
molnokite’s adiabatic bulk modulus is comparable to 
that of glasses with enstatite- and diopside-like composi-
tions, but remains comparatively lower in VP and VS. At 

all pressures, Phase A has higher velocities and shear 
moduli than szomolnokite.

Discussion: application to icy satellites

With increasing compression, trends in the kinetic energy 
and mean force constant imply short-range lattice soften-
ing associated with iron atoms in szomolnokite near the 
α–β transition and possibly into the γ-phase. The appear-
ance of two additional low-quadrupole splitting octa-
hedral sites at pressures greater than the α–β transition 
suggest minor asymmetries in the electric field gradients 
of a subset of the iron octahedral sites, consistent with 
iron-site distortion. The Debye velocity, determined from 
low-energy acoustic vibrational modes, simultaneously 
plateaus at the β-transition. In addition, the bulk modulus 

Fig. 7   a Debye velocity VD, P-wave velocity VP, and S-wave velocity 
VS plotted as a function of pressure. Dashed lines indicate the α–β 
transition at 6.15 GPa (Meusburger et al. 2019) and the low-pressure 
boundary of the β–γ transition, which occurs between 12.7 and 16.8 
GPa (Pardo et al. 2023). Panel b shows an example VD fitting proce-
dure at 1 bar in which the low-energy portion of the pPDOS is fit to 

a polynomial or power law V(E) function. Panel c plots the resulting 
1 bar velocity distribution function generated from the series of fits 
plotted in panel b. Velocity errors in panel a are generated by com-
bining two velocity distribution functions resulting from fitting two 
different energy windows as described in the main text
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KT decreases at the α–β transition. This behavior suggests 
that the distortion of iron octahedra, which defines the 
α–β transformation from the monoclinic structure to the 
triclinic structure, contributes to the long-range crystal 
lattice softening evident in the observed elastic properties.

The high-pressure lattice softening and increasing asym-
metry in iron’s electric field gradient near the α–β transition 
is accompanied by a change in the pressure dependence of 
sound velocities, most notably VS and the shear modulus. As 
the iron-endmember, szomolnokite has exhibited the highest 
α–β transition pressure compared to other kieserite-group 
minerals, and thus incorporation of iron would likely result 
in VS discontinuities at greater depths. With the increased 
interest and resources for spacecraft missions to Saturn and 
Jupiter’s icy moons, proposed missions such as NASA’s 
Europa Lander have motivated the development of seismom-
eters in anticipation of future lander missions (Pappalardo 
et al. 2013; Burke et al. 2020; Marusiak et al. 2021). With 
these advancements in planetary seismology, experimental 
measurements of high-pressure seismic wave velocities and 
elasticity of candidate sulfur-bearing materials and sulfur-ice 
mixtures will be important for interpreting lander observa-
tions in the coming decades.

Observing the tidal response of our solar system’s icy 
satellites is currently a source of information for inferring 
their interior structures (Bagheri et al. 2022). With ESA’s 
Jupiter Icy Moons Explorer and upcoming missions such as 
NASA’s Europa Clipper, the increased accuracy of gravity 
field and tidal amplitude measurements will provide valuable 
data for improving interior models of Jupiter’s moons (Wahr 
et al. 2006; Nimmo and Manga 2009; Baland et al. 2014; 
Hemingway and Mittal 2019). Research has focused on 
modeling the relationship between observed Love numbers 
and interior properties such as the radius of the mantle/icy 
shell, density (i.e., average interior density; density of shell, 
mantle, ocean, and core), and the shear moduli, G, of various 
interior structures (Wahr et al. 2006). Understanding local-
ized structure, such as identifying structural heterogeneities 
associated with the Tiger Stripes on the south pole of Ence-
ladus, also relies on knowing the expected range of shear 
and bulk moduli of the icy satellites (Berne et al. 2022). 
Challenges exist in determining the thickness of an icy shell 
and origins of structural heterogeneities from orbiter meas-
urements, due in part to uncertainties in the shear modulus 
of the ice-rich crust, and therefore, determining the shear 
moduli of candidate non-ice phases (i.e., hydrous sulfates) 
plays an important role in interpreting orbiter observations.

Fig. 8   a P-wave velocity VP and b S-wave velocity VS and c shear 
moduli G are plotted for a range of silicate glasses, oxyhydroxide 
Phase A, high-pressure ices, and two sulfates (including this work). 
Symbol size indicate relative adiabatic bulk modulus KS values in 
panels a and b and density ρ values in panel c. References are as fol-
lows: aSakamaki et al. (2014), bSanchez-Valle and Bass (2010), cWei 
et  al. (2022), dSanchez-Valle et  al. (2008), eGu et  al. (2021), fShi 

et al. (2021), gZhang et al. (2019), and hGromnitskaya et al. (2013). 
Velocity and pressure errors are plotted when reported, and most 
are smaller than the symbol size. For szomolnokite’s highest pres-
sure point, two values are reported using elastic parameters for the 
β-FeSO4⋅H2O and γ-FeSO4⋅H2O phases. See Figure S21 for adiabatic 
moduli and density as a function of pressure
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Typical properties assigned to icy crusts are G ≅ 3.3 GPa 
and ρ ≅ 0.9 g/cm3, though experimental measurements on 
pure water ice at 1 bar range as high as 4.1 GPa and 0.95 g/
cm3 (Gammon et al. 1983; Gromnitskaya et al. 1997; Wahr 
et al. 2006; Souček et al. 2019; Berne et al. 2022). For 
pressures < 5 GPa, most relevant to the icy satellites in our 
solar system, szomolnokite’s presence would significantly 
increase both the density and shear modulus (ρsz = 3.09 g/
cm3 and Gsz = 22 GPa at 1 bar and 300 K). At higher pres-
sures relevant to icy, sulfate-rich worlds whose icy crusts/
mantles reach pressures  >5 GPa, szomolnokite would sig-
nificantly increase the bulk density, but not influence the 
shear modulus as greatly compared to lower pressures. The 
similar shear moduli but drastically different density between 
szomolnokite and the high-pressure ice phases compared in 
this work may influence the inferred structure and dynamics 
of icy, sulfate-bearing shells, mantles, or cores. Presence 
of sulfates at depth would affect assumed densities of icy 
crusts that factor into Love number models, likely increasing 
observed h Love numbers, for example, independent of icy 
shell thickness (Moore and Schubert 2000).

To explore the effect of hydrated sulfates within an 
icy crust, we have employed a Voigt–Reuss–Hill averag-
ing scheme to compute the elastic properties of ice-sulfate 
aggregates that contain small portions of szomolnokite at 
the low-temperature conditions of icy satellite surfaces (Watt 
et al. 1976). The adiabatic bulk modulus (KS), G, and density 
(ρ) for mixtures of H2O ice, melanterite MgSO4⋅7H2O, and 
szomolnokite are presented in Table 2 (see Online Resource 
Table S4 for Voigt and Reuss bounds). Reference values for 
the individual phases are given in Online Resource Table S5 
(Gromnitskaya et al. 1997, 2013). Without existing low-
temperature KS and G measurements on szomolnokite, we 
utilize low-temperature elastic parameter measurements on 
melanterite to adjust our measured elastic parameters to 
low-temperature values. Melanterite’s KS and G increase by 

~ 9% and ~ 14%, respectively, upon cooling to 77 K (Grom-
nitskaya et al. 2013). We apply these relative corrections to 
szomolnokite’s KS and G determined in this work at 300 K. 
Assuming these elastic parameter values, the addition of 
only 2 vol% szomolnokite to pure ice increases KS, G, and ρ 
by ~ 5.2%, 5.9%, and 3.0%, respectively, compared with pure 
ice. In an extreme case representing a localized environment 
rich in hydrated sulfates and szomolnokite (80 vol% ice, 
10 vol% melanterite, and 10 vol% szomolnokite), KS, G, 
and ρ would be ~ 37.9%, 41.7%, and 30.6% greater than the 
values for pure ice, respectively. These calculations demon-
strate the effect that only a few volume percent of hydrated 
sulfates has on the elastic parameters of an ice-sulfate 
aggregate, thus influencing interpretations of geophysical 
measurements of planetary bodies. Future work is needed to 
understand the elasticity and rheology of impure ice, includ-
ing measurements of high-pressure, low-temperature shear 
properties of hydrated sulfates (and ice-sulfate mixtures) 
to supply experimentally determined elastic parameters 
for more extensive modeling aimed at interpreting orbital 
observations.

Conclusions

Measurements of the lattice dynamics, iron-site-specific 
behavior, and crystal structure are highly complementary. 
Nuclear resonant scattering measurements, in combination 
with X-ray diffraction results, reveal changes in both iron 
site-specific and bulk lattice properties in szomolnokite at 
high pressure, including lattice softening accompanying 
the α–β transition. The α–β monoclinic–triclinic structural 
transition observed in szomolnokite has been measured 
in several other hydrous sulfates, and detected at differ-
ent pressures. It is unclear how the lattice dynamics and 
transition pressure would change in mixed-cation sulfate 

Table 2   Voigt–Reuss–Hill averaging models of ice-sulfate mixtures

a Value represents the percent difference relative to pure ice. Example: an aggregate of 98 vol% ice and 2 vol% szomolnokite results in a KS value 
5.16% greater than that of 100 vol% ice
b KS, G, and ρ are measured using ultrasonic methods, and are not Voigt–Reuss–Hill averages

Models at 1 bar and 77 K Voigt–Reuss–Hill Average density (ρ)

Composition (vol%) KS (GPa) ΔKS (%)a G (GPa) ΔG (%)a ρ (g/cm3) Δρ (%)a

100% ice (data from Gromnitskaya et al. 1997)b 9.20 – 4.10 – 0.95 –
98% ice, 2% szomolnokite 9.67 5.16 4.34 5.94 0.98 2.99
90% ice, 10% melanterite 10.23 11.20 4.55 11.05 1.02 7.73
90% ice, 9.5% melanterite, 0.5% szomolnokite 10.30 11.95 4.59 12.00 1.03 8.48
90% ice, 8% melanterite, 2% szomolnokite 10.50 14.17 4.71 14.84 1.05 10.75
80% ice, 15% melanterite, 5% szomolnokite 11.99 30.38 5.42 32.12 1.17 23.00
80% ice, 10% melanterite, 10% szomolnokite 12.69 37.91 5.81 41.71 1.24 30.55
50% ice, 30% melanterite, 20% szomolnokite 17.81 93.63 8.25 101.25 1.60 68.82
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compositions, but current work has demonstrated that the 
Fe-endmember szomolnokite undergoes the α–β transition 
at higher pressures than the Mg-endmember, kieserite. 
Therefore, the α–β transition in an iron-bearing composi-
tion that is close to the kieserite endmember may occur at 
pressures slightly higher than that for kieserite and include 
softening of lattice vibrational modes. Structural changes 
in hydrated sulfates at higher pressures analogous to szo-
molnokite’s γ-phase have yet to be investigated. Neverthe-
less, such studies are important to better understand this 
multi-component system, and moving forward, at tempera-
tures relevant to planetary bodies.

Coexistence of hydrous sulfates with varying hydration 
states, variable temperature, and other dynamic planetary 
processes are all key factors that need to be considered in 
applying endmember experimental data to natural environ-
ments. We have discussed the presence of sulfates at depth 
and their effect on assumed densities and shear moduli of 
icy crusts, which would factor into Love number models 
of icy satellites. Our simple Voigt–Reuss–Hill averaging 
model has demonstrated the potential for hydrous sul-
fates to have a significant effect on the bulk properties of 
ice-rich aggregates and has also highlighted the need for 
experimentally determining shear properties of hydrous 
sulfates for future modeling work. Whether as minor or 
major components of localized planetary environments or 
bulk icy satellite interiors, further work is required to bet-
ter understand the behavior of multi-component systems 
comprised of hydrous sulfates and other materials.
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