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Supplementary Table S1: Hyperfine parameters at 1 bar
This work QS Site 1 | QS Site 2 | IS Site 1 | IS Site 2 | FWHM Site 1 FWHM Site 2 | Weight Fraction |Weight Fraction
W (mm/s) (mm/s) (mm/s) | (mm/s) (mm/s) (mm/s) Site 1 Site 2
24-bunch mode A*
274 2.614(1) | 1.804(28) | [1.366] | 1.179(9) 0.005(2) 0.034(14) 0.954(3) 0.046(3)
Hy';rzli Iln(z’ge A 2719 | 1.96(11) | [1.366] |1.366(10)|  0.095(2) 0.42(22) 0.974(26) 0.026(26)
24-bunch mode B
= 119 2.669(6) | 1.917(71) | [1.366] [1.339(63)|  0.011(10) 0.295(11) 0.87(13) 0.130(13)
24-bunch mode C
= 131 2.662(3) | 1.993(11) | 1.366(6)* [1.216(30)%  0.015(1) 0.761(11) 0.518(10) 0.482(10)
24-bunch D
e 178 2.675(05) | 2.065(46) |1.366(6)* [1.216(30)%  0.017(5) 0.754(86) 0.508(36) 0.492(36)
Average: 2.667(37) | 1.94(12) - 1.22(14) 0.028(4) 0.439(84) 0.770(21) 0.230(21)
Reference QS Site 1 | QS Site 2 | IS Site 1 | IS Site 2 (Linewidth Site 1| Linewidth Site 2 | Area Fraction | Area Fraction
(mm/s) (mm/s) (mm/s) | (mm/s) (mm/s) (mm/s) Site 1 Site 2
Giester & Lengauer (1994)| 2.71(1) - 1.26(1) - 0.23(1) - 1 -
Alboom et al. (2009) 2.719 - 1.263 — 0.250 - 1 -
Dyar et al. (2013)
ST =223 2.732) | 1.022) | 1.262) | 0.39(2) 0.27 0.30 0.94 0.04
Dyar et al. (2013)
042" v 411 2.732) | 0.612) | 1.26(2) | 0.60(2) 0.34 0.45 0.96 0.04
Dyar et al. (2013)
02047 1= 14,58 2.76(2) - 1.28(2) - 0.27 - 1 -
Dyar et al. (2013)
02042”7144 2.742) | 04202 | 1272) | 0.43(2) 0.26 0.48 0.93 0.07
Perez et al. (2020) (FWHM) (FWHM) (Wt. Fract.) (Wt. Fract.)
=152 2.6793) | 207(3) | 1.231(7) | 0.98(2) 0.116(4) 0.008(4) 0.83(6) 0.17

Note: Numbers in square brackets indicate fixed parameters.

Numbers in parentheses indicate 1o error or standard deviation (in the
case of the “Average” value).
“Hyperfine parameters for ambient pressure measurement of the high-

pressure series reported in this work.
*Corrected isomer shift based on simultaneous fitting of sample and stainless steel
reference foil hyperfine parameters.
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Supplementary Table S2: Thermoelastic parameters from select references
oe Griineisen Coefficient of volumetric Notes
Composition . 1 Reference
parameter y |thermal expansion o (K™')| (all references at 1 bar)
g Kt=19.42 GPa and
Mirabilite . t 280 K
NSO 10D20 8 ;3 8,[ 128 K; 98.68¢-6 (at 280 K) Ks=19.84 GPa (280 K) Fortes et al. 2013
2oL 2 ) from Brand et al. 2009
Gypsum Calculated using a., Ks, cp .
1.20(4) (at 300 K - . > Knittle et al. 2001
CaS04-2H20 @) ( ) from multiple references
Mirabilite Assumed to be 1.3, no other
1. .68e-6 (at 280 K ’ B tal. 2
N2:SO410D:0 3 98.68¢-6 (at 280 K) comment rand et al. 2009
v is approximated from their
Epsomite double-Debye model fit of
~0.8 (at0 K 110.48e-6 (at 300 K Fortes et al. 2006
MgS04-7D20 (a ) e-6 (a ) W(T); see reference for orieseta
discussion
v is from unpublished Kt
| thei
0-MgSOs | ~1.38 (at300K) |  3.75¢-05 (at 300 K) value and K‘j‘yr measured | o es et al. 2007
T/Y.
Debye temp. ® =483(5) K
Rozenite v range from fitting Ko1/y
1.9-4 82(5)e-6 (at 285 K) Debye temp. © = 278(2) K; |Meusburger et al. 2022
FeS0O4-4H20 . .
see reference for discussion
Szomolnokite See reference for axial and
- 47(5)e-6 (at 293 K) volumetric o values for Mg,| Wildner et al. 2022
FeSO4-H20 .
Co, and Ni endmembers
Supplementary Table S3. High Pressure NRIXS Parameters
Pressure |Kinetic Energy | Lamb-Massbauer [Mean Force| Debye Velocity | P-wave Velocity | S-wave Velocity [ Adiabatic Bulk | Shear Modulus |Density p (g/cm)"|
(meV/atom)* Factor*® Constant Vv (km/s) Ve (km/s) Vs (km/s) Modulus Ks (GPa)" G (GPa)*
(N/m)*
1 bar 14.13 0.5958 172 2.97(5) 4.89(6) 2.66(4) 44.9(4) 21.9(1.0) 3.09(4)
(=0.08, +0.08) | (=0.0009, +0.0010) | (-9, +11)
4.0(5/ GPa 14.54 0.6217 232 3.02(6) 5.61(12) 2.69(6) 72.3(4.5) 24.0(1.6) 331(4)
(=0.10, +0.11) | (=0.0014, +0.0015) | (~15, +19)
6.5(5) GPa 14.88 0.6503 295 3.38(8) 5.91(9) 3.01(8) 78.2(3.3) 31.1(2.0) 3.42(4)
(=0.14, +0.19) | (=0.0016, +0.0021) | (-21, +37)
9.0(6) GPa 14.75 0.6583 269 3.46(3) 6.18(9) 3.09(2) 89.6(3.6) 33.6(8) 3.52(4)
(-0.12, +0.14) | (~0.0012, +0.0011) | (~14, +21)
14.5(6) GPa 14.92 0.6753 297 B-phase: 3.44(1)| B-phase: 6.58(8) | B-phase: 3.06(2) | B-phase: 114.1(4.1) | B-phase: 35.7(3) | B-phase: 3.72(4)
(=0.19, +0.23) |(-0.0016, +0.0016) | (=23, +38) |y-phase: 3.47(1)| y-phase: 6.58(9) | y-phase: 3.09(2) | y-phase: 118.0(3.9) | y-phase: 35.5(3) | y-phase: 3.82(4)

*Reported values at each pressure are the median values resulting from Monte-Carlo simulations as described in
section 3. Errors are reported in parentheses, calculated from the interquartile range.
bAdiabatic bulk modulus and density values derived from equation of state determination using X-ray diffraction

measurements (Pardo et al. 2023).

°Shear moduli determined using Vs and p in PHOENIX.
4The number in parentheses reflects the error in pressure for the last reported digit.
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Supplementary Table S4: Voigt and Reuss bounds for ice-sulfate models
Models at 1 bar and 77 K Voigt Reuss
Composition (vol.%,) Ks (GPa) G (GPa) Ks (GPa) G (GPa)
98% ice, 2% szomolnokite 10.00 4.52 9.35 4.17
90% ice, 10% melanterite 10.66 4.74 9.80 4.37
90% ice, 9.5% melanterite, 0.5% szomolnokite 10.79 4.81 9.81 4.37
90% ice, 8% melanterite, 2% szomolnokite 11.17 5.03 9.84 4.39
80% ice, 15% melanterite, 5% szomolnokite 13.38 6.10 10.61 4.73
80% ice, 10% melanterite, 10% szomolnokite 14.65 6.83 10.73 4.79
50% ice, 30% melanterite, 20% szomolnokite 21.55 10.19 14.08 6.31

Supplementary Table S5: Reference values used in Voi

t-Reuss-Hill models

Composition ( GKl;Sa) ( Gga) ]()ge/lclls:lt%] Temperature (K) Reference
Polycrystalline ice 9.2 4.1 0.95 77 Gromnitskaya et al. 1997
MgS04-7TH20 21.6 9 1.65 295 Gromnitskaya et al. 2013
MgSO4-TH20 23.8 10.5 1.68 77 Gromnitskaya et al. 2013
FeSO4-H.0 44.9 21.85 3.09 300 This work
FeSO4-H20 49.05 | 24.97 3.11° 77° This work (temperature corrected)

*From low temperature X-ray diffraction data (Wildner et al. 2021)
"Projected temperature, using the relative difference in MgSO4-7H20’s Ks and G measured at 295 K and 77 K by

Gromnitskaya et al. 2013




Pardo et al.
Supplement

104.

103.

Counts

101 J

100.

107!

S1. Raw NRIXS data
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S1. Raw NRIXS data are plotted with their full measured energy range. Inset shows zoomed in
portion of the data where the structure of the data is most evident.

S2. Elastic peak removal
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S2. Raw NRIXS and forward scattering data are plotted on the left at 1 bar. Panels on the right
show the NRIXS spectrum with the forward scattering (elastic peak) removed.
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S3: Adiabatic bulk modulus forward modeling
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S3: As discussed in main text, Figure S21 plots the adiabatic bulk modulus Kg values at each
compression point resulting from a range of Griineisen parameter yo, ¢, and Debye temperature ®
values based upon existing reports listed in Table S2. We note that to match the experimentally
measured thermal expansion o = 4.7(5)x 107 value, yo must range between 0.5-0.7 with a
corresponding ® range of 325 K - 875 K. MINUTI calculates the thermal expansion using a
Debye-model framework as described in the MINUTI manual (version 2.2.2, Sturhahn 2022).
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S4. Weight fraction and full-width at half-maximums of iron sites measured by synchrotron
Mossbauer spectroscopy. All compression points were fit with a texture parameter fixed at 21%.
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SS. NRIXS parameters determination from singular energy window (MPHOX)
1 bar: -100 to +150 meV

Mean Force Constant
Kinetic Energy

® Lamb-Moessbauer Factor + + + + + +
F0.602

++++++++ .

+ F 0.596

T T T T T T
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Energy (Mev)

SS. PHOENIX employs a module “MPHOX” which allows NRIXS-derived parameters to be
determined from a subset of the full energy range over which a spectrum is collected. PHOENIX
allows easy systematic calculations as a function of cut-off energy. The mean force constant,
kinetic energy, and Lamb-Mossbauer factor are plotted above as a function of cut-off energy with
lo error bars. Example: the values at 100 meV were calculated using the from -100 to +100 meV.
MPHOX may be used to determine useful energy windows to calculate parameters from. For
example, a plateau in the calculated parameters can mean the measured data does not include any
phonon modes that would alter the calculations. In the higher pressure MPHOX plots (S6-S9), it
is not always apparent which cut-off energy is best to use, which has motivated the probability
density function method reported in the main text and supplemental figures S10-S14.
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S6. NRIXS parameters determination from singular energy window (MPHOX)
4.0(5) GPa: -100 to +150 meV
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S7. NRIXS parameters determination from singular energy window (MPHOX)
6.5(5) GPa: -80 to +220 meV
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S8. NRIXS parameters determination from singular energy window (MPHOX)
9.0(5) GPa: -80 to +220 meV
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S9. NRIXS parameters determination from singular energy window (MPHOX)
14.5(6) GPa -80 to +200 meV
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S10: Distributions resulting from MPHOX values
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S10. The left panels are the probability density distributions resulting from summing (and then
normalizing) the series of distributions in the right panels for each parameter (kinetic energy,
Lamb-Madssbauer factor, and mean force constant). Grey shaded region indicates the interquartile-
range (IQR) discussed in the main text. Individual distributions in the right panels are constructed
from randomly sampling within a gaussian distribution centered at the value reported by MPHOX
at that energy cut-off with a full-width at half maximum equal to 2.35c (see supplementary Figure
SS for an example MPHOX results).
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S11. Distributions resulting from MPHOX values
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S12. Distributions resulting from MPHOX values
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S13. Distributions resulting from MPHOX values
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S14. Distributions resulting from MPHOX values
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S15. Select velocity fits and velocity probability distributions for each pressure

S16. Select velocity fits and velocity probability distributions for each pressure
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S17. Select velocity fits and velocity probability distributions for each pressure

S18. Select velocity fits and velocity probability distributions for each pressure
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S19. Select velocity fits and velocity probability distributions for each pressure

S20. Select velocity fits and velocity probability distributions for each pressure
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S21. Adiabatic bulk moduli and density comparison of high pressure phases
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References are as follows *Sakamaki et al. (2014), "Sanchez-Valle and Bass (2010), “Wei et al.
(2022), YSanchez-Valle et al. (2009), °Gu et al. (2022), Shi et al. (2021), ¢Zhang et al. (2019), and
"Gromnitskaya et al. (2013). Velocity and pressures errors are plotted when reported, most are
smaller than the symbol size. For szomolnokite’s highest pressure point, two values are reported
using elastic parameters for the B-FeSO4-H>O and y-FeSO4-H>O phases.



