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Introduction

The overview of the supporting information is as follows:

Ko.67N @033 €3(504),(0H)4 (Jarosite-Natrojarosite solid-solution)

e Site preference of Na in

o The lattice parameters obtained after DFT (GGA) optimization of the crystal structures of
Jarosites and the end products

e Total phonon density of states of Yavapaiite-Eldfellite solid solution;

e Relative thermodynamic stability of Jarosite and Natrojarosite with information regarding the
decomposition of synthetic samples and coverage of temperature in the Martian context.

e Crystal structure of the monoclinic phase of Natrojarosite (N aFe3(S0,),(0H )6)

e Comparison of the relative thermodynamic stability of Jarosite and Natrojarosite between the
two different Natrojarosite phases (namely, monoclinic and trigonal)

e Total phonon density of states of K-jarosite and K-alunite solid solution

e Relative thermodynamic stability of K-Alunite and Na-Alunite

e The optimized lattice parameters for the case of Alunites

S1. Site preference of Na in Ko67Nag33Fe3(S04)2(0H)¢ (jarosite-natrojarosite solid-solution)

A unit cell of jarosite contains 3 K-sites. Hence if 1 out of the 3-K is replaced by Na, we will attain a
Na concentration of 33.33%. However, this single N@ can occupy any one of the three available sites.
To determine the site most preferred for N@ occupancy, we have created three different configurations
in each of which Na is doped at a different site. The total energy of all these configurations was
determined using first principles density functional theory calculations. The configuration that had the
lowest energy was adjudged the equilibrium structure and was used for rest of the analysis. Similar
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calculations were done to determine the lowest energy configuration for 66.66% Na-doped jarosite. The
lowest energy crystal structure for 33.33% Na doped jarosite is shown in Figure S1(a), whereas the
relative energetics of the other configurations with 33.33% Na is shown in Figure S1(b).
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Figure S1(a). The lowest energy configuration of (jarosite-natrojarosite

solid-solution). The oxygen atoms are hidden in the figure for clarity.
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Figure S1(b). Relative energies of the 3 possible configurations of Ko67Nag33Fe3(S04)2(0H)¢ (jarosite-
natrojarosite solid-solution) scaled with respect to the lowest energy configuration. In the y-axis the
numbers 1, 2, and 3 respectively denote the site-number (for Na occupancy) with reference to Figure
S1(a). Na at site-3 hence corresponds to the lowest energy configuration (as shown in Figure S1(a)).



S2. The lattice parameters obtained after DFT (GGA) optimization of the crystal structures of

jarosites and the end products

Table S1: The DFT (GGA) optimized crystal structure data of jarosite, natrojarosite, and

jarosite-natrojarosite solid solution

Chemical a(A) b(A) | c(A) aO) O | 90O Method References
Compositions
JAROSITE - NATROJAROSITE
7.391 7.391 17.568 DFT+U This study
7.291 7.291 17.174 Mills et al., 2013
KFe;SO,(OH); 7.302 7302 | 17204 | o % 120 XRD Basciano &
Petterson, 2007
7.305 7.305 17.214 Whitworth, 2020
(Ko.67Nag.33) Fe3(SOy) 7.393 7.393 17.269 DFT+U This study
(OH) 90 90 120
~(Ko.6Nao.¢) Fe3(SOy) 7.305 7.305 16.970 XRD Basciano &
(OH)s Petterson, 2008
(Ko33Nay67) Fe3(SOy) 7.394 7.394 17.037 90 90 120 DFT+U This study
(OH),
NaFe;SO4(OH 7.397 7.397 16.791 90 90 120
aFe;SO4(OH), DFT +U This study
(Trigonal)
7.315 7.315 16.586 Basciano &
XRD Petterson, 2007
7.318 7.318 16.623
Whitworth et al.,
2020
12.775 7.386 7.044 127.338 DFT+U This study
NaFe;SO4(OH); %0
12.748 7.347 6.982 127.197 90 XRD Scarlett et al., 2010
(Monoclinic)
12.745 7.338 6.969 127.108 Neutron Brand et al., 2017
diffraction




Table S2: The DFT (GGA) optimized crystal structure data of yavapaiite, eldfellite and

hematite.
Chemical a(A) b(A) | c¢(A) Ol O |70 Method References
Compositions
YAVAPAIITE - ELDFELLITE

8.096 5106 | 8.003 94.523 DFT +U This study
8.152 5.151 7.875 94.80 Forray et al., 2005
8.12 5.14 7.82 %40 | XRD Hutton, 1959

KFe(SOy), 8.152 5153 | 7877 |90 | 949 Graeber et al., 1971
7.90 5.07 7.84 93.78 DFT (HSE) Chong et al.,, 2017
8.183 5262 | 7219 90.802 DFT +U This study

NaFe(SO,), 8.043 5139 | 7.115 92.13 XRD Bali¢-Zunié et al.,
2009
7.90 507 | 731 90.86 DFT (HSE) Chong et al., 2017
HEMATITE
5.128 5.128 13.886 DFT+U This study
5.034 5.034 13.75 Finger and Hazen,
XRD 1980
5.035 5035 | 13749 | o o0 | 120 Fouad et al., 2019
Fe,0; 5.040 5.040 13.763 Justus et al., 2021
5.059 5059 | 13.801 DFT+U
5.004 1 5.004 1 13.817 DFT+U+V | Naveas ez al., 2023
(PBEsol)




S3. Total phonon density of states of yavapaiite-eldfellite solid solution
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Figure S2. Total phonon density of states of yavapaiite-eldfellite solid solution
[KosNagsFe3(S04)2(0H)g)

From the total phonon density of states (refer to Figure S2) for the solid solution of yavapaiite and
eldfellite, significant imaginary frequencies can be observed. This indicates that this solid solution is
dynamically unstable. Hence the possibility of considering this material as an end-product of jarosite-
natrojarosite solid solution has been ruled out.



S4. Relative thermodynamic stability of Jarosite and Natrojarosite with information regarding
the decomposition of synthetic samples and coverage of temperature in the Martian context
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Figure S3. Relative thermodynamic stability of jarosite and natrojarosite highlighting relevant
temperature conditions. Dark green: the complete temperature range prevailing on Martian surface;
Light green: the temperature range along which jarosite-natrojarosite thermal breakdown takes place
under terrestrial conditions. The bold line at 291K indicates the temperature at which the K-endmember
jarosite is known to breakdown under Martian conditions [Navrotsky ez al. 2005, Forray et al. 2005].

In the Figure S3, the relative thermodynamic stability of jarosite and natrojarosite has been shown. The
complete temperature range recorded on the Martian surface has been indicated in dark green shade
[Ohring and Marino (1968), Gomez-Elvira et al. (2012), Martirez et al. (2021), Rodriguez-Manfredi et
al. (2021), Wordsworth ef al. (2021), Atri et al. (2023)]. Note that very high temperatures (as included
in the dark green shaded region) may be prevailing only at limited locations under special conditions.
The 291 K line corresponds to the decomposition temperature of jarosite under Martian conditions
[Navrotsky ef al. 2005, Forray et al. 2005]. The relevant temperature range observed for the
decomposition of synthetic jarosite and natrojarosite has been highlighted in light green. From previous
studies it is observed that complete decomposition of natrojarosite occurs at a relatively lower
temperature than jarosite, where the difference in temperature is ~25 K [Frost ef al. 2005].

S5. Crystal structure of the monoclinic phase of Natrojarosite (N ake;(50,),(0H )6)
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Figure S4. The crystal structure of natrojarosite in monoclinic symmetry. Here the golden atoms
represent sodium (Na), green polyhedra contain iron (Fe) and the sulphur (S) sits in the red polyhedra.

S6. Comparison of the relative thermodynamic stability of jarosite and natrojarosite between the
two different natrojarosite phases (namely, monoclinic and trigonal)

NaF 63(504)2(01_1)6) is known to crystallize in two different polymorphs, namely the

Natrojarosite (
trigonal (R3m) and monoclinic (C/2m). Our first-principles calculations suggest that the monoclinic
natrojarosite is more stable than the trigonal form by 0.24 eV/f.u., at 0K, thereby indicating that the
monoclinic natrojarosite is the low temperature polymorph as also suggested by experiments [Scarlett
etal (2010) & Brand et al. (2017)]. We have determined the relative thermodynamic stability of jarosite
and the two different polymorphs of natrojarosite. Our thermodynamic calculations suggest that though
the trigonal form of natrojarosite is less stable than jarosite, its low temperature monoclinic structure is

more stable than K-end membered jarosite at all temperatures of interest as shown in Figure S5.
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Figure S5. Relative thermodynamics stability of jarosite and natrojarosite: comparison for the two
symmetries of natrojarosite

S7. Total phonon density of states of K-jarosite and K-alunite solid solution
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Figure S6. Total phonon density of states of K-jarosite and K-alunite solid solution
[K(FeqgoAlo.11)(S04)2(0H)g)

From the total phonon density of states (Figure S6) for the solid solution of K-jarosite and K-alunite,
significant imaginary frequencies can be observed. This indicates that this solid solution is
dynamically unstable.

S8. (a) Relative thermodynamic stability of K-Alunite and Na-Alunite
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Figure S7(a). Relative change in Helmholtz energy with temperature for K-alunite and Na-alunite



KAlLy(S0,),(0H) »KAL(SO,), + AlL,O5 +3H,0 —————mmmmeem e (S.a)

NaAly(S0,),(0H), »NaAl(S0,), + Al,0;+3H,0 —————m-—— (S.b)

AF

a

AF, = F(NaAl(S0,), + F(AL,05) + 3F(H,0) - F(NaAly(S0,),(0H),)

F(KAL(SO,), + F(Al,05) + 3F(H,0) - F(KALy(S0,),(0H))

AF = AF,- AF,

Figure S7(a) graphically illustrates the relative change in Helmholtz energy AF (required for

decomposition) for K-alunite & Na-alunite decomposition. We observe that AF > 0 which implies that
K-alunite is thermodynamically more stable as compared to Na-alunite (or, natroalunite).

XAl3(S04),(0H)g _ Alunite, XAl(SOY), _ Alum, AlLO5 _ Aluminium oxide/Corundum

where, X = K or Na

(b) Relative stability of Alunite-Jarosite mixtures and Jarosite:

Our study in conjugation with previous data suggests that since the solubility of AI3" in jarosite
is low, the solid solution will phase segregate into alunite and jarosite. An analysis of the
relative thermodynamic stability of this mixture (of alunite (33%) and jarosite (67%)) with
respect to 100% jarosite suggests that the mixture would be thermodynamically more stable.
Our calculated results are presented below (Figure S7(b)). This energy does not fall in the
coloured region of the plot in Figure
3 in the main manuscript.
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Figure S7(b). Difference in Helmholtz energy between the K-alunite-K-jarosite mineral
assemblages (33% and 67% weightage, respectively) and K-jarosite, as a function of
temperature.



S9. The optimized lattice parameters for the case of Alunites

Table S3. The DFT (GGA) optimized crystal structure data of K-alunite and natroalunite

Chemical a(A) | bAAQ) | cA) aO)| pC | y©y | Method References
Compositions )
ALUNITES
7.063 | 7.063 | 17.637 DFT This study
KAI3(SO4)(OH)s 7.000 | 7.000 | 17.180 XRD Stoffregen & Alpers
(1992) (150°C)
6975 | 6975 | 17.315 XRD Zema et al. (2012)
9 | 90 | 120 (25°C)
NaAlL(S04),(OH), 7.049 | 7.049 | 16.853 DFT This study
6.999 | 6.999 | 16.690 XRD Stoffregen & Alpers
(1992) (150°C)

Table S4. The DFT (GGA) optimized crystal structure data of corundum

Chemical a(A) | bAQ) | cA) aC)| pC | y©) | Method References
Compositions )
CORUNDUM
4.807 4.807 13.118 DFT This study
4.759 4.759 | 12.991 Newnham and Haan
90 | 90 120
ALO; XRD (1962)

Table S5. The DFT (GGA) optimized crystal structure data of K-alum and Na-alum

Chemical a(A) | bA) | cA) )| O | 9O Method References
Compositions
ALUMS
5017 | 5017 | 7.890 DFT This study
4.721 4.721 | 7.983 %0 % 120 Neutron West et al.



https://sci-hub.se/https:/doi.org/10.1524/zkri.1962.117.2-3.235
https://sci-hub.se/https:/doi.org/10.1524/zkri.1962.117.2-3.235

KAI(SO.), diffraction (2008)

7.993 5.075 7.179 90 | 90.874 | 90 DFT This study

NaAl(SO4)2
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