
Geo log i cal Quar terly, 2023, 67: 46
DOI: http://dx.doi.org/10.7306/gq.1716

Sorp tion in an ammonioalunite-ammoniojarosite solid so lu tion: re sults for the 1, 2,
4, 7, 11, 12 and 13 group el e ments and LREEs

£ukasz KRUSZEWSKI1, *, Beata MARCINIAK-MALISZEWSKA2 and Jakub KOTOWSKI2

1 Pol ish Acad emy of Sci ences, In sti tute of Geo log i cal Sci ences, Twarda 51/55, 00-818 Warszawa, Po land; ORCID
0000-0001-6332-9944

2 In sti tute of Geo chem is try, Min er al ogy and Pe trol ogy, Fac ulty of Ge ol ogy, Uni ver sity of War saw, Zwirki i Wigury 93, 02-089
Warszawa, Po land; ORCID 0000-0001-9147-6639 [B.M.-M.], 0000-0002-3542-3519 [J.K.]

Kruszewski, £., Marciniak-Maliszewska, B., Kotowski, J., 2023. Sorp tion in an ammonioalunite-ammoniojarosite solid so lu -
tion: re sults for the 1, 2, 4, 7, 11, 12 and 13 group el e ments and LREEs. Geo log i cal Quar terly, 67: 41;
https://doi.org/10.7306/gq.1716

As so ci ate Editor: Tomasz Bajda

This pa per col lates se lected an a lyt i cal re sults from a 1-year sorp tion ex per i ments con ducted on nat u ral sam ples of an
ammonioalunite-ammoniojarosite solid so lu tion (AAJ) of known ini tial com po si tion. These in clude Elec tron Microprobe
(EPMA)  and Pow der X-Ray Dif frac tion (PXRD) re sults for baths sub jected to Li2SO4·H 2O, KI, Rb2CO3 (0.33–0.62 wt.% Rb2O 
in the AAJ,  CsCl (0.24–1.07 wt.% Cs2O), Ca(OH)2 (ettringite for ma tion), Sr(NO 3)2 (0.31–10.25 wt.% SrO), ZrO(NO3)2·2H 2O,
MnSO4·H 2O, CuSO4·5H2O (up to 1.05 wt.% CuO), ZnCl2, Ga(NO3)3·9H 2O (5.86–21.44 wt.% Ga2O3), ZrCl4 (up to 17.56 wt.%
ZrO2 in AAJ, i.e., up to 0.27 apfu Zr, InCl3 (0.85-17.04 wt.% In2O3, i.e., pos si bly up to 0.42 apfu), KH2AsO4 (up to 45.93 wt.% 
As2O5,  re cast to 1.64 apfu As), K2SeO3 (up to 44.86 wt.%  SeO2, re cast to 1.55 apfu Se), LaCl3·7H 2O (0.17–0.22 wt.%
La2O3), CeCl3·7H 2O (0.38–1.74 wt.% Ce2O3), and PrCl3·6H 2O (1.66–4.10 wt.% Pr2O3). Zn, Mn, and I only rarely show ac cu -
mu la tion. (NH4)Fe3(AsO4)2[(OH)4(H2O)2] and (NH4)Fe3[(AsO4)(SO4)][(OH)5(H2O)] are oc ca sion ally the do m i nant hy po thet i -
cal end-mem bers in the As ex per i ment. In the KI case the re sult ing ma te rial is 1.6 times more en riched in K than the base
used. Spe cial at ten tion is paid to Zr, with PXRD and EPMA re sults not ide ally co in ci dent with a trial Scan ning Elec tron Mi -
cros copy-Elec tron Back scat ter Dif frac tion study sug gest ing de po si tion of tetragonal ZrSiO4 (syn thetic zir con).
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INTRODUCTION

The alu nite supergroup is a rel a tively large group of min er -
als (herein re ferred to as ASM), with gen eral chem is try given as
AB3(TO4)2(OH)6, where A = K,  Na,  H3O,  NH4,  Ca, Sr, Ba, Pb,
REE (and, more rarely, Ag, Bi; H2O); B = Al3+ and Fe3+ (and,
more rarely, Cu, Zn, V3+, Ga3+, Ge4+), T = S,  P,  As (and to a
lesser ex tent Si, Se, Mo, W, with pos si ble protonation). The cur -
rent no men cla ture of the ASM was in tro duced by Jambor
(1999) and then up dated by Bayliss et al. (2010). The ASM are
di vided into the alu nite group (sulphates(VI), 16 ap proved
mem bers), the beudantite group (orthoarsenate(V)- and
orthophosphate(V)-sulphates(VI), 11 ap proved mem bers in -
clud ing a sin gle valid un named min eral, and at least a sin gle un -
named mem ber), the dussertite group (orthoarsenates(V) and
monohydroxoorthoarsenates(V), with 12 ap proved mem bers),
and the plumbogummite group with 10 orthophosphates(V), 7
phos phate-hydroxophosphates, one ar se nate, and one un ap -

proved vanadate. As many as 60 ASM rep re sen ta tives are thus 
cur rently known (Mindat, 2022). Within this group there are
sulphates of the alu nite group. The above for mula, as shown,
e.g., by Drouet et al. (2004), is far from uni ver sal, as some of
the hydroxyl sites may be largely sub sti tuted by H2O. Wa ter oc -
cur rence, along with likely oxonium (H3O

+), was also con firmed
by Parafiniuk and Kruszewski (2010) – for the pre cur sor ma te -
rial also stud ied here – who also re ported non-ac ci den tal en -
rich ment in Cl at the X (nom i nally: OH) site. Hydration in
alunites is re lated to protonation of the OH groups which, in
turn, is a way of com pen sa tion of non-ideal oc cu pancy of the A
and B-sites and of the re lated non-stoichiometry. The lat ter
phe nom e non is es pe cially fre quent in syn thetic alu nite-type
com pounds (e.g., Kydon et al., 1968; Drouet et al. 2004;
Rudolph and Schmidt, 2011). The B-site oc cu pancy may be as
low as 82% (Rudolph and Schmidt, 2011).

Nu mer ous solid so lu tions are known among the ASM, in -
clud ing K-Na-H3O (Brophy and Sheridan, 1965; Drouet and
Navrotsky, 2003), K-H3O (Brown, 1970), Fe-Al and NaFe-Na-Al 
(Drouet et al., 2003, 2004), and NH4Al-NH4Fe (Parafiniuk and
Kruszewski, 2010).
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SUBSTITUTIONS IN ALUNITES – 
STATE OF THE ART

There are many pa pers deal ing with dif fer ent is sues re lated, 
in gen eral, to the guest-host geo chem is try of the ASM. The use
of jarosite in el e ment uti li za tion was dis cussed by Asokan et al.
(2006), who noted el e vated amounts of zinc, lead, man ga nese,
chro mium, cop per and cad mium  in ma te rial formed abun dantly 
dur ing zinc ore-ex trac tion. Syn the sis of ex changed an a logues
of the ASM, their thermochemical be hav ior, la bile char ac ter of
the alu nite-type struc ture, and non-stoichiometry is sues were
largely ad dressed in Dutrizac and Kaiman (1976)  and Drouet et 
al. (2004). Jones (2017) stud ied the jarosite-to-alu nite tran si tion 
dur ing rel a tively low-tem per a ture syn the sis. Solid so lu tions and 
end-mem bers were also stud ied in re la tion to the con firmed oc -
cur rence of jarosite on Mars (Liu et al., 2017). Dutrizac and
Jambor (2000), in a re view pa per de voted to hydrometallurgical 
ap pli ca tions of the ASM, sum ma rized re cords of a num ber of
nat u ral and syn thetic com pounds of the alu nite-type
stoichiometry and struc ture known at that time. One year later,
a sim i lar com par i son, also high light ing the ASM as stor age ma -
te ri als of toxic el e ments, was made by Kolitsch and Pring
(2001). These au thors pointed to the known po ten tial res i dence 
of Rb+, Tl+, Ag+, Pb2+, Ca2+, Sr2+, Ba2+, Hg2+, Bi3+ and LREE3+ as 
ma jor, and Th4+, U4+ and Zr4+ as mi nor, el e ments at the A-site.
They also noted the pos si bil ity of Cu, Zn, Co, Ni, Mg, Mn (di va -
lent), Cr, Ga, In, V (ter va lent), Ge (tetravalent), and even Sb,
Nb, and Ta (pentavalent) and W (hex ava lent) of en ter the B-
site; and the tetravalent Si and C, pentavalent As and P, and
hex ava lent Se and Cr as res i dents to be en coun tered, in vary -
ing amounts, at the X-site. Con sid er ing the A-site dom i nance,
the known, nat u ral end-mem bers in clude dorallcharite (the
Tl-dom i nant an a log of jarosite), argentojarosite (Ag), Pb,
plumbojarosite (Pb), huangite (the Ca equiv a lent of alu nite),
and walthierite (the Ba an a logue of alu nite), all be long ing to the
alu nite group, while the Bi-, REE-, and Th-dom i nant com po si -
tions con cern the sep a rate plumbogummite group spe cies:
florencite-(Ce), CeAl3(PO4)2(OH)6 and its La-, Nd-, and Sm-do -
m i nant an a logues, arsenoflorencite-(Ce), CeAl3(AsO4)2(OH)6

and its La- and Nd-dom i nant an a logues, zaúrite,
BiFe3(PO4)2(OH)6, its Al-dom i nant an a logue waylandite, and
eylettersite, Th0.75Al3(PO4)2(OH)6. Cop per- and zinc-dom i nant
end-mem bers are beaverite-(Cu) and its Al-an a logue
osarizawaite, and beaverite-(Zn), all of the alu nite group. Gal -
lium is found as es sen tial in galloplumbogummite,
Pb(Ga,Al)3-xGexH1-x(PO4)2(OH)6. A num ber of ad di tional Pb-
(beudantite, corkite, hidalgoite, hinsdalite) and Sr- (kemmlitzite, 
svanbergite, and the re cently dis cov ered oberwolfachite) -dom -
i nant mem bers are col lected in the beudantite group, which
also has the Ba-dom i nant weilerite as a mem ber. The
dussertite group is rep re sented by Ba-rich dussertite, Sr-rich
arsenogoyazite, Pb-dom i nant philipsbornite and segnitite, and
oth ers. Ex am ples from the plumbogummite group in clude the
Sr-bear ing benauite and goyazite, Ca-bear ing crandallite and
UM2006-23-PO:AlBiCaFeH, Ba-rich gorceixite, and Pb-rich
kintoreite and plumbogummite. The only ap proved V-dom i nant
ASM is springcreekite. Ap proval of tomsquarryite,
NaMgAl3(PO4)2(OH,F)6·8H2O (trigonal, R-3m) in 2022 ex -
panded our knowl edge of the al ready ad vanced com plex ity of
the ASM struc tural type.

Many pa pers de voted to the syn the sis, crys tal log ra phy (in
part), and sorp tion ca pac ity of mostly syn thetic analogs of the
ASM. The chem i cal sys tems an a lyzed in clude bo ron (Kavak,
2008), scan dium (Kolitsch, 2015), va na dium (Zhao et al., 2016;
Wang et al., 2021), chro mium(III) (Lengauer et al., 2013; Reyes 
et al., 2016), chro mium(VI) (Drouet et al., 2003; Kolitsch, 2015), 

man ga nese (Teixeira and Tavares, 1986), cop per (Dijkhuis,
2009), nickel and co balt (Dutrizac and Chen, 2004; in re la tion to 
Ni-laterite ma te ri als: Nheta and Makhata, 2013; White and
Gillaspie, 2013), zinc (Grey et al., 2009; Arabyarmohammadi et
al., 2016), gal lium (Rudolph and Schmidt, 2011, who noted
1000 ppm Ga con tents in jarosite; Kydon et al., 1968; Kamoun
et al., 1989), ar senic (Paktunc and Dutrizac, 2003; Asta et al.,
2010; Sunyer i Borrell, 2013; Murray et al., 2014; Hud son-Ed -
wards, 2019), ru bid ium (Ivarson et al., 1981; Kolitsch, 2015),
se le nium(VI) (Strawn et al., 2002; Franzblau et al., 2014), mo -
lyb de num (nat u ral sam ples: Luddington, 1995; Žáèek et al.,
2008), tung sten (Frost et al., 2011), sil ver (Kolitsch, 2015), cad -
mium (Dutrizac et al., 1996), in dium (Dutrizac and Mingmin,
1993; Kolitsch, 2015), an ti mony (Hud son-Ed wards, 2019), ce -
sium (Fairchild, 1933; Dutrizac and Jambor, 1987, al though this 
pa per con cerns the use of alu nite crys tal li za tion as a K-Cs sep -
a ra tion tool), mer cury (Dutrizac and Chen, 1981), thal lium
(Dutrizac et al., 2005), and lead (Akar et al., 2013; Murray et al.,
2014 – a pa per re lated to bioremediation; Dutrizac, 1991;
Figueira and Pereira da Silva, 2011). A num ber of pa pers dis -
cuss Acid-Mine-Drain age-re lated As and Pb im mo bi li za tion in
the ASM (e.g., Asta et al., 2010). Less is known re gard ing Sr in
the alu nite group, men tioned by Hikov (2013) and May et al.
(1963). Un suc cess ful REE-end-mem ber syn the sis was de -
scribed by Dutrizac (2003), who later stud ied the REE-ASM
sys tem also (Dutrizac, 2004). Nat u ral en rich ment of alu nite and
jarosite in gal lium, known from argillization and high-sulphida -
tion zones, was dis cussed, e.g., by Rytuba et al. (2003). The lat -
ter au thors noted up to 339 ppm Ga in alu nite. The be hav iour of
the group-2 el e ments, in clud ing ra dium, was an a lyzed by
Dutrizac and Chen (2008), while that of halo gens was stud ied
by Dutrizac and Chen (2009). Halo gen in cor po ra tion in
jarosite-type com pounds is a link be tween jarosite geo chem is -
try/crystallochemistry and the min er al ogy of Mars, due to si mul -
ta neous oc cur rence of jarosite and halo gen-rich soils on the
planet – a field ex plored by Zhao et al. (2014).

The geo chem i cal sorp tion po ten tial of the ASM-type ma te ri -
als is not only due to the struc tural lability and crys tal-chem i cal
flex i bil ity of the struc ture type. Ad sorp tion phe nom ena are also
im por tant, e.g., for Al, Cd, Cu and Zn, as shown by the com -
puter sim u la tions of Hud son-Ed wards and Wright (2011). The
ad sorp tion is pos si ble due to the neg a tive charge of the ASM
sur face (Wang et al., 2021).

Study ing the sorp tion ca pac ity of the ASM-type ma te ri als is
im por tant not only due to them be ing po ten tial sinks, but also in
re la tion to leach ing. Post-hydrometallurgical jarositic waste
stud ied by Hage and Schuiling (2000), with 6.0 wt.% Zn,
0.42 wt.% Cu, 0.10 wt.% Mn, 0.2 wt.% As, 203 ppm Cd and
traces of Co, B (0.06 wt.%), Ni, Cr, Pb, Ba and Sb, were shown
to re tain ~83% Cu, ~80% As, ~67% B, ~28% Zn and ~10% Mn,
but with 50% more B (and K and Ti), ~33% more Ba, ~34%
more Pb, and 25% more Sb in a leach ate pro duced. A sim i lar
study was by Asokan et al. (2006), with jarosite hold ing 8.2 wt.% 
Zn, 1.93 wt.% Pb and 0.20 wt.% Mn.

GOALS

Most of the pa pers de voted to guest el e ments in the ASM
are de voted to chem i cally pure, syn thetic com pounds. In this
pa per we ex plore the sorp tion ca pa bil i ties of a nat u ral rep re sen -
ta tive of the ammonioalunite-ammoniojarosite se ries of known
chem is try. Due to the large amount of ex per i men tal data, the
pres ent pa per de scribes only part of the re sults, for se lected el -
e ments.
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MATERIALS

Sam ples of am mo nium-dom i nant mem bers of the alu nite
supergroup were col lected in field work dur ing Ph.D. stud ies of
£.K. (e.g., Parafiniuk and Kruszewski, 2010), from a fumarolic
sul phate crust in the burn ing “Dêbieñsko” mine waste heap at
Czerwionka-Leszczyny (Lower Silesian Coal Ba sin, S Po land).
They con sti tute a solid so lu tion with ammonioalunite (here ab -
bre vi ated as Ama) and ammoniojarosite (Amj) as the main
end-mem bers. The ma te rial is herein re ferred as to AAJ. The
av er age com po si tion of the whole-se ries ma te rial, for which a
com plete solid so lu tion was con firmed, is (n = 24, wt.%): 3.71
(NH4)2O, 0.80 K2O, 0.35 Na2O, 0.07 CaO, 0.10 MgO, 0.006
MnO, 16.37 Al2O3, 24.06 Fe2O3, 34.69 SO3, 0.95 SiO2, 0.81 Cl
and 17.77 H2O (the lat ter cal cu lated by dif fer ence). This cor re -
sponds to the em pir i cal for mula:

[(NH4)0.85K0.08Na0.05Mg0.01Ca0.01]S1.00(Al1.43Fe1.34)S3.00

[(SO4)1.93(SiO4)0.07]S2.00[(OH)5.76Cl0.10(H2O)0.14]S6.00

(ba sis: B = 3 apfu; mo lec u lar wa ter by dif fer ence, af ter at trib ut -
ing OH amount based on charge bal ance, af ter sub tract ing Cl).
As oxonium pres ence was not re li ably con firmed, it will be omit -
ted in the fol low ing em pir i cal for mu lae. The ammonio -
alunite-dom i nant ma te rial has the fol low ing com po si tion, and
re lated em pir i cal for mula (n = 12): 4.12 (NH4)2O, 0.60 K2O, 0.29 
Na2O, 0.08 CaO, 0.12 MgO, 0.005 MnO, 25.85 Al2O3, 10.70
Fe2O3, 36.04 SO3, 1.74 SiO2, 1.05 Cl and 19.35 H2O;

 [(NH4)0.88K0.06Na0.04Mg0.01Ca0.01]S1.00(Al2.12Fe0.56)S3.00

[(SO4)1.88(SiO4)0.14]S2.00 [(OH)5.58Cl0.12 (H2O)0.30]S6.00

Data for the ammoniojarosite-dom i nant part is as fol lows (n =
12): 3.30 (NH4)2O, 1.00 K2O, 0.41 Na2O, 0.06 CaO, 0.08 MgO,
0.006 MnO, 6.89 Al2O3, 37.42 Fe2O3, 33.33 SO3, 0.15 SiO2,
0.57 Cl, and 16.18 H2O; 

[(NH4)0.80K0.11Na0.06Mg0.01Ca0.01]S1.00(Fe2.24Al0.55)S3.00

[(SO4)1.99(SiO4)0.01]S2.00 [(OH)6.09Cl0.08]S6.17. 

Trace el e ments de ter mined in the AAJ oc cur in amounts be low
0.1 wt.% and in clude V (58–190 ppm), Cr (85–140 ppm), Mn
(up to 66 ppm), Co (3.3–6.8 ppm), Ni (7.4–21 ppm), Cu
(6.2–17 ppm), Zn (19–34 ppm), Sr (42–420 ppm), Ba
(1.7–16 ppm) and Pb (9.4–340 ppm). Ti ta nium and phos pho rus 
were not pre vi ously mea sured; some TiO2 in clu sions (crys tals
up to ~20 µm in length) were rarely found within the ma te rial
stud ied. Free sil ica (prob a bly as a chal ce dony-like sub stance
de pos ited as a res i due from acidic semi-vol a tile so lu tions, pa -
ren tal for the AAJ, in ter act ing with the shale/clinker sub strate)
and tschermigite, (NH4)Al(SO4)2·12H2O, were found in some
voids, too. Trace Ti and P were not pre vi ously mea sured in this
ma te rial. The ex tent of the chem i cal vari a tion in the AAJ is
shown in heat (den sity) tri an gu lar plots in the Ap pen dix Fig -
ures SF1 (A-site rep re sen ta tion; Triplot soft ware used) and SF2
(X-site rep re sen ta tion). These fig ures show the datapoints plot -
ted close to but not at the NH4

+ edge, and an ex ten sion to wards
both H2O- and Cl-rich com po si tions can also be seen. The AAJ
frag ments were put into plas tic con tain ers and filled with aque -
ous so lu tions (50 ml) of the fol low ing chem i cals (con cen tra tions
re ported in pa ren the ses): Li2SO4·H 2O (1.21%), KI (1.19%),
Rb2CO3 (1.23%), CsCl (1.24%; group 1),  Ca(OH)2 (amount
cor re spond ing to 1.2%), Sr(NO 3)2 (1.22%; group 2), ZrCl4
(1.20%; group 4), MnSO4·H 2O (1.19%; group 7), CuSO4·5H2O

(1.35%; group 11), ZnCl2 (1.35%; group 12), Ga(NO3)3·9H 2O
(1.24%), InCl3 (0.59%; group 13), KH2AsO4 (0.99%), K2SeO3

(1.08%), LaCl3·7H 2O (1.26%), CeCl3·7H 2O (1.28%),
PrCl3·6H2O (1.65%) and TaCl5 (0.49%). The AAJ sam ples
were kept in these so lu tions for 1 year, in sta ble and dark con di -
tions, then re moved, thor oughly flushed with redistilled wa ters,
and pre pared as thin sec tions. Many other ex per i ments, in volv -
ing fur ther chem i cals, were also run, but their re sults will be de -
scribed else where, as ex plained be low. The wa ter used in the
ex per i ment was redistilled.

RESEARCH METHODS

Pow der X-ray dif frac tion (PXRD) was used to de ter mine the 
min er al og i cal com po si tion of the sam ples. Sam ples were
crushed and ground in an ag ate mor tar. The PXRD an a lyzes
were con ducted us ing a Bruker AXS D8 ADVANCE
diffractometer at the Clay Min er als Lab o ra tory, In sti tute of Geo -
log i cal Sci ences, Pol ish Acad emy of Sci ences, Kraków. The
ap pa ra tus was equipped with a superfast LPSD V�NTEC-1 de -
tec tor and used non-monochromatized, Kb-fil tered CoKa ra di a -
tion. The fol low ing pa ram e ters de scribe the anal y sis con di tions: 
Bragg-Brentano ge om e try, 3–8° 2q range, 0.02° 2q step, 1s per 
step count ing time. Two eval u a tion soft wares, EVA (v. 4.2) cou -
pled with the Crys tal log ra phy Open Da ta base (COD), and an
older EVA ver sion com mu ni cat ing with the PD Da ta base (PDF)
were used for phase iden ti fi ca tion. The eval u a tion of the alu -
nite-type com pounds was based on the fol low ing stan dards: (1) 
COD, 9014708, alu nite; 9010441, jarosite; (2) PDF, 017-0753,
ammoniojarosite; 042-1430, ammonioalunite; 042-1332, syn -
thetic ammonioalunite; 036-0427, hydronian jarosite; and
022-0827, syn thetic jarosite. TOPAS (v. 3.0) soft ware with im -
ple mented Rietveld method was used for the qual i ta tive phase
anal y sis. The ap proach used was tested via at ten dance at the
Reynolds Cup 2018 com pe ti tion (£.K.) and de tails of it may be
found. The de scrip tion here af ter pro poses some hy po thet i cal
end mem bers of the alu nite supergroup, here af ter re ferred to
as HEMs. In the Rietveld re fine ments, the fol low ing main model 
struc tures were used: (1) ammoniojarosite, a = 7.3177 �, c =
17.534 � (Basciano and Pe ter son, 2007); (2) alu nite, a =
6.9749 �, c = 17.315 � (Zema et al., 2012).

The com po si tion of the re sul tant AAJ was stud ied us ing an
Elec tron Probe Mi cro-An a lyzer (EPMA), model Cameca
SX100, lo cated at the Lab o ra tory of Elec tron Mi cros copy,
Microanalysis and X-Ray Dif frac tion, In sti tute of Geo chem is try,
Min er al ogy and Pe trol ogy, Fac ulty of Ge ol ogy, Uni ver sity of
War saw. To con firm the as so ci a tion of the par tic u lar low-in ten -
sity el e ments with the AAJ, wave length-dispersive (WDS)
scans were done, pre ceded by con trol anal y ses within which
the peak-to-back ground ra tios were con trolled. All EPMA mea -
sure ments used iden ti cal con di tions (10 nA and 15 kV cur rent;
beam size of 3 µm due to some what un sta ble na ture of the AAJ
sam ples re lated to their H2O, OH-, NH4

+, S, and Cl con tent of
the AAJ) to en sure mean ing ful com par i son be tween the par tic -
u lar ex changed AAJ. Nei ther man ga nese, zinc nor io dine could
be ini tially de tected: the first two el e ments were mea sured even 
though they could not be seen, and their con tents, if any, were
al ways be low their de tec tion lim its (in wt.%: S 0.07–0.09, Ta
0.21–0.25, As 0.06–0.07, P 0.04–0.05, Zr 0.14–0.17, Se
0.11–0.17, Si 0.03–0.04, Ti 0.03, Fe 0.15–0.18, In 0.12, Ga
0.24, Al 0.04, Ce 0.07–0.08, La 0.06–0.07, Pr 0.60, Zn
0.31–0.43, Cu 0.20–0.21, Mn 0.11–0.14, Sr 0.12–0.16, Ca
0.04–0.05, Mg 0.03, Cs 0.09–0.01, Rb 0.08, K 0.05, Na
0.05–0.08, and Cl 0.02). To con firm/dis prove their sorp tion, and 
to ob tain some high-qual ity mi cro pho to graphs of the ex per i -

£ukasz Kruszewski et al. / Geo log i cal Quar terly, 67: 46 3

https://doi.org/10.1180/minmag.2007.071.4.427
https://doi.org/10.1180/minmag.2010.074.4.731
https://doi.org/10.1180/minmag.2012.076.3.12


ments’ prod ucts, a ZEISS Sigma VP scan ning elec tron mi cro -
scope lo cated at the Nano Fun Na tional Multidisciplinary Lab o -
ra tory of Func tional Nanomaterials (Fac ulty of Ge ol ogy, Uni ver -
sity of War saw) was used. The mi cro scope is equipped with two 
Bruker 6|10 XFlash EDS (en ergy-dispersive X-ray spec trom e -
ters) that have higher-qual ity de tec tor crys tals al low ing for the
de tec tion of light el e ments at lower de tec tion lim its.

The Zr-rich sam ple was, in ad di tion, ana lysed with Elec tron
Back scat ter Dif frac tion (EBSD) for con fir ma tion of Zr sorp tion
by the AAJ. For this pur pose, the sam ple was an a lyzed us ing a
ZEISS Auriga 60 field emis sion scan ning elec tron mi cro scope
(FE-SEM) equipped with Bruker e-Flash HR+ EBSD spec trom -
e ter lo cal ized at the CryoSEM Lab o ra tory (part of the Na tional
Multidisciplinary Lab o ra tory of Func tional Nanomaterials), Fac -
ulty of Ge ol ogy, Uni ver sity of War saw. The fol low ing con di tions
were ap plied: 20 keV, 15 nA cur rent, work ing dis tance of
27.885 mm; EBSD pa ram e ters: 70° sam ple tilt, 1.425° de tec tor
tilt, de tec tor dis tance of 15.8 mm and PC = (0.824, 0.334) cal i -
bra tion val ues, 400 px area size (10 av er aged pat terns, num ber 
of points equal to 30, de tec tor dis tance vari a tion range of
20–30 mm).

For the pur pose of sta tis ti cal anal y sis, the compositional re -
sults were trans formed with the logratio pro ce dure (e.g.,
Kynèlová et al., 2017) and in tro duced to the PAST soft ware

(Ham mer et al., 2001). Mean-and-whis ker plots and tri an gu lar
plots were drawn. The univariate anal y sis con sisted of the nor -
mal ity test (i.e., or di na tion as so ci a tions mea sure ment) for which 
Kend all rank cor re la tion (KRC) was ap plied. This method re -
ports cor re la tion co ef fi cients as the t pa ram e ter. Multivariate
anal y sis in cluded PCA (Prin ci pal Com po nent Anal y sis) and
clus ter anal y sis. Due to the large amount of tab u lated data, it is
con tained ex clu sively within the Ap pen dix Ta bles.

RESULTS

Rep re sen ta tive SEM im ages of the re sult ing com pounds
are shown in Fig ure 1. Fig ures 2–5 jux ta pose se lected el e -
ment-cor re la tion di a grams.  Unit cell pa ram e ters de rived from
Rietveld re fine ments of the treated AAJ sam ples are given in
Ap pen dix Ta ble ST1. Along with the most in tense re flec tions, at
d ~3.02 � (at trib ut able to ammonioalunite, herein re ferred to as
Ama) and 3.07 � (as crib able to ammoniojarosite, herein re -
ferred to as Amj), other re flec tions fittable to PDF-da ta base
stan dards of alu nite (Alu, d ~3.00n to 3.03 �) and jarosite (Jar,
d ~3.03 to 3.09 �) were ob served in some diffractograms.
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Fig. 1. Se lected Back scat ter-Elec tron Im ages (from EPMA) of some of the ex changed AAJ

 A – ar senic-ex changed AAJ with dif fer ent As con tents re vealed by vary ing elec tron den sity con trast; B – fan-shaped com plex ag gre gate of
intergrown BSE-bright Fe chlo ride and ar se nate-bear ing ex changed AAJ; C – se le nium-ex changed AAJ with vari able Se(IV) con tent; D –
BSE-bright newly formed SrSO4 crys tals among BSE-darker Sr-ex changed AAJ; A and B – KH2AsO4 ex per i ment; C – K2SeO3 ex per i ment; D
– Sr(NO3)2 ex per i ment; the BSE-dark est ag gre gates mainly com prise alu mi no sili cate and quartz im pu ri ties of the orig i nal AAJ sam ple
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LITHIUM EXPERIMENT

The av er age (geo met ric mean, GM) con tent of the non-NH4

A-site com po nents cor re sponds to to tal 0.15 at oms per for mula
unit (apfu). There is thus no dif fer ence in the oc cu pancy as
com pared to the unreacted AAJ. As such, and con sid er ing the
for mula be low,  we do not sus pect any larger (i.e., ³0.01 apfu) 
amounts of Li en ter ing the AAJ.

The Ama re flec tions are much stron ger than the Amj ones,
though the lat ter are ev i dent and quite well sep a rated. A weak
re flec tion at d  = 3.232 � could, pos si bly, be at trib uted to LiCl
crys tal lized via ex change, es pe cially that the AAJ com po si tion
within this ex per i ment (Ap pen dix Ta ble ST2) is low in Cl:

 [(NH4)0.85K0.07Na0.05Mg0.02Ca0.01]S1.00(Al2.49Fe0.51Ti0.01)S3.01

[(SO4)1.44(SiO4)0.38(PO4)0.04]S1.86{[(OH)5.49Cl0.06]S5.55(H2O)0.45}

(n = 7). As such, this ma te rial bears even more K than the
unreacted ammonioalunite. It cor re sponds to Ama69Amj14

Alu6Naa4Jar1Hua1Mgh1(Caj+Mfh)4 mean end-mem ber com po -
si tion, where Ama is ammonioalunite, Amj – ammoniojarosite,
Alu – alu nite, Naa – natroalunite, Jar – jarosite, Hua – huangite,
Mgh – “magnesiohuangite” HEM, Caj – “calciojarosite” HEM,
and Mfh – “magnesioferrihuangite” HEM. P- and Si-dom i nant
mem bers are omit ted here for clar ity. The em pir i cal for mula as -
sumes no Li sub sti tu tion. As com pared to the mean em pir i cal
for mula of the base AAJ, the prod uct is 1.8 times en riched in K.
This, how ever, is due to orig i nal dif fer ences in the K con tent
within the base. The A-site con tent is shown, for com par i son, in
Ap pen dix Fig ure SF3. The plot does not dif fer much from that
for the Al-rich base.

POTASSIUM IODIDE EXPERIMENT

Ini tially, no io dine could be seen in any of the many EDS
spec tra col lected. Only with the use of the Sigma SEM was
trace io dine de tected in a sin gle area, where ev i dently
BSE-brighter (back scat tered elec trons im ag ing), tiny, rounded

to some what undulose crys tals/ag gre gates were found. The
amount of io dine was too low to be de tected (Ap pen dix Fig ure
SF4). How ever, as io dine-bear ing ASM are un known to the au -
thors, a fur ther, more de tailed study of its as sumed sub sti tu tion
is planned.

The av er aged to tal con tent of the non-NH4 A-site com po -
nents in the KI-treated sam ple equals 0.10 apfu (Appen -
dixTable ST3). The dif fer ence in the oc cu pancy from the
unreacted AAJ is thus –40%. Io dine could not be de tected in
the thin sec tion of the AAJ sub ject to the KI ex per i ment; nu mer -
ous EDS spec tra did not show any trace of the el e ment. The
ma jor line of chlo rine, how ever, was al ways pres ent, al though
with low in ten sity.

The Ama re flec tions are much stron ger than the Amj ones,
the lat ter be ing al most un rec og niz able. The com po si tion of the
prod uct is given in AppendixTable ST3. The io dide an ion was not 
found en ter ing the X-site, as shown by the em pir i cal for mula:

 [(NH4)0.89K0.06Na0.03Mg0.01Ca0.01]S1.00(Al2.49Fe0.51Ti0.01)S3.01

[(SO4)1.38(SiO4)0.23(PO4)0.02]S1.63[(OH)6.27Cl0.05]S6.32

 (n = 9). Nor mal ized to T = 2 apfu, the for mula takes the form:

 [(NH4)0.89K0.06Na0.03Mg0.01Ca0.01]S1.00(Al2.49Fe0.51Ti0.01)S3.01

[(SO4)1.69(SiO4)0.28(PO4)0.02]S1.99{[(OH)5.45Cl0.05]S5.50(H2O)0.50}

 End-mem ber shares (with hy po thet i cal P- and Si-dom i nant
mem bers omit ted)  may be ex pressed as Ama74Amj15Alu5Naa2

Jar1(Mga+Hua+Caj+Mgj)3. The av er aged to tal con tent of the
non-NH4 A-site com po nents in the KI ex per i ment equals 0.11
apfu. The dif fer ence in the oc cu pancy from the unreacted AAJ
is thus –27%. When com pared to the base AAJ com po si tion,
the prod uct is slightly de pleted in K. Thus, po tas sium from KI
does not seem to en ter the struc ture. In spite of lack ing I sub sti -
tu tion the av er age Cl con tent is twice as low as in the non-ex -
changed AAJ. The A-site con tent is shown in Ap pen dix Fig ure
SF5. The plot is sim i lar to that for the Li ex per i ment, al though
the datapoints are more con cen trated.

£ukasz Kruszewski et al. / Geo log i cal Quar terly, 67: 46 5

Fig. 2. Cor re la tion of Mg and other el e ments from selected ex per i ments (logratioed data used)



RUBIDIUM EXPERIMENT

Both the Si en rich ment and small amount of Rb sub sti tuted
in the AAJ made the vi sual iden ti fi ca tion of Rb lines dif fi cult due
to over lap of Rb La and Si Ka lines (Ap pen dix Ta ble ST4).
How ever, in some ar eas an a lyzed, the Si Ká line is clearly
broad ened, with low in ten sity but ev i dent “split” at ~1.70 keV
(Ap pen dix Fig. SF6). The Ama re flec tions, again, are much
stron ger than the Amj ones. The lat ter are dif fuse and some -
what shoul der-like. The GM Rb2O con tent is just 0.46 wt.%. The 
Rb con tent does not seem to be cor re lated with Al- or Fe-dom i -
nance. The com po si tion of the ru bid ium-ex changed AAJ is
given as

 [(NH4)0.87K0.03Na0.03Mg0.04Rb0.02Ca0.01]S1.00

(Al1.90Fe1.10Ti0.01)S3.01[(SO4)1.93(PO4)0.03(SiO4)0.02]S1.98

[(OH)6.00Cl0.06]S6.06

(n = 12, with T-site oc cu pancy nor mal ized by stoichiometry; Ap -
pen dix Ta ble ST4). It cor re sponds to Ama57Amj33Alu2Naa2

Jar1Mga1Naj1Rba1Rbj1Mgj1(Hua+Caj)<1 end-mem ber rep re -
sen ta tion (omit ting P-and Si-dom i nant HEMs), where Rba
stands for “rubidioalunite” HEM and Rbj for “rubidiojarosite”
HEM. The A- site con tent is shown in Ap pen dix Fig ure SF7. IT
shows a sim i lar im age as in the KI and Li case. The nor mal ity
test and Kend all sta tis ti cal re sults are shown in Ap pen dix Ta -
bles ST5 and ST6, re spec tively.

CESIUM EXPERIMENT

Ce sium could clearly be seen in the EDS spec tra at nu mer ous 
spots, both in BSE-bright and rel a tively BSE-dark phases, es pe -
cially us ing the Sigma sys tem (Ap pen dix Fig. SF8). The Cs-ex -
changed AAJ is ob served as a sin gle type of a low-Cs, si li ceous
phase, with Al only slightly pre vail ing over Fe, and with traces of
Na, Mg, P and K (Ap pen dix Ta ble ST7). The Ama re flec tions are

much stron ger than the AMJ ones, which are very dif fuse. In ad di -
tion, a sin gle sharp re flec tion is ob served at d = 3.207 �, at trib uted
to CsCl. The WDS (LPET) scan shows an ev i dent Cs-La line. The
av er aged to tal con tent of the A-site com po nents in the KI ex per i -
ment equals 0.15 apfu, discluding Cs,  NH4 and H3O. The dif fer -
ence in the oc cu pancy from the unreacted AAJ is thus +7%, and
the GM Cs2O con tent is 0.58 wt.%. The whole-se ries com po si tion
(Ap pen dix Ta ble ST5) is

 [(NH4)0.83K0.08Na0.04Cs0.02Ca0.01Mg0.01Rb0.01]S1.00

(Al1.83Fe1.16Ti0.01)S3.00[(SO4)1.56(SiO4)0.40(PO4)0.04]S2.00

{[(OH)5.18Cl0.04]S5.22(H2O)0.78} (n = 8)

It cor re sponds to an end-mem ber com po si tion Ama52Amj31

Alu5Jar4Naa2Naj2Csa1Csj1Rbj1(Rba+Mga+Mgj+Hua+Caj)1,
where Csa stands for “cesioalunite” HEM and Csj for “cesio jaro -
site” HEM (P- and Si-dom i nant HEMs omit ted). Ru bid ium
stands for a chem i cal-de rived im pu rity. A slightly less Cs-en -
riched, alunitic se ries (n = 3, i.e., anal y ses 1–3;  GM of
0.26 wt.% Cs2O) has the fol low ing com po si tion:

[(NH4)0.92K0.05Na0.02Cs0.01]S1.00(Al2.61Fe0.38Ti0.01)S3.00[(SO4)1.68

(SiO4)0.31(PO4)0.02]S2.01{[(OH)5.34Cl0.04]S5.38(H2O)0.62}

(ex cess Si- at the T-site re moved). This cor re sponds to
Ama80Amj12Alul4Naa2Jar1Csa1(Mga+Naj+Csj+Hua+Mgj+Caj)<1

end-mem ber com po si tion. The rel a tively Cs-en riched one (n = 5,
anal y ses 4–8, 0.93 wt.% Cs2O on av er age), jarositic ma te rial, is

 [(NH4)0.76K0.11Na0.05Cs0.03Rb0.02Mg0.02Ca0.01]S1.00

(Fe1.63Al1.36Ti0.01)S3.00[(SO4)1.68(SiO4)0.27(PO4)0.06]S2.00

{[(OH)5.40Cl0.05]S5.45(H2O)0.55}

(Si ex cess re moved). As its cor re spond ing end-mem ber rep re -
sen ta tion is Amj42Ama35Jar6Alu5Csj2Csa1Rba1Rbj1(Mga+Mgj+
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Fig. 3. Se lected el e ment cor re la tion di a grams, La, Ce, Sr, Ga and In ex per i ments (logratioed data used)



Caj+Hua)7. In con trast to Cs, chlo rine does not seem to be ex -
changed; its av er age con tent is twice as low as in the un treated
AAJ. The A-site con tent is shown in Ap pen dix Fig ure SF9.
Com pared to the Rb-ex per i ment, some datapoints plot more to -
wards the K(Na)-rich com po si tion, in ac cor dance with the pres -
ence of two slightly dif fer ing AAJ va ri et ies. The nor mal ity test
and Kend all sta tis ti cal re sults are shown in Ap pen dix Ta bles
ST8 and ST9, re spec tively.

CALCIUM HYDROXIDE EXPERIMENT

The AAJ in ter acts with Ca(OH)2 to form a syn thetic equiv a -
lent of ettringite, Ca6Al2(SO4)3(OH)12·26H2O (main re flec tions at 
9.628 and 5.585 �; a = 11.195(5)  �, c = 21.43(2)  �) with less
ev i dent ad mix ture of a Ca3Al2O6 com pound (d = 2.699 � with a
co in ci dence is sue; a = 15.25(1)  �), and syn thetic an a logues of
letovicite, (NH4)3H(SO4)2 (d = 3.38 �, split; a = 15.57(4) �, b =
5.96(1)  �, c = 10.33(23) �, b = 103.75(61)o) and gyp sum (a =
6.210(9)�, b = 15.09(3)�, c = 5.63(1)�, b =114.99(18)o). The
pres ence of a syn thetic an a log of hibbingite, Fe2(OH)3Cl (d =
2.366 �), is less likely. Ama is pres ent, too, es pe cially man i -
fested as still in tense and rel a tively sharp re flec tions at 3.026
and 3.031 �. The trans for ma tion pro cess may take place ac -
cord ing to the fol low ing re ac tions:

(1) 1.5(NH4,K)Al3(SO4)2(OH)6 + 6Ca(OH)2 + 26H2O ®
Ca6Al2(SO4)3(OH)12·26H2O + 1.5(NH4,K)OH +
2.5Al(OH)3

(2) (NH,KAl3(SO4)2(OH)6 + 3Ca(OH)2 ® Ca3Al2O6 +
(NH4,K)+ + Al3+ + 2 4

2SO -  + 3H2O
(3) 4(NH4,K)Fe3(SO4)2(OH)6 ® 4Fe2(OH)3Cl +

(NH4)3H(SO4)2 + 4Fe(OH)2 + 6 4
2SO -  + NH3

Alu nite as a pre cur sor to ettringite is well-known from ce -
ment stud ies, es pe cially with ref er ence to alu nite ex pan sive ce -
ment and to ettringite be ing known as “the best ex pan sive ce -
ment” (Zhang, 2011). Ettringite for ma tion from alu nite and lime
is men tioned in a pa per of Kim et al. (2011) de voted to alu nite
cal ci na tion.

STRONTIUM EXPERIMENT

The main phase ob served in the PXRD pat tern and con -
firmed by EPMA is SrSO4 (a syn thetic equiv a lent of celestine).
Among its crys tals, very tiny (up to 2 µm in di am e ter) crys tals of
Sr-ex changed AAJ are ob served. The brighter ones are
Fe-dom i nant, with trace amounts of Cl and K. The darker ones
rep re sent an Al-dom i nant com po si tion, with seem ingly larger
amounts of K and an ad mix ture of Na. A rep re sen ta tive EDS
spec trum of Sr-ex changed AAJ is in shown in Ap pen dix Fig ure
SF10.

 The av er aged to tal con tent of the non-NH4 A-site com po -
nents in the KI ex per i ment equals 0.16 apfu, ex clud ing Sr. The
GM-share of the lat ter is 0.06 apfu, and the GM SrO con tent is
just 1.64 wt.%. The dif fer ence in the oc cu pancy by com par i son
with the unreacted AAJ is thus +12.5%. The Ama re flec tions are 
very weak and very broad, while Amj re flec tions could not be
de tected. The Sr-dom i nant phase com po si tion (Ap pen dix Ta ble 
ST6, with 10.25 wt.% SrO), is

(Sr0.45K0.03Na0.02Ca0.01Mg0.01)S0.52(Al1.83Fe1.16Ti0.01)S3.00[(SO4)

2.09(PO4)0.02]S2.11{[(OH)5.71)Cl0.05]S5.76(H2O)0.24}

cor re spond ing to the syn thetic Sr an a log of huangite (Ca spe -
cies) and walthierite (Ba spe cies). This com po si tion leads to
Srh52Sfh33Alu4Naa3Jar2Naj2Hua1Mga1Caj1Mgj1Goy1Ben<1 end
-mem ber rep re sen ta tion, where Srh stands for “strontio -
huangite” and Sfh for “strontioferrihuangite” HEMs (P-dom i nant 
HEMs omit ted).  Me dium-en riched spe cies com po si tion (n = 6,
GM of 2.6 wt.% SrO) is

 [(NH4)0.84Sr0.09K0.04Na0.02Mg0.01]S1.00(Al1.75Fe1.24Ti0.01)S3.00

[(SO4)1.74(SiO4)0.15(PO4)0.02]S1.91[(OH)5.95Cl0.05]S6.00.

A sin gle anal y sis with 18.70 wt.% SrO was re cal cu lated to

 [(NH4)0.78Sr0.15K0.03Na0.03Ca0.01]Ó1.00(Al1.59Fe1.41Ti0.01)S3.00

[(SO4)1.91(PO4)0.05(SiO4)0.04]S2.00[(OH)6.01Cl0.05]S6.06

 (me dium-en riched AAJ) + 1.09SrSO4. 
A mean end-mem ber com po si tion of the me dium-en riched

material is Ama51Amj37Srh3Sfh2Alu2Jar2Naa2Naj1(Mga+Mgj+
Hua+Caj)<1. The low-Sr ma te rial has the fol low ing com po si tion
(n = 4, 0.53 wt.% SrO on av er age):

 [(NH4)0.85K0.09Na0.03Sr0.02Mg0.01]S1.00(Al2.25Fe0.74Ti0.01)S3.00

[(SO4)1.60(SiO4)0.37(PO4)0.03]S2.00{[(OH)5.22Cl0.05]S5.27(H2O)0.73}.

This cor re sponds to Ama69Amj19Alu5Jar2Naa2Naj1Srh1

Mgh1(Mgj+Sfh+Hua+Caj)<1 end-mem ber rep re sen ta tion. The
A-site con tent is shown in Ap pen dix Fig ure SF11 drawn for the
SrO-K2O-R sys tem (R stand ing for the re main ing A-site-re lated
ox ides). The datapoints plot to two ar eas that il lus trate the
above find ings. The nor mal ity test and Kend all sta tis ti cal re sults 
are shown in Ap pen dix Ta bles ST11 and ST12, re spec tively.

ZIRCONIUM EXPERIMENT

The BSE im ages of the AAJ sub ject to the Zr ex per i ment
are quite com plex. The main, rel a tively BSE-dark, com pact
phase (“AAJ-Zr”; Ap pen dix Ta ble ST13), shows an EDS spec -
trum of AAJ (Al>Fe), with Zr su per im posed. The thin sec tion is
rich in bro ken crusts of a Zr-rich Ca-bear ing sil i cate that bears
traces of Al, S, Mg, and yet lower amounts of Fe (“phase A”).
An other phase that seems to rep re sent a Zr-ex changed AAJ is
strongly Al-dom i nant, with sub or di nate Si and Fe, and traces of
Na, Mg, Cl and K (“AAJ-Zr-2”). Yet an other, po rous, phase was
de tected, that dif fers from the for mer in a clearly higher Si con -
tent, lower Zr lev els, sub or di nate Fe (Al>Fe), ev i dent K, and
traces of Na, Mg and Cl (“phase B”). A darker va ri ety of this
phase ad di tion ally bears a small amount of P. A rel a tively
BSE-dark phase is lo cally as so ci ated with these crusts; it is
largely a Zr-Al-S-O phase, with slightly higher amounts of Si
(S>Si), sub or di nate Fe, and trace Na, Mg, Cl, K and Ca. Rep re -
sen ta tive EDS spec tra of var i ous Zr-ex changed AAJ and the
Zr-Ca-sil i cate are given in Ap pen dix Fig ure SF12.

The PXRD pat tern shows Ama re flec tions that are much
more in tense than the Amj ones. The lat ter are barely rec og niz -
able. The most in tense, split re flec tion, at 14.797 �, be longs to
an un spec i fied spe cies. It likely fits to sev eral other, weak,
unattributed re flec tions at 10.453, 12.876, 8.458 and 9.718 �.
Nei ther of these re flec tions is at trib ut able to tetragonal ZrSiO4.

The zir co nium ex per i ment seems to bring the most in ter est -
ing re sults, as Zr is not known to en ter the B-site, while Ti,  which
has crys tal-chem i cal be hav ior sim i lar to that of Zr,  is known to do 
so. The av er aged to tal con tent of the B-site (Al+Fe+Ti) is 2.56
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apfu (unnormalized data). Based on a B = 3 nor mal iza tion, the
av er age Zr sorp tion level is es ti mated at 5%. The GM ZrO2 con -
tent equals 3.67 wt.%. Three phases were de ter mined via
EPMA, with a few likely rep re sent ing var i ous lev els of ZrSi sub -
sti tu tion. The Si-rich com po si tion, cor re spond ing to anal y ses 2–4 
(Ap pen dix Ta ble ST7; GM ZrO2 of 3.59 wt.%) is

 [(NH4)0.55K0.26Na0.09Mg0.06Ca0.04]S1.00(Al2.48Fe0.34Zr0.15Ti0.04)S3.01

[(SO4)1.05(SiO4)0.91(PO4)0.04]S2.00{[(OH)4.38Cl0.08]S4.46(H2O)1.54},

with Si ex cess re moved. Anal y sis no. 1 re casts to

 [(NH4)0.69K0.17Na0.08Mg0.03Ca0.03]S1.00(Al2.41Fe0.44Zr0.14Ti0.02)S3.01 

[(SO4)1.33(SiO4)0.67]S2.00{[(OH)4.82Cl0.09]S4.91(H2O)1.09},

af ter re moval of Si ex cess at the T-site (by stoichiometry). Ma -
te rial with lower Si con tent has the fol low ing com po si tion (anal y -
ses 5–10, n=6, av er age ZrO2 con tent of 3.6 wt.%):

 [(NH4)0.88K0.09Na0.01Ca0.01Mg0.01]S1.00(Al2.17Fe0.66Zr0.14Ti0.03)S3.00

[(SO4)1.56(SiO4)0.46(PO4)0.02]S2.04{[(OH)4.94Cl0.07]S5.10{H2O}0.90].

 This phase is thus less aluminian and more fer ric. The
whole Zr-ex changed AAJ se ries com po si tion is

 [(NH4)0.76K0.15Na0.04Mg0.03Ca0.02]S1.00(Al2.28Fe0.54Zr0.14Ti0.03)S2.99

[(SO4)1.38(SiO4)0.59(PO4)0.03]S2.00{[(OH)4.91Cl0.07]S4.98(H2O)1.02}.

 The two last anal y ses of Ap pen dix Ta ble ST7 likely cor re -
spond to a phase of non-alunitic struc ture type. This phase
could, pos si bly, cor re spond to the unattributed re flec tions in the
PXRD pat tern. Its com po si tion may per haps be ap prox i mated as

 [(NH4)0.94K0.03Ca0.03]S1.00(Al0.94Fe0.55Zr0.51)S2.00[(SO4)0.99

(SiO4)0.06(PO4)0.01]S1.06{[(OH)5.07Cl0.07]S5.14(H2O)0.86}

 (B = 2 ba sis). In a SiO2-ZrO2 cor re la tion di a gram (Fig.  4)  the
Si-rich com po si tion shows a some what un clear neg a tive trend
with r2 of 0.52. The cor re spond ing pa ram e ter for ZrO2-(Al2O3+
Fe2O3+TiO2) is as low as 0.21. How ever, for the mod er ately
Si-en riched Zr-ex changed AAJ, r2 equals 0.86 (neg a tive trend),
thus pri mar ily con firm ing Zr en ter ing the B-site. The SiO2-SO3

re la tion for the Si-high com po si tion is de scribed by a strong
neg a tive trend (r2 = 0.90), while in the mod er ately si li ceous ma -
te rial it is only 0.54 (also a neg a tive trend). The ZrO2-SO3 cor re -
la tion for the whole se ries shows an un clear neg a tive trend (r2 =
0.50). The (Al2O3+Fe2O3+TiO2)-ZrO2 di a gram for the whole se -
ries shows a fairly clear neg a tive trend, though r2 is quite low at
0.56. As such, Zr seems to en ter the AAJ struc ture as sil i cate
and sul phate HEMs (ZrO2-P2O5 di a grams do not sug gest any
trends). Thus, the pro posed Zr-dom i nant sil i cate end-mem bers
are (NH4)Zr3(SiO4)2[(OH)5(H2O)] (Azs) KZr3(SiO4)2[(OH)5(H2O)] 
(Pzs) NaZr3(SiO4)2[(OH)5(H2O)] (Szs), Ca0.5Zr3(SiO4)2[(OH)5

(H2O)] (Czs) and Mg0.5Zr3(SiO4)2[(OH)5(H2O)] (Mzs). The cor re -
spond ing sul phate HEMs could be (NH4)[Zr2.25[]0.75](SO4)2(OH)6

(Azu), K[Zr2.25[]0.75](SO4)2(OH)6 (Pzu), Na[Zr2.25[]0.75](SO4)2

(OH)6 (Szu), Ca0.5[Zr2.25[]0.75](SO4)2(OH)6 (Czu), and
Mg0.5[Zr2.25[]0.75](SO4)2(OH)6 (Mzu). The whole-se ries end-
mem ber rep re sen ta tion would then take the form
Ama56Amj14Alu11Azu4Naa3Jar2Mgh2Azs2Naj1Pzu1(Hua+Mfh+
Pzs+Szu+Caj+Szs+Mzs+Czu)2R2. The cor re spond ing forms
for the high-Si and mod er ately si li ceous ma te ri als are
Ama47Alu19Amj7Naa7Mgh4Jar3Azu3Azs2Naj1Hua1Pzu1Pzs1Mf
h1(Szu+Mzu+Mzs+Caj+Czu)<1R3 and Amj62Amj19

Alu6Azu4Jar2Azs1Mgh1Naa1(Pzu+Mfh+Hua+Caj+Naj+Pzs+Sz
s+Mzs+Szu+Mzu+Czu)3R1. The ZrO2/SiO2 di a gram for the
Si-high ma te rial shows an un clear neg a tive trend (r2 = 0.52); for
the mod er ately si li ceous com po si tion no trend is vis i ble, un less
two low-Si but high-Zr anal y ses are added, show ing an un clear
neg a tive trend with r2 of 0.54. The whole se ries does not show
any clear trend (r2 = 0.21). The Si-low, mod er ately Zr-en riched
AAJ has a ZrO2 con tent neg a tively cor re lated with (Fe,Al,Ti) ox -
ides (r2 = 0.86) that may be used as an ar gu ment for Zr en ter ing
the AAJ struc ture (even though the re lated r2 for the whole an a -
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lyt i cal se ries is lower, at 0.56). Only the high-Si com po si tion
shows a very un clear pos i tive trend for the Fe2O3/ZrO2 re la tion
(r2 = 0.40). The Al2O3/ZrO2 di a gram shows very strong neg a tive
cor re la tion (r2 = 0.92) for the low-Si se ries with two high-Zr anal -
y ses added, while the re lated value for the whole se ries is 0.81,
and for the low-Si se ries alone is only 0.40. The mean Cl con -
tent in the Zr-ex changed AAJ is, again, lower than in the base
AAJ, al though the dif fer ence here is smaller than in the for mer
ex per i ments. The B- and T-sites con tent is shown in Ap pen dix
Fig ures SF13 and SF14, re spec tively. The lat ter fig ure shows a
pos si ble S-rich and Si-rich com po si tion of the Zr-ex changed
AAJ. The nor mal ity test and Kend all sta tis ti cal re sults are
shown in Ap pen dix Ta bles ST14 and ST15, re spec tively.

To the best knowl edge of the au thors, Zr sub sti tu tion in alu -
nite-supergroup min er als was not re ported prior to our stud ies.
Po ten tial Zr sub sti tu tion in the AAJ stud ied was thus an a lyzed in 
more de tail. For this rea son, the treated ma te rial was stud ied by 
EBSD. Ini tially, no phase could be in dexed, most likely due to
the very poor qual ity of the pol ished sur face, as shown  by
ARGUSTM im ag ing. Thus, the sec tion was re-pol ished with
nano-sil ica gel, which slightly im proved the sur face qual ity. Al -
though this ap proach proved not to be enough, with an in dex ing
er ror of 50%, the soft ware used was able to at trib ute nu mer ous
ar eas of the sam ple to an alu nite-type com pound. In ter est ingly,
some pat terns at trib uted to tetragonal ZrSiO4 were also pres ent 
(Ap pen dix Fig. SF15). The lat ter find ing in ter feres with the
above neg a tive high-Si-Zr trend, but no re flec tions at trib ut able
to zir con were de tected in the PXRD sam ple.

MANGANESE EXPERIMENT

Ini tially, man ga nese was not ob served in the EDS spec tra,
and is thus lack ing in the an a lyt i cal set (Ap pen dix Ta ble ST16).
A low-in tense Mn Ka line was how ever de tected in an ev i dently
BSE-darker intra-grain zone, us ing the Sigma sys tem (Ap pen -
dix Fig. SF16), with an al most un de tect able line in a
BSE-brighter ma te rial. The Ama re flec tions, broad and
multi-split, are much stron ger than the Amj ones. The lat ter are
very weak, dif fuse, and shoul der-like. Man ga nese was not
found sub sti tuted in the ma te rial stud ied. The whole-se ries for -
mula, based on  the EPMA data (n = 7, Ap pen dix Ta ble ST8) is

[(NH4)0.91K0.06Na0.02Mg0.01]S1.00(Al2.42Fe0.58Ti0.01)S3.01[(SO4)1.47

(SiO4)0.27(PO4)0.03]S1.77[(OH)5.87Cl0.07]S5.94.

 The T-site-nor mal ized (stoichiometry and pro por tion ap -
proach) form is

[(NH4)0.91K0.06Na0.02Mg0.01]S1.00(Al2.42Fe0.58Ti0.01)S3.01[(SO4)1.66

(SiO4)0.31(PO4)0.03]S2.00{[(OH)5.33Cl0.07]S5.40(H2O)0.60}.

This cor re sponds to Ama72Amj17Alu5Naa2Jar1(Mgh+Hua+
Mfh+Caj)3 end-mem ber com po si tion (P-and Si-dom i nant HEMs 
omit ted). An other trial of the anal y sis of Mn (and Zn) con tent us -
ing more so phis ti cated EPMA (with lower de tec tion lim its) is
planned.

COPPER EXPERIMENT

The WDS (LPET) scan shows an ev i dent Cu Ka line, as can
be seen in Ap pen dix Fig ure SF17. In the PXRD data, the Ama re -
flec tions are, as usual, much stron ger than the Amj ones. The lat -
ter are very dif fuse. The av er age sum ma tion of the B-site ex clud -

ing cop per is 2.99 apfu (Ap pen dix Ta ble ST17). The sub sti tu tion
level is cal cu lated as 0.66 % of the B-site oc cu pancy, with a
mean of just 0.74 wt.% CuO. The com po si tion of the prod uct is

 [(NH4)0.90K0.07Mg0.01Na0.01]S1.00(Al2.59Fe0.39Cu0.02Ti0.01)S3.01

[(SO4)1.29(SiO4)0.33(PO4)0.03]S1.65[(OH)5.99Cl0.05]S6.04

(n = 7). This cor re sponds to Ama77Amj12Alu6Jar1Mgh1Naa1
(Naj+Mfh+Hua+Caj+Mbc)<1R2, where Mbc cor re sponds to
“magnesiobeaverite-(Cu)” HEM, or Mg(Fe2Cu)(SO4)2(OH)6 (P-
and Si-rich HEMs omit ted). As such, the Cu-dom i nant
end-mem bers stand for less than 0.5% of the end-mem ber
com po si tion. Cop per seems to en ter the B-site via re moval of Al 
(as in the In case – see be low): the r2 for a pos i tive CuO/Fe2O3

trend is 0.52, and that for the CuO/Al2O3 trend is 0.83. The pro -
cess of Cu en ter ing seems to be re lated to P en rich ment, as the 
r2 in the P2O5/CuO di a gram (pos i tive trend) is 0.55. The B-site
con tent is shown in Ap pen dix Fig ure SF18; the aluminian char -
ac ter of the ma te rial is clearly seen. The nor mal ity test and
Kend all sta tis ti cal re sults are shown in Ap pen dix Ta bles ST18
and ST19, re spec tively.

ZINC EXPERIMENT

Zinc, as man ga nese, was not found ex changed in the AAJ
in amounts high enough to be mea sured by means of EPMA
(Ap pen dix Ta ble ST20). A sin gle EDS spec trum with some Zn
seen was ob tained. The small amount of ma te rial pre cluded ob -
tain ing PXRD pat tern in this case. Zinc, as man ga nese, was not 
found to be sub sti tut ing in the AAJ even though nu mer ous at -
tempts were made to lo cal ize any Zn anom a lies. The com po si -
tion of the ma te rial stud ied, n = 7, is

 [(NH4)0.88K0.10Ca0.01Mg0.01Na0.01]S1.01(Al2.33Fe0.66Ti0.01)S3.00

[(SO4)1.37(SiO4)0.33(PO4)0.03)]S1.73{[(OH)5.83Cl0.06]S5.89(H2O)0.11}.

This cor re sponds to an Ama67Amj19Alu7Jar2Naa1Mgh1

Hua1(Mfh+Caj+Naj)<1R2 end-mem ber com po si tion (P- and
Si-dom i nant HEMs omit ted). The chlo rine con tent is, again,
smaller than in the base AAJ.

GALLIUM EXPERIMENT

The gal lium ex per i ment is in ter est ing, e.g., due to the Amj
re flec tions pre vail ing over the Ama ones. Both main re flec tions
are quite broad. An ad di tional, very broad re flec tion is ob served
as a fea ture cen tred at 2.943 �. Yet an other, very weak one, is
pres ent at 2.517 � and may be at trib ut able to a spinel-type
phase. A rep re sen ta tive EDS spec trum of Ga-ex changed AAJ
is shown in Ap pen dix Fig ure SF19. The geo met ric-av er age
Ga2O3 con tent is rel a tively high, at 11.52 wt.%. The av er age to -
tal B-site oc cu pancy, ex clud ing gal lium, is 1.74 apfu (Ap pen dix
Ta ble ST21). This cor re sponds to a large sorp tion level of 42%.
Gal lium thus pre vails over both Al and Fe, but not over their to -
tal, i.e., alunitic and jarositic end-mem bers. The whole-se ries
com po si tion (n = 7) is

[(NH4)0.96K0.04]S1.00(Ga1.26Al0.93Fe0.80Ti0.01)S3.00[(SO4)1.95

(PO4)0.05]S2.00[(OH)5.91Cl0.05]S5.96;

it cor re sponds to Ags39Ama29Amj25Pgs2Alu1Jar1(Mgs+Mgh+
Mfh)1R2, where Ags is “am mo nium gal lium sul phate” HEM, or
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(NH4)Ga3(SO4)2(OH)6, Pgs is “po tas sium gal lium sul phate”
HEM, or KGa3(SO4) 2(OH)6, and R stands for re main ing phos -
phate-, ti ta nium- and chlo rine-dom i nant HEMs. Crys tals with
Al>Fe have the com po si tion (n = 4, anal y ses 1–4):

 [(NH4)0.96K0.04]S1.00(Ga1.18Al1.11Fe0.71Ti0.01)S3.01[(SO4)1.88

(PO4)0.04]S1.92[(OH)6.10Cl0.06]S6.16.

This cor re sponds to Ags37Ama34Amj22Alu2Pgs2Jar1(Mgs+
Mgh+Mfh)<1R2. Crys tals with Fe>Al (n = 3, anal y ses 5–7, af ter
T-site nor mal iza tion by stoichiometry), are more en riched in
gal lium:

 [(NH4)0.96K0.04]S1.00(Ga1.36Fe0.93Al0.70Ti0.01)S3.01[(SO4)1.95

(PO4)0.05]S2.10[(OH)5.94Cl0.05]S5.99,

cor re spond ing to Ags44Amj29Ama22Pgs2Jar1Alu1R2. Al though
this no tion omits the P- and Si-dom i nant HEMs for clar ity,  gal -
lium shows a quite strong cor re la tion with P (r2 = 0.65, pos i tive
trend), but an un clear neg a tive cor re la tion with Si (r2 = 0.54). 
This is some what sug ges tive of coprecipitation with phos phate
and sil i cate an ions. Nei ther the Ga2O3/Fe2O3 nor Ga2O3/Al2O3

cor re la tion di a grams give any ev i dent trends. The B-site con -
tent is shown in Ap pen dix Fig ure SF20. It il lus trates the
close-to-cen tral lo ca tion of the datapoint pro jec tion. The nor -
mal ity test and Kend all sta tis ti cal re sults are shown in Ap pen dix
Ta bles ST22 and ST23, re spec tively.

INDIUM EXPERIMENT

The re flec tion ratioes of the AAJ in the in dium ex per i ment
fol low the most com mon rule, with Amj ones be ing very dif fuse
(though pres ent, as shoul der-like fea tures). An ad di tional, very
weak re flec tion is ob served at 3.178 �, pos si bly from a
recrystallized InCl3 or an other chlo ride. EDS spec tra of var i ous
In-ex changed prod ucts are jux ta posed in Ap pen dix Fig ure
SF21. Re cast ing of the re sults us ing the ba sis of T = 2 gives a
large sur plus B-site oc cu pancy, with a geo met ric mean of 5.42
apfu. As such, the re sults were nor mal ized to B = 3 apfu. Av er -
age In2O3 con tent is 4.05 wt.% (whole-data ba sis). The av er age 
in dium sorp tion level is thus cal cu lated to be ~8%. It fol lows that 
the whole-se ries com po si tion (n = 15, Ap pen dix Ta ble ST24), is

[(NH4)0.91Ca0.04K0.04Mg0.01]S1.00(Fe1.40Al1.32In0.25Ti0.03)S3.00

[(SO4)1.52(PO4)0.28(SiO4)0.19]S1.99{[(OH)5.31Cl0.13]S5.44(H2O)0.56};

this cor re sponds to Ama37Amj34Ais6Alu3Caj2Jar1(Mgh+Mfh+
Hua+Pis+Mis+Cis)2R15, where Ais stands for “am mo nium in -
dium sul phate” HEM, Pis is for “po tas sium in dium sul phate”
HEM, Mis for “mag ne sium in dium sul phate” HEM, Cis for “cal -
cium in dium sul phate” HEM, and R for re main ing phos phate-,
ti ta nium- and chlo rine-dom i nant end-mem bers. An In-rich com -
po si tion (n = 6, GM of 13.07 wt.% In2O3), that is ammonio -
jarositic in terms of the ma jor com po nents, is

 [(NH4)0.91Ca0.07K0.02Mg0.01]S1.00(Fe2.12Al0.42In0.42Ti0.04)S2.97

[(SO4)1.45(PO4)0.45(SiO4)0.10]S2.00{[(OH)5.32Cl0.16]S5.48(H2O)0.52},

cor re spond ing to Amj49Ama10Ais10Caj4Jar1Cis1Hua1(Mgj+Mis
+Mgh)<1R24. In this case the sorp tion level in creases to 14%.
For the high-In se ries the av er age sur plus B-site con tent (for
the unnormalized data) is 4.96 (SB = 7.96), that could in the ory
cor re spond to ad di tional (Fe3.70In0.73Al0.64Ti0.08)S5.15 at oms.

These sur plus at oms may be re lated to co-de po si tion of
(semi)amor phous A2O3-type ox ide(s) or (oxy-)hy drox ides.

A high amount of P is not only re flected by a strong pos i tive
cor re la tion of In and P, but also in the fact that the ideal for mula
of the high-In se ries can be writ ten as (NH4)(Fe,Al,In)3

(SO4)1.5(PO4)0.5[(OH)5.5(H2O)0.5)] or (NH4)2(Fe,Al,In)6(SO4)3

(PO4)(OH)9(H2O). Sim i lar for mu lae may be given for the whole
In-ex changed AAJ se ries. The mod er ately In-en riched ma te rial
shows the fol low ing for mula:

[(NH4)0.93Ca0.06K0.01]S1.00(Fe1.87Al0.73In0.35Ti0.04)S2.99[(SO4)1.52

(PO4)0.43(SiO4)0.05]S2.00{[(OH)5.32Cl0.22]S5.54(H2O)0.46}

 (n = 3, 8.3 wt.% In2O3 on av er age), cor re spond ing to
Amj45Ama18Ais9Caj3Cis1Hua1Jar1R22. In this case, the B-un -
nor malized data re casts to a for mula with a sur plus of 3.30 apfu
(B), pos si bly cor re spond ing to ad di tional (Fe2.26Al0.87In0.43

Ti0.05)S3.61 at oms. The in dium-low se ries re casts to

 [(NH4)0.90K0.08Mg0.01]S1.00(Al2.52Fe0.45In0.02Ti0.01)S3.00[(SO4)1.60

(SiO4)0.35(PO4)0.04]S1.99{[(OH)5.24Cl0.05]S5.29(H2O)0.71},

or Ama74Amj13Alu7Jar1Mgh1Ais1Mfh1R2 (n = 6, mean of
0.87 wt.% In2O3). Here, the po ten tial sur plus B-site equals 0.68
apfu, that could cor re spond to (Al0.69Fe0.12)S0.81 sur plus at oms. A 
large con tent of phos phate-dom i nant end-mem bers seems to
be cor re lated with In en rich ment, even though the charge of In
is ex pected to fol low that of Al and Fe, thus not re quir ing en larg -
ing of neg a tive charge. This may be due to the larger (com -
pared to S) P ex pand ing the struc ture,  thus fa cil i tat ing the rel a -
tively large In3+ sub sti tu tion (Kolitsch, pers. comm.). Even
though the anal y ses show large sur plus Fe (with likely less pro -
nounced ex cess of Al, In and Ti), cor re la tion of In with Fe seems 
to be very strong, pos i tive, and lin ear, with r2 = 0.97. In dium
seem to en ter the struc ture with si mul ta neous re moval of Al, as
sug gested by the neg a tive In-Al trend (r2 = 0.88). The K-In cor -
re la tion forms a poly no mial or par a bolic trend, with r2 = 0.78.
The K-S cor re la tion forms a sim i lar trend (r2 = 0.78); if, how ever, 
the trend line is of power type, the r2 grows to 0.88. The re lated
power trend in the In-Si di a gram has an r2 of 0.81.

The In ex per i ment is in ter est ing also due to clear Cl en rich -
ment of the ex changed ma te rial. This is ob served for both the
In-rich and the mod er ately In-en riched ma te rial. Two pro jec tion
ar eas and their vary ing shift to wards the po ten tial In-dom i nant
com po si tions can be clearly seen in Ap pen dix Fig ure SF22 ad -
dress ing the B-site con tent. The nor mal ity test and Kend all sta -
tis ti cal re sults are shown in Ap pen dix Ta bles ST25 and ST26,
re spec tively.

ARSENIC EXPERIMENT

EDS spec tra show ing vari able As con tent in the re acted
AAJ are shown in Ap pen dix Fig ure SF23. The av er age (GM)
As2O5 con tent of the whole se ries of the As-ex changed AAJ is
14.74 wt.%. The As ex per i ment pro duced nu mer ous As-ex -
changed phases:

– rel a tively BSE-bright, vermicular, po rous ag gre gates of
an As-rich fer ric phase, with el e vated amounts of S, mi -
nor Al, P, K and traces of Cl;

– BSE-darker cores of larger (up to ca.  50 µm in di am e ter) 
crys tals and their ag gre gates, with much higher con tents 
of O, S, Al and Fe, and with As as an im por tant com po -
nent; they bear mi nor amounts of K, P, Cl and traces of
Na;
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– larger (up to ca. 400 µm in di am e ter) ag gre gates with
BSE-brighter rims of a si li ceous Al-Fe-rich ar se nate-sul -
phate (As>S), with slightly el e vated K and P con tents,
and low lev els of Na, Cl, and Ti; and cores of a
KMg(FeNa) alu mi no sili cate. A more pure Si-free phase
cor re sponds to a low-K sul phate-ar se nate of Al and Fe
(Al>Fe) with a vis i ble ad mix ture of Cl;

– a rel a tively BSE-dark, microporous, si li ceous ar se -
nate-sul phate, char ac ter ized by much higher S and Al
con tents (Al>Fe), rel a tively K-rich, with sub or di nate
amounts of Na, P, Cl, Ca and traces of Ti;

– slightly BSE-brighter crys tals in cluded in the for mer
phase, that seem to rep re sent the orig i nal AAJ prob a bly
intergrown with TiO2, and SiO2/alu mi no sili cate com -
pounds, and

– large, low-ve sic u lar ag gre gates of low-As, Si- and K-rich
AAJ with sub or di nate Mg and trace Na and Cl; this
phase has BSE-brighter zones which rep re sent a more
pure (low-Si) phase.

Some of these fine-grained phases may rep re sent mu tual
inter growths. When the facts above are sum ma rized to en com -
pass three lev els of As sub sti tu tion, the av er age As2O5 con tent
is 43.15 wt.% in the As-high, 25.20 wt.% in the me dium-high,
and 5.4 wt.% in the As-low ma te rial.

The re flec tion ra tios of the AAJ in the ar senic ex per i ment
fol low the most com mon ob ser va tion, with Amj-at trib uted ones
be ing less in tense than the Ama-as cribed ones. About six
crystallochemical types of As-en riched sub stances were de -
tected, listed in or der of de creas ing As sub sti tu tion (Ap pen dix
Ta ble ST27):

(1) As-rich est, n = 4 (anal y ses 1–4 in the Ap pen dix Ta ble
ST27):
[(NH4)0.80K0.11Na0.04Ca0.03Mg0.02]S1.00(Fe2.65Al0.32Ti0.03)S3.00

[(AsO4)1.62(SO4)0.31(PO4)0.06]S2.00{[(OH)4.38Cl0.04]S4.42

(H2O)1.58)}S6.00 (T-site nor mal ized, with lack ing Si to en -

ter the T-sites); this cor re sponds to a high sorp tion level, 
at 81%;

(2) As-rich, cor re spond ing to anal y sis no.  5:
[(NH4)0.66K0.21Na0.06Mg0.05Ca0.02]S1.00(Fe2.63Al0.34Ti0.02)S2.99

[(AsO4)1.33(SO4)0.59(PO4)0.08]S2.00{[(OH)4.61Cl0.04]S4.65

(H2O)1.35)}S6.00; a still high sorp tion level of 66.5%;
(3) me dium As-rich, n = 3:

[(NH4)0.71K0.17Na0.08Ca0.03Mg0.01]S1.00(Fe1.89Al1.09Ti0.02)S3.00

[(AsO4)1.00(SO4)0.95(PO4)0.05]S2.00{[(OH)4.95Cl0.05]
(H2O)0.99]S6.00 (T-site nor mal ized, with Si re moved due to 
ex cess neg a tive charge); sorp tion level of 50%;

(4) As-low, n = 3:
[(NH4)0.81K0.16Na0.04Ca0.01]S1.00(Al2.33Fe0.66Ti0.01)S3.00[(SO4)1.76

(AsO4)0.20(PO4)0.04]S2.00{[(OH)5.75Cl0.05]S5.80

(H2O)0.20}S6.00; (T-site nor mal ized, with Si re moved);
sub sti tu tion level of just 10%;

(5) As-low, type 1, n = 3:
[(NH4)0.74K0.18Na0.04Mg0.03Ca0.01]S1.00(Al2.37Fe0.62Ti0.01)S3.00

[(SO4)1.68(AsO4)0.28(PO4)0.05]S2.00{[(OH)5.66Cl0.04]S5.70

(H2O)0.30}S6.00 (T-site nor mal ized, with Si re moved);
slightly higher sub sti tu tion level, at 14%;

(6) As-low, type 2, a sin gle anal y sis (no.  15):
[(NH4)0.63K0.27Na0.09Ca0.01]S1.00(Al1.85Fe1.13Ti0.02)S3.00

[(SiO4)1.01(SO4)0.88(AsO4)0.08(PO4)0.04]S2.00

{[(OH)3.79Cl0.08] (H2O)2.13}S6.00 (T-site nor mal ized, with Si
re moved); just 4% of the sorp tion level.

It is clearly seen that the As-rich and me dium As-en riched
com po si tions (first two types) are jarositic, while the As-low
ones are alunitic. In deed, the r2 for the clearly pos i tive trend in
the As2O5/Fe2O3 di a gram is high at 0.88. Si mul ta neously, a
neg a tive As2O5/Al 2O3 cor re la tion is ob served (r2 = 0.66). As un -
doubt edly sub sti tutes S, as shown in the As2O5/SO3 cor re la tion
di a gram with a clear neg a tive trend (r2 = 0.82). No ev i dent
trends were found for SiO2/SO3, which ar gues for ex clud ing the
sil i cate an ion from the above em pir i cal for mu lae. The
As2O5/TiO2 cor re la tion is un clear (sup posed weak pos i tive
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trend, r2 = 0.44). The stron gest cor re la tion, that is also dif fi cult to 
ex plain with out ap ply ing ad di tional tech niques like Sin gle Crys -
tal or Elec tron Dif frac tion, was found for the As2O5-Cl sys tem (r2

= 0.91, neg a tive trend). The P2O5-Cl cor re la tion is much less
ev i dent at r2 = 0.58 (also a neg a tive trend). K seems to be cor re -
lated with Cl, too (pos i tive trend, r2 = 0.80). The sin gle As-rich
ma te rial anal y sis with slightly lower As2O5 con tent, cor re spond -
ing to anal y sis no. 5 in Ap pen dix Ta ble ST27, re casts to

[(NH4,HO)0.66K0.21Na0.06Mg0.05Ca0.02]S1.00(Fe2.63Al0.34Ti0.02)S2.99

[(AsO4)1.33(SO4)0.59(PO4)0.08]S2.00{[(OH)4.61Cl0.04]S4.65

(H2O)1.35}S6.00.

 The end-mem ber rep re sen ta tion of the As-ex changed AAJ
is vari able. The type “(1)” com po si tion clearly sug gests the
dom i nance of a (NH4)Fe3(AsO4)2[(OH)4(H2O)2] HEM. In the
type “(2)”, how ever, an other HEM seems to be dom i nant, i.e.,
the (NH4)Fe3[(AsO4)(SO4)][(OH)5(H2O)] HEM, some what re -
sem bling a stoichiometry typ i cal for the beudantite group of the
alu nite supergroup. In deed, the em pir i cal for mula of this sec -
ond type is very close to the sug gested HEM ideal com po si tion.
Changes in the X-site com po si tion are nec es sary as a coun ter -
bal ance to the vari ably el e vated neg a tive charge at the T-site.
The re lated end-mem ber com po si tion for type “(1)” may be
given as Aaj58Amj11Aja8Aaa7Tpe3Anj3Ama2Jar2Tte1Aal1Mbe1

Naj1R2, where Aaj is “As-sub sti tuted ammoniojarosite” HEM
(with T = 2 As and X = 4OH- + 2H2O), Aja is a re lated “As-sub sti -
tuted jarosite” HEM, Aaa is an “As-sub sti tuted ammonioalunite” 
HEM, Anj is an “As-sub sti tuted natrojarosite” HEM, Aal is an
“As-sub sti tuted alu nite” HEM, and Mbe is a “magnesio -
beudantite” HEM. The cor re spond ing no ta tion for the anal y sis
#5 is Aaj38Amj17Aja12Ama6Aaa5Jar5Tpe4Anj3Aal2Naj1Alu1Mfh1

Tte1. The end-mem ber com po si tion of the type “(2)” is
Aaj22Amj20Ama16Aaa12Aja5Jar5Alu3Tpe3Aal3Anj2Naj2Ana1Naa1

Fhu1Hua1Tte1Cbe1Chi1R<1, where Cbe is a “calciobeudantite”
HEM; and T = As+S and X = 5OH-+H2O in the As-sub sti tuted
end-mem bers. A clear en rich ment in As-free ammoniojarosite
(of 11 mol%) and ammonioalunite (of 14 mol%) end-mem bers
is seen when com par ing the lat ter end-mem ber with the for mer
one, thus fol low ing de creas ing As en rich ment when pass ing
from the type “(1)” to the type “(2)” com po si tion. The type “(3)”
av er age com po si tion clearly fits the dom i nant Aaj HEM. The
T-site con tent is shown in Ap pen dix Fig ure SF24. Mul ti ple pro -
jec tions re lated to the above spe cies, rep re sent ing vari able lev -
els of As sub sti tu tion, can be ob served. The nor mal ity test and
Kend all sta tis ti cal re sults are shown in Ap pen dix Ta bles ST28
and ST29, re spec tively.

Sub sti tu tion of As into the orig i nal P-bear ing AAJ leads to
for ma tion of mi nor amounts of a Fe-rich Al,S-bear ing phos -
phate that com monly forms atoll-like ag gre gates, up to ca. 45 m 
in di am e ter, of microcrystals (reach ing ~10 mi crons in di am e -
ter). The av er age com po si tion of this phase is (wt.%): 2.83 SO3, 
33.34 P2O5, 45.55 Fe2O3, 2.35 Al2O3, and 0.24 MgO, with oc ca -
sional en rich ment in Ti (up to 0.22), Ca (up to 0.30), Cl (up to
0.16), and pos si bly Si. This data may be re cal cu lated, based on 
4 cat ions, to

(Fe3.53Al0.41Mg0.04Ca0.01)S4.00[(PO4)2.90(SO4)0.24]S3.14[(OH)2.73

(H2O)0.26Cl0.01]3.00

 (n = 7), or ide ally (Fe,Al)4(PO4,SO4)3(OH,H2O)3. As such, it
would cor re spond to a fer ric hydroxyphosphate crys tal liz ing in
an Fe-de fi cient, or dered Fe2(PO4)O-like struc ture, that is also
re lated to a Al4(PO4)3(OH)3 pro to type struc ture (monoclinic,
C2/c; Iijaali et al., 1989). The lat ter pos si bly cor re sponds to “de -

hy drated vantasselite”. The As ex per i ment is also one of few
where in ad di tion to ex changed AAJ an ad di tional phase bear -
ing the par tic u lar el e ment of in ter est was de tected. It is the
triclinic phase Fe7(AsO4)6 (first syn the sized by Weil, 2004, by
chem i cal trans port re ac tions at 400°C), with the fol low ing re -
fined unit cell di men sions: a = 6.616(4), b = 8.059(7), c =
9.600(7) �; a = 105.89(7), b = 107.22(7), g = 101.77(7)°.

SELENIUM EXPERIMENT

The Se ex per i ment yielded the three fol low ing phases:

– a finely-crys tal line, BSE-bright SeO-FeSK(P) phase with 
trace Cl, Si, Ti, Mg and Na, that cor re sponds to an
Se-ex changed AAJ (Fig. 1C.);

– large (~40 µm on av er age), BSE-brighter SeO2 crys tals,
in places in ag gre gates >100 µm in di am e ter, and

– an Al-dom i nant Se,Fe,K-rich sul phate, bear ing traces of
Si and Cl, found as a mi nor phase within the SeO2 crys -
tals.

These phases cor re spond to vari able EDS spec tra (Ap pen -
dix Fig. SF25).

Two gen eral types of Se-en riched AAJ were found (Ap pen -
dix Ta ble ST30). The av er age (GM) SeO2 con tent is 8.83 wt.%.
The Se-rich com po si tion (n = 4, GM of 33.18 wt.% SeO2) is

[(NH4)0.47K0.26Na0.12Ca0.11Mg0.03]S0.99(Fe1.73Al1.22Ti0.05)S3.00

[(SeO3)1.58(SO4)0.35(PO4)0.08]S2.00[(OH)6.00Cl0.08]S6.08

 (T-site nor mal ized, with Si re moved due to large ex cess neg a -
tive charge). The sin gle Se-rich est anal y sis, with 44.86 wt.%
SeO2, re casts to

[(NH4)0.60K0.28Na0.05Mg0.05Ca0.02]S1.00(Fe2.26Al0.70Ti0.05)S3.00

[(SeO3)1.55(SO4)0.41(PO4)0.04]S2.00[(OH)6.09Cl0.02]S6.11

(af ter T-site nor mal iza tion, Si re moved). This for mula seems to
truly rep re sent the alu nite-type struc ture  due to the X-site con -
tent close to the ideal one and the re lated stoichiometric char ac -
ter of the com pound. The ideal com po si tion of the re lated HEM
would thus be (NH4)Fe3(SeO3)2(OH)6. The low-Se com po si tion
(n = 6, GM of 3.65 wt.% SeO2), with 2.90 wt.% SeO2 as the low -
est con tent mea sured, is

[(NH4)0.61K0.28Na0.06Ca0.02Mg0.03]S1.00(Al1.81Fe1.18Ti0.02)S3.01

[(SO4)1.70(SeO3)0.23(PO4)0.07]S2.00[(OH)5.96Cl0.07]S6.03.

Both low-Se and Se-en riched ex changed AAJ ma te ri als are rel -
a tively rich in Cl, though still bear ing lower Cl amounts than the
unsubstituted AAJ.

An im por tant is sue of the Se-for-S sub sti tu tion is a
crystallochemical sep a ra tion of selenate(IV) (sel e nite) and sul -
phate(VI). They oc cur sep a rately in min er als such as
munakataite, Pb2Cu2(SeO3)(SO4)(OH)4 and pauladamsite,
Cu4(SeO3)(SO4)(OH)4·2H2O. This is even true for selenate(VI)
as re corded by olsacherite, Pb2(SeO4)(SO4).  In deed, Campo -
stri ni and Gramaccioli (2001), who char ac ter ized sec ond ary Se
min er als from the Baccu Locci site (Sar dinia, It aly), re ported
only tiny amounts of sul phur – listed as wt.% SO2 and not SO3 –
in chalcomenite, CuSeO3·2H2O (up to 0.08 wt.%), and
mandarinoite, Fe2(SeO3)3·6H2O (up to 0.10 wt.%). They also
men tion a Se-bear ing va ri ety of spangolite, ide ally
Cu6Al(SO4)(OH)12Cl.3H2O, with 2.87 wt.% SeO3 (and not
SeO2) re ported in the rel e vant ta ble. How ever, ac cord ing to
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Goldschmidt, a diadochy thresh old be tween ions is 15% (e.g.,
Misra, 2012). The ionic ra dii of the SO4

2 -  and SeO3
2 -  are 258 and

239 pm, re spec tively (Constantino et al., 2017). The dif fer ence
is 7%, thus sug gest ing diadochy be ing pos si ble in this sys tem.
The SeO3

2 -  ion en ter ing the T-sites is some what rem i nis cent of
the CO3

2 -  sub sti tu tion in the ap a tite group – an other guest-lov ing 
crys tal-struc ture type – at the nom i nally phos phate- and/or sil i -
cate- + sul phate-dom i nant T-sites (Fleet and Liu, 2008). In an
ear lier pa per (Fleet and Liu, 2009) they pin point the CO3

2 -  an ion
as lo cated “on the slop ing faces of the sub sti tuted phos phate
group”. Such a phe nom e non could, pos si bly, in volve the
SeO3

2 -- SO4
2 -  sys tem of the Se-sub sti tuted AAJ. Se-for-S sub sti -

tu tion may be in di cated via a rel a tively high r2 value of 0.68
(neg a tive trend). The SiO2 vs. SO3+SeO2+P2O5 di a gram does
not show an ob vi ous trend; if pres ent, a neg a tive trend is re lated 
to an r2 of just 0.53. This seems to be, in part, in ac cor dance
with Si re moval from the T-site in the above for mu lae. Tri als of
re cast ing the ob tained anal y ses of the Se-ex changed AAJ into
dif fer ent stoichiometries (i.e., us ing dif fer ent sums of cat ions in
the fac tor) did not bring any con clu sive re sults. The T-site con -
tent is shown in Ap pen dix Fig ures SF26 and SF27. The first fig -
ure shows the dataset plot ting in a rel a tively sim i lar fash ion as in 
the As ex per i ment. The lat ter, ox ide-based one, shows a pos si -
ble ad di tional trend of the compositional shift to wards more si li -
ceous/phosphatian end-mem bers. The nor mal ity test and
Kend all sta tis ti cal re sults are shown in Ap pen dix Ta bles ST31
and ST32, re spec tively.

LANTHANUM EXPERIMENT

Low and oc ca sional en rich ment of La in the AAJ ne ces si -
tated use of the Sigma sys tem to show La in the EDS spec tra
(Ap pen dix Fig. SF28). The Ama re flec tions are, again, much
stron ger than the Amj ones. The lat ter, though ev i dent, are dif -
fuse. Still, they are not shoul der-like. Any ad di tional, unascribed 
re flec tions, are at 3.33 (pos si bly from mus co vite), 3.324 and
3.250 �. The av er age La2O3 con tent is just 0.19 wt.%. The com -
po si tion of the lan tha num-ex changed AAJ (Ap pen dix Ta ble
ST33) is

[(NH4)0.95K0.04Na0.02Mg0.01]S1.00(Al1.56Fe1.44Ti0.01)S3.01[(SO4)1.74

(SiO4)0.02(PO4)0.02]S1.78[(OH)6.38Cl0.05]S6.43

(n = 11). It is thus more ammonian than the av er age AAJ base.
Af ter nor mal iza tion to T = 2 apfu the for mula is:

[(NH4)0.95K0.04Na0.02Mg0.01]S1.00(Al1.56Fe1.44Ti0.01)S3.01[(SO4)1.96

(SiO4)0.02(PO4)0.02]S2.00[(OH)5.93Cl0.05]S5.98.

Any lan tha num en rich ment thus can not be seen in such a
crystallochemical compositional rep re sen ta tion. The same is
true for the jarosite-dom i nant nor mal ized com po si tion:

[(NH4)0.92K0.04Na0.02Mg0.01Ca0.01]S1.00(Fe1.61Al1.39Ti0.01)S3.01

[(SO4)1.93(SiO4)0.04(PO4)0.02]S1.99[(OH)5.93Cl0.05]S5.98.

The alu nite-dom i nant com po si tion, also nor mal ized, is: 

[(NH4)0.93K0.05Na0.02]S1.00(Al1.70Fe1.30Ti0.01)S3.01[(SO4)1.97

(PO4)0.02(SiO4)0.01]S2.00[(OH)5.95Cl0.05]S6.00.

Only a sin gle anal y sis showed traces of La, cor re spond ing
to the for mula

[(NH4)0.92K0.04Na0.02Ca0.01La0.01]S1.00(Fe1.56Al1.44Ti0.01)S2.01

[(SO4)1.92(SiO4)0.05(PO4)0.02]S1.99[(OH5.92Cl0.05]S5.97.

This then cor re sponds to the end-mem ber com po si tion
Amj48Ama45Jar2Alu2Naj1Naa 1(Hua+Caj+Mgh+Mfh)1, where the 
con tent of La-dom i nant end-mem bers is be low 0.1%. Chlo rine
en rich ment is, again, not ob served. The A-site con tent is shown 
in Ap pen dix Fig ure SF29. The strong ammonian char ac ter of
the ma te rial can be seen. The nor mal ity test and Kend all sta tis -
ti cal re sults are shown in Ap pen dix Ta bles ST34 and ST35, re -
spec tively.

CERIUM EXPERIMENT

A typ i cal Ce-ex changed AAJ oc curs as very small (up to ca.
10 µm) elon gated crys tals among BSE-bright ag gre gates of a
Ce-rich ox ide. How ever, the pres ence of Ce can only barely be
seen in the re lated EDS spec trum (Ap pen dix Fig. SF30). The
PXRD pat tern of the AAJ only shows Ama re flec tions. The av -
er age Ce2O3 con tent (all Ce is as sumed to be tri va lent) is just
1.2 wt.%, and the el e ment is only re corded in 4 of the 7 anal y -
ses. Un ex pect edly, La was also ob served (it may be de rived
from an im pure Ce-chlo ride so lu tion), with av er age La2O3 con -
tent of 0.35 wt.%, which is al most twice as large as in the La ex -
per i ment. The whole-se ries com po si tion (n = 7, T-site-nor mal -
ized, Ap pen dix Ta ble ST36) is

[(NH4)0.84Na0.06K0.06Ce0.02La0.01Ca0.01]S1.00(Al1.87Fe1.12Ti0.01)S3.01

[(SO4)1.88(SiO4)0.09(PO4)0.06]S2.02{[(OH)5.76Cl0.05]S5.81(H2O)0.19}.

This cor re sponds to an  Ama55Amj31Alu4Jar3Naj3Naa3

(Mga+Caj+Mgj+Hua+Flc+Fll+Ffc+Ffl)1 end-mem ber com po si -
tion, where Flc is florencite-(Ce), Fll is florencite-(La), Ffc is
“ferriflorencite-(Ce) HEM, and Ffl is “ferriflorencite-(La)” HEM.
The jarosite-dom i nant com po si tion, n = 2, is more cerian (and
lanthanian):

[(NH4)0.75Na0.11K0.07Ce0.05La0.02]S1.00(Fe1.94Al1.06Ti0.01)S3.01

[(SO4)1.92(PO4)0.09(SiO4)0.01]S2.02[(OH)5.99Cl0.04]S6.03,

or Amj52Ama28Naj8Jar5Naa4Alu3(Caj+Mfh+Hua+Mgh+Ffc+
Flc+Fll)<1 (Ti-dom i nant HEMs omit ted). The alu nite-dom i nant
com po si tion, n = 5, stoichiometrically nor mal ized, is:

[(NH4)0.87K0.06Na0.04Mg0.01Ce0.01Ca0.01]S1.00(Al2.20Fe0.80Ti0.01)S3.01

[(SO4)1.84(SiO4)0.13(PO4)0.05]S2.02{[(OH)5.68Cl0.05]S5.73(H2O)0.27},

or Ama66Amj24Alu4Naa3Jar2Naj1(Hua+Mgh+Caj+Mfh+Ffc+
Flc)<1. Chlo rine lev els are iden ti cal to those in the La ex per i -
ment and are twice as low as in the unsubstituted AAJ. The nor -
mal ity test and Kend all sta tis ti cal re sults are shown in Ap pen dix
Ta bles ST37 and ST38, re spec tively.

PRASEODYMIUM EXPERIMENT

As op posed to both Ce and La, Pr was found to be rel a tively
strongly sorbed to the AAJ stud ied. The EDS spec trum ob -
tained (Ap pen dix Fig. SF31)  shows a si li ceous, (Al,Fe)-rich
Pr-bear ing sul phate spe cies that is also clearly en riched rich in
Cl and P, with small ad mix tures of Ti and Ca, but prac ti cally de -
void of other com po nents (discluding N).

As in the Ce case, the PXRD pat tern shows strong Ama re -
flec tions, while the Amj ones are barely rec og niz able. How ever, 
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it was pos si ble to ob tain the se ries com po si tion (Ap pen dix Ta -
ble 39, n = 9, with an av er age of 3.00 wt.% Pr2O3):

[(NH4)0.87Pr0.11Ca0.02]S1.00(Fe2.02Al0.92Ti0.07)S3.01[(SO4)1.57

(PO4)0.43]S2.00[(OH)5.78Cl0.13]S5.91.

The for mula shown cor re sponds to Amj64Ama29Ffp3Caj2
Flp1Hua1(Mgh+Mfh+Jar+Alu)<1, where Ffp is a “ferriflorencite-
(Pr)” HEM and Flp is a “florencite-(Pr)” HEM. Sil i con sub sti tu -
tion at the T-sites does not seem to be nec es sary for sur plus
pos i tive charge (from Pr3+) bal ance, as sug gested by a lack ing
trend in the SiO2-SO3 Pearson di a gram (r2 < 0.5). The
Pr2O3-P2O5 di a gram, by con trast, shows a pos i tive trend,
though not very ev i dent (r2 = 0.46). Sub sti tu tion of Pr at the
A-site is in di cated by a clear pos i tive trend (r2 = 0.69) in the
Pr2O3-(NH4)2O di a gram. Pra seo dym ium thus fol lows typ i cal
REE be hav ior, that is, their oc cur rence at the A-site, e.g., in the
florencite group. Pra seo dym ium is quite clearly cor re lated with
the (NH4)2O (neg a tive trend, r2 = 0.69), but it also shows a pos i -
tive cor re la tion with both Al2O3 (r

2 = 0.51) and Fe2O3 (r
2 = 0.65).

Due to lack ing trends in any sys tems in volv ing Ti,  the Ti-dom i -
nant HEMs are omit ted here. The pra seo dym ium ex per i ment is
the sec ond one af ter the in dium ex per i ment where chlo rine was 
found in amounts larger than in the non-ex changed AAJ. The
A-site con tent is shown in Ap pen dix Fig ure SF32. The
datapoints plot to a nar row area, thus con firm ing a rel a tively
sta ble com po si tion of the Pr-ex changed AAJ. The nor mal ity
test and Kend all sta tis ti cal re sults are shown in Ap pen dix Ta -
bles ST40 and ST41, re spec tively.

TANTALUM EXPERIMENT

Among the spe cies de tected in thin sec tion, there are:

– a BSE-bright, finely-crys tal line TaO-MgAlSiPSFe
(CaTiKClNa) phase, with in di vid u als up to ca. 18 µm in
di am e ter;

– a BSE-dark, finer-crys tal line ma trix of the phase above,
com pris ing cha otic finely crys tal line ag gre gates, with O,
Ta, S, Al, and Fe as ma jor el e ments, and smaller
amounts of Mg, K, P, Cl and Na;

– a me dium-BSE-bright SiAlTaSFeO-K(CaPClMg) phase
intergrown with the first one;

– an other phase form ing cha otic ag gre gates, that seems
to be a Ta-ex changed AAJ, with S, O, Al and Fe as ma -
jor; Ta, Cl, P, K as sub or di nate; and Ti, Na and Ca as
trace com po nents; and

– larger, BSE-bright crys tals, that seem to be a Mg-Ta-rich 
alu mi no sili cate with sub or di nate P, S, Al and Fe, and
trace Na.

Vari able EDS spec tra of these phases were ob tained (Ap -
pen dix Fig. SF33).

The re sults of the EPMA data for the tan ta lum ex per i ment
are com plex (Ap pen dix Ta ble ST 42) and most of the data does
not sug gest Ta en ter ing the AAJ struc ture. The av er age con -
tent of Ta2O5 is very high, at 70.6 wt.%. One may con sider Ta
not fit ting into the AAJ struc ture, with Ta ex ist ing as Ta2O5 (i.e.,
due to hy dro ly sis of the TaCl5 used). As such, the re sults would
rather come from a mix ture of com pounds. The av er age for -
mula of the AAJ would then be

[(NH4)0.70Na0.18Ca0.06K0.04Mg0.02]S1.00(Fe2.42Al0.32Ti0.26)S3.00

[(SO4)1.55(PO4)0.32(SiO4)0.13]S2.00{[(OH)5.75Cl0.01]Ó5.76(H2O)0.24}S6.0

(n = 7). Note the rel a tively low amount of H2O mol e cules.
The first of the anal y ses listed dif fers from the oth ers in

terms of apfu(Ta) cal cu lated based on B = 3. The re lated
Ta-free for mula of the AAJ would be

[(NH4)0.49Ca0.19Na0.18K0.10Mg0.04]S1.00(Fe1.61Al1.11Ti0.28)S3.00

[(SO4)0.96(PO4)0.74(SiO4)0.30]S2.00[(OH)5.14Cl0.03]S5.17.

The re main der of the X-site may be at trib uted to wa ter mol e -
cules or hydronium cat ions. How ever, the anal y sis may also be
re cal cu lated into a sup pos edly Ta-ex changed AAJ, with the re -
lated for mula:

[(NH4)0.49Ca0.19Na0.18K0.10Mg0.04]S1.00(Fe1.38Al0.95Ta0.42Ti0.24)S2.99

[(SO4)0.96(PO4)0.74(SiO4)0.30]S2.00[(OH)5.91Cl0.03]S5.94. 

This for mula is very close to an ideal wa ter-free alunitic
stoichiometry, and this could be an ar gu ment for Ta en ter ing the 
AAJ struc ture. This, how ever, must be con firmed via ad di tional
an a lyt i cal tech niques in the fu ture. The nor mal ity test and Kend -
all sta tis ti cal re sults are shown in the Ap pen dix Ta bles ST43
and ST44, re spec tively.

STATISTICAL ANALYSIS

Re sult of the sta tis ti cal anal y sis are jux ta posed in Ta ble 1.

OTHER EXPERIMENTS

Many other ex per i ments were run, for PXRD data but
EPMA data are not yet avail able. They in clude baths with so lu -
tions of am mo nium chlo ride, so dium (NaCl), cal cium chlo ride,
mag ne sium (MgCl2·6H2O), alu mi num (Al2(SO4)3·H2O) scan -
dium (Sc2(SO4)3·5H2O), va na dium ((NH4)VO3 and K3VO4 for
V(V), (VO)SO4·5H2O for V(IV) and V2(SO4)3·nH2O for V(III)),
chro mium (CrCl3·6H2O for Cr(III) and K2CrO4 for Cr(VI)), iron
(FeCl3), nickel (NiSO4·7H2O), co balt (Co(NO3)2·6H2O), ger ma -
nium (Cs2[GeCl6]), bro mine (NH4Br and CsBr), yt trium
(YCl3·6H2O), mo lyb de num (K2MoO4), ru the nium (RuCl3·3H2O), 
pal la dium (PdCl2), sil ver (AgNO3), cad mium (CdI2), tin(II)
(SnSO4), tin(IV) ((NH4)2[SnCl6]), an ti mony (III) (SbCl3), an ti -
mony(V) [K[Sb(OH)6], io dine (NH4I), bar ium (BaCl2), ce rium(IV)
(Ce(SO4)2·4H2O), neo dym ium (NdCl3·6H2O), sa mar ium
(Sm2(SO4)3·8H2O), dys pro sium (DyCl3·6H2O), eu ro pium
(EuCl3·6H2O), ter bium (TbCl3·6H2O), hol mium (HoCl3·6H2O),
thu lium (TmCl3·6H2O), lutetium (LuCl3·6H2O), tung sten
(Na2WO4·2H2O), gold (H[AuCl]4), lead (Pb(NO3)2) and bis muth
(Bi(NO3)3·5H2O). In ter ac tion of AAJ with V(III) and V(IV) so lu -
tions pro duced rich blackish-green ish-yel low sed i ments. The
PXRD data of this treated ma te rial shows both AAJ re flec tions
and a sin gle, broad re flec tion cen tred around 10.5 �. The re flec -
tion could fit both bokite, Al1.3(V

5+,V4+)8O20·7.4H2O, and
kazakhstanite, Fe5V

4+
3V

5+
21O39(OH)9·9H2O, but this iden ti fi ca -

tion must be treated with cau tion.  Their syn thetic coun ter parts
might have formed by the fol low ing ex change and re dox re ac -
tions:

(1) 0.43(NH4,K)Al3(SO4)2(OH)6 + 4V2(SO4)3 + 10O2 ®
Al1.3(V

5+,V4+)8O20·7.4H2O + 0.43(NH4,K) + 12.86SO4
2 -  +

2.58OH-

(2) 0.6(NH,K)Fe3(SO4)2(OH)6 + 24(VO)SO4·5H2O ® 
Fe5V

4+
3V

5+
21O39(OH)9·9H2O + 0.6(NH4,K) + 25.2SO4

2 -  +
105.6H2O + 5.4H+ + 7.5O2
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Ex per i ment
Strong cor re la tion pairs1 Other cor re la tions

Isolinear vec tors2 Op po site vec tors
pos i tive neg a tive pos i tive neg a tive

Li2SO4·H 2O KMg AlFe

ClAl, ClP, KSi,
MgSi, CaP; KTi,

MgAl, MgTi,
MgP, CaSi, CaS,

AlP, AlS, SiTi

ClFe, KFe,
MgFe, FeP, FeS, 

TiS

NaTi(Fe),
AlKMg(S)

KI MgCa, FeS KAl, SiNa
ClS, NaFe, NaTi,

MgAl, CaAl,

CaFe, FeTi

KS, ClSi, NaP,

SiP, SiS
ClS K-S, Ca-Na

Rb2CO3 NaS, KAl, ClNa AlFe, ClFe

ClK, ClP, ClS,
NaK, NaAl, KP,
RbK, RbTi, KS,

MgP, CaFe,
CaSi, AlP

NaFe, KFe, FeS,
MgS, FeP

PAlCl(Fe),
KNa(Fe) Rb-Ca, Rb-Ti

CsCl

ClAl, ClSi, ClS,
NaSi, NaP, KFe,
KCs, CsFe, CsSi, 
CsP, CaS, AlS,

SiP

ClNa, NaAl, NaS, 
KTi, MgTi, FeTi,

PS 

ClTi, NaK, MgCs, 
KMg, KSi, KRb,

KAl, CsCa,
MgFe, CaAl,

CaSi, FeSi, FeP

ClCs, ClFe, NaTi, 

CsTi, CsS, FeS

CsNaP, KRb,
SiK, AlS MgTi, ClFe, AlFe

Sr(NO 3)2

ClAl, KAl, KSi,
KTi, MgCa, SiTi,
ClNa, ClK, ClCa,
ClSi, NaAl, NaS,
KMg, MgSi, AlSi,

AlTi, SiP

ClSr, FeP, MgSr,
NaSr, KSr, SrAl,

SrSi

MgAl, MgP,
CaSi, CaTi, MgP, 

AlP, TiP

KFe, MgFe,
CaSr, SrTi, FeSi,

FeTi

CaP(Fe), TiMg,
KSi SrNa

ZrO(NO3)2·2H 2O
MgSi, ClCa,

KMg, KSi, FeS,
KTi

MgS, KFe, KS,
FeSi ClZr KMgSi(S),

CaCl(Fe), ZrP

CuSO4·5H2O
CuFe, CuP, FeP, 

AlS, ClCu, KSi
MgCu, MgS, ClK, 

CuSi
ClS, MgSi, MgP,
CuTi, FeTi, TiP

ClMg, KCu,
MgAl, MgTi,

CuAl, AlFe, Al,
FeS, PS

MgAl(TiFe) PAl

Ga(NO3)3·9H 2O
GaTi, FeP, FeS,

PS, ClAl ClGa, ClTi, KFe KSi, FeGa, GaP,
GaS, TiP, TiS

ClFe, ClP, ClS,
KS, FeSi, SiP,

SiS
TiGa, PFe GaAl, GaCl, SSi,

PFe

InCl3
FeIn, AlS, FeTi,
TiP, FeP, SiS

AlTi, AlS, TiS,
KIn, CaS, Ale,
AlIn, FeSi, FeS

KSi, KS, CaTi,
AlSi

SiP, PS, ClK,
ClCa, KCa, KFe,
KTi, KP, CaAl,

SiTi

TiFe(Al), InP(S),
ClMg

KH2AsO4

KMg, SiMg,
AlMg, AsP, MgCl, 

FeP, café, SCl,
KCl, CaAs, FeAs, 

AlCl, PTi

AsMg, MgTi,
SFe, SAs, SP,

KCa, KFe, KAs,
KP, CaCl,

FeAlFeCl, AsAl,
AsCa, AlP, AlTi

SK, FeTi ClP, ClTi, CaMg,
MgP, NaMg

K2SeO3

SSe, SeAl, SP,
STi, KSe, FeSi,

FeP, SeSi,
SeMg, SiTi

SK, SeTi, SiMg,
SAl, SSi, SMg,
SCl, KAl, KCl,
CaNa, CaP,
CaTi, NaCa,

NaCl, NaP, AlSi,
AlMg, PTi

MgP, MgTi, SCa, 
KP, KTi, NaS,

AlTi

SeTi(MgAl),

NaCaP(KS)

LaCl3·7H 2O
AlFe, NaFe, NaS, 

KFe, TiS

NaAl, NaLa, KAl,

MgP, AlS, FeSi,

NaK, KS, MgFe,
AlLa

ClK, ClMg, ClCa,
ClP, ClS, NaMg,
NaTi, NaP, KSi,
KP, MgLa, AlSi,
AlTi, FeLa, FeS,

LaTi

PrCl3·6H 2O FeP, PrS ClPr, ClS
ClCa, AlP, AlS,

FePr>AlPr, PrTi,
PrP, SiTi

ClAl, ClFe, ClTi,
CaAl, CaS, FeSi AlP PrCl, CaS

TaCl5
CaFe, KFe, KCl,
KTi, CaCl, FeCl,

ClTi, CaSi
SFe, STi

KCa, KNa, KAl,
KMg, CaMg,

CaTi, FeSi, AlTi,
SiMg, SiCl, SiTi,

MgCl

SK, SSi, SCl,
TaSi, TaMg

SCa, TaSi, TaCl,
TaTi, TaFe, TaAl

1 – t-val ues above/be low ~0.70/–0.70, and p-val ues £0.05; 2 – el e ments rep re sented by col lin ear but op po site vec tors given in pa ren the ses,
while these with long(est) vec tors are un der lined

T a  b l e  1

Jux ta po si tion of the re sults of the sta tis ti cal anal y sis for the ex per i men tally ex changed AAJ



DISCUSSION

In this pa per we have shown vari a tions in the level of ac -
com mo da tion of var i ous el e ments by the struc ture of a mem ber 
of the ammonioalunite-ammoniojarosite solid so lu tion of known 
ini tial com po si tion. Al though the physico-chem i cal con di tions of 
our ex per i ments, in clud ing their rel a tive sta bil ity and high dis -
solved el e ment con cen tra tions, may not fully re pro duce nat u ral
ones,  the re sults gained might be use ful in re la tion to some in -
dus trial pro cesses.

Ob ser va tion of not only ma jor but also ad di tional (in clud ing
“shoul der”-type) re flec tion in diffractograms of some of the
treated AAJ sam ples re flects the com plex and some what cha -
otic in ter ac tions of the base AAJ ma te ri als with the par tic u lar
so lu tions. Al though tri als of in put ting more than four alu -
nite-type struc tures in the TOPAS soft ware were at tempted,
they al ways re sulted in er ro ne ous peak at tri bu tions by the
Rietveld-re fine ment-type ap proach. As such, the re fine ments
were re duced to a max i mum of 4 phases, con sid er ing the best
PDF da ta base stan dards.

Microbially-me di ated ox i da tive syn the sis of jarosite-type
com pounds in a Li-rich me dium does not pro duce any pre cip i -
tate, as op posed to other group-1 el e ments and NH4

+ (Ivarson
et al., 1981). Lith ium was not found also by Fairchild (1933) dur -
ing tri als of syn the sis of var i ous A-con tent jarosites from
Fe2(SO4)3 so lu tions. Sim i lar ob ser va tions con cerned both Cs,
Cu, and Au. Ac cord ing to Dutrizac and Jambor (1987), a
Li-dom i nant jarosite does not ex ist. A max i mum Li con cen tra -
tion of ~0.2 wt.% was mea sured by them in syn thetic jarosite.
They ob served that its con tent is in de pend ent of the Kaq pa ram -
e ter. Kosova et al. (2020) note that al though DFT cal cu la tions
sug gest the pos si ble ex is tence of a com plete solid so lu tion of
Na1-xLixFe3(SO4)2(OH)6, this mixed com pound, formed dur ing
Li cy cling in a cell, un der goes amorphization and de com po si -
tion. Nev er the less, their pa per sug gests Li in ter ca la tion in the
syn thetic natrojarosite stud ied. In ter est ingly, their for mula for
the Li-ex changed phase af ter ten cy cles is given as
Na0.13Li0.87Fe3(SO4)2(OH)6, which ac tu ally points to Li dom i -
nance. Af ter the 30th cy cle, how ever, Li2SO4·H2O is the Li phase 
found, with re flec tions cor re spond ing to the (20-1) and (113)
planes be com ing ei ther very dif fuse or com pletely di min ished.
Be hav iour of halo gens dur ing pre cip i ta tion of jarosite-type com -
pounds was stud ied by Dutrizac and Chen (2009), who point to
very mi nor io dide be ing in cor po rated due to rapid ox i da tion of
the I- ions to el e men tal io dine by the Fe3+ ions. All these ob ser -
va tions would ex plain the likely lack ing (Li) and lack ing to very
mi nor (I) sub sti tu tion in the AAJ stud ied here.

To the best knowl edge of the au thors, a sin gle work re lated
to po ten tial Mn sorp tion on the ASM seems to be that by Tam
and Tran (1991). How ever, they found “alu nite” pre cip i ta tion
from a Mn sul phate so lu tion, cor re spond ing to re moval of ex clu -
sively the alu nite-type el e ments from it. Very mi nor Mn en rich -
ment of the AAJ in Mn was even tu ally con firmed by us, but this
case needs fur ther stud ies.

Gräfe et al. (2008) stud ied sur face sorp tion of Cu and As on
the ASM. Their work was, how ever,  de voted to the pre cip i ta tion 
of a few Cu ar se nate spe cies. No such spe cies were ob served
dur ing the cur rent study, nei ther dur ing the SEM-EDS nor
PXRD mea sure ments. Dijkhuis (2009) de scribed pre cip i ta tion
of Cu- and Al-bear ing syn thetic jarosite, but did not re port ei ther
the com po si tion of the prod uct or its unit-cell di men sions, only
re port ing the Cu con tents in a neu tral-leach cal cine and the
so-called Budel Leach Prod uct of 0.29 and ~0.4 wt.%, re spec -
tively. Dutrizac (1984) pointed to Cu in cor po ra tion into jarosite
be ing a func tion of hy dro ly sis of Cu2+, C(Fe3+), (i.e., the lower
the C(Fe3+) the higher the Cu2+ sorbed), and the oc cu pancy of

the A-site. In par tic u lar, K dom i nance was found to fa vor cop -
per, among other im pu ri ties, to en ter the struc ture. In turn,
NH4-dom i nant com po si tions seemed to dis fa vor this phe nom e -
non. Dutrizac’s (1984) jarosite had 2 wt.% Cu. Ac cord ing to him, 
Zn be hav ior is sim i lar but Cu is in cor po rated pref er en tially over
Zn. This au thor has also ob served that at higher pH (~2) more
Zn en ters into syn thetic natrojarosite (1 wt.%), with just 0.2% at
the pH of 0.7. Arabyarmohammadi et al. (2016) stud ied the ef fi -
ciency of Zn re moval from alu nite ore, but only via ad sorp tion.
They re port a load ing ca pac ity of nat u ral alu nite of 3.92 mg/g
(3920 ppm). The pref er en tial Cu-over-Zn en rich ment seems to
be con firmed in our ex per i ments. Still, the sorbed Cu lev els are
low, even though both P and Si – car ri ers of sur plus neg a tive
charge needed to neu tral ize sur plus pos i tive Cu charge – are
avail able in the ma te rial stud ied.

A mixed, non-stoichiometric iron-gal lium-am mo nium-rich
ASM com pound was syn the sized by Kamoun et al. (1989).
Their Ga-dom i nant ma te rial’s chem is try can be ex pressed as
(NH4)1.01(Ga0-2.93Fe2.72-0)S2.74(SO4)1.99[(OH)5.25(H2O)1.80]. A rep -
re sen ta tive in ter me di ate com po si tion, cor re spond ing to 5-mol
Gaaq, is (NH4)1.00(Fe1.38Ga1.35)S2.73(SO4)2[(OH)5.19(H2O)1.97].
Rudolph and Schmidt (2011) also stud ied syn thetic Ga-alu -
nites. They hy dro ther mally syn the sized stoichiometric
AGa3(SO4)2(OH)6 com pounds, with A = Na, K, Rb, H3O and
NH4. Their PXRD study shows that with in creas ing ionic ra dii of
the A-site oc cu pants the c unit-cell pa ram e ter is clearly length -
ened, with just a mi nor im pact on the a pa ram e ter. Their
ammonian prod uct, (NH4)Ga2.97(SO4)2.00(OH)6.20, has the fol -
low ing unit-cell pa ram e ters: a = 7.162 �, c = 17.751 �. Al though 
the a pa ram e ter of our Ga-ex changed AAJ is 0.61% larger, the
c pa ram e ter is clos est to that of the ammonian mem ber of
Rudolph’s and Schmidt’s (2011) suite (0.58% dif fer ence, com -
pared to ~1% dif fer ence when com pared with their Rb-Ga-alu -
nite, 2.8% with the K-Ga one, 3.7% with the H3O-Ga one, and
6.1% com pared to the Na-Ga one). The a pa ram e ter of syn -
thetic H3O-Fe-ASM (hydroniumjarosite) equals 7.355 � due to
the lon ger Fe-O(3)H bond length. This could ex plain the 0.61%
dif fer ence of our a pa ram e ter, due to the mixed Ga-Al-Fe char -
ac ter of our prod uct. Rudolph and Schmidt (2011) ob served a
dis place ment of the (00l) but not the (hk0) re flec tions along side
the chang ing A-site con tent which mostly in flu ences the c pa -
ram e ter (7% dif fer ence) as com pared to ~0.4% dif fer ence in the 
a pa ram e ter. Kydon et al. (1968) at trib uted their syn thetic hy -
drated Ga-ASM to two pos si ble phases, (H3O)Ga3(SO4)2(OH)6

or Ga3(SO4)2[(OH)5(H2O)]·H2O. They sug gest the H3O
+ ion as

charge-bal an cer due to the sup posed in vari able con tent of al -
kali met als in alu nite which is now known not to be true. Their
H3O-Ga-alu nite is also R-3m-struc tured, with a = 7.18 and c =
17.17 � (a/c = 0.419). This ra tio is larger than that of our pre cur -
sor AAJ (0.399 for the Al-dom i nant, and 0.405 for the Fe-dom i -
nant com po si tion), but is closer to that ob tained for Al-rich
Ga-ex changed AAJ (a/c = 0.408). Dutrizac and Chen (2000)
an a lyzed the be hav iour of gal lium dur ing pre cip i ta tion of syn -
thetic jarosite (ma te rial heated at 200°C). They re ported the
Fe-Ga solid so lu tion as be ing nearly com plete. They point to pH 
as an un im por tant fac tor re gard ing the amount of Ga ab sorbed,
al though el e vated pH slightly pro motes Ga-over-Fe pre cip i ta -
tion. They also point to sim i lar Ga and In be hav ior. Their pre cip i -
tate cor re spond ing to the high est Gaaq con tent in cludes, how -
ever, just 1.4 wt.% Ga. About 75% of the Gaaq en ters the pre cip -
i tate. The el e ment is uni formly dis trib uted though the ag gre -
gates ob tained. In a fur ther ex per i ment with higher Gaaq, the
pre cip i tate has 39 wt.% Ga. Their syn thetic NaGa3(SO4)2(OH)6

has the fol low ing ma jor re flec tions: d = 3.056(100), d =
3.020(92), d = 4.996(78), d = 1.794(36), and d = 5.594(35). Ga
sub sti tu tion for Fe in duces cell con trac tion, with the a pa ram e ter 
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get ting shorter, and the c pa ram e ter get ting lon ger. This ob ser -
va tion is only par tially in ac cor dance to ours:  al though the pa -
ram e ter c of our jarositic Ga-ex changed AAJ gets,  in deed, 
sub stan tially larger,  pa ram e ter a re mains very sim i lar to that in
the pre cur sor phase.

In a microbially-me di ated ox i da tion of Fe3+ in a Rb-bear ing
me dium, Ivarson et al. (1981) found  99% of Rbaq re acted af ter
17 weeks to form a Rb-ex changed syn thetic ASM (room-tem -
per a ture con di tions), with the chem i cal com po si tion
[Rb0.86(H3O)0.14]S1.00Fe2.92[(SO4)1.86(PO4)0.04]S1.90(OH)6. Pre cip i -
ta tion of Rb was said by them to be faster than in the NH4 and
Na case, but slower than in the K case. “Ru bid ium-jarosite” was
also syn the sized by Fairchild (1933), in his study of K-Cs sep a -
ra tion. The prod uct in cludes 9.5 wt.% Rb2O as com pared to
2.8 wt.% K2O. The au thor stated that 5 g of K2SO4 may be re -
moved from a so lu tion bear ing 2 mg of Cs2SO4 with out in cor po -
ra tion of Cs in the pre cip i tate. The lat ter state ment would ex -
plain low level of the Cs in cor po ra tion in our AAJ. Still, the cause 
of the sim i lar low-level ab sorp tion of Rb re mains un known.

Ac cord ing to Dutrizac and Jambor (1987), Cs-dom i nant
jarosite is non-ex is tent. They did,  how ever, note >2 wt.% Cs in
syn thetic jarosite pre pared at 97°C, with a lesser amount in
natrojarosite and still lesser in Rb-dom i nant jarosite. For the
Cs-rich est com po si tion, with 3.03 wt.% Cs, they re ported the
for mula of [K0.74(H3O)0.15Cs0.11]1.00Fe2.58(SO4)2.00(OH)6 which,
how ever, is largely un bal anced, sug gest ing just 4.74 OH and
the oc cur rence of as many as 1.26 H2O mol e cules pfu. Their
Na- and Rb-dom i nant jarosites bear just up to 0.04 apfu Cs and
thus some what re sem ble the level of Cs en rich ment in our
study. In ter est ingly, the a/c ra tios in our Rb- and Cs-ex changed
AAJ are iden ti cal for both the Al- and Fe-dom i nant phases (0.4
for the Al-rich and 0.398 for the Fe-rich one, re spec tively).

We were un able to find any data on nat u ral Sr-dom i nant an -
a logues of huangite and walthierite, al though such a com pound
was syn the sized by Okada et al.  (1987). May et al. (1963) re -
ported up to 3 wt.% SrO in an ASM rep re sen ta tive. Nat u ral,
type-lo cal ity walthierite bears just 0.02 wt.% SrO (Li et al.,
1992). Hikov (2013), who stud ied el e ment be hav ior in hy dro -
ther mally al tered por phyry rocks of the Asarel de posit (Bul -
garia), re ports strong Sr af fin ity not only to (Sr-dom i nant) phos -
phate spe cies of the svanbergite-woodhouseite solid so lu tion,
but also to a svanbergite-woodhouseite-alu nite solid so lu tion.
The alunitic rocks stud ied by them con tain 1590 ppm Sr (GM),
along with 52 ppm Pb, 42 ppm Ce and 21 ppm La. These au -
thors also listed sep a rate val ues for a sup pos edly dif fer ent rock
suite, with av er age 1708 ppm Sr, 61 ppm Pb and 6.3 ppm Ga.
Alu nite of monoquartzites showed 3870 ppm Sr, 562 ppm Pb,
87 ppm Ce, 50 ppm Ga and 43 ppm La. Our Sr-ex changed AAJ
is largely crys tal lo graphi cally dif fer ent to the Sr-free pre cur sor, 
with strongly elon gated a and mod er ately re duced c (Al-dom i -
nant phase), and both mod er ately changed a and c (Fe-dom i -
nant one) pa ram e ters. In ter est ingly,  the unit-cell pa ram e ters of
Okada’s phase,  a = 6.9847 and c = 33.86 � (a/c = 0.206), are
com pletely in con gru ent to those cal cu lated for our Sr-ex -
changed Al-rich AAJ (a/c = 0.418).

Al though Zr is un known to ex ist in the B-site in the alu nite
supergroup, the ionic ra dius of VIZr4+ (0.60) is sim i lar to that of
VIFe3+ (0.72). In par tic u lar, the crys tal and ionic ra dii dif fer by 16
and 20%, re spec tively, be ing only slightly above the the o ret i cal
diadochy limit of 15% (Pauling, 1961). On the other hand, ac -
cord ing to Kolitsch (2015), mi nor Zr may en ter the A-site. This
in ter feres with the ex is tence of the Th-rich mem ber of the ASM - 
eylettersite. On the other hand, the dif fer ence for the Zr-K sys -
tem it is 35-36% de pend ing on co or di na tion, and for the Zr-NH4

+

sys tem it equals 51%. Even though the r2 co ef fi cients for the
Zr-NH4, Zr-K, and Zr-Na sys tems are very low (up to 0.15), al -

ter na tive re cast ing of the anal y ses con sid er ing an A-site oc cur -
rence of Zr was con ducted. The em pir i cal for mula for the Si-rich 
ma te rial would then be

[(NH4)0.67K0.14Zr0.09Na0.05Mg0.03Ca0.02]S1.00(Al1.51Fe0.23Ti0.02)S1.76

[(SiO4)1.27(SO4)0.71(PO4)0.02]S2.00[(H2O)5.94Cl0.05(OH)0.01]S6.00;

the B-site oc cu pancy is far be low the pub lished de fi ciency, at
just 59%. Re cast ing the com po si tion with out Si en ter ing the
T-site in duces, in turn, high sur plus B-site oc cu pancy. How ever, 
for the mod er ately si li ceous ma te rial, the em pir i cal for mula
seems to rep re sent the ASM stoichiometry re quire ments:

[(NH4)0.76Zr0.13K0.08Na0.01Mg0.01Ca0.01]S1.00(Al2.12Fe0.65Ti0.03)S2.80 

[(SO4)1.53(SiO4)0.45(PO4)0.02]S2.00[(OH)4.84(H2O)1.10Cl0.06]S6.00.

In the Zr-rich ma te rial case, po si tion ing Zr at the A-site and
con sid er ing T = 2 gives a high sur plus pos i tive charge that
would re quire 2.17 ad di tional OH groups. The r2 val ues for the
Zr-Ca sys tem are much higher, be ing 0.66 for the low- and
mod er ate-Zr com po si tions, and 0.72 for the whole se ries (pos i -
tive trends in both cases). Nev er the less, the amount of Ca in
the B-site-Zr re cast ing ver sion is low. Changes in the unit-cell
pa ram e ters due to Zr in cor po ra tion re sem ble those found for
the Sr-ex changed AAJ. In deed, the a/c ra tios for the Al- and
Fe-dom i nant spe cies are 0.401 and 0428, re spec tively.

Ti ta nium, due to its po si tion in the pe ri odic ta ble, is ex -
pected to fol low the be hav iour of Zr. In deed, Ti is a fre quent
substituent at the B-site in var i ous AAJ stud ied here. How ever,
as op posed to Al and Fe, Ti-Zr cor re la tion is de scribed by a very 
low r2 of 0.14. Much higher val ues were ob tained for the Ga-Ti
(0.87), In-Ti (0.86) and Ti-Se (0.70) sys tems (Figs. 3 and 5).

Ar senic en rich ment in the ASM is a well-known phe nom e -
non.  How ever, the com po si tion of the As-ex changed AAJ
some what re sem bles that of the min eral pharmacosiderite,
KFe4(AsO4)3(OH)4·6-7H2O. This spe cies is much rarer in the
en vi ron ment than the ASM. Nei ther of the two As- or AsS-dom i -
nant HEMs, cor re spond ing to ar se nate-dom i nant “ammonio -
jarosite”, seem to have been syn the sized be fore. The same is
true for their Al an a logues. The only sim i lar com pound that we
were able to lo cate a pub li ca tion on is (NH4)[Fe(AsO4)F] (Bazán 
et al., 2003). Mean while, there are nu mer ous pa pers de voted to 
am mo nium-free As-bear ing ASM. Sunyer and Borrell (2013),
for in stance, con ducted var i ous syn the sis ex per i ments re sult -
ing in for ma tion of an a logues of arsenian natroalunite. Rel a -
tively pro tracted syn the sis at 100–200°C gave the lat ter phase,
prob a bly as so ci ated with amor phous As spe cies and an equiv -
a lent of mansfieldite, AlAsO4·2H2O. Brief ex per i ments, at
160–180°C, were lack ing the lat ter spe cies among the prod -
ucts, while two-hour ex per i ments, at 160°C,  had the ASM spe -
cies, ex clu sively. Its high est As con tent was just 3.43 wt.%, with
a 1.91 wt.% GM av er age. A much higher con tent of 14 wt.%  As
con cerned syn thetic H3O-Ca- natroalunite formed in an ex per i -
ment with Ca but with out Na added.  In ter est ingly, these au -
thors noted a sin gle oc cur rence of a syn thetic an a logue of
natropharmacoalumite (the NaAl-an a logue of pharma -
cosiderite). They also char ac ter ized an “ar sen i cal-natro -
alunite” gen er ated from in dus trial waste. A sam ple with a max -
i mum con tent (~80%) of this spe cies had 9.85 wt.%  As, and
max i mum apfu(As) of 0.28. Hud son-Ed wards (2019) re ported
typ i cal lev els of As in cor po ra tion in alu nite, natroalunite,
jarosite and schlossmacherite, at 3.6, 2.8–1.5, 1.6 and
0.03 wt.%, re spec tively. She pointed to the lim it ing fac tors of
the As sub sti tu tion be ing charge dif fer ence, B-site de fi ciency,
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and substitution of H2O mol e cules for the OH- groups. She
showed the c pa ram e ter in creases in alunitic struc tures and
both c and a pa ram e ters in crease in jarositic struc tures due to
As sub sti tu tion. The jarosite case was also con firmed by
Paktunc and Dutrizac (2003). We con firm sim i lar changes, ex -
cept the c pa ram e ter for the jarositic ma te rial, for which we ob -
serve a mi nor (0.23%) re duc tion when com pared with the base
AAJ. Ac cord ing to Paktunc and Dutrizac (2003) As sub sti tu tion
is mostly af fected by Fe oc cu pancy, as the Fe-O(OH) sites are
ad ja cent to the T-sites; the lim i ta tion is said to be at the
~17 mol% level. Par tial protonation of both the AsO4

3 -  and SO4
2 -

an ions is sug gested as the charge bal an cer. Pure sam ples (de -
void of “scorodite”) of the syn thetic ma te rial of these au thors
show 0.68–5.34 wt.% As, cor re spond ing to (af ter cor rec tion of
the wrong OH con tents re ported in their Ta ble 1, and dis re gard -
ing the sup posed though not con firmed an ion protonation) 

[K0.89(H3O)0.11]S1.00Fe2.48[(SO4)1.85(AsO4)0.16]S2.01[(OH)4.26

(H2O)1.74]S6.00.

Our sam ples did not seem to show the substitutional lim i ta -
tion noted, as both their ini tial and fi nal com po si tion was much
more com plex than the rel a tively sim ple NH4-Fe-S(As)-O-H
sys tem. Also, the for ma tion pro cesses were dif fer ent, i.e.,
mostly based on dif fu sion and/or recrystallization than sim ple
so lu tion crys tal li za tion.

Paktunc and Dutrizac (2003) de scribed NaFe3(SO4,SeO4)2

(OH)6 as a com plete solid so lu tion. Se(VI)-dom i nant an a logues
of jarosite and natrojarosite were syn the sized and char ac ter -
ized by Dutrizac et al. (1981). Their SeO4

2- con tents were found
to be 51.06 and 50.33 wt.% in the Na- and K-dom i nant phases,
re spec tively. Such com pounds are ex pected dur ing ox i da tive
ore leach ing in hydrometallurgy. How ever, in our case, we do
not sus pect ox i da tion of the so lu tion-con tained SeO3

2- due to
lack ing or low Fe3+

aq. Also, we ob served many SeO2 ag gre -
gates, in which the Se va lency is also +4.

Dutrizac and Dou Mingmin (1993) re ported a com plete solid 
so lu tion be tween syn thetic natrojarosite and its In an a logue.
De-la-Cruz-Moreno et al. (2021) re ported syn thetic natrojaro -
site as a ma jor com po nent of a post-Zn-re fin ing waste, with
86 ppm In, along with 1.1 wt.% Cu, 1.1 wt.% Mn, 1.4 wt.% Si
and 8.8 wt.% Zn. Syn the sis of (NH4)In3(SO4)2(OH)6 was re -
ported by Zhao et al. (2019). The [In3(SO4)2(OH)6]- lay ers of the
com pound are shown by them to cy cli cally ex change cat ions
such as Pb2+. The unit cell pa ram e ters of this ma te rial a =
7.6899 and c = 17.711 � are dif fer ent from ours (es pe cially in
terms of the pa ram e ter a) which is also re flected in the a/c ra tios 
dif fer ence of 0.434 ver sus our 0.397. This dis crep ancy is due to 
both the mixed char ac ter of our In-ex changed AAJ’s B-site con -
tent and its P en rich ment.

Dutrizac (2004) could not syn the size – in 95–98°C con di -
tions – end-mem ber REE-jarosites and this would ex plain the
low and some what in di vid ual sub sti tu tion of Ce and La in our
AAJ. The syn thetic natrojarosite and jarosite pre cip i tated in cor -
po rated <0.3 wt.% REE, with even lesser amounts in
Pb-jarosite, and with higher pH and Feaq con tents only slightly
in flu enc ing this. The purely natrojarositic sam ples had up to
0.24 wt.% La, up to 1.06 (or 1.54 at higher pH) wt.% Ce, and up
to 0.72 wt.% Pr. The max i mum con tent of La in  jarosite was
0.15 wt.%, and in Pb-jarosite just 0.05 wt.%. Nei ther this data
nor the de scend ing crys tal ionic ra dii from La to Pr (e.g.,
Pauling, 1961) ex plain the pref er en tial Pr sub sti tu tion in our ma -
te rial. More stud ies are needed to con firm this be hav iour to be,
pos si bly, due to some char ac ter is tics of the re agents used. Fol -
low ing the ideal 0.75 apfu oc cu pancy of Th4+ in eylettersite,
Th0.75Al3(PO4)2(OH)6, the ideal com po si tion of a Ce(III)-dom i -

nant Al-rich sul phate HEM would be Ce0.33Al3(SO4)2(OH)6, or
(Ce0.33[]0.67)Al3(SO4)2(OH)6. How ever, no data re gard ing the ex -
is tence of such a HEM was found. The Fe2+/Fe(OH)3 bound ary
in a pH-Eh di a gram (e.g., Nakada et al., 2013) is be low, i.e., at
lower Eh, than the Ce3+/Ce4+ zone. Thus, it is not ex pected to
have Ce3+ ox i dized to Ce4+ in a Fe3+-rich sys tem, un less plen ti -
ful Mn(IV) is pres ent. In clu sion of Ce(III) and not Ce(IV) in the
AAJ also fol lows the known ex is tence of alu nite-struc tured spe -
cies like florencite-(Ce).

CHLORIDE AND POTASSIUM FIXATION

Ac cord ing to a study of Dutrizac and Chen (2009), in syn -
thetic jarosite pre cip i tated un der con di tions typ i cal of
hydrometallurgical pro cesses from halo gen-bear ing so lu tions,
as much as 0.7 wt.% Cl or 1.1 wt.% Br is in cor po rated from >4M 
so lu tions. Im por tantly as re gards the cur rent study, these au -
thors pointed to natro- and ammoniojarosite as phases much
less readily ab sorb ing these el e ments. They also re ported that
nei ther pH nor tem per a ture greatly in flu ence the pro cess.
Mean while, the Cl con tent of the AAJ prod ucts of our pra seo -
dym ium ex per i ment is even larger, in six of the nine anal y ses
pre sented, and may reach 1.04 wt.%. Con cen tra tion of Cl
greater than 0.7 wt.% was also found, in some cases, for the
prod ucts of the Li, KI, Rb and Zr ex per i ments, dis re gard ing the
base ma te rial. Metal-chlo ride bond length, that would cor re -
spond to the ease of the bond break age, does not in flu ence the
amount of chlo ride sorbed by the AAJ, as it does not seem to
cor re late with the chlo ride avail able in the ex per i men tal so lu -
tions. The high est Cl con tents con cern the pra seo dym ium and
in dium ex per i ments, while the lon gest metal-chlo ride bonds
were found for CsCl, LaCl3 and CeCl3 (The Ma te ri als Pro ject,
2020).

The (cal cu lated)  con cen tra tion of am mo nium in the treated
AAJ is largely in vari able, with the ex cep tion of Se- (es pe cially
the Se-rich va ri ety) and Zr-ex changed (es pe cially the si li ceous
va ri ety) ma te ri als and the Sr-dom i nant AAJ. A com pletely dif fer -
ent pic ture con cerns po tas sium. The ma te rial of the Se-ex per i -
ment (both Se-low and Se-rich va ri et ies) is clearly en riched, and 
this is also true for the si li ceous Zr-ex changed one (>0.25 apfu
K, GM, for all three types). The As-ex changed ma te ri als and
one of the Zr-ex changed AAJ fol low,  at around 0.15 apfu. Other 
AAJ are clearly de pleted, with the low est lev els mea sured in the 
mod er ately In-rich AAJ, the stron tian and rubidian ones.

COMPOSITIONAL CORRELATION PROBLEM

Sim ple di a grams with Pearson cor re la tion fac tors are com -
monly used in geo chem is try. How ever, many re cent pa pers, by
both stat is ti cians and ge ol o gists, strongly sug gest such sta tis -
tics as ir rel e vant for cor rect data anal y sis and con clu sions. In
par tic u lar, der i va tion of r2 from Pearson-type re la tions seems to
be un rea son able from the math e mat i cal point of view. In stead,
these au thors (e.g., Aitchison and Greenackle; , 2002; Egozcue 
et al., 2005; Filzmoser et al., 2010; Hron et al., 2013; Buccianti
et al., 2014; Kynèlova et al., 2017) sug gest data trans for ma tion
(with a logratio pro ce dure of ten sug gested to be in suf fi cient)
and in clu sion in a mul ti di men sional sta tis ti cal ap proach. For
such rea sons (i.e., to tal sum con straint) the Pearson-type cor -
re la tion may just rep re sent par tial cor re la tion, thus lead ing to
false con clu sions. This, how ever, does not clearly sug gest
high-r2 trends not rep re sent ing el e men tal re la tions close to the
real ones, es pe cially since dif fer ent au thors sug gest dif fer ent
sta tis ti cal ap proaches. Nev er the less, the el e men tal re la tions
noted in this text should be treated with care.
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SILICON PROBLEM

SiO2-SO3 di a grams for var i ous AAJ sam ples usu ally show
more or less ev i dent trends. How ever,  po ten tial Si en rich ment
var ies through the ex per i ments, with the high est con tents mea -
sured for the Zr-ex changed AAJ, fol lowed by the Cs, Mn, Cu,
Zn, Li  and KI ex per i ments. El e vated Si con tents in the Sr- and
In-low but not Sr- and In-high AAJ can, prob a bly, be ex plained
by a causal phe nom e non.  For the Li ex per i ment, the neg a tive
trend has an r2 of 0.68; Cu ex per i ment – 0.94; KI ex per i ment –
0.92; Zr ex per i ment – 0.90 for the high-Si ma te rial but only 0.50
for the whole an a lyt i cal se ries (thus likely con firm ing het er o ge -
neous Zr fix a tion); Zn ex per i ment – 0.77 (pro vid ing a sin gle
Si-rich anal y sis is in cluded); Ce ex per i ment – 0.52; and Rb ex -
per i ment – 0.44. No trend, how ever, or non-ev i dent ones were
seen for other ex per i ments, e.g., the La one. For the CsCl ex -
per i ment the re lated r2 is as low as 0.25. In the Sr ex per i ment, r2

< 0.1 was ob tained for “typ i cal” AAJ, i.e., with low to mod er ate Si 
con tent. In the Ga ex per i ment, the r2 was as low as 0.28 for the
Ga-ex changed Si-low AAJ, 0.87 for four Si-rich (or very rich)
anal y ses, and grew from 0.28 to 0.50 when the whole se ries
was used. In the In ex per i ment, only the high-Si se ries of the
AAJ gave a neg a tive cor re la tion, with a very high r2 of 0.92.

The ionic ra dii of the SO4
2 -  and SiO4

4 -  groups, both tet ra he dral,
are broadly sim i lar. Known as isoelectric ortho-oxyanions, their
cor rected sum of co va lent ra dii is 1.68 and 1.61 �, re spec tively
(Ptáèek, 2016).This leads to SO4-SiO4 heterovalent diadochy be -
ing quite com mon among min er als, e.g., in the ap a tite supergroup
(e.g., in ellestadites, Eakle and Rog ers, 1914), the pyrometa -
morphic min eral flamite, Ca8-x(Na,K)x (SiO4)4-x(PO4)x, pyrometa -
morphic olivines and clinopyroxenes and other spe cies or groups.

CONCLUSIONS

A long-term (one year) sorp tion ex per i ment in volv ing a nat -
u ral ammoniojarosite-ammonioalunite solid so lu tion gave an a -
lyt i cal re sults in di cate that:

– ger ma nium (and sil i con) are likely not the ex clu sive
tetravalent el e ments ca pa ble of en ter ing the AAJ struc -
ture; zir co nium is an other can di date, while its sub sti tu -
tion, as well as the be hav ior of Ti(IV), Ta(V) and Sn(IV),
need fur ther stud ies;

– stron tium, gal lium, in dium, and pra seo dym ium were
found sub sti tuted in rel a tively high amounts

– stron tium was lo cally dom i nant, con sis tent with syn the -
sis of the Sr an a logue of huangite (Ca-dom i nant AAJ
mem ber) and walthierite (Ba-dom i nant);

– cop per, ru bid ium, ce sium, ce rium and lan tha num, were
also de tected, in low amounts;

– sub sti tu tion of man ga nese, io dine and zinc, seems pos -
si ble, but to a very lim ited ex tent; the re lated phe nom ena 
need more stud ies;

– Ga-dom i nant com po si tions were found, as op posed to
the case of In; how ever, both ex per i ments led to for ma -
tion of mixed Al-Fe-Ga and Al-Fe-In com pounds;

– the high est changes in the par tic u lar unit-cell pa ram e -
ters of the base AAJ con cern the a pa ram e ter of the
alunitic Sr-dom i nant AAJ (+6.7%), Se-en riched AAJ
(+5.9%) and Zr-en riched AAJ (+4.4%); el e vated val ues
ob tained for La-, Cs-, and Rb-bear ing AAJ are some -
what sus pi cious, or ac ci den tal, con sid er ing the very low
amounts in cor po rated;

– the larg est shifts of the c pa ram e ter of the jarositic AAJ
were found for Zr (–4%), Pr (–3.8%), Sr (–3.6% and Ga
(+3.5%);

– the use of a chlo ride-con tain ing source did not cause el -
e vated Cl sub sti tu tion in the al ready Cl-bear ing AAJ.
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APPENDIX 

Table ST1. PXRD reflection positions and unit cell parameters of the base  

and experimentally exchanged AAJ 

 Ama
1 

Amj Alu Jar Δ, Ama [%] Δ, Amj [%] 

base (Rwp=12.59, GOF=1.67)
2   

main reflections
3
 [Å] 3.0168

4
 3.1006

4
     

a [Å] 7.0319(5) 7.078(1)  7.224(6)   

c [Å] 17.629(2) 17.517(6)  17.35(4)   

Rb2CO3 (Rwp=5.10, GOF=1.58)
3   

main reflections [Å] 3.0185 unclear     

a [Å] 7.244(9) 7.069(3)   3 -0.24 

c [Å] 18.13(328) 17.76(1)   2.8 1.4 

CsCl (Rwp=6.02, GOF=1.71)
   

main reflections [Å] 3.0168 (3.0174) 3.096?  3.1097?   

a [Å] 7.249(1) 7.068(3)   3.1 -0.27 

c [Å] 18.13(28) 17.751(9)   2.8 (1.3) 

Sr(NO3)2 (Rwp=16.66, GOF=5.64)
   

main reflections [Å] 2.967?  2.994, 3.017    

a [Å] 7.50(1) 7.191(5)  8.363(2) 6.7 1.5 

c [Å] 17.93(20) 16.89(2)  16.8716(6) 1.7 -3.6 

ZrCl4 (Rwp=4.09, GOF=1.33)
   

main reflections [Å] 3.0178 (3.0184) 3.073?     

a [Å] 7.34(2) 7.194(4) 7.023(4)  4.4 1.5 

c [Å] 18.03(47) 16.82(1) 17.44(2)  2.3 -4 

MnSO4·H2O (Rwp=8.05, GOF=2.78)
   

main reflections [Å] 3.0193 (3.0193) 3.065? 3.0249    

a [Å] 7.25(1) 7.070(2)   3.1 -0.16 

c [Å] 18.00(7) 17.745(6)   2.1 1.5 

CuSO4·5H2O (Rwp=5.32, GOF=1.43)
   

main reflections [Å] 3.0191   3.0065    

a [Å] 7.26(9) 7.076(3)   3.2 -0.16 

c [Å] 18.13(24) 18.13(3)   2.8 1.5 

Ga(NO3)3·9H2O (Rwp=7.29, GOF=3.01)
   

main reflections [Å] 3.024 (3.0214) 3.0664 (3.0556)     

a [Å] 7.206(2) 7.084(2)   2.5 -0.04 

c [Å] 17.648(4) 18.13(1)   0.11 3.5 

InCl3 (Rwp=5.77, GOF=2.01)
   

main reflections [Å] 3.0175 (3.0192) 3.0678 3.0218    

a [Å] 7.195(6) 7.051(3)  7.28(6) 2.3 -0.51 

c [Å] 18.13(3) 17.686(9)  16.89(4) 2.8 0.97 

KH2AsO4 (Rwp=3.68, GOF=1.44)
   

main reflections [Å] 3.0178 3.0609     

a [Å] 6.99(2) 7.272(3)   -0.6 2.6 

c [Å] 18.121(1) 17.482(9)   2.7 -0.23 

K2SeO3 (Rwp=7.77, GOF=2.86)
   

main reflections [Å] 3.0135 3.063  3.10   

a [Å] 7.45(1) 7.275(3)  7.280(6) 5.9 2.7 

c [Å] 17.43(1) 17.566(8)  16.84(1) -1.1 0.26 

LaCl3·7H2O (Rwp=6.31, GOF=1.95)
   

main reflections [Å] 3.0195 (3.0195) 3.084?     

a [Å] 7.011(5) 7.063(3)   5.9 -0.34 

c [Å] 17.45(18) 17.72(1)   -1 1.1 

CeCl3·7H2O (Rwp=4.74, GOF=1.46)
   



main reflections [Å] 3.0219 (3.018) 3.0699?     

a [Å] 7.224(7) 7.060(3)   2.7 -0.38 

c [Å] 18.00(24) 17.70(1)   2.1 1 

Table ST1 - continuation   

PrCl3·6H2O (Rwp=5.76, GOF=1.50)
   

main reflections [Å] 3.023 (3.0177)      

a [Å] 7.21(1) 7.087(4)   2.5 0 

c [Å] 17.93(26) 16.86(2)   1.7 -3.8 
 

1
 –

 
Ama – ammonioalunite, Amj – ammoniojarosite, Alu – alunite (or a species with similar PXRD pattern, or a 

second alunitic phase), Jar – jarosite or hydroniumjarosite (or a second jarositic phase); 
2
 – refinement quality 

statistics: Rwp – residual weighted-pattern, GOF – goodness of fit (χ
2
); 

3
 – reflection’s barycentric position, 

reflections at d=4.974 and 5.216 Å  are more intense in the base sample for ammonioalunite and 
ammoniojarosite, respectively 



Table ST2. Results of chemical analyses of AAJ contacting with  

a solution of Li2SO4·H2O 

 1 2 3 4 5 6 7 

[wt.%] 

P2O5
1 

0.77 0.71 0.81 0.81 0.99 0.80 0.93 

SO3 34.29 35.02 36.02 39.75 34.45 35.81 34.52 

SiO2 9.25 4.96 6.75 2.52 9.76 10.73 5.44 

TiO2 0.49 0.19 0.18 0.16 0.86 0.19 0.17 

Al2O3 38.71 26.67 44.57 51.36 48.99 42.05 31.11 

Fe2O3 12.27 16.24 11.30 9.57 8.82 10.49 16.41 

MgO 0.26 0.11 0.17 0.15 0.30 0.27 0.14 

CaO 0.21 0.12 0.18 0.22 0.25 0.35 0.47 

K2O 1.18 0.91 1.13 0.94 1.29 1.31 0.89 

Na2O 0.54 0.42 0.46 0.45 0.55 0.43 0.40 

Cl 0.49 0.49 0.66 0.83 0.84 0.56 0.57 

Σ 
 

98.47 85.82 102.23 106.76 107.11 102.99 91.03 

H2O
1 

14.17 10.82 18.19 23.23 18.70 14.12 13.30 

(NH4)2O
2 

2.27 1.85 2.64 3.01 2.71 2.38 2.06 

apfu (mpfu), B = 3 basis (assuming all Si entering the T-site) 

P 0.04 0.04 0.03 0.03 0.04 0.04 0.05 

S 1.41 1.81 1.33 1.32 1.20 1.40 1.59 

Si
 

0.51 0.34 0.33 0.11 0.45 0.56 0.33 

Ti 0.02 0.01 0.01 0.01 0.03 0.01 0.01 

Al 2.50 2.16 2.58 2.68 2.69 2.59 2.24 

Fe 0.50 0.84 0.42 0.32 0.31 0.41 0.76 

Mg 0.02 0.01 0.01 0.01 0.02 0.02 0.01 

Ca 0.01 0.01 0.01 0.01 0.01 0.02 0.03 

K 0.08 0.08 0.07 0.05 0.08 0.09 0.07 

Na 0.06 0.06 0.04 0.04 0.05 0.04 0.05 

Cl 0.05 0.06 0.06 0.06 0.07 0.05 0.06 

NH4
3 

0.83 0.85 0.86 0.89 0.84 0.83 0.84 

OH 5.17 4.96 5.96 6.86 5.86 4.92 5.43 

end members, [%] 

Ama
4 

69 61 74 79 75 71 63 

Amj 14 24 12 9 9 11 21 

Alu 7 6 6 5 7 8 5 

Jar 1 2 1 1 1 1 2 

Naa 5 4 4 3 4 4 4 

Naj 1 2 1 <1 1 1 1 

Hua 1 1 1 1 1 2 2 

Caj <1 <1 <1 <1 <1 <1 1 

Mgh 2 1 1 1 2 2 1 

Mfh <1 <1 <1 <1 <1 <1 <1 
 

1 
–

 
Mn was measured but not detected (under the detection limit); 

2
 – below detection limit;

 3
 – 

exclusively OH-derived, backward-calculated from OH mpfu content assuming lacking H3O
+
 

and H2O molecules in the structure; 
4
 –backward-calculated from NH4

+
 mpfu content; 3 

calculated by stoichiometry (filling the A-site to the occupancy of 1); 
5
 – by charge balance; 

6
 – 

Ama – ammoniojarosite (and hydroniumjarosite), Amj – ammonioalunite (and 
schlossmacherite), Alu – alunite, Jar – jarosite, Naa – natroalunite, Naj – natrojarosite, Hua – 
huangite, Caj – “calciojarosite” HEM, Mgh – “magnesiohuangite” HEM, Mgj – 
“magnesioferrihuangite” HEM 

 



Table ST3. Results of chemical analyses of AAJ contacting  

with a solution of KI 

 1 2 3 4 5 6 7 8 9 

[wt.%] 

P2O5
1 

0.36 0.53 0.42 0.50 0.51 0.62 0.33 0.48 0.44 

SO3 38.10 38.61 39.70 40.46 37.53 38.24 36.91 36.53 38.35 

SiO2 6.46 1.21 3.55 2.45 2.71 5.09 9.73 7.37 4.25 

TiO2 0.18 0.17 0.15 0.08 0.17 0.16 0.18 0.12 0.23 

Al2O3 43.22 47.09 43.26 48.09 39.76 41.66 44.74 45.81 42.74 

Fe2O3 14.51 14.26 14.30 14.63 13.93 13.64 13.72 12.84 15.39 

MgO 0.13 0.11 0.07 0.12 0.09 0.11 0.10 0.19 0.13 

CaO 0.11 0.11 0.08 0.12 0.07 0.09 0.04 0.18 0.17 

K2O 1.10 0.87 0.94 0.83 1.12 1.05 0.83 0.96 0.96 

Na2O 0.29 0.26 0.35 0.24 0.27 0.22 0.28 0.26 0.34 

Cl 0.74 0.82 0.79 0.66 0.70 0.63 0.53 0.61 0.66 

Σ 
 

105.19 104.03 103.60 108.18 96.86 101.49 107.37 105.35 103.66 

H2O
2 

18.46 23.60 19.73 23.15 18.50 17.88 17.35 19.12 19.78 

(NH4)2O
3 

2.75 3.03 2.78 3.11 2.54 2.67 2.89 2.86 2.76 

apfu (mpfu), B = 3 basis (assuming all Si entering the T-site) 

P 0.01 0.02 0.02 0.02 0.02 0.03 0.01 0.02 0.02 

S 1.39 1.31 1.45 1.35 1.47 1.45 1.32 1.29 1.39 

Si
 

0.31 0.05 0.17 0.11 0.14 0.26 0.46 0.35 0.21 

Ti 0.01 0.01 0.01  0.01 0.01 0.01  0.01 

Al 2.47 2.51 2.48 2.51 2.45 2.48 2.51 2.54 2.44 

Fe 0.53 0.49 0.52 0.49 0.55 0.52 0.49 0.46 0.56 

Mg 0.01 0.01  0.01 0.01 0.01 0.01 0.01 0.01 

Ca 0.01 0.01  0.01    0.01 0.01 

K 0.07 0.05 0.06 0.05 0.07 0.07 0.05 0.06 0.06 

Na 0.03 0.02 0.03 0.02 0.03 0.02 0.03 0.02 0.03 

Cl 0.06 0.06 0.06 0.05 0.06 0.05 0.04 0.05 0.05 

NH4
4 

0.89 0.91 0.90 0.92 0.89 0.90 0.92 0.90 0.89 

OH
5 

5.97 7.13 6.39 6.84 6.46 6.03 5.51 6.01 6.39 

end members [%] 

Ama
5 

73 77 74 77 72 74 77 76 72 

Amj 16 15 16 15 16 16 15 14 17 

Alu 6 4 5 4 6 6 4 5 5 

Jar 1 1 1 1 1 1 1 1 1 

Naa 2 2 3 2 2 2 2 2 3 

Naj 1 <1 1 <1 1 <1 <1 <1 <1 

Hua 1 <1 <1 1 <1 <1 <1 1 1 

Caj <1 <1 <1 <1 <1 <1 <1 <1 <1 

Mgh 1 1 <1 1 1 1 1 1 1 

Mfh <1 <1 <1 <1 <1 <1 <1 <1 <1 
 

1 
–

 
Mn was measured but not detected (under the detection limit);

 2
 – exclusively OH-

derived, backward-calculated from OH mpfu content assuming lacking H3O
+
 and H2O 

molecules in the structure; 
2
 – backward-calculated from NH4

+
 mpfu content; 

3
 – calculated 

by stoichiometry (filling the A site to the occupancy of 1); 
4
 – by charge balance; 

5
 – Ama – 

ammoniojarosite (and hydroniumjarosite), Amj – ammonioalunite (and schlossmacherite), 
Alu – alunite, Jar – jarosite, Naa – natroalunite, Naj – natrojarosite, Hua – huangite, Caj – 
“calciojarosite” HEM, Mga – “magnesiohuangite” HEM, Mfh – “magnesioferrihuangite” 
HEM 



Table ST4. Results of chemical analyses of AAJ contacting with  

a solution of Rb2CO3 

 1 2 3 4 5 6 7 8 9 10 11 12 

[wt.%] 

P2O5
1 

0.54 0.58 0.63 0.59 0.46 0.53 0.48 0.58 0.59 0.57 0.44 0.63 

SO3 35.61 37.10 33.80 36.55 36.23 35.66 32.76 35.89 35.32 36.64 35.51 36.21 

SiO2 0.31 bdl 0.22 bdl 0.73 bdl 2.00 0.61 0.11 bdl 0.07 0.60 

TiO2 0.14 0.14 0.15 0.16 0.10 0.15 0.14 0.12 0.10 0.14 0.13 0.11 

Al2O3 25.12 32.63 23.91 36.08 21.40 20.38 19.71 39.48 27.76 36.87 21.07 34.99 

Fe2O3 25.44 20.63 29.31 20.53 27.13 28.36 29.30 19.49 26.17 20.52 27.95 20.04 

MgO 0.32 0.41 0.62 0.34 0.28 0.50 0.53 0.52 0.58 0.45 0.28 0.42 

CaO 0.14 0.23 0.25 0.22 0.21 0.21 0.24 0.19 0.18 0.13 0.16 0.16 

Rb2O 0.43 0.48 0.58 0.53 0.50 0.45 0.39 0.33 0.44 0.62 0.43 0.37 

K2O 0.36 0.42 0.46 0.62 0.41 0.36 0.33 0.65 0.40 0.78 0.29 0.47 

Na2O 0.23 0.26 0.19 0.36 0.25 0.22 0.20 0.25 0.22 0.32 0.18 0.25 

Cl 0.54 0.73 0.53 0.78 0.51 0.49 0.45 0.71 0.55 0.68 0.47 0.70 

Σ 
 

89.25 93.62 90.68 96.74 88.22 87.34 86.59 98.82 89.43 97.72 86.98 94.99 

H2O
3 

15.99 18.42 17.24 20.51 14.06 14.54 13.98 21.95 18.02 20.99 14.76 19.39 

(NH4)2O
4 

2.17 2.38 2.14 2.52 1.99 1.95 1.96 2.69 2.29 2.53 2.06 2.50 

apfu (mpfu), B = 3 basis (assuming all Si entering the T-site) 

P 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.02 0.03 0.02 0.02 0.03 

S 1.64 1.54 1.51 1.42 1.78 1.77 1.62 1.32 1.51 1.40 1.74 1.45 

Si
 

0.02  0.01  0.05  0.13 0.03 0.01   0.03 

Ti 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01  

Al 1.82 2.13 1.68 2.20 1.66 1.58 1.54 2.28 1.87 2.21 1.62 2.19 

Fe 1.18 0.86 1.31 0.80 1.34 1.41 1.46 0.72 1.13 0.79 1.37 0.80 

Mg 0.03 0.03 0.05 0.03 0.03 0.05 0.05 0.04 0.05 0.03 0.03 0.03 

Ca 0.01 0.01 0.02 0.01 0.01 0.02 0.02 0.01 0.01 0.01 0.01 0.01 

Rb 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.01 0.02 0.02 0.02 0.01 

K 0.03 0.03 0.03 0.04 0.03 0.03 0.03 0.04 0.03 0.05 0.02 0.03 

Na 0.03 0.03 0.02 0.04 0.03 0.03 0.03 0.02 0.02 0.03 0.02 0.03 

Cl 0.06 0.07 0.05 0.07 0.06 0.05 0.05 0.06 0.05 0.06 0.05 0.06 

NH4
5 

0.89 0.88 0.85 0.87 0.87 0.86 0.86 0.88 0.87 0.86 0.90 0.89 

OH
5 

6.55 6.81 6.85 7.07 6.15 6.40 6.17 7.17 6.87 7.12 6.42 6.88 

end members [%] 

Ama
6 

56 65 51 66 50 48 47 69 57 66 50 67 

Amj 36 26 40 24 41 43 44 22 34 23 43 25 

Alu 2 2 2 3 2 2 2 3 2 4 1 2 

Jar 1 1 2 1 2 1 1 1 1 1 1 1 

Naa 2 2 1 3 2 2 1 2 2 2 1 2 

Naj 1 1 1 1 1 1 1 1 1 1 1 1 

Rba 1 1 1 1 1 1 1 1 1 1 1 1 

Rbj 1 1 1 1 1 1 1 <1 1 1 1 <1 

Hua <1 1 1 1 <1 <1 <1 <1 <1 <1 <1 <1 

Caj <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 

Mgh 1 1 2 1 1 1 1 2 2 1 1 1 

Mfh 1 1 1 <1 1 1 1 1 1 1 1 1 

 
1 

–
 
Mn was measured but not detected (under the detection limit); 

2
 – below detection limit;

 3
 – 

exclusively OH-derived, backward-calculated from OH mpfu content assuming lacking H3O
+
 and H2O 

molecules in the structure; 
4
 – backward-calculated from NH4

+
 mpfu content; 3 calculated by 

stoichiometry (filling the A site to the occupancy of 1); 
5
 – by charge balance; 

6
 – Ama – 

ammoniojarosite (and hydroniumjarosite), Amj – ammonioalunite (and schlossmacherite), Alu – 
alunite, Jar – jarosite, Naa – natroalunite, Naj – natrojarosite, Hua – huangite, Rba – “rubidioalunite” 
HEM, Rbj – “rubidiojarosite” HEM, Caj – “calciojarosite” HEM, Mgh – “magnesiohuangite” HEM, Mfh – 
“magnesioferrihuangite” HEM 



Table ST5. Shapiro-Wilk (S-W) normality test results, rubidium experiment 

 S-W p-v 

Cl 0.90 0.18 

Na2O 0.95 0.65 

K2O 0.94 0.56 

Rb2O 0.99 0.99 

MgO 0.93 0.40 

CaO 0.94 0.55 

Al2O3 0.90 0.14 

Fe2O3 0.84 0.02 

SiO2 0.97 0.91 

TiO2 0.88 0.10 

P2O5 0.90 0.14 

SO3 0.76 0.004 

 
p-v – the p-values; meaningful values are given in bold 



Table ST6. Element correlation based on Kendall’s  coefficients and uncorrected ρ-values (given in the parentheses),  

rubidium experiment 

 Cl Na2O K2O Rb2O MgO CaO Al2O3 Fe2O3 SiO2 TiO2 P2O5 SO3 

Cl  0.66 (0.003) 0.58 (0.008) 0.15 (0.49) -0.08 (0.73) -0.06 (0.78) 0.78 (0.0004) -0.68 (0.002) -0.04 (0.90) 0.08 (0.73) 0.57 (0.01) 0.54 (0.02) 

Na2O 0.66 (0.003)  0.62 (0.005) 0.18 (0.40) -0.23 (0.30) -0.15 (0.48) 0.56 (0.01) -0.58 (0.008) 0.40 (0.17) 0.20 (0.36) 0.29 (0.20) 0.72 (0001) 

K2O 0.58 (0.008) 0.62 (0.005)  0.31 (0.16) 0.17 (0.45) -0.06 (0.78) 0.75 (0.0007) -0.52 (0.02) 0.21 (0.46) 0.17 (0.44) 0.49 (0.03) 0.39 (0.07) 

Rb2O 0.15 (0.49) 0.18 (0.40) 0.31 (0.16)  -0.02 (0.94) 0.18 (0.40) 0.11 (0.63) 0.14 (0.52) -0.25 (0.38) 0.36 (0.11) 0.13 (0.57) 0.29 (0.19) 

MgO -0.08 (0.73) -0.23 (0.30) 0.17 (0.45) -0.02 (0.94)  0.29 (0.19) 0.09 (0.68) 0.06 (0.78) 0.07 (0.80) 0.06 (0.78) 0.36 (0.10) -0.43 (0.05) 

CaO -0.06 (0.78) -0.15 (0.48) -0.06 (0.78) 0.18 (0.40) 0.29 (0.19)  -0.26 (0.24) 0.36 (0.10) 0.40 (0.17) 0.14 (0.53) 0.16 (0.47) -0.21 (0.33) 

Al2O3 0.78 (0.0004) 0.56 (0.01) 0.75 (0.0007) 0.11 (0.63) 0.09 (0.68) -0.26 (0.24)  -0.78 (0.0004) 0 (1) 0 (1) 0.43 (0.05) 0.46 (0.04) 

Fe2O3 -0.68 (0.002) -0.58 (0.008) -0.52 (0.02) 0.14 (0.52) 0.07 (0.78) 0.36 (0.10) -0.78 (0.0004)  -0.11 (0.71) 0.10 (0.67) -0.37 (0.09) -0.53 (0.02) 

SiO2 -0.04 (0.90) 0.40 (0.17) 0.21 (0.46) -0.25 (0.38) 0.07 (0.80) 0.40 (0.17) 0 (1) -0.11 (0.71)  -0.11 (0.71) -0.07 (0.80) -0.09 (0.76) 

TiO2 0.08 (0.73) 0.20 (0.36) 0.17 (0.44) 0.36 (0.11) 0.06 (0.78) 0.14 (0.53) 0 (1) 0.10 (0.67) -0.11 (0.71)  0.18 (0.43) 0.29 (0.19) 

P2O5 
 

0.57 (0.01) 0.29 (0.20) 0.49 (0.03) 0.13 (0.57) 0.36 (0.10) 0.16 (0.47) 0.43 (0.05) -0.37 (0.09) -0.07 (0.80) 0.18 (0.43)  0.07 (0.74) 

SO3 0.53 (0.02) 0.72 (0.001) 0.39 (0.07) 0.29 (0.20) -0.43 (0.05) -0.21 (0.33) 0.46 (0.04) -0.53 (0.02) -0.09 (0.76) 0.29 (0.19) 0.07 (0.74)  

 
Strong correlations are given in bold 



Table ST7. Results of chemical analyses of AAJ  

contacting with a solution of CsCl 

 1 2 3 4 5 6 7 8 

wt.% 

P2O5
1 

0.54 0.52 0.62 0.83 0.78 0.91 0.83 0.94 

SO3 38.69 37.33 36.53 31.30 29.27 25.91 26.41 28.61 

SiO2 4.74 6.11 4.38 11.72 9.87 11.62 11.23 16.47 

TiO2 0.16 0.25 0.15 0.12 0.09 0.23 0.12 0.09 

Al2O3 47.24 45.25 44.66 16.65 14.33 11.66 13.46 17.44 

Fe2O3 11.73 10.74 9.26 27.22 28.54 25.82 26.85 27.90 

MgO 0.10 0.12 0.16 0.13 0.17 0.12 0.14 0.17 

CaO 0.15 bdl
2 

bdl 0.20 0.10 0.13 0.09 0.30 

Cs2O 0.24 0.28 0.27 0.97 0.90 0.88 0.83 1.07 

Rb2O bdl bdl bdl 0.28 0.32 0.28 0.30 0.31 

K2O 0.61 0.90 0.70 1.04 1.23 0.83 0.98 1.16 

Na2O 0.15 0.24 0.25 0.31 0.31 0.35 0.35 0.39 

Cl 0.45 0.47 0.45 0.37 0.36 0.34 0.36 0.35 

Σ 
 

104.80 102.20 97.43 91.12 86.26 79.08 81.96 95.22 

H2O
3 

20.49 18.46 18.70 5.68 6.38 3.51 5.04 4.14 

(NH4)2O
4 

3.01 2.80 2.73 1.57 1.46 1.28 1.39 1.56 

apfu (mpfu), B=3 basis (assuming all Si entering the T site) 

P 0.02 0.02 0.03 0.05 0.05 0.07 0.06 0.06 

S 1.35 1.36 1.38 1.75 1.71 1.75 1.64 1.55 

Si
 

0.22 0.30 0.22 0.87 0.77 1.05 0.93 1.19 

Ti 0.01 0.01 0.01 0.01 0.01 0.02 0.01  

Al 2.58 2.60 2.64 1.46 1.32 1.24 1.32 1.48 

Fe 0.41 0.39 0.35 1.53 1.68 1.75 1.68 1.51 

Mg 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.02 

Ca 0.01   0.02 0.01 0.01 0.01 0.02 

Cs  0.01 0.01 0.03 0.03 0.03 0.03 0.03 

Rb    0.01 0.02 0.02 0.02 0.01 

K 0.04 0.06 0.04 0.10 0.12 0.10 0.10 0.11 

Na 0.01 0.02 0.02 0.04 0.05 0.06 0.06 0.05 

Cl 0.04 0.04 0.04 0.05 0.05 0.05 0.05 0.04 

NH4
5 

0.93 0.91 0.91 0.78 0.76 0.77 0.77 0.75 

OH
5 

6.34 6.00 6.26 2.83 3.32 2.10 2.79 1.99 

end members, % 

Ama
6 

80 79 81 39 34 33 35 38 

Amj 13 12 11 41 44 46 44 39 

Alu 3 5 4 5 6 4 5 5 

Jar 1 1 1 5 7 6 6 6 

Naa 1 2 2 2 2 3 3 3 

Naj <1 <1 <1 2 3 4 3 3 

Csa 0.4 0.5 0.5 2 1 1 1 2 

Csj 0.1 0.1 0.1 2 2 2 2 2 

Rba    1 1 1 1 1 

Rbj    1 1 1 1 1 

Hua 1   <1 <1 <1 <1 1 

Caj <1        

Mgh 1 1 1 <1 1 <1 <1 1 

Mfh <1 <1 <1 <1 1 1 1 1 

 
1 

– Mn was measured but not detected (under the detection limit); Rb 
was detected as an impurity; 

2
 – below detection limit;

 3
 – exclusively 

OH-derived, backward-calculated from OH mpfu content assuming 
lacking H3O

+
 and H2O molecules in the structure; 

4
 – backward-

calculated from NH4
+
 mpfu content; 3 calculated by stoichiometry (filling 

the A site to the occupancy of 1); 
5
 – by charge balance; 

6
 – Ama – 

ammoniojarosite (and hydroniumjarosite), Amj – ammonioalunite (and 
schlossmacherite), Alu – alunite, Jar – jarosite, Naa – natroalunite, Naj 
– natrojarosite, Hua – huangite, Csa – “caesioalunite” HEM, Csj – 
“caesiojarosite” HEM, Rba – “rubidiolunite” HEM, Rbj – “rubidiojarosite” 
HEM, Caj – “calciojarosite” HEM, Mgh – “magnesiohuangite” HEM, Mfh 
– “magnesioferrihuangite” HEM 



Table ST8. Shapiro-Wilk (S-W) normality test results, caesium experiment 

 S-W p-v 

Cl 0.83 0.05 

Na2O 0.89 0.21 

K2O 0.97 0.86 

Rb2O 0.90 0.42 

Cs2O 0.76 0.01 

MgO 0.95 0.72 

CaO 0.94 0.66 

Al2O3 0.80 0.03 

Fe2O3 0.74 0.006 

SiO2 0.89 0.24 

TiO2 0.92 0.44 

P2O5 0.88 0.19 

SO3 0.88 0.21 

 
p-v – the p-values; meaningful values are given in bold 



Table ST9. Element correlation based on Kendall’s  coefficients and uncorrected ρ-values (given in the parentheses), caesium experiment 

 Cl Na2O K2O Rb2O Cs2O MgO CaO Al2O3 Fe2O3 SiO2 TiO2 P2O5 SO3 

Cl  -0.77 (0.008) -0.30 (0.30) 0 (1) -0.44 (0.12) -0.30 (0.30) 0 (1)  0.64 (0.03) -0.44 (0.12) -0.57 (005) 0.42 (0.15) -0.79 (0.006) 0.82 (0.005) 

Na2O -0.77 (0.008)  0.44 (0.12) 0.12 (0.77) 0.59 (0.04) 0.44 (0.12) 0.07 (0.84) -0.64 (0.03) 0.37 (0.20) 0.72 (0.01) -0.42 (0.15) 0.87 (0.002) -0.82 (0.005) 

K2O -0.30 (0.30) 0.44 (0.12)  0.74 (0.07) 0.71 (0.01) 0.57 (0.05) 0.07 (0.85) -0.33 (0.26) 0.79 (0.006) 0.47 (0.10) -0.62 (0.03) 0.33 (0.26) -0.29 (0.32) 

Rb2O 0 (1) 0.12 (0.77) 0.74 (0.07)  0.32 (0.44) 0.95 (0.02) 0.11 (0.80) 0.53 (0.20) 0.74 (0.07) -0.22 (0.59) -0.89 (0.03) -0.22 (0.59) 0.32 (0.44) 

Cs2O -0.44 (0.12) 0.59 (0.04) 0.71 (0.01) 0.32 (0.44)  0.43 (0.14) 0.47 (0.19) -0.33 (0.26) 0.64 (0.03) 0.76 (0.008) -0.47 (0.10) 0.62 (0.03) -0.43 (0.14) 

MgO -0.30 (0.30) 0.44 (0.12) 0.57 (0.05) 0.95 (0.02) 0.43 (0.14)  -0.07 (0.85) -0.25 (0.38) 0.50 (0.08 0.18 (0.53) -0.69 (0.02) 0.25 (0.38) -0.29 (0.32) 

CaO 0 (1) 0.07 (0.84) 0.07 (0.85) 0.11 (0.80) 0.47 (0.19) -0.07 (0.85)  0.47 (0.19) 0.07 (0.85) 0.41 (0.24) -0.14 (0.70) 0.28 (0.44) 0.20 (0.57) 

Al2O3 0.64 (0.03) -0.64 (0.03) -0.33 (0.26) 0.53 (0.20) -0.33 (0.26) -0.25 (0.38) 0.47 (0.19)  -0.25 (0.38) -0.44 (0.12) 0.22 (0.44) -0.52 (0.07) 0.84 (0.004) 

Fe2O3 -0.44 (0.12) 0.37 (0.20) 0.79 (0.006) 0.74 (0.07) 0.64 (0.03) 0.50 (0.08) 0.07 (0.85) -0.25 (038)  0.55 (0.06) -0.69 (0.02) 0.40 (0.17) -0.21 (0.46) 

SiO2 -0.57 (0.05) 0.71 (0.01) 0.47 (0.10) -0.22 (0.59) 0.76 (0.008) 0.18 (0.53) 0.41 (0.24) -0.44 (0.12) 0.55 (0.06)  -0.22 (0.44) 0.74 (0.01) -0.55 (0.06) 

TiO2 0.42 (0.15) -0.42 (0.15) -0.62 (0.03) -0.89 (0.03) -0.47 (0.10) -0.69 (0.02) -0.14 (0.70) 0.22 (0.44) -0.69 (0.02) -0.22 (0.44)  -0.41 (0.16) 0.25 (0.38) 

P2O5 
 

-0.79 (0.006) 0.87 (0.003) 0.33 (0.26) -0.22 (0.59) 0.62 (0.03) 0.25 (0.38) 0.28 (0.44) -0.52 (0.07) 0.40 (0.17) 0.74 (0.01) -0.41 (0.16)  -0.69 (0.02) 

SO3 0.82 (0.005) -0.82 (0.005) -0.29 (0.32) 0.32 (0.44) -0.43 (0.14) -0.29 (0.32) 0.20 (0.57) 0.84 (0.004) -0.21 (0.46) -0.55 (0.06) 0.25 (0.38) -0.69 (0.02)  

 
Strong correlations are given in bold 



Table ST10. Results of chemical analyses of AAJ contacting with a solution of Sr(NO3)2 

 1 2 3 4 5 6 7
1 

8 9 10 11 

 Sr-dominant medium Sr-rich Sr-low 

[wt.%] 

P2O5
1 

0.38 0.37 0.28 0.33 0.44 0.48 0.47 0.37 0.39 0.84 0.71 

SO3 36.40 34.11 36.78 34.91 37.41 27.55 35.02 36.50 35.16 36.19 34.07 

SiO2 1.57 0.78 1.57 2.37 2.09 3.98 0.32 2.60 5.27 7.66 5.62 

TiO2 0.12 0.11 0.13 0.11 0.11 0.11 0.07 0.10 0.17 0.35 0.19 

Al2O3 20.30 18.59 22.53 19.16 26.79 20.01 11.80 26.04 28.31 44.59 33.45 

Fe2O3 20.24 28.20 25.09 24.70 24.19 19.87 16.35 25.13 23.24 11.24 11.49 

MgO 0.09 bdl 0.07 0.04 0.06 0.15 0.03 bdl 0.12 0.34 0.09 

CaO 0.13 bdl 0.07 0.06 0.10 0.17 0.04 bdl 0.07 0.14 bdl 

SrO 10.25 2.50 2.62 4.93 1.59 1.59 18.70
1 

0.31 0.68 0.50 0.73 

K2O 0.35 0.26 0.48 0.41 0.43 0.55 0.20 0.39 1.10 1.02 0.80 

Na2O 0.15 0.20 0.22 0.16 0.24 0.09 0.15 0.24 0.21 0.40 0.21 

Cl 0.42 0.40 0.45 0.37 0.52 0.48 0.26 0.61 0.56 0.69 0.48 

Σ 
 

90.41 85.51 90.28 87.54 93.99 75.03 83.40 92.27 95.27 103.94 87.84 

H2O
3 

10.25 14.50 13.59 11.57 15.13 10.62 7.89 14.79 14.23 17.57 12.77 

(NH4)2O
4 

0.00 1.84 1.87 1.49 2.17 1.60 0.00 2.32 2.18 2.61 2.11 

apfu (mpfu), B = 3 basis (assuming all Si entering the T-sites) 

P 0.02 0.01 0.02 0.02 0.02 0.03 0.05 0.02 0.02 0.03 0.04 

S 2.09 1.78 1.82 1.91 1.69 1.61 3.00
1 

1.65 1.55 1.33 1.59 

Si
 

0.12 0.05 0.10 0.17 0.13 0.31 0.04 0.16 0.31 0.37 0.35 

Ti 0.01 0.01 0.01 0.01 0.01 0.01 0.01  0.01 0.01 0.01 

Al 1.83 1.52 1.75 1.64 1.90 1.83 1.59 1.85 1.96 2.57 2.45 

Fe 1.16 1.47 1.24 1.35 1.10 1.16 1.41 1.14 1.03 0.41 0.54 

Mg 0.01  0.01  0.01 0.02   0.01 0.02 0.01 

Ca 0.01    0.01 0.01 0.01   0.01  

Sr 0.45 0.10 0.10 0.21 0.06 0.07 1.24
1 

0.01 0.02 0.01 0.03 

K 0.03 0.02 0.04 0.04 0.03 0.05 0.03 0.03 0.08 0.06 0.06 

Na 0.02 0.03 0.03 0.02 0.03 0.01 0.03 0.03 0.02 0.04 0.03 

Cl 0.05 0.05 0.05 0.05 0.05 0.06 0.05 0.06 0.06 0.06 0.05 

NH4
5 

0.00 0.85 0.82 0.72 0.87 0.83 0.00 0.93 0.86 0.85 0.88 

OH
5 

5.23 6.22 5.97 5.62 5.20 5.50 6.01 5.96 5.59 5.74 5.30 

end members [%] 

Ama
6 

 43 51 44 57 53  58 57 75 73 

Amj  42 36 37 33 34  36 30 12 16 



Alu 4 2 2 2 2 3 11 2 6 6 5 

Jar 2 1 2 2 1 2 10 1 3 1 1 

Naa 3 2 2 1 2 1 12 2 2 3 2 

Naj 2 1 1 1 1 1 11 1 1 1  

Srh 52 1 3 6 2 2 27 5 1 1 1 

Sfh 33 0.4 2 5 1 2 24 5 0.4 0.1 0.2 

Hua 1  <1 <1 <1 1 1  <1 <1  

Caj 1  <1 <1 <1 <1 1  <1 <1  

Mgh 1  <1 <1 <1 1 1  <1 1 <1 

Mfh 1  <1 <1 <1 <1 1  <1 <1 <1 

Goy
7 

1  <1 <1 <1  1 0.1   0.1 

Ben <1   <1  <1 1 0.1    

 
1 

–
 
excess SrO recasted as 1.09 SrSO4; 

2
 – Mn was measured but not detected (under the detection 

limit); 
3
 – exclusively OH-derived, backward-calculated from OH mpfu content assuming lacking H3O

+
 

and H2O molecules in the structure; 
4
 – backward-calculated from NH4

+
 mpfu content; 3 calculated by 

stoichiometry (filling the A site to the occupancy of 1); 
5
 – by charge balance; 

6
 – Ama – ammoniojarosite 

(and hydroniumjarosite), Amj – ammonioalunite (and schlossmacherite), Alu – alunite, Jar – jarosite, 
Naa – natroalunite, Naj – natrojarosite, Hua – huangite, Srh – “strontiohuangite” HEM, Sfh – 
“strontioferrihuangite” HEM, Caj – “calciojarosite” HEM, Mgh – “magnesiohuangite” HEM, Mfh – 
“magnesioferrihuangite” HEM, goy – goyazite, Ben – benauite; 

7
 – crandallite and related end members 

omitted due to very low content 



Table ST11. Shapiro-Wilk (S-W) normality test results, strontium experiment 

 S-W p-v 

Cl 0.97 0.83 

Na2O 0.94 0.50 

K2O 0.96 0.74 

MgO 0.98 0.97 

CaO 0.95 0.68 

SrO 0.97 0.84 

Al2O3 0.97 0.87 

Fe2O3 0.83 0.02 

SiO2 0.95 0.60 

TiO2 0.88 0.10 

P2O5 0.91 0.22 

SO3 0.71 0.0007 
 

p-v – the p-values; meaningful values are given in bold 



Table ST12. Element correlation based on Kendall’s  coefficients and uncorrected ρ-values (given in the parentheses), strontium experiment 

 Cl Na2O K2O MgO CaO SrO Al2O3 Fe2O3 SiO2 TiO2 P2O5 SO3 

Cl  0.57 (0.01) 0.55 (0.02) 0.65 (0.02) 0.43 (0.14) -0.80 (0.0007) 0.70 (0.003) -0.13 (0.58) 0.59 (0.01) 0.45 (0.05) 0.26 (0.27) 0.23 (0.32) 

Na2O 0.57 (0.01)  0.29 (0.21) 0.14 (0.60) 0.18 (0.53) -0.54 (0.02) 0.51 (0.03) 0.09 (0.69) 0.26 (0.27) 0.22 (0.34) 0.04 (0.88) 0.51 (0.03) 

K2O 0.55 (0.02) 0.29 (0.21)  0.67 (0.01) 0.29 (0.32) -0.55 (0.02) 0.64 (0.006) -0.33 (0.16) 0.67 (0.004) 0.72 (0.002) 0.27 (0.24) 0.06 (0.81) 

MgO 0.65 (0.02) 0.14 (0.60) 0.67 (0.01)  0.64 (0.03) -0.65 (0.02) 0.50 (0.06) -0.39 (0.14) 0.56 (0.04) 0.70 (0.008) 0.39 (0.14) -0.15 (0.59) 

CaO 0.43 (0.14) 0.18 (0.53) 0.29 (0.32) 0.64 (0.03)  -0.40 (0.17) 0.29 (0.32) -0.29 (0.32) 0.36 (0.22) 0.40 (0.17) 0.29 (0.32) 0.11 (0.69) 

SrO -0.80 (0.0007) -0.54 (0.02) -0.55 (0.02) -0.65 (0.02) -0.40 (0.17)  -0.59 (0.01) 0.06 (0.81) -0.59 (0.01) -0.37 (0.11) -0.26 (0.27) -0.08 (0.74) 

Al2O3 0.70 (0.003) 0.51 (0.03) 0.64 (0.006) 0.50 (0.06) 0.29 (0.32) -0.59 (0.01)  -0.29 (0.21) 0.67 (0.004) 0.69 (0.003) 0.35 (0.14) 0.25 (0.28) 

Fe2O3 -0.13 (0.58) 0.09 (0.69) -0.33 (0.16) -0.39 (0.14) -0.29 (0.32) 0.06 (0.81) -0.29 (0.21)  -0.40 (0.08) -0.41 (0.08) -0.73 (0.002) 0.16 (0.51) 

SiO2 0.59 (0.01) 0.26 (0.27) 0.67 (0.004) 0.56 (0.04) 0.36 (0.22) -0.59 (0.01) 0.67 (0.004) -0.40 (0.08)  0.54 (0.02) 0.45 (0.05) -0.10 (0.68) 

TiO2 0.45 (0.05) 0.22 (0.34) 0.72 (0.002) 0.70 (0.008) 0.40 (0.17) -0.37 (0.11) 0.69 (0.004) -0.41 (0.08) 0.54 (0.02)  0.31 (0.18) 0.06 (0.80) 

P2O5 
 

0.26 (0.27) 0.04 (0.88) 0.27 (0.24) 0.39 (0.14) 0.29 (0.32) -0.26 (0.27) 0.35 (0.14) -0.73 (0.002) 0.45 (0.05) 0.31 (0.18)  -0.21 (0.36) 

SO3 0.23 (0.32) 0.51 (0.03) 0.06 (0.80) -0.15 (0.59) 0.11 (0.69) -0.08 (0.74) 0.25 (0.28) 0.16 (0.51) -0.10 (0.68) 0.06 (0.80) -0.21 (0.36)  

 
Strong correlations are given in bold 



Table ST13. Results of chemical analyses of AAJ contacting with a solution of ZrCl4 

 1 2 3 4 5 6 7 8 9 10 11 12 

[wt.%] 

 Si-rich Zr-exchanged AAJ moderately siliceous Zr-exchanged AAJ Zr phase 

P2O5
 

0.02 0.69 0.52 0.65 1.06 0.24 0.22 0.18 0.23 0.32 0.18 0.18 

SO3 27.73 18.93 13.39 18.72 30.22 27.50 28.20 32.42 32.73 31.91 20.56 21.87 

SiO2 14.12 25.91 39.32 35.03 6.69 8.21 9.43 4.78 2.87 9.45 0.75 1.04 

ZrO2 4.38 5.25 2.65 3.33 4.25 7.94 3.86 2.44 4.44 1.54 17.56 16.14 

TiO2 0.32 0.37 1.02 0.50 3.01 0.09 0.19 0.17 0.17 0.30 bdl
1
 0.11 

Al2O3 32.11 25.71 24.55 25.82 29.50 24.69 25.49 26.74 24.88 30.61 10.60 15.36 

Fe2O3 9.11 6.43 3.71 6.24 7.23 12.49 14.01 14.83 15.44 13.49 10.75 12.59 

MgO 0.29 0.38 0.57 0.57 0.14 0.15 0.24 0.10 bdl 0.23 bdl bdl 

CaO 0.43 0.45 0.34 0.46 0.52 0.36 0.15 bdl bdl 0.15 0.49 0.53 

K2O 2.04 2.00 2.87 2.42 1.41 1.04 1.26 0.66 0.61 0.99 0.27 0.47 

Na2O 0.63 0.49 0.46 0.73 0.61 bdl bdl bdl bdl bdl bdl bdl 

Cl 0.88 0.69 0.55 0.56 1.05 0.48 0.48 0.47 0.47 0.46 0.83 0.46 

Σ 
 

92.05 87.30 89.93 95.01 85.69 83.20 83.52 82.79 81.85 88.42 61.98 68.74 

H2O
2 

11.21 8.54 6.80 8.36 11.88 11.01 10.89 11.81 11.94 12.04 11.27 11.49 

(NH4)2O
3 

1.65 1.22 0.82 0.98 1.67 1.83 1.81 2.05 2.05 2.10   

apfu (mpfu), B = 3 basis (assuming all Si entering the T-site); analyses 11 and 12: B = 2 basis 

P  0.05 0.04 0.04 0.06 0.01 0.01 0.01 0.01 0.02 0.01 0.01 

S 1.33 1.12 0.89 1.14 1.53 1.46 1.49 1.66 1.71 1.52 1.06 0.93 
T
Si

 
0.67 0.83 1.07 0.82 0.41 0.53 0.50 0.33 0.28 0.46 0.05 0.06 

Zr 0.14 0.20 0.11 0.13 0.14 0.27 0.13 0.08 0.15 0.05 0.58 0.44 

Ti 0.02 0.02 0.07 0.03 0.15  0.01 0.01 0.01 0.01   

Al 2.41 2.39 2.57 2.46 2.34 2.06 2.12 2.15 2.04 2.29 0.86 1.02 

Fe 0.44 0.38 0.25 0.38 0.37 0.66 0.74 0.76 0.81 0.65 0.56 0.53 

Mg 0.03 0.04 0.08 0.07 0.01 0.02 0.03 0.01  0.02   

Ca 0.03 0.04 0.03 0.04 0.04 0.03 0.01   0.01 0.04 0.03 

K 0.17 0.20 0.32 0.25 0.12 0.09 0.11 0.06 0.05 0.08 0.02 0.03 

Na 0.08 0.08 0.08 0.11 0.08        

Cl 0.09 0.09 0.08 0.08 0.12 0.06 0.06 0.05 0.05 0.05 0.10 0.04 

NH4
4 

0.70 0.64 0.49 0.53 0.75 0.86 0.85 0.93 0.95 0.89 0.94 0.94 

OH
4 

4.77 4.50 4.03 4.51 5.34 5.20 5.11 5.37 5.53 5.11 5.17 5.27 

end members [%] 

Ama
5 

56 49 40 42 60 58 59 66 63 68   

Amj 10 8 4 6 9 19 21 23 25 19   

Alu 13 15 27 20 10 6 8 4 4 6   

Jar 2 2 2 3 2 2 3 1 1 2   

Naa 6 6 7 9 6        

Naj 1 1 1 1 1        

Hua 1 1 1 1 1 <1 <1   <1   

Caj <1 <1  <1 <1 <1 <1   <1   

Mgh 2 3 6 6 1 1 2 1  2   

Mfh <1 1 1 1 <1 <1 1 <1  1   

Azs
6 

2 3 2 2 1 3 1 1 1 0.4   

Pzs 0.4 1 1 1 0.2 0.3 0.2      

Szs 0.2 0.4 0.3 0.3 0.1        

Mzs 0.1 0.2 0.3 0.2  0.1       

Czs <0.1 <0.1 <0.1 <0.1 <0.1 <0.1       

Azu 3 4 2 2 4 8 4 3 5 1   

Pzu 1 1 1 1 1 1 1 0.2 0.3 0.1   

Szu 0.4 1 0.3 1 0.4        

Mzu 0.1 0.3 0.3 0.3 0.1 0.1 0.1      

Czu <0.1 0.1 <0.1 <0.1 <0.1 0.1 <0.1      

R <1 4 4 4 4 1 1 1 1 1   

 
1 

–
 
below detection limit;

 2
 – exclusively OH-derived, backward-calculated from OH mpfu content 

assuming lacking H3O
+
 and H2O molecules in the structure; 

3
 – backward-calculated from NH4

+
 mpfu 

content; 3 calculated by stoichiometry (filling the A site to the occupancy of 1); 
4
 – by charge balance; 

5
 – Ama – ammoniojarosite (and hydroniumjarosite), Amj – ammonioalunite (and schlossmacherite), 

Alu – alunite, Jar – jarosite, Naa – natroalunite, Naj – natrojarosite, Hua – huangite, Caj – 
“calciojarosite” HEM, Mgh – “magnesiohuangite” HEM, Mfh – “magnesioferrihuangite” HEM; R – 
remaining P-, Ti- and Cl-dominant HEMs; 

6
 – Zr-dominant analogues: see the main text for 

explanations 



Table ST14. Shapiro-Wilk (S-W) normality test results, zirconium experiment 

 S-W p-v 

Cl 0.81 0.02 

Na2O 0.93 0.58 

K2O 0.95 0.67 

MgO 0.95 0.67 

CaO 0.78 0.02 

Al2O3 0.84 0.04 

Fe2O3 0.89 0.18 

SiO2 
 

0.95 0.65 

TiO2 0.93 0.48 

ZrO2 0.97 0.92 

P2O5 0.86 0.08 

SO3 0.81 0.02 

  
p-v – the p-values are given in parentheses; meaningful values are given in bold 



Table ST15. Element correlation based on Kendall’s  coefficients and uncorrected ρ-values (given in the parentheses), zirconium experiment 

 Cl Na2O K2O MgO CaO Al2O3 Fe2O3 SiO2 TiO2 ZrO2 P2O5 SO3 

Cl  0.20 (0.62) 0.48 (0.05) 0.14 (0.60) 0.69 (0.02) 0.21 (0.39) -0.43 (0.08) 0.25 (0.31) 0.43 (0.08) 0.30 (0.23) 0.39 (0.12) -0.33 (0.19) 

Na2O 0.20 (0.62)  0 (1) -0.20 (0.62) 0.40 (0.33) 0.53 (0.20) 0.40 (0.33) -0.20 (0.62) -0.20 (0.62) 0 (1) 0 (1) 0.20 (0.62) 

K2O 0.48 (0.050 0 (1)  0.72 (0.007) 0.29 (0.32) 0.07 (0.78) -0.82 (0.001) 0.78 (0.002) 0.56 (0.03) -0.07 (0.79) 0.20 (0.42) -0.80 (0.001) 

MgO 0.14 (0.60) -0.20 (0.62) 0.72 (0.007)  0.07 (0.80) -0.17 (0.52) -0.61 (0.02) 1 (0.0002) 0.50 (0.06) 0 (1) 0.11 (0.68) -0.82 (0.002) 

CaO 0.69 (0.02) 0.40 (0.33) 0.29 (0.32) 0.07 (0.80)  0.15 (0.61) -0.43 (0.14) 0.07 (0.80) 0.50 (0.08) 0.29 (0.32) 0.43 (0.14) -0.25 (0.38) 

Al2O3 0.21 (0.39) 0.53 (0.20) 0.07 (0.78) -0.17 (0.52) 0.15 (0.61)  0.02 (0.93) 0.02 (0.93) 0.21 (0.40) -0.26 (0.30) -0.07 (0.78) 0.17 (0.50) 

Fe2O3 -0.43 (0.08) 0.40 (0.33) -0.82 (0.001) -0.61 (0.02) 
 

-0.43 (0.14) 0.02 (0.93)  -0.69 (0.006) -0.64 0.07 (0.79) -0.38 (0.13) 0.80 (0.001) 

SiO2 0.25 (0.31) -0.20 (0.62) 0.78 (0.002) 1 (0.0002) 0.07 (0.80) 0.02 (0.93) -0.69 (0.006)  0.51 (0.01) -0.11 (0.65) 0.16 (0.53) -0.84 (0.0007) 

TiO2 0.43 (0.08) -0.20 (0.62) 0.56 (0.03) 0.50 (0.06) 0.50 (0.08) 0.21 (0.40) -0.64 (0.79) 0.51 (0.04)  -0.16 (0.53) 0.47 (0.06) -0.48 (0.05) 

ZrO2 0.30 (0.23) 0 (1) -0.07 (0.79) 0 (1) 0.29 (0.32) -0.26 (0.30) 0.07 (0.13) -0.11 (0.65) -0.16 (0.53)  0.11 (0.65) -0.07 (0.78) 

P2O5 
 

0.39 (0.12) 0 (1) 0.20 (0.42) 0.11 (0.68) 0.43 (0.14) -0.07 (0.78) -0.38 (0.13) 0.16 (0.53) 0.47 (0.06) 0.11 (0.65)  -0.25 (0.31) 

SO3 -0.33 (0.19) 0.20 (0.62) -0.80 (0.001) -0.82 (0.002) -0.25 (0.38) 0.17 (0.50) 0.80 (0.001) -0.84 (0.0007) -0.48 (0.05) -0.07 (0.78) -0.25 (0.31)  

 
Strong correlations are given in bold 



Table ST16. Results of chemical analyses of AAJ contacting  

with a solution of MnSO4·H2O 

 1 2 3 4 5 6 7 

[wt.%] 

P2O5
1 

0.46 0.60 0.66 0.62 0.67 0.68 0.61 

SO3 35.51 38.76 37.86 38.37 37.96 37.05 36.61 

SiO2 9.83 7.01 2.30 3.04 3.96 6.06 3.73 

TiO2 0.24 0.22 0.19 0.22 0.17 0.14 0.14 

Al2O3 36.38 38.70 38.00 42.42 47.75 36.74 35.99 

Fe2O3 13.53 15.07 15.60 14.95 12.15 14.52 16.60 

MgO 0.09 0.10 0.09 0.10 0.11 0.11 0.09 

CaO 0.04 0.04 0.06 007 0.05 002 0.02 

K2O 1.04 1.56 0.60 1.20 0.70 0.57 0.50 

Na2O 0.15 0.17 0.16 0.23 0.19 0.38 0.26 

Cl 0.97 0.82 1.05 0.94 0.53 0.44 0.47 

Σ 
 

98.24 103.05 96.57 102.25 104.25 96.72 95.01 

H2O
3 

12.59 15.44 18.22 20.05 21.63 14.97 16.82 

(NH4)2O
4 

2.38 2.47 2.64 2.74 3.05 2.46 2.56 

apfu (mpfu), B = 3 basis (assuming all Si entering the T-site) 

P 0.02 0.03 0.03 0.03 0.03 0.03 0.03 

S 1.51 1.53 1.51 1.41 1.31 1.54 1.50 

Si
 

0.56 0.37 0.12 0.15 0.18 0.34 0.20 

Ti 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

Al 2.42 2.40 2.38 2.45 2.58 2.40 2.32 

Fe 0.58 0.60 0.62 0.55 0.42 0.60 0.68 

Mg 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

K 0.08 0.10 0.04 0.07 0.04 0.04 0.03 

Na 0.02 0.02 0.02 0.02 002 0.04 0.03 

Cl 0.09 0.07 0.09 0.08 0.04 0.04 0.04 

NH4
5 

0.90 0.87 0.93 0.89 0.93 0.91 0.93 

OH
5 

4.75 5.42 6.45 6.55 6.62 5.52 6.13 

end members [%] 

Ama
6 

73 69 74 73 80 72 72 

Amj 17 17 19 16 13 18 21 

Alu 6 8 3 6 4 3 3 

Jar 1 2 1 1 1 1 1 

Naa 1 1 1 2 1 3 2 

Naj <1 <1 <1 <1 <1 1 1 

Hua <1 <1 <1 <1 <1 <1 <1 

Caj   <1 <1    

Mga 1 1 1 1 1 1 1 

Mgj <1 <1 <1 <1 <1 <1 <1 

 
1 

–
 
Mn was measured but not detected (under the detection limit); 

2
 

– below detection limit;
 3

 – exclusively OH-derived, backward-
calculated from OH mpfu content assuming lacking H3O

+
 and H2O 

molecules in the structure; 
4
 – backward-calculated from NH4

+
 mpfu 

content; 3 calculated by stoichiometry (filling the A site to the 
occupancy of 1); 

5
 – by charge balance; 

6
 – Ama – ammoniojarosite 

(and hydroniumjarosite), Amj – ammonioalunite (and 
schlossmacherite), Alu – alunite, Jar – jarosite, Naa – natroalunite, 
Naj – natrojarosite, Hua – huangite, Caj – “calcio-jarosite” 
(hypothetical end member), Flc – florencite-(Ce), Ffc – 
“ferriflorencite-(Ce)” (hypothetical end member), Mga – 
“magnesioalunite” (hypothetical end member), Mgj – 
magnesiojarosite (hypothetical end member) 



Table ST17. Results of chemical analyses of AAJ contacting  

with a solution of CuSO4·5H2O. 

 1 2 3 4 5 6 7 

[wt.%] 

P2O5
1 

0.64 0.54 0.44 0.53 0.45 0.94 0.75 

SO3 32.83 35.96 38.01 34.74 32.54 30.65 34.49 

SiO2 10.53 5.32 3.26 8.58 9.56 2.95 5.25 

TiO2 0.15 0.19 0.13 0.19 0.18 0.19 0.24 

Al2O3 40.11 48.65 48.23 46.26 44.46 35.50 43.31 

Fe2O3 10.03 10.06 9.13 9.31 9.28 13.10 10.28 

CuO 0.65 bdl
1 

bdl bdl 0.58 1.05 0.75 

MgO 0.13 bdl bdl 0.11 0.17 bdl 0.13 

CaO 0.12 bdl bdl bdl bdl bdl bdl 

K2O 1.56 1.05 1.00 1.22 1.17 0.74 1.04 

Na2O bdl bdl 0.38 bdl 0.42 bdl Bdl 

Cl 0.52 0.57 0.58 0.55 0.52 0.58 0.56 

Σ 
 

97.25 102.34 101.16 101.48 99.31 85.70 96.79 

H2O
2 

13.56 20.89 21.09 17.54 16.56 17.04 18.36 

(NH4)2O
3 

2.43 3.05 2.89 2.83 2.62 2.49 2.75 

apfu (mpfu), B = 3 basis (assuming all Si entering the T-site) 

P 0.03 0.02 0.02 0.02 0.02 0.05 0.03 

S 1.33 1.24 1.34 1.27 1.22 1.31 1.30 

Si
 

0.57 0.25 0.15 0.42 0.48 0.17 0.26 

Ti 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

Al 2.56 2.64 2.67 2.65 2.62 2.38 2.57 

Fe 0.41 0.35 0.32 0.34 0.35 0.56 0.39 

Cu 0.03    0.02 0.05 0.03 

Mg 0.01   0.01 0.01  0.01 

K 0.11 0.06 0.06 0.08 0.07 0.05 0.07 

Na   0.03 0.04    

Cl 0.05 0.04 0.05 0.05 0.04 0.06 0.05 

NH4
4 

0.88 0.94 0.91 0.92 0.87 0.95 0.92 

OH
4 

4.90 6.43 6.61 5.69 5.53 6.48 6.17 

end members {%] 

Ama
5 

73 81 80 80 75 73 78 

Amj 12 11 10 10 10 17 12 

Alu 9 5 5 7 6 4 6 

Jar 1 1 1 1 1 1 1 

Naa   3  4   

Naj   <1  1   

Hua 1       

Caj <1       

Mgh 1   1 1  1 

Mfh <1   <1 <1  <1 

Cbc <0.5       

Mbc <0.5    <0.5  <0.5 

R 2 2 1 2 2 3 2 

 
1
 – below detection limit;

 2
 – exclusively OH-derived, backward-

calculated from OH mpfu content assuming lacking H3O
+
 and H2O 

molecules in the structure; 
3
 – backward-calculated from NH4

+
 mpfu 

content; 3 calculated by stoichiometry (filling the A site to the 
occupancy of 1); 

4
 – by charge balance; 

5
 – Ama – ammoniojarosite 

(and hydroniumjarosite), Amj – ammonioalunite (and 
schlossmacherite), Alu – alunite, Jar – jarosite, Naa – natroalunite, 
Naj – natrojarosite, Hua – huangite, Caj – “calcio-jarosite” HEM, Mgh 
– “magnesiohuangite” HEM, Mfh – “magnesioferrihuangite” HEM, Cbc 
– “calciobeaverite-(Cu)” HEM, Mbc – “magnesiobeaverite-(Cu)” HEM, 
R – remaining P-, Ti- and Cl-dominant HEMs 



Table ST18. Shapiro-Wilk (S-W) normality test results, copper experiment 

 S-W p-v 

Cl 0.80 0.02 

Na2O 1 1 

K2O 0.93 0.56 

MgO 0.90 0.40 

CuO 0.92 0.53 

Al2O3 0.90 0.27 

Fe2O3 0.82 0.05 

SiO2 0.92 0.39 

TiO2 

 

0.92 0.41 

P2O5 0.95 0.75 

SO3 0.98 0.96 

   

 
p-v – the p-values; meaningful values are given in bold 



Table ST19. Element correlation based on Kendall’s  coefficients and uncorrected ρ-values (given in the parentheses),  

copper experiment 

 Cl K2O MgO CuO Al2O3 Fe2O3 SiO2 TiO2 P2O5 SO3 

Cl  -0.69 (0.03) -0.55 (0.26) 0.82 (0.10) 0.33 (0.30) 0.06 (0.86) -0.79 (0.01) 0.11 (0.73) 0.05 (0.87) -0.49 (0.12) 

K2O -0.69 (0.03) 
 

0 (1) -0.67 (0.17) 0 (1) -0.25 (0.43) 0.90 (0.004) -0.20 (0.54) -0.14 (0.65) -0.10 (0.76) 

MgO -0.55 (0.26) 0 (1)  -1 (0.12) -0.33 (0.50) -0.18 (0.71) 0.33 (0.50) -0.33 (0.50) -0.33 (0.50) -0.91 (0.06) 

CuO 0.82 (0.10) -0.67 (0.17) -1 (0.12)  -0.67 (0.17) 1 (0.04) -0.67 (0.17) 0.33 (0.50) 1 (0.04) -0.18 (0.71) 

Al2O3 0.33 (0.30) 0 (1) -0.33 (0.50) -0.67 (0.17)  -0.62 (0.05) -0.10 (0.76) -0.25 (0.43) -0.59 (0.06) 0.85 (0.007) 

Fe2O3 0.06 (0.86) -0.25 (0.43) -0.18 (0.71) 1 (0.04) -0.62 (0.05)  -0.25 (0.43) 0.51 (0.11) 0.95 (0.003) -0.51 (0.11) 

SiO2 -0.79 (0.01) 0.90 (0.004) 0.33 (0.47) -0.67 (0.17) -0.10 (0.76) -0.25 (0.42)  -0.29 (0.36) -0.24 (0.45) -0.20 (0.54) 

TiO2 0.11 (0.73) -0.20 (0.54) -0.33 (0.47) 0.33 (0.50) -0.25 (0.43) 0.51 (0.11) -0.29 (0.36)  0.49 (0.12) -0.25 (0.43) 

P2O5 
 

0.05 (0.86) -0.14 (0.65) 0.33 (0.47) 1 (0.04)  -0.59 (0.06) 0.95 (0.003) -0.24 (0.45) 0.49 (0.12)  -0.49 (0.12) 

SO3 0.49 (0.12) -0.10 (0.76) -0.91 (0.06) -0.18 (0.71) 0.85 (0.007) -0.51 (0.11) -0.20 (0.54) -0.25 (0.43) -0.49 (0.12)  

 
Strong correlations are given in bold. 



Table ST20. Results of chemical analyses of AAJ contacting  

with a solution of ZnCl2 

 1 2 3 4 5 6 7 

[wt.%] 

P2O5
1 

0.51 0.40 0.43 0.68 0.46 0.93 0.88 

SO3 34.19 36.62 35.17 31.49 36.00 30.88 36.31 

SiO2 8.69 2.52 9.92 1.29 4.90 13.10
3 

2.53 

TiO2 0.14 0.11 0.16 0.22 1.41 0.22 0.17 

Al2O3 39.37 48.40 43.59 28.60 45.77 30.91 30.75 

Fe2O3 14.65 16.98 16.23 19.66 17.36 13.97 16.09 

MgO 0.11 bdl
2 

0.14 0.11 0.15 0.11 bdl 

CaO bdl bdl bdl 0.20 bdl 0.37 0.18 

K2O 1.00 0.71 1.00 1.48 1.00 2.66 1.45 

Na2O bdl bdl bdl bdl bdl 0.61 bdl 

Cl 0.66 0.80 0.63 0.70 0.70 0.61 0.44 

Σ 
 

99.31 106.53 107.25 84.41 107.74 94.37 88.82 

H2O
4 

15.52 24.85 17.70 16.10 22.81 8.33 14.13 

(NH4)2O
5 

2.66 3.36 2.96 2.10 3.18 1.59 2.12 

apfu (mpfu) B = 3 basis, assuming all Si entering the T-sites 

P 0.02 0.01 0.02 0.04 0.02 0.05 0.05 

S 1.34 1.18 1.24 1.46 1.19 1.48 1.69 

Si
 

0.45 0.11 0.47 0.08 0.22 0.83
3 

0.16 

Ti 0.01  0.01 0.01 0.05 0.01 0.01 

Al 2.42 2.45 2.42 2.08 2.38 2.32 2.24 

Fe 0.57 0.55 0.58 0.91 0.58 0.67 0.75 

Mg 0.01  0.01 0.01 0.01 0.01  

Ca    0.01  0.02 0.01 

K 0.07 0.04 0.06 0.12 0.06 0.22 0.11 

Na      0.08  

Cl 0.06 0.06 0.05 0.07 0.05 0.07 0.05 

NH4
6 

0.92 0.96 0.93 0.86 0.93 0.67 0.87 

OH
6 

5.40 7.11 5.56 6.62 6.71 3.54 5.83 

Ama
7 

73 78 74 58 74 50 64 

Amj 17 17 18 26 18 15 21 

Alu 5 3 5 8 4 16 8 

Jar 1 1 1 3 1 5 3 

Naa      6  

Naj      2  

Hua    1  2 1 

Caj    <1  1 <1 

Mgh 1  1 1 1 1  

Mfh <1  <1 <1 <1 <1  

 
1 

–
 
Mn and Zn were measured but not detected (under the detection 

limit); 
2
 – below detection limit; 

3
 – excess possible;

 4
 – exclusively 

OH-derived, backward-calculated from OH mpfu content assuming 
lacking H3O

+
 and H2O molecules in the structure; 

5
 – backward-

calculated from NH4
+
 mpfu content; 

6
 – calculated by stoichiometry 

(filling the A site to the occupancy of 1); 
5
 by charge balance; 

7
 – Ama 

– ammoniojarosite (and hydroniumjarosite), Amj – ammonioalunite 
(and schlossmacherite), Alu – alunite, Jar – jarosite, Naa – 
natroalunite, Naj – natrojarosite, Hua – huangite, HEM, Caj – 
“calciojarosite” HEM, Mgh – “magnesiohuangite” HEM, Mfh – 
“magnesioferrihuangite” HEM 



Table ST21. Results of chemical analyses of AAJ contacting  

with a solution of Ga(NO3)3·xH2O 

 1 2 3 4 5 6 7 

 aluminous composition ferric composition 

[wt.%] 

P2O5
1 

0.40 0.57 0.62 0.46 0.58 0.59 0.58 

SO3 23.53 25.69 28.44 24.82 25.78 27.72 24.12 

SiO2 4.22 1.19 0.36 1.66 2.21 0.32 0.74 

TiO2 0.12 0.14 0.15 bdl 0.17 0.14 bdl 

Al2O3 8.25 8.48 8.42 13.22 5.76 7.24 4.12 

Fe2O3 7.94 11.12 12.10 7.34 11.08 15.26 9.46 

Ga2O3 17.02 20.77 21.03 16.54 21.44 18.62 19.86 

MgO 0.11 bdl bdl bdl bdl bdl bdl 

K2O 0.31 0.29 0.23 0.46 0.32 0.15 0.32 

Cl 0.35 0.31 0.28 0.41 0.23 0.28 0.27 

Σ 
 

62.25 68.76 71.80 65.46 67.82 70.58 59.81 

H2O
3 

6.59 8.29 8.03 8.48 7.04 7.93 5.46 

(NH4)2O
4 

3.61 4.43 4.58 4.33 4.01 4.55 3.29 

apfu (mpfu), B = 3 basis (assuming all Si entering the T-site), unnormalized 

P 0.04 0.05 0.05 0.04 0.05 0.05 0.06 

S 1.98 1.82 1.96 1.76 2.00 1.95 2.20 

Si
 

0.47 0.11 0.03 0.16 0.23 0.03 0.09 

Ti 0.01 0.01 0.01  0.01 0.01  

Al 1.09 0.94 0.91 1.47 0.70 0.80 0.59 

Fe 0.67 0.79 0.84 0.52 0.86 1.07 0.86 

Ga 1.23 1.26 1.24 1.00 1.42 1.12 1.55 

Mg 0.02       

K 0.04 0.03 0.03 0.06 0.04 0.02 0.05 

Cl 0.07 0.05 0.04 0.07 0.04 0.04 0.05 

NH4
5 

0.94 0.97 0.97 0.94 0.96 0.98 0.95 

OH
5 

4.94 5.22 4.92 5.35 4.86 4.95 4.42 

end members [%] 

Ama
6 

34 30 29 45 22 26 18 

Amj 21 25 27 16 27 34 27 

Alu 2 1 1 3 1 0.5 1 

Jar 1 1 1 1 1 1 1 

Mgh 0.6       

Mfh 0.4       

Ags 38 40 39 31 44 36 48 

Pgs 2 1 1 2 2 1 2 

Mgs 0.7       

R 2 2 2 2 2 2 3 

 
1 
–

 
Na and Ca were measured but not detected (under the detection limit); 

2
 – 

below detection limit;
 3

 – exclusively OH-derived, backward-calculated from 
OH mpfu content assuming lacking H3O

+
 and H2O molecules in the structure; 

4
 – backward-calculated from NH4

+
 mpfu content; 3 calculated by 

stoichiometry (filling the A site to the occupancy of 1); 
5
 – by charge balance; 

6
 

– Ama – ammoniojarosite (and hydroniumjarosite), Amj – ammonioalunite 
(and schlossmacherite), Alu – alunite, Jar – jarosite, Mgh – 
“magnesiohuangite” HEM, Mfh – “magnesioferrihuangite” HEM, Ags – 
“ammonium gallium sulfate” HEM, Pgs – “potassium gallium sulfate” HEM, 
Mgs – “magnesium gallium sulfate” HEM, R – remaining end-members 



Table ST22. Shapiro-Wilk (S-W) normality test results,  

gallium experiment 

 S-W p-v 

Cl 0.96 0.84 

K2O 0.92 0.45 

Al2O3 0.95 0.72 

Fe2O3 0.96 0.83 

Ga2O3 0.92 0.50 

SiO2 0.96 0.79 

TiO2 0.98 0.95 

P2O5 0.82 0.07 

SO3 0.93 0.59 

 
p-v – the p-values; meaningful values are given in bold 



Table ST23. Element correlation based on Kendall’s  coefficients and uncorrected ρ-values  

(given in the parentheses), gallium experiment 

 Cl K2O Al2O3 Fe2O3 Ga2O3 SiO2 TiO2 P2O5 SO3 

Cl  0.15 (0.64) 0.65 (0.04) -0.45 (0.16) -0.68 (0.03) 0.20 (0.54) -0.74 (0.07) -0.45 (0.16) -0.29 (0.36) 

K2O 0.15 (0.64)  -0.05 (0.87) -0.75 (0.02) -0.20 (0.54) 0.49 (0.12) 0.20 (0.62) -0.45 (0.16) -0.39 (0.22) 

Al2O3 0.65 (0.04) -0.05 (0.87)  -0.15 (0.64) -0.29 (0.36) 0.10 (0.76) -0.11 (0.80) -0.05 (0.87) 0.10 (0.76) 

Fe2O3 -0.45 (0.16) -0.75 (0.02) -0.15 (0.64)  0.49 (0.12) -0.59 (0.06) 0.11 (0.80) 0.75 (0.02) 0.68 (0.03) 

Ga2O3 -0.68 (0.03) -0.20 (0.54) -0.29 (0.36) 0.49 (0.12)  -0.05 (0.88) 1 (0.01) 0.49 (0.12) 0.43 (0.18) 

SiO2 0.20 (0.54) 0.49 (0.12) 0.10 (0.76) -0.59 (0.06) -0.05 (0.88)  0 (1) -0.59 (0.06) -0.43 (0.18) 

TiO2 -0.74 (0.07) 0.20 (0.62) -0.11 (0.80) 0.11 (0.80) 1 (0.01) 0 (1)  0.40 (0.33) 0.40 (0.33) 

P2O5 
 

-0.45 (0.16) -0.45 (0.16) -0.05 (0.87) 0.75 (0.02) 0.49 (0.12) -0.59 (0.06) 0.40 (0.33)  0.88 (0.006) 

SO3 -0.30 (0.36) -0.39 (0.22) 0.10 (0.76) 0.68 (0.03) 0.43 (0.18) -0.43 (0.18) 0.40 (0.33) 0.88 (0.006)  

 
Strong correlations are given in bold 
 



Table ST24. Results of chemical analyses of AAJ contacting with a solution of InCl3 

 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

 In-rich medium-In In-low 

[wt.%] 

P2O5
1 

3.19 2.89 3.04 1.94 2.28 2.45 2.54 2.18 2.38 0.74 0.78 0.85 0.77 0.62 063 

SO3 12.93 7.56 6.47 14.60 11.66 8.09 8.07 8.34 12.60 35.37 34.21 36.03 36.32 34.98 34.54 

SiO2 0.90 0.40 0.53 0.20 0.55 0.53 0.24 0.24 0.16 6.17 7.80 3.71 2.12 5.29 11.12 

TiO2 0.88 0.87 0.86 0.63 0.70 0.78 0.59 0.58 0.64 0.15 0.26 0.15 0.13 0.28 0.29 

Al2O3 4.34 2.09 2.11 8.82 6.93 3.77 6.47 4.24 8.74 45.01 42.64 43.44 43.92 43.67 42.69 

Fe2O3 47.87 44.84 44.68 29.27 34.27 30.88 21.92 26.85 28.48 11.97 12.53 11.28 13.41 12.76 11.77 

In2O3 17.04 14.84 14.54 10.59 11.53 11.08 7.48 9.02 8.54 0.85 0.81 0.96 1.04 0.89 0.73 

CaO 0.20 0.35 0.30 0.19 0.31 0.45 0.25 0.22 026 bdl
2
 bdl bdl bdl bdl bdl 

MgO 0.02 bdl bdl bdl bdl 0.12 bdl bdl bdl 0.14 0.18 0.11 0.19 0.14 0.13 

K2O 0.28 bdl bdl 0.20 bdl bdl bdl bdl 0.17 0.98 1.14 1.04 1.07 1.04 1.19 

Cl 0.70 0.32 0.37 0.50 0.47 0.52 0.62 0.61 0.54 0.51 0.47 0.52 0.61 0.49 0.45 

Σ 
 

88.35 74.14 72.90 66.92 68.71 58.68 48.19 52.29 62.52 101.88 100.81 98.08 99.57 100.15 103.55 

H2O
3 

5.24 3.40 3.06 5.42 4.61 3.53 3.36 3.35 4.86 12.99 12.90 12.86 12.71 12.72 14.47 

(NH4)2O
4 

0.91 0.58 0.55 0.89 0.79 0.55 0.59 0.59 0.80 2.28 2.30 2.14 2.00 2.17 2.66 

apfu (mpfu), B = 3 basis (assuming all Si entering the T-site), unnormalized 

P 0.41 0.57 0.65 0.26 0.34 0.48 0.51 0.44 0.35 0.04 0.04 0.05 0.04 0.03 0.03 

S 1.46 1.33 1.22 1.71 1.56 1.40 1.43 1.50 1.63 1.59 1.50 1.72 1.82 1.64 1.33 

Si
 

0.14 0.09 0.13 0.03 0.10 0.12 0.06 0.06 0.03 0.37 0.46 0.24 0.14 0.33 0.57 

Ti 0.10 0.15 0.16 0.07 0.09 0.14 0.11 0.10 0.08 0.01 0.01 0.01 0.01 0.01 0.01 

Al 0.77 0.58 0.62 1.62 1.45 1.03 1.80 1.20 1.77 3.18 2.94 3.25 3.45 3.21 2.59 

Fe 5.42 7.93 8.45 3.44 4.59 5.36 3.91 4.84 3.69 0.54 0.55 0.54 0.67 0.60 0.46 

In 1.11 1.51 1.58 0.72 0.89 1.11 0.77 0.94 0.64 0.02 0.02 0.03 0.03 0.02 0.02 

Ca 0.03 0.09 0.08 0.03 0.06 0.11 0.06 0.06 0.05 bdl bdl bdl bdl bdl bdl 

Mg bdl bdl bdl bdl bdl 0.04 bdl bdl bdl 0.01 0.02 0.01 0.02 0.01 0.01 

K 0.05 bdl bdl 0.04 bdl bdl bdl bdl 0.04 0.08 0.09 0.08 0.09 0.08 0.08 

Cl 0.18 0.13 0.16 0.13 0.14 0.20 0.25 0.25 0.16 0.05 0.05 0.06 0.07 0.05 0.04 

NH4
5 

0.91 0.91 0.92 0.93 0.94 0.85 0.94 0.94 0.91 0.91 0.90 0.91 0.89 0.90 0.91 

OH
5 

5.26 5.33 5.13 5.65 5.48 5.43 5.30 5.35 5.58 5.20 5.04 5.45 5.65 5.29 4.96 

end members [%] 

Ama
6 

7 4 4 23 16 9 19 12 22 76 73 75 72 74 76 

Amj 52 50 47 47 50 44 41 50 45 13 14 12 14 14 13 

Alu 0.4   1     1 6 7 7 7 7 6 

Jar 3   2     2 1 1 1 1 1 1 

Hua 0.3 0.4 0.3 1 1 1 1 1 1       

Caj 2 5 4 2 3 6 3 3 2       

Mgh 0.04     0.4    1 1 1 2 1 1 

Mfh 0.3     2    0.2 0.2 0.1 0.3 0.2 0.1 

Ais 11 10 9 10 10 9 8 10 8 1 1 1 1 1 0.5 

Pis 0.6   0.4     0.3 0.04 0.1 0.1 0.1 0.1 0.04 

Mis 0.1     0.4    0.01 0.01 0.01 0.01 0.01 0.01 

Tte 1 2 2 1 1 2 2 1 1 0.2 0.3 0.2 0.2 0.3 0.4 

Tpe 21 29 34 13 18 25 25 25 22 17 2 3 2 2 2 

 
1 

– Na was measured but not detected (under the detection limit); 
2
 – below detection limit;

 3
 – exclusively OH-derived, backward-

calculated from OH mpfu content assuming lacking H3O
+
 and H2O molecules in the structure; 

4
 – backward-calculated from NH4

+
 

mpfu content; 3 calculated by stoichiometry (filling the A site to the occupancy of 1); 
5
 – by charge balance; 

6
 – Ama – 

ammoniojarosite (and hydroniumjarosite), Amj – ammonioalunite (and schlossmacherite), Alu – alunite, Jar – jarosite, Mgh – 
“magnesiohuangite” HEM, Mfh – “magnesioferrihuangite” HEM, Ags – “ammonium gallium sulfate” HEM, Pgs – “potassium gallium 
sulfate” HEM, Mgs – “magnesium gallium sulfate” HEM, Tte – total Ti-dominant end-members, Tpe – total P-dominant end-members 



Table ST25. Shapiro-Wilk (S-W) normality test results,  

indium experiment 

 S-W p-v 

Cl 0.95 0.48 

K2O 0.72 0.003 

MgO 0.70 0.003 

CaO 0.97 0.90 

Al2O3 0.84 0.01 

Fe2O3 0.87 0.03 

In2O3 

 

0.77 0.002 

SiO2 0.90 0.10 

TiO2 

 

0.85 0.02 

P2O5 0.82 0.006 

SO3 0.82 0.006 

   

 
p-v – the p-value; meaningful values are given in bold 



Table ST26. Element correlation based on Kendall’s  coefficients and uncorrected ρ-values (given in the parentheses),  

indium experiment 

 Cl K2O CaO Al2O3 Fe2O3 In2O3 SiO2 TiO2 P2O5 SO3 

Cl  -0.42 (0.12) -0.48 (0.08) 0.07 (0.72) -0.02 (0.92) 0.10 (0.62) -0.22 (0.25) -0.12 (0.55) 0.17 (0.37) 0.13 (051) 

K2O -0.42 (0.12)   -0.33 (0.60) 0.23 (0.38) -0.42 (0.12) -0.54 (0.04) 0.70 (0.008) -0.31 (0.24) -0.51 (0.05) 0.41 (0.12) 

CaO -0.48 (0.07) -0.33 (0.60)  -0.39 (0.14) 0.14 (0.60) 0.08 (0.75) 0.22 (0.40) 0.31 (0.24) 0.17 (0.53) -0.54 (0.04) 

Al2O3 0.07 (0.72) 0.23 (0.38) -0.39 (0.14)  -0.60 (0002) -0.58 (0.003) 0.36 (0.06) -0.73 (0.0001) -0.68 (00004) 0.84 (0.00001) 

Fe2O3 -0.02 (0.92) -0.42 (0.11) 0.14 (0.60) -0.60 (0.002)  0.88 (0.000004) -0.38 (0.05) 0.77 (0.00006) 0.66 (0.0006) -0.53 (0006) 

In2O3 0.10 (0.62) -0.54 (0.04) 0.08 (0.75) -0.58 (0.003) 0.88 (0.000001)  -0.46 (0.02) 0.69 (0.0003) 0.70 (0.0003) -0.45 (0.02) 

SiO2 -0.22 (0.25) 0.70 (0.008) 0.22 (0.40) 0.36 (0.06) -0.39 (0.05) -0.46 (0.02)  -0.31 (0.11) -0.42 (0.03) 0.38 (0.05) 

TiO2 0.12 (0.55) -0.31 (0.24) 0.31 (0.24) -0.73 (0.0001) 0.77 (0.00006) 0.69 (0.0003) -0.31 (0.11)  0.68 (0.0004) -0.68 (0.0004) 

P2O5 
 

0.17 (0.37) -0.51 (0.05) 0.17 (0.53) -0.68 (0.0004) 0.66 (00006) 0.70 (0.0003) -0.42 (0.03) 0.68 (0.0004)  -0.62 (0.001) 

SO3 0.13 (0.51) 0.41 (0.12) -0.54 (0.04) 0.84 (0.00001) -0.53 (0.006) -0.45 (0.02) 0.38 (0.05) -0.68 (0.0004) -0.62 (0.001)  

 
Strong correlations are given in bold 



Table ST27. Results of chemical analyses of AAJ contacting with a solution of KH2AsO4 

 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

 high-As medium-As low-As
1
 

[wt.%]    

As2O5 45.93 43.30 44.79 44.94 37.38 27.54 28.57 20.33 3.48 7.24 5.60 8.55 7.20 5.27 3.07 

P2O5
2 

1.05 0.96 1.21 1.18 1.36 0.88 0.98 0.78 0.54 0.77 0.69 0.82 0.75 0.75 0.90 

SO3 5.77 5.76 6.50 5.87 11.48 15.82 17.30 17.42 32.64 32.70 34.05 28.10 30.80 31.60 24.90 

SiO2 0.15 bdl
3 

bdl bdl 0.09 0.95 2.14 1.32 0.68 0.86 0.66 8.27 10.75 6.29 21.28 

TiO2 0.29 0.27 0.38 0.35 0.25 0.20 0.24 0.25 0.18 0.17 0.20 0.22 0.19 0.25 0.29 

Al2O3 3.02 2.42 1.91 1.87 2.69 8.74 11.51 10.20 40.33 27.32 35.69 32.09 29.84 35.73 16.72 

Fe2O3 29.81 27.58 31.32 30.77 32.14 27.06 30.21 25.05 13.55 15.41 15.58 13.02 14.21 12.80 16.05 

MgO 0.09 0.09 bdl bdl 0.14 bdl 0.12 bdl bdl bdl bdl 0.13 0.16 0.18 bdl 

CaO 0.39 0.22 0.32 bdl 0.15 0.27 0.35 0.38 0.17 0.11 0.19 0.17 0.12 0.12 0.14 

K2O 0.87 0.68 0.74 0.62 1.51 1.28 1.53 1.49 2.12 1.89 1.75 1.96 2.32 2.41 2.26 

Na2O 0.48 bdl bdl 0.20 0.27 0.33 0.56 0.45 0.40 0.28 0.27 0.25 0.37 0.37 0.47 

Cl 0.20 0.22 0.11 0.18 0.24 0.27 0.28 0.34 0.43 0.53 0.48 0.46 0.54 0.43 0.50 

Σ 
 

88.06 81.50 87.28 85.98 87.69 83.35 93.78 78.01 94.52 87.29 95.14 94.04 97.23 96.19 86.57 

H2O
4 

0.26 0.00 0.00 0.00 1.54 4.33 6.70 6.01 18.81 11.36 15.96 14.05 13.20 16.22 8.96 

(NH4)2O
5 

2.58 2.83 3.21 3.19 2.64 3.34 3.62 3.11 6.77 5.02 6.51 5.33 4.77 5.54 2.92 

apfu (mpfu), B = 3 basis (assuming all Si entering the T-site), unnormalized 

As 2.75 2.85 2.69 2.75 2.13 1.40 1.23 1.03 0.09 0.26 0.16 0.28 0.25 0.16 0.15 

P 0.10 0.10 0.12 0.12 0.13 0.07 0.07 0.06 0.02 0.04 0.03 0.04 0.04 0.04 0.07 

S 0.50 0.54 0.56 0.52 0.94 1.16 1.07 1.26 1.27 1.68 1.42 1.32 1.51 1.37 1.75 

Si
 

0.02    0.01 0.09 0.18 0.13 0.04 0.06 0.04 0.52 0.70 0.36 1.99 

Ti 0.02 0.03 0.03 0.03 0.02 0.01 0.02 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.02 

Al 0.41 0.36 0.26 0.26 0.34 1.00 1.12 1.16 2.46 2.20 2.34 2.37 2.29 2.43 1.85 

Fe 2.57 2.62 2.71 2.71 2.63 1.98 1.87 1.82 0.53 0.79 0.65 0.62 0.70 0.56 1.13 

Mg 0.04 0.04   0.05  0.03     0.03 0.03 0.03  

Ca 0.05 0.03 0.04  0.02 0.03 0.03 0.04 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

K 0.13 0.11 0.11 0.09 0.21 0.16 0.16 0.18 0.14 0.16 0.12 0.16 0.19 0.18 0.27 

Na 0.11   0.04 0.06 0.06 0.09 0.08 0.04 0.04 0.03 0.03 0.05 0.04 0.09 

Cl 0.04 0.05 0.02 0.04 0.04 0.04 0.04 0.06 0.04 0.06 0.05 0.05 0.06 0.04 0.08 

NH4
6 

0.68 0.82 0.85 0.86 0.66 0.75 0.69 0.69 0.81 0.79 0.84 0.77 0.72 0.74 0.63 

OH
6 

0.20    1.12 2.81 3.68 3.87 6.50 5.17 5.92 5.88 5.74 6.25 5.60 

end members [%] 

Ama
7 

2 2 2 2 6 14 14 19 63 53 60 49 48 53 43 

Amj 9 11 13 12 17 21 19 21 12 16 15 12 13 11 18 

Alu 0.3 0.2 0.2 0.1 1 2 3 4 10 9 8 10 12 12 13 

Jar 2 2 2 1 5 4 4 6 2 3 2 3 4 3 8 

Naa 0.2   0.1 0.2 1 1 2 3 2 2 2 3 3 4 

Naj 1   0.6 1 2 2 3 1 1 1 0.5 1 1 2 

Hua 0.1 0.1 0.1  0.1 0.4 1 1 1 0.5 1 1 0.5 1 1 

Caj 0.6 0.4 0.6  0.4 1 1 1 0.1 0.2 0.2 0.2 0.2 0.1 0.4 

Mgh 0.1 0.1   0.2  0.5     2 2 2  

Mfh 0.5 0.5   1  0.9     0.5 1 1  

Aaa 8 8 6 6 5 13 13 11 4 7 6 10 7 6 3 

Aaj 49 59 62 63 38 26 22 17 1 3 2 3 2 1 2 

Aal 1 1 1 1 2 3 3 3 1 1 1 2 2 1 1 

Aja 9 8 8 7 12 5 5 5 0.2 1 0.3 1 1 0.3 1 

Ana 1   0.3 0.4 1 2 1 0.2 0.3 0.2 0.4 0.5 0.3 0.3 

Anj 7   3 3 2 3 2 0.04 0.1 0.1 0.1 0.1 0.1 0.2 



Cbe 0.6 0.4 0.6  0.4 1 1 1 0.1 0.2 0.2 0.2 0.2 0.1 0.4 

Chi 0.6 0.3 0.3  0.1 0.5 0.6 0.6 0.1 0.1 0.1 0.1 0.1 0.1 0.1 

Mbe 3 3   3  1     0.1 0.1 0.1  

Mhi 0.1 0.1   0.2  0.5     2 2 2  

Tpe 3 3 4 3 4 3 3 3 2 2 2 3 2 2 3 

Tte 1 1 1 1 1 0.5 0.5 0.6 0.2 0.3 0.3 0.3 0.3 0.3 0.6 

 
1 

–
 

analyses 9-11: Si-low composition; analyses 12-14: Si-enriched composition, type 1; analysis 15: Si-enriched 
composition, type 2;

 2 
–

 
Mn was measured but not detected (under the detection limit); 

3
 – below detection limit;

 4
 – 

exclusively OH-derived, backward-calculated from OH mpfu content assuming lacking H3O
+
 and H2O molecules in the 

structure; 
5
 – backward-calculated from NH4

+
 mpfu content; 3 calculated by stoichiometry (filling the A site to the occupancy 

of 1); 
6
 – by charge balance; 

7
 – Ama – ammoniojarosite (and hydroniumjarosite), Amj – ammonioalunite (and 

schlossmacherite), Alu – alunite, Jar – jarosite, Naa – natroalunite, Naj – natrojarosite, Hua – huangite, Mgh – 
“magnesiohuangite” HEM, Mfh – “magnesioferrihuangite” HEM, Aaa – “arsenate ammoniojarosite” HEM, Aaj – “arsenate 
jarosite” HEM, Aal – “arsenate alunite” HEM, Aja – “arsenate jarosite” HEM, Ana – “arsenate natrojarosite”, Anj – “arsenate 
natrojarosite” HEM, Cbe – “calciobeudantite” HEM, Chi – “calciohidalgoite” HEM, Mbe – “magnesiobeudantite” HEM, Mhi – 
“magnesiohidalgoite” HEM 



Table ST28. Shapiro-Wilk (S-W) normality test results,  

arsenic experiment 

 S-W p-v 

SO3 0.83 0.01 

K2O 0.86 0.02 

CaO 0.90 0.12 

Fe2O3 0.84 0.01 

Na2O 0.97 0.93 

As2O5 0.86 0.02 

Al2O3 0.85 0.02 

SiO2 
 

0.96 0.79 

MgO 0.90 0.40 

Cl 0.93 0.24 

P2O5 0.97 0.87 

TiO2 0.95 0.54 

p-v – the p-values; meaningful values are given in bold 



Table ST29. Element correlation based on Kendall’s  coefficients and uncorrected ρ-values (given in the parentheses), arsenic experiment 

 SO3 K2O CaO Fe2O3 Na2O As2O5 Al2O3 SiO2 MgO Cl P2O5 TiO2 

SO3  0.61 (0.002) -0.46 (0.04) -0.51 (0.01) -0.09 (0.68) -0.57 (0.004) 0.77 (0.0001) -0.07 (0.75) 0.95 (0.02) 0.65 (0.001) -0.55 (0.006) -0.60 (0.003) 

K2O 0.61 (0.002) 
 

-0.53 (0.02) -0.63 (0.002) 0.06 (0.78) -0.60 (0.003) 0.71 (0.0004) 0.37 (0.12) 1 (0.01) 0.77 (0.0001) -0.51 (0.01) -0.47 (0.02) 

CaO -0.46 (0.04) -0.53 (0.02)  0.50 (0.02)  0.38 (0.13) 0.53 (0.10) -0.36 (0.10) -0.33 (0.18) -0.60 (0.14) -0.66 (0.003) 0.38 (0.08) 0.45 (0.04) 

Fe2O3 -0.51 (0.01) -0.63 (0.002) 0.50 (0.02)  0.28 (0.210 0.60 (0.003) -0.66 (0.001) -0.11 (0.64) -0.20 (0.62) -0.63 (0.002) 0.74 (0.0002) 0.55 (0.006) 

Na2O -0.09 (0.68) 0.06 (0.78) 0.38 (0.13) 0.28 (0.21)  0.15 (0.48) 0.02 (0.94) -0.05 (0.82) -0.33 (0.50) -0.06 (0.78) 0.23 (0.29) 0 (1) 

As2O5 -0.57 (0.004) -0.60 (0.003) 0.53 (0.02) 0.60 (0.003) 0.15 (0.48)  -0.52 (0.009) -0.29 (0.21) -0.80 (0.05) -0.64 (0.002) 0.71 (0.0004) 0.42 (0.03) 

Al2O3 0.77 (0.0001) 0.71 (0.0004) -0.36 (0.10) -0.66 (0.001) 0.02 (0.94) -0.52 (0.009)  -0.05 (0.82) 0.80 (0.05) 0.60 (0.003) -0.61 (0.002) -0.63 (0.002) 

SiO2 -0.07 (0.75) 0.37 (0.12) -0.33 (0.18) -0.11 (0.64) -0.05 (0.81) -0.29 (0.21) -0.05 (0.82)  1 (0.04) 0.29 (0.21) 0.02 (0.94) -0.26 (0.26) 

MgO 0.95 (0.02) 1 (0.01) -0.60 (0.14) -0.20 (0.62) -0.33 (0.50) -0.80 (0.05) 0.80 (0.05) 1 (0.04)  0.80 (0.05) -0.60 (0.14) -0.80 (0.05) 

Cl 
 

0.65 (0.001) 0.77 (0.0001) -0.66 (0.003) -0.63 (0.002) -0.06 (0.78) -0.64 (0.002) 0.60 (0.003) 0.29 (0.21) 0.80 (0.05)  -0.56 (0.005) -0.57 (0.004) 

P2O5 -0.55 (0.006) -0.51 (0.01) 0.38 (0.08) 0.74 (0.0002) 0.23 (0.29) 0.71 (0.0004) -0.61 (0.002) 0.02 (0.94) -0.60 (0.14) -0.56 (0.005)  0.61 (0.002) 

TiO2 -0.60 (0.003) -0.47 (0.02) 0.45 (0.04) 0.55 (0.006) 0 (1) 0.42 (0.03) -0.63 (0.002) 0.26 (0.26) -0.80 (0.05) -0.57 (0.004) 0.61 (0.002)  

 
Strong correlations are given in bold 



Table ST30. Results of chemical analyses of AAJ contacting with a solution of K2SeO3 

 1 2 3 4 5 6 7 8 9 10 

 high-Se low-Se 

[wt.%] 

P2O5
 

0.87 1.15 0.97 0.70 0.93 0.85 0.76 0.58 0.44 0.91 

SO3 6.54 2.36 2.32 8.58 20.05 22.71 25.63 31.98 25.04 12.37 

SeO2 20.47 36.60 36.05 44.86 3.07 4.16 2.90 3.27 3.85 5.11 

SiO2 5.05 0.47 0.37 0.03 40.19 1.69 27.81 10.79 23.79 46.80 

TiO2 0.43 0.63 0.58 0.53 0.28 0.40 0.13 0.23 0.14 0.18 

Al2O3 4.92 11.87 10.34 4.81 15.48 15.01 18.80 28.63 15.32 6.42 

Fe2O3 12.52 17.33 15.08 24.41 12.84 14.73 16.31 17.21 19.79 12.24 

MgO bdl
1
 0.12 0.11 0.12 0.14 0.11 bdl 0.19 0.23 bdl 

CaO 0.26 1.61 1.34 0.14 0.45 0.24 0.22 0.17 bdl 0.17 

K2O 2.17 0.79 0.80 1.76 2.31 3.22 2.35 3.56 1.30 1.06 

Na2O 0.50 0.75 0.42 0.20 0.22 0.50 0.37 0.24 bdl 0.29 

Cl 0.61 0.23 0.28 0.09 0.26 0.57 0.32 0.55 0.54 0.28 

Σ 
 

54.32 73.89 68.64 86.22 96.21 64.18 95.62 97.38 90.43 85.84 

H2O
2 

2.57 7.16 5.50 2.85 8.79 8.42 10.70 15.49 10.09 1.54 

(NH4)2O
3 

0.51 1.99 1.90 2.16 2.19 1.74 3.27 4.25 3.73 1.54 

apfu (mpfu), B = 3 basis (assuming Si absent at the T-site), unnormalized 

P 0.14 0.11 0.10 0.07 0.08 0.07 0.06 0.03 0.03 0.14 

S 0.95 0.19 0.22 0.79 1.61 1.76 1.67 1.54 1.71 1.65 

Se 2.14 2.16 2.44 2.98 0.18 0.23 0.14 0.11 0.19 0.49 

Ti 0.06 0.05 0.06 0.05 0.02 0.03 0.01 0.01 0.01 0.02 

Al 1.12 1.53 1.52 0.70 1.95 1.83 1.92 2.16 1.64 1.34 

Fe 1.82 1.42 1.42 2.26 1.03 1.14 1.07 0.83 1.35 1.63 

Mg  0.04 0.04 0.05 0.05 0.04  0.04 0.07  

Ca 0.05 0.19 0.18 0.02 0.05 0.03 0.02 0.01  0.03 

K 0.53 0.11 0.13 0.28 0.31 0.42 0.26 0.29 0.15 0.24 

Na 0.19 0.16 0.10 0.05 0.04 0.10 0.06 0.03  0.10 

Cl 0.20 0.04 0.06 0.02 0.05 0.10 0.05 0.06 0.08 0.08 

NH4
4 

0.23 0.50 0.55 0.61 0.54 0.41 0.66 0.63 0.78 0.63 

OH
5 

3.31 5.21 4.59 2.34 6.26 5.79 6.20 6.61 6.11 5.29 

end members [%] 

Ama
6 

2 2 2 3 30 21 38 41 38 20 

Amj 4 2 2 9 16 13 21 16 31 25 

Alu 6 0.4 1 1 18 22 15 19 7 8 

Jar 9 0.4 0.5 4 9 14 8 7 6 9 

Naa 2 1 0.4 0.2 2 5 4 2  3 

Naj 3 1 0.4 1 1 3 2 1  4 

Hua 1 1 1 0.1 3 1 1 1  1 

Caj 1 1 1 0.3 2 1 1 0.3  1 

Mgh  0,2 0,2 0,2 3 2  3 3  

Mfh  0.2 0.2 1 1 1  1 3  

Saa 6 22 25 11 3 3 3 3 4 6 

Saj 9 21 23 36 2 2 2 1 3 7 

Sea 13 5 6 5 2 3 1 1 1 2 

Sej 21 5 5 16 1 2 1 1 1 3 

Sna 5 7 5 1 0.3 1 0.3 0.1  1 

Snj 7 7 4 3 0.1 0.4 0.2 0.1  1 

Shu 1 8 8 0.3 0.3 0.2 0.1 0.1  0.3 

Smh  2 2 1 03 0.3  0.2 0.4  

Fsh 2 8 8 1 0.2 0.1 0.1 0.02  0.4 

Mis  2 2 3 0.2 0.2  0.1 0.3  



Tpe 4 4 4 2 5 4 3 2 2 6 

Tte 2 2 2 2 1 1 0.3 0.4 0.3 1 

 
1
 – below detection limit;

 2
 – exclusively OH-derived, backward-calculated from OH 

mpfu content assuming lacking H3O
+
 and H2O molecules in the structure; 

3
 – 

backward-calculated from NH4
+
 mpfu content; 

4
 – calculated by stoichiometry (filling 

the A site to the occupancy of 1); 
5
 – by charge balance; 

6
 – Ama – ammoniojarosite 

(and hydroniumjarosite), Amj – ammonioalunite (and schlossmacherite), Alu – alunite, 
Jar – jarosite, Naa – natroalunite, Naj – natrojarosite, Hua – huangite, Mgh – 
“magnesiohuangite” HEM, Mfh – “magnesioferrihuangite” HEM, Saa – 
“selenoammonioalunite” HEM, Saj – “selenoammoniojarosite” HEM, Sea – 
“selenoalunite” HEM, “Sej” – selenojarosite HEM, Sna – “selenonatroalunite” HEM, 
Snj – “selenonatrojarosite” HEM, Shu – “selenohuangite” HEM, Smh – 
“selenomagnesiohuangite” HEM, Fsh – “ferriselenohuangite” HEM, Mis – “magnesium 
iron selenite” HEM, Tpe – total P-dominant HEM, Tte – total Ti-dominant HEM 



Table ST31. Shapiro-Wilk (S-W) normality test results,  

selenium experiment 

 S-W p-v 

SO3 0.86 0.09 

K2O 0.92 0.39 

CaO 0.82 0.03 

Fe2O3 0.94 0.55 

Na2O 0.95 074 

SeO2 0.79 0.01 

Al2O3 0.93 0.42 

SiO2 
 

0.90 0.22 

MgO 0.86 0.14 

Cl 0.86 0.08 

P2O5 0.93 0.46 

TiO2 0.91 0.29 

 
p-v – the p-values; meaningful values are given in bold 



Table ST32. Element correlation based on Kendall’s  coefficients and uncorrected ρ-values (given in the parentheses), selenium experiment 

 SO3 K2O CaO Fe2O3 Na2O SeO2 Al2O3 SiO2 MgO Cl P2O5 TiO2 

SO3  0.64 (0.01) -0.42 (0.11) 0.16 (0.52) -0.29 (0.28) -0.68 (0.006) 0.61 (0.01) 0.31 (0.21) 0.55 (0.08) 0.30 (0.24) -0.58(0.02) -0.67 (0.007) 

K2O 0.64 (0.01) 
 

-0.31 (0.24) 0.07 (0.78) -0.17 (0.52) -0.50 (0.04) 0.39 (0.12) 0.14 (0.59) 0.25 (0.43) 0.39 (0.12) -0.40 (0.10) -0.40 (0.10) 

CaO -0.42 (0.11) -0.31 (0.24)  -0.08 (0.75) 0.54 (0.04) 0.08 (0.75) 0.06 (0.83) -0.17 (0.53) -0.28 (0.43) 0.03 (0.92) 0.72 (0.007) 0.44 (0.10) 

Fe2O3 0.16 (0.52) 0.07 (0.78) -0.08 (0.75)  -0.17 (0.52) 0.16 (0.52) 0.16 (0.52) -0.40 (0.10) 0.25 (0.43) -0.25 (0.31) -0.36 (0.15) 0.09 (0.72) 

Na2O -0.29 (0.28) -0.17 (052) 0.54 (0.04) 0.17 (0.52)  0.17 (0.52) -0.03 (0.92) -0.20 (0.46) -0.14 (0.70) 0.34 (0.20) 0.37 (0.17) 0.20 (0.46) 

SeO2 -0.68 (0.006) -0.50 (0.04) 0.08 (0.75) 0.16 (0.52) 0.17 (0.52)  -0.70 (0.004) -0.63 (0.01) -0.35 (0.27) -0.25 (0.31) 0.27 (0.28) 0.63 (0.01) 

Al2O3 0.61 (0.01) 0.39 (0.12) 0.06 (0.83) 0.16 (0.52) -0.03 (0.92) -0.70 (0.005)  0.36 (0.15) 0.55 (0.08) 0.20 (0.41) -0.18 (0.47) -0.45 (0.07) 
 SiO2 0.31 (0.21) 0.13 (0.59) -0.17 (0.53) -0.40 (0.10) -0.20 (0.46) -0.63 (0.01) 0.36 (0.15)  0.49 (0.12) 0.04 (0.86) -0.07 (0.79) -0.60 (0.02) 

MgO 0.55 (0.08) 0.25 (0.43) -0.28 (0.44) 0.25 (0.43) -0.14 (0.70) -0.35 (0.27) 0.55 (0.08) 0.49 (0.12)  0.10 (0.76) -0.59 (0.06) -0.68 (0.03) 

Cl 
 

0.30 (0.23) 0.39 (0.12) 0.03 (0.92) -0.25 (0.31) 0.34 (0.20) -0.25 (0.31) 0.20 (0.41) 0.04 (0.86) 0.10 (0.76)  -0.27 (0.28) -0.18 (0.47) 

P2O5 -0.58 (0.02) -0.40 (0.10) 0.72 (0.007) -0.36 (0.15) 0.37 (0.17) 0.27 (0.28) -0.18 (0.47) -0.07 (0.79) -0.59 (0.06) -0.27 (0.28)  0.47 (0.06) 

TiO2 -0.67 (0.007) -0.40 (0.10) 0.44 (0.10) 0.09 (0.72) 0.20 (0.46) 0.63 (0.01) -0.45 (0.07) -0.60 (0.02) -0.68 (0.03) -0.18 (0.47) 0.47 (0.06)  

 
Strong correlations are given in bold 



Table ST33. Results of chemical analyses of AAJ contacting  

with a solution of LaCl3·7H2O 

 1 2 3 4 5 6 7 8 9 10 11 

[wt.%] 

P2O5
1 

0.45 0.42 0.39 0.46 0.37 0.36 0.33 0.35 0.39 0.32 0.41 

SO3 37.96 36.79 36.85 35.73 36.17 37.30 36.89 35.57 36.73 38.53 35.51 

SiO2 0.13 0.81 0.18 0.19 0.33 0.21 0.10 0.31 1.42 0.37 0.17 

TiO2 0.19 0.21 0.24 0.22 0.20 0.20 0.24 0.27 0.21 0.19 0.20 

Al2O3 25.94 18.94 20.98 16.48 18.34 21.30 24.93 18.42 17.93 27.50 22.56 

Fe2O3 26.71 32.00 30.79 33.95 32.21 29.44 25.85 31.73 32.77 28.59 28.12 

La2O3 0.20 0.22 0.17 0.18 0.17 0.20 bdl
2 

0.18 bdl 0.22 0.21 

MgO 0.07 0.05 0.06 0.07 0.07 0.05 0.04 0.06 0.06 0.04 0.06 

CaO 0.06 0.11 0.04 0.09 0.10 0.12 0.07 0.05 0.05 0.06 0.06 

K2O 0.60 0.44 0.63 0.45 0.53 0.68 0.73 0.42 0.50 0.61 0.54 

Na2O 0.22 0.17 0.12 0.14 0.17 0.19 0.25 0.16 0.18 0.23 0.17 

Cl 0.50 0.48 0.45 0.49 0.45 0.36 0.41 0.51 0.50 0.48 0.53 

Σ 
 

93.03 90.64 90.80 88.44 89.10 90.41 89.82 88.02 90.73 97.14 88.55 

H2O
3 

16.67 14.42 15.49 14.30 14.58 15.11 16.05 14.62 13.75 18.06 15.75 

(NH4)2O
4 

2.32 2.15 2.21 2.08 2.10 2.14 2.21 2.12 2.12 2.48 2.20 

apfu (mpfu), B = 3 basis (assuming all Si entering the T-site) 

P 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 

S 1.69 1.78 1.74 1.79 1.78 1.78 1.70 1.76 1.81 1.61 1.67 

Si
 

0.01 0.05 0.01 0.01 0.02 0.01 0.01 0.02 0.09 0.02 0.01 

Ti 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

Al 1.81 1.44 1.55 1.30 1.41 1.59 1.81 1.43 1.38 1.80 1.67 

Fe 1.19 1.56 1.45 1.70 1.59 1.41 1.19 1.57 1.62 1.20 1.33 

La 0.004 0.01 0.004 0.004 0.004 0.01  0.004  0.004 0.01 

Mg 0.01  0.01 0.01 0.01 0.01  0.01 0.01  0.01 

Ca  0.01  0.01 0.01 0.01      

K 0.05 0.04 0.05 0.04 0.04 0.06 0.06 0.04 0.04 0.04 0.04 

Na 0.03 0.02 0.01 0.02 0.02 0.02 0.03 0.02 0.02 0.02 0.02 

Cl 0.05 0.05 0.05 0.06 0.05 0.04 0.04 0.06 0.06 0.05 0.06 

NH4
5 

0.91 0.92 0.92 0.93 0.92 0.90 0.91 0.93 0.93 0.92 0.92 

OH
5 

6.58 6.21 6.48 6.36 6.36 6.40 6.57 6.42 6.01 6.70 6.60 

end members [%] 

Ama
6 

54 44 47 39 43 47 54 44 42 55 51 

Amj 36 47 44 52 48 42 36 48 49 36 40 

Alu 3 2 3 2 2 3 3 2 2 3 2 

Jar 2 2 2 2 2 2 2 2 2 2 2 

Naa 2 1 1 1 1 1 2 1 1 1 1 

Naj 1 1 1 1 1 1 1 1 1 1 1 

Hua <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 

Caj <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 

Mgh <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 

Mfh <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 

 
1 
–

 
Mn was measured but not detected (under the detection limit); 

2
 – below detection limit;

 3
 – 

exclusively OH-derived, backward-calculated from OH mpfu content assuming lacking H3O
+
 

and H2O molecules in the structure; 
4
 – backward-calculated from NH4

+
 mpfu content; 3 

calculated by stoichiometry (filling the A site to the occupancy of 1); 
5
 – by charge balance; 

6
 

Ama – ammoniojarosite (and hydroniumjarosite), Amj – ammonioalunite (and 
schlossmacherite), Alu – alunite, Jar – jarosite, Naa – natroalunite, Naj – natrojarosite, Hua – 
huangite, Caj – “calciojarosite” HEM, Mgh – “magnesiohuangite” HEM, Mfh – 
“magnesioferrihuangite” HEM 



Table ST34. Shapiro-Wilk (S-W) normality test results,  

lanthanum experiment 

 S-W p-v 

Cl 0.95 0.75 

Na2O 0.85 0.12 

K2O 0.95 0.69 

MgO 0.70 0.01 

CaO 0.73 0.007 

Al2O3 0.85 0.13 

Fe2O3 0.90 0.30 

La2O3 0.98 0.94 

Ce2O3 
 

0.74 0.03 

SiO2 0.73 0.007 

TiO2 0.81 0.05 

P2O5 0.87 0.19 

SO3 0.90 0.33 

 
p-v – the p-values; meaningful values are given in bold 

 



Table ST35. Element correlation based on Kendall’s  coefficients and uncorrected ρ-values (given in the parentheses), lanthanum experiment 

 Cl Na2O K2O MgO CaO Al2O3 Fe2O3 La2O3 SiO2 TiO2 P2O5 SO3 

Cl  -0.10 (0.68) -0.44 (0.06) 0.31 (0.18) -0.34 (0.14) -0.14 (0.56) 0.10 (0.67) 0.18 (0.49) 0.08 (0.74) -0.04 (0.87) 0.35 (0.13) -0.33 (0.16) 

Na2O -0.10 (0.68)  0.43 (0.07) -0.41 (0.08) 0.22 (0.35) 0.54 (0.02) -0.54 (0.02) 0.53 (0.05) -0.04 (0.88) -0.36 (0.12) -0.34 (0.15) 0.55 (0.02) 

K2O -0.44 (0.06) 0.43 (0.07)  -0.15 (0.52) 0 (1) 0.50 (0.03) -0.51 (0.03) 0 (1) -0.40 (0.08) -0.15 (0.51) -0.30 (0.20) 0.40 (0.08) 

MgO 0.31 (0.18) -0.41 (0.08) -0.15 (0.52)  -0.10 (0.69) -0.26 (0.26) 0.30 (0.19) -0.51 (0.06) -0.17 (0.48)  -0.13 (0.56) 0.58 (0.01) -0.15 (0.52) 

CaO -0.34 (0.14) 0.22 (0.35) 0 (1) -0.10 (0.69)  -0.04 (0.88) 0.04 (0.87) 0.26 (0.33) 0.09 (0.70) -0.25 (0.29) 0.02 (0.94) 0.11 (0.65) 

Al2O3 -0.13 (0.56) 0.54 (0.02) 0.50 (0.03) -0.26 (0.26) -0.04 (0.88)  -0.85 (0.0003) 0.41 (0.12) -0.37 (0.12) -0.38 (0.10) -0.26 (0.26) 0.55 (0.02) 

Fe2O3 0.10 (0.67) -0.54 (0.02) -0.51 (0.03) 0.30 (0.19) 0.04 (0.87) -0.85 (0.0003)  -0.33 (0.22) 0.52 (0.02) 0.19 (0.41) 0.27 (0.25) -0.41 (0.08) 

La2O3 0.18 (0.49) 0.53 (0.05) 0 (1) -0.51 (0.06) 0.26 (0.33) 0.41 (0.12) -0.32 (0.22)  0.20 (0.45) -0.36 (0.17) -0.12 (0.66) 0.19 (0.47) 

SiO2 0.08 (0.74) -0.04 (0.88) -0.40 (0.08) -0.17 (0.48) 0.09 (0.70) -0.37 (0.12) 0.52 (0.02) 0.20 (0.45)  -0.13 (0.57) -0.09 (0.69) 0.06 (0.79) 

TiO2 -0.04 (0.87) -0.36 (0.12) -0.15 (0.51) -0.13 (0.56) -0.25 (0.29) -0.38 (0.10) 0.19 (0.41) -0.36 (0.17) -0.13 (0.57)  -0.06 (0.80) -0.57 (0.01) 

P2O5 
 

0.35 (0.13) -0.34 (0.15) -0.30 (0.20) 0.58 (0.01) 0.02 (0.94) -0.26 (0.26) 0.27 (0.25) -0.12 (0.66) -0.09 (0.69) -0.06 (0.80)  -0.24 (0.31) 

SO3 -0.33 (0.16) 0.55 (0.02) 0.40 (0.08) -0.15 (0.52) 0.11 (0.65) 0.55 (0.02) -0.41 (0.08) 0.19 (0.47) 0.06 (0.79) -0.57 (0.01) -0.24 (0.31)  

  
Strong correlations are given in bold 



Table ST36. Results of chemical analyses of AAJ contacting  

with a solution of CeCl3·7H2O 

 1 2 3 4 5 6 7 

[wt.%] 

P2O5
1 

0.46 1.54 1.25 0.66 0.62 0.48 0.85 

SO3 37.93 33.77 33.39 37.43 32.29 36.60 26.93 

SiO2 0.11 0.17 0.04 0.81 1.25 5.56 1.70 

TiO2 0.18 0.14 0.14 0.14 0.16 0.29 0.22 

Al2O3 28.50 11.69 11.84 46.98 20.55 46.11 19.46 

Fe2O3 24.73 35.13 32.83 11.10 15.96 11.49 18.17 

La2O3 0.27 0.69 0.55 0.11 bdl
2 

bdl 0.45 

Ce2O3 bdl 1.74 1.53 bdl 0.38 bdl 1.73 

MgO 0.05 bdl 0.05 0.05 0.06 0.09 bdl 

CaO 0.06 0.04 0.07 0.02 0.05 0.04 0.19 

K2O 0.80 0.67 0.81 0.99 0.58 0.68 1.32 

Na2O 0.18 0.79 0.76 0.41 0.21 0.28 0.35 

Cl 0.48 0.29 0.33 0.53 0.39 0.55 0.42 

Σ 
 

93.74 86.65 83.56 99.22 72.50 102.18 71.28 

H2O
3 

17.44 12.15 11.62 22.79 9.99 19.89 11.27 

(NH4)2O
4 

2.37 1.52 1.42 2.86 1.60 2.91 1.43 

apfu (mpfu), B =3 basis (assuming all Si entering the T-site) 

P 0.02 0.10 0.08 0.03 0.04 0.02 0.03 

S 1.64 1.89 1.94 1.32 2.01 1.31 1.65 

Si
 

0.01 0.01  0.04 0.10 0.26 0.14 

Ti 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

Al 1.93 1.03 1.08 2.61 2.01 2.59 1.87 

Fe 1.07 1.97 1.92 0.39 0.99 0.41 1.12 

La 0.01 0.02 0.02    0.01 

Ce  0.05 0.04  0.01  0.05 

Mg   0.01  0.01 0.01  

Ca   0.01    0.02 

K 0.06 006 0.08 0.06 0.06 0.04 0.08 

Na 0.02 0.11 0.11 0.04 0.03 0.03 0.06 

Cl 0.05 0.04 0.04 0.04 0.06 0.04 0.06 

NH4
5 

0.91 0.75 0.73 0.90 0.88 0.92 0.78 

OH
5 

6.68 6.04 6.01 7.15 5.52 6.32 6.13 

end members [%] 

Ama
6 

59 28 28 78 60 80 47 

Amj 33 53 50 12 30 13 28 

Alu 4 2 3 5 4 4 5 

Jar 2 4 5 1 2 1 3 

Naa 1 4 4 3 2 2 4 

Naj 1 8 8 1 1 <1 2 

Hua <1 <1 <1 <1 <1 <1 1 

Caj <1 <1 <1 <1 <1 <1 1 

Flc  0.1 0.1    0.1 

Ffc  0.2 0.1    0.1 

Mgh <1  <1 <1 1 1  

Mfh <1  <1  <1 <1  

 
1 

–
 
Mn was measured but not detected (under the detection limit); 

2
 – below detection limit;

 3
 – exclusively OH-derived, backward-

calculated from OH mpfu content assuming lacking H3O
+
 and H2O 

molecules in the structure; 
4
 – backward-calculated from NH4

+
 

mpfu content; 3 calculated by stoichiometry (filling the A site to 
the occupancy of 1); 

5
 – by charge balance; 

6
 – Ama – 

ammoniojarosite (and hydroniumjarosite), Amj – ammonioalunite 
(and schlossmacherite), Alu – alunite, Jar – jarosite, Naa – 
natroalunite, Naj – natrojarosite, Hua – huangite, Caj – “calcio-
jarosite” (hypothetical end member), Flc – florencite-(Ce), Ffc – 
“ferriflorencite-(Ce)” HEM, Mgh – “magnesiohuangite” HEM, Mgj – 
“magnesioferrihuangite” HEM 



Table ST37. Shapiro-Wilk (S-W) normality test results,  

cerium experiment 

 S-W p-v 

Cl 0.95 0.75 

Na2O 0.85 0.12 

K2O 0.95 0.69 

MgO 0.70 0.007 

CaO 0.72 0.007 

Al2O3 0.85 0.13 

Fe2O3 0.90 0.30 

La2O3 0.98 0.94 

Ce2O3 0.74 0.03 

SiO2 0.73 0.007 

TiO2 0.81 0.04 

P2O5 0.87 0.19 

SO3 0.90 0.33 

 
p-v – the p-values; meaningful values are given in bold 



Table ST38. Element correlation based on Kendall’s  coefficients and uncorrected ρ-values (given in the parentheses), cerium experiment 

 Cl Na2O K2O MgO CaO Al2O3 Fe2O3 La2O3 SiO2 TiO2 P2O5 SO3 

Cl  -0.43 (0.18) 0.20 (0.54) 0.20 (0.62) -0.14 (0.65) 0.88 (0.006) -0.62 (0.05) -1 (0.01) 0.43 (0.18) 0.49 (0.12) -0.62 (0.05) 0.25 (0.43) 

Na2O -0.43 (0.18)  0.20 (0.54) -0.20 (0.62) -0.24 (0.45) -0.49 (0.12) 0.24 (0.45) 0.60 (0.14) -0.24 (0.45) -0.49 (0.12) 0.81 (0.01 -0.15 (0.64) 

K2O 0.20 (0.54) 0.20 (0.54)  -0.80 (0.05) 0.10 (0.76) 0.15 (0.64) -0.10 (0.76) -0.53 (0.20) -0.29 (0.36) -0.25 (0.43) 0 (1) 0.41 (0.20) 

MgO 0.20 (0.62) -0.20 (0.62) -0.80 (0.05)  -0.20 (0.62) 0.11 (0.80) -0.20 (0.62) 0.33 (0.60) 0.60 (0.14) 0.60 (0.14) -0.40 (0.33) -0.32 (0.44) 

CaO -0.14 (0.65) -0.24 (0.45) 0.10 (0.76) -0.20 (0.62)  -0.29 (0.36) 0.33 (0.29) 0.20 (0.62) -0.14 (0.65)  0.20 (0.54) -0.05 (0.88) -0.45 (0.16) 

Al2O3 0.88 (0.006) -0.49 (0.12) 0.15 (0.64) 0.11 (0.80) -0.30 (0.36)  -0.78 (0.01) -1 (0.01) 0.29 (0.36) 0.35 (0.27) -0.68 (0.03) 0.41 (0.19) 

Fe2O3 -0.62 (0.05) 0.24 (0.45) -0.10 (0.76) -0.20 (0.62) 0.33 (0.29) -0.78 (0.01)  0.80 (0.05) -0.43 (0.18) -0.29 (0.36) 0.43 (0.18) -0.25 (0.43) 

La2O3 -1 (0.01) 0.60 (0.14) -0.52 (0.20) 0.33 (0.60) 0.20 (0.62) -1 (0.01 0.80 (0.05)  -0.20 (0.62) -0.11 (0.80) 0.80 (0.05) -0.45 (0.27) 

SiO2 0.43 (0.18) -0.24 (0.45) 0.30 (0.36) 0.60 (0.14) -0.14 (0.65) 0.29 (0.36) -0.43 (0.17) -0.20 (0.62)  0.68 (0.03) -0.24 (0.45) -0.25 (0.43) 

TiO2 0.49 (0.12) -0.49 (0.12) -0.25 (0.43) 0.60 (0.14) 0.20 (0.54) 0.35 (0.27) -0.29 (0.36) -0.11 (0.80) 0.68 (0.03)  -0.49 (0.12) -0.10 (0.75) 

P2O5 
 

-0.62 (0.05) 0.81 (0.01) 0 (1) -0.40 (0.33) -0.05 (0.88) -0.68 (0.03) 0.43 (0.18) 0.80 (0.05) -0.24 (0.45) -0.49 (0.12)  -0.35 (0.27) 

SO3 0.25 (0.43) -0.15 (0.64) 0.41 (0.20) -0.32 (0.44) -0.45 (0.16) 0.41 (0.20) -0.25 (0.43) -0.45 (0.27) -0.25 (0.43) -0.10 (0.75) -0.35 (0.27)  

 
Strong correlations are given in bold 



Table ST39. Results of chemical analyses of AAJ contacting  

with a solution of PrCl3·6H2O 

 1 2 3 4 5 6 7 8 9 

[wt.%] 

P2O5
1 

5.19 7.16 6.20 2.67 4.10 3.37 6.08 5.20 6.33 

SO3
2 

19.37 20.07 16.98 14.39 19.62 29.39 20.46 21.15 19.28 

SiO2 1.23 1.57 1.93 1.05 2.42 0.18 bdl bdl 0.96 

TiO2 0.89 0.97 0.86 0.55 0.85 0.70 1.07 0.89 0.83 

Al2O3 7.09 9.04 7.18 4.09 8.79 8.61 7.85 8.29 7.21 

Fe2O3 25.73 26.98 23.77 19.09 21.64 35.47 27.50 26.54 27.39 

Pr2O3 3.12 2.98 2.68 1.66 2.88 4.05 4.10 3.54 2.82 

MgO bdl 0.10 bdl bdl 0.09 bdl bdl bdl bdl 

CaO 0.29 0.25 0.24 bdl 0.23 0.20 0.23 bdl 0.27 

K2O bdl 0.02 bdl bdl bdl 0.19 bdl bdl bdl 

Cl 0.67 0.74 0.91 1.04 0.72 0.50 0.51 0.43 0.97 

Σ 
 

63.59 69.94 60.80 44.88 61.50 82.77 67.99 66.43 66.20 

H2O
3 

8.08 8.78 7.43 5.51 7.83 11.14 8.85 8.84 8.23 

(NH4)2O
4 

1.20 1.36 1.17 0.89 1.15 1.58 1.28 1.33 1.29 

apfu (mpfu), B = 3 basis (assuming all Si entering the T-site) 

P 0.46 0.57 0.58 0.35 0.38 0.23 0.50 0.43 0.54 

S 1.54 1.43 1.42 1.65 1.62 1.77 1.50 1.57 1.46 

Si
 

0.13 0.15 0.21 0.16 0.27 0.01   0.10 

Ti 0.07 0.07 0.07 0.06 0.07 0.04 0.08 0.07 0.06 

Al 0.88 1.01 0.94 0.74 1.14 0.81 0.90 0.96 0.86 

Fe 2.05 1.92 1.99 2.20 1.79 2.14 2.02 1.97 2.08 

Pr 0.12 0.10 0.11 0.09 0.12 0.12 0.15 0.13 0.10 

Ca 0.03 0.03 0.03  0.03 0.02 0.02  0.03 

Mg  0.01   0.02     

K      0.02    

Cl 0.12 0.12 0.17 0.27 0.13 0.07 0.08 0.07 0.17 

NH4
5 

0.85 0.86 0.86 0.91 0.84 0.84 0.83 0.87 0.87 

OH
5 

5.69 5.54 5.51 5.63 5.74 5.97 5.76 5.82 5.53 

end members [%] 

Ama
6 

28 31 30 25 36 26 28 32 27 

Amj 65 60 63 73 56 68 63 65 66 

Alu  <1    1    

Jar  <1    2    

Flp 1 2 2 1 1 1 2 1 1 

Ffp 3 3 3 2 2 1 4 3 3 

Hua 1 1 1  1 1 1  1 

Caj 3 2 2  2 1 2  2 

Mgh  1   1     

Mfh  1   1     

 
1
 –

 
Na and Mn were measured but not detected (under the detection limits);

 2
 

– wt.% of P2O5 and SO3 were backward-calculated from stoichiometry-derived 
apfu(P) and apfu(S) due to wrong contents obtained directly from WDS 
analysis; 

3
 – exclusively OH-derived, backward-calculated from OH mpfu 

content assuming lacking H3O
+
 and H2O molecules in the structure; 

4
 – 

backward-calculated from NH4
+
 mpfu content; 3 calculated by stoichiometry 

(filling the A site to the occupancy of 1); 
5
 – by charge balance; 

6
 – Ama – 

ammoniojarosite (and hydroniumjarosite), Amj – ammonioalunite (and 
schlossmacherite), Alu – alunite, Jar – jarosite, Naa – natroalunite, Naj – 
natrojarosite, Hua – huangite, Caj – “calciojarosite” HEM, Mga – 
“magnesiohuangite” HEM, Mfh – “magnesioferrihuangite” HEM 



Table ST40. Shapiro-Wilk (S-W) normality test results,  

praseodymium experiment 

 S-W p-v 

Cl 0.93 0.57 

CaO 0.95 0.73 

Al2O3 0.74 0.004 

Fe2O3 0.94 0.61 

Pr2O3 

 

0.88 0.14 

SiO2 0.82 0.06 

TiO2 

 

0.89 0.18 

P2O5 0.82 0.04 

SO3 0.80 0.02 

   

 
p-v – the p-values; meaningful values are given in bold 

 



Table ST41. Element correlation based on Kendall’s  coefficients and uncorrected ρ-values  

(given in the parentheses), praseodymium experiment 

 Cl CaO Al2O3 Fe2O3 Pr2O3 SiO2 TiO2 P2O5 SO3 

Cl  0.49 (0.12) -0.31 (0.24) -0.37 (0.17) -0.76 (0.004) 0.05 (0.88) -0.40 (0.13) -0.11 (0.67) -0.59 (0.03) 

CaO 0.49 (0.12) 
 

-0.45 (0.16) -0.15 (0.64) -0.25 (0.43) -0.20 (0.57) 0.15 (0.64) -0.15 (0.64) -0.59 (0.06) 

Al2O3 -0.31 (0.24) -0.45 (0.16)  0.29 (0.28) 0.34 (0.20) 0.20 (0.54) 0.26 (0.33) 0.49 (0.06) 0.51 (0.05) 

Fe2O3 -0.37 (0.17) -0.15 (0.64) 0.29 (0.28)  0.57 (0.03) -0.52 (0.10) 0.26 (0.33) 0.61 (0.02) 0.29 (0.28) 

Pr2O3 -0.76 (0.004) -0.25 (0.43) 0.34 (0.20) 0.57 (0.03)  -0.24 (0.45) 0.43 (0.10) 0.38 (0.16) 0.57 (0.03) 

SiO2 0.05 (0.88) -0.20 (0.57) 0.20 (0.54) -0.52 (0.10) -0.24 (0.45)  0.39 (0.22) -0.10 (0.76) 0 (1) 

TiO2 -0.40 (0.13) 0.15 (0.64) 0.26 (0.33) 0.26 (0.33) 0.43 (0.10) 0.39 (0.22)  0.29 (0.27) 0.09 (0.74) 

P2O5 
 

-0.11 (0.67) -0.15 (0.64) 0.49 (0.06) 0.61 (0.02) 0.38 (0.16) -0.10 (0.76) 0.29 (0.27)  0.14 (0.59) 

SO3 -0.59 (0.03) -0.59 (0.06) 0.51 (0.05) 0.29 (0.28) 0.57 (0.03) 0 (1) 0.09 (0.74) 0.14 (0.59)  

 
Strong correlations are given in bold 



Table ST42. Results of chemical analyses of AAJ contacting  

with a solution of TaCl5 

 1
1
 2 3 4 5 6 7 

[wt.%] 

SO3
1 

5.19 11.38 9.59 10.34 8.39 10.29 4.91 

P2O5 3.54 1.51 1.47 1.69 1.75 1.54 2.11 

Ta2O5 62.72 70.64 68.85 69.70 73.28 74.44 75.40 

SiO2 1.23 0.48 0.56 0.52 0.48 0.58 0.53 

TiO2 1.16 0.48 0.50 0.49 0.51 0.51 0.62 

Al2O3 3.00 0.37 0.38 0.56 0.60 0.27 0.41 

Fe2O3 6.86 4.60 4.83 4.83 5.18 4.67 5.34 

CaO 1.57 bdl
2
 0.23 0.52 0.77 0.17 0.90 

MgO 0.21 0.11 0.11 0.13 0.13 bdl 0.09 

K2O 0.71 0.11 0.15 0.36 0.35 0.35 0.36 

Cl 0.15 0.12 bdl bdl bdl 0.28 bdl 

Σ 
 

90.89 87.17 89.94 86.82 91.50 91.83 94.22 

H2O
3 

7.86 6.82 6.69 6.87 7.17 7.00 6.95 

(NH4)2O
4 

0.65 1.08 1.02 0.31 0.91 0.80 0.98 

apfu (mpfu), B = 3 basis (assuming all Si entering the T-site), unnormalized 

S 0.44 1.09 0.93 0.99 0.76 0.95 0.43 

P 0.34 0.16 0.16 0.18 0.18 0.16 0.21 

Ta 1.92 2.46 2.42 2.41 2.40 2.48 2.41 

excess Ta2O5 0.75 1.23 1.21 1.21 1.20 1.24 1.21 

Si
 

0.14 0.06 0.07 0.07 0.06 0.07 0.06 

Ti 0.10 0.05 0.05 0.05 0.05 0.05 0.06 

Al 0.40 0.06 0.06 0.08 0.08 0.04 0.06 

Fe 0.58 0.44 0.47 0.46 0.47 0.43 0.47 

Ca 0.19  0.03 0.07 0.10 0.02 0.11 

Mg 0.04 0.02 0.02 0.02 0.02  0.02 

K 0.10 0.02 0.02 0.06 0.05 0.06 0.05 

Cl 0.03 0.02    0.06  

NH4
5 

0.49 0.92 0.88 0.26 0.73 0.66 0.77 

OH
6 

5.90 5.81 5.78 5.82 5.76 5.73 5.46 

 
1 
– the single analysis corresponding to a possible Ta-exchanged AAJ; 

2
 – 

below detection limit;
 3

 – exclusively OH-derived, backward-calculated from 
OH mpfu content assuming lacking H3O

+
 and H2O molecules in the 

structure; 
4
 – backward-calculated from NH4

+
 mpfu content; 

5
 – calculated by 

stoichiometry (filling the A site to the occupancy of 1); 
6
 – by charge balance 



Table ST43. Element correlation based on Kendall’s  coefficients and uncorrected -values (given in the parentheses), selenium experiment 

 SO3 K2O CaO Fe2O3 Na2O Ta2O5 Al2O3 SiO2 MgO Cl TiO2 

SO3  -0.51 (0.11) -0.69 (0.05) -0.85 (0.007) 0 (1) -0.05 (0.87) -0.25 (0.43) -0.49 (0.12) 0 (1) -0.59 (0.06) -0.72 (0.02) 

K2O -0.51 (0.11) 
 

0.64 (0.07) 0.72 (0.02) 0.55 (0.08) -0.10 (0.75) 0.41 (0.20) 0.55 (0.08) 0.36 (0.31) 0.75 (0.02) 0.74 (0.02) 

CaO -0.69 (0.05) 0.64 (0.07)  0.97 (0.006) -0.07 (0.85) -0.14 (0.70) -0.07 (0.85) 0.73 (0.04) 0.32 (0.44) 0.87 (0.01) 0.64 (0.07) 

Fe2O3 -0.85 (0.007) 0.72 (0.02) 0.97 (0.006)  0.20 (0.54) -0.10 (0.75) 0.25 (0.43) 0.68 (0.03) 0.21 (0.55) 0.78 (0.01) 0.77 (0.02) 

Na2O 0 (1) 0.55 (0.08) -0.07 (0.85) 0.20 (0.53)  -0.10 (0.76) 0.20 (0.54) 0.33 (0.20) 0.41 (0.24) 0.24 (0.45) 0.25 (0.43) 

Ta2O5 -0.05 (0.87) -0.10 (0.74) -0.14 (0.70) -0.10 (0.75) -0.10 (0.76)  -0.25 (0.43) -0.39 (0.22) -0.50 (0.16) 0.10 (0.76) 0.15 (0.63) 

Al2O3 -0.25 (0.43) 0.41 (0.20) -0.07 (0.85) 0.25 (0.43) 0.20 (0.54) -0.25 (0.43)  -0.10 (0.76) 0.07 (0.84) 0.20 (0.54) 0.52 (0.11) 

SiO2 -0.49 (0.12) 0.55 (0.08) 0.73 (0.04) 0.68 (0.03) 0.33 (0.29) -0.39 (0.22) -0.10 (0.76)  0.55 (0.12) 0.52 (0.10) 0.45 (0.16) 

MgO 0 (1) 0.36 (0.310 0.32 (0.43) 0.21 (0.55) 0.41 (0.24) -0.50 (0.16) 0.07 (0.84) 0.55 (0.12)  0.41 (0.24) 0.21 (0.55) 

Cl 
 

-0.59 (0.06) 0.76 (0.02) 0.87 (0.01) 0.78 (0.01) 0.24 (0.45) 0.10 (0.76)  0.20 (0.54) 0.52 (0.10) 0.41 (0.24)  0.75 (0.02) 

TiO2 -0.72 (0.02) 0.74 (0.02) 0.64 (0.07) 0.77 (0.02) 0.25 (0.43) 0.15 (0.63) 0.51 (0.11) 0.45 (0.16) 0.21 (0.55) 0.75 (0.02)  

 
Strong correlations are given in bold 



Table ST44. Shapiro-Wilk (S-W) normality test results,  

tantalum experiment 

 S-W p-v 

SO3 0.81 0.05 

K2O 0.87 0.19 

CaO 0.95 0.76 

Fe2O3 0.80 0.04 

Na2O 0.92 0.44 

Ta2O5 0.93 0.58 

Al2O3 0.65 0.001 

SiO2 0.77 0.02 

MgO 0.88 0.27 

Cl 0.76 0.02 

P2O5 0.93 0.48 

TiO2 0.65 0.001 

   

 
p-v – the p-values; meaningful values are given in bold 



Fig. SF1. Ternary A-site heat Fig. SF2. Ternary X-site heat

Fig. SF3. AAJ-Li ternary heat Fig. SF4. KI - EDS

Fig SF5. AAJ-KI triplot heat
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Fig. SF6. Rb - EDS

Fig. SF7. AAJ-Rb ternary heat Fig. SF8. Cs - EDS

Fig. SF9. AAJ-Cs ternary heat



Fig. SF10. Sr-EDS

Fig. SF11. AAJ-Sr ternary heat

Fig. SF12. Zr - EDS



Fig. SF13. AAJ-Zr B-site tern heat

Fig. SF14. AAJ-Zr triplot T-site

Fig. SF15. AAJ-Zr EBSD

Fig. SF16. Mn-EDS



Fig. SF17. Cu-EDS

Fig. SF18. AAJ-Cu B-site tern heat

Fig. SF19. Ga - EDS



Fig. SF20. AAJ-Ga B-site ternary heat

Fig. SF21. In - EDS

Fig. SF22. AAJ-In B-site tern heat

Fig. SF23. As - EDS



Fig. SF24.  AAJ_As_T-site tern heat

Fig. SF25. Se - EDS

Fig. SF26. AAJ-Se tern heat apfu Se-S-P

Fig. SF27. AAJ-Se tern heat ox

Fig. SF28. La - EDS

Fig. SF29. AAJ-La A-site tern heat



Fig. SF30. Ce - EDS

Fig. SF31. Pr - EDS



Fig. SF32. AAJ-Pr triplot heat

Fig. SF33. Ta - EDS
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