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Rich efflorescences of var i ous Fe and Al sul phate min eral mix tures on coal seams of  Bhanine, South Leb a non, were ex am -
ined us ing (1) Pow der X-Ray Dif frac tion (with the Rietveld method and unit cell pa ram e ters cal cu la tion), (2) Scan ning Elec -
tron Mi cros copy with stan dard ized Elec tron-Dispersive Spec tros copy sys tem, and (3) In duc tively-Cou pled Plasma Mass
Spec tros copy. The sulphates most likely orig i nated from coal-con tained py rite to form Fe(II) sulphates (melanterite, rozenite, 
and the most com mon szomolnokite), fol lowed by Fe3+-rich sulphates (coquimbite group, copiapite group) and Al sulphates
(alunogen, tamarugite). The halotrichite group and mi nor voltaite, metavoltine, and pos si bly sec ond ary rozenite and
szomolnokite were the last spe cies to be formed. Strong en rich ment in Al in copiapites and coquimbites, com mon oc cur -
rence of aluminocoquimbite, and Al likely en ter ing the struc ture of Fe(II) sulphates makefurther phe nom ena, dur ing which
the ini tial fer rous copiapites were ox i dized in the pres ence of Al-rich so lu tions, not out of the ques tion. The ob tained unit cell
pa ram e ters some times stand for thresh old val ues in the lit er a ture-based ranges drawn, but the val ues are usu ally be low the
2% dis crep ancy. The Bhanine sulphates bear rel a tively large amounts of Tl, Hg, and Co when com pared to Coal Clarke and
mean crustal abundancies, be ing also mod er ately en riched in Ni and As. 

Key words: iron sulphates, alu minium sulphates, coquimbite, coal, unit cell pa ram e ters, stan dard ized En ergy Dispersive
Spec tro scopic anal y sis.

INTRODUCTION

Iron and alu minium sulphates (IAS) are com mon sec ond ary 
min er als formed in ex pense of re duced-sul phur com pounds,
like ore min er als (sul phides, sulphosalts) and or ganic sul phur
com pounds in coal (e.g., Joeckel et al., 2005). An im por tant
source of such sulphates is a thor oughly stud ied phe nom e non
known as acid mine drain age (e.g., Keith et al., 2001;
Hammarstrom et al., 2005; Romero et al., 2006; Bobos et al.,
2006; Trianta fyllidis and Skarpelis, 2006; Smuda et al., 2007;
Welch et al., 2009; Fitzpatrick et al., 2010). Other stud ies re -
lated to such sul phate oc cur rences in the vi cin i ties of ore de -
pos its in clude those of Coo per et al. (2008), while those from
vol ca nic zones were ex am ined by, e.g. Mar tin et al. (1999),
Rodgers et al. (2000) and Zimbelman et al. (2005). A sep a rate,
but at least the same im por tant topic re lated to sec ond ary sul -
phate min er als (mainly Fe- and Mg-rich ones) is their ei ther
con firmed or sug gested oc cur rence at the sur face of Mars (e.g., 
Gornitz, 2004, 2005; Chipera, Vaniman, 2007; Sgavetti et al.,

2009; Rice et al., 2010). Be ing as so ci ated with the AMD,  IAS
may im mo bi lize es sen tial amounts of toxic el e ments (e.g., Co,
Cu, Zn, As, Pb; Buckby et al., 2003; Jamie son et al., 2005;
Bobos et al., 2006; Majzlan and Michalik, 2007).

Sulphates are com monly found as sec ond ary min er als in
coal seams, es pe cially those ex posed to at mo spheric air. They
usu ally form due to the ox i da tion of py rite and other sul phide min -
er als dis sem i nated in coaly mat ter (e.g., Gluskoter, 1977; Mon -
tano, 1981; Ward, 2002; Kostova et al., 2005; Stracher et al.,
2005; Susilawati and Ward, 2006; Murray et al., 2014; Bielowicz,
Misiak, 2016; Dai et al., 2017; Liu et al., 2018). Young and
Nancarrow (1988) re port an oc cur rence of rozenite -copia pite -
-pickeringite-epsomite-jarosite-gyp sum encru sta tions on coals
from Cum bria, Great Brit ain. Three dif fer ent copiapite group min -
er als, namely aluminocopiapite, copiapite and magnesio copia -
pite, were de scribed from a sim i lar geo log i cal en vi ron ment in
Nova Sco tia, Can ada (Zodrow, 1980). A pa per by Matýsek et al.
(2014) on brine-bear ing coal-as so ci ated sulphates (in clud ing
Na-Fe sul phate metasideronatrite) from the Czech part of the
Up per Silesian Ba sin is note wor thy. A sim i lar pa per by Zielinski et 
al. (2001) gives data on natrojarosite and Na- and Mg-rich
sulphates in re la tion to the coal-brine en vi ron ment of a mine in
Col o rado, USA. An oc cur rence of some Fe sulphates in re la tion
to both acid mine drain age and coal is de scribed, e.g. by
Wisotzky and Obermann (2001). Also alu nite-group sulphates
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are known to oc cur within coal de pos its (e.g., Ward et al., 2002;
Lipiarski et al., 2004). 

A sep a rate case con cerns for ma tion of sul phate spe cies
due to coal fires, both nat u ral and anthropogenic (e.g., Blass
and Strehler, 1993; Filippidis et al., 1996; Witzke, 1996; Ward,
2002; Stracher et al., 2005; Masalehdani et al., 2009). This for -
ma tion takes place in the course of two main fire-trig gered pro -
cesses: 

– con den sa tion of coal-fire gas eous jets and their pneu mato lyt -

ic-like and hy dro ther mal in ter ac tion with sur round ing rocks

by rel a tively high tem per a tures even ex ceed ing 500oC,

and/or 

– ox i da tion of pri mary S spe cies (gas eous and liq uid ones)

within lo cal supergene zones (Dokoupilová et al., 2007;

Kruszewski, 2013). 
The lat ter pro cess re sem bles ore ox i da tion tak ing place in

aer a tion zones of de pos its. Sul phate min er als are also found in
low-tem per a ture ashes of low-rank coal com bus tion, stand ing
for their im por tant com po nents (e.g., Ward, 2002, 2016; Dai et
al., 2015; Liu et al., 2018).

Dur ing the ar che o log i cal “Eschmoun Val ley” mis sion to the
Aouali Val ley (also known as the Eschmoun Val ley) in south
Leb a non, led by the In sti tute of Ar chae ol ogy, Uni ver sity of War -
saw, Po land, a col league (Maciej Krajcarz) con duct ing geo log i -
cal re search found sec ond ary sul phate min er als in a scen ery
de scribed in de tail be low. The sam ples were brought to the au -
thor by him for a study, the re sults of which are pre sented
herein. The goal of this pa per is to char ac ter ize the chem i cal
na ture of these min er als and to jux ta pose their crystallo -
graphical char ac ter with the known, though of ten scarce, lit er a -
ture data. It is note wor thy that sul phate min er als de scribed be -
low were not known from Leb a non be fore.

GEOLOGICAL SETTING

The coal oc cur rence is lo cated in the vi cin ity of the city of
Bhanine, in the Mohafazat Liban-Sud, Jezzine dis trict (about
5 km NE from Jezzine, be tween the towns of Jezzine and Betir
El Shouf). This sandpit lo cal ity (33o34’58”N 35o35’58”E) is not
far from the con flu ence of the Aouali (Eshmoun) and Bhanine
val leys (Fig. 1). 

The sandpit be longs to the Chouf Sand stone For ma tion oc -
cur ring in this area. It is the low est Cre ta ceous unit in Leb a non
and com prises ferruginous, brown to white sand stone ac com -
pa nied by clays, shales and lig nites. Woody and coaly frag -
ments found within the Chouf sand stones con tain Fe sul phides
(py rite and marcasite) and am ber. Bas alts and clayey tuffs are
also found within it. The for ma tion is likely of flu vial to deltaic
and lit to ral or i gin (Walley, 1997). A stream is no ticed run ning
from the sandpit, fur ther form ing a wa ter fall. Sand stone sam -
ples col lected at the wa ter fall point con tain abun dant py rite as a
glue ma te rial. The sand stone is, how ever, clearly zoned, and
some of its parts are de void of py rite but are rusty-brown, sug -
gest ing the pres ence of goethite (or a mix ture of iron
oxyhydroxides). Al though no di rect in for ma tion about the use of
the lo cal coal could be found, ac cord ing to ELARD (2017) coal
is found in some waste de pos its in the vi cin ity of Saida. The
pres ence of coal and an iron ore in the Jezzine area is also
men tioned by Nanhas (2012). A coal quarry and coal mines in
the nearby vil lage of Kaitouly (Qaytoula), lo cated to the south
and north of its cen tre, re spec tively, are found in a map pro -
vided by the Leb a non min is try of tour ism (Leb a non..., 2011).  

ANALYTICAL METHODS

The ini tial Pow der X-Ray Dif frac tion (PXRD) anal y ses were
per formed on the Bruker axs D5005 diffractometer, equipped
with a graph ite mono chro ma tor, at the De part ment of Soil En vi -
ron ment Sci ences of the Fac ulty of Bi ol ogy and Ag ri cul ture,
War saw Ag ri cul ture Uni ver sity (Po land). The mea sure ment pa -
ram e ters were as fol lows: Co Ka ra di a tion (Fe-fil tered), 0.02
(2q) step, 3s count ing time per step. The most im por tant sam -
ples were re-ana lysed us ing the Bruker axs D8 ADVANCE
diffractometer with a super-fast V�NTEC-1 lin ear po si tion-sen -
si tive (LPSD) de tec tor; the ap pa ra tus was lo cated at the In sti -
tute of Geo log i cal Sci ences, Pol ish Acad emy of Sci ences, War -
saw (Po land). Co Ka ra di a tion (Fe-fil tered), 0.02 (2q) per step,
1s count ing time (equal to ~416s of the zero-di men sional scin til -
la tion coun ter). TOPAS (v. 3) soft ware was used for the unit cell
pa ram e ter re fine ments; the re fine ments were car ried out us ing
the Rietveld method with a stan dard-set full ax ial model. As the
used soft ware ver sion is non-com pat i ble with the LSPD de tec -
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Fig. 1. Lo ca tion of the coal-sul phate oc cur rence in South Leb a non



tor, the in flu ence of thus lack ing re ceiv ing slit was im i tated by
ad di tional con vo lu tion in put. For this pur pose, i.e., to ob tain the
cor rect in stru men tal-de pend ent pro file and peak shape, LaB6
stan dard (NIST SRM 660c) was first ana lysed, its known unit
cell pa ram e ter and mean crys tal size fixed, and then all the
avail able func tions were checked for their in flu ence on re fine -
ment. The Lorentzian func tion with con stant 2q de pend ence
was found to be the only func tion be ing phys i cally mean ing ful
for the pro file de scrip tion. This pro ce dure was ap plied based on 
in for ma tion from Da vid Bish (pers. comm., 2012). In flu ence of
both the crys tal size and strain in both Gaussi an and Lorentzian 
de pend ence was ob served and used only when the val ues ob -
tained were larger than er rors. The re fine ments were run in the
mid-an gle range due to a bias pos si ble for the high-an gle range
(e.g., Pecharsky and Zavalij, 2003). Graphic fit was con trolled.
Var i ous mod els, us ing dif fer ent struc ture files (i.e. struc ture
mod els avail able in the lit er a ture), were tried. The re sults with
best Rwp (re sid ual weighted-pat tern) and GOF (good ness of fit,
c2) sta tis tics were cho sen as the fi nal ones.

Scan ning elec tron mi cro scope (JEOL JSM/JXM 840A ap -
pa ra tus at the In sti tute of Geo log i cal Sci ences, Pol ish Acad emy 
of Sci ences) with an en ergy-dispersive spec tros copy de tec tor
was used to (1) vi su al ize the habit and spa tial de pend ence of
min er als and (2) con duct stan dard ized EDS anal y ses of min er -
als. The lat ter method was suc cess fully used by the au thor for a 
sim i lar re search be fore (Kruszewski, 2013), and it was shown
to be less de struc tive than the com monly used wave length
mode and thus more ac cu rate for sul phate min er als anal y sis.
The beam cur rent used was 15 kV and 1 nA. Par tial sam ple de -
struc tion still pres ent and very strong ten dency for the min er als
un der study to form inter growths made the min eral anal y sis dif -
fi cult. Thus, to ob tain the best re sults, the an a lyt i cal re sults were 
com pared to the lit er a ture data and ideal com po si tions (from
the Hand book of Min er al ogy, An thony et al., 2003) of the par tic -
u lar min eral spe cies oth er wise con firmed via PXRD. An a lyt i cal
re sults were re cal cu lated with fac tors stand ing for the ideal sum 
of cat ions with an ex cep tion of the copiapite group, for which the 
au thor re lated the ideal sum of tet ra he dral at oms. Ad dress ing
cat ions in stead of ox y gen al lows omit ting dif fi cul ties with
Fe2+-Fe3+ di vi sion and un known true wa ter con tent. Some el e -
ments (e.g., Na, K, Ca, Si), which seem not to fit par tic u lar min -
eral struc tures, were omit ted in the cal cu la tion of crystallo -
chemical for mu las. Some el e ments ana lysed are also hard to
be con firmed due to strong line co in ci dences in the EDS spec -
tra. This has es pe cially to do with the Sr-Si and Na-Zn pairs. It
should also be noted that the wa ter con tent, al though re ported,
is ar bi trary, as it is just cal cu lated by dif fer ence. Its con tent
strongly de pends on the level of par tic u lar crys tal de struc tion
un der the elec tron beam. Due to the above con sid er ations,
many of the em pir i cal for mu las pre sented be low should be
treated as an ap prox i ma tion of the par tic u lar spe cies cry stallo -
chemistry.

Con cen tra tions of trace el e ments in bulk sul phate sam ples
were an a lysed us ing the In duc tively CoupledPlasma (ICP) Op -
ti cal Emis sion Spec tros copy (OES) method. The ap pa ra tus
used – Op tima D5000 DV of Perkin Elmer – was lo cated at the
Lab o ra tory of Wa ter, Soil and Rock Chem is try of the Fac ulty of
Ge ol ogy, Uni ver sity of War saw.

ASSEMBLAGES AND MINERAL HABIT

As the min eral sam ples were col lected in few ar eas, many
of them com ing from pro files, some parageneses can be listed

(Ta ble 1). In the vi cin ity of a lo cal stream, sim ple hy drated Fe2+

sulphates (melanterite, rozenite) and gyp sum are the dom i nant
spe cies. Sam ples No. 03 and No. 39 are of par tic u lar in ter est,
as their PXRD spec tra show quartz only. When ana lysed via
SEM-EDS, no crys tals can be seen; the such-viewed ac cu mu -
la tions show some Al ad mix ture. It is sug gested that these sam -
ples rep re sent a par tially crys tal lized sil ica gel. Phase com po si -
tion of Pro file I is much more com plex, with Fe3+-Al, Fe2+-Fe3+

and Na-Al-Fe3+(Mg) sys tems be ing rep re sented. Na-Al sys tem
is pres ent in Pro files II and V. The pos si ble co ex is tence of the
sul phate min er als in sam ple Aou21 of the lat ter Pro file with
nordstrandite, Al(OH)3, is worth of no tice, as this min eral is also
re ported from some burn ing coal-min ing heaps (Kruszewski et
al., 2018a). Pro file III is largely aluminous, with the up per part
char ac ter ized as the Fe3+-Al-Na, and the lower one be ing de -
void of Na com pounds but en riched in Ca. The oc cur rence of
na tive sul phur ad mix ture in one of the pro file’s sam ple (Aou34)
is note wor thy, as this min eral is com monly found in fire zones of
coal-min ing heaps (e.g., Kruszewski et al., 2018a). The chem i -
cal char ac ter is tics of Pro file IV are ei ther of the Fe-Al or rather
purely fer ric type. The coal-rich ar eas dis tin guish them selves in
the pres ence of Na-Fe sulphates. Sam ples that crys tal lized di -
rectly be low the coal de pos its are de void of Na but en riched in
Al. Sam ple Aou31 is in ter est ing due to its pos si ble trace mika -
saite (which is an hy drous min eral) and rare CaCO3 mod i fi ca tion 
vaterite (which is rel a tively fre quently ob served in burn ing fos -
sil-fuel waste heaps; e.g., Kruszewski, 2006; Kruszewski et al.,
2018b). At least few of the “un known source” sam ples are note -
wor thy due to their po ten tial con tain ment of in ter est ing and pos -
si bly fin ger print min er als. The first one is sam ple Aou30 where
boussingaultite may be pres ent; the min eral is NH4-bear ing and 
the am mo nium ion is typ i cal for coal-fire zones of some heaps
(e.g., Kruszewski, 2013; Kruszewski et al., 2018a). The other
sam ples are listed here due to sim i lar rea sons. Theseare
Aou17 and Aou36, with pos si ble rostite; and Aou 18, with pos si -
ble sassolite (H3BO 3). Con fir ma tion of the pres ence of the
Cu-bear ing min eral chalcoalumite in sam ple Aou29-2 has
failed. So is true for the po ten tially Cu-bear ing aubertite. It is
sup posed that such min er als have been torn away dur ing the
thin-sec tion sep a ra tion, di min ished due to their del i ques cence.
It should be no ticed that voltaite, al though ev i dent in some of
the sam ples stud ied, is pres ent only at their sur face. It thus
does not stand an im por tant con stit u ent of the as sem blages
char ac ter ized.

The habit of the par tic u lar min er als and their ag gre gates
can be seen in some im ages jux ta posed (Fig. 2). The SEM im -
ages of some min er als are pres ent in Fig ure 3. Fig ures 2A and
3A show, re spec tively, bot ry oi dal ag gre gates and intergrown
crys tals of rozenite. The lat ter form vermicular ag gre gates.
Rozenite crys tals are usu ally up to 12 mm in di am e ter, but the
crys tal edges can reach 15 mm. The coquimbite and copiapite
group form rather com pact ag gre gates in this par tic u lar sam ple. 
Better de picted bot ry oi dal ag gre gates com posed of min er als of
the copiapite group can be seen in Fig ure 2C. In di vid ual copia -
pite group botryoids can reach or slightly ex ceed 2 mm in di am -
e ter. Al though pres ent in Fig ure 2D in mi nor amounts, mac ro -
scop i cally good crys tals of the coquimbite group could not be
found. How ever, they can be seen in the SEM im age (Fig. 3F)
as ro sette-like ag gre gates. The ag gre gates reach ~200 mm in
di am e ter, while the larg est crys tals – ~60 mm. A tri an gu lar sec -
tion of paracoquimbite crys tal, ~20 mm in di am e ter, is also ob -
served in Fig ure 2D. Nee dle-like crys tals and their ag gre gates
of halotrichite are shown in Fig ures 2B,  D and 3A. Their length
is usu ally up to 100 mm, but can reach 0.7 mm. Tamarugite and
alunogen are usu ally found as tightly packed crys tal line ag gre -
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T a  b l e  1

PXRD qual i ta tive phase anal y sis re sults for the re searched sul phate min eral sam ples

Mac ro scopic de scrip tion 
and lo ca tion de tails Con firmed min er als Ques tion able trace min er als

Stream vi cin ity

green ish some what fi brous masses melanterite1, rozenite, coquimbite, copiapite group, gyp sum rhomboclase, starkeyite,
kieserite, cristobalite

scarce white cryptocrystalline encrustations quartz

gyp sum, quartz No. 38: baryte, gunningite,
ammonioalunite, darapskite

green ish ag gre gates rozenite, coquimbite, paracoquimbite, szomolnokite,
copiapite g., quartz

PROFILE I

yel low ag gre gates copiapite g., coquimbite, alunogen, paracoquimbite

left side of the pro file quartz, halotrichite g.

gyp sum, quartz

spray-like ag gre gates szomolnokite, coquimbite, copiapite g. alunogen, voltaite

tamarugite, quartz, coquimbite, gyp sum, aubertite

PROFILE II

alunogen, tamarugite, quartz alum-(Na), tridymite, rostite

PROFILE III

lower part of the pro file, 
red dish ag gre gates halotrichite g., copiapite g., gyp sum, quartz

up per part of the pro file coquimbite, quartz, halotrichite g., alunogen, tamarugite eugsterite

gyp sum, quartz, sul phur (trace) ardealite or sjögrenite

PROFILE IV

white ag gre gates alunogen, halotrichite g., meta-alunogen, quartz

paracoquimbite, coquimbite, copiapite g.

PROFILE V

alunogen, tamarugite, halotrichite g., quartz metavoltine, nordstrandite

Un known source sam ples

yel low masses copiapite g., quartz, alunogen metavoltine

coquimbite, halotrichite g. tamarugite, ferrinatrite

copiapite g., quartz aluminite, cristobalite

tamarugite, jarosite g. alum-(Na)

tamarugite, ha lite, quartz, gyp sum

quartz, gyp sum, jarosite g., metasideronatrite, illite No. 30: boussingaultite

szomolnokite, coquimbite, halotrichite g. rostite

tamarugite, gyp sum sassolite

halotrichite g., alunogen, coquimbite

copiapite g., alunogen, metavoltine zaherite, alum-(Na)

coquimbite, szomolnokite, quartz

alunogen, copiapite g.

coquimbite, quartz, halotrichite g., alunogen, tamarugite eugsterite

szomolnokite, coquimbite, ferrinatrite

coquimbite, alunogen, melanterite, szomolnokite, tamarugite chalcoalumite

“be low the coal de posit” quartz, paracoquimbite, coquimbite, alunogen, copiapite mikasaite, vaterite

“di rectly on the coal” sideronatrite, metasideronatrite, copiapite g. ferrinatrite

coquimbite, alunogen, szomolnokite aubertite group

alunogen, coquimbite, szomolnokite2 rostite

1 – not ob served in the re-ana lysed sam ple; 2 – in subsample “b”



gates (Fig. 3B, C, re spec tively). Tamarugite forms thin-tab u lar
crys tals reach ing 8–12 mm, with pseudo hexagonal and pos si bly 
oc tag o nal out lines some times pres ent. Typ i cally lamellar crys -
tals of alunogen can be 90 mm long and al ways <10 mm thick.
Metasideronatrite forms thick-tab u lar crys tals, up to 15 mm long

and up to ~3 mm thick, that join into par al lel or slightly bent ag -
gre gates usu ally com pris ing two in di vid u als (Fig. 3E). The ag -
gre gates formed by copiapites, ta maru gite and alunogen are
thick, com pact, socket-like and some what curved encru -
stations.

69

Fig. 2. Gen eral true-col our view of the ex am ple sul phate mix tures

A – white microbotryoidal rozenite with mi nor nee dles of gyp sum on coquimbite (pale pink ish-vi o let) – copiapite group (yel low)
ma trix; B – com pact mass of alunogen and meta-alunogen with nee dle-like halotrichite; C – bot ry oi dal dark yel low copiapite
group with mi nor com pact alunogen; D – typ i cal spray-like ag gre gates of halotrichite intergrown with mi nor colour less alunogen
and pale pink ish coquimbite, the dark yel low min eral likely be ing metavoltine; E – tamarugite-dom i nant encrustation frag ment
with yel low jarosite; F – gyp sum-jarosite-metasideronatrite encrustation on a sand stone chunk
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Fig. 3. Scan ning Elec tron Mi cros copy sec ond ary elec tron im ages of cho sen sul phate min er als

A – fi brous halotrichite ag gre gates grow ing on rozenite crys tals; B – Fe-bear ing crys tals of tamarugite; C – ro sette-form ing
lamellar crys tals of alunogen; D – tri an gle-shaped sec tion of a paracoquimbite crys tal; E – intergrown elon gated crys tals

of metasideronatrite; F – ro sette-like ag gre gates of bladed coquimbite crys tals



CRYSTAL CHEMISTRY

SAMPLE Aou01

The sim ple Fe sulphates in this sam ple proved to be im -
pos si ble to be ana lysed quan ti ta tively ei ther due to their
strong inter growths with some Al-rich spe cies or poor qual ity
of the thin-sec tion. How ever, an in ter est ing ad di tional phase
was de tected, with the em pir i cal for mula of
(Al0.97Fe0.01Na0.01)S1.00[(SO4)0.87(SiO4)0.08(AsO4)0.03]S0.98[(OH)0.75

Cl0.07]S0.82 × 7.94H2O (n = 3). Its wt.% con tents are 0.00–2.15
As2O5, 0.25–3.92 SiO2, 14.98–19.73 Al2O3, 0.00–1.17 Fe2O3,
0.00–1.22 Na2O, and 49.80–59.17 H2O. A sin gle anal y sis also
shows 0.79 wt.% SeO3. As sum ing the high wa ter con tent be ing
an er ror re lated to sam ple de struc tion un der the elec tron beam,
this phase is likely ei ther rostite or jurbanite. The ideal com po si -
tion of those poly mor phic sub stances is Al(SO4)(OH) × 5H2O.

SAMPLE Aou02 

The copiapite group spe cies is aluminocopiapite (n = 12; Ta -
ble 2) in this case, as shown by the for mula of
(Al0.45Ca0.05Sr0.02Na0.01K0.01)S0.54(Fe3+

3.93Ti0.02)S3.95(SO4)6.00(OH)1.38

× 23.80H2O, nor mal ized (by charge pro por tion) to
(Al0.64Ca0.07Sr0.03Na0.01K0.01)S0.76(Fe3+

3.93Ti0.02)S3.95(SO4)6.00(OH)2.00

× 23.80H2O. The lat ter for mula may be ex pressed in terms of a
mean end-mem bers for mula, as Alc84Cac9Src4Nco1Kco1R1,
where Alc = aluminocopiapite, Cac = calciocopiapite, and the re -
main ing ab bre vi a tions be ing used for hy po thet i cal Sr-, Na-, K-rich
and re main ing end-mem bers. The lat ter ones are pos si bly rep re -
sented mainly by a Ti-dom i nant end-mem ber. 

The as so ci ated coquimbite anal y ses (n = 11) were re cal cu -
lated to (Fe1.72Al0.25Mg0.01Sr0.01)S2.00(SO4)2.86 × 10.74H2O or
Fe1.00(Fe0.72Al0.25Mg0.01Sr0.01)S1.00(SO4)2.86 × 10.74H2O. This ex -
pres sion cor re sponds to Coq74Acq26, where Acq stands for
aluminocoquimbite, FeAl(SO4)3 × 9H2O. 

Rozenite or a post-rozenite de hy drated coun ter part was
also found as so ci ated. Its em pir i cal for mula (n = 9) is:
(Fe0.93Mg0.03K0.02Ca0.01Mn0.01Al0.01)S1.01[(SO4)1.11(AsO4)0.01]S1.12 ×
× 4.28H2O. As sum ing K and Al as im pu ri ties, this for mula may
be trans formed to a pro posal of an end-mem bers for mula, e.g.
Roz95Sta3Ile1Cro1, where “Sta” is for starkeyite (MgSO4 × 4H2O), 
“Ile” is for ilesite (MnSO4 × 4H2O) and “Cro” is for a hy po thet i cal
Ca-dom i nant mem ber. The low ered sul phur con tent and sur -
plus wa ter con tent are re lated to the oc cur rence of part of Fe as
Fe3+ and pos si bly also to the sam ple de struc tion un der the elec -
tron beam and in ti mate inter growths of the min er als. 

SAMPLE Aou10

Only a sin gle anal y sis could be at trib uted to alumino -
copia pite-magnesiocopiapite, al though still in ti mately inter -
grown with gyp sum. Af ter de duct ing gyp sum ad mix ture, the
first-step em pir i cal for mula may be ap prox i mated as
(Al0.22Mg0.17K0.10)S0.49Fe4.00[(SO4)5.32(SiO4)0.22]S5.54 (OH)1.58 × xH2O. 
As sump tion of the Al : Mg ra tio be ing cor rect and equal to 1.29
(0.22/0.17) sug gests that Al3+ = 1.29 × Mg2+. The lack ing pos i tive
charge be ing 2 (pos i tive charge from Fe3+ is 12, neg a tive charge
from the an ions is 14) al lows writ ing the for mula: 3Al + 2Mg = 2.
The above con sid er ations and re moval of the likely K and Si im pu -
rity lead to (Al0.44Mg0.34)S0.78Fe4.00(SO4)6(OH)2 × xH2O.

SAMPLE Aou14

Ap pli ca tion of the less de struc tive EDS beam to ana lyse
the Na-rich sulphates, as op posed to the re sults ob tained by
Kruszewski (2013), proved not to give the cor rect Na apfu val -
ues. In such case the true Na con tent may be cal cu lated by dif -
fer ence. How ever, no K and Ca ad mix ture was found (Ta ble
3). Tamarugite from sam ple Aou14 may thus be char ac ter -
ized in terms of its crys tal chem is try by the fol low ing for mula
(n = 22, fac tor based on Al + Fe = 2):
Na(Al0.98Fe3+

0.02)S1.00[(SO4)1.89(AsO4)0.05(SiO4)0.01]S1.95Cl0.01 × 
 7.53H2O. Such for mula leads to the mean end-mem ber rep re -
sen ta tion of Tmr 98Ama2 (the mi nor and hypothetic As- and
Si-bear ing end-mem bers omit ted), where “Ama” cor re sponds
to amarillite, NaFe(SO4)2 × 6H2O. A sin gle anal y sis cor re sponds
to a sim i lar Fe-rich spe cies which can pos si bly be ex pressed as
Na0.33(Fe, Al)(SO4)(OH) × xH2O or Na(Fe, Al)(SO4)(OH)2 × xH2O.

SAMPLE Aou20

Only two of six an a lyt i cal points cor re spond ing to the
copiapite group could be cho sen for de scrip tion of the mean for -
mula. The lat ter, fit ting to copiapite, is
(Fe2+

0.64Al0.18K0.08Ca0.05Co0.05)S1.00Fe4.00[(SO4)5.97(SiO4)0.03]S6.00(OH)2
× xH2OxH2O(the x value taken di rectly from the anal y sis re cast -
ing is 31.37). This for mula cor re sponds to the fol low ing mean
wt.% con cen tra tions: 32.71 SO3, 25.93 Fe2O3, 0.61 Al2O 3, 0.24
CoO, 0.21 CaO, 0.27 K2O, and 39.91 H2O. The re ported for -
mula is re lated to the mean end-mem ber rep re sen ta tion of
Cop64Alc18Kco8Cac5Coc5, where Kco and Coc cor re spond to
hy po thet i cal K- and Co-dom i nant end-mem bers. The for mula,
in its nor mal ized (the A site to tal is orig i nally 1.62) ver sion, is
(Fe2+

0.70Al0.25Ca0.01K0.01)S1.00Fe4.00[(SO4)5.99(SiO4)0.01]S6.00(OH)2 × 
× 28.77H2O and is based on 12 anal y ses. The nor mal iza tion ba -
sis is the A site oc cu pancy of 1. It cor re sponds to the end-mem -
ber for mula of Cop70Alc18Cac1Kco 1.

SAMPLE Aou22

The ex am ple em pir i cal for mula for aluminocoquimbite (n =
1) may be ap prox i mated as Fe0.99(Al0.73Sr0.09Na0.08Ga0.06K0.02

Ti0.01)S0.99(SO4)2.83 × xH2O, cor re spond ing to the fol low ing wt%
pro por tions: 14.40 SO3, 0.15 TiO2, 10.13 Fe2O3, 4.10 Al2O3,
0.59 Ga2O3, 1.03 SrO, 0.14 K2O, and 0.84 Na2O. Ne glect ing
the sup posed Sr-, K-, Na- and Ti-bear ing mem bers, the lat ter
ex pres sion cor re sponds to Acq93Gcq7, where “Gcq” stands
for a hy po thet i cal Ga-rich end-mem ber. The nor mal ized em -
pir i cal for mula of the co ex ist ing tamarugite (n = 2) is
(Na0.86Sr0.10Ca0.05)S0.99(Al0.87Fe0.13)S1.00[(SO4)1.91(SeO3)0.05(SiO4)

0.03]S1.99Cl0.12 × 5.16H2O (orig i nally 35.56 mol e cules H2O and
0.18 apfu Na). It cor re sponds to mean (wt.%) 27.24 SO3,
1.19 SeO3, 0.47 SiO2, 3.15 Fe2O3, 13.27 Al2O3, 0.63 SrO,
0.12 CaO, 1.69 Na2O, and 50.52 H2O. As sum ing Cl not en -
ter ing the struc ture, the above for mula may be re drawn as
Tmr76Ama11Srt9Cat4Sra1Caa1, where “Srt”, “Cat”, “Sra” and
“Caa” cor re spond to some Sr-, Ca- HEMs. A sin gle anal y sis
of alunogen (9.87 wt.% SO3, 6.73 wt.% SeO 3 , 14.98 wt.%
Al2O 3, 0.28 wt.% SrO, 0.15 wt.% CaO, 0.17 wt.% Na2O, and
66.69 wt.% H2O) re casts to (Al2.00Na0.04Ca0.02

Sr0.02)S1.07[(SO4)2.14(SeO3)0.92]S3.06 × 17H2O (ideal wa ter con tent
as sumed). The de rived sug gested end-mem ber rep re sen ta tion 
is Aln70Sea30, where “Sea” cor re sponds to a Se-rich HEM. 
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SAMPLE Aou29

The Aou29 coquimbite com po si tion (Ta ble 4) may be pre -
sented by two em pir i cal for mu las, one based on 5 an a lyt i cal
points and the other cor re spond ing to n = 19. The for mu las are,
re spec tively,
Fe1.00(Fe0.50Al0.43Na0.02Ti0.02Ga0.01Cu0.01)S0.99[(SO4)2.82(SiO4)0.06

(AsO4)0.02]S2.90 × 9H2O (ideal wa ter con tent as sumed), and
Fe1.00(Fe0.50Al0.43Ti0.03Na0.01Ca0.01Mg0.01Ga0.01)S1.00[(SO4)2.84

(SiO4)0.06(AsO4)0.02]S2.92 × 5.43H2O (orig i nal cal cu lated wa ter
con tent). 

Szomolnokite anal y ses (Ta ble 4) re cast to the fol low ing
em pir i cal for mula (n = 7):
(Fe0.85Al0.06Na0.05Mg0.02Ti0.01Ca0.01Ga0.01)S1.01[(SO4)0.93(SiO4)0.03]S0.96

 × 1.06H2O. The iden tity of the phase with szomolnokite may be
con firmed by rel a tively en riched mag ne sium. The pres ence of
sil i con in the min eral struc ture is un sure due to rather strong
vari a tion of its con tent. A sin gle anal y sis (no. 15 in Ta ble 4) cor -
re sponds to a likely melanterite-de rived min eral, now clos ing to
ferrohexahydrite:
(Fe0.74Al0.11Ti0.11Zn0.02Mg0.01Ca0.01)S1.01[(SO4)1.14(SiO4)0.02]S1.16

Cl0.01C6.08H2O. In this case the Zn en rich ment seem to con firm 
the iden ti fi ca tion: bianchite, ZnSO4 × 6H2O is a mem ber of the
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T a  b l e  2

Re sults of chem i cal anal y ses (in wt.%) and crys tal lo graphic data for sul phate min er als of sam ple Aou02

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

As2O5
1) 0.64

SO3 36.12 39.07 36.92 35.87 33.70 40.55 42.45 39.73 39.31 40.24 41.09 39.38 32.00 35.60 33.83 31.55 36.63 37.73

SiO2 0.30 0.57

Ga2O 3 0.62

Fe2O3 23.69 24.57 24.99 24.67 23.13 27.56 26.01 23.70 22.54 24.70 25.66 24.73 23.69 26.88 26.78 24.30 31.42 31.52

Al2O3 2.51 2.02 1.57 1.56 1.62 2.37 2.43 2.36 1.90 2.25 1.82 1.95 1.32 0.83 0.58

MnO 0.26 0.44 0.31 0.23

MgO 0.25

SrO 0.19 0.23 0.20 0.18 0.33 0.30 0.24 0.25 0.34 0.16 0.27 0.20

CaO 0.14 1.51 0.25 0.13 0.33 0.13 0.14 0.54 0.25 0.38

K2O 0.48 0.08 0.07 0.10 3.21 2.34

Na2O 0.27

S 62.73 67.36 63.96 62.30 58.67 69.18 70.83 66.27 64.71 67.18 69.25 66.41 57.64 65.31 65.43 59.41 69.19 70.90

H2O
2) 37.27 32.64 36.04 37.70 41.24 30.82 29.17 33.73 35.29 32.82 30.75 33.59 42.36 34.69 34.57 40.59 30.81 29.10

apfu / mo lec u lar pfu

As 0.01

S 6.00 6.00 6.00 6.00 6.00 6.00 2.85 2.84 2.93 2.86 2.79 2.80 1.19 1.16 1.00 1.08 1.09 1.14

Si 0.01 0.03

Fe 3.95 3.78 4.07 4.14 4.13 4.09 1.75 1.70 1.68 1.76 1.75 1.76 0.89 0.88 0.80 0.84 0.94 0.95

Al 0.65 0.49 0.40 0.41 0.45 0.25 0.27 0.28 0.21 0.24 0.20 0.11 0.07

Mn 0.01 0.01 0.01 0.01

Mg 0.02 0.05 0.03

Sr 0.02 0.03 0.03 0.02 0.02 0.02 0.01 0.01 0.02 0.01

Ca 0.03 0.33 0.06 0.03 0.07 0.01 0.01 0.03 0.01 0.02

K 0.12 0.01 0.01 0.01 0.16 0.14

Na 0.12

H2O 27.51 22.78 26.03 28.03 32.63 20.27 8.70 10.72 11.68 10.38 9.28 10.62 7.02 5.02 4.56 6.20 4.09 3.90

unit cell pa ram e ters

a[�] 7.42(2) 10.970(14) 3)

b[�] 18.89(4)

c[�] 7.46(2) 17.00(33)

a[0]   90.60(12)

b[0]   102.96(14)

g[0]   98.00(11)

Rwp
[%]4) 31.55 31.55

GOF
[%] 1.97 1.97

Anal y ses 1–6 – copiapite group; anal y ses 7–12 – coquimbite group; anal y ses 13–18 – rozenite; 1)  – P, As, Se, Ti, Cr, Zn, Cu, Ni and Co were

ana lysed but not ob served; zero val ues are not shown; 2) – cal cu lated as 100-S ; 3)  – unit cell pa ram e ters could not be cal cu lated due to low con -

tent of rozenite; 4) – re fine ment sta tis tics: Rwp – re sid ual weighted-pat tern, GOF – good ness of fit (c2)



hexahydrite group and may con tain el e vated Fe amounts (e.g.,
Palache et al., 1951). There are also two ad di tional anal y ses
(nos. 16 and 17; Ta ble 4), one cor re spond ing to ei ther slightly
aluminous parabutlerite or pos si bly a FeSO4 × 3H 2O phase, and
the other to a Zn-dom i nant phase close to (Zn,Fe)4(SO4)2(OH)3

× 7.5H2O. The iden tity of a Ti-rich phase (with 7.63 wt.% TiO2;
last anal y sis in Ta ble 4) is un clear, as it may be re lated to an
inter growth. 

SAMPLE AOU33

Ana lys ing sideronatrite and metasideronatrite is dif fi cult due 
to their Na con tent and del i cate na ture of these spe cies. The
min er als proved to be even more dif fi cult to ana lyse than
tamarugite. For most of the anal y ses the Na2O wt.% con tent
was mea sured at the be gin ning, in the mid dle and just be fore
the end of the 60-sec ond-long anal y sis counts. A di a gram jux -
ta pos ing anal y sis times and wt.% Na2O usu ally shows non-lin -
ear, poly no mial (“half-pa rab ola”) trends with at trib uted lin ear r2

in the 0.61–0.87 range. How ever, two anal y ses show lin ear
trends with r2 val ues be ing 0.97 and 0.98. 

Re sults of anal y ses of sulphates from sam ple Aou33 are
jux ta posed in Ta ble 5. An em pir i cal for mula af ter nor mal iz ing to
apfu Na be ing 2 and back-cal cu la tion of wt.% Na 2O and wt.%
H2O is Na2.00(Fe0.88Al0.08Ga0.04)S1.00(SO4)2.00(OH)1.00 × 2.18H2O

(n = 25). This for mula may, how ever, be deconvoluted, based
on the newly cal cu lated (by charge bal ance) apfu H to the com -
po si tion of: 

1. (Na1.99Sr0.01)S2.00(Fe0.79Al0.17Ga0.05)S1.01(SO4)2.00(OH)1.04 ×
× 8.14H2O (n = 3, apfu H > 10, anal y ses 1–3 in Ta ble 5), pos si bly 
cor re spond ing to sideronatrite (Sdn78Asd17Gsd5) with anal y -
sis-driven en larged wa ter con tent, and 

2. Na2.00(Fe0.89Al0.07Ga0.04)S1.00(SO4)2.00(OH)1.00 × 1.65H2O
cor re spond ing to metasideronatrite, Msd89Ams7Gms4 (n = 21,
ex am ple anal y ses Nos. 4–9 in Ta ble 5; Ams and Gms in dic a tive 
of Al- and Ga-dom i nant HEMs). Three ad di tional anal y ses
(Nos. 10–12 in Ta ble 5) may cor re spond to ferrinatrite,
Na3.00(Fe0.75Al0.20Ga0.04)S0.99(SO4)2.99 × xH2O (the ideal n = 3),
mean end-mem ber com po si tion be ing Frn76Amn20Gan4

(HEMs: “Amn” – “aluminonatrite”, “Gan” – “gallionatrite”).
As so ci ated with the (meta)sideronatrite is mi nor
copiapite, the cor re spond ing em pir i cal for mula (n = 6; ex -
am ple anal y ses in Ta ble 5 have Nos. 13–15) be ing
(Fe2+

0.56Mg0.45)S1.01(Fe3.99Ti0.01)S4.00[(SO4)5.96(AsO4)0.02

(SiO4)0.01]S5.99(OH)2.02 × 27.58H2O, re lated to Cop54Mgc45Tic1

(“Tic” stands for a Ti-dom i nant HEM). This copiapite group rep -
re sen ta tive is thus in ter est ing among the pre vi ous ones, as it is
very rich in the magnesiocopiapite mol e cule. The above spe -
cies may also be as so ci ated with a phase which, as in the pre vi -
ous sam ple, may pos si bly be de rived from melanterite via its
de hy dra tion and par tial ox i da tion. Its em pir i cal for mula (n = 7;
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T a  b l e  3

Re sults of chem i cal anal y ses (in wt.%) of tamarugite (anal y ses 1–10)
and a re lated phase (anal y sis 11) of sam ple Aou14

1 2 3 4 5 6 7 8 9 10 11

As2O5
1) 1.57 1.51 1.33 1.45 1.32 1.44 1.28 1.57 1.49 1.36

SO3 44.19 43.75 42.00 43.09 42.74 42.60 39.47 43.90 42.99 42.74 19.07

SiO2 0.27 0.15 0.39 0.19 0.12 0.18 0.15 0.14 1.32

Ga2O 3 1.05

Fe2O3 0.27 0.54 0.26 0.24 0.58 0.50 0.34 0.43 0.32 10.40

Al2O3 14.00 13.26 12.81 13.51 12.82 13.08 12.61 14.01 13.451
4.60 14.60 4.57

CoO 0.21

MgO 0.30

CaO 0.08 0.14 0.08 0.13

Na2O 4.22 4.07 3.77 4.15 4.24 3.20 2.94 3.44 3.00 2.77 1.62

S 64.68 63.41 60.21 63.01 61.80 61.06 57.31 63.94 61.65 62.13 37.81

H2O
2)

35.32 36.59 39.79 36.993
8.20 38.20 38.94 42.69 36.06 38.35 37.87 62.19

apfu / mol e cules pfu

As 0.05 0.05 0.05 0.05 0.05 0.05 0.04 0.05 0.05 0.04

S 1.99 2.05 2.09 2.01 2.10 2.02 1.93 1.95 1.99 1.84 1.00

Si 0.02 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.02

Ga 0.05

Fe 0.01 0.03 0.01 0.01 0.03 0.02 0.02 0.02 0.01 0.55

Al 0.99 0.97 1.00 0.99 0.99 0.97 0.97 0.97 0.98 0.99 0.38

Co 0.01

Mg 0.03

Ca 0.01 0.01 0.01 0.01

Na 0.49 0.49 0.48 0.50 0.54 0.39 0.37 0.39 0.36 0.31 0.22

H2O 7.05 7.61 8.79 7.65 8.33 8.19 9.27 7.10 7.91 7.243) 14.47

1) – P, Se, Ti, Cr, Mn, Zn, Cu, Ni, Sr, Ba and K were an a lysed but not ob served; zero val ues are not shown; 2) – cal cu lated

as 100-S; 3) – unit cell pa ram e ters could not be cal cu lated due to low con tent of the min eral in the sam ple
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T a  b l e  4

Re sults of chem i cal anal y ses (in wt.%) of sul phate min er als of sam ple Aou29

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

As2O5
1) 0.79 0.38 0.52 0.42 0.50 0.60

P2O 5 0.26 0.18 0.23

SO3 46.37 40.47 48.18 42.82 44.10 49.49 46.66 42.95 47.29 44.45 36.36 43.05 47.62 48.62 32.80 36.99 28.11 38.83

SiO2 0.40 2.81 1.40 0.47 0.66 0.30 2.14 0.80 0.94 0.70 2.83 0.58 0.53 0.41 0.36 1.20 0.57 0.63

TiO2 1.42 2.33 0.30 1.37 0.73 0.27 0.73 0.23 0.60 0.33 0.81 1.03 3.18 7.63

Ga2O 3 1.16 0.61 0.81 0.95 1.28

Fe2O3 27.47 25.45 26.08 26.20 24.58 28.33 25.55 26.60 45.49 41.23 32.35 43.71 39.22 46.74 21.23 28.01 2.52 38.71

Cr2O3 0.20

Al2O3 4.06 5.43 6.04 3.83 4.12 4.72 5.70 3.73 0.52 1.65 2.09 0.85 3.33 0.48 2.07 2.51 0.55 0.24

ZnO 0.55 40.08

NiO 1.57

MgO 0.66 0.23 0.60 0.70 0.30 1.10 0.17 0.64 0.42

CaO 0.34 0.19 0.57 0.15 0.12 0.14 0.22 0.57 0.15 0.70

BaO 0.42

SrO 0.25

K2O 0.10 0.26 0.15

Na2O 0.41 0.27 0.36 0.79 0.40 2.26 0.20 2.84 0.71

S 79.84 79.19 83.21 76.37 75.01 83.92 81.42 75.81 96.37 89.04 77.57 89.65 94.39 97.80 60.62 74.71 74.42 87.32

H2O
2) 20.16 20.81 16.79 23.63 24.99 16.08 18.58 24.19 3.63 10.96 22.43 10.35 5.61 2.20 39.38 25.29 25.58 12.68

apfu / mol e cules pfu

As 0.03 0.02 0.02 0.02 0.01 0.01

P 0.02 0.01

S 2.62 2.01 2.65 2.37 2.77 2.73 2.63 2.45 0.94 1.00 0.90 0.92 0.92 0.96 1.14 0.86 1.12 3.92

Si 0.03 0.19 0.10 0.03 0.06 0.02 0.16 0.06 0.02 0.02 0.09 0.02 0.01 0.01 0.02 0.04 0.03 0.08

Ti 0.08 0.12 0.02 0.08 0.05 0.01 0.04 0.01 0.01 0.01 0.02 0.02 0.11 0.77

Ga 0.05 0.03 0.04 0.02 0.03

Fe 1.56 1.27 1.44 1.45 1.55 1.56 1.44 1.52 0.90 0.93 0.80 0.94 0.76 0.93 0.65 0.10 3.92

Cr 0.01

Al 0.36 0.42 0.52 0.33 0.41 0.41 0.50 0.33 0.02 0.06 0.08 0.03 0.10 0.01 0.09 0.03 0.04

Zn 0.02 1.77

Ni 0.07

Co

Mg 0.07 0.03 0.04 0.02 0.03 0.01 0.04 0.01 0.03 0.08

Ca 0.02 0.01 0.05 0.01 0.01 0.01 0.02 0.01 0.02

Ba 0.01

Sr

K 0.01 0.01

Na 0.05 0.04 0.05 0.04 0.03 0.11 0.01 0.17 0.19

H2O 5.07 4.60 4.10 5.81 6.97 3.94 4.66 6.14 0.32 1.10 2.46 0.98 0.48 0.19 6.07 2.61 4.52 5.69

unit cell pa ram e ters

a[�] 10.9245(4) 7.0790(2)

b[�] 7.5528(2)

c[�] 10.079(1) 7.7790(2)

b[0] 118.595(2)

Rwp
[%]

2.43

2.43

GOF
[%]

1.35

1.35

Anal y ses 1–8 – coquimbite; anal y ses 9–14 – szomolnokite; anal y sis 15 – ferrohexahydrite-like phase; anal y sis 16 – parabutlerite-like phase;
anal y sis 17 – Zn-rich phase; anal y sis 18 – Ti-rich phase; 1) – Co was ana lysed but not ob served; zero val ues are not re ported; 2) – cal cu lated as

100-S
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T a  b l e  5

Re sults of chem i cal anal y ses (in wt.%) of sul phate min er als of sam ple Aou33

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

As2O5
1) 0.71

SO3 30.91 26.76 29.68 35.38 33.61 33.46 37.04 42.02 41.11 30.42 25.44 23.01 32.81 33.44 35.72 31.48 32.78 31.42

SiO2 0.16 0.17 0.12

TiO2 0.17

Ga2O 3 1.29 0.42 1.46 1.14 0.68 1.22 0.96 1.47 1.78 1.07 0.82 1.34

Fe2O3 18.53 17.72 18.03 23.05 25.48 26.06 25.79 27.29 26.47 16.19 14.05 9.89 26.51 24.24 26.80 26.23 26.51 28.09

Al2O3 2.02 2.02 1.64 1.35 2.14 1.74 2.30 0.69 1.24 0.75 2.19 3.69

MnO 0.19

MgO 0.99 1.62 1.28 1.27 1.44 1.36

CaO 0.10 0.10

BaO 0.29 0.24

SrO 0.29 0.18 0.27 0.23 0.27 0.23

Na2O
2) 1.30 1.05 2.85 3.28 2.43 2.91 1.71 2.41 3.82 2.22 1.62 1.62

S 54.45 48.17 54.13 64.20
64.34

34
65.65 67.80 74.27 74.42 50.75 44.69 39.92 61.02 59.74 63.80 59.05 60.83 61.23

Na2O
3) 17.60 16.41 16.96 20.29 22.83 23.15 23.45 22.99 23.23 21.28 21.42 19.57

H2O
4) 29.25 36.47 31.76 18.79 15.26 14.10 10.46 5.15 6.17 30.19 35.51 42.13

H2O
5) 38.98 40.62 36.20 40.95 39.17 38.77

apfu / mol e cules pfu

As 0.06

S 1.35 1.26 1.36 1.35 1.14 1.12 1.22 1.41 1.37 1.66 1.38 1.37 5.91 5.96 6.00 1.09 1.11 1.01

Si 0.04 0.01

Ti 0.03

Ga 0.05 0.02 0.06 0.04 0.02 0.03 0.03 0.04 0.05 0.05 0.04 0.07

Fe 0.81 0.83 0.83 0.88 0.87 0.87 0.85 0.92 0.88 0.89 0.76 0.59 4.79 4.33 4.51 0.91 0.90 0.91

Al 0.14 0.15 0.12 0.08 0.11 0.09 0.12 0.04 0.06 0.06 0.19 0.34

Mn 0.01

Mg 0.35 0.57 0.43 0.09 0.10 0.09

Ca 0.03 6.29 5.88 5.56

Ba 0.01

Sr 0.01 0.01 0.01 0.01 0.01 0.01

Na2) 0.15 0.13 0.34 0.32 0.21 0.25 0.15 0.21 0.33 0.31 0.23 0.25

H5) 11.37 15.22 18.62 6.37 4.60 4.19 3.07 1.54 1.83 14.64 17.12 22.21

H2O 6.29 5.88 5.56

unit cell pa ram e ters

a[�] 7.275(3) 7.323(9) 6) 7.35(2) 7)

b[�] 20.544(1) 16.06(7) 18.78(2)

c[�] 7.15(3) 7.10(2) 7.32(2)

a[0] 90.60(2)

b[0] 102.25(2)

g[0] 99.08(13)

Rwp 17.86

GOF 8.98

Anal y ses 1–3 – sideronatrite; anal y ses 4–9 – metasideronatrite; anal y ses 10–12 – ferrinatrite; anal y ses 13–15 – copiapite group; anal y ses
16–18 – ferrohexahydrite-like phase; 1)  – P, Cr, Ni, Co and K were ana lysed but not ob served; zero val ues are not shown; 2)  – orig i nal and then
re cal cu lated val ues; 3) – cal cu lated by stoichiometry [as sum ing apfu(Na + Sr + Ba) =2];4) – cal cu lated back wards af ter re cast ing the cationic and

an ionic parts, then by dif fer ence (as 100- S); 5) to tal value, cal cu lated back wards af ter charge-bal ance-based cal cu la tion of hydroxyl H as sum ing 

the ideal OH con tent of 1 pfu; 5) –  by dif fer ence (100-S); 6) – cal cu la tion im pos si ble due to low con tent; 7) – cal cu la tion im pos si ble as the an a lysed
ma te rial is struc tur ally dif fer ent from the orig i nal one due to de hy dra tion of the lat ter un der the elec tron beam
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T a  b l e  6

Re sults of chem i cal anal y ses (in wt.%) of sul phate min er als of sam ple Aou35

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

As2O5
1) 1.30 1.14 1.17 1.41 1.20 n.a.2) n.a. 0.80 n.a.

SO3 45.07 27.34 39.18 43.48 41.41 39.23 40.32 39.77 34.73 34.87 31.04 28.06 30.71

SeO3 n.a. n.a. n.a. 0.57

SiO2 0.19 0.52 0.38 0.21 0.19 0.29 0.38 1.78 0.45

TiO2 0.17 n.a. n.a. 0.13

Y2O3
3) 0.85 1.33

La2O 3 5.88 3.70

Ce2O3 17.83 9.20

Pr2O 3 3.10 1.62

Nd 2O3 7.62 4.86

Sm 2O3 1.11

Gd2O3 3.68

Ga2O 3 0.90 n.a. n.a. 1.25

Fe2O3 12.40 13.46 21.00 9.67 10.70 11.15 12.36 5.48 7.16 32.82 32.76 29.81 24.54 4.84

Cr2O3 0.16 n.a. n.a. 0.14

Al2O3 10.27 2.47 6.68 10.95 8.56 9.20 9.21 1.39 0.42 1.37 1.28 1.43 1.89 0.34

CuO 0.41

ZnO 0.52 42.52

NiO 9.78 1.29

MgO 0.43 0.53

CaO 0.57 0.16 0.13 0.33 0.21 0.12 8.97 8.85 0.35 0.42 0.29 0.43

SrO 0.24 0.19 0.44 n.a.

Na2O 1.03 2.28 1.01

K2O 0.07 0.08 0.10 0.08

S 69.54 46.36 68.72 65.91 61.19 61.59 63.52 93.96 79.55 69.54 69.41 63.61 69.97 82.06

H2O
4) 30.46 53.64 31.28 34.09 38.81 38.41 36.48 6.04 20.45 30.46 30.59 36.39 30.03 17.94

apfu / mol e cules pfu

As 0.06 0.05 0.06 0.08 0.06 0.02

S 3.14 2.72 2.46 3.19 3.36 3.01 2.96 1.97 1.89 0.97 0.98 0.95 1.92 1.01

Se 0.01

Si 0.02 0.07 0.03 0.02 0.02 0.03 0.03 0.16 0.02

Ti 0.01

Y 0.03 0.05

La 0.14 0.09

Ce 0.43 0.23

Pr 0.07 0.04

Nd 0.18 0.12

Sm 0.03

Gd 0.08

Ga 0.08 0.07

Fe 0.87 1.34 1.32 0.71 0.87 0.86 0.91 0.27 0.37 0.92 0.92 0.92 1.68 0.16

Cr 0.01

Al 1.12 0.39 0.66 1.26 1.09 1.11 1.06 0.11 0.03 0.06 0.06 0.07 0.20 0.02

Cu 0.01

Zn 0.03 1.76

Ni 0.72 0.05

Mg 0.07

Ca 0.08 0.01 0.01 0.04 0.02 0.01 0.64 0.66 0.01 0.02 0.01 0.04

Sr 0.02 0.01 0.02

Na 0.13 0.31 0.18

K 0.01 0.01 0.01

H2O 9.42 23.70 8.71 11.13 14.00 13.08 11.92 1.33 4.74 3.78 3.82 4.97 9.12 2.64

unit cell pa ram e ters

a[�] 10.9199(7) 5)

c[�] 17.070(2)

Rwp [%] 4.47

GOF [%] 1.35
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Anal y ses 1–6 – aluminocoquimbite and coquimbite; anal y sis 7 – rel a tively pure aluminocoquimbite; anal y sis 8, 9 – REE-rich phase; anal y sis
10–12 – siderotil-like phase; anal y sis 13 – Ni(Zn)-rich phase; anal y sis 14 – Zn(Ni)-rich phase; 1)  – Ba was ana lysed but not ob served; zero
val ues are not shown; 2) – not ana lysed; 3) – REEs were mea sured in a non-stan dard ized mode; 4)  – by dif fer ence; 5) – im pos si ble to cal cu late
as the phase is de rived from the orig i nal szomolnokite via its hydration [unit cell pa ram e ters of the lat ter are: a = 7.0674(8), b = 7.558(1), c =

7.7676(8), b = 118.578(1); Rwp and GOF as given above]

T a  b l e  7

 Re sults of chem i cal anal y ses (in wt.%) of sul phate min er als of sam ple Aou36

1 2 3 4 5 6 7 8 9 10 11

SO3
1) 34.79 31.78 35.35 33.94 33.05 36.72 36.39 33.87 26.19 27.74 33.66

SeO3 0.52

La2O 3
2) 5.22

Ce2O3 15.79

Pr2O 3 2.05

Nd 2O3 5.78

Ga2O 3 1.07

Fe2O3 21.41 20.41 21.74 21.23 21.18 21.68 21.23 22.46 0.50 0.51 5.39

Al2O3 2.93 2.96 2.88 2.93 2.99 3.03 2.98 2.83 0.99

MgO 0.67

CaO 0.34 0.14 0.12 0.12 0.08 0.09 7.78

BaO 46.51 46.73

SrO 0.30 0.26 3.22 3.37

Na2O 0.15 0.51

K2O 0.08

S 59.59 55.76 60.61 58.24 57.34 61.55 61.61 59.33 77.67 79.97 77.73

H2O
3) 40.41 44.24 39.39 41.76 42.66 38.45 38.39 40.67 22.27

As

S 2.65 2.54 2.61 2.60 2.53 2.75 2.64 2.49 0.91 0.93 7.09

Se 0.03

La 0.54

Ce 1.62

Pr 0.21

Nd 0.58

Sm

Gd

Ga 0.19

Fe 1.63 1.63 1.61 1.63 1.63 1.63 1.54 1.65 0.02 0.02 1.14

Al 0.35 0.37 0.33 0.35 0.36 0.36 0.34 0.33 0.33

Mg

aCa 0.04 0.02 0.01 0.01 0.01 0.01 2.34

Ba 0.84 0.81

Sr 0.02 0.01 0.09 0.09

Na

K 0.01

H2O 13.62 15.66 12.95 14.23 14.53 12.81 12.36 13.28 20.86

a[�] 10.909(2)

c[�] 17.062(3)

Rwp[%] 11.45

GOF[%] 4.71

Anal y ses 1–8 –coquimbite grup, anal y ses 9, 10 – baryte, anal y sis 11 – REE-rich phase; 1) – P,
Si, Ti, Cr, Ni, Co, Cu, Zn and As were ana lysed but not ob served; zero val ues are not shown; 2) – 
REEs were mea sured in a non-stan dard ized mode; 3) – by dif fer ence



ex am ple anal y ses in Ta ble 5 with Nos. 16–18) may be
(Fe2+

0.70Fe3+
0.19Mg0.08Al0.01)S0.98(SO4)1.08 × 6.10H2O, some what

fit ting to ferrohexahydrite.

SAMPLE Aou35

The coquimbite group spe cies of this sam ple fits to
aluminocoquimbite. Six teen anal y ses (with six ex am ples in Ta -
ble 6) can be re cast to
(Fe0.69Al0.38Ca0.01)S1.08Al1.00 [(SO4)3.53 (AsO4)0.07]S3.10 Cl0.01 ×
× xH2O), cor re spond ing to Acq63Dac35R2, where “Dac” cor re -
sponds to AlAl(SO4)3 × 9H2O “dialuminocoquimbite” HEM, and
“R” to mi nor re main ing As- and Ca-rich HEMs. A sin gle anal y sis 
(No. 7 in Ta ble 6) gives the fol low ing em pir i cal for mula:
(Fe0.91Al0.06Ca0.01Ga0.01Ti0.01)S1.00 Al1.00 [(SO4)2.96 (AsO4)0.06]S3.02 ×
× 11.92H2O. This for mula cor re sponds to a more pure
aluminocoquimbite, with the mean end-mem bers for mula of
Acq91Dac6Gcq1Tcq1R1.

There are few in ter est ing mi nor phases co ex ist ing with
aluminocoquimbite in sam ple Aou35. The first one, ob served
in at least two microareas as tiny BSE-bright microcrystals,
may be given as (Ca,Na,REE)2(Fe,REE)2(SO4)4(OH)2 × xH2O
(see anal y ses Nos. 8 and 9 in Ta ble 6). Some of the REE are
dis trib uted to the Fe site, as a clear neg a tive trend in the
Fe-REE sys tem is ob served (r2 = 0.92). This phase may stand
for a po ten tially new min eral spe cies. The crys tal chem is try of
a sec ond aluminocoquimbite as so ci ate may be given as
(Fe0.92Al0.06 Ca0.01)S0.99 [(SO4)0.95(SiO4)0.01(AsO4)0.01]S0.97 ×
5.19H2O (n = 8), fit ting to siderotil (ide ally FeSO4 × 5H 2 O; anal y -
ses 10–12 in Ta ble 6). An other sin gle anal y sis cor re sponds to a 
Ni-rich Zn-bear ing phase (9.78 wt.% NiO cor re spond ing to 0.72 
apfu Ni, anal y sis No. 13 in Ta ble 6), pos si bly ide ally
(Ni,Zn)(Fe,Al)2(SO4)2(OH)4 × 7.5H2O. The last sin gle anal y sis
(No. 14; Ta ble 6) with 35.41 wt.% ZnO (re cal cu lated to 1.15
apfu Zn) may cor re spond to a sim i lar slightly Ni-en riched
phase. The ac tual com po si tion of this phase is un known, as it is
dif fi cult to dis tin guish Na from Zn in EDS spec tra. ×

SAMPLE Aou36

The Aou36 coquimbite for mula (nor mal ized) is ex pressed as
Fe1.00(Fe0.61Al0.38Co0.02Ca0.01Mg0.01)S1.03[(SO4)2.99(SeO3)0.01]S3.00×
× 16.95H2O (n = 16, with 8 ex am ples in Ta ble 7). Baryte is an ac -
ces sory min eral in the sam ple. It oc curs as very tiny crys tals. Its
mean for mula (n = 2, anal y ses Nos. 9 and 10 in Ta ble 7) is
(Ba0.87Sr0.09Na0.03Fe0.02)S1.01(SO4)1.00. It re lates to a pro posed
end-mem bers for mula of Bar86Cel9Thn3Fso2, where “Cel”
stands for ce lest ite, “Thn” for a thÀnardite (Na2SO4) equiv a lent,
and “Fso” for a hy po thet i cal FeSO4 end-mem ber. An other as so -
ci ate is a sup posed Ca-REE sul phate with a pos si ble ideal for -
mula of Ca2[Ca(Fe,Al)](Ce,Nd,La,Pr)3(SO4)7(OH)4 × xH2O
(anal y sis No. 11; Ta ble 7). No analysable alunogen or
szomolnokite crys tals were found in the sam ple Aou36. 

CRYSTALLOGRAPHY

The cal cu lated unit cell pa ram e ters are jux ta posed with the
lit er a ture-taken ones for the copiapite group (Fig. 4), coquimbite 
and aluminocoquimbite (Fig. 5), paracoquimbite (Fig. 6), aluno -
gen (Fig. 7), the halotrichite group (Fig. 8), tamarugite (Fig. 9),
melanterite (Fig. 10), and szomolnokite (Fig. 11). Span of the
datapoints for the copiapite group is only slightly larger than the
lit er a ture data, but it con cerns all the six pa ram e ters. On the
other hand, the dif fer ence for the cell-edge pa ram e ters is in the
0–0.87% range. The cor re spond ing range for the an gu lar pa -
ram e ters is 0.20–5.8%; the larger dis crep ancy is ex plained be -
low. Most of the datapoints fit to the copia pite/magnesio -
copiapite field. The unit cell pa ram e ters cal cu lated are es pe -
cially close to that of Süsse (1972), Bayliss and Atencio (1985), 
RRUFF (Lafuente et al., 2015) and Kruszewski (2013). The unit 
cell pa ram e ter c of the coquimbite group is largely in vari able.
Mean while, the pa ram e ter a has a mod er ately large spread
(from ~10.905 to 10.97 C), the range be ing opened and fin ished 
with datapoints of the cur rent study. Even those ex treme val ues 
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Fig. 4. Unit cell pa ram e ters for the Bhanine copiapite group mem bers jux ta posed with lit er a ture data



are very close to the lit er a ture ones. In ter est ingly, the a val ues
for aluminocoquimbite (from Demartin et al., 2010) are within
the above range. Jux ta pos ing the a ver sus c pa ram e ters of
paracoquimbite shows a rather ev i dent pos i tive cor re la tion and
the mar gin val ues are, again, from the cur rent study. Their di -
ver gence is, how ever, be low the above per cent age dif fer ence
val ues. All the pa ram e ters cal cu lated for alunogen also stand
for thresh old val ues, but the larg est dis crep ancy is only slightly
greater than 2%. Many ob tained val ues are sim i lar to those of
Menchetti and Sabelli (1974), Fang and Rob in son (1976),
Kruszewski (2013), and RRUFF (Lafuente et al., 2015). As op -
posed to most of the pre vi ous min er als, the unit cell pa ram e ters 
for halotrichite stay within the range de lin eated by the lit er a ture
val ues. The Bhanine halotrichite pa ram e ters are es pe cially
sim i lar to those of Lovas (1986), Majzlan et al. (2011), and
RRUFF. A rel a tively clear pos i tive trend is ob served in the a–c
di a gram. A sim i lar sit u a tion con cerns tamarugite: the unit cell
pa ram e ters a and b plot in be tween the ones from Rob in son

and Fang (1969), Mereiter (2013), and ICDD PDF2005 da ta -
base; the re main ing pa ram e ters are close to those from
Mereiter (2013) and RRUFF. The re sults ob tained for
melanterite are quite sim i lar to those for pure melanterite of Pe -
ter son (2003) and very sim i lar to those from a very early study of 
Baur (1964). The unit cell pa ram e ters a and b of szomolnokite
show a mod er ate spread, be ing some what sim i lar to data of
Wildner Giester (1961) and Majzlan et al. (2011). The re main -
ing pa ram e ters are very sim i lar to the ones of the first au thors
and to those taken from RRUFF.

No re li able fit could be ob tained for sam ple Aou14 which
seems to con tain alum-(Na). The re flec tions of the lat ter
strongly co in cide with those as cribed to tamarugite. How ever,
in tro duc tion of alum-(Na), alum-(K) or tschermigite to the model
gives wrong re sults (e.g., 0.00 wt.% of the alum). The unit cell
pa ram e ters cal cu lated for tamarugite of this sam ple are thus
quite re mark able and some what un re li able (al though stand ing
within the range nor mally used as min i mum/max i mum con -
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Fig. 5. Unit cell pa ram e ters for the Bhanine coquimbite
group mem bers jux ta posed with lit er a ture data

Fig. 6. Unit cell pa ram e ters for the Bhanine paracoquimbite
jux ta posed with lit er a ture data

Fig. 7. Unit cell pa ram e ters for the Bhanine alunogen jux ta posed with lit er a ture data



straints in TOPAS that is 99 and 101% of the ini tial pa ram e ters)
as com pared to the re sults for the other sam ples: a = 7.43(3), b
= 25.46(4), c = 6.04(3), b = 96.15(3). 

The greater vari abil ity of an gles for many sul phate min er als, 
which are rel a tively low-sym me try crys tals (i.e. triclinic or
monoclinic), seems to be re lated to a larger num ber of de grees
of free dom for the re lated atomic co or di nates. The lat ter are
con sid ered to be re sult ing from a larger num ber of gen eral in -
stead of spe cial po si tions for such lower-sym me try crys tals
(Pecharsky and Zavalij, 2003).

GEOCHEMICAL REMARKS

The sul phate min eral mix tures of the Bhanine coal oc cur -
rence usu ally do not pose an in ter est ing geo chem i cal is sue

from ei ther sozological or in dus trial point of view. The max i mum 
con cen tra tions for se lected geochemically mean ing ful trace el -
e ments (TEs) are: 58 ppm for V, 53 ppm for Cr, 200 ppm for Co, 
280 ppm for Ni, 300 ppm for Cu, 650 ppm for Zn, 210 ppm for
As, 55 ppm for Ba, 3.3 ppm for Hg, 30 ppm for Tl, and 26 ppm
for Pb (Table 8). Of these el e ments the only note wor thy ones
are Co, Ni, Cu, As, Hg and Tl. The max i mum en rich ment fac tors 
of these el e ments as com pared to Coal Clarkes (CC, see Table
9 for de tails) are 37, 16, 19, 23, 40 and 52, re spec tively, which
may seem large. How ever, the note wor thy en rich ment fac tors
in re gard to mean crustal abun dances (MCAs) are large only in
the case of As (up to 81 times), Hg (up to 40 times) and Tl (up to
52 times), the val ues for other el e ments be ing lower or equal to
10. Sam ple Aou09 is the only one with no tice able Mn en rich -
ment co in cid ing with its strongly fer rous char ac ter. Most of the
max i mum val ues con cern the tamarugite-rich sam ple Aou22,
which is also the only sam ple clearly en riched in cad mium (12
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Fig. 8. Unit cell pa ram e ters for the Bhanine halotrichite group 
rep re sen ta tives jux ta posed with lit er a ture data

Fig. 9. Unit cell pa ram e ters for the Bhanine tamarugite jux ta posed 
with lit er a ture data
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Fig. 11. Unit cell pa ram e ters for the Bhanine szomolnokite
jux ta posed with lit er a ture data

Fig. 10. Unit cell pa ram e ters for the Bhanine melanterite
 jux ta posed with lit er a ture data

T a  b l e  8

Geo chem i cal anal y sis re sults for cho sen sul phate mix ture sam ples

Sam ple Aou09 Aou11 Aou22 Aou27a Aou29 Aou32 Aou33 Aou35 Aou36b

ppm

Si 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Ti 180 50 0.00 76 390 1.8 20 68 81

V 19 58 0.00 21 29 0.00 2.7 29 11

Cr 26 38 2.9 25 22 8.4 5.1 53 24

Mn 1900 730 90 0.00 15 16 38 43 190

Co 72 110 200 55 83 27 17 150 160

Ni 190 140 280 170 160 44 17 190 170

Cu 300 240 3.8 260 300 19 130 150 120

Zn 160 45 440 30 74 97 24 420 650

Ga 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

As 100 93 200 64 93 36 37 170 210

Se 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Sr ~1000 ~1000 0.00 ~1000 ~1000 0.00 ~1000 ~1000 0.00

Mo 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Cd 0.00 0.00 2 0.00 0.00 0.00 0.00 0.00 0.00

In 0.00 0.00 6.5 0.00 0.00 0.00 0.00 0.00 0.00

Sn 1 0.1 0.00 0.6 1 0.00 0.00 0.2 0.00

Sb 0.00 0.00 2 0.00 0.00 0.00 0.00 0.00 0.6

Ba 55 45 0.1 48 50 3.7 25 26 22

Hg 0.9 2.3 3.3 1.5 1.9 0.5 0.2 2.4 4

Tl 30 24 0.00 30 25 1.4 15 14 9.3

Pb 26 16 0.00 24 26 0.00 10 0.00 0.00

Bi 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

wt.%

Mg 0.20 0.20 0.80 0.00 0.30 0.10 0.20 0.10 0.20

Al 1.2 1.3 5.2 0.06 1.2 0.90 0.60 3.9 5.4

Ca 0.10 0.30 0.20 0.30 0.10 0.00 0.60 0.10 0.10

Fe 21 14 0.00 17 21 1 8.1 11 8.4



times the MCA) and in dium (163 times the CC), and show ing
some en rich ment in an ti mony, too. The Cd,In,Sb- and other el -
e ment en rich ment in this sam ple cor re lates with its strongly
aluminous char ac ter. In ter est ingly, the high est In en rich ment in
tamarugite (as op posed to other sul phate min er als) is also ob -
served  by Kruszewski (2013) for a coal-re lated sam ple from
Po land. 

DISCUSSION

The de scribed sul phate as sem blages are typ i cal prod ucts
of ox i da tion zones of py rite-bear ing min er al iza tion (e.g. Buckby
et al., 2003). Alunogen, for in stance, is a com mon prod uct of
weath er ing of py rite-bear ing shales (Stracher et al., 2005).
Fitzpatrick et al. (2010) iden ti fied sideronatrite-tamarugite -
-alunogen efflorescences in some Aus tra lian soils. They state
that the first spe cies is de rived from acidic (pH 0.8–1.6) so lu -
tions aris ing from ox i da tion-dis so lu tion of py rite framboids.
Where the pH is slightly higher (but still be low 2.5), alunogen
may be pres ent. It should be noted that some sul phate min er als 
may arise due to ox i da tion coal-con tained or ganic sul phur in -
stead of py rite. Such or i gin is sug gested for coquimbite,
jarosite, alunogen, and other sulphates from Bukit Asam (Su -
ma tra, In do ne sia; Susilawati,and Ward, 2006).

Both the py rite ox i da tion and the se quence of crystallisation
of Fe sulphates and their mu tual in ter ac tions are rel a tively
well-known. The first phe nom ena may be writ ten as two ba sic
re ac tions (e.g., Dill et al., 2002):

  (1) FeS2 + 7O2 + 8H2O ® FeSO4 × 7H2O + SO4
2 - + 2H+

  (2) Fe2+ + 0.25O2 + H+  ® Fe3+ + H2O

The above re ac tions lead to the for ma tion of highly acidic
so lu tions rich in fer rous, fer ric and sul phate ions; their di rect
crystallisation in the pres ence of large amounts of wa ter leads
to for ma tion of copiapite and coquimbite, ac cord ing to re ac tions 
(3) and (4), re spec tively (Hud son-Ed wards et al., 1999):

  (4) Fe2+ + 4Fe3+ + 6SO4
2 - + 22H2O ®  FeFe4(SO4)6(OH)2

× 20H2O + 2H+

  (5) 2Fe3+ + 3SO4
2 - + 9H2O ® Fe2(SO 4)3 × 9H 22O

The above re ac tions and ox i da tive in ter ac tion may ex plain
co ex is tence of min er als of the coquimbite and copiapite groups
in the Bhanine sam ples, con sid er ing that the afore men tioned
so lu tions ex tract some met als (K, Na, Ca, Mg, Al) from the sur -
round ing rocks. 

The ox i da tive coquimbite-copiapite re la tion no ticed by Hud -
son-Ed wards et al. (1999) does not ap ply to two sam ples where
the Fe2+-dom i nant copiapite group is pres ent (sam ples Aou20
and Aou33), as these sam ples are de void of coquimbite. It is,
how ever, sug gested that copiapite  in the strict sense might ex -
isted in many sam ples and was ox i dized to aluminous
coquimbite and aluminocoquimbite by Fe3+-bear ing acidic so lu -
tions also rich in Al. Such phe nom e non would ex plain (1) the
Al-dom i nant com po si tion of many copiapites ana lysed, (2) im -
por tant crystallochemical role of Al in the coquimbite group, and
(3) Al en ter ing, in small amounts, the nom i nally non-aluminous
min er als like Fe(II) sulphates. An other ex pla na tion is the si mul -
ta neous crys tal li sa tion of Al-dom i nant end-mem bers of the
copiapite and coquimbite groups. Chang ing Al3+ ac tiv ity might
drive the prev a lence of these end-mem bers in the com po si tion
of the par tic u lar crys tals. 

The Bhanine sul phate as sem blages are largely Fe- and
Al-dom i nant, with ad di tion of Mg, Ca and Na and only mi nor
amounts of K. Thus, the source of the non-iron cat ions must
rather be Al-rich. It is ex pected that this role is played by clay min -
er als. In deed, kaolinite is the main clay min eral pres ent as an im -
pu rity in some of the sam ples stud ied. Mean while, Ca, Na and
Mg are pos si bly de rived from ei ther ba saltic or tuffaceous rocks
as so ci ated with the Chouf sand stone. The car bon ate source of
Ca and Mg seems some what un likely, as car bon ate rocks are
not re ported from the area. An im por tant ad di tional source of Na
may be the sea breeze; in deed, oc cur rences of tamarugite in
some near-shore ar eas are known (e.g., Segnit, 1976).

From Fig ures 2 and 3 it can eas ily be re marked that
halotrichite is a late phase, post dat ing ei ther Fe3+-rich sulphates 
(copiapite group, coquimbite group) and Al sulphates (aluno -
gen). Such its lo ca tion in the crys tal li sa tion se quence fits to a
crys tal li sa tion path re ported by O’Connor (2005) for sul phate
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T a  b l e  9

En rich ment fac tors for trace el e ments of the sul phate sam ples as com pared to the coal Clarke val ues (Ketris
and Yudovich, 2009) and mean Earth’s crust con tent (in pa ren the ses: mean of 4 val ues, vide Parker, 1967, from 
crustal data of Vinogradov and Ma son, con ti nen tal-crustal data of Tay lor, and ig ne ous rocks data of Rankama)

Aou09 Aou11 Aou22 Aou27a Aou29 Aou32 Aou33 Aou35 Aou36b

Fe (4) (3) (3) (4) (2) (2) (2)

V 2

Cr 2

Mn 27(2) 10 3

Co 12(3) 18(5) 37(10) 9(3) 14(4) 5 3 25(7) 27(7)

Ni 11(3) 8(2) 16(4) 10(2) 9(2) 3 11(3) 10(2)

Cu 19(6) 15(5) 16(5) 19(6) 8(3) 9(3) 8(2)

Zn 6(2) 2 15(5) 3 3 15(5) 23(8)

As 11(38) 10(36) 22(77) 7(25) 10(36) 4(14) 4(14) 19(65) 23(81)

Cd 10(12)

In 163(46)

Sb 2(4)

Hg 9(5) 23(12) 33(17) 15(8) 19(10) 5(3) 2 24(13) 40(21)

Tl 52(32) 41(26) 52(32) 43(27) 2 26(16) 24(15) 16(10)

Pb 3(2) 2 3(2) 3(2)



as sem blages of Iron Moun tain, Aus tra lia, which be gins from 
crys tal li sa tion of melanterite, runs through rozenite, szomolno -
kite, copiapite, römerite, coquimbite, kornelite, rhomboclase
and voltaite up to halotrichite-bílinite. The au thor also states
that szomolnokite may be the last spe cies in the crys tal li sa tion
se quence of Fe sulphates, but it may also be trans formed to (1)
copiapite, römerite and bílinite, or (2) rhomboclase and later
voltaite, de pend ing on the rate of de hy dra tion, ac tiv ity of some
ions (e.g., K+), and vari a tion of the lo cal hu mid ity. The
melanterite-siderotil-rozenite-szomolnokite path fits the ob ser -
va tions of Montano (1981), who found szomolno kite as the pre -
vail ing sul phate iden ti fied in some coal sam ples, the min eral
be ing fol lowed by rozenite and melanterite.  As seen in Fig ure
2E, tamarugite seems to be formed synchro nically to jarosite.
Based on the macro- and mi cro scopic ob ser va tions, copiapite -
-group min er als seem to be the first spe cies formed. Gyp sum
can ei ther oc cur as a late phase (over grow ing min er als of the
copiapite and coquimbite groups, as in Fig. 2A), or pre date Fe
sulphates (jarosite -metasideronatrite mix ture; Fig. 2F). The
curved -crust habit of the sul phate min er als is rel a tively well -
-known and may be re lated to a two stage-pro cess: (1) cap il lary
in fil tra tion of (rain) wa ter, and (2) cap il lary re cur rence of wa ter,
fol lowed by so lu tion evap o ra tion (e.g., Fernández -Remolar et
al., 2005; Velasco et al., 2005). The first au thors also point to
the curved shape of sul phate ag gre gates, sug gest ing it to arise
from the in ter ac tion of base ment (ir)reg u lar i ties and sea sonal
ex po si tion. Socket-like ag gre gates are also re ported by Yalovik
et al. (2016), who sug gest them to re sult from pseudo mor -
phism.  

The sul phate min er als ana lysed do not seem to be very
out stand ing in terms of their ma jor-el e ment chem is try. There
are, how ever, some geo chem i cal phe nom ena to be dis -
cussed. Few sam ples stud ied con tain some trace min er als
that might pos si bly sug gest fire phe nom ena to oc cur in Leb a -
non. Rostite, likely pres ent in sam ple Aou01 and pos si bly in
Aou17, Aou24 and Aou36, is a min eral typ i cal for coal fires
(e.g., Èech, 1979; Kruszewski et al., 2018a). It should, how -
ever, be noted that sin gle oc cur rences of rostite in ox i da tion
zones of some ore de pos its are also known (e.g., Skarpelis
and Argyraki, 2009). An other min eral of ten found as so ci ated
with coal fires is mikasaite (pos si bly pres ent in sam ple
Aou31); oc cur rences of such kind are de scribed, e.g. by Miura 
et al. (1994). Trace na tive sul phur is pres ent in sam ple Aou34
and this min eral is even more com mon in burn ing coal-min ing
heaps (e.g., Kruszewski et al., 2018a). Na tive sul phur may,
how ever, be also biogenic (e.g., Lutz Ehrlich  and Newman,
2009). the as sem blages stud ied are de void of the best coal -
-fire fin ger print min eral, that is salammoniac. 

Due to the in ti mate as so ci a tion of the sul phate min er als and 
their inter growths with non-sul phate ones con tain ing Si, K, and
prob a bly Na and Ca, the re ported em pir i cal for mu las should be
treated care fully. How ever, K, Na and Ca may en ter the oth er -
wise Fe-, Al- or Mg-dom i nant sites at least in some min er als.
This has es pe cially to do with the copiapite group (e.g., Jamie -
son et al., 2005). All the above al ka line met als are re ported in
aluminocopiapite anal y ses of Berry (1947), with apfu Ca in -
cluded in the em pir i cal for mula. Co balt and cop per are also
known to be able to en ter copiapites, as shown for Syd ney
Coal field (Nova Sco tia, Can ada) magnesiocopiapite with 0.16
wt.% CoO and 0.05 wt.% CuO (Zodrow, 1980). Pos si ble oc cur -
rence of trace Ca in the ASO4-stoichiometry Mg sulphates is re -
ported by Baur and Rolin (1972). As such sulphates are struc -
tur ally sim i lar to sim ple Fe sulphates, trace Ca could also be ex -
pected pres ent in the lat ter. A sup posed un named Al-an a logue
of melanterite is re ported by O’Connor (2005). Ti ta nium sub sti -
tu tion in many of the min er als stud ied is not sur pris ing if one

com pares it with the sul phate as sem blages known from Chile.
Such as sem blages are of ten rich in min er als of the copiapite
group (Rosse, 1883) and tamarugite (Bandy, 1938), and two
min er als with Ti as a spe cies-de fin ing el e ment were dis cov ered
quite re cently (alcaparrosaite, Kampf et al., 2012; calamaite,
Pekov et al., 2016).  

One par tic u lar el e ment prob a bly highly en riched in the
sulphates ana lysed is gal lium. Gal lium is known from its af fin ity
to coals and a halogenide min eral hav ing >3 wt.% Ga2O3 is de -
scribed by Kruszewski et al. (2006; 2018b) from a coal-rich en -
vi ron ment. How ever, this el e ment con tent needs ap proval us -
ing other meth ods like WDS. The mea sured con cen tra tions of
As and Cu are some what com pa ra ble to those re ported by
Jamie son et al. (2005; Ta ble 3) for copiapites from the Rich -
mond mine (190 ppm As, 550 ppm Cu), but the Bhanine sam -
ples are de pleted in Zn as com pared to 1870 ppm Zn from their
study. Most of the Bhanine TEs con cen tra tions (V and Ni be ing
ex cep tions) are also way in fe rior to the max i mum AMD-tail ing
val ues re ported by Bobos et al. (2006): 1618 ppm As, 1073 ppm 
Cu, 1050 ppm Ba, 157 ppm Co, 95 ppm Cr, and 10955 ppm Pb. 
These tail ings (of Aljustrel, Por tu gal) are com posed of siderotil,
copiapite, rhomboclase, natrojarosite, gyp sum and some amor -
phous Fe-O-OH com pounds. The cor re spond ing max i mum
val ues re ported by Buckby et al. (2003) for river-bank evap o -
rates from Río Tinto, Spain, are: 16500 ppm Cu and 558 ppm
Co (in melanterite), 518 ppm Ni (in copiapite), 1210 ppm Pb (in
gyp sum), 49 ppm V (in szomolnokite-halotrichite -copia pite mix -
ture), and 27100 ppm Zn (in copiapite -szomolnokite- halotrichite 
mix ture). Thus, the Bhanine sul phate min eral mix tures as com -
pared to the above ex am ples do not pose a se ri ous en vi ron -
men tal is sue.

As stated in the pre vi ous chap ter, the most ev i dent en rich -
ment of the Bhanine sulphates in TEs con cerns Co, Ni, Cu, As,
Hg and Tl. The Coal Af fin ity In dexes, be ing the mea sures of the
el e ments af fin i ties to the coaly mat ter, re ported for these el e -
ments, are 3.0, 2.1, 2.3, 6.2, 11, and 5.5, re spec tively (Ketris,
Yudovich, 2009). Mean while, Parzentny, Lewiñska-Preis
(2006) point to an im por tant role of coal-dis sem i nated sul fide
min er als in con cen tra tion of chalcophile el e ments like Cd, Co,
Cu, Ni, Pb, and Zn. Coal-con tained py rite may also be an es -
sen tial source of As (e.g., Kruszewski et al., 2018a). It is thus
sug gested that the Bhanine coal was the source of Hg and Tl,
while Co, Ni and Cu were de rived from the lo cal py rite, and As
came from both those sources. How ever, to check these as -
sump tions and to point to main min eral sinks of the par tic u lar
TEs, sim ple el e ment-to-el e ment con tent di a grams were con -
structed (Fig. 12). The par tic u lar TEs were found to be cor re -
lated with:

– alu mi num, be ing pos i tively cor re lated with zinc (r2 = 0.93),

ar senic (r2  = 0.92), co balt (r2 = 0.82), and mer cury (r2  = 0.73);

– ar senic, pos i tively cor re lated with zinc (r2 = 0.87), mer cury

(r2 = 0.84), and to some ex tent with nickel (r2 = 0.59);

– co balt, pos i tively cor re lated with ar senic (r2 = 0.90), mer cury

(r2 = 0.82), and nickel (r2 = 0.69); strongly neg a tively cor re -

lated with thal lium (r2 = 0.97), when discluding sam ples

Aou32 and Aou33;

– iron, strongly pos i tively cor re lated with cop per (r2 = 0.98),

lead (r2 = 0.95), bar ium (r2 = 0.96) and thal lium (r2 = 0.91); 

– lead, pos i tively cor re lated with bar ium (r2 = 0.85) but neg a -

tively with cal cium (r2 = 0.84)

– nickel, show ing very strong cor re la tion with bar ium (r2 = 0.99);

– thal lium, show ing strong pos i tive cor re la tion with bar ium (r2

= 0.97) and va na dium (r2 = 0.70), the lat ter be ing some what

pos i tively cor re lated with chro mium (r2 = 0.58);
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– zinc, pos i tively cor re lated with mer cury (r2 = 0.66).
The above r2 val ues are based on non-zero datapoints in

case of the Ba/Pb, Ca/Pb and Tl/V re la tions. The above co ef fi -
cients sug gest the ex is tence of some groups of co ex ist ing el e -
ments: 

– Al-Co-Ni-Zn-Hg-As, 

– Fe-Pb-Ba-Cu-Tl,

– V-Cr. 
It thus seems like co balt and nickel, as op posed to their

com mon geo chem i cal af fin ity to iron (Goldschmidt, 1937), are
not be hav ing here as siderophiles. It is also this group which
pref er en tially con cen trates ar senic and mer cury. As op posed to 
that, cop per, lead, bar ium and thal lium seem to be con cen -
trated in Fe-rich sulphates. 

CONCLUSIONS

Ox i da tion of py rite in the coal-bear ing sandpit in the
Bhanine Val ley of south Leb a non has led to the for ma tion of
abun dant sul phate min eral mix tures. The mix tures are highly
dom i nated by Fe- and Al-rich sulphates. Of the first group, both
Fe(II) sulphates (the most com mon szomolnokite, less com -
mon rozenite, and sub or di nate melanterite) and Fe(III)

sulphates (coquimbite, aluminocoquimbite, paracoquimbite,
alumino copia pite, copiapite, and some mi nor spe cies) are pres -
ent. The Al sulphates are mainly alunogen and tamarugite, but
the highly aluminous char ac ter of both copiapite and coquimbite 
groups is ev i dent. The lat ter also con cerns the nom i nally Al-free 
Fe(II) sulphates. Alu minium is dom i nant in the com po si tion of
many min er als ana lysed, in clud ing the co ex ist ing copiapite and
coquimbite groups. It is thus sug gested that these Al-rich min er -
als may have formed in trans for ma tion of orig i nal Fe2+-rich ma -
te ri als by ac tion of Fe3+- and Al-bear ing so lu tions. On the other
hand, changes in Al3+ ac tiv ity in the so lu tions may sim ply al low
Al to en ter and mod ify the struc tures of the pri mary sul phate
spe cies. The Bhanine sul phate mix tures are not im por tant col -
lec tors of TEs, al though their Tl, Hg, and Co en rich ment is
rather large. Nev er the less, these min er als does not seem to be
an im por tant en vi ron men tal is sue as com pared to sim i lar ac cu -
mu la tions known from the vi cin ity of acid mine drain age.
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