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Sec ond ary ha lite de pos its in the Wieliczka Salt Mine are rep re sented by var i ous forms of speleothems. Some of them, e.g.
sta lac tites, cau li flow ers or crusts, re veal var i ous hues, yel low to red to brown. These hues are re lated to iron com pounds, but
the forms, oc cur rence and com po si tion of these com pounds has not pre vi ously been stud ied. To ex plain the or i gin of their
colours a de tailed study of sam ples col lected in the mine, in clud ing brines and wa ter sol u ble ex tracts and pro duced ex per i -
men tally in the lab o ra tory, has been un der taken us ing SEM, XRD and AAS. The colour ful speleothems are com pared, us ing
SEM-EDS, with the forms and com po si tion of rust ing metal artefacts, where sev eral iron ox ide min er als have been iden ti fied. 
We sug gest that col oured ha lite is gen er ally pure ha lite of which the sur face was cov ered by a fer ric min er als sus pen sion in
the brine. Colours of the speleothems stem from the var i ous colours of iron min er als whereas their in ten sity is re lated prob a -
bly to the type of fluid that coated the crys tals, a con tin u ous film or finely dis persed mi cron-size min eral ag gre gates. 
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INTRODUCTION

Con struc tion of each un der ground mine re sults in changes
of the orogenic ten sions and hydrogeologic re la tions, for ma tion
of new empty spaces, in ten sive air move ment, etc., all of which
en hance de vel op ment of var i ous and lo cally ubiq ui tous forms
of speleothems. Vis i tors to the Wieliczka Salt Mine un der -
ground work ings in south ern Po land are of ten be wil dered by
un usual forms and colours of speleothems, mainly of ha lite but
also of some other min er als which are ei ther re lated to the rocks 
host ing salts or anthropogenic rust ing metal artefacts. Sec ond -
ary de pos its (term lim ited here to min er als formed af ter the
open ing of the mine) in the Wieliczka Salt Mine are very rich
and vary, both in scale (from mi crons to metres) and min eral
com po si tion (ha lite, cal cium sulphates, com plex sulphates and
chlo rides, cal cium car bon ates, iron ox ides and hy drox ides).
The Internet is full of beau ti ful pho to graphs of speleothems
from the Wieliczka Salt Mine, com monly very colour ful. These
for ma tions were first de scribed, in clud ing their gen e sis, in 1843
in an el e gant work of Fe lix Boczkowski, Im pe rial and Royal salt
phys i cist. Ad di tional re cords can be found in the works of
Maœlankiewicz (1965), D³ugosz (1975) and Pawlikowski (2009). 
Re cently more de tailed de scrip tion of speleothems ap peared in 
a new al bum on the Wieliczka Salt Mine (Kowalczyk and Saw³o -

wicz, 2013). In most cases, in terms of mor phol ogy or gen e sis,
the dripstone for ma tions from mines and caves do not dif fer sig -
nif i cantly, this is why in pro vid ing their de scrip tion, it is pos si ble
to ap ply speleological ter mi nol ogy, e.g. speleothems. Karst in
car bon ate rocks is very com mon and has been ex ten sively dis -
cussed in mul ti ple pub li ca tions, whereas karst in salt rocks is
both far rarer and less known, de spite beau ti ful de scrip tions
from Is rael (Frumkin, 1994) and Iran (Bosák et al., 1999). A
short re view of lit er a ture on var i ous sec ond ary ha lite de pos its in 
caves can be found in the mono graph ded i cated to caves (Hill
and Forti, 1997). The best de scrip tion of such de pos its has
been pro vided for the Ira nian salt karst in a con tem po rary work
by Filippi et al. (2011). Dripstone forms in the Wieliczka Salt
Mine are very sim i lar to those found in karst. For ma tion of ha lite
speleothems gen er ally is re lated to var i ous in flows of sa line
brines. Sec ond ary min er als form on any thing: rocks, wood or
metal frag ments, and on a shore or on a bot tom of small lakes.
Their for ma tion may de pend on sev eral dif fer ent en vi ron men tal
fac tors, e.g. con cen tra tion and com po si tion (ad mix tures) of
brine, flow type (still layer of brine, splash, grav i ta tional or cap il -
lary forces), rate and fre quency of flow, rate of evap o ra tion, air
(aero sol) move ment di rec tion, air pres sure and hu mid ity. 

Colour ful nat u ral salts were noted al ready in an tiq uity in
�The His to ries” by Herodotus who de scribed houses in Libya
built of both pur ple and white salts. Pure ha lite is colour less but
in na ture it can be dis col oured by: 

– in clu sions of in ter sti tial mat ter; 

– im pu ri ties;

– struc tural de fects in the crys tal lat tice (Sonnefeld, 1995).
Even small ad mix tures can sub stan tially change its col our.

Man ga nese, gold, sil ver, lead, iron, cop per, chro mium, nickel,
chrysocolla, clay par ti cles, humic ac ids, and even mi cro or gan -
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isms (e.g., Halobacteria), im part var i ous hues: pale red, pur ple,
pink, blue, yel low, white, grey, and even black (e.g., Friend and
Allchin, 1940; Gawe³, 1947; White, 1997). Also ra di a tion, re -
lated to the pres ence of ra dio ac tive po tas sium 40K, can cause
in ten sive blue or pur ple hues (e.g., Beynen et al., 2001). 

Yel low-red-brown ha lite is typ i cally at trib uted to the pres -
ence of iron min er als pig ments, mainly he ma tite (e.g., Rich ter,
1962, 1964; Urai and Boland, 1985) but a deeper knowl edge of
min er als and forms of oc cur rence, es pe cially us ing mod ern an -
a lyt i cal tech niques, is sur pris ingly lack ing. Colour ful speleo -
thems from the Wieliczka Salt Mine, re lated usu ally to iron com -
pounds, are de scribed in de tail and the or i gin of their colours is
dis cussed here. De tailed char ac ter is tics of iron com pounds oc -
cur ring on the ha lite speleothems was not pos si ble, mainly due
to the in suf fi cient amount of ma te rial. Thus, these iron min er als
were com pared, based on their col our, mor phol ogy and gen eral 
com po si tion, us ing SEM-EDS, to min er als in ad ja cent rust ing
metal artefacts.   

GEOLOGICAL SETTING

The Wieliczka rock salt de posit is part of the mas sive salt
de pos its in the Cen tral Eu ro pean Paratethys bas ins. Ha lite de -
pos its are lim ited to a small area along the north ern rim of the
Carpathians, the east ern part of the Carpathian fore land
(Garlicki, 1979, 2008 with ref er ences therein; Fig. 1). It was
formed in the Mio cene Ep och, ap prox i mately 13.6–13.8 Ma
(Dudek et al., 2004; de Leeuw et al., 2010; cf. Bukowski et al.,
2010) as a re sult of sed i men ta tion in the Carpathian Foredeep
Ba sin (e.g., Oszczypko et al., 2006; Peryt, 2006 with ref er ences 
therein). The Mid dle Mio cene sed i ments in Wieliczka in clude
the fol low ing for ma tions: Skawina Beds – marly claystones with
mudstone and sand stone in serts, Wieliczka Beds – sul phate
and chlo ride evaporites with sand stones and claystones, and

Chodenice Beds – claystones and mudstones in ter spersed with 
banks of brit tle sand stone. To the south, the Wieliczka de posit
bor ders the Carpathian flysch for ma tions.

The Wieliczka rock salt was de pos ited over the pe riod of at
least twenty thou sand years (Garlicki, 1968). It stretches length -
wise al most 10 kilo metres and its width ex tends from sev eral
hun dred metres to 1.5 km. It is lo cated at the depth from ap -
prox i mately 30 to 330 m be low the sur face of land. The de posit
is com posed of two dif fer ent units – an autochthonous unit (the
lower) and an overthrust one (the up per) (Fig. 2). The lower
part, called the stratiform de posit, is built of lay ers of rock salt
interbedded with lay ers of gangue – claystones, mudstones and 
sand stones. It is folded and forms three main thrust nappes.
The up per part is called the boul der de posit. It is built of blocks
of green rock salt, ir reg u larly in ter spersed in gangue rocks, so
called zubers (Bukowski, 2011 with ref er ences therein). 

MATERIAL AND METHODS

More than a hun dred sam ples of yel low-red-brown speleo -
thems were col lected in  var i ous un der ground gal ler ies. For de -
tailed ex am i na tion twenty sam ples were cho sen, based on their 
forms and vari a tion in colours. Mor phol ogy and chem i cal com -
po si tion of ten raw sam ples were ana lysed us ing a scan ning
elec tron mi cro scope with field-emis sion Hitachi S 4700,
equipped with an en ergy dispersive spec trom e try (EDS) Noran
Van tage an a lyt i cal sys tem, op er ated at an ac cel er at ing volt age
of 20 kV. Sam ples were coated with car bon to in crease con duc -
tiv ity. A ‘‘standardless’’ cal cu la tion pro ce dure us ing stan dards
from the soft ware li brary was used to eval u ate the chem i cal
com po si tion. Be cause the ana lysed sam ples showed very het -
er o ge neous and un even sur face morphologies, the chem i cal
com po si tion re ported may dif fer from the real val ues. Anal y ses
were per formed in the Lab o ra tory of Field Emis sion Scan ning
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Fig. 1. Dis tri bu tion of the Mio cene evaporites in Kraków vi cin ity
(af ter Garlicki, 1979, mod i fied)

Wieliczka Mine – 49°59’15’’N, 2°3’53’’E



Elec tron Mi cros copy and Microanalysis at the In sti tute of Geo -
log i cal Sci ences, Jagiellonian Uni ver sity, Kraków. 

Five frag ments (2–3 g each) of dif fer ently col oured ha lite
speleothems, af ter clean ing with meth a nol in an ul tra sonic de -
vice, were dis solved in dis tilled wa ter. The wa ter ex tracts were
ana lysed by atomic ab sorp tion spec trom e try (AAS) and the
min eral res i dues by X-ray dif frac tion (XRD). AAS anal y ses of fil -
tered wa ter ex tracts and a brine from the Wieliczka Salt Mine
were per formed by F-AAS (Fe, Mn, Ca, Mg) and F-AES (K) on
a PU9100X spectrophotometer (Philips), and by ti tra tion (NH4,
NO3, HCO3, and SO4). The XRD stud ies of eight sam ples with
the stron gest hue and of res i dues af ter wa ter dis so lu tion were
car ried out us ing Philips X’Pert X-ray diffractometer ADP with a
graph ite mono chro ma tor, us ing Cu-Ka ra di a tion. The mea sur -
ing range was 4–80° 2q. In ter pre ta tion of the spec tra was per -
formed us ing Philips X’Pert Graphics soft ware and the Amer i -
can Min er al o gist Crys tal Struc ture Da ta base (http://rruff.geo.ar -
i zona.edu/AMS/ amcsd.php). 

Sim ple lab o ra tory ex per i ments on ha lite crys tal li sa tion in
the pres ence of iron were per formed. Two iron plates, one
clean and one rusty, were sub merged in the brine so lu tions for
the pe riod of 8 weeks. Re ac tion prod ucts were stud ied us ing
SEM-EDS.

RESULTS

The Wieliczka Salt Mine ha lite speleothems are gen er ally
colour less, ei ther clear or milky. Much more rare but very beau -
ti ful and char ac ter is tic colour ful dripstone for ma tions can be
found prac ti cally any where in the mine on all ex ploi ta tion lev els.
Within the dripstones strong vari a tions in hue and in ten sity are
ob served very lo cally, on the scale of centi metres to metres
(Figs. 3A–C and 4C, D). Their oc cur rence is mainly where leak -
ages of brine come in close con tact with rust ing artefacts (Fig.
3C, D), how ever, they were also found where no di rect re la tion -
ship be tween brine and rust ing metal was ob served. The yel -
low-red hue was reg is tered prac ti cally in all types of speleo -
thems oc cur ring in Wieliczka (Kowalczyk and Saw³owicz,
2013): soda straws, sta lac tites, sta lag mites, stalagnates, flow -
stones; cave pop corn; idiomorphic crys tals; and shrubby, bul -
bous or fin ger-like dripstones (Figs. 5A, B; 6B, D and 7A). There 
is only one ex cep tion – St. Kinga’s hairs have never been ob -
served col oured, even when they were grow ing from rust ing
metal pipes (Fig. 6A). Sev eral sam ples of the var i ous forms of

speleothems in the Wieliczka Salt Mine, rang ing in
col our from trans lu cent white to yel low to red and to
brown, have been stud ied in de tail. 

Pow der XRD anal y ses of the dark est yel low-red
forms of speleothems showed only the pres ence of
ha lite. XRD pat terns of the res i dues of ha lite dis so -
lu tion showed mainly peaks from ar agon ite. Pres -
ence of the stron gest in di vid ual peaks char ac ter is tic 
for quartz and cal cite sug gests the oc cur rence of
these min er als in two res i dues. No peaks from iron
min er als were found, pos si bly due to in suf fi cient
amounts and/or amor phous char ac ter.

Chem i cal anal y ses were done for the brine and
sam ples of the speleothems, se lected for vari a tion
in their colours. The brine (WA) co mes from the
leak age at the level III, close to the Rorañcza drift,
drain ing the up per lev els. The leak age is partly col -
lected in a rust ing metal con tainer (Fig. 4A). The
brine sprin kles the walls of the con tainer and the
sur round ing salt rock, the wooden board (lay ing
across the con tainer) and the wooden pil lar where

var i ous forms of sec ond ary ha lite min er al isa tion, like coat ings,
hop pers and sta lac tites, form (Fig. 4C, D). Fifty metres from
there, colour ful crusts, sta lac tites and small cau li flow ers oc cur
on the roof of the un der ground gal lery (WB; Fig. 4B). These
forms are slightly aligned, per haps due to lo cal tec ton ics. No
pat terns were found be tween oc cur rence of dark brown, some -
times al most black, and white forms (Figs. 4D and 6D). The
brine (WA), wa ter ex tracts from the sec ond ary ha lite close to
the rust ing con tainer (WA2, WA4 and WA5) and from the roof
(WB1 and WB2) were ana lysed for their chem i cal com po si tion
(Ta ble 1). The brine, ex cept of high NaCl con tent, is ac cord ing
to Pol ish norms (Dz. U. Nr 32, poz. 284, 2004) an un re mark able 
un der ground wa ter, with the con tent of an ions typ i cal for class
II–IV and of cat ions typ i cal for class V. Con tent of K+ is rel a tively
high. Con tents of cat ions in the wa ter ex tracts from the ha lite
speleothems are gen er ally low and there is no cor re la tion be -
tween the amount of cat ions, es pe cially iron, and the colours of
the speleothems. 

Ob ser va tions of the col oured ha lite crys tals in the mi -
cro-scale (SEM-EDS) were done mainly on the sur face of
speleothems but in some cases the cross-sec tions were also
stud ied. Mainly iron min er als were ob served in yel low-red sam -
ples. In some sam ples lo cal ad mix tures of gyp sum, ar agon ite
and iron sulphates were also found. Prac ti cally no clay min er als
were re corded. The hue, from yel low to red-brown, de pends on
the pres ence of var i ous iron ox ides and hy drox ides, first and
fore most on the ha lite sur face. In case of a dis con tin u ous growth
of a speleothem, laminae, dif fer en ti ated through chang ing col -
our, are ob served (Fig. 6C). The iron com pounds oc cur of two
forms: dis persed loose ag gre gates and con tin u ous coat ings
(Figs. 7 and 8A, B). The dis persed ag gre gates of iron min er als
have glob u lar, spher i cal, fi brous, and ran dom forms and are
com posed of iso met ric, fi brous, or platy crys tals (Figs. 9B–D and
10). The coat ing com posed of iron ox ides fre quently forms a con -
tin u ous flowstone (5–20 mm thick) on the sur face of ha lite crys -
tals, with cracks re sem bling des ic ca tion struc tures (Fig. 9A). The
sur face of this layer is smooth, whereas un der neath it is com -
posed of acicular, fi brous or glob u lar forms (Fig. 8C, D) of sim i lar
chem i cal com po si tion. EDS al lows only a gen eral de ter mi na tion
of chem i cal com po si tion of iron ox ides and hy drox ides. Based on 
the mor phol ogy, the chem i cal com po si tion and the sim i lar i ties to
iron min er als (lepidocrocite, goethite, akaganéite, he ma tite, and
mag ne tite) found in the rusty lay ers on iron artefacts in the
Wieliczka Salt Mine (Malinowski et al., 2010; Malinowski and
Saw³owicz, 2013) we sug gest that some of these iron ox ides oc -
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Fig. 2. Sim pli fied cross-sec tion through the Wieliczka Salt Mine 
de posit in the Kinga shaft area (af ter Poborski 

and Skoczylas-Ciszewska, 1963, sim pli fied)



cur on the sur face of ha lite speleothems. EDS chem i cal anal y -
ses show that the vol ume pro por tions of these min er als vary sig -
nif i cantly from sam ple to sam ple and no sim ple re la tion ship be -
tween the hue and the min eral com po si tion can be es tab lished.
How ever, some in di ca tions can be rec og nized: 

– yel low-or ange forms are com posed mainly of goethite
and akagan¾ite, pos si bly also lepidocrocite; 

– red and red-brown – mainly of goethite and he ma tite;

–  grey-brown con tain mainly he ma tite, goethite and, lo -
cally prob a ble, mag ne tite.   

In lab o ra tory ex per i ment strongly in ter laced euhedral ha lite
crys tals formed on both plates, in each case with a very low Fe
con tent. More over, in the beaker with the rusty plate (Fig. 8B), a 
thin fer rous crust, sev eral mi crons thick, formed on the sur face
of the brine at the con tact with the plate, with the struc ture and
com po si tion very sim i lar to those formed nat u rally on ha lite
crys tals in the Wieliczka Salt Mine.

DISCUSSION

Ha lite speleothems in the Wieliczka Salt Mine are typ i cally
colour less (trans par ent) or white (milky). The white col our can
be due to sev eral fac tors: var i ous ori en ta tions of very small
crys tals, nu mer ous liq uid and gas eous in clu sions, and fi nally
very small and dis persed in clu sions of other min er als, e.g. ar -
agon ite. To date no de tailed study of the white speleothems has 
been done. Lo cally dripstone ha lite for ma tions of var ied hues
(yel low to red to brown) and in ten sity are quite com mon. These
colours are re lated to the ubiq ui tous pres ence of iron in the
mine. Ox i dized iron com pounds orig i nate from two sources: 1)
clays and sand stones of the Wieliczka host rocks, rich in iron
min er als, and 2) cor rod ing met als frag ments, com mon in the
mine. The va ri ety of metal prod ucts in the Wieliczka Salt Mine,
their com po si tion and their de signed use are vast. Metal had al -
ready been en coun tered there at the be gin ning of the sub ter ra -
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Fig. 3A – mas sive colour ful ha lite speleothems on the £P type metal arch lin ing in the gal lery when a huge leak -
age of brine took place (photo width = 3.5 m); B – ha lite sta lac tites and straws, vari ably painted with iron com -
pounds, hang ing from the gal lery roof (photo width = 140 cm); C – white ha lite cau li flow ers on the gal lery roof
and colour ful cau li flow ers on the rust ing pipe (photo width = 50 cm); D – strongly cor roded horse shoe be long ing 
to a horse work ing in the mine in the 19th and 20th cen tu ries
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Fig. 4A – a metal con tainer, col lect ing brine from the leak age, with a wooden board lay ing across it, both
cov ered by ha lite speleothems of var i ous hues (photo width = 120 cm); B – small ha lite forms of var i ous
colours (sta lac tites, crys tals, cau li flow ers) hang ing from the gal lery roof (photo width = 150 cm); C –
colour ful ha lite sta lac tites grow ing down wards from the edge of the wooden board over the iron con tainer
with a brine (photo width 10 cm); D – colour ful idiomorphic ha lite crys tals grow ing down wards from the
lower sur face of the wooden board over the iron con tainer with a brine (photo width = 8 cm)

Fig. 5A – ac tive ha lite sta lac tites of var i ous colours; B – ha lite sta lac tite,
com pletely cov ered by iron ox ides and hy drox ides
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T a  b l e  1

Chem i cal com po si tion of the brine and the ha lite speleothems wa ter ex tracts

Sam ple Unit Fe2+ Mn2+ Mg2+ Ca2+ K+ Sr2+ NH4
- NO3

- HCO3
- SO4

2-

Leach ate brine
WA – pH = 7.15 mg/dm3 3.20 1.53 461 766 219 nd 0.16 62 427 423

Ha lite coat ing on wood 
WA2 yel low mg/dm3 0.06 0.01 0.24 21.6 0.77 0.55 nd nd nd nd

Ha lite coat ing on metal 
WA4 dark brown mg/dm3 0.08 0.01 0.20 10.1 0.85 0.32 nd nd nd nd

Ha lite coat ing on salt rock 
WA5 light yel low mg/dm3 0.05 0.01 0.20 16.6 0.94 0.44 nd nd nd nd

Ha lite sta lac tite
WB1 dark brown mg/dm3 0.01 0.01 0.66 9.36 0.99 0.34 nd nd nd nd

Ha lite cau li flower 
WB2 white to yel low mg/dm3 0.02 0.02 0.51 28.2 1.15 0.37 nd nd nd nd

nd – not de ter mined

Fig. 6A – white St. Kinga’s ha lite hairs hang ing from the rusted metal pipe (photo width = 25 cm); B – ha lite
cau li flower forms of var i ous colours (photo width = 15 cm); C – the cross-sec tion of a cau li flower ha lite
speleothem with var i ous iron-rich lay ers (photo J. Kowalczyk; photo width = 5 cm); D – small ha lite cau li -
flow ers and crusts on the gal lery roof, seen on the Fig ure 4B (photo width = 10 cm)

Fig. 7A – mag ni fied view of the ha lite hop per crys tals from the Fig ure 4D; B – semi-trans par ent 
or ange ha lite crys tal – note tiny ag gre gates of Fe ox ides and hy drox ides

 lo cally on the sur face (photo width = 2 cm)



nean ex ploi ta tion of the de posit but most of the stud ied rusted
artefacts are from 19–20th cen tu ries. Oc cur rence of speleo -
thems of var i ous colours close to each other and to cor rod ing
met als sug gests that the lat ter are the most com mon source of
speleothem colour ing. Lack of de tailed stud ies of both cor ro -
sion pro cesses and colour ful speleothems in the Wieliczka Salt
Mine has not al lowed in ter pre ta tion of the or i gin of var i ous
colours un til now. Re cently, us ing SEM-EDS, XRD, FTIR and
MS, sev eral ox ides and hy drox ides of iron have been iden ti fied
in the rust on iron artefacts: akaganéite, he ma tite, goethite,
lepidocrocite and mag ne tite (Malinowski et al., 2010;
Malinowski and Saw³owicz, 2013). Sim i lar min eral com po si -
tions of cor ro sion prod ucts have been de scribed from chlo -
ride-rich en vi ron ments by Balasubramaniam et al. (2003) and
Antunes et al. (2003). The ac tual min er al og i cal com po si tion
can dif fer from those of pri mary pre cip i tates. For ex am ple, the
goethite for ma tion is most prob a bly re lated to the pro cess of
dis so lu tion and reprecipitation of ear lier cor ro sion prod ucts,
lepidocrocite most likely (Raman et al., 1986). These iron ox -
ides might be re spon si ble for spe cific colours of both the cor ro -
sion prod ucts and speleothem sur faces, e.g. black – mag ne tite, 
or ange – goethite and akaganéite, and brown and grey-brown – 
goethite. How ever, it should be re mem bered that in most cases
we deal with a mix ture of sev eral min er als and spe cific min er als 
can re veal quite dif fer ent colours. On the other hand, there is
prob a bly a re la tion ship be tween com po si tion of iron min er als
and col our of the stud ied ha lite speleothems.

Ha lite of var i ous colours was de scribed both from the acid
and the neu tral lakes. Acid ha lite tends to con tain abun dant iron 
ox ide min er als, such as he ma tite, both as solid in clu sions and
as sol ids within fluid in clu sions whereas neu tral ha lite con tains

no iron ox ides (Ben i son and Goldstein, 2002; Jagniecki and
Ben i son, 2010). The pH of in fil tra tion wa ters in the Wieliczka
Salt Mine is gen er ally neu tral (6.74–8.15; Winid, 2013) and a
typ i cal brine found in the Wieliczka Salt Mine have only a
few ppm of Fe and Mn. Thus, does not seem to in flu ence the
colours of the sec ond ary ha lite forms and we should not ex pect
the pres ence of iron in the so lu tion or ox ide min er als as in clu -
sions in side sec ond ary ha lite speleothems, as is ob served. It
should also be stressed that the for ma tion pro cess of the
colour ful iron-rich ha lite speleothems dif fers sig nif i cantly from
that ob served in the lakes as ha lite speleothems are cov ered
with iron min eral-rich brine only from time to time dur ing their
growth and/or af ter wards and not sub merged. Lo cal in tro duc -
tion of the oxi dised iron com pounds into the brines sig nif i cantly
changes the col our of sec ond ary ha lite. A re la tion ship be tween
iron and yel low-red ha lite forms has been noted in many pa -
pers, both from the Wieliczka Salt Mine and from other de pos -
its, but the mech a nisms re spon si ble have not been de scribed in 
de tail. The pres ent ob ser va tions, made un der nat u ral and lab o -
ra tory con di tions, show that the colours from yel low to red-
 brown are mainly a re sult of the pres ence of var i ous iron ox ides
and hy drox ides, oc cur ring in dif fer ent ways on the ha lite sur -
face. De pend ing on the con ti nu ity of the pre cip i ta tion pro cess of 
dif fer ent forms of speleothems the iron min er als can be dis trib -
uted more or less ho mo ge neously, form ing laminae richer in Fe
or coat ing the sur face of speleothems. Iron com pounds, re -
leased ei ther from cor rod ing iron artefacts or sur round ing
Fe-con tain ing sed i men tary rocks (clays, sand stones) into the
brine prob a bly form an aque ous sus pen sion. The first source
seems to dom i nate as there is com monly a close spa tial re la -
tion ship be tween rust ing metal and rusty ha lite speleothems.
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Fig. 8A – smooth layer com posed of iron ox ides and hy drox ides on the sur face of ha lite crys tals, with
shrink ages prob a bly from dry ing (SEM); B – smooth layer com posed of glob u lar ag gre gates of iron ox -
ides and hy drox ides on the brine sur face at the con tact with rusty plate (ex per i ment) (SEM); C – side view
of the smooth fer rous layer on the sur face of ha lite crys tal – note fine grains of sim i lar chem i cal com po si -
tion (SEM); D – glob u lar ag gre gates of iron min er als dis persed on the ha lite crys tal (SEM) 
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Fig. 9A – lay ers of iron ox ides and hy drox ides with char ac ter is tic shrink ages from dry ing, lo cally be ing
over grown by sec ond ary ha lite crust (SEM BSE); B – up per smooth sur face with the glob u lar forms of the
iron ox ides and hy drox ides, grow ing on the sur face of brine, next to the rust ing metal plate, in the lab o ra -
tory ex per i ment (SEM); C – glob u lar forms of the iron ox ides and hy drox ides on the sur face of dark ha lite
speleothem (SEM); D – mag ni fied view of some forms from the photo C (SEM) (photo £. Malinowski)

Fig. 10A – akaganéite/goethite fi brous crys tals (SEM); B – fi brous crys tals of akaganéite/goethite
(SEM); C – blady crys tals of lepidocrocite (SEM); D – fine gran ules of mag ne tite (right) and fi brous

crys tals of akaganéite/goethite (SEM) (all pho tos £. Malinowski)



The quan ti ties of dis solved iron are scant, which is not sur pris -
ing as un der the oxi dis ing con di tions iron (Fe3+) is prac ti cally in -
sol u ble (at pH > 3). The low con cen tra tion of dis solved iron is
also con firmed by the ob ser va tion that prac ti cally only pure ha -
lite was de tected in St. Kinga’s hairs (even those on rusted
pipe) which are grow ing by cap il lary ac tion and are never cov -
ered by sec ond ary min er als from the flow ing brine. Col oured
ha lite is gen er ally pure ha lite the sur face of which was cov ered
by fer ric min er als sus pended in the brine. If the com po si tion of
brine al ter nates from pure to Fe-rich dur ing the speleothem
growth, we ob serve col our zonation in the speleothem cross-
 sec tion. The min eral com po si tion and the size, thick ness, and
con ti nu ity of min eral con cen tra tions of iron seem to con trol the
col our of the ha lite speleo thems. The in ten sity of the col our de -
pends prob a bly on the type of coat ing on the crys tals. In the
case of a con tin u ous film, we sug gest that ha lite crys tals were
cov ered with a colloid, wa ter with the sus pen sion of mi cro scopic 
par ti cles of ox i dized iron com pounds which later re-crys tal lised
on the ha lite sur face as a re sult of evap o ra tion, pos si bly cou -
pled with salination of the colloid. This hy poth e sis seems to be
con firmed by the shrink ages which could form dur ing the dry ing
out pro cess. The smooth sur face is most prob a bly a re sult of
the sur face ten sion of an iron-bear ing sol. Finely, dis persed mi -
cron-size min eral ag gre gates on the ha lite sur face could give a
less in tense col our. They can be a re sult of evap o ra tion of the
layer of sus pen sion with a smaller con tent of iron com pounds or 
evap o ra tion of aero sol mi cro-drops of sim i lar com po si tion.

Bac te ria are quite com mon both in re cent and an cient salt
de pos its (e.g., McGenity et al., 2000). Namyslowski (1913)
found that brines in Wieliczka Salt Mine were teem ing with
halophilic mi cro or gan isms but no bac te rial-like forms have
been de scribed there since that time. They were also not
sought in this work. Nev er the less, a role for bac te ria in the
trans port and de po si tion of iron com pounds in speleothems
can not be ex cluded, as there are quite a few ex am ples of the
re la tions be tween bac te ria and iron in evaporitic sys tems.
Lowen stein et al. (2011) de scribed the pink/red mod ern and an -
cient ha lite de pos its con tain ing halophilic prokaryotes and

eukary otes, some of which were alive in side fluid in clu sions.
The col our was due to the ca rot en oids used by mi cro or gan isms
for pro tec tion from ul tra vi o let ra di a tion. Nanocrystalline Fe ox -
ide min er als, dom i nated by ferrihydrite, oc cur ring to gether with
the fil a ments of the iron pre cip i tat ing bac te ria Leptothrix sp. and
Gallionella sp., were also de scribed from the Pautler Cave
(Frierdich and Catalano, 2009). Sim i lar bac te rial forms were
found in ac tive iron ox ides sta lac tites from some other North
Amer i can caves (Peck, 1986) and the limonitic fos sil ized bac te -
rial re mains were found in the ocher unit of the Sandia Cave
(Haynes and Agogino, 1986). Hunt ing bac te ria in the Wieliczka
Salt Mine is now in prog ress.

CONCLUSIONS

The colour ful speleothems are re lated mainly to the rust ing
metal artefacts. Their colours usu ally re sult from coat ing of their
sur face by fer ric min er als sus pended in the brine. De pend ing
on the con ti nu ity of the pre cip i ta tion pro cess the dif fer ent forms
of iron ox ides and hy drox ides are dis trib uted more or less ho -
mo ge neously. Var i ous colours of iron min er als give the spe cific
hues of the speleothems whereas the in ten sity of the col our
prob a bly de pends on the type of fluid coat ing crys tals. In the
case of a con tin u ous film with smooth sur face, which is most
prob a bly a re sult of the sur face ten sion of an iron-bear ing sol,
the hue is deeper. The hue is less in tense in the case of finely
dis persed mi cron-size min eral ag gre gates.
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