
Geo log i cal Quar terly, 2013, 57 (4): 601–612
DOI: http://dx.doi.org/10.7306/gq.1115

Geomicrobiology of Acid Mine Drain age in the weath er ing zone of py rite-bear ing
schists in the Rudawy Janowickie Moun tains (Po land)

Andrzej BORKOWSKI1, *, Jan PARAFINIUK2, Dorota WOLICKA2, **
and Pawe³ KOWALCZYK3

1 De part ment of En vi ron men tal Pro tec tion and Nat u ral Re sources, Fac ulty of Ge ol ogy, Uni ver sity of War saw, ¯wirki i
Wigury 93, 02-089 War szawa, Po land 

2 In sti tute of Min er al ogy, Geo chem is try and Pe trol ogy, Fac ulty of Ge ol ogy, Uni ver sity of War saw, ̄ wirki i Wigury 93, 02-089
War szawa, Po land

3 Au ton o mous De part ment of Mi cro bial Bi ol ogy, War saw Uni ver sity of Life Sci ences (SGGW), Nowoursynowska 159,
02-776 War szawa, Po land

Borkowski A., Parafiniuk J., Wolicka, D. and Kowalczyk P. (2013) Geomicrobiology of Acid Mine Drain age in the weath er ing
zone of py rite-bear ing schists in the Rudawy Janowickie Moun tains (Po land). Geo log i cal Quar terly, 57 (4): 601–612, doi:
10.7306/gq.1115

We re port geomicrobiological anal y sis of acid wa ter res er voirs and Acid Mine Drain age (AMD) de vel oped in the weath er ing
zone of py rite-bear ing schists near the closed-down py rite mine in Wieœciszowice (southwest ern Po land). The anal y sis fo -
cused on two res er voirs char ac ter ized by dif fer ent phys i cal and chem i cal prop er ties (pH, re dox po ten tial, con tent of
sulphates and heavy met als), em pha siz ing geomicrobiological re la tion ships tak ing place in this AMD set ting and de scrib ing
the mi cro bi o log i cal pro cesses that sig nif i cantly in flu ence biogeochemical cy cles of sul phur and iron in the wa ter res er voirs
ana lysed. The res er voir wa ter also har bours nu mer ous large, or ga nized mi cro bial struc tures in the form of stream ers, stud -
ied in de tail here us ing op ti cal and elec tron mi cros copy and by mi cro bi o log i cal cul ti va tion and mo lec u lar meth ods. The
Wieœciszowice mine slime stream ers are char ac ter ized by the co-oc cur rence of typ i cal chemolithoautotrophic mi cro or gan -
isms ox i diz ing sul phur and iron to gether with sul phate-re duc ing bac te ria. These struc tures prob a bly de pend on the oc cur -
rence of iron(II) in the sur round ing en vi ron ment. 
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INTRODUCTION

Weath er ing zones of sul phide ores con tain ing py rite are
places where chem i cal pro cesses linked with the ox i da tion of
sulphides of heavy met als are of ten ac cel er ated by bi otic pro -
cesses, in which mi cro or gan isms play the main role. In this con -
text, many geo chem i cal and geomicrobiological stud ies are fo -
cused on Acid Mine Drain age and sul phur cy cle mi cro or gan -
isms, such as chemolithoautotrophic sul phur bac te ria and sul -
phate-re duc ing bac te ria (Postgate, 1984; Gib son, 1990;
Fauque et al., 1991; Hao et al., 1996; Nordstrom et al., 1999;
Ehrlich, 2001; Hallberg, 2010). Many mi cro or gan isms ox i diz ing
sul phide and sul phur also ox i dize some met als, es pe cially iron,
thus fa vour ing rapid de vel op ment of the weath er ing zone, a

phe nom e non that is dif fi cult to at trib ute merely to chem i cal pro -
cesses. One re sult of the mi cro bial ac tiv ity is the de vel op ment
of strongly acid con di tions in the weath er ing zone of sulphidic
ore de pos its, re sult ing in the for ma tion of acid mine drain age
(Fortin et al., 1996; John son, 1998; Ehrlich, 2001; Baker and
Banfield, 2003).

The weath er ing zone of the py rite-bear ing schists stud ied is
lo cated within the closed-down py rite mine in Wieœciszowice in
Rudawy Janowickie, West ern Sudetes (Fig. 1). Lam i nated
chlorite-seri cite schists min er al ized with py rite, form ing a belt
that is ap prox i mately 200 m wide and 4 km long, were sub ject to 
ex ploi ta tion till 1925. The schists con tain quartz, mus co vite,
chlorite, plagioclases, epidote and cal cite. Py rite min er al iza tion
im preg nates the rock; its av er age con tent reaches ap prox i -
mately 10%. The weath er ing zone de vel oped in the mine work -
ings yields a di verse paragenesis of sec ond ary sul phate min er -
als (Ta ble 1), such as gyp sum, copiapite, pickeringite,
fibroferrite, slavikite, melanterite, epsomite and schwertmannite 
(Balcerzak et al., 1992; Parafiniuk, 1996; Parafiniuk and Siuda,
2006). 

Weath er ing pro cesses of the py rite schists ex posed in the
mine work ings has re sulted in a lo cal hydrochemical anom aly
char ac ter ized by high con cen tra tions of sulphates and metal
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ions, es pe cially those of Fe, Al, and Mg in ground and sur face
wa ter. Wa ter drain ing from the sol u ble weath er ing prod ucts fills
the low er most parts of the mine work ings, form ing small res er -
voirs, char ac ter ized in part by low pH and high min er al iza tion
typ i cal of AMD. The two larg est, the Pur ple Pond and Blue
Pond, dif fer in col our and chem i cal com po si tion of the wa ter.

The Blue Pond (150 m long, 35 m wide and about 
10 m deep) fills a small, up per work ing of the
mine sit u ated at 650 m a.s.l. It is the deeper of the 
two and its wa ter has a light blu ish col our. The
Pur ple Pond (max. 430 m long, 150 m wide and
2.5 m deep) is lo cated deeper in the mine, in the
larg est mine work ing at a level of ap prox i mately
555 m a.s.l. and has dark brown col our and high
min er al iza tion. The Blue Pond is an over flow res -
er voir, whereas the Pur ple Pond does not have
sur face run off and is drained through a se ries of
frac tures and un der ground mine work ings by a
small stream lo cated be low dumps of re worked
py rite-bear ing schists (Fig. 2). The wa ter level in
both lakes is vari able and de pends on the me te o -
ro log i cal con di tions.

The geo chem i cal char ac ter is tics of the res er -
voirs are ap par ent, but prior to this study were not 
sub ject to lim no logi cal and geomicrobiological
stud ies. Large mi cro bial ag gre gates grow ing in
the small AMD-type stream drain ing wa ter from
the mine and the Pur ple Pond, like wise have not
pre vi ously been stud ied microbiologically. These
take the form of slime stream ers, of ten larger
than 20 cm: biofilms con sist ing of ex ten sive de -
pos its of extracellular sub stances in which mi cro -
or gan isms are em bed ded. Poorly crys tal line iron
oxyhydroxides are pre cip i tated on the sur face of
the slime stream ers. The pres ence of these
struc tures is re stricted to the up per part of the
run off.  Such struc tures have not been noted in
res er voirs fill ing the bot tom of the work ings. 

Our in ves ti ga tions fo cused on the geo -
microbiological char ac ter is tics of the wa ter res er -
voirs and the AMD in Wieœciszowice, and de ter -
min ing the in flu ence of mi cro bial com mu ni ties on
the biogeochemical cy cles of sul phur and iron in
the weath er ing zone of the py rite-bear ing schists.

MATERIAL AND METHODS

Wa ter sam ples for chem i cal anal y sis were col lected five
times from each res er voir at a dis tance of ap prox i mately 1 m
from the res er voir mar gin. In the field, the sam ples were fil tered
through a cel lu lose fil ter (millipore) at 0.45 mm mesh size and
trans ported air tight to the lab o ra tory in or der to de ter mine the
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Fig. 1. Geo log i cal sketch of the en vi rons of Wieœciszowice
 (af ter Parafiniuk, 1996, mod i fied) 

a – am phi bo lites, ad – di op side am phi bo lites, gn – gneiss es, ³c – chlorite schists, ³s
– py rite-bear ing seri cite-chlorite schists, ³qc1 – mas sive quartz-chlorite schists, ³qc2

– fi brous quartz-chlorite schists, ph – phyllites, Q – Qua ter nary de pos its

T a  b l e  1

Sul phate min er als oc cur ring in the weath er ing zone of py rite-bear ing schists at Wieœciszowice

Min eral Chem i cal for mula Sol u bil ity in wa ter Col our Oc cur rence

Fibroferrite Fe(OH)(SO4) · 5H2O good grey ish com mon

Magnesocopiapite MgFeFe4
3+(OH)2(SO4)6 · 20H2O very good yel low com mon

Slavikite NaMg2 Fe5
3+(OH)6(SO4)7 · 33H2O good green rather com mon

Pickeringite MgAl2(SO4)4 · 22H2O very good white rather com mon

Melanterite FeSO4 · 7H2O very good whit ish rare

Gyp sum CaSO4 · 2H2O poor white com mon

Alunogen Al2(SO4)3 · 18H2O very good white rare

Epsomite MgSO4 · 7H2O very good white rare

Schwertmannite
Fe8O8(OH)8–2x(SO4)x · nH2O

1 £ x < 1.75
very poor brown rather com mon



chem i cal com po si tion. Fe2+ ions were de tected in fil tered field
sam ples, acid i fied with 1 M HCl. For mi cro bi o log i cal anal y sis,
five sam ples each were col lected from the wa ter and the bot tom 
de posit from both wa ter res er voirs and in tro duced into ster ile
100 ml con tain ers. The sam ples of wa ter were col lected di rectly 
from the res er voir sur face. The thick ness of the sam ples of sed -
i ment was about 15 cm. In ad di tion, sam ples from mi cro bial
mats and from mi cro bial com mu ni ties oc cur ring abun dantly in
AMD in streams drain ing the main mine work ing were col lected.

The pH of the wa ter was mea sured in the field with a com bi -
na tion elec trode, and the re dox po ten tial of the wa ter was mea -
sured us ing a car bon elec trode.

MICROBIOLOGICAL DETERMINATIONS

The abun dance of bac te ria ca pa ble of thiosulphate ox i da -
tion was de ter mined by plat ing sam ples on thiosulphate agar
com posed of: (NH4)2SO4 – 0.12 g, K2HPO4 – 4.00 g, KH2PO4 –
4.00 g, MgSO4 · 7H2O – 0.10 g, CaCl2 – 0.10 g, FeCl3 · 6H2O –
0.03 g, MnSO4 · H2O – 0.02 g, Na2S2O3 · 5H2O – 10.00 g, pu ri -
fied agar (Merck) 20 g, and dis tilled wa ter 1000 ml (pH 6.7). The 
abun dance of hyphal fungi ca pa ble of thiosulphate ox i da tion
was de ter mined on the same me dium, but to which pen i cil lin
and strep to my cin had been added. All de ter mi na tions were
made in trip li cate by plat ing sam ples se ri ally di luted in ster ile
0.9% NaCl so lu tion.

Thiosulphate-ox i diz ing abil ity was stud ied in trip li cate in en -
rich ment cul tures in the fol low ing me dium: (NH4)2SO4 – 0.12 g,
K2HPO4 – 4.00 g, KH2PO4 – 4.00 g, MgSO4 · 7H2O – 0.10 g,
CaCl2 – 0.10 g, FeCl3 · 6H2O – 0.03 g, MnSO4 · H2O – 0.02 g,
Na2S2O3 · 5H2O – 10.00 g, and dis tilled wa ter 1000 ml (pH 6.7).
El e men tal sul phur-ox i diz ing abil ity was stud ied in trip li cate en -
rich ment cul tures in the fol low ing me dium: NH4Cl – 0.12 g,
KH2PO4 – 3.00 g, MgCl2 · 6H2O – 0.10 g, CaCl2 · 2H2O – 0.14 g,

pow dered sul phur 10 g, and dis tilled wa ter 1000 ml (pH 4.2).
En rich ment cul tures from res er voir wa ter or AMD were ini ti ated
with 5 ml of re spec tive inoculum. En rich ment cul tures from bot -
tom res er voir de pos its or slime stream ers were ini ti ated with 1 g 
of re spec tive inoculum. Each sam ple of the ma te rial stud ied
was in tro duced to 50 ml of me dium and in cu bated at 25°C in a
me chan i cal shaker. In cu ba tion con tin ued for two weeks, dur ing
which the con cen tra tion of sul phate ions was tested. Con trols
were set up like the cor re spond ing en rich ments, ex cept that the
re spec tive inocula had been pretreated with 5% form al de hyde.

Sim i larly, Fe(II)-ox i diz ing abil ity was de ter mined in
Silverman me dium (Silverman and Lundgren, 1959) com posed
of: (NH4)2SO4 – 3.0 g, KCl – 0.1 g, K2HPO4 – 0.5 g, MgSO4 ·
7H2O – 0.5 g, Ca(NO3)2 – 0.01 g, FeSO4 · 7H2O – 44 g, H2SO4

(0.5 M) 10 ml, and dis tilled wa ter 1000 ml. The me dium was
ster il ized by fil tra tion. Dur ing in cu ba tion, mea sure ments of Fe2+

ion con cen tra tions were made and com pared to read ings of
cor re spond ing con trols.

The se lec tive me dium Easicult S (Orion Diagnostica, Fin -
land, Cat. No. 67687) was ap plied to res er voir wa ter sam ples,
res er voir bot tom sam ples, and AMD to con firm the pres ence of
sul phate re duc ing bac te ria (SRB). Sam ples (ap prox i mately
100 ml) were in oc u lated asep ti cally by means of a ster ile pi pette
into sep a rate test tubes con tain ing the test me dium, which were 
then stoppered se curely and in cu bated at 25°C for 7 days. Sul -
phate-re duc tion was in di cated by black en ing of a por tion of the
test me dium.

MICROSCOPY

Mi cros copy was car ried out with a scan ning elec tron mi cro -
scope out fit ted with EDX (JEOL JSM-6380LA) and with an
epifluorescence mi cro scope (NIKON Eclipse E600W). For
elec tron mi cros copy, the prep a ra tions were coated with car bon, 

Geomicrobiology of Acid Mine Drainage in the weathering zone of pyrite-bearing schists... 603

Fig. 2. Study area 

A – Blue Pond; B – Pur ple Pond (height and width of out crop – 7 m and 20 m re spec tively); 
C – stream from waste dump of re worked schists; D – slime stream ers in the up per reach 

of the stream flow ing from the waste dump (ham mer is 35 cm long)



whereas for flu o res cence mi cros copy the sam ples were
stained with acridine or ange. The struc ture of mi cro bial com -
mu ni ties (stream ers) from the AMD was tested in cross-sec -
tions of the struc tures stud ied us ing pur pose-mod i fied histo -
logical tech niques as fol lows. A sam ple of the streamer (0.5 ×
0.5 cm) was fixed in the 4% form al de hyde in phos phate buffer
(0.1M, pH 7) for 12 h and was de hy drated in a graded eth a nol
se ries (1 h in 50, 70, 80, 90 and 100% eth a nol). Next, the sam -
ple was cleared by im mers ing for 2 h in xylene and was trans -
ferred to a mix ture con sist ing of equal parts of par af fin wax and
xylene. Af ter 2 h, the sam ple was trans ferred to pure par af fin
wax and placed in an oven (60°C) for 5 h. The sam ple was em -
bed ded in par af fin and sec tioned us ing a microtome, and the
sec tions were trans ferred to xylene and hy drated gently in se ri -
ally di luted eth a nol (100–50%). Sec tions were stained with an
aque ous mix ture of meth y lene blue and eosine (0.5%) for 2
min utes. The stained sec tions were de hy drated and mounted in 
DPX syn thetic bal sam. 

CHEMICAL DETERMINATIONS

Sulphates in the cul tures were mea sured us ing the turbi -
dimetric method af ter re ac tion with bar ium chlo ride ac cord ing to 
the method de scribed by Kolmert et al. (2000); metal con cen -
tra tions and to tal iron in the wa ter sam ples from the res er voirs
were de ter mined us ing the ICP-OES method on an Op tima
5300DV spec trom e ter. Fe2+ con cen tra tion in wa ter sam ples
was de ter mined in a Thermo Sci en tific spectrophotometer af ter
re ac tion with phenanthroline (Harvey et al., 1955).

MOLECULAR ANALYSIS OF MICROORGANISMS 
AND DNA SEQUENCING

Bac te rial genomic DNA was ex tracted us ing a Genomic Mini
iso la tion kit (A&A Bio tech nol ogy) ac cord ing to the man u fac -
turer’s in struc tions. The pu rity and con cen tra tion of DNA prep a -
ra tion were de ter mined spec tro pho to met ri cally at 260 nm, and
the DNA was used as a tem plate for Poly mer ase Chain Re ac tion
(PCR). Ap prox i mately 100 ng of DNA was used as the tem plate 
for PCR am pli fi ca tion of nearly full-length bac te rial 16S rRNA
gene frag ments us ing the uni ver sal prim ers 27F
(5’AGAGTTTGATCCTGGCTCAG3’) and 1492R
(5’GGTTACCTTGTTACGACTT3’) to am plify a 1540-bp seg -
ment from the 16S rRNA gene. AmpliTaq poly mer ase
(Invitrogen) or MARATHON poly mer ase (A&A Bio tech nol ogy)
was em ployed in PCR re ac tion. The re ac tions were per formed
us ing a PTC-200 ther mal cycler (MJ Re search, Inc., USA) un der
op ti mized con di tions: 95°C for 5 min; 20 cy cles of 95°C for 30 s,
53°C for 30 s, 72°C for 90 s; fol lowed by 15 cy cles of 95°C for
30 s, 46°C for 30 s, 72°C for 1.5 min; and a fi nal ex ten sion at
72°C for 10 min. Am pli fi ca tion prod ucts were pu ri fied us ing a
NucleoSpin® Ex tract II kit (Macherey-Nagel) and ana lysed by
elec tro pho re sis in 1% (wt/vol –1) agarose gel in a 1 x TBE run ning 
buffer con tain ing ethidium bro mide (0.5 mg ml–1) at 4.8 V cm –1 for 
1 h. A 100-bp DNA lad der (Invitrogen) was used as a size
marker. Gels were pho to graphed us ing a Syngene gel doc u -
men ta tion sys tem. The PCR prod ucts were di rectly se quenced
on an ABI3730 DNA An a lyzer (Ap plied Biosystems) us ing the
prim ers 27F, 1492R, F357 (5’GCCTACGGAGGCAGCAG3’),
519R (5’ATTACCGCGGCTGCTGG3’) and 926R
(5’CCGTCAATTCCTTTGAGTTT3’), cor re spond ing to the con -
served re gions of the 16S rRNA gene se quence. DNA se -
quences were as sem bled us ing the Linux pro grams

phred/phrap/consed and checked man u ally. The 16S rDNA se -
quences ob tained were then com pared with those in the Na tional 
Cen tre for Bio tech nol ogy In for ma tion (NCBI) da ta base us ing the
Blast 2.0 pro gram. A mul ti ple align ment with iso lated se -
quences re trieved from the NCBI Ref er ence mRNA and Mi -
crobes As sem bled Genomes da ta bases was gen er ated us ing
the pro gram Mus cle and ed ited man u ally us ing BioEdit
(http://www.mbio.ncsu.edu/BioEdit/BioEdit.html). 

RESULTS

HYDROCHEMISTRY OF THE STUDIED 
WATER RESERVOIRS

The chem i cal com po si tion of wa ter col lected from sur face
layer in the res er voirs stud ied dif fered sig nif i cantly. Sam ples from 
the Blue Pond showed slightly acid pH of ap prox i mately 5.5–6.0,
and re dox po ten tial within 238–315 mV (Ta ble 2). Sul phate con -
cen tra tion did not ex ceed 100 mg l–1, whereas the heavy metal
con cen tra tion (Co, Ni, Cu) was at the level of 0.01 mg l–1. Much
higher val ues of the chem i cal el e ments ana lysed were noted in
sam ples from the Pur ple Pond. High con cen tra tions of SO4

2 -  ions
(about 2000 mg l–1) and of heavy met als were ob served. Wa ter
from this res er voir was also char ac ter ized by much lower pH val -
ues, which were in the range of 2.5–3.0. The re dox po ten tial of
wa ter from this res er voir was within 430–550 mV. The con tent
of iron in wa ter sam ples from the two res er voirs was in trigu ing.
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T a  b l e  2

The chem is try of wa ter from the Blue Pond, Pur ple Pond
and drain age of the aban doned mine area

Blue Pond Pur ple Pond Drain age

n 5 4 3

pH 5.0–6.0 2.5–3.0 2.5–3.0

Eh [mV] 238–315 456–590 460–575

macroelements [mg l–1]

Na 1.35–2.92 4.69–5.27 5.6–6.52

Mg 3.21–7.10 88.1–140 171–173

Al 0.79–2.12 48.1–73.8 65.7–94

Ca 13.5–16.7 146–209 173–326

Fe2+ n.d. 35–61 54

Fetot 0.01–0.10 113–131 157–236

SiO2 7.50–18.3 46.4–50.9 63.3–73.3

SO4
2- 71–96 2010–2440 2389–2630

microelements [mg l–1]

Li 7–9 40–50 60

K 100–1380 250–290 600–670

Mn 70–160 850–1870 2700–3590

Co 10 160–240 280–400

Ni 10 110–180 190–270

Cu <1–5 1110–1280 1470–2450

Zn <1 120–310 390–550

Sr 20 100–170 270–390

Pb 3–5 5–8 8

PO4
3- <3 <3 <3 – 200

n – count of sam ples; n.d. – not de ter mined



In the Blue Pond the con cen tra tion of to tal iron did not ex ceed
0.1 mg l–1, whereas in the Pur ple Pond it lay be tween
114–132 mg l–1. More over, in sam ples from the Pur ple Pond
the pres ence of fer rous ions at a level of 45 mg l–1 was noted,
which was about 37% of the to tal iron in the so lu tion (av er -
agely 124 mg l–1). This is a sig nif i cant re sult, par tic u larly in the
con text of the pres ence of iron(II)-ox i diz ing bac te ria at a very
low pH. Very sim i lar con cen tra tions of the chem i cal sol utes
stud ied were ob tained from the AMD stream flow ing out be low
the Pur ple Pond. In gen eral, the wa ter from the Pur ple Pond
was ho mo ge neous and the re dox po ten tial was sim i lar
through out the en tire col umn of wa ter. How ever, the Blue
Pond seems to be ver ti cally zoned as re gards the depth and
con cen tra tion of H2S. The re dox po ten tial de creased with
depth from a value of ca. 260 mV to ca. –50 mV near the bot -
tom. The con tent of S2– in a sam ple of wa ter col lected with
sed i ment (at a dis tance of ap prox i mately 1 m from the res er -
voir mar gin) was about 1.5 mg l–1.

ABUNDANCE AND ACTIVITY OF MICROORGANISMS 
IN ENRICHED CULTURES

Anal y sis of the abun dance of bac te ria ox i diz ing
thiosulphate de ter mined on thiosulphate agar showed sig nif i -
cant dif fer ences be tween the wa ter res er voirs stud ied (Fig. 3).
In sam ples from the Blue Pond the abun dance in the bot tom
de posit was at the level of 105 cfu gd.m.

–1 (col ony-form ing units/g
dry mass), whereas in the de posit from the Pur ple Pond this
abun dance was smaller, on av er age 102–103 cfu gd.m.

–1. Sim i -
larly, wa ter sam ples from the Blue Pond dis played much higher
abun dances of the bac te ria than sim i lar wa ter sam ples from the 
Pur ple Pond. Anal y sis also re vealed a con sid er able con tent of
hyphal fungi grow ing on the thiosulphate agar. De tec tion of their 
abun dance in agar, with ad di tion of an ti bi ot ics in hib it ing bac te -
rial growth, in di cated that in both res er voirs the fungi grow ing on 
thiosulphate agar were equally abun dant (103 gd.m.

–1) and their
oc cur rence was es sen tially re stricted to the bot tom de posit.  

The po ten tial thiosulphate- and el e men tal sul phur-ox i diz ing
abil ity as well as the Fe(II)-ox i diz ing abil ity of en rich ment cul -
tures pre pared with wa ter- and bot tom de posit-sam ples was
quan ti fied (Figs. 4 and 5). The ini tial pH of the me dium for ob -
serv ing thiosulphate-ox i diz ing ac tiv ity was 6.7 and for ob serv -
ing el e men tal-sul phur ox i diz ing ac tiv ity was 4.2. The amount of
sul phate pro duc tion af ter 10 days of in cu ba tion of the var i ous
cul ture en rich ments in the thiosulphate me dium was a mea sure 
of the po ten tial thiosulphate-ox i diz ing ac tiv ity con trib uted by the 

re spec tive en rich ment inocula. It cor re lated with the bac te rial
abun dance in the re spec tive inocula enu mer ated on
thiosulphate agar. In en rich ment cul tures in oc u lated with sam -
ples of de pos its from the Blue Pond an in crease of SO4

2 -  con -
cen tra tion by al most 4000 mg l–1 was ob served af ter 10 days. In
the case of cul tures from the Pur ple Pond, such con cen tra tions
were noted only in one en riched cul ture with a sam ple of the
bot tom de posit. The op po site trend was ob served in en rich ment 

Geomicrobiology of Acid Mine Drainage in the weathering zone of pyrite-bearing schists... 605

Fig. 3. An abun dance of bac te ria and hyphal fungi in sam ples 
of wa ter and sed i ment from Blue and Pur ple ponds, 

de ter mined on thiosulphate agar

Fig. 4. In crease of SO4
2- ion con cen tra tion in en riched cul tures

af ter 10 days of in cu ba tion on me dium with thiosulphate (ox i -
da tion of S O2 3

2- ions) – A and on me dium with el e men tal sul phur

(ox i da tion of S0) – B

Fig. 5. Changes of Fe2+ con cen tra tion in cul tures 
in oc u lated with ma te rial from the Pur ple Pond

 Stan dard de vi a tion is shown



cul tures pre pared in an el e men tal-sul phur me dium. Here, the 
SO4

2 -  ion con cen tra tions de ter mined were higher in en rich ment
cul tures in oc u lated with bot tom de posit from the Pur ple Pond.

A de crease in iron(II) con cen tra tion was noted in en rich -
ment cul tures pre pared in Silverman me dium in oc u lated with
wa ter or bot tom sam ples from the Pur ple Pond (Fig. 5). Iron ox i -
da tion re sulted in the change of the so lu tion col our to yel -
low-brown and pre cip i ta tion of brown min eral phases. Af ter 26
days, the de crease in iron con cen tra tion reached 100% com -
pared to the con trol, whereas no iron(II) ox i da tion was ob served 
in Silverman me dium-en rich ment cul tures in oc u lated with wa -
ter- or bot tom-sam ples from the Blue Pond. 

ANALYSIS OF MICROBIAL COMMUNITY (SLIME STREAMERS)
FROM THE AMD 

In the small AMD stream drain ing wa ter from the main mine
work ing, nat u ral, grey-white and light brown, com pact, mu ci lag -
i nous stream ers of mi cro bial growth up to 20 cm long were

pres ent in dense for ma tions on de posit frag ments and at the
mar gin of the up per reach of the stream (Fig. 2D). Mi cro scopic
anal y sis (Figs. 6 and 7) showed the pres ence of mi cro or gan -
isms in these struc tures with sizes typ i cal of bac te ria (2–5 mm),
vari able mor pho log i cally, se cret ing large quan ti ties of slime that 
formed the mu ci lag i nous struc ture of the streamer. Other from
bac te rial cells, dense groups of green cells ran domly dis trib uted 
on the streamer sur face were also ob served. Anal y sis us ing an
elec tron mi cro scope with an en ergy-dispersive X-ray spec tros -
copy (EDX) de tec tor showed the pres ence of ox y gen and iron
on the sur face of the frag ments stud ied, as well as ar eas highly
en riched in sul phur. Cross-sec tions of the streamer ex am ined
showed a frag mented lay ered struc ture on which poorly crys tal -
line min eral ma te rial was lo cally pres ent. Flu o res cence mi cros -
copy con firmed the pres ence of vari able morphotypes of bac te -
ria in the streamer, as well as clus ters of mi cro bial cells show ing 
autofluorescence, prob a bly be long ing to cyanobacteria. 

In or der to de ter mine the abil ity of the mi cro bial streamer
stud ied to ox i dize el e men tal sul phur and iron, an ex per i ment
was con ducted un der lab o ra tory con di tions, in which frag ments
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Fig. 6. Mi cro bial com mu nity (slime stream ers) from the stream flow ing 
from the schist waste dump

A – gen eral mor phol ogy of a streamer; B – streamer frag ments viewed with a ste reo scopic mi cro -
scope; small clus ters of pho to syn the siz ing mi cro or gan isms are vis i ble; C, D – cross-sec tion of a
streamer; poorly crys tal lized iron oxyhydroxides on sur face of the lay ered struc ture are marked; E, F
– streamer frag ments viewed with flu o res cence mi cros copy 



of slime stream ers were in oc u lated into the mi cro bi o log i cal me -
dia de scribed above. Plots in Fig ure 8 show changes in sul -
phate and iron(II) con cen tra tion com pared to the con trol batch.
These ex per i ments showed that the mi crobes in the streamer
inoculum were able to ox i dize el e men tal sul fur and iron un der
acid con di tions. Easicult S tests in di cated the pres ence of mi -
cro or gan isms ca pa ble of sul phate re duc tion. 

Iden ti fi ca tion of mi cro or gan isms com pris ing the slime
stream ers stud ied and mi cro bial com mu ni ties within the bot -
tom de pos its in both wa ter res er voirs re quired iso la tion of
DNA and se quenc ing a frag ment of gene 16S rRNA; the re -
sults were com pared with ge nome frag ments of known mi cro -
or gan ism strains in ex ist ing da ta bases (Ta bles 3 and 4). Anal -
y sis showed that the se quenced frag ments of gene 16S rRNA
in di cate sig nif i cant sim i lar ity to strains that were ei ther
autotrophs or heterotrophs. Ma te rial from slime stream ers
showed the pres ence of strains sim i lar to bac te ria typ i cal of
the AMD en vi ron ment, such as Acidithiobacillus ferrooxidans,
but also typ i cally saprophytic bac te ria such as Ba cil lus subtilis
or B. amylo liquefaciens. It is in ter est ing that the pres ence of
SRB e.g., Desulfococcus oleovorans and Desulfotalea
psychrophila was also de tected. In turn, the SRB were pres ent 
in sig nif i cant num bers in the bot tom de pos its of both the Pur -
ple and the Blue ponds.

We also iso lated and char ac ter ized 16S rRNA genes from
streamer frag ments that har bored photosynthetic mi crobes.

The anal y sis (Ta ble 3) showed the pres ence of cyanobacteria
e.g., rep re sent ing the gen era Arthrospira, Acaryochloris,
Cyanobium, Cyanothece and Synechococcus.

DISCUSSION

The Pur ple Pond was char ac ter ized by sig nif i cantly higher
min er al iza tion and higher con cen tra tion of heavy met als com -
pared to the Blue Pond. This might seem mainly the ef fect of dif -
fer ences in hy drol ogy, though it is also pos si ble that the hy dro -
gen sul phide in the Blue Pond can af fect the con cen tra tion of
met als, which can be pre cip i tated as sulphides and re tained in
the sed i ments. The Blue Pond is re charged and drained by wa -
ter from the nearby Rusty Stream. The Pur ple Pond does not
have a sur face run off, but to a mi nor ex tent its drain age is pos si -
ble through the base ment and the un der ground mine work ings.
Wa ter of the Pur ple Pond col lects much more acid prod ucts of
weath er ing of the py rite-bear ing schists than the Blue Pond,
which fills with wa ter in con tact with poorly ex posed schists in
the smaller mine work ing. Both these fac tors cause sig nif i cant
dif fer ences in wa ter chem is try (Balcerzak et al., 1992;
Parafiniuk, 1996). Dur ing weath er ing, the py rite-bear ing schists
ex posed in the mine sup plies con sid er able amounts of sul -
phates, iron, mag ne sium, alu minium, cal cium and other prod -
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Fig. 7. Mi cro bial com mu nity (slime stream ers) from the stream flow ing from
the schist waste dump (SEM)

 A – streamer sur face in slight mag ni fi ca tion, poorly crys tal lized iron oxyhydroxides cov er ing the sur face
are marked; B, C – streamer sur face; D – mi cro or gan ism cells on the streamer sur face 

vis i ble as green con cen tra tions in light mi cros copy



ucts of ero sion that have a fun da men tal in -
flu ence on the wa ter chem is try in these res -
er voirs. Strong acid i fi ca tion by prod ucts of
py rite ox i da tion re sults in the for ma tion of
un sta ble min eral phases of chlorite and seri -
cite schists, par tic u larly chlorite, whose de -
com po si tion is the main source of mag ne -
sium, alu minium and cal cite sup ply ing cal -
cium to the res er voirs stud ied. A char ac ter -
is tic fea ture is the very low con cen tra tion of
al kali re sult ing from the re sis tance of seri cite 
to de com po si tion in an acid en vi ron ment
(Para finiuk, 1996).

Acid wa ter res er voirs such as those oc -
cur ring near Wieœciszowice are also known
from many weath er ing zones around other
sul phide ore de pos its. With re gard to chem i -
cal com po si tion, they are sim i lar to other
widely dis cussed oc cur rences of AMD
(Murad et al., 1994; Web ster et al., 1994;
Leduc et al., 2002; Joeckel et al., 2005). Lim -
no logi cal, mi cro bi o log i cal and hydrogeo -
chemical stud ies of such res er voirs, formed
in py rite mines near Rio Tinto in the “Span ish
Py rite Belt”, have been pub lished by
Sánchez-EspaÔa et al. (2008), González-
 Toril et al. (2011) and Sánchez-Andrea et al.
(2011). Wa ter from these res er voirs is char -
ac ter ized by phys i cal and chem i cal prop er -
ties sim i lar to those found in the work ings of
the Wieœciszowice mine. Chem i cal char ac -
ter is tics men tioned by Sánchez-EspaÔa et al. 
(2008) vary from neu tral, with rel a tively low
metal con tent, e.g., the Los Frailes res er voir
(pH = 7.2, 0.07 mg Fe l–1) to ex tremely acid
such as the Corta Atalaya with pH = 1.2, iron
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Fig. 8. Changes of SO4
2- and Fe2+ con cen tra tions in cul tures with ma te rial from slime stream ers from 

the acid run off stream from the schist waste dump

Stan dard de vi a tion is shown

T a  b l e  3

Ge netic anal y sis (16S rRNA) of the bac te rial com mu nity from slime stream ers
iso lated from drain age of the mine nearby the Pur ple Pond

Strain
Sim i lar ity

[%]
Site of iso la tion

Acidaminococcus sp. D21 cont 1.71 90

bac te ria  from slime
stream ers 

(drain age of mine)

Acidithiobacillus ferrooxidans ATCC 23270 86

Acidithiobacillus ferrooxidans ATCC 53993 85

Acidothermus cellulolyticus 11B 87

Acinetobacter baumanii AB0057 82

Aeromonas salmonicida 72

Ba cil lus amyloliquefaciens 95

Ba cil lus coagulans 36D1 ctg473 94

Ba cil lus subtilis SMY 96

Desulfococcus oleovorans Hxd3 89

Desulfotalea psychrophila LSv54 91

Pseu do mo nas syringae 1448A 88

Staph y lo coc cus saprophyticus ATCC 15305 98

Strep to coc cus thermophilus CNRZ1066 93

Arthrospira platensis str. Paraca 100

cyanobacteria from slime 
stream ers 

(drain age of mine)

Arthrospira sp. PCC 8005  99

Arthrospira max ima CS-328 99

cyanobacterium UCYN-A 98

Acaryochloris ma rina MBIC11017 97

Cyanobium sp. PCC 7001 96

Cyanothece sp. CCY0110 96

Cyanothece sp. PCC 8801 96

Cyanothece sp. PCC 8802 96

Thermosynechococcus elongatus BP-1 95

Trichodesmium erythraeum IMS101 94

Nostoc azollae 0708 93

Anabaena variabilis ATCC 29413 92

Synechococcus sp. CC9902 91



con tent (36.7 g l–1) and cop per con tent (1.3 g l–1). Most of these
bas ins are, how ever, typ i cal acid res er voirs with pH within
2.2–3.6 (Sánchez- EspaÔa et al., 2008), for which in ter est ing mi -
cro bi o log i cal in ves ti ga tions were also pre sented. These may al -
low for con clu sions on the key role of bac te ria ox i diz ing Fe2+ in
the iron cy cle in the en vi ron ments de scribed and the role of bac -
te ria re duc ing iron, whose ac tiv ity may be the source of Fe2+ ions.

Mi cro bi o log i cal anal y sis of the Wieœciszowice res er voirs in -
di cates sig nif i cant dif fer ences be tween these bas ins, re flected
in the com par i son of bac te rial abun dance de ter mined on thio -
sulphate agar and in the re sults from cul ture en rich ments. The
most im por tant cause of these dif fer ences is prob a bly the
chem i cal com po si tion of wa ter from the re spec tive res er voirs.
In the Blue Pond the pH is only slightly acid and there is high
pro duc tion of hy dro gen sul phide that may be ox i dized by sul -
phur bac te ria, which do not nec es sar ily be long to acidophilic
spe cies. Such bac te ria, e.g. Thiobacillus, very of ten have the
abil ity to ox i dize both hy dro gen sul phide and thiosulphate (Holt
et al., 2000). Due to in sta bil ity at pH be low 4 (Pronk, 1990),
thiosulphate is avail able to sul phur bac te ria only at neu tral or
slightly acid pH. Thiosulphate ox i da tion is a prop erty not only of
sul phur bac te ria; it is, how ever, a fea ture of ten oc cur ring in
chemolithoautotrophic mi cro or gan isms ca pa ble of growth on
thiosulphate as the sole en ergy source (Kappler et al., 2001).
All sam ples of de pos its from the Blue Pond in en riched cul tures
re sulted in con sid er able in crease of sul phate con cen tra tion
from thiosulphate ox i da tion by con trast to cul tures with el e men -
tal sul phur un der acid con di tions. The op po site re la tion ship was 
noted in the case of the Pur ple Pond, from which sam ples in
cul tures en riched with sul phur yielded much higher con cen tra -
tions of sul phates in com par i son to sam ples from the Blue
Pond. This may in di cate the pres ence of mi cro or gan isms ca pa -
ble of el e men tal sul phur ox i da tion and pre fer ring an acid en vi -

ron ment. Al though mo lec u lar anal y sis
(16S rRNA) did not in di cate the pres ence
of bac te ria sim i lar to Acidithiobacillus sp.
in the Pur ple Pond, their pres ence was
noted in sam ples of stream ers grow ing in
the stream from the waste dump with a
chem i cal com po si tion sim i lar to that from
the Pur ple Pond. These stream ers are an
in ter est ing ex am ple of a mi cro bial as sem -
blage com posed of many dif fer ent mi cro -
or gan isms. The bac te rial com mu ni ties in
the stream ers vary in com po si tion with re -
spect to or gan isms ca pa ble of ox i diz ing
el e men tal sul phur and iron, and also with
re spect to SRB and cyanobacteria. A cru -
cial role in the stream ers is as sumed to be 
played by mi cro or gan isms ca pa ble of iron 
ox i da tion be cause these stream ers are
pres ent only in the up per most stretch of
the stream flow ing from the waste dump,
where a sig nif i cantly high con cen tra tion of 
iron(II) is still no tice able. Fur ther down -
stream, Fe2+ con cen tra tion de creases
and con sid er able amounts of pre cip i tat ing 
min eral phases with iron(III) ap pear. Sim i -
lar struc tures in an AMD en vi ron ment
were stud ied by Bond et al. (2000), who
noted the pres ence of mi cro or gan isms
clas si fied into Acidithiobacillus, Lepto -
spirillum and Sulfobacillus. The oc cur -
rence of SRB in the stream ers was an in -
ter est ing ob ser va tion. Their pres ence
was sup ported both by mo lec u lar anal y sis 

and in cul ti va tion tests. Such mi cro or gan isms were noted in
both wa ter res er voirs stud ied. Most known SRB are hetero -
trophic spe cies, strictly an aer o bic, pre fer ring neu tral or slightly
al ka line en vi ron ments, grow ing in the pres ence of sul phate ions 
(Gib son, 1990; Rampinelli et al., 2008). Such con di tions oc cur
in the Blue Pond, which is shown by the pres ence of hy dro gen
sul phide in this res er voir. The sec ond res er voir, the Pur ple
Pond, does not seem as fa vour able to these bac te ria, al though
all ge netic anal y ses of sam ples col lected from this set ting in di -
cate the pres ence of SRB. It seems that some spe cies be long -
ing to this group of mi cro or gan isms are not sen si tive to acid
con di tions (Praharaj and Fortin, 2004; Rampinelli et al., 2008).
It seems that low pH value is not nec es sar ily a lim it ing fac tor for
SRB ac tiv ity. It is pos si ble that the quan tity and qual ity of or -
ganic car bon can strongly af fect the SRB me tab o lism
(Koschorreck, 2008). More over, some anal y ses in di cate the
abil ity of SRB to grow un der micro aerophilic con di tions, par tic u -
larly in bac te rial com mu ni ties (Baumgartner et al., 2006). 

It seems thus that the group may play a sig nif i cant role in
acid en vi ron ments such as the AMD in Wieœciszowice, par tic u -
larly con sid er ing the fact that such wa ters are usu ally en riched
in sulphates due to ox i da tion of sul phide min er als. 

SUMMARY AND CONCLUSIONS

The oc cur rence of mi cro bial com mu ni ties ca pa ble of ox i -
diz ing in or ganic com pounds of sul phur and iron within acid wa -
ter res er voirs is linked to the pres ence of min eral com pounds
act ing as the source of en ergy in these wa ters. The pres ence
of typ i cal mi cro or gan isms ca pa ble of full ox i da tion of thio -
sulphate to sulphates is dem on strated, as well as the pres -
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T a  b l e  4

Ge netic anal y sis (16S rRNA) of the sed i ment sam ples 
from the Blue and Pur ple ponds

Strain Sim i lar ity
[%] Site of iso la tion

Desulfatibacillum alkenivorans AK-01 90

sed i ment from
the Blue Pond

Desulfovibrio salexigens DSM 2638 ctg4 95

Geobacillus kaustophilus HTA426 92

Geobacillus thermodenitrificans NG80-2 85

Marinobacter aquaeolei VT8 95

Methanococcoides burtonii DSM 6242 90

Shewanella baltica OS185 99

Shewanella putrefaciens 200 ctg6 95

Anaeromyxobacter dehalogenans 2CP-C 88

sed i ment from
the Pur ple Pond

Coprothermobacter proteolyticus DSM 5265 68

Desulfatibacillum alkenivorans AK-01 91

Desulfococcus oleovorans Hxd3 93

Desulfohalobium retbaense DSM 5692 86

Desulfohalobium retbaense DSM 5692 85

Desulfomicrobium baculatum DSM 4028 87

Desulfotomaculum reducens MI-1 96

Desulfuromonas acetoxidans DSM 684 ctg 97

Dialister invisus DSM 15470 80

Thermoanaerobacter pseudethanolicus ATCC 332 90

Thermus thermophilus HB27 71

Thioalkalivibrio sp. HL-EbGR7 95

Thioalkalivibrio sp. K90mix ctg2 95



ence of SRB, which is sig nif i cant be cause of the acid re ac tion
of these res er voirs and their high re dox po ten tial. In the Blue
Pond, wa ter pH was de ter mined to be in the range of 5–6,
which fa vours the growth of SRB as well as sul phur mi cro or -
gan isms pre fer ring a slightly acid en vi ron ment, whereas the
very low wa ter pH and high re dox po ten tial in the Pur ple Pond
is pre sum ably not fa vour able for the de vel op ment of SRB.
How ever, this group of bac te ria was found both in cul ture tests 
and by mo lec u lar anal y sis. 

Dif fer ences in the wa ter chem is try be tween the res er voirs
stud ied are re flected in the po ten tial ac tiv ity of the iso lated mi cro -
bial com mu ni ties ca pa ble of thiosulphate ox i da tion. Cul ture ex -
per i ments showed that the mi cro or gan ism as sem blage iso lated
from the Pur ple Pond was char ac ter ized by lower po ten tial abil ity

to ox i dize thiosulphate to sulphates, a pro cess that is con ducted
by sul phur mi cro or gan isms pre fer ring less acid set tings. 

The pres ence of or ga nized mi cro bial struc tures in the AMD
out flow from the mine is a no ta ble fea ture. The pres ence of
these slime stream ers was re stricted to the up per most stretch
of the stream; like wise they did not oc cur in the acid Pur ple
Pond, de spite the fact that wa ter sam ples from the stream and
res er voir had an al most iden ti cal chem i cal com po si tion. There -
fore, it can be con cluded that an im por tant fac tor in flu enc ing the 
de vel op ment of slime stream ers is good wa ter aer a tion, at tain -
able in a small flow ing stream, but an as pect lim it ing their
growth is the avail abil ity of iron(II). With de crease of iron(II) con -
cen tra tion down stream, slime stream ers dis ap peared com -
pletely. The struc tures de scribed oc cur as lay ered biofilm and it
is pos si ble that they are a com plex sys tem of mi cro or gan isms

char ac ter ized by dif fer ences in phys i ol ogy. Cul ture tests and
mo lec u lar stud ies showed the pres ence of mi cro or gan isms ox i -
diz ing iron within the slime stream ers and it seems that the bi -
otic pro cess of iron(II) to iron(III) ox i da tion suc cess fully com -
petes with its abiotic ox i da tion in flow ing wa ter con di tions, re -
sult ing in the de vel op ment of nu mer ous mi cro bial struc tures,
pos si bly phys i o log i cally also uti liz ing this pro cess. The anal y ses 
al low ten ta tive de ter mi na tion of mi cro bi o log i cal pro cesses
linked to the sul phur and iron cy cle. Fig ure 9 shows a scheme of 
pro cesses that may have cru cial mean ing for the shap ing of the
biogeochemical cy cle of sul phur and iron in two chem i cally dif -
fer ent wa ter res er voirs in the weath er ing zone of the py rite-
 bear ing schists at Wieœciszowice. In the Blue Pond the dom i -
nat ing pro cesses in the sul phur cy cle are the mi cro bi o log i cal re -

duc tion of sulphates in the bot tom de pos its and ox i da tion of hy -
dro gen sul phide by mi cro or gan isms pre fer ring slightly acid and
neu tral con di tions. In the Pur ple Pond, a pro cess dom i nat ing
among the oblig a tory or fac ul ta tive chemolithotrophic microflora 
is most prob a bly iron ox i da tion. This can be shawn by the abun -
dance of weath er ing sul phate min er als con tain ing Fe3+, such as 
copiapite, fibroferrite or slavikite, whereas fer rous sulphates oc -
cur only spo rad i cally. 

Ac knowl edg ments. The stud ies were con ducted in Geo -
microbiology Lab o ra tory at the Fac ulty of Ge ol ogy, Uni ver sity of 
War saw and were sup ported by founds of In sti tute of Geo -
chem is try, Min er al ogy and Pe trol ogy (Fac ulty of Ge ol ogy, Uni -
ver sity of War saw). The au thors thank Re view ers for their re -
marks and com ments which have im proved this ar ti cle.
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Fig. 9. The po ten tially most im por tant pro cesses in the wa ter res er voirs stud ied hav ing in flu ence 
on the shape of the biogeochemical cy cle of sul phur and iron

AIM – acidophilic iron-ox i diz ing mi cro or gan isms, ASM – acidophilic sul phur mi cro or gan isms, EPS – Extracellular
poly meric sub stances, NSM – neutrophilic sul phur mi cro or gan isms, SRB – sul phate-re duc ing bac te ria
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