
Geo log i cal Quar terly, 2013, 57 (3): 561–566
 DOI: http://dx.doi.org/10.7306/gq.1110

Or i gin of sulphates in post-min ing lakes in the east ern part of the Muskau Arch 
(Polish–German bor der land)

Krzysztof LABUS1, * and Sylwia SKOCZYÑSKA1

1 In sti tute for Ap plied Ge ol ogy, Fac ulty of Min ing and Ge ol ogy, Silesian Uni ver sity of Tech nol ogy, Akademicka 2, 44-100
Gliwice, Po land

Labus K. and Skoczyñska S. (2013) Or i gin of sulphates in post-min ing lakes in the east ern part of the Muskau Arch (Pol -
ish–Ger man bor der land). Geo log i cal Quar terly, 57 (3): 561–566, doi: 10.7306/gq.1110

Ex ploi ta tion of lig nites, car ried out within glaciotectonic struc tures of the Muskau Arch (Pol ish–Ger man bor der land), has led
to the for ma tion of nu mer ous post-min ing lakes im pacted by Acid Mine Drain age. The iso to pic anal y ses de scribed in this pa -
per al lowed for iden ti fi ca tion of sources of the dis solved sulphates in the wa ters of two rep re sen ta tive lakes. One of the
sources of sul phur iso topes may be ox i da tion of sulphides (sup plied in de bris slid ing from the slopes of waste dumps that
sur round the lakes) in the wa ter col umn. The frac tion of ox y gen from wa ter in form ing the sulphates var ies from about 5 to
25% in the first lake, while in the sec ond it falls within the range 25–85%. The main source of sulphates in the lakes is the ox i -
da tion of py rite.
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INTRODUCTION

The Muskau Arch is sit u ated at the bor der land of Po land
and Ger many (Fig. 1). It formed as a push morraine ac com pa -
nied by large-scale glaciotectonic dis tur bances con nected with
a lobe of Elsterian ice. The de for ma tion in volved also Mio cene
strata with lig nite seams. The ex ploi ta tion of lig nites, car ried out
from the mid-nine teenth cen tury to 1974 (KoŸma and Kupetz,
2008), heavily im pacted the hydrogeological re gime. These ef -
fects are re flected in for ma tion of ar ti fi cial res er voirs within
flooded open pits or ar eas of min ing sub si dence. The re sult is
the larg est group of post-min ing lakes, which be cause of their
na ture and land scape have been pro tected by law within the
frame work of the  Muskau Arch Geopark. The chem i cal com po -
si tion of the res er voirs is far from the av er age com po si tion of
nat u ral wa ter bod ies in the area. The chem is try of their wa ters is 
a con se quence of Acid Mine Drain age (AMD). AMD starts from
the in ten sive weath er ing of py rite (FeS2), that is pres ent in Mio -
cene lig nite-bear ing rock form ing the banks of the lakes (Labus
and Mrowiec, 2010). Fi nally this pro cess may lead to heavy
acid i fi ca tion and in crease of the sul phate con cen tra tion in the
wa ter. The res er voirs de scribed must, how ever, be re garded
not only as a valu able part of the land scape, but also as sources 
of sur face- and ground wa ter pol lu tion. This pa per con sid ers the 
or i gin of sulphates in the wa ter bod ies ana lysed. The re sults

might be use ful in es ti mat ing the ef fi ciency of treat ment pro -
cesses of AMD-af fected wa ters in the area of the Muskau Arch.

HYDROGEOLOGICAL CONDITIONS

In the south ern and cen tral part of the Muskau Arch and its
south east ern fore land, aqui fers are stripped or poorly in su lated
from the sur face by a layer of silty loam. Lo cally, in the pla teau
re gion, they are ex posed on the sur face. The in ter pre ta tion of
the hydrogeological con di tions of the area is ham pered by the
pres ence of sandy de pos its, that are folded and faulted to a
depth of at least 150 metres. Within the out crops and ar eas of
glaciotectonic de for ma tion the aqui fer is re charged by pre cip i ta -
tion, di rectly in fil trat ing the ex posed sandy strata of the Neo -
gene. In ar eas of hy drau lic con tacts and deep ero sional wash -
outs the aqui fer is also re charged by wa ter per co lat ing from
Qua ter nary beds. Ground wa ter flows from the north-east and
east to south-west and west and from south-east to north-west,
to the Nysa £u¿ycka River. Ground wa ter is mostly un der ar te -
sian or subartesian pres sure. The piezometric sur face is sta bi -
lized from 31.5 m be low ground to 12 m above ground. In the
ter ri tory of the mo raine pla teau and its east ern fore land an un -
con fined aqui fer is also ob served; its phreatic sur face oc curs at
1.5–18 m be low the sur face. Given the vari abil ity of the
hydrogeological con di tions in the  Neo gene suc ces sion, and a
sig nif i cant frac tion of fine-grained and silty de pos its, the av er -
age hy drau lic con duc tiv ity value is es ti mated at 2 m/d and the
av er age transmissivity of the aqui fer is be low 100 m2/d in the
en tire  Neo gene aqui fer suc ces sion (Wojciechowska, 2002). A
sche matic hydrogeological cross-sec tion of the study area is
pre sented in Fig ure 2.
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MATERIALS AND METHODS

Val ues of tem per a ture, pH, re dox po ten tial, elec tri cal con -
duc tiv ity, dis solved ox y gen and al ka lin ity of wa ter were mea -
sured in the field. Chem i cal anal y ses were car ried out us ing stan -
dard meth ods in the lab o ra tory of the In sti tute of Ap plied Ge ol -
ogy, Silesian Uni ver sity of Tech nol ogy in Gliwice. The de ter mi -

na tion of sta ble S and O iso topes in dis solved SO4
2 -  for sam ples

rep re sent ing wa ter of two lakes, nos. 8 and 24 was car ried out in
the In sti tute of Phys ics of the Maria Cu rie-Sk³odowska Uni ver sity
in Lublin. The iso tope de ter mi na tions were per formed by means
of a mod i fied mass spec trom e ter MI-1305 on SO2 and CO2

gases, re spec tively. Dis solved  SO4
2 -was pre cip i tated in the form

of BaSO4, and SO2 was ex tracted from the  by SO4
2 -  re act ing with 
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Fig. 1. Lo ca tion of the study area 

8, 24 – sam ple stud ies; A–B – cross-sec tion shown in Fig ure 2

Fig. 2. Sche matic hydrogeological cross-sec tion



a mix ture of NaPO3 and Cu2O (3:4) un der vac uum at 800°C
(Ha³as and Szaran, 2004); CO2 was ob tained by re duc tion of
BaSO4 with graph ite (Ha³as et al., 2007). The re sults were ex -
pressed in terms of d34S‰ val ues rel a tive to V-CDT (Vi enna
CaÔon Diablo Troilite) with a reproducibility of ±0.08‰. The val -
ues of d18O‰ rel a tive to V-SMOW (Vi enna Stan dard Mean
Ocean Wa ter) yielded reproducibility of ±0.05‰. The in ter na -
tional stan dard NBS-127 was used for nor mal iza tion of both
delta val ues. Pos i tive val ues of ?d18O (e.g., +2‰) sig nify that the
sam ple is en riched by 2‰ – has 2‰ more than the ref er ence. If
the sam ple is de pleted with re spect to the ref er ence this is ex -
pressed as neg a tive val ues of d‰ (e.g., –2‰; Clark and Fritz,
1997; Mook and de Vries, 2001).

RESULTS

Re sults of sta ble iso tope anal y ses may pro vide in for ma tion
on the or i gin of the wa ters. The iso to pic anal y ses decribed in
this pa per were aimed to iden tify sources of dis solved
sulphates in the wa ters of rep re sen ta tive anthropogenic lakes.
Wa ters of two lakes were ana lysed – lake no. 8, lo cated in the
vi cin ity of the town of £êknica and lake no. 24, sit u ated in the
catch ment of the Chwaliszówka River. Sam ples for iso to pic
anal y ses were taken from the sur face lay ers and from the bot -
tom zones, sit u ated at depths of 22 and 15 m in the case of the
lake nos. 8 and 24, re spec tively. The re sults are showen in Ta -
ble 1.

Re sults of chem i cal anal y ses are given in Ap pen dix 1.

DISCUSSION

The iso to pic com po si tion of sulphates dis solved in acidic
wa ters in di cates the source of ox y gen con sumed dur ing the ox i -
da tion of py rite and in di cates whether re ac tions [1] and [2] or re -
ac tion [3] is dom i nant. In re ac tions [1] and [2], in which just the
ox y gen plays the role of ox i dant, the ma jor ity of O2 con tained in
the SO4

2 -  is de rived from at mo spheric ox y gen. How ever, in re -
ac tion [3], where Fe3+ ions are the ox i diz ing agent, the ox y gen
orig i nates from wa ter (H2O; Singer and Stumm, 1970; Skousen
et al., 1998; Zuber, 2007).

FeS2 + 3.5O2 + H2O ® Fe2+ + 2 4
2SO -  + 2H+ [1]

Fe2+ + 0.25O2 + H+ ® Fe3+ + 0.5H2O [2]

FeS2+ 14Fe3+ + 8H2O ® 15Fe2+ + 2 4
2SO -  + 16H+ [3]

The iso to pic com po si tion of ox y gen and sul phur in the sul -
phate ion of re cent ocean wa ter is about d18O V-SMOW = 8.7 ±
0.3‰ (Ha³as et al., 2007) and d34S V-CDT = 21.1 ± 0.4‰ (Rees
et al., 1978). Lo cal vari a tions of the iso to pic com po si tion of O
and S in are the ef fect of iso to pic frac tion ation, as so ci ated
mainly with the crystallisation of sul phate min er als, bac te rial re -
duc tion of sulphates, and changes in wa ter bal ance in the wa ter
body. Iso to pic frac tion ation can be de fined as the pro cess of dif -
fer en ti a tion of the iso tope due to phys i cal phe nom ena and bio -
chem i cal pro cesses. Ex am ples of iso to pic frac tion ation pro -
cesses are the changes in ox y gen iso to pic com po si tion ob -
served dur ing evap o ra tion of wa ter, where the mol e cules con -
tain ing lighter iso topes are more sus cep ti ble to dif fus ing into the 
gas phase. Bac te rial re duc tion of sul phate to hy dro gen sul -
phide, due to which the lighter iso tope of sul phur is pref er en tially 
used as an en ergy source by bac te ria, in creases the heavier
sul phur iso topes in the re sid ual sul phate (Macioszczyk, 2006;
Zuber, 2007).

The sul phate con cen tra tions, which in crease with the depth
in the lakes ana lysed, are ac com pa nied by si mul ta neous in -
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Lake no. 8 Lake no. 24

Depth [m] 0 22 0 15

Sta ble iso tope 
ra tios [‰]

d18O(SO4
2-) +5.49 +2.61 +8.17 +7.09

d34S(SO4
2-) +3.75 +5.28 +0.88 +2.35

T a  b l e  1

Iso to pic com po si tion of sul phate ion in the two lakes

Fig. 3. The re la tion ship be tween the con cen tra tions of sulphates and the val ues of

 d34S(SO4
2-) (A) and d18O(SO4

2-) (B) in the lake wa ters

Numbers cor re spond to num ber ing of lakes, val ues in pa ren the ses in di cated the sam pling depth

https://gq.pgi.gov.pl/article/downloadSuppFile/8098/1603


crease of d34S(SO4
2 -) and a de crease in d18O(SO4

2 -) (Fig. 3).
Higher con cen tra tions of sulphates may be the re sult of ox i da -
tion of sul phur from a source of the heavier sul phur iso topes
with the par tic i pa tion of the lighter iso topes of ox y gen. The con -
cen tra tions of the heavier iso tope of ox y gen were higher in the
surficial lay ers than in the bot tom zones. This is prob a bly, in
part the re sult of the evap o ra tion, dur ing which the lighter ox y -
gen iso topes pref er en tially dif fuse into the at mo sphere, while
the heavier ones re main in wa ter.

In the wa ters of lake no. 8 (the deep est within the area ana -
lysed) the val ues d34S(SO4

2 -) were higher and d18O(SO4
2 -) were 

lower than the ones of the shal lower res er voir no. 24 (Fig. 3). A 
pos si ble ex pla na tion of this pat tern is that the deeper res er -
voirs are char ac ter ized by a rel a tively larger pro por tion of
long-dis tance cir cu la tion wa ters. These deeper wa ters, in fil -
trated through the vadose and sat u ra tion zones, are en riched
in the heavier iso tope of sul phur and in the lighter iso tope of
ox y gen. Wa ters of shal low cir cu la tion, re charg ing the shal -
lower parts of the lakes, mi grate mainly through the vadose
zone, in the pres ence of at mo spheric ox y gen with an d18O
value of 23.5‰ (Zuber, 2007). There fore they are char ac ter -
ized by greater par tic i pa tion of the heavier iso tope of ox y gen
than wa ters that have a lon ger res i dence in the cir cu la tion sys -
tem (Fig. 4).

Bac te rial sul phate re duc tion to hy dro gen sul phide, due to
which the lighter sul phur iso tope is pref er en tially used, leads to
en rich ment of the re sid ual sul phate in the heavy 34S iso tope.
Bac te ria pref er en tially me tab o lize 16O dur ing the re duc tion of
sulphates to H2S. This leaves the re main ing SO4

2 -  en riched in
18O. In this case d34S may rise to val ues of 20‰ or more (Geyh
et al., 2001). Bac te rial re duc tion is re spon si ble not only for the
en rich ment of re sid ual sulphates in 34S, but also in 18O (e.g.,
Fauville et al., 2004). As ob served in the case of the lakes ana -
lysed the d34S val ues in crease with depth, but this is not ac com -
pa nied by a si mul ta neous in crease in d18O. This re la tion ship
sug gests ab sence of bac te rial sul phate re duc tion, con firmed
also by low val ues of d34S (Fig. 3).

It is pos si ble to dis tin guish sulphates formed through ox i da -
tion of sulphides from sulphates from other sources, based on
the iso to pic com po si tion of ox y gen in the sul phate ion and in
wa ter mol e cules. Fig ure 5 shows a di a gram based on the ox i -
da tion of sul phide to sul phate. This al lows in ter pre ta tion of the
ox y gen iso to pic com po si tion of sulphates with vary ing par tic i pa -
tion of at mo spheric ox y gen and wa ter ox y gen, as sum ing the
ox y gen frac tion ation be tween sul phate and wa ter
DSO4

2 -(H2O) = 4‰ and be tween sul phate and at mo spheric ox y -
gen DSO4

2 -(O2) = –11‰ (Everdingen and Krouse, 1985).
In the di a gram there is in di cated an area de fined from the

top by the line of 100% par tic i pa tion of at mo spheric ox y gen in
the sul phate be ing formed (0% of ox y gen from the wa ter), and
at the bot tom – a straight line cor re sponds to 100% par tic i pa tion 

of ox y gen from the wa ter. If the sulphates pres ent in the wa ter
were formed by ox i da tion of sulphides, the points cor re spond -
ing to a spe cific iso to pic com po si tion of the wa ter ana lysed fall
within the area in di cated; for other sources of or i gin, they fall
out side the area (Clark and Fritz, 1997; Macioszczyk, 2006).

In lakes nos. 8 and 24 only the d34S(SO4
2 -) val ues were de -

ter mined. Due to the lack of d18O(H2O) mea sured val ues, a
range of pos si ble val ues was as sumed (marked with a dashed
ver ti cal line on the chart). The max i mum value of d18O(H2O)
was ac cepted at the level of –2‰ – the value re corded for acidic 
lakes re sult ing from brown coal min ing in the Ger man part of
Lusatia (Knöller et al., 2004). The min i mum value, set at –10‰
cor re sponds to the av er age rain wa ter d18O(H2O) in Po land, and 
the av er age d18O(H20) for shal low ground wa ter (Macioszczyk,
2006; Zuber, 2007). Based on the above as sump tions, with re -
gard to the re charge model (Fig. 4), it was found that the iso to -
pic com po si tion of the wa ters ana lysed in di cates the ox i da tion
of sulphides as the source of the sulphates. In the case of lake
no. 24 the frac tion of ox y gen from wa ter in form ing the
sulphates var ies from about 5 to 25%. For lake no. 8 the frac tion 
is sig nif i cantly higher, and falls within the range 25–85%. In both 
lakes, this frac tion in creases with depth, ac cord ingly to the re -
charge model pre sented.

Wa ter-dis solved sulphates may orig i nate from two or more
sources. In the case of sul phur de rived from two sources, e.g.,
mix ing of sul phate from sul phide ox i da tion with sul phate from
at mo spheric de po si tion, the re sul tant value d34S(SO4

2 -) in the
mix ture is the av er age iso to pic com po si tion of these sources,
weighted by the ob served con cen tra tions of sulphates. For the
lakes ex am ined a plot of d34S(SO4

2 -) against the re cip ro cal of
sul phate con cen tra tions (1/SO4

2 -) was made (Fig. 6). The graph
helps in de ter mine the main source of the com po nent ana lysed
in the wa ter. With two sources the points are ar ranged on a
straight line, which ex trap o lated to 1/SO4

2 -  = 0, giv ing the d34S
value of the main end-mem ber. In case of mul ti ple sources the
points fall within a cer tain field, which nar rowed the 1/SO4

2 -val -
ues close to zero, al low ing to as sess ment of the ap prox i mate
value of the main d34S source (Zuber, 2007). Based on the
above graph two hy poth e ses were put for ward. Ac cord ing to the 
first hy poth e sis (Fig. 6A), sul phur iso topes in bot tom zone wa -
ters of lake no. 8 and lake no. 24, orig i nate from the same main
source, while the shal low wa ters of lake no. 24 have sulphates
de rived from an other source. The sec ond hy poth e sis as sumes
the ex is tence of two dif fer ent main sources of sul fur iso topes in
the two lakes (Fig. 6B). In this case, ex pla na tion of this pos si ble
reg u lar i ties may lie in dif fer ent iso to pic sig na tures of sed i men -
tary py rite in dif fer ent zones of the area ana lysed. Con fir ma tion
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Fig. 4. Di a gram show ing lat eral re charge in the lakes

Fig. 5. In ter pre ta tion of the or i gin of sulphates in the wa ters
of lakes nos. 8 and 24 against a con text of sul phide 

ox i da tion pat tern 



of this would re quire, how ever, com plet ing an ex tended, ad di -
tional sam pling and an a lyt i cal pro gram.

CONCLUSIONS

Iso to pic anal y sis of ox y gen and sul phur has con firmed that
the main source of sulphates in the lakes ana lysed is the ox i da -
tion of py rite, pres ent in the waste dumps that sur round the
lakes. In ten sive FeS2 ox i da tion led to Acid Mine Drain age and
ul ti mately to acid i fi ca tion of the lakes.

Wa ter evap o ra tion in the surficial lay ers, dur ing which the
lighter iso topes pref er en tially dif fuse into the at mo sphere,
leads to in crease of the ox y gen heavier iso tope. Wa ters of the
deeper res er voirs are char ac ter ized by a rel a tively larger frac -
tion of long-dis tance cir cu la tion wa ters, and these are en -
riched in the heavier iso tope of sul phur and the lighter iso tope
of ox y gen. Wa ters of shal low cir cu la tion, re charg ing the shal -
lower parts of the lakes, mi grate mainly through the vadose
zone, in the pres ence of at mo spheric ox y gen; there fore, they
are char ac ter ized by greater par tic i pa tion of the heavier iso -

tope of ox y gen than the wa ters of lon ger res i dence in the cir cu -
la tion sys tem.

The d34S val ues in crease with depth, but are not ac com pa -
nied by an in crease in d18O. This re la tion ship sug gests the ab -
sence of bac te rial sul phate re duc tion, sup ported also by low
val ues of d34S.

The tests per formed and their in ter pre ta tion are only the first 
step to wards iden ti fy ing the spe cific pro cesses of iso tope frac -
tion ation of ox y gen and sul phur in the en vi ron ment of the lakes
ana lysed. There fore, we con clude that ad di tional anal y ses will
better con strain the mech a nisms un der ly ing the pat tern of iso -
tope com po si tions of sulphates in the study area.
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