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Abstract
Hydrogeochemistry of Wiśniówka AMD area (south-central Poland) correlates with ge-
ology and mineralogy of Upper Cambrian (Furongian) quartzite-shale rock series. � e 
lowermost part of this geologic section contains enormous amounts of pyrite, which is 
unusual in sedimentary rock mining. Moreover, this pyrite shows speci� c mineralogical 
characteristics (predominance of microscopic grains, framboids, As-banded microtex-
tures) and negative sulfur isotope signatures. Another feature is a lack of e� ective-bu� -
ering minerals except for less reactive clay minerals. Additionally, the shale interbeds 
are commonly enriched with REE-rich aluminophosphate/phosphate minerals. Speci� c 
element and isotope signatures of rocks and waters were used to solve di� erent geologic 
and environmental issues.
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Introduction 
Mineral and rock mining operations leave 
waste rock, tailings piles, settling ponds, tail-
ings pools/seeps, acid pit ponds and lakes 
that may severely impact the environment. Of 
di� erent active and abandoned mining areas, 
AMD sites are among the most hazardous 
ones jeopardizing di� erent environmental 
compartments and human health (e.g. Plum-
lee 1999; Simón et al. 2001; Nordstrom 2011; 
Plumlee, Morman 2011; Kosso�  et al. 2014; 
Brown et al. 2017). � e main natural process 
of concern is the oxidation of pyrite and oc-
casionally other Fe-bearing sul� de minerals 
leading to generation of sulfuric acid and 
various ochreous precipitates combined with 
a release of deleterious metal(loid)s. Pyrite is 
a ubiquitous mineral in massive sul� de ore 
and coal deposits (e.g. Plumlee 1999; Alpers 
et al. 2003) or mineralized rock formations 
(Reichenbach 1993; Migaszewski et al. 2016, 
2018ab). 

� e element composition of AMD wa-
ter bodies correlates with the local/regional 
geologic setting and mineral composition. 
However, the original element concentration 
patterns undergo changes as a result of geo-
chemical processes commonly induced and 

catalyzed by microbial activity. � e knowl-
edge of di� erent geologic, mineralogical and 
geochemical aspects provides both critical 
information on potential AMD hazards and 
proxies for reconstruction of paleoenviron-
mental conditions. � e principal objective of 
this and previous studies (e.g. Migaszewski 
et al. 2009, 2014, 2016, 2018ab) was to elu-
cidate variations in concentration patterns of 
metal(loid)s and rare earth elements (REE; La 
through Lu) in AMD waters and stable sulfur 
isotope ratios in pyrite and dissolved sulfates 
of the Wiśniówka mining area in the context 
of lithologic and mineralogical characteriza-
tion of regional Upper Cambrian rock series. 

Study area 
� e Wiśniówka AMD area is located within 
the western part of the Cambrian Main Range 
(Holy Cross Mountains), about 5 km north of 
the provincial capital city of Kielce (south-
central Poland). � e Main Range lies in the 
immediate proximity of the nearly parallel 
Holy Cross Fault (HC � rust) that separates 
two tectonic units (terranes): the Łysogóry 
Block from the Małopolska Block (� g. 1A). 
� e study area includes the Upper Cambrian 
(Furongian) section composed of alternating 
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quartzite/quartzitic sandstone and clayey-
silty shale beds, locally with thin bentonite 
and tu�  te layers. Tectonic setting is very 
complex, which is evidenced by the presence 
of numerous folds, slices and faults o� setting 
the original rock bedding (Żylińska et al. 2006 
and references therein). � is geologic com-
plexity is the cause of dismembered topogra-
phy of the Wiśniówka massif. In contrast to 
the remaining regional Cambrian formations, 
this site is highlighted by the occurrence of 
two pyrite mineralization zones of di� erent 
age: the oldest (lowermost Upper Cambrian) 
cropping out in the Podwiśniówka quarry 
and the youngest (middle Upper Cambrian) 
exposed in the Wiśniówka Duża quarry (Mi-
gaszewski et al. 2016, 2018ab). 

� e principal raw material is quartzite/
quartzitic sandstone that has been extracted 
for manufacturing of crushed aggregates. 
� e over century lasting strip mining has le�  
numerous tailings piles and acid water bod-
ies of diverse geochemistry. Complex studies 
have been conducted in this mining area for 
a decade. � ese encompassed di� erent aspects 
of mineralogy, isotope geochemistry and hy-
drogeochemistry in abandoned quarries and 
historic mine waste heaps (e.g. Migaszewski 
et al. 2009, 2016, 2018ab). � e situation has 

worsened a� er quarrying for quartzite in the 
Podwiśniówka stone pit during 2013–2014. As 
a result of quartzite extraction a broad pyrite 
mineralization zone was exposed. � e lowest 
mining bench was � lled up with acid water 
forming a new lake (� g. 1B). In addition, to 
make it worse, the mine wastes were piled over 
a vast mining area giving rise to formation 
of strongly acidic seeps and pools. Another, 
although less dramatic threat to the environ-
ment, was posed by deeper quartzite extrac-
tion in the Wiśniówka Duża quarry. As a result 
of this 2017-mining operation a lake formed 
reaching 4 ha in area (� g. 1C). � is situation 
gave us an opportunity to begin a new study of 
AMD waters and rocks employing advanced 
geochemical and mineralogical methods.

Methods 
Fieldwork included collection of 40 rock 
samples from the Podwiśniówka and 
Wiśniówka Duża outcrops and addition-
ally water samples from the neigboring AMD 
lakes. � e latter were sampled in 8 series dur-
ing 2016–2017. For the purpose of this study, 
� eldwork also included direct measurements 
of pH, electric conductivity (EC) and tem-
perature (T) of water, using a manual micro-
processor pH/Eh-meter SP300 and EC-meter 

Figure 1 (A) Geologic sketch map of Wiśniówka mining area (Żylińska et al. 2006 modi� ed by the authors) 
with a view of (B) Podwiśniówka and (C) Wiśniówka Duża acid pit lakes.
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SC300 (both Slandi, Poland). Besides, con-
centrations of dissolved SO4

2– and PO4
3– were 

determined using a � eld spectrophotometer 
LF-300 (Slandi, Poland).

Trace element determinations in rocks 
and waters were made using an inductively 
coupled plasma-mass spectrometer (ICP-
MS; model ELAN DRC II, Perkin Elmer). 
� e stable S isotope determination in pyrite 
and dissolved sulfates was performed o� -line 
on a dual inlet and triple collector isotope 
ratio modi� ed mass spectrometer MI-1305 
equipped with modi� ed inlet and detection 
systems on SO2 gas. � e isotope analysis was 
performed at the Mass Spectrometry Labora-
tory, Maria Curie-Skłodowska University in 
Lublin (Poland).

� e principal objective of petrographic 
and mineralogical examinations was to � nd 
mineral phases responsible for geochemistry 
of nearby AMD water bodies. � ese included 
optical microscopy (Leica M205 A and Nikon 
LV 100 Pol), scanning electron microscopy 
combined with energy dispersion spectrom-
etry (SEM-EDS; model LEO 1430, Carl Zeiss 

Jena) and electron microprobe (EMP; model 
Cameca SX-100). � e SEM-EDS and EMP 
studies were performed at the Microanalysis 
Laboratory, Polish Geological Institute-Na-
tional Research Institute in Warsaw. 

Mineralogy and geochemistry of 
bedrock
Most of the Podwiśniówka beds comprise 
enormous amounts of pyrite which is a pre-
dominant sul� de mineral in the study area. 
� e other sul� des (e.g. galena, sphalerite, 
chalcopyrite, chalcocite, tetrahedrite) are ex-
tremely scarce forming tiny endomorphs sev-
eral micrometers across. Pyrite usually occurs 
in the form of microscopic grains and fram-
boids averaging 0.00X–0.X mm in diameter 
(� g. 2A). Most of the Podwiśniówka pyrite 
grains show a zonal microtexture composed 
of alternating As-rich (up to 8.2%) and As-
depleted bands (� g. 2B). Another distinctive 
feature of the Wiśniówka bedrock is a lack 
of e� ective acid-bu� ering gangue and rock-
forming minerals except for low-bu� ering 

Figure 2 Back-scattered SEM images of: (A) pyrite framboid, (B)  alternating bands of As-rich (light gray) 
and As-depleted (gray) pyrite, (C) LREE-rich goyazite crystals (SrHAl3[(PO4)2(OH)6], white) within REE-
depleted goyazite matrix (gray), (D) HREE-rich xenotime pyramidal crystals (YPO4) growing on detrital 
zircon (ZrSiO4).
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clay minerals (illite, smectite, mixed-layered 
illite-smectite, kaolinite/nacrite and subor-
dinate chlorite). Nonetheless, these miner-
als are a source of high contents of Al in the 
waters examined. Both clayey-silty shales and 
subordinate quartzites also contain REE-rich 
aluminophosphate and phosphate miner-
als (� g. 2C, D) that undergo dissolution by 
pyrite oxidation products releasing di� erent 
ions into acid water bodies.

As opposed to Wiśniówka Duża, the 
Podwiśniówka beds are highlighted by dis-
tinctly higher contents of As, Cu, Cr, Ni 
and Co (Table 1). In both sites arsenic pre-
dominates in quartzites/sandstones whereas 
the other elements, especially REE, in clay-
ey-silty shales. It is interesting to compare 
North American Shale Composite (NASC)-
normalized REE contents. Both quartzites 
and clayey-silty shales show an abundance 

of light REE (LREE; La through Eu) over 
heavy REE (HREE; Gd through Lu) which 
is evidenced by the LREE/HREENASC ratio 
of 1.44–1.45 (Wiśniówka Duża) to 1.78–1.80 
(Podwiśniówka) (� g. 3A).

Metal(loid)s and REE in AMD waters
� e pH of Podwiśniówka acid pit lake was sta-
ble varying from 2.4 to 2.6. � e EC was in the 
range of 2862 to 4920 µS/cm whereas concen-
trations of SO4

2– and PO4
3– varied from 2510 

to 6000 mg/L and from 2.37 to 10.0 mg/L. In 
contrast, the Wiśniówka Duża acid pit lake re-
vealed the pH in the range of 3.0 to 3.7, the 
EC 379 to 2172 µS/cm and distinctly lower 
concentrations of SO4

2– (135–1440 mg/L) and 
PO4

3– (<0.01–0.455 mg/L). � e highest pH 
and the lowest EC values and SO4

2–, PO4
3– and 

trace element concentrations were noted in 
March of 2017 during the large in� ux of melt- 

Ta ble 1. Mean values and concentration ranges of selected elements in major rock lithotypes of Podwiśniówka 
and Wiśniówka Duża quarries.

Localization/rocks As Co Cr Cu Ni ∑REE

mg/kg (ppm)

Podwiśniówka quarry1)
Clayey-silty shales

(n = 13)
Quartzites/sandstones

(n = 13)
Wiśniówka Duża 

quarry2)
Clayey-silty shales

(n = 9)
Quartzites/sandstones

(n = 5)

965±853
(128–2888)
2135±2369
(48–6363)

20±9.64
(7–32)

190±297
(3–696)

11.2±8.29
(<1–25)

5.81±8.20
(<1–29)

1±1.21
(<1–4)
1.3±1.2
(<1–3)

139±57.8
(51–286)

40,8±13.2
(23–78)

101.7±15.9
(87–135)

34.2±14.8
(22–59)

128±192
(14–635)

22.1±15.9
(6–66)

18.8±10.5
(7–36)

17.2±7.09
(11–29)

24.2±12.6
(6–53)

13.0±20.2
(1–76)

8.89±2.70
(6–15)

5.60±5.22
(1–14)

291±78
(131–457)
109±58.4

(39.4–265)

203±38.7
(155–271)
94.3±26.6
(61–126)

1 owermost Upper Cambrian lithostratigraphic series 
2middle Upper Cambrian lithostratigraphic series

Figure 3 NASC-normalized mean REE concentration patterns of: (A) Podwiśniówka and Wiśniówka Duża 
clayey-silty shales (Pw-sh, WD-sh) and quartzites (Pw-qtz, WD-qtz) vs. (B) Podwiśniówka (Pw) and 
Wiśniówka Duża (WD) acid pit lakes.
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and rainwaters into these water bodies (� g. 4).
� e Podwiśniówka acid pit lake is also 

highlighted by the presence of REE, whose 
concentrations vary from 0.36 to 0.93 mg/L. 
� ese levels are higher than in the Wiśniówka 
Duża acid pit lake (0.04–0.35 mg/L) presum-
ably due to larger amounts of reactive prod-
ucts of pyrite oxidation that come into con-
tact with REE-rich rocks. It is interesting to 
note that the NASC-normalized REE con-
centrations patterns in these two water bod-
ies show di� erent shapes � e Podwiśniówka 
shale-normalized pro� le is characterized by 
the predominance of medium REE whereas 
that of Wiśniówka Duża shows enrichment in 
heavy REE (� g. 3B).

Sulfur isotope signatures
� e mean δ34S values of Wiśniówka py-
rite are –24.0±3.1‰ (Podwiśniówka) and 
–17.4±7.2‰ (Wiśniówka Duża). � ese dif-
ferences are also re� ected in the δ34S of dis-
solved sulfates amounting to –15.3±1.0‰ 
(Podwiśniówka) and –10.0±1.7‰ (Wiśniówka 
Duża) (Migaszewski et al., 2018a). � ese nega-
tive sulfur isotope signatures are also unusual 
in sedimentary pyrites of the regional Cambri-

an lithostratigraphic section and in dissolved 
sulfates of local springs, streams and rivers, for 
instance in Holy Cross Mountains National 
Park located approx. 15 km east of the study 
area, the δ34S-FeS2 values are positive with a 
mean of 8.7±1.0‰ and 6.2±4.6‰, respectively 
(Michalik, Migaszewski 2012). � e same posi-
tive values have been found in most farmer’s 
wells and unpolluted rivers of the Wiśniówka 
neighboring area. 

Application of geochemical tracers
Di� erent trace element and NASC-nor-
malized REE pro� les of Podwiśniówka 
(As>Cu>Co≈Ni>Cr and roof-shaped MREE) 
and Wiśniówka Duża (Cu and step-shaped 
HREE) were used to localize “hot spots” and 
provenance of exposed or unexposed del-
eterious mine waste material (Migaszewski 
et al. 2016, 2018ab). � ese tracers were also 
applied to: (i) pinpoint unexposed pyrite as-
semblages within faulted zones during min-
ing operations, (ii) identify perched aquifers 
that recharge farmer’s wells (Migaszewski et al. 
2014), and (iii) determine the extent of uncon-
trolled acid spills into streams and rivers. In all 
these cases water samples were collected from 

Figure 4 Concentrations of 
As, Cu, Co, Ni, Cr and REE 
in (A) Podwiśniówka and (B) 
Wiśniówka Duża acid pit lakes 
during 2016-2017.
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pools, streams and wells for determining pH 
and trace element and REE concentrations. 

� e same objectives were achieved us-
ing sulfur isotope signatures despite the fact 
that this method is more expensive and time-
consuming compared to element/REE trac-
ers. However, some uncontrolled spills or 
discharges into streams and rivers give rise 
to an appearance of negative sulfur isotope 
signatures even in the absence of character-
istic yellow-orange coloring (Migaszewski et 
al. 2018a). � is is induced by di� erent behav-
ior of cations and anions in the environment. 
� e former are easily adsorbed by natural col-
loids as opposed to anions. � e negative sul-
fur isotope ratios will enable us to reconstruct 
Wiśniówka Late Cambrian euxenic-anoxic 
paleoenvironment. � is may cast new light 
on the Cambrian history of the Holy Cross 
Mountains inlier located close to the Trans-
European Suture Zone (TESZ) that separates 
the Precambrian East European Craton from 
the Paleozoic Platform of Central Europe.

Conclusions
� e present and previous studies have indi-
cated that geochemistry of Wiśniówka AMD 
waters re� ects di� erent mineralogy and geo-
chemistry of two pyrite mineralization zones 
enhanced by geochemical interactions that 
occur in the rock-water-colloid systems. 
� ese and other features along with negative 
sulfur isotope signatures enabled us to evalu-
ate an impact of AMD waters on the adjacent 
environment, establish the provenance of 
tailings pile material and acid tailings pools, 
and provide information for mining opera-
tions in a tectonically-a� ected area.
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