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Abstract

This report presents an assessment of pyrite weathering on the chemistry of water in the abandoned

Podwisniowka quarry of the Holy Cross Mountains (south-central Poland). This quarry did not operate for

ore minerals, but for quartzites. The area of the pit pond enlarges each year generally as a result of an influx

of spring snowmelt or heavy rainfall. The water examined reveals a very low pH, varying from 2.27 to 3.57

(with geometric mean value of 2.90), and unusual low concentrations of cations and anions, especially total
Fe (2.7-24.0 mg-L") and SO,* (55-285 mg-L"'). With regard to its chemistry, this pond is unique compared
to similar sites in Poland and even throughout the world. The low pH and element concentrations are at-

tributed to the specific mineralogy of ore and gangue minerals, as well as complex bacterially catalyzed

geochemical processes that have encompassed pyrite oxidation and iron oxidation/hydrolysis reactions.

Keywords: host rocks, ore and gangue minerals, pyrite oxidation, acid water chemistry, Podwisniowka

quarry, Holy Cross Mountains, south-central Poland

Introduction

Microbial oxidation of pyrite (FeS,) and iron-bearing
sulfides by oxygenized water generates acidic water, re-
vealing a pH generally in the range of about 2 to 4. The
process of releasing hydrogen ions triggers a chain of reac-
tions that affect associating metal-sulfide and gangue min-
erals. Heavy metals can also be leached from host rocks
that come into contact with sulfuric acid. In general, the
low pH is always accompanied by high concentrations of
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sulfates and heavy metals, varying from hundreds of mil-
ligrams to hundreds of grams per liter. The extremely acidic
water (pH = -3.6), exhibiting simultaneously the highest
sulfate and metal concentrations (about 760 and 200 g-L"!,
respectively), was recorded in the inoperative Richmond
Mine of Iron Mountain, northern California [1-3]. Of the
sulfide minerals, pyrite is ubiquitous, occurring in nearly
all polymetallic mineral deposits and many of the miner-
alized rock formations. The process of pyrite oxidation is
often accentuated and accelerated by human activity, i.e.
mining and construction works. Mine workings, mineral
tailings and ponds, and artificial exposures of rock forma-
tions, containing scattered pyrite and other sulfide miner-
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als, are potential pollution sources. Heavy-metal-bearing
acid mine/rock waters have jeopardized the environment of
many areas throughout the world [e.g. 1-8].

The pyrite can undergo oxidation by two natural oxi-
dants, i.e. oxygen and even more effective ferric (Fe**) iron
[e.g. 2, 9-12], according to simplified reactions such as:

FeS, (pyrite) + 3.50, + H,0 — Fe* + 2SO0, + 2H" (1)

FeS, + 14Fe* + 8H,0 — 15Fe* + 250 + 16H" (2)

These two reactions bring about a considerable de-
crease in pH and an increase in concentrations of ferrous
(Fe?") and sulfate ions in water. The oxidation of pyrite (1)
seems to be initiated by oxygen at pH about 6 because of
the low solubility of ferric (Fe*") iron at about neutral pH
values. As a result of this reaction, the pH considerably de-
creases triggering the subsequent reaction (2), which can
be 2-3 times orders of magnitude faster than the oxidation
with oxygen and gives 8 times more hydrogen ions (but the
same amount of sulfate ions). Fe** is derived from both oxi-
dation of Fe*" and partial dissolution of hematite/goethite,
as indicated by the following theoretical reactions:

Fe* + 1/40, + H'— Fe** + 1/2H,0 3)

Fe O, (hematite) + 6H" — 2Fe’* + 3H,0 4)

The reaction (4) consumes 6 times more hydrogen
ions than the reaction (3), and does not seem to be pre-
dominant. Subsequently, the dissolved Fe*" continues to
hydrolyze and ferric hydroxide precipitates according to
the reaction:

Fe** +3H,0 — Fe(OH),| +3H*  (5)

The reactions described above appear to be more com-
plex. The oxidation of pyrite may occur on the pyrite-grain
surface as a result of oxygen adsorption, and subsequently
through colonization by chemolithotrophic acidophilic oxi-
dizing bacteria, for example, Acidithiobacillus ferrooxidans
or A. thiooxidans. These microorganisms also catalyze all
the stages of pyrite oxidation with oxygen and subsequently
ferric ions as the oxidants [e.g. 13, 14], increasing reaction
rates by several orders of magnitude [15].

There are a variety of options for the prevention and
remediation of acid-rock drainage. The main preventative
and remedial measures encompass: no action, isolation of
pyrite and iron-bearing sulfide outcrops or wastes from
atmospheric oxygen and oxygenated waters (air sealing,
partial or complete capping of the pyrite zone or dumps to
preventinfiltration, surface-water diversion, ground-water
interception, mine plugging), application of bactericides
to sulfide-generating mine waters, lime neutralization, on-
site leaching and solution extraction, or combined alterna-
tives [e.g. 2, 14, 16-19].

One of the most interesting examples of the influence
of mining activity on the environment is an acidic wa-
ter pond located in the abandoned Podwisniowka quarry
(Fig. 1). It quarried only for quartzites and quartzitic
sandstones. Exploratory works conducted two decades
ago exposed a pyrite zone that quickly became a natural
pollution source to open pit water, soil and biota. Acidic
mine waters from some areas of Poland, i.e. the Sudetes
and the Upper Silesia Coal Basin, have also been ana-
lyzed for pH and heavy metals [e.g. 20, 21]. However,
none of these studies have recorded such a low pH and
simultaneously low concentrations of sulfates, iron and
other heavy metals. In general, the concentrations of sul-
fates and iron in acid mine waters are several to about ten
times lower compared to those from Poland and many
localities worldwide.

This report presents the results of pH and element de-
terminations of this water, as well as chemical analyses
of water sediment, pyrite, clayey shale and bentonite (al-
tered tuff with prevailing clay minerals) performed during
March 2004 through June 2006. The scope of this prelimi-
nary study also encompassed X-ray diffraction and SEM
(combined with EDS system) examinations on some of
the solid samples mentioned above. The principal objec-
tive was to explain the surprisingly low pH and element
concentrations in the water examined. Based on the results
derived from chemical determinations, the saturation in-
dices for identified minerals were calculated using PHRE-
EQC program for Windows [22, 23]. The results obtained
in this study will serve as a reference level for comparison
with future monitoring activities in the neighboring areas
intended to record fluctuations in the distribution pattern
of pH and elements.

Materials and Methods
Study Area Location and Characterization

The abandoned Podwisnidwka quarry is located in the
westernmost part of the Main Range of the Holy Cross
Mountains. This is part of a larger mining area com-
posed of three separated quarries: the central operative
(Wisniowka Duza), and the western (Wisniowka Mata)
and eastern (Podwisniowka) inoperative, occupying an
area of several square kilometers (Fig. 1). These quar-
ries do not quarry for ore minerals. Only quartzites and
quartzitic sandstones have been quarried for manufactur-
ing road aggregates and refractories. The geologic setting
of this area is highly complex; all three quarries are locat-
ed within a frontal folded, faulted and sliced zone of the
Lysogory Thrust composed of Middle and Upper Cam-
brian quartzites and quartzitic sandstones with numerous
quartzitic siltstone, clayey shale, and subordinate tuff and
bentonite interbeds [e.g. 24-27]. The Podwisniowka quar-
ry takes up an area of about 300300 m.

On the western wall three rock series (tectonic slices)
are exposed (Fig. 2A). In southern part of this section,
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Fig. 1. Localization of the Podwisniowka quarry with sampling points.

light gray fine-bedded quartzites with numerous tuff and
bentonite interbeds crop out. These rocks do not contain
scattered or veined pyrite, goethite and hematite. The
towering central part of the section consists of gray me-
dium-bedded quartzites with subordinate carbonaceous
clayey shale interbeds reaching 1.5 m in thickness (Fig.
2B). These quartzites contain chlorite and goethite efflo-
rescences on joint and fracture planes. In addition, some
of these quartzites are densely cut by pyrite-quartz vein-
lets, locally passing into tectonic breccias composed of
quartzite fragments cemented by fine-grained quartz and
micro- to fine-grained pyrite (Fig. 2C and D). The big-
gest pyrite grains (reaching 0.5 mm in diameter) disclose
a distinctive bronze tint, which is indicative of arsenic
isomorphic admixtures [28]. In places, pyrite-quartz
veinlets are covered with pale green grape-like variscite
Al[PO,]-2H,0. At least some of the carbonaceous clayey
shales also contain scattered pyrite grains and secondary
goethite accumulations. The pyrite weathers rapidly and
the mud-like oxidation products with associating gangue
minerals are washed away by rainwater or meltwater into
the pit. These two rock series dip northward at different
angles (Fig. 2A and B). In contrast, the third (northern) part
of this section consists of light gray to white nonbedded
quartzites densely cut by quartz veins, locally passing into
quartzitic-quartz breccias. The quartz veins are associated
with hematite and goethite accumulations. These iron
minerals impart rusty color to this tectonically disturbed
and hydrothermally metamorphosed quartzite series. No
significant pyrite accumulations have been recorded here.

These three series, i.e. tuff-bearing, pyrite-quartz, and he-
matite/goethite, extend eastward through the pit floor to
the opposite low-lying wall. No detailed studies of pyrite
and hematite/goethite mineralization have been conduct-
ed so far. Due to the strong tectonic deformations, it is not
possible to detect a relationship between these two types
of ore mineralizations.

The bottom of the open pit is partly filled in by a wa-
ter pond whose surface varies depending on precipitation.
During the spring snowmelt most of the pit is filled in
by water, reaching at least 150x80 m in area and 1.5 m
in depth. On the verge of the eastern wall, about 10 m
above the pit floor, there is a small pond of 15%5 m in
area, which can serve as a reference level to pit pond wa-
ter chemistry. This small pond is located outside the pyrite
zone within the tuff-bearing series, and its chemistry is
influenced primarily by precipitation.

Fieldwork and Sampling

Fieldwork was performed from March of 2004 through
June of 2006. Except for geologic investigations, this in-
cluded direct measurements of pH, conductivity (EC),
redox potential (Eh) and temperature of water, using a
pH-meter CP-103, an EC-meter CC-101, and a pH/Eh-
meter CP-401 Elmetron, Poland. In addition, alkalinity
and concentrations of Fe*", Fe (total) and sulfates were
determined using a field spectrophotometer LF-205 Slan-
di, Poland. Fe*" was computed as the difference between
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Fe-oxides

Fig. 2. (A) A view of the western wall of the Podwisniowka quarry with a quartzite-carbonaceous clayey shale series containing quartz-

pyrite mineralization (central photo side), a quartzite series with numerous tuff and bentonite interbeds in southern part (left photo side)

and a tectonically brecciated quartzite series with hematite/goethite efflorescences on joint and fracture planes in northern part (right
photo side). (B) A close-up of the central part. (C) (D) Quartz and pyrite veinlets cutting quartzite.

Fe (total) and Fe*". In all, 4 water and 2 sediment sam-
ples for complete chemical analyses were collected twice
(May 25 and September 26 of 2004). One control water
sample was also collected from the small pond. The water
samples were collected prior to the sediment ones. Wa-
ter samples for cation determinations were filtered with
a 0.2 pm filter. Sediment samples (weighing 100 g each)
were collected in the western part of the pond close to
the towering wall. Each individual sediment sample con-
sisted of several to tens of in-situ sieved subsamples. The
fraction which passed a 0.15-mm sieve was retained for
chemical analysis [29]. The water samples were placed in
plastic bottles and adequately preserved, while the sedi-
ment samples were placed in dark glass jars and chilled
to about 0°C.

In addition, 4 duplicate pyrite, clayey shale, bentonite
and soil samples of about 50-500 g were collected and
preserved in plastic bags (for location of sampling points
see Fig. 1). During sample collection and preparation,
procedures were followed to minimize the possibility of
contamination.

Sample Preparation and Analysis

After drying at ambient temperature (about 16°C), the
sediment, clayey shale, bentonite and pyrite samples were
disaggregated to pass a <0.063 mm sieve using a Fritsch’s
blender. The powdered samples were then pelleted with
wax (6 g sample and 1.5 g Merck wax).

The chemical analyses were performed according to
methods and techniques used for geologic and environ-
mental samples in the Central Chemical Laboratory of the
Polish Geological Institute in Warsaw. Four samples were
randomly selected for routine replicate analyses, and in-
ternational standards, i.e. SRM 1643¢; TMDA-54.3 (wa-
ter), Lake Sediment LKSD-3, Stream Sediment STSD-1,
Riverclay 921, were inserted accordingly.

The consecutive steps in the complete chemical analy-
ses followed:

Water:

(1) Unfiltered water samples were analyzed for anions us-
ing a high-performance liquid chromatograph (Waters

HPLC Ion Chrom) with a conductometric detector (Br,
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Fig. 3. Micrographs. (A) Pyrite aggregates in fine-grained quartz. Transmitted light, one nicol. (B) Pyrite grains in medium-grained

quartz. Transmitted light, crossed nicols. (C) (D) Pyrite aggregates in quartz. Reflected light, one nicol.

CI, F, HPO,*, SO,*) and a UV detector (NO_, NO,).
NH," was determined using a spectrophotometer-UV-
vis (Varian — model Cary-le). Besides, HCO,” was
determined with a spectrophotometer LF-205 Slandi,

Poland, whereas COD (chemical oxygen demand) us-

ing a spectrophotometer SPF Pastel UV Secomam.
(2) Filtered water samples were analyzed for 21 elements

(Al, As, Ba, Ca, Cd, Co, Cr, Cu, Fe, K, Mg, Mn, Mo,

Na, Ni, Pb, Si, Sr, Ti, V, Zn) using inductively coupled

plasma-optical emission spectrometry (ICP-OES;

multichannel spectrometer Jobin-Yvon — model PAN-

ORAMA with horizontal plasma). The total organic

carbon (TOC) content of water was estimated using a

spectrophotometer SPF Pastel UV Secomam.

Sediment, minerals, rocks:

For the purpose of this study the solid samples
were analyzed for 22 elements (detection limits in
parentheses), i.e. Al (50 mgkg!), As (3 mgkg'),
Ba (10 mgkg!'), Ca (50 mgkg'), Cd (3 mgkg?),
Co (3 mgkg!), Cr (3 mgkg!), Cu (5 mgkg'), Fe
(100 mgkg"), K (50 mgkg!), Mg (100 mg-kg!), Mn
(10 mgkg'), Mo (2 mgkg'), Na (100 mgkg'), Ni
(5 mg'kg!), Pb (3 mgkg!), S (50 mgkg!), Si (100

mg-kg?), Sr (2 mg-kg?), Ti (10 mg-kg?), V (5 mgkg?)
and Zn (2 mg-kg™'), using X-ray fluorescence spectrom-
etry (XRF; spectrometer Philips PW 2400).

In addition, identification of mineral phases in pyrite,
shale, soil and sediment samples was done with X-ray dif-
fraction (XRD; diffractometer Philips X’Pert PW 3020)
using K-o and K-B wavelengths 1.54056 and 1.38222 A.
The XRD determinations were performed in the Central
Chemical Laboratory of the Polish Geological Institute in
Warsaw.

Ore and gangue minerals were examined petrographi-
cally using a polarized microscope Axilolab Carl Zeiss.
The pyrite and ferric oxides and hydroxides were studied
with a LEO 1430 (signal A = SE1, and BEI, magn. = 91—
4240%, EHT = 15.00 kV, WD = 21 mm) [Scanning Elec-
tron Microscopy (SEM) combined with EDS system] at the
Electron Microscopy Laboratory of the Polish Geological
Institute in Warsaw. Semi-quantitative chemical analyses
of selected minerals were done with an EDS ISIS Detec-
tor (Oxford Instruments Ltd.). International standards, i.e.
30. Pyrite and 19. Skutterudite (SPI Standards 53 Miner-
als 02753-AB. West Chester, PA 19381-0656 USA), were
used to lower the detection limit of As to 0.5%.
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In addition, the saturation indices (SI) were cal-
culated for identified minerals using the PHREEQC
program for Windows [22, 23]. The saturation index is
defined as: SI = log (IAP/KSP), where IAP is ion activ-
ity product and K, is the solubility product for a given
temperature. This means that when IAP = K, then SI
= 0 and water is at thermodynamic equilibrium with
respect to the mineral. When SI > 0, water is super-
saturated with respect to the mineral and this mineral
should precipitate. In contrast, if SI < 0, water is un-
dersaturated with respect to the mineral, this mineral
should dissolve.

Results

The results of field measurements of acidic pit water
during March of 2004 through June of 2006 (including pH,
EC, temperature, Eh, and concentrations of SO,*, Fe*" and
Fe’") are presented in Table 1. The lowest pH (2.27, geo-
metric mean 2.52) was recorded in March of 2005, whereas
the highest one (3.57, mean 3.49) in May of 2006. The geo-
metric mean pH value of the examined water for the whole
study period was 2.90 (n = 76). The pH dropped after thaw-
ing of thick snowpack loaded with pyrite oxidation prod-
ucts in April and May of 2004, March of 2005 and April of

Table 1. Geometric mean values of pH, conductivity (EC), redox potential (Eh), temperature (T) and concentrations of SO,*, Fe** and
Fe' in the acidic pit pond water derived from field measurements.

Date of sampling pH EC i Eh OT 507 Fe Fer
uS-cm! mV C mgL"!

March 25, 2004 (n=15) 2.92 595 - 9.2 146 - -
April 14,2004 (n = 6) 2.71 585 - 14.0 - - -
May 25, 2004 (n = 4) 2.61 597 - 16.7 - 4.5% 1.6%
June 24,2004 (n=3) 3.06 671 485 24.2 157* 4.0% 2.0%
July 30, 2004 (n = 2) 3.26 601 - 23.7 - - -

August 31,2004 (n = 2) 3.01 809 - 19.5 187 3.0 1.6

September 26, 2004 (n = 2) 3.13 630 - 16.0 285% 4.5% 8.5%

November 15, 2004 (n = 3) 2.58 598 - 3.2 - - -

December 4, 5, 2004 (n=5) 2.80 426 - 2.8 195% 12.5% 3.0*
January 15, 2005 (n = 3) 2.92 702 - 2.4 230* 11.0* 13.0%*

March 26, 2005 (n = 5) 2.52 341 - 9.9 - - -

April 7, 2005 (n=3) 291 495 - 13.8 163 7.5 7.3
May 7, 2005 (n=3) 3.06 484 - 14.5 93 2.9 6.2
June 4, 2005 (n=3) 3.25 612 - 233 97 2.6 32
July 8, 2005 (n=3) 3.18 680 - 28.5 114 2.0 1.3

August 5, 2005 (n=3) 2.86 814 - 18.7 105 1.9 1.6

September 9, 2005 (n = 3) 2.83 863 - 24.8 119 2.8 0.4%*
October 6, 2005 (n = 3) 2.99 747 - 18.8 156 2.4 0.9
Novemberl14, 2005 (n = 3) 2.83 827 - 5.6 166 1.4 2.6
December 7, 2005 (n = 3) 2.87 526 - 8.7 169 1.9 0.0
April 1, 2006 (n=3) 2.81 345 - 8.3 55 33 0.6
May 6, 2006 (n = 3) 3.49 895 - 18.8 152 23 12.1
June 12,2006 (n = 3) 3.28 1018 - 23.8 143 4.5 4.6
2.90 616 - 11.9 131 3.0 2.6

Mo n=76 n="72 n=3 n=66 n=43 n=43 n=43

NOTE: *Determinations made on 1 sample only; Fe** computed as the difference between Fe (total) and Fe?*; uncertainty at 0.05 prob-
ability level is about 3% for pH, 5% for EC and Eh, and 10% for the remaining species.
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Table 2. Geometric mean values of pH, conductivity (EC) and temper-
ature (T) in the small pond water derived from field measurements.

Date of sampling pH uS]?ch'l o]é

April 14, 2004 5.87 25 -
May 25, 2004 5.74 20 15.0
June 24, 2004 5.88 15 245
July 30, 2004 5.96 20 235
August 31, 2004 5.62 37 19.0
September 26, 2004 5.70 25 14.0
November 15, 2004 5.66 28 3.5
December 4, 5, 2004 5.39 27 1.0
January 15, 2005 5.42 36 2.0
March 26, 2005 5.03 23 3.0
June 4, 2005 6.06 25 24.5
July 8, 2005 6.19 11 26.5
August 5, 2005 4.84 21 18.0
September 9, 2005 5.68 12 21.0
June 4, 2005 4.87 31 9.0
June 12, 2006 6.26 21 22.0
5.65 22 10.6

MG
n=16 n=16 n=15

2006. In addition, the lower pH was also recorded in No-
vember of 2004 after a drought that considerably decreased
a pit pond area. The highest pH values were recorded in
July of 2004, June of 2005 and May of 2006. In contrast,
the pH of small pond water varied from 4.84 to 6.26 with
geometric mean of 5.65 (Table 2).

The conductivity of acidic pit water varied from 291
(mean 345) puS-cm in April of 2006 through 1102 (mean
1018) uS-cm™in June of 2006, with geometric mean value
of 616 uS-cm™! (n =72). In contrast, the EC of small pond
water varied from 11 in July of 2005 to 37 uS-cm™ in Au-
gust of 2004 with geometric mean value of 22 uS-cm!
(n =16) (Table 2).

The concentration of SO,* in the acidic pit water was
in the range of 55 mg-L"! (April of 2006) to 285 mg-L"!
(September of 2004), with geometric mean value of 131
mg-L! (n=43) (Tables 1 and 3). Alkalinity of this water
never exceeded 0.1 mg-L"' CaCO.,. In contrast, the small
pond water showed only trace levels of SO,* (4 mg-L")
and low alkalinity (3.5 mg:-L"' CaCO,). The remaining
anions occurred in the acidic pit water either in trace
amounts (CI, F;, NH,*, NO,) or below detection limits
for a given analytical method (Br, NO,, HCO,, HPO*)
(Table 3).

The redox potential (477-489 mV) indicates some-
what oxygenized conditions in the acidic pit water ex-
amined. This value was slightly higher than in the small
pond water (329 mV). Compared to the small pond water,
the acidic pit water showed much higher concentrations
of cations, especially Al, Ca, As, Co, Cr, Cu, Fe, Mn, Ni

Table 3. Alkalinity and concentrations of ions in the pit pond and small pond waters of the Podwisniowka quarry.

No. | Sampling points | Date of sampling mgg?hcrggq cob | Heo, | Toc | Clmg|,L.1F | NH | NO, | 50/
1. Pit pond (1) May 25, 2004 <0.1 123 | <0.1 5.2 1.42 | 020 | 037 | 1.83 149
2 Pit pond (2) May 25, 2004 <0.1 12.1 | <0.1 5.0 1.56 | 0.16 | 037 | 1.81 149
3 Pit pond (3) May 25, 2004 <0.1 12.1 <0.1 5.1 1.70 0.32 0.37 1.84 151
4. Pit pond (3) Sept. 26, 2004 <0.1 28.8 | <0.1 11.1 1.73 | <0.10 | 1.39 | 1.15 | 243
5 Small pond (4) May 25, 2004 3.5 20.2 43 7.7 0.93 | <0.10 | 0.06 | 0.07 4

NOTE: COD - chemical oxygen demand; Br — <0.10 mg:L"!, NO,  — <0.01 mg-L"', HPO,> — <1.00 mg-L"'. Uncertainty at 0.05 prob-
ability level is about 11% for TOC, and 10% for the remaining species. For location of sampling points (in parentheses) see Fig. 1

Al | As | Ba | Ca | Cd | Co | Cr | Cu | Fe | K | Mg | Mn | Na | Ni |SiO2 Sr | Ti | Zn
No. el
1. [4990| 20 | 20 |14000| 1 45 14 | 152 | 6260 | 1300 | 2000 | 286 | 1300 | 50 |[4600| 51 <2 | 82
2. 14940 20 | 20 |13900| 1 45 14 | 150 | 6270 | 1300 | 2000 | 289 | 1300 | 50 |[4600| 51 <2 | 83
3.14930| 20 21 | 14000| 1 45 14 150 | 6330 | 1500 | 2000 | 293 | 1300 | 51 |[4500| 53 <2 86
4. 19170 | 60 16 (22800 2 68 | 31 | 210 [ 117502900 | 3500 | 471 |2300| 76 |7400| 79 2 173
5.0 100 | <10 | 9 |2100| <I | <2 | <3 | <2 |2600 1700 | 600 | 40 [<500| <5 | 600 | 12 6 29

NOTE: Symbol < means below detection limit for a given element; Mo — <3 pg-L', Pb — <10 pg-L"!, V— <2 ug-L". Uncertainty at 0.05
probability level is about 10%.
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Table 4. Concentrations of selected elements in water sediment, pyrite, clayey shale, bentonite, soil (above tuff/bentonite zone).

Medium ALO, | G0 | Fe0, | KO | Mgo | Moo | Nao | s | sio, | Tio,
(sampling point) %

Sediment (3)" 19.18 0.02 3.96 3.80 0.66 0.006 0.22 0.338 56.48 1.065
Sediment (3)” 20.87 0.04 6.88 4.27 0.72 0.007 0.36 0.711 59.05 1.163
Pyrite (5) 0.88 0.19 - 0.08 <0.01 0.003 <0.01 - 17.03 0.060
Shale (6) 12.35 0.04 5.36 2.71 0.33 0.008 0.16 2.352 35.10 1.304
Bentonite (7) 24.90 0.19 1.04 5.31 0.97 0.006 0.16 0.044 56.06 1.123
Soil (8) 11.32 0.16 2.67 2.04 0.59 0.022 0.66 <0.010 67.64 0.749

NOTE: For location of sampling points (in parentheses) see Fig. 1. Uncertainty at 0.05 probability level is 10%. *Sampled on May 25,

2004, **sampled on September 26, 2004

Medium As | Ba | Cd | Co | Cr | Cu | Mo | Ni | Pb | Sr | v | Zn
(sampling point) mgkg!

Sediment (3)" 1067 877 5 <5 84 44 8 6 39 157 114 19
Sediment (3)” 1138 | 1044 <3 7 104 50 7 7 44 202 133 23
Pyrite (5) 9666 13 19 31 <3 123 4 186 26 24 10 16
Shale (6) 1484 428 <3 28 57 34 13 27 71 201 74 18
Bentonite (7) 13 409 <3 <3 132 12 5 11 11 147 130 18
Soil (8) 171 397 7 13 43 23 6 9 24 78 53 32

Symbol < means below detection limit for a given element. Uncertainty at 0.05 probability level is 10%

(Table 3). The mean geometric concentrations of Fe?" and
Fe’* were 3.0 and 2.6 mg-L"! (n = 43), respectively. The
concentrations of Fe*" varied from 1.1 mg-L"! in Decem-
ber of 2005 to 12.5 mg-L! in December of 2004, whereas
of Fe** from 0 mg-L! in December of 2005 to 13.0 mg-L"!
in January of 2005 (mean values are presented in Table 1).
The highest level of total Fe (24.0 mg-L!) was recorded in
January of 2005.

It should be stressed that at end July of 2004 at the
foot of the western wall several separated pink to dark-
red puddles were noted. They quickly disappeared after
a heavy rainfall. The pH of these puddles varied from
2.10 to 2.23, whereas conductivity was in the range of
1108-1347uS-cm!. There was a relationship between the
pH and water color; the dark-red puddle revealed the low-
est pH value (possibly as a result of the action of bacte-
ria). Strangely enough, these puddles were inhabited by
organisms resembling Tubifex worms. However, the most
acidic dark-red puddles appeared at the same site on De-
cember 4 and 5, 2004. Their pH varied from 1.52 to 1.60,
and conductivity from 10.07 to 14.30 mS-cm™'. Moreover,
these puddles contained distinctly raised concentrations
of SO* (7.75 g'L') and Fe total (1.26 g-L"), including
Fe?* (0.98 g'L).

The chemical composition of pyrite, sediment and car-
bonaceous clayey shales is highlighted by an increased

amount of arsenic, reaching 0.97%, 0.15% and 0.11%,
respectively (Table 4). The high concentrations of arsenic
(up to 6.5%) in some parts of pyrite grains were also re-
corded by an EDS ISIS Detector (Fig. 4D). Moreover, the
pyrite examined is enriched in Co (31 mgkg™), Cu (123
mg-kg') and Ni (186 mg-kg'). The presence of these three
elements was also confirmed by an EDS ISIS Detector.
The X-ray diffraction and SEM/EDS determinations
indicate that pyrite is the only primary sulfide mineral
present here; marcasite occurs in trace amounts as a sec-
ondary mineral in some of the goethite accumulations.
The pyrite consists of an-, sub- and euhedral (cubic) grains
commonly varying from 0.0X to 0.2 mm in diameter (Fig.
3A — D). The SEM images show distribution of arsenic
in a pyrite groundmass (Fig. 4A — D). The arsenic-rich
pyrite forms veinlets cutting arsenic-depleted pyrite ag-
gregates, or more commonly alternating bands at the py-
rite grain edges. The spatial distribution of As and Cu in
pyrite grains is depicted in Figs. 4E and F. This indicates a
periodic change in chemical composition of fluids during
hydrothermal activity. Most of the pyrite accumulations
are accompanied by fine- and medium-grained quartz and
scarce clay minerals (kaolinite). Some of the fissures in
pyrite grains are filled in by secondary quartz. Accessory
minerals are represented by zircon ZrSiO,, and probably
xenotime Y[PO,] (Figs. SA and B), as well as by rutile
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Fig. 4. SEM images. (A) Light gray As-rich pyrite forming veinlets and alternating bands with darker As-depleted pyrite. (B) Microbrec-

cia composed of As-depleted pyrite grains coated with banded As-rich pyrite. Various shades of color reflect variations in the As content.
(C) (D) As-rich pyrite bands in a coarser-grained As-depleted pyrite aggregate. Microanalysis for point 3: As — 6.5%, Co, Cu and Ni in
trace amounts, and for point 4: As — 2.0%, Cu and Ni in trace amounts. (E) (F) EDS elemental maps for As and Cu in sample (D). The
spatial distribution pattern of As coincides with light gray As-rich pyrite bands. In contrast, Cu is evenly distributed in pyrite grains.

TiO,. Most of the zircon grains show a zonal microstruc-
ture (Fig. 5B).

Hematite grains cemented by goethite occur in the
quartzite of the northern part of the section, which is also
highlighted by lack of any significant pyrite accumula-
tions (Fig. 5C). In contrast, the goethite of the central
section forms geode-like accumulations (Fig. SD). These
accumulations are a product of pyrite weathering. It is

interesting to note that goethite also contains As and Ni
(Fig. 5E and F). The SEM images coupled with BEI tech-
nique did not record any sulfide mineral inclusions (larger
than 3 nm in diameter) in the pyrite groundmass. Lack of
As-minerals and zonal distribution of As (Figs. 4E and
5E) may indicate that arsenic replaces both sulfur and iron
in FeS,, not only sulfur as indicated by Kolker and Nor-
dstrom [30].
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Except for arsenic, the water sediment and carbo-
naceous clayey shales are highlighted by an increased
amount of Al, Ba, Cr, Fe, Si, Ti and V. The bentonite and
related soil show high concentrations of Al, Cr, Si, Ti and
V; the former reveals only trace amounts of As (Table
4). The mineral composition of water sediment, shale,
bentonite and soil does not markedly differ: quartz, clay
minerals (kaolinite, illite), muscovite are prevalent while
feldspar (in bentonite) and alunite (in soil) are scarce; no
barite was noted in the media examined.

The saturation indices show that goethite and hema-
tite tend to precipitate from solution to sediments (high SI
values), while quartz (SI=-0.17 to 0.05) generally remain
in a state of equilibrium. The other selected minerals, es-
pecially chlorite, would dissolve due to the negative SI
values (Table 5).

Discussion

There are dozens of major geogenic and/or anthro-
pogenic sources that can account for pollution of natural
waters. One of the most important pollution sources is the
oxidation of pyrite, causing acidity and triggering remobi-
lization of heavy metals [e.g. 28, 31]. Acid precipitation is
another common cause of low pH in some natural waters
of vast areas, affecting aqueous organisms [e.g. 32]. How-
ever, this is not the case in the study area, as evidenced by
the chemistry of a small pond from the pit verge. This water

reveals higher pH similar to that of unpolluted rainwater,
very low conductivity and concentrations of ions, espe-
cially SO,*. The pH is controlled by a variable amount of
dissolved atmospheric and biogenic CO,, and humic and
fulvic acids produced through decay of aquatic plants.

In contrast, the pit pond water shows a lower pH, and
higher conductivity and concentrations of ions, especially
metals and sulfate (table 3). Seasonal variations in the pH
of the acidic pit water may be linked to different physi-
cochemical and biological factors, i.e. dilution, evapora-
tion, reduction of sulfate, oxidation of Fe*", hydrolysis of
Fe,(SO,),, water and air temperatures, variable bacterial
activity, combined with flushing effects resulting from oc-
casional influx of highly acidic water from the exposed
pyritiferous zone.

The comparative chemical and mineralogical deter-
minations performed on different media indicate that the
weathering of pyrite is a principal source of most heavy
metals (As, Cd, Co, Cr, Cu, Fe, Ni, Zn) and sulfate in
water. The remaining cations (Al, Ca, K, Na, Si, Sr, V)
have been derived from primary and secondary alumino-
silicates making up clayey shales and pyroclastic rocks.
Mn appears to be associated with clayey shales, and py-
roclastic rocks.

Due to its large surface area available for attack by
weathering agents, micro- and fine-grained pyrite tends to
oxidize much more rapidly than its coarser equivalents. In
the study area, white-to-pale green coatings (melanterite
and other related species) and dark-gray pyritiferous mud

Table 5. Saturation indices for identified minerals calculated with PHREEQC program for Windows [22].

Water sampling points (sampling date)
Phase 1 (May 2004) 2 (May 2004) 3 (May 2004) 3 (Sept. 2004)

Alunite -4.93 -4.99 -4.93 -4.33
Ca-montmorillonite -12.37 -12.44 -12.47 -11.85
Chalcedony -0.56 -0.56 -0.57 -0.36
Fe(OH),(amorphous) -1.89 -1.94 -1.89 -1.57
Chlorite (14A) -63.98 -64.14 -64.07 -63.47
Goethite 4.00 3.95 4.00 432
Hematite 10.00 9.91 10.00 10.64
Illite -16.79 -16.87 -16.85 -16.15
K-feldspar -11.66 -11.70 -11.65 -10.89
K-mica -13.56 -13.65 -13.60 -13.00
Kaolinite -6.96 -7.01 -7.03 -6.75
Melanterite -5.10 -5.09 -5.09 -4.98

Quartz -0.16 -0.16 -0.17 0.05
SiO,(amorphous) -1.40 -1.40 -1.41 -1.20

NOTE: Saturation indices for samples 1 and 3 were calculated on the assumption that 70% of total Fe was in 2+ oxidation state. For

location of sampling points see Fig. 1
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Fig. 5. (A) Pyrite aggregate with 4 sub- and euhedral zircon grains showing a zonal microstructure; the second to the right zircon grain

exhibits a light gray rim of inferred xenotime (Xe). (B) The right zircon grain shows a zonal microstructure. (C) Microbreccia composed

of hematite and quartz grains cemented by goethite. Scarce is kaolinite. (D) Alternating bands of goethite reflecting progressive growth
toward the void. (E) (F) EDS elemental maps for As and Ni in sample (D). The spatial distribution pattern of this elements coincides

with alternating bands of goethite.

covering surfaces of pyrite-quartz veinlets are often ob-
served. Moreover, the investigations of pyrite and marcasite
from different metal ore deposits indicate that arsenic-rich
varieties weather (even without liquid water, merely from
the reaction with water vapor in the air) more easily than
their arsenic-free equivalents [33]. Another factor that may
influence this process is the specific texture of the pyrite
accumulations, i.e. the presence of alternating bands and

veinlets of the As-rich pyrite within the As-depleted pyrite.
The concentrations of remaining trace elements, e.g. Ni,
Cu, Co, Pb, Cd, in the pyrite examined are too low to play
an important role in weathering of this mineral [33].

The reaction (5) (see Introduction section) produces
a considerable amount of hydrogen ions, and seems to
play a decisive role in developing additional acidity of
water. A decrease in the pH to about 2.5-3.0 makes im-
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possible further direct precipitation of Al, As, Co, Cr, Cu,
Ni, Zn. However, these elements seem to be adsorbed by
precipitated hydrous ferric oxides and hydroxides (and
to a lesser extent by organic substance and clay miner-
als), which may be evidenced by distinctly raised con-
centrations of Fe (from 3.96% in May of 2004 to 6.88%
in September of 2004), As (from 1067 to 1138 mg kg™),
Ba (from 877 to 1044 mg kg') and other trace metals in
the sediment. An increase in the mean pH (from 2.61 to
3.13) and Fe** levels (from 1.6 to 8.5 mg-L") may have
provided conditions for coprecipitation and adsorption
of these elements that had been dissolved in the acidic
pit water [34]. Because hematite and goethite are also
reportedly effective for arsenic adsorption [35], which
is why hydrous ferric oxides and hydroxides can also
play an important role in controlling the extremely low
concentrations of heavy metals in the examined water.
Moreover, the high sulfate/iron ratio (from 10 to 89),
exceeding the theoretical ratio for pyrite (2), indicates
iron deficiency in the water and precipitation according
to oxidation-hydrolysis reactions (3, 5).

The field chemical determinations revealed variable
concentrations of two iron species, i.e. Fe*" and Fe*', in the
pit water (Table 1). A mixture of ferrous and ferric ions in
the water indicated bacterially induced oxidation, given
that abiotic oxidation of Fe?* to Fe’* was strongly inhibited
at pH <4, the dissolved iron remained in the ferrous state
[36, 37]. The raised chemical oxygen demand (from 12.1 to
28.8 ug'L!') may have been caused by a higher concentra-
tion of organic matter (Table 3). Ferrous iron concentra-
tions were higher on sunny days, which may indicate that
the amount of dissolved ferric iron and colloidal hydrous
ferric oxides and hydroxides is reduced by solar radiation;
however, it should be emphasized that the same effect may
result from decreased activity of iron-oxidizing bacteria
[e.g. 38-40]. The theoretical concentration of SO,* (mostly
in the form of H,SO,), averaging 131mg-L", is sufficient to
keep the low acidity recorded in the water examined.

The extremely acidic and iron- and sulfate-rich pud-
dles, which form near the central part of the western wall,
indicate the direct source and pathway of acidic water.
These puddles are washed away during heavy rainfalls
mixing with the pit pond water. As a result of these in-
flows, the pH of the pit pond water decreases.

The uniqueness of this acidic pit water is highlighted
by comparing its chemistry with that of surface waters
from other localities of Poland (Sudetes, Upper Sile-
sia) and worldwide (Tables 6 and 7). Except for three
gravel pits from Kiiminki (Finland), which show higher
pH, lower contents of Fe and SO,* (Table 7) and raised
concentrations of Cd (1.54-5.29 ug-L!'), Mn (700-800
pug-L), Ni (100-230 ug'L') and Pb (120-170 pgL")
[41], no other sites reveal simultaneously such low pH,
conductivity, and concentrations of sulfates and metals.
This quality is especially highlighted when comparing the
results of a field study performed in September 2004 in
the Podwisniowka locality and the “Purple Lake” in the
Sudetes (Table 6). Acid mine waters of different locali-
ties worldwide are characterized by low pH, high metal
(including iron and aluminum) and sulfate concentrations
[2]. The water examined reflects only one of these param-
eters, i.e. pH. Both the low pH and low levels of sulfates
and heavy metals in the Podwisniowka pit pond water can
be explained by the following combined factors: (i) pres-
ence of easily weathering micro- and fine-grained pyrite,
(i1) occurrence of arsenic-rich pyrite in form of alternat-
ing bands and veinlets within arsenic-depleted pyrite, (iii)
lack of other metal-supplying sulfides, (iv) lack of buffer-
ing gangue minerals and parent rocks (not acid-generating
or acid-consuming), (v) bacterially induced decomposi-
tion of sulfate, and (vi) hydrolysis of dissolved Fe (SO,),
and precipitation of colloidal hydrous ferric oxides and
hydroxides that are highlighted by efficient adsorption of
many elements.

Conclusions

The following conclusions can be drawn from the data
obtained:

1. The Podwisniowka pit water is characterized by the
distinctly low pH and low concentrations of sulfates
and heavy metals compared to other acidic mine/rock
waters from Poland, other European countries, and
the U.S.A. These two combined parameters make the
chemistry of this water unique.

2. The principal sulfide mineral is pyrite; marcasite oc-
curs only in trace amounts. No sulfide inclusions larger

Table 6. Concentrations of SO, and selected elements in the waters of the Podwisniéwka pit pond (Holy Cross Mountains) and “Purple

Lake” with a tributary stream (Sudetes Mts, Poland).

SO > Al | As | Cd | Cr | Cu | Fe | Mg | Mn | Ni | Zn
Locality me i'l
' ngL!
Podwisniowka* 150 4950 20 1 14 151 6250 2000 289 50 84
“Purple Lake™ 1486 | 44760 <12 4 70 1307 | 146700 | 89910 1527 201 277
Tributary stream' 474 11750 <12 2 <4 221 19080 | 29260 1169 71 101

NOTE: Pb — <10 mg-L!" *Geometric mean concentrations of 3 samples collected on May 25, 2004; '[20]
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Table 7. Comparison of pH, conductivity and concentrations of SO, and Fe of surface waters from the Podwisniéwka pit pond and

selected areas of Europe and U.S.A.

Location pH EC . 507 Fe toral
uS-cm! mgL"!
Podwisniowka quarry (Holy Cross Mts)*® 2.59-2.65 508 — 686 149 — 151 6.1
Podwi$niowka quarry (Holy Cross Mts)*® 3.07-3.19 431-920 285 13.0
“Purple Lake” (Sudetes)** 2.93-3.03 2600 —3240 | 1375-1750 120 -200
“Purple Lake” (Sudetes)' 25-28 1713 - 4720 892 —-2378 146.7
Niwka-Modrzejow coal mine (Upper Silesia)? 3.1 - 2660 -
As Pontes — streams type I (Galicia, NE Spain)? 22-35 1000 — 6500 | 4500 — 5000 700 — 1600
As Pontes — streams type IIla (Galicia, NE Spain) (mean values)® 3.1-34 1670 —2820 | 1082 —-2616 6.2-296.5
Gravel pit 14 on Jolosharju esker (Finland)* 3.6 - 84 0.9
Gravel pit 15 on Jolosharju esker (Finland)* 34 - 126 4.1
Gravel pit 17 on Jolosharju esker (Finland)* 3.6 - 88 1.0
Alum Creek (S Colorado, USA)* 2.64 1350 800 141
Bitter Creek (S. Colorado, USA)? 3.44 340 85 5.1
Missionary E Seep (Gamble Gulch, Colorado, USA® 3.8 - 1540 150
Tip Top Adit (Gamble Gulch, Colorado, USA® 3.8 - 300 4.7
Leviathan mine, Alpine County, California, USA’ 3.25 - 483 18.4

"Laboratory analyses: “May 25, 2004 (n = 4); *September 26, 2004 (n = 2); “September 17, 2004 (n = 5); '[20]; 2[21]; 3[42]; ‘[41]; °[43];

°[44]; 7[45]

than 3 nm in diameter have been recorded. The pyrite
is micro- to fine-grained, showing zonal distribution
of arsenic. This element seems to replace both sulfur
and iron in FeS,.

3. The study area is highlighted by lack of buffering
gangue and rock-forming minerals. This is the main
reason why the chemistry of the acidic pit water is
greatly influenced by pyrite weathering mediated by
complex chemical and microbiological reactions.

4. The arsenic-rich pyrite is a source of raised concen-
trations of arsenic in the water sediment, which is of
great concern for the environment.

5. Except for somewhat elevated levels of arsenic and nick-
el, the water does not severely affect the environment.
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