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Introduction

Tanneries are one of the most prominent sources of 
chromium pollution to the aquatic environment. If not ad-
equately treated, wastewater from tanneries contaminates 
surface water and sediments to an unacceptable level, as 
shown by numerous studies from Poland [1, 2], Ireland 
[3], Brazil [4], Mexico [5], Italy [6], Morocco [7], India 
[8] and many other countries.

The tanning process is carried out with the use of chro-
mium tanning agents, principally basic chromium sulphates. 
As a result of proteolysis and condensation processes in wa-
ter solution, these salts form a mixture of hydroxo- and aqua-
complexes. The presence of sulphate radicals, showing also 
complexing properties, increases the stability of collagen and 
tannin fixations. the reaction of cationic complexes of chro-
mium (III) with ionized carboxyl groups (COO-) of aspar-

ganine and glutamine acid radicals is central for the tanning 
process. These reactions lead to the crosslinking (coordina-
tion bonds) of collagen fibres, giving the leather its durable 
finish and stability [9, 10]. chromium from tanneries is thus 
discharged principally as Cr(III) bound to organic and inor-
ganic ligands [3]. At neutral or slightly basic pH, chromium 
is relatively immobile in tannery sludge [11]. In receiving 
waters, chromium is found essentially as hydroxy-complex-
es of low solubility associated with the particulate phase [for 
review see 12] and concentrates in sediments. In the proxim-
ity of tannery effluents, river sediment contains more than 1 
mg Cr per g [4, 6.13].

The upper Dunajec watershed in the Carpathian 
Mountains is one of the most popular recreational areas 
in Poland and includes the recently constructed (1997) 
Czorsztyn Reservoir. The region, with only modest in-
dustrialization and urbanization, includes about 300 small 
tanneries where hide is tanned with the use of chromium 
compounds. Despite existing legislation and infrastruc-
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ture, such as the Sewage Treatment Plant (STP) in Nowy 
Targ equipped with a special line for tannery waste treat-
ment, wastewater management is still not adequate [14-
16]. Tanneries discharge pre-treated or raw wastewater 
into the local sewers or directly into streams. These dis-
charges are seasonal and intermittent in character, with 
the highest chromium load in autumn and winter, when 
leather production is at its maximum [13, 16]. Chromi-
um compounds introduced into the river are temporarily 
accumulated in bottom sediments. It appears that even 
nominally dissolved Cr(III) is largely associated with the 
colloidal phase [17, 18] forming polynuclear hydroxide 
complexes which acquire a higher molecular weight dur-
ing transport [19] and can be incorporated into sediments 
due to colloid aggregation followed by sedimentation. 
the affinity of cr(iii) for the particulate phase obviously 
decreases its bioavailability to phytoplankton, but its high 
concentrations in sediments might have detrimental ef-
fects for benthic organisms and ultimately for the higher 
level of aquatic food chain. Surprisingly little is known 
about the distribution and association of Cr originating 
from tanneries in contaminated sediments of rivers and 
lakes, except some data of sequential extraction [6, 8].

The purpose of this study is to get an insight into the 
distribution of chromium accumulated in sediments of the 
Dunajec River at the contaminated sites as compared to 
similar sediments with natural concentrations of Cr. In 
particular, the identification of sediment matrix and the 
examination of Cr concentrations in various grain-size 
fractions can help to predict the mobility and bioavail-
ability of chromium in fluvial sediments. it may also be 
important for the planning of monitoring strategies.

Material and Methods

Study Area

The geology of the upper Dunajec watershed is com-
plex. the flysh formation of carpathian units is composed 

of Magura and sub-Magura shales and sandstones (Gorce 
Mts.) and sandstones and shales of the zakopane and 
chochołów formations. limestones, marls, shales and 
sandstones represent the rocks of the Pieniny klippen 
Belt [20].

the dunajec river originates from the confluence of 
two main streams: the Biały dunajec and the czarny du-
najec (Fig. 1). The Czarny Dunajec catchment consists 
mainly of calcareous sedimentary rocks, while the Biały 
dunajec and the Białka river, an important tributary of 
the dunajec (whitch in turn flows into the czorsztyn res-
ervoir), drain areas with sedimentary and crystalline rocks 
of the Tatra Mountains. The mean annual water discharges 
of these streams are 9.0, 5.3 and 7.0 m3s-1, for the Czarny 
dunajec, Biały dunajec and Białka, respectively [21]. 
The mean discharge of the Dunajec downstream from the 
confluence of the Biały and czarny dunajec for the period 
1951–80 was 14.5 m3s-1 and at the present dam cross-sec-
tion at Czorsztyn it is 23.8 m3s-1 [22].

Sampling and Sample Handling

Water was sampled on 22nd november 2003 from five 
sites to determine the physicochemical parameters and the 
suspended matter (SM) content. Temperature, conductiv-
ity and pH were measured in situ. Samples of water with 
suspended matter (2 dm3) were collected from the river 
directly into acid pre-washed polyethylene bottles. Sepa-
ration of solid particles from water was carried out using 
0.45 µm Millipore membrane filters within 12 hours after 
sampling. The SM concentrations were determined gravi-
metrically with a precision of ±0.00001g.

Sediment samples were collected during the tannery 
production season in November 2003 and/or january 2004 
at sites shown in Fig. 1. Reference sediment samples, up-
stream from tannery discharges, were taken from the Biały 
dunajec (ob), czarny dunajec (oc) and Białka (o) riv-
ers. Downstream from tanneries, samples were taken from 
a canal carrying wastewater from a small tannery to the 

Fig. 1. Schematic map of the investigated area and location of sampling sites.
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Dunajec (site 1), from the Dunajec at the village of Waks-
mund (site 2), at the village Harklowa just upstream from 
the czorsztyn reservoir (site 3) and at Sromowce wyżne, 
downstream of the reservoir (site 4). Sample 5 represents 
the sludge from the STP at Nowy Targ. Samples from all 
sites except Ob and Oc were collected on 22nd November 
2003. Additionally, sediment samples from sites O, Ob, 
Oc, 2 and 4 were collected on 30th january 2004. Sedi-
ments were sampled at sites where river current was slow 
and a thin layer of surface sediment rich in organic mat-
ter was present. This uppermost layer, sampled separately, 
is subsequently called surface sediment layer (SSL). The 
underlying more compact sediments were sampled to a 
depth of about 2 cm and after discarding of >2000 µm 
fraction are called bulk sediment (BS). Samples were 
placed in plastic boxes and transported to the laboratory 
for grain-size separation and analysis.

A sample of sewage sludge was obtained from the STP 
in Nowy Targ located at site 5 (Fig. 1) from a lagoon of 
dehydrated sludge. A specimen of tanned pig leather was 
obtained from a local tannery.

Separation of Sediment Grain-Size Fractions

In order to separate correctly the different grain-size 
fractions, the aggregates of fine clay particle should be 
disintegrated. For that purpose water suspensions of 
sediments studied were subjected to mechanical and ul-
trasonic treatment. The SSL samples were divided into 
two sub-samples. From one of them three fraction >63, 
63-20 and <20 µm were quantitatively separated. An-
other sub-sample was introduced into the Imhoff settling 
cone for the separation of “organic fraction.” In fact it is 
not pure organic substance but a mixture of slowly set-
tling particles, enriched in organic matter. The “organic 
substance” as a layer existing on the surface of suspen-
sion remains in the settling cone, while the suspension 
containing more readily settling particles is from the 
released cone. That suspension (without organic sub-
stance) is subject to preliminary treatment (mechanical 
and ultrasonical disintegration) and then left for sedi-
mentation. After 8 hours (according to the rule of sedi-
mentation) the suspension containing < 2 µm particles is 
taken (clay fraction). 

Five size fractions were obtained from the BS sam-
ples: >2000, 2000–180, 180–63, 63–20 and <20 µm. All 
the separated fractions were dried at about 60-70°C and 
the aliquots prepared for chemical analysis.

Optical Microscopy

the BS sub-samples were fixed with polymers and thin 
sections prepared for observation under a polarising optical 
microscope (Polmi A). Mineral composition, expressed as 
a percentage of surface, has been estimated using jump-
ing counter technique with 500 points counted. Thin sec-

tion photographs at partly polarized light were taken with a 
nikon F90x camera using konica vX 400 super film.

Chemical Analysis

the BS (<2000 µm fraction) were assayed with flame 
AAS (uNICAM 939 AA Spectrometer at the Cracow 
university of Technology) for Cr, Fe and Mn after ex-
traction with concentrated HNO3 and HClO4 in kjeldahl 
flasks according to the method described by ostrowska et 
al. [23]. Mean analytical error was 3% and detection limit 
was better than 0.01 mg L-1, at least significantly lower 
than the lowest concentration in assayed solutions. 

Selected grain-size fractions from both the BS and 
SSL samples were digested with concentrated HNO3 (at 
130°C for 2 hours) and assayed for Cr, Fe and Mn with 
flame AAS (Pye unicAM SP9) at the university of 
Science and Technology-AGH. The analytical error for 
all results was less than 5%, and the detection limit for 
chromium was less than 0.02 mg L-1, at least significantly 
lower than the lowest concentration in assayed solutions. 
SRM 1645 River Sediment was used for indication of ex-
periment reproducibility. The % recovery of Cr, Fe and 
Mn from the certified material SrM 1645 was 90, 83 and 
85, respectively.

Suspended matter (SM) retained on filters was dried to 
a constant weight at 105°C and analyzed after acid diges-
tion using the same procedure as for the selected sediment 
grain fractions.

Results and Discussion

Water and Suspended Sediments

A low temperature (5.0–6.7°C), relatively high con-
ductivity (especially at Waksmund and Harklowa, sites 
1-3), slightly alkaline pH (8.1 to 9.3) and low suspended 
matter concentrations (1-2 mg dm-3) were fairly typical for 
the upper Dunajec River conditions in November (Table 
1). the Białka river and the dunajec river downstream 
from the reservoir have a distinctly lower conductivity 
and the Białka river has very low SM concentration.

Sediment Grain Size and Mineral Composition

Grain-size analysis shows that samples from the sur-
face sediment layer (SSL, Fig. 2a) are generally sandy 
with more than 70% of grains larger than 63 µm, although 
two samples from the Dunajec River (sites 2 and 4) are 
sandy silt (more than 50% in the fraction < 63 µm). The 
bulk sediments (BS, Fig. 2b) are usually coarser, except 
for sediments in the industrial canal draining into the Du-
najec river (site 1) and in the Białka river (site o), where 
the BS are richer in silt than the SSL. Coarse sand is typi-
cally present at sites Ob and Oc.
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Optical microscopy indicated that sediment from the 
Białka river comprise abundant angular grains of plagio-
clase, quartz and mica, derived from physical weathering 
of crystalline rocks, and only a minor amount of organic 
and clay matrix. Sediments from the Dunajec River at site 
2, in the region of discharges from the tanneries, have 
similar composition although there are more carbonates, 
and organic-rich clay matrix. Fragments of leather have 
also been identified (Fig. 3). these fragments are even 
more abundant in sediments from the canal (Fig. 4, site 1) 
used by a local tannery for the discharge of wastewater.

Grain-size analysis shows that less than 30% of the 
sediment particles is < 20 µm, and that there are many ce-
mented aggregates that could not be disintegrated by the 
procedure applied prior to sieving. Sediments from site 4, 
downstream from the czorsztyn reservoir, are more fine-
grained than those from the sites located upstream, with 
an exception for sediments from site 2. Needle-like amor-
phous particles observed in sediment from site 4 are likely 
to be diatom tests composed of silica (Fig. 5). These origi-
nate in the reservoir, where diatoms proliferate in spring 
and summer [24]. Finally, the thin section of sludge from 
the STP (site 5) reveals a large predominance of organic-
rich clay matrix with some detrital silt-size grains and 
fragments of black organic detritus (Fig. 6).

The mineral composition of sediments, estimated from 
the counting of 500 points in each thin section, is given in 
Table 2. The dominant component of the BS is clay-organic 
matrix (40-64%), followed by quartz (14-42%) and carbon-
ates. The latter are nearly absent in rivers draining crystalline 

Table 1. Physicochemical parameters of water samples collected on 22nd November 2003 (for site locations see Fig. 1) collected on 30th 
january 2004* (for site locations see Fig. 7).

Site no Location River Temp.
°C pH Conductivity

µS cm-1
SM

mg L-1

Oc* ludźmierz Czarny Dunajec 0.4 8.09 594 ND

Ob* Szaflary Bialy Dunajec 0.3 8.14 733 ND

O dębno Bialka 4.9 8.7 401 0.09

1 Waksmund Canal to the 
Dunajec R. 6.4 8.1 1044 4.91

2 Waksmund Dunajec 6.0 8.5 916 1.91

3 Harklowa Dunajec 4.9 9.3 738 1.08

4 Sromowce W. Dunajec 6.8 8.3 555 1.48
ND = not determined

Fig. 2. Grain-size fraction in the samples from surface sediment layer – SSl (a) and bulk sediment – BS (b) from the dunajec and Białka 
Rivers. See Fig. 1 for sampling sites. Sample No. 5 is the sludge from the Sewage Treatment Plant (STP) in Nowy Targ. Size classes 
in µm.

A B

Fig. 3. Sediment from the Dunajec River (site 2). Fragment of 
leather (Fl) with characteristic fibrous structure were occasion-
ally found at this location and originated from tannery effluents. 
Thin section under optical microscope in partly polarised light. 
Magnification 60x.
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rocks (site O and Ob). Note, however, the difference result-
ing from comparing the weight and volume percentage in 
sieving and microscopy, respectively. Sediments from site 2 
show a considerably higher abundance of carbonates (Table 
2). This is rather surprising and a local source for these car-
bonate-rich sediments must be postulated.

A mineral assemblage includes k-feldspars, plagio-
clase, muscovite and biotite, accompanied by fragments 
of sedimentary and crystalline rocks. Leather debris is 
relatively abundant in sediments from two sites close to 
the tannery discharges (sites 1 and 2). The sediment from 
the STP (sample 5) is composed of mostly a mixture of 
clay and organic matter with minor amounts of carbonate 
and quartz.

Anthropogenic Total Chromium in Sediments

Pseudo-total chromium concentrations (Fig. 7) in 
the BS (< 2000 µm) at sites located upstream of tanner-
ies (oc, ob) and in the Białka river (o) are at the level 
of geochemical background (10–15 µg g-1), while in the 
area close to the tanneries discharge they increase by two 
orders of magnitude (700–1600 µg g-1). The enrichment 
factor is thus about 100. Downstream from the Czorsztyn 
reservoir, cr concentrations decrease significantly to 30-
60 µg g-1, but remain higher than those at the non-con-
taminated sites. Samples collected in both November and 
january show essentially the same trend. For comparison, 
the concentrations of Cr in the sludge from the STP (44 

Table 2. Mineral composition of sediments (BS) determined by counting 500 points in thin sections (for sample location see Figs. 1 and 
7).

Composition (% surface)
Sample

O Ob Oc 1 2 3 4 5

Organic-clay matrix 40.1 54.1 49.3 56.8 44.7 52.6 64.1 78.4

Quartz 42.0 30.1 39.7 30.8 14.1 21 19 7.7

k- feldspars 9.1 7.3 0.2 2.5 1.0 1.1 0.5 0

Plagioclase 4.9 2.1 0 0.7 0.7 0 0 0.2

Sedimentary rock fragments 0.4 2.8 5.7 0.2 0.6 0.9 0.6 0.3

Crystalline rock fragments 2.7 3.1 0.7 0 0 0 0 0

Metamorphic rock fragments 0.2 0 0.2 0.1 0 0.7 0.6 0

Muscovite 0.3 0 0.4 0.4 0.8 1.9 1.1 0.1

Biotite 0.1 0.3 0.1 0.1 0.2 0.1 0.2 0

Carbonates 0.2 0.2 3.7 5.9 36.8 21.7 13.9 13.3

Leather debris 0 0 0 2.5 1.1 0 0 0

Fig. 4. Sediment from a canal draining the tannery waste water 
into the Dunajec River (site 1). Leather debris (FL – arrows) 
together with quartz (Q) are particularly abundant at this site. 
Thin section under optical microscope in partly polarized light. 
Magnification 60x.

Fig. 5. Sediments from site 4, downstream from the Czorsztyn 
Reservoir, with fragments of diatom silica needles (arrows) be-
tween grains of quartz (Q) and mixed clay-organic background 
(CM) Thin section under optical microscope in partly polarized 
light. Magnification 60x.
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mg g-1, site 5) and in a fragment of tanned pig skin (22.3 
mg g-1) were also determined.

Chromium Concentrations in Suspended Matter and 
in Different Grain-Size Fractions of Sediments

As the concentration of cr can potentially be influ-
enced by a preferential association of the metal with cer-
tain fractions [25], the concentration of Cr in the size frac-

tions less than 20 µm has been compared (Figure 8). The 
concentrations in Figs. 7 and 8 show essentially the same 
trend, suggesting that the variation in the grain-size com-
position does not modify the contamination pattern.

At contaminated sites of the Dunajec River (sites 2 
and 3), the concentration of Cr in suspended matter (22nd 
November 2003) is higher than Cr concentrations in var-
ious fractions of the SSL, while in the tannery discharge 
canal (site 1) it is slightly lower than in the organic frac-
tion of the SSL (Fig. 9). At the non-contaminated site 
O, natural chromium is strongly enriched in the clay 
fraction (<2 µm), in contrast to the contaminated sedi-
ments (sites 2, 3), where the clay fraction is relatively 
poor in chromium. At the contaminated sites, chromium 
is more concentrated in the organic and coarse silt frac-
tions (<2000 µm). A low concentration of Cr in the clay 
fraction is interesting, as it contradicts a common as-
sumption that the concentration of metal contaminants 
increases with the decrease of particle grain-size. This 
may be due to a strong competition of organic matter for 
Cr in all size classes, precipitation of larger aggregates 
of chromium hydroxides and the presence of tanned 
leather debris at sites 2 and 3.

Similarly, no clear relationship between grain size and 
Cr concentration was found in the BS, samples of the pol-
luted sites (1, 2, 3, 5) (Fig. 10). In contrast, Cr enrichment 
in the fine fraction (< 20 µm) is observed in the samples 
from the non-polluted Białka river, and decreasing cr 
concentration with increasing grain-size is observed at 
site 4. Probably most of the sand-sized material settled 

Fig. 6. Sediment from the sewage treatment plant STP (site 5). 
Dark-brown organic-rich clay matrix (CM) with organic detritus 
and detrital minerals, quartz (Q) and carbonates (C). Thin sec-
tion under optical microscope in partly polarised light. Magni-
fication 60x.

Fig. 7. Total chromium concentrations in the bottom sediments (BS, < 2000 µm) at the examined sites. Circle diameters are proportional 
to the logarithm of chromium concentration. Full circles – November 2003, open circles – january 2004.
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in the reservoir and sand fraction at this site originates 
from local sources with no, or little, Cr pollution from 
the upstream tanneries. At the polluted sites (1, 2), in 
same grain-size fraction (20-63 µm), chromium seems to 
be more enriched (up to factor 3) in the BS than in the 
SSl from the same site. this is not observed in the Białka 
River and in the Dunajec downstream from the reservoir. 

Although the age of the BS is not known, this observa-
tion suggests that the older sediments might be a potential 
source of contamination via erosion and resuspension.

no significant correlation was found between Mn or 
Fe and Cr in the sediments. Iron, (1 and 3% in the BS), 
is fairly homogeneously distributed between sites and 
between various grain-size fractions of BS, SSL and SM 
samples.

Manganese concentrations are quite variable ranging 
from less than 0.1 mg g-1 in the clay fraction of the Białka 

Fig. 8. Total chromium concentration in < 20 µm size fraction of the bottom sediments (BS, November 2003) at the examined sites. 
Circle diameter is proportional to the logarithm of Cr concentration.

Fig. 9. Comparison of chromium concentrations in various frac-
tions of the SSL and in the SM from sites O and 1-4. Missing 
bars at sites O and 4 are due to the concentrations below the 
detection limit. Size classes in µm. Note the logarithmic scale of 
chromium concentrations.

Fig. 10. Comparison of chromium concentrations in various 
size fractions of the BS from sites O and 1-5. At sites O, 2 and 
3, chromium concentrations were measured in two size classes 
only. Size classes in µm. Note the logarithmic scale of chro-
mium concentrations.
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River SSL (site O) to 58 mg g-1 in the fine fraction of 
the SSL sediment of site 4. In general, <20 µm sediments 
from sites 2 and 4 seem to be enriched in Mn (up to 2.5 
mg g-1) than at other sites (0.3 and 0.7 mg g-1).

This general variability of manganese in sediments is 
most probably related to the redox chemistry of this el-
ement which is soluble and mobile in oxygen depleted 
environments, whereas it precipitates as an oxide if suf-
ficient oxygen is available.

the mineral composition of sediments reflects the pe-
trography of the watershed rocks with the coarser, clastic 
grains composed of resistant minerals (quartz, k-feld-
spars, mica) derived from the granites of the Tatra Moun-
tains and from the sandstones of the Magura flysh. the 
presence of fragments of carbonate rocks, more abundant 
in the Czarny Dunajec River and especially in the Du-
najec River, mirrors the occurrence of calcareous rocks 
in the western Tatras (and possibly local sources in the 
Pieniny Mountains.). A higher content of clay and organic 
matter matrix at sites 2–4 reflects the increasing delivery 
of soil material eroded from cultivated fields and the input 
of sewage from urban agglomerations. This type of sedi-
ment has much larger sorption and retention capacity for 
metallic contaminants. The presence of leather fragments 
at sites 1 and 2 is due to the proximity of tannery effluent 
discharge sites. Leather debris have a high concentration 
of chromium. The pig leather specimen obtained from a 
local tannery contains 22.3 mg g-1 of Cr. A simple calcu-
lation shows that, with 1.2% of volume contributed by 
leather fragments in the sediment sample from site 1, the 
leather-bound chromium would not account for more than 
10% of the total chromium content of this sample (1.46 
mg g-1), but it might contribute more substantially to the 
chromium content of the coarser fractions. Moreover, tiny 
leather debris, not distinguishable from the matrix under 
the optical microscope, can be responsible for a substan-
tial part of the chromium contamination in the fine frac-
tions. Fragmentation and microbial decomposition of the 
leather debris during transport result in the absence of dis-
cernible fragments at site 3, further away from tannery ef-
fluents. it is generally assumed that a large part of cr(iii) 
in sediments contaminated by tannery effluents is bound 
to organic matter or occurs as Cr(OH)3 and the results of 
extraction of Cr [3]. A recent study by Pereira de Abreu 
et al. [19] demonstrated a predominance of polynuclear 
hydroxy chromium complexes in water. This combined 
evidence and the enrichment of Cr in the organic fraction 
of the SSL may suggest that chromium in contaminated 
sediments occurs both as aggregates of polynuclear hy-
droxy complexes and undetermined Cr(III) forms bound 
to organic matter.

Cr concentrations in the SM at the contaminated sites 
are generally higher than in the individual fractions sepa-
rated from the SSL. This is compatible with the timing 
of sampling coinciding with a high leather production 
period. Interestingly, the clay fraction in the SSL seems 
to be depleted in Cr while the slowly settling (organic) 
and coarse silt fractions have comparable concentrations 

to each other. The inverse relation between grainsize and 
metal concentrations, usually observed in sediments, has 
not been found here. It suggests that a considerable pro-
portion of chromium is delivered to the river from the tan-
nery waste either bound to relatively large particles, or to 
a type of particles which may easily combine with large 
particles. Indeed, the chromium concentrations are simi-
lar in various grain-size fractions of sludge from the STP. 
Downstream from the reservoir, however, the usual pat-
tern of the decreasing metal concentration with increasing 
grain-size is again observed, as larger Cr-contaminated 
particles settled in the reservoir.

Because of the lack of grain-size control at the pol-
luted sites, the spatial distribution pattern of the total Cr 
concentration in sediments (<2000 µm) reflects the cr 
sources and transport features: low, natural background 
concentrations upstream from tanneries, high concentra-
tions close to the effluents from tanneries and a major 
decrease downstream from the reservoir. The latter obser-
vation points out to reservoir sediments as a major sink 
for chromium. this pattern has been previously identified 
[13, 16], but it is remarkable that the absolute concentra-
tions in sediments at a given site in winter remain very 
similar three years later, although in summer they are 
distinctly lower, as contaminated sediments are flushed 
during spring floods. this indicates that sediment surveys 
can easily and conclusively be used to assess the imple-
mentation of waste management policy. As the Cr concen-
trations in water are variable due to intermittent input of 
wastewater, the sediment may be better suited for moni-
toring than occasional water surveys.

The Mn concentration in sediment shows relatively 
strong spatial variations. Sediments downstream from the 
reservoir are strongly enriched in manganese due to redox 
cycling of this element in the reservoir. There is no evi-
dence of a relationship between Mn and Cr concentrations 
in sediments. This is of importance, as it has been sug-
gested that manganese oxide may favour the oxidation of 
Cr(III) to Cr(VI) [26], enhancing Cr mobility and toxicity. 
The association of chromium, originating from tanneries, 
with Fe-Mn oxides in sediments was suggested [8]; how-
ever, neither walsh and o’halloran [3] nor Świetlik [27] 
found evidence of oxidation of Cr(III) to Cr(IV) in natural 
sediments.

The high level of Cr in sediments contaminated by 
tannery effluents might affect aquatic plants, zooplank-
ton, benthic invertebrates and fish, and thus the biological 
compartments of the ecosystem need to be examined. Al-
though generally accepted norms for an admissible level 
of metals in sediments do not exist, the concentrations 
of chromium above 1000 µg g-1 exceed the probable ef-
fect level (PEL) [28] of 90 µg g-1 by one order of magni-
tude. The PEL is considered as a threshold concentration 
above which adverse effects on aquatic life are usually 
observed.

The reported results on the toxicity of sediment-
bound chromium are somewhat contradictory. A recent 
review of Rifkin et al. [29] suggests that no acute toxic-
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ity of Cr in sediment is expected, as long as they are rich 
in acid volatile sulphides because only Cr(III) is likely 
to be present. Similarly, Besser et al. [30] found no de-
crease in survival of the amphipod Hyalella azteca in 
sediments spiked with Cr(III) up to 17 mg g-1, although 
some effects on organism length and reproduction were 
observed. however, statistically significant acute toxic 
effects on Hyalella azteca were observed in some sedi-
ment from the Grand River (Michigan, uSA) at a chro-
mium concentration of 0.8 mg g-1 [31]. At a comparable 
level of sediment contamination with chromium (mg g-1), 
Leslie et al. [32] found clear adverse effect on benthic 
fauna in the Chusovaya River (urals), such as reduced 
biodiversity and sublethal toxicity. Cooman et al. [33] 
found that tannery wastewaters were highly toxic to fil-
ter-feeders (Daphnia spp). It should also be noted that 
genotoxicity of Cr(III) was observed in bacteria [34] and 
benthic invertebrates [35]. A high Cr concentration in 
vegetation and fish in a river contaminated by tannery 
wastes have been observed in Brazil [4]. These obser-
vations stress the need to study the impact of Dunajec 
River sediment contamination on benthic invertebrates, 
which are an important part of fish diet.

results from Szalińska [16], confirmed in this study, 
indicate that the Czorsztyn Reservoir retains much of the 
chromium load and an intensive survey of the reservoir 
sediments is strongly recommended. Such a study car-
ried out in White Lake, located near the eastern shore of 
Lake Michigan, revealed a strong contamination of sur-
face sediment with Cr (2-4 mg g-1). Although the direct 
discharge of tannery effluent to tannery Bay in white 
Lake ceased in 1976, recent sediments are still contami-
nated, probably by resuspension of older, even more 
contaminated deposits [36]. These recent sediments ap-
peared toxic for Hyalella azteca and to a lesser extent to 
Chironomus tentans, although no obvious relationship 
was found between total Cr concentration and toxicity. 
This shows the importance of chemical species and the 
association of metals with specific components of sedi-
ment in determining metal bioavailability and, conse-
quently, toxicity [37].

Conclusions

Sediments of the upper Dunajec River, upstream from 
the Czorsztyn Reservoir, are severely polluted with chro-
mium originated from tanneries. Chromium concentra-
tions close to the natural geochemical background are 
observed in the sediments from the non-contaminated 
czarny dunajec, Biały dunajec and Białka rivers. Sedi-
ments from the Dunajec River close to tannery discharges 
show a high Cr concentration (4179 mg/kg), decreasing 
downstream of the Czorsztyn Reservoir, although it re-
mains higher than the natural level. Thus, the reservoir 
serves as a major sink of chromium discharged from tan-
neries. there is no significant correlation between cr and 
Mn, and between Cr and grain size in sediments and in 

tannery sludge. The presence of leather fragments, ob-
served under a microscope, confirms the direct input of 
tannery wastewater via small canals, without pre-treat-
ment. Sediments can easily be used for the monitoring of 
discharge from tanneries and should be more extensively 
used for evaluation of wastewater management. Future 
research in the upper Dunajec should focus on the assess-
ment of sediment toxicity to aquatic life.
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