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Abstract

The present study aimed to evaluate the potential for using toxicity assays with sediment samples for the detection
of water pollution caused by the discharge of tannery effluents into water bodies and its application to environmental
forensic investigation. The study included ecotoxicological evaluation of sediments, survey of benthic organisms in
the field, as well as chromium, cadmium and lead dosage which provided data for a sediment quality triad evaluation.
The sediment samples showed acute and chronic toxicity to the bioindicators, low biodiversity of benthic macrofauna
and high chromium concentration, reaching up to 4365 mg.Kg™'. A close relationship was observed between the
separate results of ecotoxicological sediment evaluation and the sediment quality triad. The sediment ecotoxicological
assessment proved to be applicable to tracking sources of contamination related to tanneries and similar activities in
environmental forensics.

Keywords: environmental forensics, ecotoxicological evaluation of sediments, sediment quality triad, tannery effluents,
toxicity of chromium.

Avaliacao ecotoxicologica de sedimentos aplicada a pericia
criminal ambiental

Resumo

O objetivo do presente estudo foi avaliar o potencial de aplicag@o de ensaios de toxicidade com amostras de sedimento
para constatagdo de poluicao aquatica causada por lancamentos de efluentes de curtumes em cursos d’agua e seu
emprego na pericia criminal ambiental. O estudo incluiu avaliagdo ecotoxicologica de sedimentos, avaliagdo da fauna
bentonica local e dosagem de cromo, cadmio e chumbo que forneceram dados para avaliagao da triade de qualidade
dos sedimentos. As amostras de sedimentos mostraram efeito de toxicidade aguda e cronica aos bioindicadores,
baixa biodiversidade da macrofauna bentonica e altas concentragdes de cromo que chegaram a 4365 mg.Kg™'. Houve
uma estreita relac@o entre os resultados isolados da avaliagdo ecotoxicologica e a triade de qualidade de sedimentos.
A avaliagdo ecotoxicologica demonstrou ser aplicavel na identificagdo de fontes de contaminagao relacionadas a
curtumes e atividades similares em pericias ambientais.

Palavras-chave: pericia ambiental, avaliacdo ecotoxicoldgica de sedimentos, triade de qualidade de sedimentos,
efluentes de curtumes, toxicidade do cromo.

1. Introduction

Industrial pollution is among the main sources of
environmental degradation, especially with regard to its impact
on water bodies (Satterthwaite, 1997; Callisto et al., 2012).
Brazilian legislation concerning environmental pollution
was essentially administrative, including licensing,
environmental education and control. However, faced
with the reality that only administrative and civil steps

In Brazil, since the “Environmental Crime Law” (Brasil,
1998) was established, forensic sections have to examine
the impact of environmental crime, as part of the process of
evidence acquisition for investigation of environmentally
harmful activities. However, the newness of this law,
together with the scarcity of scientific literature on the

can no longer control pollution issues, the current trend
is to treat such acts of pollution as criminal, leading to a
more aggressive way of control.
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subject, especially applicable to tropical conditions, have
been obstacles for the development of this area in Brazil
(Barbieri, 2003). Adequate methodologies are required for
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evaluating the different crimes described therein, such as
pollution crime, which is the focus of the current study.

Water pollution and extinction of aquatic fauna
represent a significant intersectoral policy matter
affecting both environmental and public health sectors
(Khan and Ghouri, 2011; Callisto et al., 2012). Given the
importance of maintaining the quality of water resources,
it becomes imperative to propose and test methodologies
for the generation of pollution crime evidence data to
environmental forensics.

Among the applicable areas for environmental quality
evaluation is ecotoxicology, seen as a promising area due
to its practicality, relatively low cost of its methods and
good results shown in recent studies (Twardowska, 2004;
Laitano and Matias, 2006). In such studies live organisms
are used as environmental sensors being frequently the
focus of conservation issues (or approaches), in compliance
with a multitude of legal stipulations, such as those of the
Brazilian Environmental Crime Law.

In relation to environmental compartments of a
watercourse, sediment is a major repository for many of the
most persistent chemicals introduced into surface waters
and, if contaminated, may be directly toxic to aquatic
life (Ingersoll, 1995). Moreover, sediments are known to
reduce the availability of the tested chemicals, acting both
as a source and a sink for contaminants (Adams, 1995).
This has led to a need for extensive toxicity testing of
samples of this segment. Thus, the evaluation of the quality
of the sediment is necessary because many contaminants
are found only as traces in the water column and can
accumulate in the sediment (Chapman, 1989).

Organisms commonly used for assays with sediments
are Chironomus sp., Hyalella azteca, and Lumbricus
variegatus. Since benthic macroinvertebrates combines
characteristics of the water and sediment, they are potential
indicators of environmental quality of water resources
(Chiba et al., 2011). Although not benthic, cladocerans
are often in contact with the sediment surface, being
exposed to contaminants released from the sediment
(Jardim et al., 2008). According to these authors, the use of
two test-organism species made it possible to obtain a better
assessment of the condition of both water and sediment
samples. In terms of relevant legislation, the only legal
document that refers to the contamination of sediments
in Brazil is CONAMA Resolution 344/04 (Brasil, 2004),
with mandatory ecotoxicological evaluation of activities
involving dredged material.

In this context, this study aimed to evaluate the potential
for using toxicity assays with sediment samples for the
detection of water pollution caused by the discharge of
tannery effluents into water bodies and its application
to environmental forensic investigation. The focus was
the toxicity caused to organisms exposed to sediment
samples collected in streams where tannery effluents
are discharged. The potential of pollution inherent in
this type of industrial activity justifies the proposed
methods for effective examination of environmental
pollution crime cases. The tanning industry is considered
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one of the most polluting industries (Jorddo et al.,
1999). Tannery wastewaters have high contents of
organic and inorganic compounds, including toxic
substances such as sulfides and chromium salts (Durai
and Rajasimman, 2011).

The processes and methods investigated in this study
are expected to expand the range of tools available for
environmental crime experts when investigating or monitoring
the existence of environmental violations of this nature.
This study emphasizes the importance of developing
adequate standardized protocols in environmental forensics,
using a biological or integrated approach. Thus, tools to
track sources of contamination were tested, focusing on
the assessment of harmful effects of tannery wastewaters
on aquatic fauna bioindicators.

2. Material and Methods
2.1. Study area

The study area included two water bodies, a main stream
and its tributary, both receiving effluents from tanneries
in an extensively disturbed urban area of a south-central
municipality of Minas Gerais State, Brazil.

Sediment samples for preliminary assays were collected
in September 2007 (dry season), in two sites suspected
of contamination (PA and PB), and in a reference site
(control - CC). In March (rainy season), and in August
(dry season) of 2008, two other suspected sites of
contamination (PC and PD) were added to those previously
defined for the preliminary assays.

As shown in Figure 1, CC and PA samplings sites
were located in the tributary stream, while PB, PC and
PD were in the main stream. PA, PB and PC corresponded
to sites receiving discharge of tannery effluents. CC was
located upstream of the tannery effluent discharges and
PD downstream of all the sampling sites

2.2. Sediment toxicity assays

Acute and chronic toxicity assays using Chironomus
xanthus Rempel and Ceriodaphnia silvestrii Daday were
performed according to USEPA (1994) and ABNT (2005),
respectively. For C. xanthus, five replicate samples of
sediment were considered with addition of a third instar
larvae to each one. The endpoint for the acute effect was
mortality of individuals after 96 hours. For C. silvestrii, ten
replicate samples of sediment were tested with one neonate
in each one. The chronic endpoint was reproduction in a
period of 8 days.

Before the assays were performed, sensitivity tests
were carried out. These tests showed that organisms
from laboratory cultures were in good conditions for use
in the toxicity bioassays, since sensitivity were between
1.14-1.91 mg.L ! for C. silvestrii, using NaCl as reference
substance, and between 4.75-5.42 mg.L! for C. xanthus,
using KCI.

The results of the toxicity assays were statistically
analyzed based on USEPA (2002a, b).
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Figure 1. Sampling sites located in the central-southern region of Minas Gerais State, Brazil. Adapted from UFLA (2008).

2.3. Evaluation of benthic macrofauna

Sediment samples for benthic macrofauna evaluation
were collected at the same sites used for the toxicity assays
in August 2008. Three samples along two meters transect
were collected with a benthic net. Samples were transferred
to plastic bags and preserved with 40% formaldehyde
shortly after collection.

Samples were screened, and the organisms were classified
into large groups: Chironomidae, Polycentropodidae
(Tricoptera), Oligochaeta, Gastropoda, Tipulidae, Psychodidae
and Syrphidae according to Herricks and Cairns Junior
(1982). Numerical density (ind.m?), percentage of deformity
of chironomid menta (Kuhlmann et al., 2000), and Shannon
Diversity and Pielou Evenness Indexes were calculated.

2.4. Chemical analysis

During the dry season of 2008, sediment samples were
collected from the streams sites (CC, PA, PB, PC and PD)
and from two tannery effluents (EPB and EPC), discharged
into the main stream at PB and PC, respectively. Samples
were preserved and analyzed at the Centre for Development
of Nuclear Technology, Belo Horizonte, Minas Gerais,
Brazil. The preserved samples were dried, homogenized
and analyzed by an EDX-720 Energy-dispersive X-ray
spectrometer — Shimadzu, utilizing a thodium tube with
lithium-silicon detection. Concentrations of Cr, Cd and Pb
concentrations, metals commonly associated with tannery
wastewaters, were measured.

2.5. Sediment quality triad

The Sediment Quality Triad Method (Chapman, 1990)
was applied to assess sediment quality in the main and
tributary streams, based on the results of three studies
conducted in the 2008 dry season. It included acute
and chronic toxicity assays, assessment of the benthic
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macrofauna (numerical density, Shannon Diversity Index,
Pielou Evenness Index and deformity of the mentum of
Chironomidae sp.) and chemical analysis (chromium
concentration in the sediment samples).

The results obtained in these studies were converted into
ratio-to-reference values (RTR), generating dimensionless
numbers. The average value of each sampling point
parameter was divided by the mean value obtained for
the respective control point parameter. The numbers were
generated in sequence reflecting the three indices supporting
the integrated study of the area, the Toxicity Index, the
Community Index and the Chemical Index. These indices
were plotted on a 3-axis graph and the area of the triangles
with vertices on the axes was calculated. The larger the
area of such an environment-to-control ratio triangle, the
more polluted it is.

3. Results

3.1. Sediment toxicity assays

As shown in Table 1, a statistically significant difference
(p <0.05) was found between the control site and PA and
PB in the 2007 dry season. In 2008, there was a significant
difference between the control site and PB, PC and PD in
the rainy season and between the control site and PB and
PC in the dry season. The most toxic effects were found
for sites exposed to tannery effluent discharge (PA, PB
and PC), extending downstream (PD).

The results of the chronic toxicity tests, not including
sampling sites where acute effects were detected, are shown
in Table 2. Significant differences (p < 0.05) were found
between the number of neonates produced by the control
and PB in the rainy season of 2008, and between the control
point and PC and PD in the dry season. Furthermore, toxicity
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Table 1. Percentage of mortality of Chironomus xanthus in sediment acute toxicity assays.

Year PN Acute Toxicity
(season) Samples Mortality (%) (T Test; Fisher Test*)
2007 CcC 0 Control
(dry) PA 100 Yes
Y PB 80 Yes
CcC 0 Control
PA 20 No
(i?i(:ls ) PB 100 Yes*
Y PC 100 Yes*
PD 80 Yes
CccC 0 Control
2008 PA 100 Yes*
(dry) PB 80 Yes
y PC 60 No
PD 60 No

*Fisher Test was used when the data showed null variance.

Table 2. Parental survivorship and total number of neonates of Ceriodaphnia silvestrii in sediment chronic toxicity assays.

Year (season) Samples

Toxic effect in parental

Neonates production Chronic Toxicity

survivorship (Wilcoxon Rank-Sum)
. CcC Control 157 Control
2008 (rainy) PA No 65 Yes
CC Control 249 Control
2008 (dry) PC Yes 11 Yes
PD Yes 0 Yes

effects on parental survivorship were found in PC and PD
samples in the dry season of 2008. Thus, all sampling sites
where tannery effluents were released showed either acute
or chronic toxic effects, even in the rainy season.

3.2. Evaluation of benthic macrofauna

All sites evaluated showed low density and diversity of
organisms, even the control (see Figure 2). Opposite to this,
mentum deformities of the chironomids were observed in
60% of the organisms from PB (see Figure 3). Deformity
frequencies of below 3% in non-polluted environments
have been found (Diggins and Stewart, 1993; Hudson and
Ciborowski, 1996a).

3.3. Chemical analysis

Chromium concentration in dry sediment samples
(mg.Kg ™) with its corresponding standard deviations (SD)
is shown in Figure 4. Cadmium and lead concentrations
were below the limit of detection of the adopted method
(0.001%).

Chromium was not detected in the reference site
(CC), with a concentration was below the detection limit
(7 mg.Kg™) as well as at PD. On the other hand, in the
other sites located downstream of the discharge of tannery
effluents, this metal was detected. An increasing trend
was found from PB to PC. The latter showed the highest
concentration (2169 mg.Kg'). Chemical analyses of dry
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Figure 3. Deformed mentum of chironomids. (a) gap in
mentum. (b) reduced and asymmetric tooth. [Photos: Ivan
Miller].
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Figure 5. (a) Toxicity Index, Community Index and
Chemical Index of the sampling sites. (b) Triangle areas for
the sampling sites obtained by these indexes.

sediment samples of eflluents showed a high concentration
of chromium only in the EPC effluents (4365 mg.Kg™).

3.4. Sediment quality triad

High toxicity levels were found for all sampling sites
compared to the control site (see Figure 5a). According
to the Community Index, PC presented the worst results,
followed by PD. The Chemical Index was higher in PC,
followed by PA and PB but not significant in PD.

As shown in Figure 5b, the area of the triangle
corresponding to the control site was equal to 0.86.
The areas of the triangle corresponding to PA, PB, PC and
PD were 7.24,7.63, 37.55 and 11.81, respectively. These
values were 7.47, 8.87,43.66 and 13.73 times the area of
the control site, indicating differences in environmental
quality. For sites PA, PB and PD, the toxicity index was
the main factor increasing area, while for PC, the Chemical
Index was the main factor.

4. Discussion

The ecotoxicological evaluation of sediment from the
main and tributary streams provided enlightening results
concerning the impact of pollution on these environments.
The sediment samples from PA to PD, demonstrated acute
toxicity for C. xanthus and chronic toxicity for C. silvestrii,
at least in one of the three sampling periods. However,
all sediment samples showed chronic toxicity in the dry
season of 2008. These results characterized toxic effects
on sites where tannery effluent is discharged (PA, PB and
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PC). The results for PD, located downstream of all other
sample sites, showed that the extension of the pollution
impact was extended beyond the points of effluent discharge.

The isolated results of the benthic macrofauna
analyses could not confirm the environmental impact of
the tanning discharges. This method did not provide any
direct correlation with the ecotoxicological assessment
of sediments. Even the control itself, located upstream of
the effluent discharges, showed low values for organism
densities and ecological indices. This may be due to the
fact that the study area is in the boundary zone between
rural and urban areas, resulting in an adverse environment
for macroinvertebrate communities.

Legal standards for chromium in sediments vary between
countries. The limit is 250 mg.Kg! in the Netherlands,
111 mg.Kg' in Canada and 100 mg.Kg' in Germany
(Reuther, 1999). In Brazil, according to the CONAMA
Resolution 344/04 (Brasil, 2004), 37.3 mg.Kg!' chromium
is the threshold below which a low probability of impact on
biota is anticipated and 90 mg.Kg™! is the threshold above
which an impact on the biota can be expected. PA, PB and
PC did not comply with the stipulated quality criteria. In
addition, a high concentration of chromium was found in
the EPC effluent (4365 mg.Kg™).

Some studies have shown harmful effects of tannery
activities to the biota. Few studies related to these activities
have been carried out in Minas Gerais. Among these,
Jordao et al. (1997) compared chromium concentrations
of fluvial sediments with those of non-industrialized areas
in the same regions, showing metal inputs from several
tanneries. These authors showed chromium concentrations
close to the high values found in this study (2878 mg.Kg™).
They showed either that there was an exchange of chromium
between biotic and abiotic compartments in the ecosystem.
Other study showed mutagenic effects of interstitial water
and organic extracts of sediment from rivers affected by
tannery effluents to Salmonella sp. (Tagliari et al., 2006).
In this context, the high concentration of chromium
found in the sediment of the EPC effluent may explain
the high levels of toxicity and low biodiversity of benthic
macroinvertebrates found at PC.

The success of application of these methods depends
on the characteristics of the water body analyzed.
When samples collected immediately downstream of the
suspected effluent discharge and in the final effluent itself
are toxic to bioindicators, opposite to that samples collected
upstream them, the source of contamination is proven.
On the other hand, if samples collected upstream of the
effluent discharge were already toxic, it would be necessary
to establish if this effluent enhanced the previous toxicity.

Chemical analyses can be very helpful in both
cases described before, identifying and quantifying the
contaminant. Although x-ray fluorescence is considered
a screening method, chemical analysis could significantly
benefit this study. It was shown high concentrations of
chromium at the sites where the effluents from tanneries
were discharged and in the effluent itself. It enabled the
identification of the agent(s) responsible for toxicity in the
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samples, and the correlation of this agent with its source,
as required in environmental forensic investigations. Thus,
the combination of chemical analysis with ecotoxicological
assays represented a potential tool to track sources of
contamination.

On the other hand, the isolated quantification of
contaminants does not provide much information about the
potential adverse effects on aquatic biota (Ingersoll, 1995).
It is indispensable to demonstrate the toxic effects of the
environmental contaminant to the local biota, as the basis
of evidence for the implementation of legal proceedings.
In this context, ecotoxicological evaluation involves the
integration of chemical, physical and biological methods
(La Point, 1995). Therefore, the ecotoxicological approach
has great value, since it clearly assess the potential damage
to the biota and the ecosystem as a whole (Zagatto and
Bertoletti, 2006).

It is necessary to emphasize that other substances, not
considered in the present study, may also have influenced
the toxicity detected. Tannery wastewater contains large
quantities of other toxic substances besides chromium
such as sulfides and ammonium, to which have been
attributed toxic effects to biota (Durai and Rajasimman,
2011). Furthermore, the chemical form of chromium, also
not analyzed in this study, can influence the toxicity of
the samples. Free hydrated Cr ions and stable complexes
of these ions have different toxicity effects. Chromium
has been described to be fully speciated in the receiving
waters, predominating its associations with macromolecular
particles in complexed or colloidal forms (Walsh and
O’Halloran, 1996). Only a small portion of free metal ions
stay dissolved in the water. Due to adsorption, hydrolysis
and co-precipitation, a large quantity of these ions get
deposited in the sediment, which may act as a sink and a
source of pollution (Beg and Ali, 2008).

It is known that chromium may be present naturally
in low concentrations in aquatic ecosystems, without
compromising the environment (Jorddo et al., 1999).
This metal is the major constituent of tannery effluent
(Sreenivasan and Krishna Moorthy, 2011), but it can be also
provided by other human activities. Esediments in rives in
Brazil (Jorddo et al., 1997). Thus, smaller contributions to
the contamination verified in this study could have come
from not identified clandestine tanneries or even from
other sources of contamination.

The three indices from the integrated assessment
provided results that complemented each other. Although
chromium concentration at PD was below the limit of
detection of the utilized method, samples taken at that
point were toxic to organisms. The high PD Community
Index corroborated these results. In the triad approach, the
integration of parameters enabled better identification of the
environmental quality of the studied sites, in comparison
with the reference site. Sampling sites receiving tannery
effluent discharges were significantly more impacted
than the reference site. Particularly in PC, the impact was
estimated to be 43.66 times greater than the reference site.
A close correlation was observed between the results of the
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sediment quality triad evaluation and the isolated results of
ecotoxicological sediment evaluation in the water bodies.
It indicated that ecotoxicological sediment assessment may
safely be used to provide proof of environmental impact.
It showed high potential to produce robust evidences
of the impact of similar activities in cases of suspected
contamination of water bodies.

Based on the recent criminalization of actions harmful
to the environment in Brazil and in other regions of the
world, it has become imperative to establish methodologies
capable of generating evidential data of this type of crime,
such as pollution. The relevance of this study lies in the
importance of maintaining the quality of water resources
and biodiversity worldwide. The present study is especially
applicable to developing countries, which often cannot rely
on precision analytical instruments, which, in addition to
their high cost, do not directly demonstrate the impact of
pollution on biodiversity.

Other environmental forensic methods have been
applied for Cr source evaluation in aquatic compartments.
In general, they use a metal chemical analysis approach
(Fang and Yang, 2010). Some studies have included
biological parameters, emphasizing the monitoring of
contaminants in organisms tissues (Rejomon et al., 2008).
A new approach is the geochemical condition of surface
sediments, by the elemental interactions, using statistical
methods and factor analysis (Balachandran et al., 2006).
Although these advances, further studies evaluating the effect
of trace elements on organisms are needed, including other
ecotoxicological methods and other potential bioindicators.

It was concluded that sediment samples from the study
area demonstrated acute toxicity for C. xanthus and chronic
toxicity for C. silvestrii. This study appointed that the
ecotoxicological assays with sediment samples can be used
for rapid, practical and accurate tracking and monitoring of
water bodies pollution by tannery effluents. They provide
evidence in environmental forensic investigations, tracking
sources of contamination, mainly when toxicity assays
are carried out with sediment samples collected upstream
and downstream of the suspected effluent discharge and
with the effluent itself. The authors suggest the evaluation
of these methods with other anthropogenic sources of
water contamination applied to environmental forensic
investigation.
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