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" Natural rehabilitation of an acidified Lake was monitored during two decades.
" pH, conductivity, sulphate, iron and toxicity of the water were monthly recorded.
" Toxicity levels were related to Lake pH values which ranged with rain and dry regime.
" Moving average approach using pH data showed clearly the Lake recovery process.
" Recent data highlight Lake rehabilitation and the efficiency of the containment plan.
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a b s t r a c t

The rehabilitation of a pond after approximately 20 years of strong acidified conditions due to industrial
and domestic waste deposition in its catchment basin is reviewed. We describe in this study the acidifi-
cation process that occurred in a tropical pond in Northeast Brazil (Dunas Lake), the rehabilitation plan
for the pond and the subsequent monitoring conducted over two decades. After the contamination
assessment by the late 80s, a rehabilitation plan was carried out in the early 90s, in which the contam-
inated soil and water have been removed and reduced, respectively. No further attempt to neutralize the
water or any remediation has been carried out. A toxicity monitoring plan based on toxicity assays with
the fish Poecilia reticulata was employed to verify the natural rehabilitation of the pond. The data on tox-
icity, pH, conductivity, sulphate and dissolved iron recorded from 1994 to 2010 were also compiled and
discussed. The collected data in 2003 and 2004 indicated changes in water quality and from them com-
plementary management actions, namely improvement in the containment plant, were conducted in
2005. Results for toxicity assays and pH results indicated interannual changes in the water quality similar
to rainy-dry periods. Moving average approach using pH data clearly showed the recovery process of
Dunas Lake as well as the importance of the containment plan to reduce the contamination. Finally, a
summary of the recent situation after two decades of rehabilitation is provided.

� 2012 Elsevier Ltd. All rights reserved.
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1. Introduction

Acidification from anthropogenic sources has attracted much
attention during the past 50 years because it is one of the principal
drivers of environmental disruption in many parts of the world
(Gorham, 1998; Driscoll et al., 2003). Such acidification arises pri-
marily from the consequences of acid rain and acid mine drainage,
although other types of anthropogenic activities, such as vegeta-
tion burning (Geller et al., 1998; Ribeiro et al., 2002; Mello et al.,
2006), and natural causes of regional importance, such as volcanic
activity, may also play a role. Unfortunately, studies of acidification
are primarily focused on highly developed and temperate-zone
countries. In Brazil, studies of acidification are most frequently
performed in the subtropical south-eastern, most industrialized re-
gion, where mining, industries, biogenic emissions and sugar-cane
burning could be related to the acidification of soils and waters
(Moreira-Nordemann et al., 1988; Rodhe et al., 1988; de Mello,
2001; Lara et al., 2001; Krusche et al., 2003; Martinelli et al.,
2006; Mello et al., 2006).

According to da Silva et al. (2000, 1999a, 1999b), by the end of
80’s, some industrial and domestic solid residues, whose principal
source was a titanium dioxide plant, were deposited on the dunes
adjacent to the Dunas Lake (Camaçari, Bahia, Brazil), a pond lo-
cated between coastal secondary dunes. The residues were subse-
quently leached by rainwater percolating through the dunes sandy
soil, contaminating the ground- and the surface water. Ground-
and surface water pH decreased to values as low as 1.8 (Gomes,
1994). Chemical intervention to neutralize the deleterious effects
of acidification should be the most reasonable alternative because
under extremely acid conditions, the natural rehabilitation of Dun-
as Lake would not be considered feasible in practice. Nevertheless,
these conditions could offer an excellent opportunity to monitor
the capacity and time necessary for the natural rehabilitation of
that ecosystem. Thus, a rehabilitation plan with no chemical inter-
vention and, subsequently, a monitoring plan based on the mea-
surements of a number of parameters (pH, conductivity, sulphate
and dissolved iron concentration, and toxicity assay) were de-
signed. The basic focus of the current review is the ecotoxicological
studies that were conducted over eighteen years to monitor the
reduction in toxicity and the role played by pH in producing the
toxicity. Because the pH was determined to be the factor primarily
responsible for the toxicity (Araújo et al., 2008a), we also decided
to verify the existence of seasonal fluctuations and interannual
trends of the pH data using moving average analysis.
2. Material and methods

2.1. Dunas Lake: general description and origin of contamination

Dunas Lake is located in Camaçari (Bahia, Brazil), along the
South Atlantic coast (12.803003 S, 38.219324 W). It consists of a
narrow, shallow body of freshwater located in a depression sur-
rounded by secondary dunes, adjacent to a wetland system that
runs parallel to the coast and presents no surface connection be-
tween them. Groundwater inflow is the primary source of water
input to the wetland system. A more detailed description of Dunas
Lake is given in da Silva et al. (2000, 1999a, 1999b).

At the end of the 80’s, large quantities of solid residues (sulphur,
iron, titanium dioxide, ilmenite and domestic wastes, mostly pa-
per, cardboard, plastic bags and wood) from the industrial activity
from a titanium dioxide plant have been dumped on the dunes
adjacent to the pond. The groundwater and surface waters were
heavily contaminated, and the pH decreased to an extremely acid
value (1.8). Additionally, the concentrations of dissolved iron and
sulphate and the subsequent precipitation of humic acids
increased. These changes affected the transparency of the water
and disrupted the biological communities in the pond (da Silva
et al., 2000, 1999a, 1999b). The contamination plume in the
groundwater did not reach Jauá Lake, which maintained its original
characteristics and has been considered to represent a reference
site (da Silva et al., 2000).
2.2. Rehabilitation plan and monitoring

In 1992, a rehabilitation program was initiated to restore
groundwater and surface water quality as well as to reduce the lev-
els of contamination regarding to acidification (da Silva et al., 2000,
1999a, 1999b; Gomes, 1994). Initially, 34,000 Mg of residues were
removed; groundwater was continuously pumped out to reduce
the contamination plume, which was discharged through a marine
outfall; and 16,400 m3 of industrial waste and approximately
15,500 m3 of domestic waste were hydraulically encapsulated in
the dune (da Silva et al., 2000, 1999a, 1999b; Gomes, 1994). The
residues confinement consisted of a cover layer with three sub-lay-
ers of soil, composed of a 20 cm uniform eolian sand, 40 cm of a
poorly compacted layer of residual soil, product of the weathering
of a granite/gneiss bedrock and, a 60 cm of compacted material
similar to the previous one, from top to bottom. The water col-
lected by the drainage system was removed through a peripheral
drain installed around the system.

In 2003 data of the monitoring wells installed in the area indi-
cated a decrease in pH, and ecotoxicity assays using surface waters
indicated a reverse trend in toxicity reduction (see subsequent
subsections). These results were immediately related to failures
in the containment system performance and, between 2003 and
2004, a geotechnical investigation detected failures in the cover
layers, as soil permeability values in the containment layers were
high and, in some points tree roots were found further bottom
layer, indicating poor system performance.

Having detected that, a new cover layer was set up by October
2005 after the removal of the sand and intermediate layers, using
bentonite in the bottom layer to ensure low permeability and
above the new compacted layer of soil, a 2 mm layer of high den-
sity polyethylene (HDPE) membrane was installed to produce a
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double layer of low permeability. Finally, the sand layer was reused
as part of the drainage system and for plant support. In the sand
layer surface hydro-seeding technique was employed for grass
support. The collected rainfall water was conducted to an infiltra-
tion pond located around 200 m from confinement.

2.3. Physical–chemical analysis

Between 1993 and 2010, surface water monthly data of pH and
conductivity values were measured in the field, using a Digi-Sense
(Cole Parmer) and Hanna HI 9033 electrodes, respectively. Sul-
phate (like sulphate ion: turbidimetric method) and dissolved iron
(phenanthroline method) were also determined in the same sam-
ples according to APHA (1992).

2.4. Toxicity assays

Samples used for toxicity assays were collected in 5 L plastic
bottles, transported to laboratory and kept at 4 ± 1.0 �C until the
next day (less than 24 h) when assays were performed. Poecilia
reticulata, the guppy, was chosen due to its presence previously
to the impact in the nearby wetlands and, the recommendation
from OECD (1992) for use in ecotoxicity assays. The fish, native
from Trinidad and Tobago, and the coastal zone of NE South Amer-
ica (Magurran, 2005), is a feral species, very abundant in tropical
freshwaters, due to human interventions (Deacon et al., 2011).
Only neonates younger than 15 d old, length less than 1.0 cm, con-
sidered more sensitive (Farag et al., 1993; Petersen and Kristensen,
1998), were used in the toxicity assays. Fingerlings were obtained
from a local aquarist, who bred and kept the organisms in a head-
water valley stream, under natural conditions following OECD
(1992) and after ABNT (2002). The organisms were transported
to the laboratory in a plastic bag with sufficient air and in darkness
(Baumans, 2005). In the laboratory, the fish were sorted out for size
and acclimated for 24 h in 20 L glass aquaria initially containing
the creek water, which was gradually replaced with dechlorinated
tap water, within this period previous to experiments, under con-
stant aeration, and used as control. Food was not provided during
this period and during the experiments. The temperature
(26.0 ± 1.0 �C) and photoperiod (12:12 h light: dark) were main-
tained throughout the experiments, and static and acute toxicity
with a maximum exposure time of 96 h (OECD, 1992; ABNT,
2002) were carried out. Briefly, the samples were placed in test
vessels (1.2 L capacity), each containing ca. 900–1000 mL of sam-
ple. Eight to ten fish were randomly exposed in each vessel, and
time was the independent variable, using five replicates per water
sample. Fish mortality was checked every 10 min in the first 3 h of
the tests, 30 min of the third until the 10th h, and at longer time
intervals in the following hours. Living animals were recorded
and dead fish removed (da Silva et al. 2000; Araújo et al. 2006,
2008a, 2008b).

2.5. Statistical analysis

For toxicity tests, the median lethal time (LT50: time at which
50% of the test animals were dead) was determined by Probit Anal-
ysis. Considering that pH seemed to be the toxicity factor most
determinant (Araújo et al., 2008a), to verify the presence of sea-
sonal fluctuations and the interannual data trend, a moving aver-
age of the pH values was employed, as they are to identify trends
in a given measurement and to eliminate unwanted fluctuations
in time series analysis (Spiegel, 1981). In this procedure, a data
subset was chosen from the data set collected over a given period.
This first subset was then averaged. Later, the first value used in
the data subset was removed, and a subsequent data value inserted
to determine the new value of the moving average. In the present
study, two different criteria for calculating moving averages were
employed. The first criterion produced a seasonal moving average
based on 6-month subsets. The principal goal of this approach was
to detect the seasonal fluctuations related to the rainy-dry periods,
March to August, and September to February, respectively (da Silva
et al., 2000). No reliable continuous rain data was available for the
area, or even nearby sites, although a definite rain pattern is
known. The second criterion used to calculate the moving average
aimed to verify interannual trends in the ecosystem rehabilitation
associated with the increase in pH. This procedure was similar to
the previous procedure, but the subsets included 12 months of
data.

Linear correlation coefficients between sulphate and dissolved
iron levels, conductivity, pH, and toxicity were also calculated.
3. Results and discussion

3.1. Monitoring sulphate and dissolved iron

The sulphate levels are plotted in Fig. 1. The initial sulphate con-
centration was generally greater than 500 mg L�1. From 1997, the
sulphate levels were lower than 400 mg L�1; however, those levels
ranged between 60 and 170 mg L�1 in 1999, and decreased to 25
(±6) mg L�1 in 2010. Sulphate levels were significantly correlated
with iron (r = 0.95; p < 0.0001; n = 12), conductivity (r = 0.98;
p < 0.0001; n = 14) and pH (r = �0.76; p < 0.05; n = 14), but not
with toxicity (r = �0.32; p > 0.05; n = 11).

The levels of dissolved iron found in 1994 and 1995 ranged be-
tween 60 and 70 mg L�1 (Fig. 2). During the subsequent two years,
this level decreased to approximately 41 (±13) mg L�1, and in
1998, the mean value recorded was approximately 14 ± 14 mg L�1

(being 27 ± 13 in the firsts six months and 4 ± 0.9 mg L�1 in the
second semester). During the last six years of monitoring (2005–
2010), the concentrations of dissolved iron (between 0.6 and
0.1 mg L�1) in Dunas Lake water reached levels similar to those
found in non contaminated Jauá Lake (unpublished data). A high
content of dissolved iron prevents pH increases by acting as a buf-
fer (Peine and Peiffer, 1998) and maintains high conductivity val-
ues (Klapper et al., 1998). This relation of dissolved iron with pH
(r = �0.73; p < 0.005; n = 12) and with conductivity (r = 0.97;
p < 0.0001; n = 12) has been recorded. Regarding the toxicity a
non-significant correlation was recorded (r = �0.34; p > 0.05;
n = 9).

The non-significant correlation data of both sulphate and dis-
solved iron levels with toxicity data highlight that although these
parameters are important for monitoring plan, they were not able
to predict potential toxicity of Dunas Lake.
3.2. Monitoring conductivity values

The conductivity data (Fig. 3) showed that the initial values ob-
served during the first three years were always greater than
1000 lS cm�1 and attained values of approximately 2000 lS cm�1.
A decreasing trend began in 1996 and was most evident during the
subsequent years. The highest value, in January 1997, was approx-
imately 1300 lS cm�1 with mean of 986 ± 176 lS cm�1. In 1998,
during the last six months the conductivity mean was of 678 ±
25 lS cm�1. During almost all of 1999, the conductivity values
were approximately 530 lS cm�1. The conductivity values exhib-
ited a typical pattern of variability, with a pronounced seasonal
component between May and August, especially during 1994 and
1999. A significant and constant reduction was evident until
2001. Thereafter, a slight increase was recorded for the next five
years. However, the conductivity values decreased beginning in
2007. These data were attributed to the second plan for the con-
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Fig. 1. Monthly sulphate values recorded in Dunas Lake water samples from 1994 to 2010.
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Fig. 2. Monthly dissolved iron values recorded in Dunas Lake water samples from 1994 to 2010.
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tainment of the contamination. The lowest values observed
(174 ± 26 lS cm�1) in 2010 are very similar to those recorded in
Jauá Lake (109 ± 10 lS cm�1), which is considered a reference eco-
system. Conductivity values were significantly correlated with pH
(r = 0.91; p < 0.001; n = 17); however, no correlation with toxicity
was observed (r = �0.34; p > 0.05; n = 12).

3.3. Monitoring pH values

Early pH data from Dunas Lake showed values of approximately
2.52 (±0.08) in 1994, prior to the rehabilitation procedure (Fig. 4).
During the first four years of monitoring, the pH values were al-
ways below 3.0 (from 2.52 to 2.68). From 1998 to 2002, the mean
pH values ranged between 3.0 and 3.6, but in the three subsequent
years, value levelled out around a mean of 3.30 (±0.21) and 3.13
(±0.24) in 2003 and 2004, respectively, not following the regular
upward trend. These results provided the scenario for a new con-
tainment that was carried out by late 2005 and pH values have in-
creased considerably since then. In 2010, the mean pH values
reached 5.0 ± 0.7, which can be taken as a reference value for the
region (da Silva et al., 1999a).

The pH data exhibited not only oscillations throughout the
monitoring period but also a clear tendency to increase interannu-
ally (Fig. 5), at least for the first nine years, and after the new con-
tainment (from 2004). The seasonal moving average in Fig. 5
showed marked fluctuations, with a peak (the highest pH values)
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Fig. 3. Monthly conductivity values recorded in Dunas Lake water samples from 1994 to 2010.
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occurring generally during mid-year (the rainy period) and a
trough (the lowest pH values) during the last and first months of
the year (the dry period). Such seasonal trend showed that rainfall
affects chemical composition of the pond as indicated by da Silva
et al. (1999a) for Dunas Lake. The analysis with moving averages
revealed two components that were strongly related to the pH val-
ues. The seasonal component was influenced by rainfall and was
responsible for the fluctuations around the trend of the interannual
component that highlights the process of natural rehabilitation.
The interannual component appears to be relatively more impor-
tant owing to the increasing pH values than seasonal component.
However, the importance of this component is reduced by the sea-
sonal variability. To eliminate the variability related to the mean
pH value, the moving average for 6 months, containing both the
seasonal and interannual components, was decomposed by sub-
tracting the mean pH calculated from the entire set of raw data
(from 1994 to 2010) from each value of the moving average. Sub-
sequently, to obtain the primary components, a data decomposi-
tion was applied to the monthly pH data set. First, the 6-month
component was calculated by extracting the moving average from
each pH value. This component eliminates the variability related to
the variability of the moving average. Then, the 12-month compo-
nent was calculated by extracting the 12-month moving average
from the previously calculated component to eliminate the sea-
sonal variability. Finally, the components for 6 and 12 months
were individually summed as absolute values, and the percentage
of the total sum (also in absolute value) represented by each com-
ponent was calculated. The importance level thus found for the
interannual component was 76%, whereas the importance level
for the seasonal component was 24%. This result highlights the
greater magnitude of the annual trend of increase in pH than the
seasonal variation.

3.4. Toxicity levels: laboratory and in situ assays

The ecotoxicity results for 1993 to 2010 are shown in Fig. 6.
Generally, the values recorded until 2009 are ecologically similar
because the fish were unable to survive during 96-h exposure. In
2010, 100% of the organisms survived over 96 h (reported as 96 h
in Fig. 6). This value indicated the occurrence of a substantial
change in the water quality of Dunas Lake. Since September
2010, fish (Family Erythrinidae) were observed in Dunas Lake, indi-
cating that the environmental quality of that pond, with pH values
around 5, is sufficient to allow colonization by fish (Driscoll et al.,
2003). Algae, invertebrates and/or fish were not observed in Dunas
Lake from 1992 to 2000 (Reis, 2004).

Fish populations exposed to low pH experience biochemical and
physiological disturbances (Moiseenko and Sharova, 2006). There-
fore, acidified aquatic ecosystems tend to be fish-free environ-
ments (Van Sickle et al., 1996; Nixdorf et al., 1998). Based on this
premise, Araújo et al. (2008a) investigated whether the toxicity
found in Dunas Lake water is related directly to the effects of
low pH effects or is due to a higher bioavailability of toxic metals.
In that study, the authors tested different pH values to detect pos-
sible reductions in fish survival due to increased pH. Monthly
water samples collected from Dunas Lake from March 2003 to
November 2004 were treated with 1 M NaOH to obtain different
pH values: from the original Dunas Lake pH (pH approximately
3.0) to 6.5. The purpose of these treatments was to assess the
changes in the toxicity levels after increasing the pH. To assess only
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the toxic effect of pH, the pH of the control water (dechlorinated
tap water) was decreased with 1 M H2SO4 to the same pH value re-
corded in Dunas Lake. The results obtained from a predictive model
indicated that 80% of the toxicity observed in the Dunas Lake water
is due to pH (p < 0.0001) (Araújo et al., 2008a). This model indi-
cated that the change in pH values simulated in the laboratory
was able to predict the actual situation in the field (p < 0.0001).
Based on the results of that study, a pH of 5 should represent the
threshold that would allow the presence of fish in the lake.

Although laboratory assays are widely employed in ecotoxico-
logical studies, they have an inconvenient feature: their results
cannot be extrapolated successfully to natural ecosystems. There-
fore, an in situ ecotoxicity assay was adopted beginning in July
2003 to compare the results from the field with those obtained
in the laboratory. Certain discrepancies between the results of
the two types of assays have been attributed to the lack of the abil-
ity to create a laboratory environment with conditions similar to



Fe
b-

05
Ap

r-0
5

Ju
n-

05
Au

g-
05

O
ct

-0
5

D
ec

-0
5

Fe
b-

06
Ap

r-0
6

Ju
n-

06
Au

g-
06

O
ct

-0
6

D
ec

-0
6

Fe
b-

07
Ap

r-0
7

Ju
n-

07
Au

g-
07

O
ct

-0
7

D
ec

-0
7

Fe
b-

08
Ap

r-0
8

Ju
n-

08
Au

g-
08

O
ct

-0
8

LT
50

 (h
)

0.0
1.5
3.0
4.5
6.0
7.5
9.0

10.5
12.0 No-acclimated 

Acclimated 

Fig. 7. Values of LT50 obtained for acclimated and no-acclimated Poecilia reticulata
exposed to Dunas Lake water during 2005 to 2008 in in situ assays.

C.V.M. Araújo et al. / Chemosphere 90 (2013) 887–894 893
those found in the field, as well as transportation and the handling
of the test organisms in the field (Pereira et al., 2000). Given these
considerations, a new procedure was adopted for the in situ assays
beginning in 2005. Starting in that year, the organisms were trans-
ported to the field and were maintained there for 24 h before the
assays (in glass aquarium but with no contact with lake water). Be-
cause the length of the acclimation period had no effect on the re-
sults of the assays, after 2005 this field acclimation period was
increased to 48 h to reduce the stress on the organisms due to
transportation and handling. The results of the toxicity assay were
not affected by the presence (4.2 ± 3.3 h) or absence (3.8 ± 2.8 h) of
acclimation (Fig. 7). The lack of any effect of the transportation and
handling of the organism in the field indicates that the difference
between the results of the in situ and laboratory assays may be
attributed to the more realistic conditions in the field, where
deleterious toxic effects act simultaneously with environmental
factors. The variation around standard conditions observed
throughout the year is directly related to the rainfall regime
through the dilution of the Dunas Lake water, as previously dis-
cussed for pH. Beginning in June 2007, the LT50 values increased
and ranged between approximately 3 h and 9 h. From December
2007, the LT50 values then decreased but a clear trend to increase
regarding previous years was recorded.

The use of in situ assays in the Dunas Lake biomonitoring pro-
gram proved to be an effective illustration of the care required
for interpreting laboratory results. Laboratory conditions may
mask interactions between toxicity and environmental factors
and thereby underestimate the actual toxicity. These assays also
showed that if the transportation of the organisms to the field
and the subsequent handling of the organisms are performed
appropriately, then the uncertainties in the results resulting from
possible stress to the organisms can be reduced to a considerable
extent.

4. Conclusions

The ecotoxicological impact of a toxicant is related to the mag-
nitude of the toxicity effect and to the intrinsic ability of the af-
fected populations to recover. The duration of the recovery of a
population also determines the extent to which a toxicant indi-
rectly affects the community (Liess and Folt, 2010). The probability
that the biota will recover from a disruption is substantially de-
creased if the damage has been severe and chronic (Yan et al.,
2004). At the beginning of the biomonitoring program in Dunas
Lake, it was not clear that doing nothing was better than doing
anything. Because the input of contaminants had stopped and
Dunas Lake represented a small aquatic ecosystem within a large
wetland system, allowing natural rehabilitation to occur would of-
fer an excellent opportunity to study and clarify a great number of
questions about the rehabilitation of a tropical aquatic ecosystem
after acidification. The results obtained from nearly two decades
of monitoring reinforce the importance of the implementation of
ecotoxicity assays in programs for monitoring environmental qual-
ity. Although the data obtained in the laboratory involved certain
restrictions, these results proved suitable for distinguishing the ef-
fects of decreases in pH and for predicting the reduction in toxicity
resulting from increases in pH. In addition, new assay methods,
such as in situ assessments (Araújo et al., 2006) and the use of
new types of organisms, e.g., the tropical cladocerans Latonopsis
australis and Macrothrix elegans (Araújo et al., 2008b), could be
tested.

The increasing pH in Dunas Lake favoured the development of
new ecological interactions. This statement is corroborated by
the recent occurrence of fish that indicated a more complex food
web (data not published). The first evidence of these progressive
changes was furnished by Reis (2004). The study discussed the
recolonisation of Dunas Lake by the flora and fauna, and the eco-
logical interactions occurring in the lake. More recently, Saro
et al. (2011) simulated recolonisation scenarios involving cladocer-
ans (Ceriodaphania cornuta, C. silvestrii, L. australis, and M. elegans).
In general, the results of this last study regarding a toxicity thresh-
old for recolonisation by cladocerans are similar to the results gi-
ven by Araújo et al. (2008a), who predicted a pH threshold
greater than 5 for fish. All of these data clearly demonstrate the
process of rehabilitation that is evident in Dunas Lake. Subsequent
studies in this ecosystem should be focused on sediment quality, as
initially performed by da Silva et al. (2000), and on recolonisation,
community structure and ecological interactions as described by
Reis (2004) to provide a more complete understanding of the reha-
bilitation of Dunas Lake.
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