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ABSTRACT

The most abundant and critical elements in residues from well drilling and prospecting are
barium and sodium. Ecotoxicological tests have been used to evaluate the toxicity caused by
toxic substances present in the soil. The objective of the present study was to verify the effect of
the application of drilling residue from oil wells on Oligochaeta activity. After incubation of the
soil with residue doses - BaSO, and NaCl - three ecotoxicological tests were performed in which
the species Eisenia andrei was used as a bioindicator. The avoidance behavior test showed that
there was a negative effect of the application of the residue at a dose of 234 t ha! on Oligochaeta
activity. However, the application of BaSO, alone did not show damage to the earthworms, unlike
what was observed for NaCl application. These results indicate that sodium was the element that
most restricted the activity of these organisms.
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1. INTRODUCTION

Materials and waste associated with the drilling
and prospecting for oil wells have a potential impact
on the environment, which depends on the material’s
composition and on the biotic community to which they
are exposed (Ekpo & Uzegbu, 2004; Magalhaes et al.,
2016). Among the residues generated when drilling
for oil wells, drilling waste stands out due to the large
volume generated and the potentially toxic elements
produced (Bauder et al., 2005; Magalhaes et al., 2012,
2014a). These residues are generated by mixing the fluid,
which is an oil-water emulsion with colloidal matter
(which may include bentonite, BaSO,, and sodium
chloride, among other additives), and ground rock
(Darley & Gray, 1988). The effects of applying drilling
waste on soil have been investigated (Lima et al., 2012;
Magalhaes et al., 2014b) and have shown that the
elements barium, in reducing conditions, and sodium
(Freitas etal., 2015) are the most limiting for the growth
of several crops, including rice (Magalhées et al.,
2012), sunflower (Sampaio et al., 2015), and Brachiaria
(Andrade et al., 2014). However, there are few studies
that show the effects on soil invertebrates of applying
drilling waste. In recent years, ecotoxicological tests
have been carried out to evaluate contaminated areas
or the effect of the application of substances on the
soil (Langdon et al., 2003; Owojori & Reinecke, 2009;
Guzyte etal., 2011). These tests indicate the toxicity of
the substances present in contaminated soils (Wu et al.,
2012). In tests using soil invertebrates, earthworms
are generally used as the target species because they
are widely available, easily bred in the laboratory, and
reproduce rapidly and consistently (Gomez-Eyles et al.,
2009). Several organizations such as the ISO, USEPA
and Organization for Economic Cooperation and
Development (OECD) have developed protocols that
use earthworms to assess the effects of soil contaminants
on invertebrate communities. The objective of this
study was to evaluate the effect of the application
of drilling waste on soil earthworm (Eisenia andrei)
activity through the study of behavior, chronic effects
(reproduction) and deleterious effects.

2. MATERIALS AND METHODS

The evaluation consisted of two tests: one
behavioral (avoidance) and one toxicity test (chronic
toxicity and acute toxicity). In both tests, earthworms

(Oligochaeta) of the Eisenia andrei species, weighing
between 250 and 600 mg, were used.

For the study, material collected during the
drilling of an oil well located in the state of Bahia,
Brazil, was used. Samples were collected from the
waste pile generated by “waste dryer” equipment.
The soil samples were collected at a depth of 0-20 cm,
from a Red-Yellow Dystrophic Argisol, which was
representative of the area surrounding the drilling
site. The preparation of the soil samples consisted of
soil air-drying, loosening of the soil, and soil sieving
with 4-mm sieves for the substrate and 2-mm sieves
for the soil analysis. The residue was also submitted
to the same preparation as the soil.

The collected soil had a barium concentration of
317 mgkg' (USEPA, 2007); a pH value in water of 4.4;
exchangeable bases (Na*, Ca**, Mg** and K*) 0£0.04, 0.9,
0.4,and 0.01 cmol_dm?, respectively; exchangeable Al of
3.5cmol_dm; potential acidity (H + Al) of 4.1 cmol_dm;
organic carbon content (Corg) of 6.30 g kg'; organic
matter (OM) of 10.86 g kg™'; clay of 420 g kg’; and a
cation exchange capacity (CEC pH 7.0) of 5.6 cmol_dm
(Donagemma et al., 2011).

In the collected residue, the pseudo-total levels
(USEPA, 2007) of arsenic (2.4 mg kg™), barium (25.6 gkg™),
lead (6.5 mgkg™), iron (27.7 gkg™), manganese (359 mgkg™),
zinc (44.6 mg kg'), calcium (3.1 g kg™'), magnesium
(11.6 g kg'), sodium (10.9 g kg') and potassium
(1.4 g kg!') were determined. The organic carbon
content was also quantified (440 g kg') according to
the EMBRAPA Manual of Methods of Soil Analysis
(Donagemma et al., 2011).

An “artificial” soil composed of 70% washed sand,
20% kaolin and 10% peat was also used according to a
protocol suggested by the Organization for Economic
Cooperation and Development (OECD, 1984). The pH
of the artificial soil was adjusted to close to 6, with a
variation of + 0.5 pH units. For the soil pH correction, a
neutralization curve was performed, where the amount
of CaCO, to be added to reach the pH value proposed
in the study was determined.

The behavioral test (avoidance) was based on the
OECD (1984) and ISO 238 (ISO, 2003). The completely
randomized experimental design consisted of three doses
of each of the three contaminants (waste, BaSO, and
NaCl), plus a control treatment, with five replications,
totaling 50 experimental units.
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Soil samples were incubated with three doses of the
drilling waste, equivalent to 23.4 234, and 468 Mgha' ata
depth of 0.2 m. The waste doses were based on guideline
values for barium, according to CONAMA (Brasil, 2009),
that is, waste doses to reach 300, 3000 and 6000 mg kg™*
of Ba (which correspond to the value of investigation
(VI), 10 times VI, and 20 times VI, respectively).
Because barium and sodium are the most abundant
elements present in the drilling waste (Magalhaes,
2011), to evaluate the isolated effects of barium
and sodium, the samples were also incubated
with three barium doses in the form of BaSO,
(300, 3000 and 6000 mg kg Ba) and three doses of sodium
in the form of NaCl (324.8, 1277 and 3248 mg kg™ NaCl),
considering the amount of sodium that was applied at the
different waste doses (127.7, 1277, and 2554 mg kg™ Na).

The experimental units were composed of plastic
boxes (21 cm x 15 cm x 8 cm), which were divided
into two sections of equal size by a plastic spatula.
One of the sections was filled with 450 g of soil from
the environment without any treatment (natural soil),
and the other was filled with the same amount of soil
treated with the different doses of the waste, BaSO, and
NaCl. At the end of filling, the spatula was removed,
and 10 synchronized earthworms with individual
masses of 250 - 600 mg were placed on the dividing
line. The assay was conducted in an air-conditioned
environment for 48 hours. After this period, the boxes
were again divided into two sections to record the
number of earthworms in each section. It should be
noted that during the test, the soil was maintained at
a moisture level equivalent to 60% of field capacity.

This test assumes an equitable distribution when
two sections of the experimental unit are filled with
the same soil type (Hund-Rinke & Wiechering, 2001).
Therefore, validation was performed for the avoidance
test by including a control treatment that had only
natural soil on both sides of the experimental unit, thus
demonstrating deviations in distribution whose cause
was not the addition of waste. A maximum mortality
level determined by the protocol to be 10% (OECD,
1984) was also assumed. The protocol also suggests that
the escape by more than 80% of individuals indicates
a contaminated environment.

The “artificial soil” toxicity test was based on two
tests: the acute toxicity test (mortality test) and the
chronic toxicity test (reproduction test).

The acute toxicity test (mortality test) aims to
determine the lethal dose of a given waste or contaminant
that kills 50% of the earthworm population (LD50).
This test was based on guidelines from the “Organization
for Economic Cooperation and Development (OECD)”
Guide to Chemical Testing No. 207 (OECD, 1984).
On the other hand, the chronic toxicity test (breeding test)
aims to determine the dose of the residue that presents
the greatest potential to interfere with earthworm
reproduction. This followed the International Standard
Organization’s evaluation method - effects of pollutants
on earthworms and determination of their effect on
reproduction (ISO, 1997).

In the test, “artificial soil” was used to isolate the
effect of the residue on earthworms, since this method
is considered standard to evaluate the intrinsic toxicity
of substances and residues.

The experimental design was completely randomized,
consisting of six waste doses and a control treatment
(soil without waste), with four replications.

To determine the doses of the residue, a geometric
progression was performed based on six doses of barium:
300, 900, 1500, 2100, 2700, and 3000 mg kg™! Ba, which
correspond, respectively, the value of investigation
for barium, and to 3, 5, 7, 9 and 10 times this value.
To achieve the respective barium concentrations,
it was necessary to apply the following residue
doses: 23.4,70.2,117.0, 163.8,210.6, and 234.0 Mg ha .

The test consisted of adding 500 grams of soil treated
with different doses of the residue and a control treatment
(artificial soil without residue) to the experimental
units (500 ml opaque plastic containers - pots of the
type used to store honey), forming a 7 cm soil layer.
During the test, moisture was maintained at 60% of
field capacity. For each unit, 10 earthworms were
weighed and allocated. Synchronized earthworms
were used so that they all had an age difference of
no more than 30 days, according to the established
protocol (ISO, 1997).

After 28 days, the earthworms were removed,
leaving only the cocoons. The cocoons were left for
another 28 days, after which the number of juveniles in
each experimental unit was counted. The earthworms
were weighed on the first, seventh and fourteenth days.
The number of dead earthworms was recorded in the
different treatments to detect which residues doses would
lead to the death of 50% of the earthworms (LD50),
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thus taking advantage of a single test to perform both
the chronic toxicity test and the acute toxicity test.
The following were also determined: the highest dose
of the No Observed Effect Concentration (NOEC),
which represents the maximum dose of a chemical
compound for which no effects were observed; the
Lowest Observed Effect Concentration/Level (LOEC),
which represents the lowest dose at which effects are
observed; and the effective lethal concentration to
prevent reproduction of 50% of individuals (EC 50).

The following statistical analyses were performed:
an analysis of variance and a comparison of the data
using Fisher’s test at 5% probability for the behavioral
test — this test allows a comparison of the distribution
of the worms, in relation to an expected distribution,
assuming avoidance behavior does not exist for a
particular type of soil — and Dunnets test (p <0.05)
for the acute toxicity test. All statistical analyses were
done using STATISTIC Software Version 7.0. Lethal
concentration values (EC50) were calculated using

the Logistic model.
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3. RESULTS AND DISCUSSION

The avoidance behavior test that was carried out
can be considered valid because it was observed that
in the control treatment, there was no preference for
earthworms on either side, thus presenting an equitable
distribution. This was demonstrated by the result of the
Fisher test, which did not show a significant difference
(P <0.05) for earthworm preference for either side
containing natural soil (Figure 1A). This showed that,
deviations in the distribution of earthworms were
caused by addition of waste.

However, for all doses of sodium chloride, more
than 80% of the earthworms escaped to the natural
soil side (Figure 1B), with avoidance behavior
percentages of 84, 96 and 92%, respectively, for doses
0f127,1277 and 2554 mg kg' of Na. This demonstrated
the sensitivity of the earthworms to sodium, which, in
high doses, causes physiological damage. Owojori &
Reinecke (2009), working with artificial soil and with
different doses of sodium chloride, found that from
the dose of 2000 mg NaCl kg™ of soil, the escape of
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Figure 1. Distribution of earthworms in the control and at different contaminant doses: (A) Control; (B) NaCl;
(C) BaSO, and (D) waste. *significant difference (p < 0.05 by Fisher’s test) of the dose when compared to the natural

soil for the escape of the earthworms.
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the earthworms to the artificial soil was above 80%,
which is considered an environment refractory to
these organisms (OECD, 1984). Although the NaCl
values applied to the soil at dose 1 were lower than the
concentrations studied by Owojori & Reinecke (2009),
escape behavior higher than 80% was observed for the
natural soil at that dose, i.e., a small amount of sodium
was enough to cause damage to the organisms.

This pronounced impact, observed in the NaCl
doses in the respective tests, is possibly associated
with the characteristics of the soils studied. In this
study, we used samples of a Red-Yellow Dystrophic
Argisol with low OM; however, the authors mentioned
used artificial soil containing 10% peat, so that more
sodium was retained, causing less deleterious effects
on the earthworms. Ellis et al. (2007) reported that
one of the attributes of the soil that decreased the
toxicity of carbendazim was the OM content due to
the increase of soil CEC.

For treatments that only used BaSO, (Figure 1C),
escape behavior above 80% at the doses studied was
not observed, indicating the low toxicity level of
this compound. Lima et al. (2012) verified that the
application of up to 3000 mg kg of Ba did not interfere
in the development of rice plants. Similar results were
observed by Magalhées et al. (2012) using barium
sulfate as the source of contamination.

However, in treatments with drilling waste (Figure 1D),
there was a statistically significant movement toward
the natural soil at all doses. At the lowest residue dose,
65% of the earthworms were found in the natural
soil, which did not exceed the 80% proposed by the
OECD (1984). However, at doses 2 and 3, the escape
to the natural soil was 89 and 98%, respectively,
demonstrating that these doses were highly restrictive
for earthworms and indicating potential toxicity due
to the application of this residue on the soil. Barium is
an element toxic to organisms. However, the barium
present in drilling waste takes the form of barium
sulfate, which has low solubility and, consequently, low
toxicity, as has already been observed in several plants
(Limaetal., 2012; Magalhaes et al., 2012; Andrade et al.,
2014; Sampaio et al., 2015).

These results indicate that sodium was possibly
the most restrictive element in the application of the
soil residue, since the same sodium concentrations
used for the sodium chloride test were present at the

respective doses for the drilling waste. The treatment
with BaSO, verified this hypothesis because it did not
show toxicity to earthworms, since the concentrations
were the same at the different doses of drilling waste
(300, 3000 and 6000 mg Ba kg™).

In the acute toxicity test with artificial soil, it was
not possible to calculate the LD50 because there was no
death or escape of earthworms at any dose. Guzyte et al.
(2011), working with artificial soil and testing different
NaCl doses, observed that total earthworm mortality
was observed at the dose of 6000 mg NaCl per kg of
soil, and the LD50 was 5623 mg NaCl per kg of soil.
At the highest waste dose (234 Mg ha'), the NaCl
concentration was 3248 mg kg™ soil. When compared
to the results obtained by Guzyte et al. (2011), this value
was below the amount necessary to cause the death of
the earthworms. At doses of 117.0, 163.8, 210.6, and
234.0 Mg of waste ha, the earthworms moved to the
surface and adhered to the wall of the experimental
units, reducing the feed and consequently presenting
weight reduction, which was a form of adaptation
(resistance) developed for this hostile environment.
Langdon etal. (2003), studying earthworms Lumbricus
rubellus, observed that the earthworms created
resistance to arsenic and showed the behavioral
reactions of winding, rejection, escape to the surface
or interruption of feeding.

When the weight of the earthworms on the
first and fourteenth days are compared, there is
an increase of 12.1 and 1.2% in the control and at
dose 1, respectively. However, weight reductions
of 4.4, 6.7, 13.3, 19.7 and 21.6% were observed at
doses 2, 3, 4, 5, and 6, respectively (Figure 2). These
results clearly demonstrate that from the second dose,
the waste interfered with earthworm feeding, possibly
due to the high salt content present at these doses.
The amount of residue applied was not sufficient to
cause the immediate death of the earthworms, but they
lost weight, indicating inhibition of feeding.

The average earthworm production in the control
was 40 juveniles; however, at dose 1, the mean
production was 6.5, corresponding to a reduction in
juvenile production of 83.75%. This dose corresponds
to the application of 23.4 Mg ha"' of the waste and,
consequently, 128 mg kg Na (Figure 3).

From dose 2, there was no juvenile production, due
to the amount applied, and, consequently, to the high
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sodium content. NOEC, which refers to the highest dose
without an observed effect, could not be calculated,
since the first applied dose was high enough to show
a reduction in the production of juveniles. However,
the NOEC is between 0 and 23.4 Mg ha', and new tests
with lower concentrations are required to determine
this parameter. The LOEC, which represents the lowest
observed dose, was dose 1, and it was the only dose
where there was juvenile production. The effective
concentration of waste to inhibit the production of
50% juveniles (EC 50) was 20.91 Mg ha'. These results
confirm those obtained in the tests previously discussed,
where sodium was the element that produced the
greatest restriction after application of waste.
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Figure 2. Variation in the weight of the earthworms
between the first and the fourteenth day after application
of different doses of drilling waste.
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Figure 3. Mean production of earthworm juveniles in
the drilling waste. (*) application of the waste in Mg ha!
at a depth of 20 cm; (**) Barium levels in mg kg™ of soil
and (***) levels of sodium in mg kg™ of soil.

Owojori & Reinecke (2009) also observed the
adverse effect of salinity with a decrease in juvenile
production, although the residue amount applied was
significant and may have intensified the action of this
element. Owojori et al. (2008) worked with artificial
soil and tested different NaCl doses to determine
the concentration of NaCl required to inhibit the
production of juveniles by 50% (EC, ). They found that
2020 mg of NaCl kg of soil was the amount needed
to inhibit reproduction by 50% and concluded that
NaCl concentrations that were not toxic for plants
could still cause toxicity to earthworms.

4. CONCLUSIONS

In the behavioral test, the application of the
drilling waste to the soil was restrictive from the dose
0f 234.0 Mg ha™'. Sodium was the element present in
the most limiting waste, when applied to soils.

The highest amount of residue applied (234 Mgha')
was not sufficient to cause the death of 50% of the
individual earthworms; however, it led to a reduction
in earthworm weight.

The effective concentration of residue found to
inhibit the production of 50% of juveniles (EC 50)
was 20.91 Mg ha’.
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