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ABSTRACT

Organic and non-organic pollution present in the drilling waste may negatively impact flora and fauna. The tests
conducted on earthworms may serve as indicators for the assessment of pollution bioavailability, i.a. heavy metals,
polycyclic aromatic hydrocarbons, due to the relatively stable ratios between the concentration of certain pollut-
ants in earthworms and soil. Moreover, earthworms are capable of metal bioaccumulation in tissues; therefore,
they can be utilized as an ecological indicator of soil pollution. The studies on bioaccumulation of heavy metals
from soils with the addition of drilling wastes in tissues of earthworms were conducted. The reduction percentage
(R) of each scenario was calculated for the total concentration of all heavy metals. As data showed, all heavy metal
content was reduced from its initial concentration.
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INTRODUCTION

In recent decades, an increased demand for
natural gas is observed around the world. The
growing need for electricity and the aims for Eu-
ropean energy policy are favourable factors for the
investments related to the exploration of crude oil
and natural gas, both from the conventional and
non-conventional deposits [Kaliski et al. 2010].
The first natural gas mining license from non-
conventional hydrocarbon deposits was issued in
2007. Five years later, already over a hundred of
such licenses were issued. Until October 2017,
seventy-two exploratory wells were drilled.

Exploration of non-conventional gas depos-
its, mainly shale gas, produces a large amount
of various drilling wastes. These include, among
others, drill fluids and wastes containing crude
oil, hazardous substances, barite, chlorides as
well as non-drilling wastes, including the wastes
containing mercury, plastics, varnishes, dyes,
and oils (engine, hydraulic). During drilling of
an exploratory hole at the depth up to 3000 m,
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2,849,000 kg of spent drill fluid and drilling
wastes is produced [Macuda 2010].

This kind of waste may contain high con-
centrations of substances which are hazardous
for the environment, i.e. heavy metals, mainly,
arsenic, barium, chromium, copper, lead, nick-
el and zinc, as well as complex organic com-
pounds, i.e. aliphatic and aromatic hydrocarbons
[McFarland et al., 2009].

Increasing amount of drilling wastes and their
physicochemical properties enforce conducting
studies on their impact on the environment as well
as devising the methods for their management. In
Poland, storage is the most popular method for
the management of drilling wastes. In the United
States, bioremediation methods are most often
employed for this purpose. One of novel meth-
ods of management involves utilization of earth-
worms. Vermicomposting constitutes an estab-
lished method of treating organic wastes [Liu et
al., 2005, Suthar et al., 2008]. Vermicompositng
is a biochemical process of organic material deg-
radation (Fu et al., 2015) constituting a joint op-
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eration of earthworms and microorganisms in the
aerobic state, which is capable of transforming
majority of organic elements into valuable prod-
ucts, rich in nitrogen, phosphorus and potassium
[Lv et al., 2016].

Earthworms (especially Eisenia fetida) are
mainly used for vermicomposting of sewage
sludge. An important feature of vermicompost in-
cludes lower content of heavy metals, i.e. Pb, Cd
and Zn inrelation to the sludges prior to vermicom-
posting. The studies confirm that earthworms are
sorbents of heavy metals [Li et al., 2005].

Earthworms tend to bioaccumulate trace com-
pounds from the soil environment [Hobbelen et
al., 2006]. The bioaccumulation degree depends
on the concentration of particular compounds,
soil pH, and the concentration of organic carbon.
Earthworms are most efficient in absorbing cad-
mium and lead ions. Although the zinc ions may
reduce their capacity of rapid movement, and
the organoleptic symptoms include the swelling
of earthworms and unnatural narrowing of their
bodies, whereas lead ions in high concentrations
lead to the decomposition of tegument and the
loss of coelomic fluids [Spurgeon 2003, Udovic
and Lestan 2010]. In an acidic soil, the accumu-
lation of trace elements is carried out more ef-
ficiently. Most of heavy metal ions contained in
soil have an impact on the metabolism and in ex-
cessive concentrations it may cause death of liv-
ing organisms [Lukari et al., 2004].

The vermicomposting process was only re-
cently used in with drill fluids. In the bioremedia-
tion process of drill cuttings mixed with soil and
organic matter, the content of oil derivatives in cut-
tings was reduced to background levels [Norman
2002, Getliff 2002, Enuneku and Ayobahan 2016].

Norman et al. conducted the vermicompost-
ing of drill cuttings based on paraffins with re-
moved chlorides. Experience has shown that the
combination of vermiculture and a chloride-free
synthetic drilling fluid (designed for optimal bio-
remediation potential and low residual electrical
conductivity) gives fast and efficient degradation
of the hydrocarbons to background levels, with no
deleterious effects on the worms [Norman 2002].

The paper investigated the heavy metal con-
tent in the soils processed by earthworms, which
contained an addition of drilling wastes compris-
ing water-based drill fluids. Determining the total
content of heavy metal indicates total soil con-
tamination but it is not useful for determining the
bioavailability. The reduction percentage (R) of
each scenario was calculated.

MATERIALS AND METHODS

The chernozem soil was collected in the vi-
cinity of Hrubieszow (eastern Poland) from ar-
able soil (up to the depth of 30 cm). The water-
based drilling wastes were taken from the facil-
ity of mining waste, produced during shale gas
searching in eastern Poland. Mixtures of soil and
drill cuttings were prepared, which differed in re-
spect to the composition.

Research methodology

The assay was carried out in glass containers
with the volume of 250 cm?, filled with soil con-
taining an addition of water- and oil-based drill-
ing cuttings.

Each sample contained 10 mature Eisenia fet-
ida earthworms. Chernozem soil constituted the
control sample. The water content amounted to
40+60% (WHC). The assay was carried out over
the period of 7 days. The earthworms were fed
with finely ground manure.

Analytical methods

Determination of physicochemical properties

e clectrical conductivity— measured for 1:5 soil/
water (weight/volume), (PN-EN 27888:1999
soil quality. Determination of the specific
electrical conductivity)

e pH value by means of potentiometric method
in water solution and in 1 M solution of po-
tassium chloride (PN-ISO 10390: 1997P soil
quality. Determination of pH),

e dry matter content by means of loss on drying
method in the temperature of 105°C (PN EN
ISO 11465:1999P soil quality. Determination
of dry matter content of soil and water in soil
per dry mass of soil. Gravimetric method),

e total heavy metals were determined by ICP-
OES Ultrace 238 (Jobin Yvon-Horriba France)
using direct calibration method after micro-
wave digestion (Multiwave 3000, Anton Paar).

Table 1. Composition of mixtures

Composition (% weight)
Sample - - -
Soil Drill cuttings
A5 95% 5%
A10 90% 10%
A15 85% 15%
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The samples of homogenized soil (1 g) were di-
gested in acid mixture of HNO,: HCI (5:2) and
water samples (15 g) were digested in HNO,
(cm?). The digestion process lasted 45 min at
180°C and at the pressure of 18 bars. Metal
concentrations were determined at different
wavelengths (213-395 nm). Detection limits
for particular metals did not exceed 10 ppb.

The reduction percentage (R) of each sce-
nario was calculated for the total concentration of
all heavy metals. The R values were determined
using the following equation [Wang et al., 2013]:

Ci — Cf

R= +100% (1)

Cl
where: C;is the concentration of heavy metals in
the raw materials (mg/kg), and
Crdenotes the same for vermicompost af-
ter 7 day.

Mean values with standard deviation were
calculated for the results of this study. Then, the
statistical analyses based on the one-way analysis
of variance (ANOVA) and multiple T-Tukey tests
with the significance level a = 0.05 were carried
out. T-Tukey’s multiple comparative tests provid-
ed a detailed comparative analysis of mean values
by isolating statistically homogeneous groups (ho-
mogeneous groups). The matrix of correlation co-
efficients between the variables was determined.

RESULTS AND DISCUSSION

The characteristics of physicochemical prop-
erties of the materials used in the experiment and
investigated mixtures were presented in Table 2.

The studied soil was collected from the layer
of 0-30 cm in the vicinity of Bychawa. On the ba-
sis of the sieve grain analysis, it was classified as
lessive soil, due to the dominant share of dust frac-
tion (71%) and sand fraction (23%). The soil was
characterized by acidic pH (4.7) as well as low or-
ganic matter (2%) and metal content. The drilling
wastes used in the experiment had an alkaline pH
(8) and a high content of organic matter (12%).

As indicated in the studies by He et al. [2016],
the optimal activity of earthworms in organic ma-
terials occurs at adequate physicochemical prop-
erties, i.a. pH ranging from 5 to 8, humidity of
40-55% and C/N ratio approximating 30%. The
prepared mixtures are characterized with the pH
which is optimal for the growth of earthworms,
high organic matter content (about 2%). The con-
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tent of organic carbon in the produced mixtures is
fourty-fold higher in relation to the applied soil.

The pH in vermicompost (soil with vari-
ous doses of drilling wastes following 7 days of
residence of earthworms) was decreased by 1.
The reduced pH is caused by the microbiologi-
cal metabolism coupled with the decomposition
of organic matter [Fu et al., 2015]. The organic
carbon content in vermicompost is reduced by
0.2%. The loss of carbon might be caused by the
respiration of microorganisms and stabilization
of organic matter content by earthworms [Liu
et al., 2005]. All parameters showed significant
difference after vermicomposting treatment. The
variation in pH, EC, TOC and GI in all trials
were significant (p<0,05)

The concentration of metals in the materials
used for the preparation of mixtures was present-
ed in Table 3. The content of metals in drilling
wastes is much higher than in soil. Such values
of heavy metals in drilling wastes raise concerns
in terms of their infiltration into soils or surface
and ground waters. However, the concentrations
of metals in drilling wastes do not exceed the lim-
it established in the regulation pertaining to the
method of assessing surface pollution [Journal of
Laws 2016 item 1395]. Total content of metals in
the parent mixtures and vermicompost was pre-
sented in Figures 1-3.

Table 2. Initial and final characterization of physical
and chemical properties of mixtures*

Composition (% weight)
Sample Moisture
PH TOC [%] content [%]
Drill cuttings 8 £0.1 6.2 +0.5
. 0.03 ¢
Soil 4.7 0.2 0.001
Initial characterization of mixtures
" 1,302 + "
A5 7.5 £0,1 052 322 +1.3
A10 7.8° £0.1 1.37° +0.6 | 332 +2.1
A15 8.0° £ 0.2 1.48¢+0.5 | 35° 3.1
Final characterization of mixtures
A5 6.6 £0.2 1.10° £0.4 | 347 1.1
A10 6.9¢ £0.1 1179 £0.3 | 352 £1.3
A15 717 +£0.2 1.217 £ 0.1 372 £1.5

“Data are given by mean +standard deviation based on
3 samples.

The superscript * next to the average content values
in the Table (Tukey Homogeneous Groups) indicates
statistically homogeneous groups. The presence of the
indicator designates the lack of statistically significant
difference between them.
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Table 3. The concentrations of metals in soils and drill cuttings

Sample Cd Cr Cu Ni Pb
Soll 1.23+0.31 19.04 £1.2 0.51 +0.2 11.265 +5.6 8.80 +0.9
Drill cuttings 0.3 £0.01 62.63 +10.1 200 +21.3 39.32 +£9.89 20.71 +£8.6

The concentration analysis of metals in ver-
micompost indicated a reduction in the concentra-
tion of metals in relation to the parent mixtures. In
the mixtures with 5% addition of drilling wastes,
after 7 days of earthworm residence, the con-
centration of copper decreased from 14.87 ppm
to 4.79 ppm, lead dropped from 10.58 ppm to
5.08 ppm, nickel — from 9.96 ppm to 5.11, chro-
mium — from 17.89 ppm to 15.02 ppm, cadmium
— from 1.07 ppm to 0.067 ppm. In the mixtures
with 10% addition of drilling wastes, the con-
centration of copper reduced from 15.27 ppm
to 4.81 ppm, lead decreased from 10.84 ppm to
6.65 ppm, nickel — from 10.45 ppm to 5.37, chro-
mium — from 18.85 ppm to 15.53 ppm, cadmium
— from 1.17 ppm to 0.066 ppm. In the mixtures
with 15% addition of drilling wastes, the con-
centration of copper decreased from 18.43 ppm
to 5.54 ppm, lead reduced from 11.74 ppm to
7.75 ppm, nickel — from 11.86 ppm to 5.44, chro-
mium — from 20.31 ppm to 16.31 ppm, cadmium
— from 1.43 ppm to 0.074 ppm. The conducted
statistical analysis of metal content in the paren
mixture and vermicompost is statistically signifi-
cantly different. Table 4 presents the reduction
percentage (R) of each scenario.
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The mean R value for heavy metals ranges
from 16.04% for Cr in the sample of soil with
5% drilling waste addition to 94.79% for Cr in
the soil samples with the 15% addition of drill-
ing waste. The highest reduction was obtained for
cadmium in all the investigated mixtures. Total
concentration of Cu and Ni was reduced by about
50%, on average, whereas in the case of lead — by
more than 35%. The lowest percentage of reduc-
tion was obtained for chromium — 16%. In table 5,
the coefficient of correlation between the dose of
drilling waste in mixtures and reduction percent-
age (R) was presented. There is a strong correla-
tion between the drilling waste dose in mixtures
and reduction percentage (R) of: Cd, Cr, Pb, Cu,
amounting to more than 90%; for chromium, the
correlation is high as well, reaching 70%.

Al-Haleem and Abed [2016] assessed the
advantage of using earthworms in combination
with punch waste and nutrients in remediating
drill cuttings contaminated with hydrocarbons.
Following 7, 14, and 21 days of vermicompost
investigation, a reduction in the concentration of
zine, copper and nickel reaching 50% was noted
already after 7 days. The lowest reduction in the
concentration was noted for chromium.

W initial

after 7 days

i

Pb Cu

Fig. 1. Concentration of metals in initial of soils with 5% addition of drilling wastes and vermicomposting

Data are given by mean +standard deviation based on 3 samples. The superscript * next to the average content
values in the Table (Tukey Homogeneous Groups) indicates statistically homogeneous groups. The presence of the
indicator designates the lack of statistically significant difference between them
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Data are given by mean +standard deviation based on 3 samples. The superscript * next to the average content
values in the Table (Tukey Homogeneous Groups) indicates statistically homogeneous groups. The presence of the

Concentrations of metals (ppm)
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Fig. 2. Concentration of metals in initial of soils with 10% addition of drilling wastes and vermicomposting

indicator designates the lack of statistically significant difference between them

Fig. 3. Concentration of metals in initial of soils with 15% addition of drilling wastes and vermicomposting

Data are given by mean +standard deviation based on 3 samples. The superscript * next to the average content
values in the Table (Tukey Homogeneous Groups) indicates statistically homogeneous groups. The presence of the
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indicator designates the lack of statistically significant difference between them

Table 4. The reduction percentage (R) of mixtures

. R [%]
Mixtures -
Cd Cr Ni Pb Cu
A5 94.2 16.04 48.69 53.6 67.78
A10 94.36 17.61 48.61 38.65 68.5
A15 94.79 19.69 54.13 33.98 69.94
Table 5. Correlation between vermicomposting substances and reduction percentage (R)
R? correlation
Sample :
Cd Cr Ni Pb Cu
Mixtures 0.93 0.99 0.74 0.92 0.96
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CONCLUSIONS

The research indicated that earthworms may
be utilized in bioremediation techniques of drill-
ing wastes. The highest reduction, exceeding
90%, was obtained for cadmium in all the exam-
ined mixtures with the addition of drilling wastes.
The reduction percentage over 50% was achieved
for copper and nickel, whereas more than 35%
was obtained for lead. The lowest reduction was
in the case of chromium, amounting to 16%.
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