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Public introduction
M4ShaleGas stands for Measuring, monitoring, mitigating and managing the environmental impact of
shale gas and is funded by the European Union’s Horizon 2020 Research and Innovation Programme.
The main goal of the M4ShaleGas project is to study and evaluate potential risks and impacts of shale
gas exploration and exploitation. The focus lies on four main areas of potential impact: the subsurface,
the surface, the atmosphere, and social impacts.
The European Commission's Energy Roadmap 2050 identifies gas as a critical fuel for the
transformation of the energy system in the direction of lower CO2 emissions and more renewable
energy. Shale gas may contribute to this transformation.
Shale gas is – by definition – a natural gas found trapped in shale, a fine grained sedimentary rock
composed of mud. There are several concerns related to shale gas exploration and production, many of
them being associated with hydraulic fracturing operations that are performed to stimulate gas flow in
the shales. Potential risks and concerns include for example the fate of chemical compounds in the used
hydraulic fracturing and drilling fluids and their potential impact on shallow ground water. The
fracturing process may also induce small magnitude earthquakes. There is also an ongoing debate on
greenhouse gas emissions of shale gas (CO2 and methane) and its energy efficiency compared to other
energy sources
There is a strong need for a better European knowledge base on shale gas operations and their
environmental impacts particularly, if shale gas shall play a role in Europe’s energy mix in the coming
decennia. M4ShaleGas’ main goal is to build such a knowledge base, including an inventory of best
practices that minimise risks and impacts of shale gas exploration and production in Europe, as well as
best practices for public engagement.
The M4ShaleGas project is carried out by 18 European research institutions and is coordinated by TNONetherlands Organization for Applied Scientific Research.

Executive Report Summary
Proper management of waste from shale gas operations is important, especially when the qualitative
composition of this type of waste is not exactly known. Wastes generated during exploration and
exploitation of gas from shale formations may pose a serious risk to the surrounding environment and
public health because they usually contain many toxic chemicals. Therefore, the research of quality of
the waste generated during shale gas operations is important and can contribute to the proper waste
management, and development of waste treatment methods, which will lead to minimization of its
possible negative impact on the environment and human health.
The report presents and discusses the results of chemical analysis of fracturing fluids and flowback
water samples derived from one of the drilling sites in Poland. Basic physicochemical parameters were
determined during laboratory analyses. Those parameters include: density, pH, specific conductance, dry
residue and total dissolved solids (TDS), total suspended solids (TSS), chemical oxygen demand (COD),
biochemical oxygen demand (BOD), content of substances extractable with chloroform or petroleum
ether and the content of total organic carbon (TOC) and dissolved organic carbon (DOC). In the
analysed samples hydrocarbon content (including light hydrocarbons C1-C5, gasoline hydrocarbons C6C12, monocyclic aromatic hydrocarbons (BTEX), oil hydrocarbons C12-C35 and polycyclic aromatic
hydrocarbons (PAHs)), and three primary alcohols, i.e. methyl, ethyl and isopropyl were determined. In
collected samples of fracturing fluids and flowback water the content of metals, inorganic anions,
sulphur compounds, anionic surfactants, ammonia nitrogen, isodrin and phenol index were determined.
Researches and analyses carried out as part of the study, have shown that fracturing fluids and flowback
water generated during shale gas operations may contain various substances and chemical compounds at
different concentration range. Of course, the main component of both flowback water and fracturing
fluids is water. Conducted research indicated that in fracturing fluids hydrocarbons, metals and
D10.3 Harmfulness of fracturing fluids and flowback water

Copyright © M4ShaleGas Consortium 2015-2017

inorganic anions can also be present, although in quantities not exceeding 1% (10 g/l). Flowback water
has a more varied composition and may contain metals in an amount of about 4.8% (48 g/l), inorganic
anions (constitute around 6.5% (65 g/l)) and hydrocarbons in an amount less than 0.2% (2 g/l).
As part of this stage of work, the potential environmental impact of fracturing fluids and flowback water
was also assessed. The assessment was based on the analytical data of these fluids and on the existing
legal regulations defining quality criteria for water and waste. The evaluation conducted showed that the
tested samples of fracturing fluids should not have a significant impact on the quality of surface water
and groundwater belonging to quality class V (waters in which the values of physicochemical elements
confirm significant influence of human activity). However, the assessment conducted for flowback
water tested showed that such wastes do not constitute inert waste and their impact on surface water and
groundwater varies considerably depending on the water quality class and, in the case of surface waters,
additionally on the type of watercourse. Therefore, flowback water should not be discharged into the
environment, including unintentionally. They should, where possible, be used on site for further
treatment or properly treated and neutralised, which should provide a guarantee of safety for the
environment and people.
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1

INTRODUCTION

1.1

Context of M4ShaleGas

Shale gas source rocks are widely distributed around the world and many countries have now
started to investigate their shale gas potential. Some argue that shale gas has already proved to
be a game changer in the U.S. energy market (EIA 20151). The European Commission's
Energy Roadmap 2050 identifies gas as a critical energy source for the transformation of the
energy system to a system with lower CO2 emissions that combines gas with increasing
contributions of renewable energy and increasing energy efficiency. It may be argued that in
Europe, natural gas replacing coal and oil will contribute to emissions reduction on the short
and medium terms.
There are, however, several concerns related to shale gas exploration and production, many of
them being associated with the process of hydraulic fracturing. There is also a debate on the
greenhouse gas emissions of shale gas (CO2 and methane) and its energy return on investment
compared to other energy sources. Questions are raised about the specific environmental
footprint of shale gas in Europe as a whole as well as in individual Member States. Shale gas
basins are unevenly distributed among the European Member States and are not restricted
within national borders, which makes close cooperation between the involved Member States
essential. There is relatively little knowledge on the footprint in regions with a variety of
geological and geopolitical settings as are present in Europe. Concerns and risks are clustered
in the following four areas: subsurface, surface, atmosphere and society. As the European
continent is densely populated, it is most certainly of vital importance to understand public
perceptions of shale gas and for European publics to be fully engaged in the debate about its
potential development.
Accordingly, Europe has a strong need for a comprehensive knowledge base on potential
environmental, societal and economic consequences of shale gas exploration and exploitation.
Knowledge needs to be science-based, needs to be developed by research institutes with a
strong track record in shale gas studies, and needs to cover the different attitudes and
approaches to shale gas exploration and exploitation in Europe. The M4ShaleGas project is
seeking to provide such a scientific knowledge base, integrating the scientific outcome of 18
research institutes across Europe. It addresses the issues raised in the Horizon 2020 call LCE
16 – 2014 on Understanding, preventing and mitigating the potential environmental risks and
impacts of shale gas exploration and exploitation.

1

EIA (2015). Annual Energy Outlook 2015 with projections to 2040. U.S. Energy Information Administration
(www.eia.gov).
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1.2

Study objectives for this report

The objectives of this report are:
 conducting laboratory tests of physicochemical parameters and hydrocarbons content,
alcohols, metals, anions, sulphur compounds and other components of fracturing fluids
and flowback water actual samples derived from one of the drilling sites in Poland and
 assessment of potential environmental impact of fracturing fluids and flowback water
on the base of laboratory tests and existing legislation in the field of water and waste
quality assessment.


1.3

Aims of this report

The aim of this report is to present the results of laboratory tests of samples of fracturing
fluids and flowback water and to demonstrate the evaluation of such fluids in terms of
potential harm to the environment. Tests conducted within the project should contribute to
establishing optimum drilling waste management approaches in Europe that can be used to
minimize the impact of shale gas operations on the environment, including soil and water.
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2

LABORATORY ANALYSIS OF FRACTURING FLUIDS AND
FLOWBACK WATER

As already mentioned in the report D10.2, determining the quality and thus the harmfulness of
the waste generated during exploration and identification of unconventional hydrocarbon
deposits is very important. Knowledge of the content of individual chemical substances in this
type of waste, especially hazardous substances, allows for further sound management of such
waste and contributes to minimizing its negative impact on the environment and human
health. Evaluation of the harmfulness of waste generated in the process of exploration of
unconventional hydrocarbon resources should be conducted on the basis of an analysis of the
harmfulness of the materials and resources used in manufacturing process, and on the basis of
the results of laboratory tests of generated waste. During an initial classification of drilling
waste (at the planning stage of drilling, when the waste has not yet been generated) it is
important to know about the harmfulness of materials used in preparation and adjustment of
the drilling mud and fracturing fluids properties.
In order to evaluate the harmfulness and quality of materials used during gas drilling from
shale formations and waste generated as a result of this process, physicochemical tests were
carried out on 5 samples of fracturing fluids and on 15 samples of flowback water, derived
from one of the drilling sites in Poland. Fracturing fluid samples were collected at intervals, at
different stages of the fracturing process. Fracturing fluid samples were collected according to
the following scheme:






Sample 1– collection date 10.06.2016, borehole A, morning
Sample 2– collection date 14.06.2016, borehole A, morning
Sample 3– collection date 10.06.2016, borehole A, afternoon
Sample 4– collection date 14.06.2016, borehole A, afternoon
Sample 5– collection date 17.06.2016, borehole A

Samples of flowback water were also collected at intervals during the entire process of
receiving flowback water. Flowback water samples were collected according to the following
scheme:












Sample 1– collection date 04.07.2016, borehole A
Sample 2– collection date 06.07.2016, borehole A
Sample 3– collection date 10.07.2016, borehole A
Sample 4– collection date 16.07.2016, borehole A
Sample 5– collection date 18.08.2016, borehole A
Sample 6– collection date 14.08.2016, 12.0% received flowback water, borehole B
Sample 7– collection date 18.08.2016, 12.5 % received flowback water, borehole B
Sample 8– collection date 18.08.2016, 13.0-13.7 % received flowback water, borehole
B
Sample 9– collection date 20.08.2016, 14.2-15.0 % received flowback water, borehole
B
Sample 10– collection date 21-23.08.2016, 15.2-15.7% received flowback water,
borehole B
Sample 11– collection date 23-25.08.2016, 16.0-16.6% received flowback water,
borehole B
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Sample 12– collection date 26-28.08.2016, 17.0-17.7% received flowback water,
borehole B
Sample 13– collection date 29-30.08.2016, 18.2-18.5% received flowback water,
borehole B
Sample 14– collection date 31.08.2016, 18.8% received flowback water, borehole B
Sample 15– collection date 01.09.2016, 19.0% received flowback water, borehole B

Due to the fact that the collected flowback water samples were taken from two different
boreholes, a statistical test (F-Snedecor) was performed. It verifies the null hypothesis (H0) for
equality of variance between results' populations. For the test, a significance level of α = 0.05
was adopted. Snedecor's F distribution tests the null hypothesis (H0) for equality of variance
in the two groups being compared. If the result of Snedecor's F distribution is lower than
critical value read from the tables, then the null hypothesis is accepted. In this case it can be
claimed that the variance in compared groups is statistically equal, which means that the
collected results in both groups can come from one population and can be treated as one set of
values. If the calculated value of the Snedecor's F distribution is greater than the critical value
(read from the tables), the null hypothesis of equality of variance in the two compared groups
should be rejected. The result obtained in this case shows that data collected in the two
compared groups do not come from one population.
To carry out the Snedecor's F distribution, study's results were divided into two populations
(borehole A and borehole B) with a size of 5 and 10 respectively, hence the critical value of
the Snedecor's F distribution is 3.63 for the assumed significance level. The Snedecor's F
distribution was performed separately for each of the 68 determined parameters
(physicochemical parameters, hydrocarbons, alcohols, metals, anions, sulphur compounds and
other components), showing the following results:







in the case of 20 parameters (29.4% of the analysed parameters), in none of the tested
samples belonging to both groups, a presence of a tested substance in an amount above
the determination limit of a given method was found, making it impossible to perform
statistical test. Due to the lack of presence of analytes in the tested samples, there are
no grounds for dividing the results into two populations,
in the case of 11 parameters (16.2% of the analysed parameters), in none of the
samples from one of the populations, the presence of an analyte in an amount above
the determination limit was found, making it impossible to perform statistical test. In
this case, it was decided that the results come from one population if the percentage of
results above the determination limit in the other population does not exceed 50%.
Taking it all into account, it was decided that in the case of 6 parameters (8.8% of the
analysed parameters) the obtained results can be considered as results from one
population,
in the case of 33 parameters (48.5% of the analysed parameters), the Snedecor's F
distribution confirmed the null hypothesis H0 with no significant differences between
populations,
in the case of only 4 parameters (5.9% of the analysed cases), the Snedecor's F
distribution rejected the null hypothesis H0 with no significant differences between
populations.
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Taking into account the objective of this report and the fact that in the case of 86.7% of the
analysed parameters the obtained results confirm the null hypothesis H0 , the obtained results
for samples from both boreholes were treated as one population results in this report.
Physicochemical tests of samples took into account the recommendations on analysing waste
from the exploration and exploitation of gas from shale formations (Report D10.2). These
recommendations were developed during implementation of this project. The results of
physicochemical parameters of real samples of fracturing fluids and flowback water are
presented and discussed in detail later in this chapter.

2.1

Physicochemical properties

In the first phase of the research the basic physicochemical properties of fracturing fluids and
flowback water were determined, which allowed for the initial characterization of those two
types of liquids. The basic physicochemical parameters that were determined in samples of
fracturing fluids and flowback water include:








density
Determination of density was done in accordance with the procedure no. PB-33/GE-1
Determination of density with the gravimetric method. This research method
determines the ratio of the sample weight to its volume at a certain temperature. This
method allows for direct determination of density of liquid, drilling waste and
materials used in the oil and gas mining industry, within the range of 0.6 to 14 g/cm3.
The expanded uncertainty (k=2; p=95%) is 2% for liquids.
pH
Determination of pH was done in accordance with the Polish Standard
PN-90/C-04540-01 Water and sewage. Study of pH, acidity and alkalinity.
Determination of pH of water and sewage of electrolytic conductivity of 10
microsiemens/cm and more with electrometric method. Determination of pH consists
in measuring the electromotive force of a cell in a circuit: reference electrode - test
solution - measuring electrode. This method allows to determine the pH of water,
sewage and drilling waste water extracts in the range of 1 to 12, and its expanded
uncertainty (k=2; p=95%) is 8.2% for sewage and 9.7% for drilling waste water
extracts.
specific conductance/electrical conductivity
Specific conductance measurements were carried out in accordance with the Standard
EN 27888 Water quality. Determination of electrical conductivity. The electrical
conductivity measurement consists in measuring the electric current conducted by
ions present in aqueous solution. This method allows to determine the electrical
conductivity of water, sewage and waste water extracts in the range of 10.0 µS/cm –
1, 999.9 mS/cm. Its expanded uncertainty (k=2; p=95%) is 8.8% for water and
sewage and 12.4% in the case of measurements taken for the soil and waste water
extracts.
dry residue and total dissolved solids (TDS)
Content examination of total dissolved solids and dry residue was carried out in
accordance with the procedure no. PB-08/GE-1 Determination of the dry residue and
total dissolved solids. Determination of dry residue or total dissolved solids consists
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in evaporating specified volume of the sample (or filtred sample in the case of TDS),
drying the residue to constant weight at 105 ± 5° C and then weighing it. This method
allows to determine the total dissolved solids and dry residue in water, sewage,
aqueous extract of waste and solutions of materials used in industry in the range of
1.0 mg/l to 250,000 mg/l, and its expanded uncertainty (k=2; p=95%) is 8.4% (for
water and waste) and 9% (in the case of analyses carried out for the aqueous extract
of waste and solutions of materials).
total suspended solids (TSS)
Determination of the total suspended solids was done in accordance with the Standard
EN 872+Ap1 Water quality. Determination of suspended solids. Method by filtration
through glass fibre filters. This method consists of filtering the sample through glass
fiber filter, drying the filter at 105 ± 2°C and a weight determination of residue
retained on the filter. The method is applicable to the determination of total suspended
solids content in water and sewage samples, in the range of concentration from 2 mg/l
to 1,000 mg/l. The expanded uncertainty (k=2; p=95%) of the method is 15,7%.
chemical oxygen demand (COD)
Determination of chemical oxygen demand (COD) was done in accordance with the
Standard PN-ISO 6060 Water quality. Determination of the chemical oxygen demand.
Determination of COD is based on the oxidation of organic and certain inorganic
compounds in the sample, by potassium dichromate(VI) solution. Chemical oxygen
demand is a mass concentration of oxygen, equivalent to the amount of dichromate
consumed by the solutes and suspensions present in the sample subjected to this
oxidant under defined conditions. This method allows to determine chemical oxygen
demand (COD) in water, sewage, in soils and waste water extracts and aqueous
solution of materials, technological fluids used in the industry in the range of 30 –
22,000 mg O2/l, and its expanded uncertainty (k=2; p=95%) is 13.6%.
biochemical oxygen demand (BOD)
Determination of biochemical oxygen demand was done in accordance with the
Standard EN 1899-1 Water Quality. Determination of biochemical oxygen demand
after n days (BODn). Part 1: Dillution and seeding method with allylthiourea
addition. The method consists in determining the concentration of dissolved oxygen
before and after incubation of the sample and calculating the amount of oxygen
consumed per liter of sample. The samples diluted with water enriched in dissolved
oxygen and having inoculum of microorganisms are incubated. The method allows
the determination of BOD indicator in the range of 3 to 6,000 mg/l. The expanded
uncertainty (k=2; p=95) of this method is 30%.
the content of substances extractable with chloroform
Determination of chloroform extract was done in accordance with the procedure no.
PB-02/GE-1 Determination of organic substances extractable with chloroform,
measured with the gravimetric method. This determination consists in defining the
weight of the organic matter extractable with chloroform from acidified salted
sample. This method allows to determine the concentration of the organic matter
extractable with chloroform in water and sewage in the range above 2.0 mg/l and in
soils, waste and materials used in industry, in the range above 2.0 mg/kg. The
expanded uncertainty (k=2; p=95%) of the method is 25%
the content of substances extractable with petroleum ether
Determination of substances extractable with petroleum ether was done in accordance
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with the WES 568 procedure and/ or Standard DIN 3849-56 German standard
methods for the examination of water, waste water and sludge. Parameters
characterizing effects and substances (group H). Part 56: Gravimetric determination
of low volatile lipophilic substances after solvent extraction (H 56). The method
consists in acidification of the sample to pH <2 and extraction with petroleum ether.
The ether phase is evaporated at 30°C, after which the remaining organic matter is
weighed. The method allows the determination of the organic matter concentration
extractable with petroleum ether in the range of 2 to 5,000 mg/l. Maximum expanded
uncertainty (k=2; p=95%) of the method is 15%.
content of total organic carbon (TOC) and dissolved organic carbon (DOC)
Determination of total organic carbon and dissolved organic carbon was done in
accordance with the WES 614 procedure and/or Standard EN 1484 Water analysis.
Guidelines for the determination of total organic carbon (TOC) and dissolved
organic carbon (DOC). The method consists in determination of a content of
inorganic carbon and total carbon in an acidified sample, using infrared spectroscopy.
If the sample was pre-filtered through a nylon filter (0,45μm), the obtained result
shows the content of dissolved carbon (DOC). In the case of direct analysis (without
filtration) the obtained result shows the content of total organic carbon (TOC). The
method allows the determination of total organic carbon or dissolved organic carbon
in the range of 1 to 50000 mg/l and its maximum expanded uncertainty (k=2; p=95%)
is 10%.

The results of physicochemical analyses of fracturing fluids and flowback water samples are
gathered in Table 1. The results of basic research led to an initial characterization of these
fluids.

D10.3 Harmfulness of fracturing fluids and flowback water

Copyright © M4ShaelGas Consortium 2015-2017

Page 9

Table 1. Physical and chemical properties of the fracturing fluids and flowback water.
Designated parameter
density [kg/l]
pH
specific conductance [mS/cm]
dry residue [mg/l]
total dissolved solids (TDS) [mg/l]
total suspended solids (TSS) [mg/l]
chemical oxygen demand COD [mgO2/l]
biological oxygen demand BOD [mgO2/l]
petroleum ether extract [mg/l]
chloroform extract [mg/l]
total organic carbon [mg/l]
dissolved organic carbon [mg/l]

fracturing fluids
Min.
1.001
n.d.
n.d.
3,460
n.d.
n.d.
2,587
n.d.
n.d.
680
1,870
1,030

Med.
1.006
n.d.
n.d.
3,940
n.d.
n.d.
3,929
n.d.
n.d.
720
5,650
3,500

flowback water

Max.

Min.

Med.

Max.

1.016
n.d.
n.d.
11,490
n.d.
n.d.
8,050
n.d.
n.d.
18,696
28,100
26,800

1.067
6.44
115.3
107,300
103,780
111.7
536
2,904
<10
<2
170
170

1.078
6.59
129.7
128,170
124,730
135.2
1,081
3,366
<10
11.6
250
230

1.089
6.82
151.4
166,210
161,820
278.5
1,402
3,712
87
54
350
350

n.d.- not determined (it was not possible to carry out a research due to the nature of the matrix, due to their high
viscosity)

One of the basic physicochemical properties of liquids is their density, which in the case of
fracturing fluids is similar to the density of water and is in the range of 1.001 to 1.016 kg/l;
flowback water have higher density, in the range of 1.067 to 1.089 kg/l. Density of the
samples can be affected by total suspended solids and total dissolved solids contained therein
and by solid residue. In the case of fracturing fluid samples, due to their nature (due to their
high viscosity), only dry residue was determined. Determined value of this parameter for
fracturing fluid samples varied over a wide range, i.e. from 3,460 to 11,490 mg/l (Figure 1).

range of values for fracturing fluids samples
[mg/l]

14000

12000

10000

8000

6000

4000

2000

0
dry residue

total dissolved solids

total suspended solids

Figure 1. Dry residue content in the fracturing fluid samples.
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Flowback water had 10 times higher dry residue content, with determined value of this
parameter in the range of 107,300 to 166,210 mg/l. At a similar range of 103,780 to 161,820
mg/l were determined total dissolved solids in flowback water. The total suspended solids
content in flowback water is about 100 times lower, ranging from 111.7 to 278.5 mg/l (Figure
2).

range of values for flowback water samples
[mg/l]

180000
160000
140000
120000
100000
80000
60000
40000
20000
0
dry residue

total dissolved solids

total suspended solids

Figure 2. Dry residue, total dissolved solids and total suspended solids content in the flowback water
samples.

Due to the high viscosity of all fracturing fluid samples, it was not possible to measure their
pH and specific conductance. Values of these parameters were determined for flowback water
samples. Analysed flowback water was characterized by a slightly acidic or close to neutral
pH, ranging from 6.44 to 6.82, which implies that flowback water should not contain any
strong acids or bases. Specific conductance of flowback water showed much greater diversity,
ranging from 115.3 to 151.4 mS/cm. The wide variation in measured values of the parameter
(approximately 30%), indicates that the flowback water samples may have a diverse content
of anions and cations, mostly inorganic salts.
Basic parameters that characterize fracturing fluids and liquid wastes generated during shale
gas operations, which can provide specific information on the organic content of the
liquid/waste, are chemical oxygen demand (COD), biochemical oxygen demand (BOD), total
organic carbon (TOC) and dissolved organic carbon (DOC) and the content of substances
extractable with chloroform or petroleum ether. By analyzing each of these parameters it can
be seen that much higher values of determined parameters were obtained for fracturing fluids
samples than for flowback water samples. Chemical oxygen demand for fracturing fluids
samples was in the range of 2,587 to 8,050 mg O2/l and it was from 4.8 to 5.7 times higher
than COD determined for flowback water samples. Biological oxygen demand (BOD) of
flowback water samples ranged from 2,904 to 3,712 mg O2/l and was much less diversified
than the chemical oxygen demand of these samples. In the case of substances extractable with
chloroform, much higher values were obtained for fracturing fluids samples (content between
D10.3 Harmfulness of fracturing fluids and flowback water
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680 and 18 696 mg/l (Figure 3)) than for flowback water samples (content from 2 to 54 mg/l).
Determination of the content of substances extractable with petroleum ether was made for
flowback water. Using this solvent resulted in obtaining a slightly higher organic matter
content, ranging from 10 to 87 mg/l (Figure 4).

range of values for fracturing fluids samples
[mg/l]

20000
18000
16000
14000
12000
10000
8000
6000
4000
2000
0
petroleum ether extract

chloroform extract

Figure 3. The content of substances extractable with chloroform in the fracturing fluid samples.

range of values for flowback water samples
[mg/l]

100
90
80
70
60
50
40
30
20
10
0
petroleum ether extract

chloroform extract

Figure 4. The content of substances extractable with chloroform and petroleum ether in the flowback
water samples.
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Determined content of total organic carbon (TOC) and dissolved organic carbon (DOC) for
fracturing fluids and flowback water samples are shown in Figures 5 and 6.

range of values for fracturing fluids samples
[mg/l]

30000

25000

20000

15000

10000

5000

0
total organic carbon

dissolved organic carbon

Figure 5. Total organic carbon and dissolved organic carbon content in the fracturing fluid samples.

range of values for flowback water samples
[mg/l]

400
350
300
250
200
150
100
50
0
total organic carbon

dissolved organic carbon

Figure 6. Total organic carbon and dissolved organic carbon content in the flowback water samples.

The analysis of data shown in Figures 5 and 6 confirms that the content of total organic
carbon (TOC) and dissolved organic carbon (DOC) in fracturing fluid samples is from 11 up
to 80 times higher than in flowback water samples. Very similar contents of total organic
carbon and dissolved organic carbon determined in tested samples indicate that in the case of
D10.3 Harmfulness of fracturing fluids and flowback water
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fracturing fluids samples, up to 95% of organic carbon is dissolved carbon, while in the case
of flowback water, this value is up to 100%.
Analysis of basic parameters characterizing the physicochemical properties of fracturing fluid
and flowback water samples also shows the basic relationships between individual determined
parameters. Six of basic parameters characterizing flowback water (chemical oxygen demand
(COD), biochemical oxygen demand (BOD), content of substances extractable with
chloroform, content of substances extractable with petroleum ether, content of total organic
carbon (TOC) and dissolved organic carbon (DOC)) are associated with the content of organic
substances in the samples. Figures 7-10 for flowback water samples present the dependence
of selected parameters on the content of total organic carbon. Figures 7-10 illustrate the
relationship between TOC and the other parameters to show the degree of correlation between
them

400
R² = 0.9798

dissolved organic carbon [mg/l]

350
300
250
200
150
100
50
0
100

150

200

250

300

350

400

total organic carbon [mg/l]

Figure 7. Dependence of the contents of dissolved organic carbon on total organic carbon content in the
flowback water samples.
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Figure 8. Dependence of the contents of substances extractable with petroleum ether on total organic
carbon content in the flowback water samples.
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Figure 9. Dependence of the contents of substances extractable with chloroform on total organic carbon
content in the flowback water samples.
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Figure 10. Dependence of the chemical oxygen demand on total organic carbon content in the flowback
water samples.

Data presented in Figures 7 - 10 show that only the contents of total organic carbon (TOC)
and dissolved organic carbon (DOC) are strongly correlated. In the case of other parameters,
there is no correlation between the content of total organic carbon (TOC) and the results of
determinations of substances extractable with chloroform or petroleum ether, and the value
obtained for the chemical oxygen demand (COD). The obtained results show that during the
assessment of quality and harmfulness of flowback water, values and contents of all six
parameters, used for determination of the organic matter content in the samples, should be
determined.

2.2

Hydrocarbons content

In the next phase of the research, hydrocarbon contents were determined in fracturing fluids
and flowback water samples. Within the scope of the analyses, the following contents were
determined:


content of light hydrocarbons C1-C5
Determination of hydrocarbons C1-C5 content was done in accordance with the
procedure no. PB GE 27 (N) Determination of light hydrocarbons C1-C6 in solid and
liquid samples by HS-GC-FID method. It is carried out by gas chromatography with
flame ionization detection after extraction of analytes into the headspace.
This method involves separation of the analyte from the sample into the headspace.
This process occurs under controlled temperature conditions at a specified time. After
obtaining phase equilibrium between the liquid (the matrix of the sample) and the gas
phase (headspace), a sample of gas is taken from the headspace and is later analysed
by gas chromatography. With the applied chromatographic method, it is possible to
identify individual hydrocarbons C1-C5 with the division into individual isomers. This
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method allows to determine individual hydrocarbons in quantities greater than 0.01
mg/l, and its expanded uncertainty (k=2; p=95%) is 25%.
content of gasoline hydrocarbons C6-C12
Determination of hydrocarbons C6-C12 content was done in accordance with the
procedure no. PB GE 30 (N) Determination of gasoline hydrocarbons in liquid samples
by HS-GC-FID method. It is carried out by gas chromatography with flame ionization
detection after extraction of analytes into the headspace.
In this method samples are thermostated under strictly controlled temperature
conditions, in time necessary to achieve equilibrium between the liquid and the gas
phase. This process allows extraction of volatile analytes from the matrix of the sample
into the headspace, which is subjected to further chromatographic analysis. This method
allows to determine total hydrocarbons C6-C12 content in quantities greater than 1.0
mg/l, and its expanded uncertainty (k=2; p=95%) is 20%.
content of monocyclic aromatic hydrocarbons
Determination of monocyclic aromatic hydrocarbons was done in accordance with the
procedure no. PB GE 32 (N) Determination of monocyclic aromatic hydrocarbons in
liquid samples by HS-GC-FID method. It is carried out by gas chromatography with
flame ionization detection after extraction of analytes into the headspace.
The applied method of extraction and chromatographic method is the same as
described in the method of determining the content of hydrocarbons C6-C12. This
means that determination of the content of hydrocarbons from the BTEX group and
hydrocarbons C6-C12 is conducted as a single chromatographic analysis. These
methods, however, differ in the type of pattern used. The applied method allows to
determine hydrocarbons from the BTEX group above 0.1 mg/l. The expanded
uncertainty (k=2; p=95%) of the method is 20%.
content of oil hydrocarbons C12-C35
Determination of hydrocarbons C12-C35 was done in accordance with the procedure no.
PB GE 34 (N) Determination of oil hydrocarbons in liquid samples by GC-FID method.
This determination is carried out by gas chromatography with flame ionization detection
and solvent extraction. This method includes solvent extraction of analytes from the
sample, with tetrachlorethylene as the extraction solvent. The obtained extract is then
analysed by gas chromatography, followed by separation of the analytes from the
volatile solvent. This method allows to determine total hydrocarbons C12-C35 content in
quantities greater than 10.0 mg/l, and its expanded uncertainty (k=2; p=95%) is 20%.
content of polycyclic aromatic hydrocarbons
Determination of polycyclic aromatic hydrocarbons was done in accordance with the
procedure no. PB-44N/GE-1 Determination of polycyclic aromatic hydrocarbons PAH,
including benzo(a)pyrene. Determination of PAHs is carried out by liquid
chromatography with fluorescence detection (HPLC/FL). The separation of PAHs is
preceded by extraction of the analyte using the SPE (solid-phase extraction) method.
This method involves separation of the analyte to the solid phase and releaching of
tetrahydrofuran (THF). The purified sample is subjected to separation on a
chromatographic column and the concentrations are determined at the specific
wavelength (extinction 246 - 300 nm, emission: 370-500 nm). This method allows to
determine polycyclic aromatic hydrocarbons in liquid samples above 0.0002 ng/l, and
its expanded uncertainty (k=2; p=95%) is 25%.
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Results of the analyses of hydrocarbons contents in fracturing fluids and flowback water
samples are gathered in Table 2.
Table 2. Hydrocarbon content in the fracturing fluid and flowback water samples.
Designated parameter
hydrocarbons C1-C5 [mg/l]
hydrocarbons C6-C12 [mg/l]
hydrocarbons C12-C35 [mg/l]
monocyclic aromatic hydrocarbons [mg/l]
polycyclic aromatic hydrocarbons [mg/l]

fracturing fluids
Min.
0.030
123.3
<10
<0.4
n.d.

Med.

flowback water

Max.

0.070
162.9
15.6
<0.4
n.d.

1.590
217.1
25.6
<0.4
n.d.

Min.

Med.

Max.

0.010
<1.0
<10
<0.4
0.0001

0.080
<1.0
1,094
<0.4
0.0008

1.280
46.4
1,560
<0.4
0.0021

n.d.- not determined (it was not possible to carry out a research due to the nature of the matrix, due to high
viscosity)

Analysis of the obtained results of determination of hydrocarbon content in the samples shows
that in both, fracturing fluids and flowback water, no monocyclic aromatic hydrocarbons
were present. However, the content of polycyclic aromatic hydrocarbons in flowback water
was very low and did not exceed 2.1 µg/l. It can be concluded that the contents of two
hydrocarbons groups with the highest toxicity and harmfulness is negligible, both in
fracturing fluids and in flowback water. In liquid samples aliphatic hydrocarbons were
determined, having from 1 to 35 carbon atoms in the molecule (Figures11 and 12).
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Figure 11. Hydrocarbons content in the fracturing fluid samples.
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range of values for flowback water samples
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Figure 12. Hydrocarbons content in the flowback water samples.

The total content of hydrocarbons in fracturing fluid samples is significantly lower than in
flowback water samples, and ranges from 123.3 to 244.3 mg/l. The total hydrocarbon content
in flowback water samples reaches 1,600 mg/l. What also varies, is the percentage of
individual groups of hydrocarbons in the total average content of these compounds in
fracturing fluids and flowback water samples, as shown in Figures 13 and 14.
hydrocarbons C12-C35
10.69%

hydrocarbons C6-C12
89.31%

Figure 13. The average percentage of hydrocarbon groups in the total content of hydrocarbons fracturing fluid samples.
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hydrocarbons C6-C12
2.58%

hydrocarbons C12-C35
97.42%

Figure 14. The average percentage of hydrocarbon groups in the total content of hydrocarbons flowback water samples.

In the case of fracturing fluids, hydrocarbon fraction consisted mainly of gasoline
hydrocarbons (C6-C12), which represented 89% of all identified hydrocarbons determined in
fracturing fluids. The situation is different in the case of flowback water, in which the main
determined group of hydrocarbons was a group of oil hydrocarbons (C12-C35), which
represented 97% of all determined hydrocarbons.
As already noted, low contents of polycyclic aromatic hydrocarbons (PAHs) were determined
in flowback water samples , whose content did not exceed 2.1 µg/l. However, because of the
high toxicity and harmfulness of compounds belonging to this group, Table 3 shows a detailed
data of determined aromatic hydrocarbons in the samples.
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Table 3. Polycyclic aromatic hydrocarbons content in the flowback water and fracturing fluid samples.
Designated parameter

fracturing fluids
Min.

acenaphthene [ng/l]
anthracene [ng/l]
benzo(a)anthracene [ng/l]
benzo(a)pyrene [ng/l]
benzo(b)fluoranthene [ng/l]
benzo(ghi)perylene [ng/l]
benzo(k)fluoranthene [ng/l]
chrysene [ng/l]
fluoranthene [ng/l]
fluorene [ng/l]
indeno(1,2,3-cd)pyrene [ng/l]
naphthalene [ng/l]
phenanthrene [ng/l]
pyrene [ng/l]

Med.

n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.

flowback water

Max.

n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.

n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.

Min.
<0.1
<0.1
<0.1
<0.1
<0.1
<0.1
<0.1
<0.1
<0.1
<0.1
<0.1
<0.1
<0.1
<0.1

Med.
356.0
<0.1
<0.1
<0.1
4.2
<0.1
4.8
7.5
<0.1
432.0
<0.1
8.2
<0.1
<0.1

Max.
1,076
<0.1
300.0
74.2
166.3
24.8
183.0
107.6
<0.1
1,167
<0.1
1,178
<0.1
40.6

n.d.- not determined (it was not possible to carry out a research due to the nature of the matrix, due to high
viscosity)

Analysis of data in Table 3 shows that in flowback water samples, 10 different hydrocarbons
from PAH group are present. The content of three hydrocarbons: acenaphthene, fluorene and
naphthalene was above 1µg/l. These hydrocarbons represent 82% of all aromatic
hydrocarbons determined in flowback water samples (Figure 15).
pyrene
3%
benzo(a)anthracene
8%

other
7%

fluorene
35%

naphthalene
19%

acenaphthene
28%

Figure 15. The average percentage of polycyclic aromatic hydrocarbons in the total content of polycyclic
aromatic hydrocarbons - flowback water samples.
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Total content of hydrocarbons obtained by chromatographic methods was correlated with the
content of individual groups of hydrocarbons (Figures 16 - 19) and with values of
physicochemical parameters of samples, informing of organic substances content (Figures 20
- 24).
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Figure 16. Dependence of the contents of hydrocarbons C1-C5 on total hydrocarbon content in the
flowback water samples.
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Figure 17. Dependence of the contents of hydrocarbons C6-C12 on total hydrocarbon content in the
flowback water samples.
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Figure 18. Dependence of the contents of hydrocarbons C12-C35 on total hydrocarbon content in the
flowback water samples.
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Figure 19. Dependence of the contents of polycyclic aromatic hydrocarbons on total hydrocarbon
content in the flowback water samples.

Analysis of the data in graphs (16-19) shows that only in the case of main group of
hydrocarbons (C12-C35), which represent 97% of all determined hydrocarbons, a strong
correlation between the total content of hydrocarbons and the content of hydrocarbons
originating from this group, is visible. Such correlations are not noticeable in the case of other
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hydrocarbon groups. This demonstrates that the light hydrocarbons C1-C12 and aromatic
hydrocarbons (PAHs) determined in the investigated flowback water samples in small
amounts, do not affect significantly total hydrocarbon content in these samples. In addition,
their content in the samples is at a fairly constant level (polycyclic aromatic hydrocarbons), or
even decreases (hydrocarbons C1-C5) with the increase of the oil fraction in the samples.
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Figure 20. Dependence of the contents of total organic carbon on total hydrocarbon content in the
flowback water samples.
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Figure 21. Dependence of the contents of dissolved organic carbon of total hydrocarbon content in the
flowback water samples.
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Figure 22. Dependence of the chemical oxygen demand of total hydrocarbon content in the flowback
water samples.
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Figure 23. Dependence of the contents of substances extractable with petroleum ether of total
hydrocarbon content in the flowback water samples.
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Figure 24. Dependence of the contents of substances extractable with chloroform of total hydrocarbon
content in the flowback water samples.

Analysis of the data gathered in Figures 20-22 demonstrates that in the analysed flowback
water samples, there is no correlation between obtained values of physicochemical
parameters, such as the contents of total and dissolved organic carbon and the value of
chemical oxygen demand, and the results obtained for the total hydrocarbon content. In
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addition, it can be noted that the values obtained for these physicochemical parameters
slightly decrease with the increase of total hydrocarbon content. The situation is different in
the case of substances extractable with chloroform or petroleum ether (Figures 23-24). For
these two parameters a weak linear correlation between the obtained values and the total
content of hydrocarbons can be observed. Furthermore, this correlation is positive. However,
these results and analyses show that one cannot draw any conclusions about total hydrocarbon
content in the samples from the test results of physicochemical properties of flowback water
samples because obtained results may be affected by other organic substances contained in the
sample. In addition, the lack of correlation between the total content of hydrocarbons and the
results obtained for different groups of hydrocarbons (with the exception of group of
hydrocarbons C12-C35, the contents of which are the highest in the samples), demonstrates
the need for determining hydrocarbons by chromatographic methods, which allows for the
identification of individual groups of hydrocarbons.

2.3

Alcohols content

In collected samples of fracturing fluids and flowback water, the content of three primary
alcohols was determined:




methanol,
ethanol and
isopropanol.

Determination of alcohol was done in accordance with the procedure no. PB GE 36 (N)
Determination of alcohol content in liquid samples by HS-GC-FID method. It is carried out by
gas chromatography with flame ionization detection and extraction of analytes into the
headspace. This method uses solvent-free extraction of the analytes into the headspace. After
obtaining the phase equilibrium between the liquid and the gas phase, the resulting gaseous
phase (headspace) was analysed by gas chromatography. This method allows to determine
methanol, ethanol and isopropanol in quantities greater than 10.0 mg/l, and its expanded
uncertainty (k=2; p=95%) is 20%.
The results were collected in Table 4.
Table 4. Alcohols content in the fracturing fluid and flowback water samples.
Designated parameter
methanol [mg/l]
ethanol [mg/l]
isopropanol [mg/l]

fracturing fluids
Min.
<10
<10
<10

Med.
<10
<10
<10

flowback water

Max.

Min.

<10
<10
<10

<10
<10
<10

Med.

Max.
<10
<10
27.6

<10
21.0
49.2

Conducted tests showed that there was no alcohol content in amounts exceeding 10 mg/l in
fracturing fluid samples. However, ethanol in an amount not exceeding 21 mg/l and
isopropanol in an amount not exceeding 50 mg/l were present in flowback water samples.
Although alcohols are compounds containing organic carbon, there is no correlation between
the content of various alcohols in flowback water samples and contents of total organic
carbon content determined therein (Figures 25-26).
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Figure 25. Dependence of the contents of ethanol on total organic carbon content in the flowback water
samples.
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Figure 26. Dependence of the contents of isopropanol on total organic carbon content in the flowback
water samples.

Data presented in Figures 25- 26 show that in samples of flowback water beside to carrying
out the chromatographic analyses allowing for identification of individual compounds, the
analysis of the content of total organic carbon should be performed.
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2.4

Metals content

Another group of contaminants that may be present in samples of fracturing fluids used in
processes of exploration and exploitation of unconventional hydrocarbon deposits and in
samples of liquid waste generated during these processes, are metals, including heavy metals.
Contents of 23 metals were determined in fracturing fluids and flowback water samples, using
following analytical techniques:










mercury
Determination of mercury was done in accordance with the procedure PB-41/GE-1
Determination of mercury with AMA 254 mercury analyser. Determination of the
mercury content is carried out with the AMA 254 analyser with atomic absorption
spectrometric method , using the amalgamation technique. Method consists in direct
weighing or measuring the sample for a weighing boat (a part of the feeding system),
which via a computer program is inserted to the analyser, where number of processes
are leading to the determination of mercury content in the sample. This method allows
to determine mercury content in the soil and inorganic solid samples in the range from
0.0002 mg/kg to 4.0 mg/kg and in water, waste water extracts and other aqueous
solutions in the range of 0.0002 mg/l to 4.0 mg/l, and its maximum expanded uncertainty
(k=2; p=95%) for solid and liquid samples is 23%.
calcium
Determination of calcium content was done in accordance with the Standard EN ISO
7980 Water quality. Determination of calcium and magnesium. Atomic absorption
spectrometric method. The method consists in measuring the amount of light absorbed
at a wavelength of 422.7 nm by a cloud of analyte free atoms, obtained by spraying a
nitrous oxide/acetylene flame with the test solution with an addition of caesium chloride
to reduce interference. This method allows to determine calcium content in water and
other liquid samples in the range of 2.0 mg/l to 5,000 mg/l, and its expanded uncertainty
(k=2; p=95%) is 18.4%.
magnesium
Determination of magnesium content was done in accordance with the Standard EN ISO
7980 Water quality; Determination of calcium and magnesium; Atomic absorption
spectrometric method The method consists in measuring the amount of light absorbed
at a wavelength of 285.2 nm by a cloud of analyte free atoms, obtained by spraying a
nitrous oxide/acetylene flame with the test solution with an addition of caesium chloride
to reduce interference. This method allows to determine magnesium content in water
and other liquid samples in the range of 0.2 mg/l to 500 mg/l, and its expanded
uncertainty (k=2; p=95%) is 19.0%.
potassium
Determination of potassium content was done in accordance with the Standard PN-ISO
9964-2/Ak Water quality. Determination of sodium and potassium. Determination of
potassium in sewage by atomic absorption spectrometric method ". The method consists
in measuring the amount of light absorbed at a wavelength of 766.5 nm by a cloud of
analyte free atoms, obtained by spraying an air/acetylene flame with the test solution
with an addition of caesium chloride to reduce interference. This method allows to
determine potassium content in water and other liquid samples in the range of 5.0 mg/l
to 50,000 mg/l, and its expanded uncertainty (k=2; p=95%) is 17.4%.
sodium
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Determination of sodium content was done in accordance with the Standard PN-ISO
9964-1/Ak Water quality. Determination of sodium and potassium. Determination of
sodium in sewage by atomic absorption spectrometric method . The method consists in
measuring the amount of light absorbed at a wavelength of 589.0 nm by a cloud of
analyte free atoms, obtained by spraying an air/acetylene flame with the test solution
with an addition of caesium chloride to reduce interference. This method allows to
determine sodium content in water and other liquid samples in the range of 5.0 mg/l to
50,000 mg/l, and its expanded uncertainty (k=2; p=95%) is 16.6%.
 other metals
Determination of other metals was done in accordance with the Standard EN ISO
11885 Water quality. Determination of selected elements by inductively coupled
plasma optical emission spectrometry (ICP-OES). The method involves determination
of elements content in liquid samples using optical emission spectrometry technique
with inductively coupled plasma (ICP-OES). Before determination of the sample, it
should be acidified with nitric acid to pH = 2. The method allows the determination of
the metals above 0,0005 mg/l; its maximum expanded uncertainty (k=2; p=95%) is
15%.
Determination of metals content in samples of the fracturing fluids and flowback water are
shown in Table 5.
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Table 5. Metals content in the fracturing fluid and flowback water samples.
Designated
parameter
aluminium (Al)
[mg/l]
antimony (Sb)
[mg/l]
arsenic (As) [mg/l]
barium (Ba) [mg/l]
cadmium (Cd)
[mg/l]
calcium (Ca) [mg/l]
chromium (Cr)
[mg/l]
cobalt (Co) [mg/l]
copper (Cu)[mg/l]
iron (Fe) [mg/l]
lead (Pb) [mg/l]
magnesium (Mg)
[mg/l]
manganese (Mn)
[mg/l]
mercury (Hg) [mg/l]
molybdenum (Mo)
[mg/l]
nickel (Ni) [mg/l]
potassium (K)
[mg/l]
selenium (Se)
[mg/l]
sodium (Na) [mg/l]
strontium (Sr)
[mg/l]
tin (Sn) [mg/l]
vanadium (V)
[mg/l]
zinc (Zn) [mg/l]

fracturing fluids
Min.

Med.

flowback water
Max.

Min.

Med.

Max.

<0.4

<0.4

2.2

<1.0

<1.0

<1.0

<0.2
<0.08
0.02

<0.2
<0.08
0.03

0.37
<0.08
0.04

<1.0
<0.3
200

<1.0
<0.3
300

<1.0
<0.3
350

<0.004
30.6

<0.004
34.2

<0.004
68.5

<0.01
4,850

<0.01
6,180

<0.01
8,040

<0.03
<0.02
<0.04
0.95
<0.04

<0.03
<0.02
0.05
1.20
<0.04

<0.03
<0.02
0.07
4.5
<0.04

<0.1
<0.01
<0.1
36
<0.1

<0.1
<0.01
<0.1
50
0.11

0.16
<0.01
<0.1
64
0.23

8.15

9.80

10.6

613

814

1,080

0.03
<0.0005

0.03
<0.0005

0.15
<0.0005

7.3
<0.0005

8.7
<0.0005

11.0
0.0011

0.06
0.28

0.09
0.37

0.53
0.42

<0.1
<0.1

<0.1
<0.1

0.41
0.40

4.53

17.5

35.6

582

710

993

<0.2
150

<0.2
263

<0.2
310

<1.0
27,740

<1.0
38,250

<1.0
70,690

0.12
0.09

0.13
0.12

0.14
0.24

870
<0.2

1,600
<0.2

2,000
1.10

<0.01
0.1

<0.01
0.24

0.024
0.38

<0.3
<0.1

<0.3
0.23

<0.3
0.85

Analysis of the obtained results clearly shows that total metal content in fracturing fluid
samples is about 100 times lower than metals content in flowback water samples. In addition,
it can be seen that in fracturing fluid and flowback water samples, the proportions of
individual metals contents varied, as shown in Figures 27 and 28.
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aluminium
0.71%

magnesium
3.12%

other
metals
0.50%

calcium
13.31%
potassium
6.96%

sodium
75.40%

Figure 27. The average percentage of metals in the total content of metals - fracturing fluid samples.

magnesium
1.71%

barium strontium
2.99%
0.57%

other metals
0.13%
calcium
12.83%

potassium
1.55%

sodium
80.22%

Figure 28. The average percentage of metals in the total content of metals - flowback water samples.

In both types of samples, sodium is the dominant metal, its content constitutes between 75%
and 80%,. The next most abundant, in terms of the second largest percentage of the total metal
content is calcium, which constitutes around 13%. Potassium constitute around 7% of the total
metal content in the analysed fracturing fluid samples. 3% of the total metal content is
magnesium in the case of fracturing fluids or strontium in the case of flowback water. It is
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noteworthy that although the percentage of the main metals in fracturing fluids and flowback
water is similar, their content varies (Figures 29 and 30).

range of values for fracturing fluids samples
[mg/l]
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Figure 29. Main metal contents in the fracturing fluid samples.

range of values for flowback water samples
[mg/l]
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Figure 30. Main metal contents in the flowback water samples.

The sodium content in the fracturing fluids ranges from 150 to 310 mg/l and is about 200
times lower than in flowback water samples, where it ranges from 27,740 to 70,690 mg/l.
Calcium content in fracturing fluid samples is also much lower (about 140 times) than in the
flowback water, in which content of this element is in the range of 4,850 to 8,040 mg/l. An
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even greater difference in the contents was reported for strontium determined in fracturing
fluid samples (from 0.12 to 0.14 mg/l) and flowback water samples (from 870 to 2,000 mg/l).
It can therefore be noted that the amount of strontium in flowback water increased about
10,000 times in comparison to the values obtained for fracturing fluid samples.
A total of sodium, calcium, and strontium constitute around 88% of all metals determined in
fracturing fluids and 96% of all metals determined in flowback water. Other metals present in
significant quantities in flowback water samples are magnesium, potassium, barium and iron.
Determined contents of these metals in flowback water samples are significantly higher than
in fracturing fluid samples (Figures 31 and 32).

range of values for fracturing fluids samples
[mg/l]
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Figure 31. Metal contents in the fracturing fluid samples.
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range of values for flowback water samples
[mg/l]
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Figure 32. Metal contents in the flowback water samples.

Magnesium and potassium contents in flowback water samples are similar, from 613 to 1,080
mg/l and from 582 to 993 mg/l respectively, and are about 80 times greater than contents of
these elements in fracturing fluid samples. It should be noted that potassium content in
fracturing fluid samples is variable and ranges from 4.53 to 35.6 mg/l. In flowback water
samples, the content of barium and iron is much lower (from 200 to 350 mg/l and from 36 to
64 mg/l respectively) in comparison to determined content of magnesium and potassium. The
content of barium in fracturing fluids is about 10,000 times lower than that of barium in
flowback water and iron content in the fracturing fluid is around 25 times lower than in
flowback water.
The analysis of the content of individual metals in fracturing fluids and waste associated with
shale gas operations has demonstrated that metals from alkali metal and alkaline earth metal
groups constitute 99.88% of all metals determined in flowback water samples. In addition, the
content of metals belonging to these groups, determined in fracturing fluids is from 15 to
14,000 times lower than the content determined in flowback water. The increase of metal
content in waste generated after hydraulic fracturing can be explained by metals leaching
from rock formations or formation water.
Figures 33 and 34 show determined content ranges of other metals present in small amounts
(not exceeding 10 mg/l) in samples of fracturing fluid and flowback water samples.
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range of values for fracturing fluids samples
[mg/l]

2.5
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1
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0

Figure 33. Concentrations of other metals in the fracturing fluid samples.

range of values for flowback water samples
[mg/l]

4
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2
1.5
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0

Figure 34. Concentrations of other metals in the flowback water samples.

In fracturing fluid samples apart from main metals from alkali metal and alkaline earth metal
groups, also aluminium, antimony, copper, manganese, molybdenum, nickel, tin, vanadium
and zinc were found. For any of these metals determined maximum content did not exceed 2.2
mg/l. The fracturing fluid samples did not contain metals such as arsenic, cadmium,
chromium, cobalt, lead, mercury and selenium. Comparing metal contents determined in
fracturing fluids with metal contents determined in flowback water, it can be concluded that:
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in both types of samples arsenic, cadmium, cobalt and selenium were not detected,
aluminium, antimony, and vanadium were detected only in one fracturing fluid
sample,
chromium and mercury were detected only in two flowback water samples,
copper was found in 6 fracturing fluids samples,
lead was detected in 9 flowback water samples,
content of zinc, tin and manganese in flowback water is 2 to 100 times higher than the
content of these metals in fracturing fluids,
contents of molybdenum and nickel are similar in both types of samples.

Metal content in liquid samples has an effect on their specific conductance. Therefore, the
correlation between determined metal content and electrical conductivity of flowback water
samples was analysed. Those correlations are shown in Figures 35-38.
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Figure 35. Dependence of the contents of metals on specific conductance measured in flowback waters.
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Figure 36. Dependence of the contents of sodium, calcium and strontium on specific conductance
measured in flowback waters.
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Figure 37. Dependence of the contents of magnesium, potassium and barium on flowback waters
specific conductance.
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Figure 38. Dependence of the contents of iron, manganese and zinc on flowback waters specific
conductance.

Analysis of correlation between metals content determined in samples and the specific
conductance of flowback water samples showed that:




there is a linear correlation between the total metal content in the samples and their
specific conductance,
there is a linear correlation between the content of metals such as sodium, calcium and
magnesium in the samples and their specific conductance,
in the case of other metals no correlation was observed between their content and the
determined specific conductance of the samples.

The obtained results indicate that specific conductance is affected by these metals which are
usually present in the samples in the greatest amounts, exceeding 1% of total metals content.
Strontium is the exception, its share of total determined metals is 3%, but its content in the
samples varies in a narrow range from 870 to 2,000 mg/l. From these results it can be also
concluded that while a content of the main metals (such as sodium, potassium and calcium) in
fracturing fluids or flowback water can be concluded on the basis of the specific conductance
of these fluids, for metals present in small amounts (including heavy metals), it is necessary to
determine their contents.

2.5

Anions content

Beside metals, anions are another group of contaminants which may have a significant impact
on the physicochemical properties of fracturing fluids and waste generated during shale gas
operations, in particular on their specific conductance. Content of inorganic anions derived
from oxyacids and hydracids was determined in fracturing fluids and flowback water samples.
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To determine anions content in samples, the following analytical methods were used:






bromides, chlorides, fluorides, nitrates, phosphates and sulphates
Determination of bromides, chlorides, fluorides, nitrate, phosphates and sulphates was
done in accordance with the Standard EN ISO 10304-1Water quality. Determination
of dissolved anions by liquid chromatography of ions. Part-1 Determination of
bromide, chloride, fluoride, nitrate, nitrite, phosphate and sulfate. The method
consists in separating individual inorganic anions on a chromatographic column and
determining them by the conductivity detector. The limit of determined concentrations
depends on the matrix and the influence of disturbing factors. A test sample was
initially prepared by the removal of solid and organic substances. This method allows
to determine inorganic anions content in water and other liquid samples in the range of
0.05 to 100,000 mg/l. Maximum expanded uncertainty (k=2; p=95%) of determination
of anions in water, sewage and water extract is 28.6%.
carbonates, hydrogencarbonates/bicarbonates
Determination of hydrogencarbonate was done in accordance with the Standard EN
ISO 9963-1+Ap1 Water quality. Determination of alkalinity. Determination of total
and composite alkalinity and/ or Standard DIN 38405 D8 German standard methods
for the examination of water, waste water and sludge; anions (group D). The method
is based on the titration of the sample with the hydrochloric acid at a concentration of
~ 0,1 mol/l to an endpoint with pH 4,5, to a methyl orange. This method can be used
for determination of hydrogencarbonate in the range of 18,3 mg/l to 6,100 mg/l.
Maximum expanded uncertainty (k=2; p=95%) of the method is 10%.
sulphides
Determination of sulphides was done in accordance with the Standard DIN 38405 D27
German standard methods for the examination of water, waste water and sludge;
anions (group D). Determination of readily liberated sulphide (D 27). In this method
liquid samples are stabilized at pH 8,5-9 and pretreated. The content of soluble
sulphides in a sample is determined by measuring the concentration of a coloured
compound of ammonium iron(III) sulphate. Spectrophotometric measurement is
performed at a wavelength of 665 nm. The method allows the determination of the
readily releasable sulphide in water and waste water in the concentration range from
0.04 mg /l to 1.5 mg/l. Maximum expanded uncertainty for this type of determination
is 25% (k=2; p=95%).

Determination of inorganic anions content in samples of fracturing fluids and flowback water
are shown in Table 6.
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Table 6. Anions content in the fracturing fluid and flowback water samples.
Designated parameter
bromides [mg/l]
carbonates [mg/l]
chlorides [mg/l]
fluorides [mg/l]
hydrogencarbonates [mg/l]
nitrates(V) [mg/l]
phosphates [mg/l]
sulphates [mg/l]
sulphides [mg/l]

fracturing fluids
Min.
<5.0
258
191
1.7
262
<10
<10
60
<0.1

Med.

flowback water
Max.

<5.0
404
216
3.1
381
<10
<10
91
<0.1

<5.0
527
392
15.9
411
10.5
<10
114
<0.1

Min.

Med.

Max.

624
<6
55,122
2.3
137
<10.0
<10.0
26
<0.1

715
<6
62,749
3.2
215
<10.0
<10.0
32
<0.1

967
<6
81,456
21.7
326
<10.0
<10.0
49
<0.1

As in the case of metals content determination, in the case of inorganic anions content
determination it may be noted that the total content of anions in fracturing fluids is rather low,
within the range of 991 to 1,194 mg/l. The total content of anions in fracturing fluids is about
60 times lower than the amount of anions in flowback water (content of 56,056 to 82,599
mg/l). The analysis of the content of individual anions in fracturing fluids and flowback water
samples indicates different proportions of the content of particular anions as shown in Figures
39 and 40.
fluorides
0.53%
sulphates
8.16%
chlorides
22.88%

carbonates
36.56%

hydrogencarbonates
31.86%

Figure 39. The average percentage of individual anions in the total content of anions - fracturing fluid
samples.
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other
0.39%

chlorides
98.48%

Figure 40. The average percentage of individual anions in the total content of anions - flowback water
samples.

In fracturing fluid samples, three basic anions are present: chlorides, hydrogencarbonate and
carbonates ions, amounting in total to 91% of the determined anions. In flowback water the
major anion is chloride, which constitutes more than 98% of determined anions. It should also
be noted that not only the percentage of the major anions in fracturing fluids and flowback
water is different, but their content varies widely (Figures 41 – 44).
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range of values for fracturing fluids samples
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Figure 41. Anions content in the fracturing fluid samples.
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Figure 42. Anions content in the flowback water samples.
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Figure 43. Anions content in the fracturing fluid samples.
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Figure 44. Anions content in the flowback water samples.

The main anion present in fracturing fluids are carbonates, which content is in the range of
258 to 527 mg/l. Importantly, these anions were not found in the flowback water samples. The
main anions present in flowback water are chlorides, which content is in the range of 55,122
to 81,456 mg/l and is about 250 times higher than the content of chloride ions in fracturing
fluids. This may be a proof of a high leachability of chloride ions from rocks and formation
water. A similar situation is in the case of bromide ions, which were not found in fracturing
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fluids, and in flowback water they were present in the range of 624 to 967 mg/l. In addition,
comparing the results obtained for contents of individual inorganic anions in fracturing fluid
and flowback water allows to conclude that:





in both types of samples phosphates and sulphides were not detected,
nitrates(V) were found only in one sample of fracturing fluid,
sulphates and hydrogencarbonate content in flowback water is approximately 2 times
lower than in fracturing fluids,
fluorides content in both types of samples are similar.

The content of anions in liquid samples affects their specific conductance. Therefore, the
correlation between determined content of inorganic anions and measured value of specific
conductance of flowback water was analysed. The results are shown in Figures 45-48.
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Figure 45. Dependence of the contents of anions on specific conductance of flowback waters.
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Figure 46. Dependence of the contents of chlorides on specific conductance of flowback waters.
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Figure 47. Dependence of the contents of bromides and hydrogencarbonates on specific conductance of
flowback waters.
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Figure 48. Dependence of the contents of fluorides and sulfate on specific conductance of flowback
waters.

The analysis of correlation between inorganic anions content and determined specific
conductance of flowback water samples showed that:





there is a linear correlation between the total anion content in the samples and their
specific conductance,
there is also a linear correlation between the content of major anions (chlorides,
bromides, hydrogencarbonate) in samples and their specific conductance. In the case
of hydrogencarbonate this correlation is weakest and negative, because
hydrocarbonates are a weak acid,
for the remaining anions present in amounts not exceeding 100 mg/l, there was no
correlation between their content and the determined specific conductance of the
samples.

The obtained results indicate that specific conductance is affected by the anions which are
present in the samples in the greatest amounts. Due to the dominance of chloride ions in tested
flowback water, one can only come to the initial conclusion about ions content in the sample
on the basis of measured specific conductance. Such reasoning for the other anions may,
however, be unjustified.

2.6

Sulphur compounds content

During the next stage of the research of fracturing fluids used in exploration and exploitation
of unconventional hydrocarbons and liquid waste generated during this processes, the content
of sulphur compounds in fracturing fluids and flowback water samples was determined.
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As a part of the analyses, the following contents were determined:





the content of hydrogen sulphide, carbon disulphide and carbonyl sulphide,
thiols: methyl, ethyl, propyl and butyl,
content of sulphides and alkyl sulphides and
sulphur dioxide.

Determination of volatile sulphur compounds was done in accordance with procedure no. PB
GE 28 (N) Determination of volatile sulphur compounds in solid and liquid samples by HSGC-PFPD method. It is carried out by gas chromatography with flame photometric detection
and extraction of analytes into the headspace. This method involves separation of the analyte
from the sample into the headspace. This process occurs under controlled temperature
conditions at a specified time. After obtaining phase equilibrium between the liquid (the matrix
of the sample) and the gas phase (headspace), a sample of gas is taken from the headspace and
is later analysed by gas chromatography. Chromatographic analysis allows for further analytes
separation. This enables identification of the individual sulphur compounds, including
hydrogen sulphide, thiols and alkyl sulphides. This method allows to determine individual
sulphur compounds in quantities greater than 0.001 mg/l, and its expanded uncertainty (k=2;
p=95%) is 25%.
The results of analyses of sulphur content in fracturing fluids and flowback water samples are
shown in Table 7.
Table 7. Sulphur compounds content in the fracturing fluid and flowback water samples.
Designated parameter
butanethiol [mg/l]
carbon disulphide [mg/l]
carbonyl sulphide [mg/l]
diethyl sulphide [mg/l]
dimethyl disulpfide [mg/l]
dimethyl sulphide [mg/l]
ethanethiol [mg/l]
hydrogen sulphide [mg/l]
methanethiol [mg/l]
methylthioethane [mg/l]
propanethiol [mg/l]
sulphur dioxide [mg/l]

fracturing fluids

flowback water

Min.

Med.

Max.

Min.

Med.

Max.

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0.040

<0.001
<0.001
<0.001
<0.001
<0.001
0.027
<0.001
<0.001
<0.001
<0.001
<0.001
0.040

<0.001
<0.001
0.039
<0.001
<0.001
0.030
<0.001
<0.001
<0.001
<0.001
<0.001
0.040

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

<0.001
0.054
<0.001
<0.001
<0.001
0.068
<0.001
<0.001
<0.001
<0.001
<0.001
0.079

0.624
0.113
0.130
<0.001
0.221
0.225
<0.001
0.030
0.073
<0.001
<0.001
0.164

The content of sulphur compounds in tested liquids is negligible. In fracturing fluids only
three of sulphur compounds were present: carbonyl sulphide, dimethyl sulphide and sulphur
dioxide. All of these compounds were at fairly similar levels, not exceeding 0.04 mg/l (Figure
49).
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range of values for fracturing fluids samples
[mg/l]
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0.035
0.03
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0.02
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0.01
0.005
0

Figure 49. Sulphur compounds content in the fracturing fluid samples.

In flowback water 8 sulphur compounds were found and the most content was determined for
butanethiol, dimethyl sulphide, dimethyl disulphide and sulphur dioxide (Figure 50).

range of values for flowback water samples
[mg/l]
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0

Figure 50. Sulphur compounds content in the flowback water samples.

Although flowback water has a much greater variation of compounds of sulphur present and
greater content of individual compounds than fracturing fluids, still the content of sulphur

D10.3 Harmfulness of fracturing fluids and flowback water

Copyright © M4ShaelGas Consortium 2015-2017

Page 49

compounds in the flowback water samples must be regarded as marginal. It is evidenced by
the fact that the content of any of the compounds and the total content of sulphur compounds
in flowback water samples do not exceed 1 mg/l.

2.7

Other components and properties

In fracturing fluids and waste generated during shale gas operations were also determined:








phenol index
Determination of phenol index was done in accordance with the procedure no. PB45N/GE-1 Determination of phenol index by the spectrophotometric method with
distilled 4-aminoantipyrine. Determination of phenol index is carried out after
separation of the phenolic compounds from pollutants and fixatives. This method
involves the reaction of phenolic compounds with 4-aminoantipyrine in the presence of
potassium hexacyanoferrate(III) with pH of approx. 10, thereby forming an antipyrine
dye. Then the dye is extracted from the aqueous solution with chloroform and the
absorbance at a wavelength of 460 nm is measured. This method allows to determine
the phenol index in the liquid samples and water extracts of solid samples in the range
of 0.002 mg/l to about 280 mg/l and its expanded uncertainty (k=2; p=95%) is 20%.
anionic surfactants
Anionic surfactants content was determined in accordance with the Standard EN 903
Water quality. Determination of anionic surfactants by measurement of the methylene
blue index MBAS. This method involves salt formation of methylene blue with the
anionic surfactants under alkaline conditions. Such ion pairs can be quantitatively
extracted from the aqueous solution with chloroform. The test sample is alkalised with
a buffer solution and then extracted with chloroform in the presence of methylene blue.
The chloroform extract is then separated from the sample and washed with acidified
solution of methylene blue. The washed organic phase is transferred to a measuring
flask and the absorbance is measured at a wavelength of 650 nm. This method allows to
determine anionic surfactants in liquid samples and water extracts of solid samples in
the range of 0.1 mg/l to 5.0 mg/l MBAS, and the expanded uncertainty (k=2; p=95%)
is 24%.
ammonia nitrogen
Determination of ammonia nitrogen was done in accordance with the procedure no. PB23/GE-1 Determination of ammonia nitrogen by nesslerization method. The method
involves the reaction of the ammonium ion contained in the sample with Nessler's
reagent, which results in a complex compound of a colour ochre. The intensity of the
resulting colour is directly proportional to the amount of ammonium nitrogen and is
determined spectrophotometrically at 400 nm wavelength. This method allows to
determine ammonia nitrogen in water and other liquid samples in the range of 0.34 mg/l
to 200 mg/l, and its expanded uncertainty (k=2; p=95%) is 17.8%.
isodrin
Determination of isodrin was done in accordance with the Standard EN ISO 6468
Water quality. Determination of certain organochlorine insecticides, polychlorinated
biphenyls and chlorobenzenes. Gas chromatographic method after liquid-liquid
extraction. The method consists in the separation of an analyte from the sample by
threefold liquid-liquid extraction using n-hexane. The obtained extract is concentrated
under nitrogen and analysed by gas chromatography with electron capture detection
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(GC-ECD). Upon detecting isodrin or other organochlorine compounds in a sample, a
confirmatory analysis using gas chromatography-mass spectrometry (GC-MS) is
carried out. The scope of application of the method ranges from about 0.001 to 10
μg/l, while its maximum expanded uncertainty (k=2; p=95%) is 25%.
Individual determinations are shown in Table 8.
Table 8. Other compounds content in the fracturing fluid and flowback water samples.
Designated parameter
phenol index [mg/l]
anionic surfactants [mg/l]
ammonia nitrogen [mg/l]
isodrin [µg/l]

fracturing fluids
Min.
n.d.
0.632
n.d.
n.d.

Med.
n.d.
1.699
n.d.
n.d.

flowback water

Max.
n.d.
2.939
n.d.
n.d.

Min.

Med.

Max.

<0.008
0.129
80.0
<0.06

<0.008
0.209
89.7
<0.06

0.016
0.393
104.0
<0.06

n.d.- not determined (it was not possible to carry out a research due to the nature of the matrix)

Analysis of the results presented in Table 8 shows that:





flowback water samples contain little amount of phenols, only in one sample phenol
content was determined at 0.016 mg/l,
anionic surfactant content in flowback water samples is lower than the content of
surfactants in fracturing fluids and it ranges from 0.129 to 0.393 mg/l,
ammonia nitrogen content in flowback water samples is at fairly constant level in the
range of 80 to 104 mg/l,
in flowback water samples isodrin in amounts exceeding 0.06 µg/l was not detected.
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3

ANALYSIS OF THE RESULTS OF LABORATORY TESTS OF
FRACTURING FLUIDS AND FLOWBACK WATER SAMPLES
FOR THEIR HARMFULNESS TO THE ENVIRONMENT

The results of laboratory tests of fracking fluids and flowback water samples described and
discussed in Chapter 2 provided a base for assessing the potential environmental impact of
these fluids. However, it should be mentioned that the assessment conducted later in this
chapter of the potential impact of fracturing fluids and flowback water on the environment is
done only for illustrative purposes. This is due to the fact that existing legal regulations define
quality requirements for extractive waste in general. Therefore, the potential impact of
fracturing fluids and flowback water on the quality criteria set out in the legislation
concerning water quality standards (surface and underground) and landfill waste was
assessed.

3.1

Analysis of environmental impact of fracturing fluids

The substances used as components of fracturing fluids are similar types of chemicals that
were used for the intensification of hydrocarbon extraction from conventional deposits for a
very long time. However, it is important to be aware that some of the substances and chemical
compounds used in fracturing fluids have carcinogenic, mutagenic, toxic, corrosive, irritant or
harmful properties. Such substances or chemical compounds may pose a potential risk to the
environment and human health at high concentrations.
Fluids used in hydraulic fracturing are process fluids which are generally not assessed for
environmental impact unless the process produces waste containing its components, but waste
legislation can be applied to conduct a hazard assessment. Nevertheless, for the purpose of
this project an attempt was made to conduct an environmental impact assessment of fracturing
fluids based on the results of analytical tests of their samples.
In order to determine the potential impact of fracturing fluids on the environment, for example
as a result of uncontrolled ingress of these fluids into waters, the criteria contained in
Directive 2008/105/EC of the European Parliament and of the Council of 16 December 2008
on environmental quality standards in the field of water policy, amending and subsequently
repealing Council Directives 82/176/EEC, 83/513/EEC, 84/156/EEC, 84/491/EEC,
86/280/EEC and amending Directive 2000/60/EC of the European Parliament and of the
Council (Directive 2008/105/EC) and in two Polish Regulations i.e. Regulation of the
Minister of the Environment of 21 July 2016 on the method of classification of the state of
surface waters bodies and environmental quality standards for priority substances (Regulation
of the Minister of the Environment of 21 July 2016) and Regulation of the Minister of the
Environment of 21 December 2015 on the criteria and method of assessment of the state of
groundwater bodies (Regulation of the Minister of the Environment of 21 December 2015).
The results of the conducted analysis on the potential impact of fracturing fluids on surface
and groundwater quality are presented in Table 9. The table summarizes only those
parameters marked in fracturing fluids, for which the permissible contents in surface waters or
groundwaters were determined (Directive 2008/105/EC, Regulation of the Minister of
Environment of 21 July 2016 and Regulation of the Minister of Environment of 21 December
2015). In the case of assessment of potential harmfulness of fluids in relation to surface
waters, Appendix no. 6 was used to the Regulation of the Minister of Environment of 21 July
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2016, which defines limit values for indicators of water quality from the group of substances
particularly harmful to the aquatic environment. The limit values of the indicators contained
in the other annexes to this Regulation were not referred to, as the limit values of these
indicators are very different depending on the type of watercourse (26 watercourse types).
However, it should be added that in the case of chemical oxygen demand (COD), total organic
carbon (TOC) and chloride ions in the tested samples, the values obtained for these
parameters far exceed the maximum limits specified in the Regulation of the Minister of
Environment of 21 July 2016 for water quality class I and II. Moreover, the requirements for
surface waters quality indicators contained in this regulation concern only waters of Classes I
and II, i. e. waters of very good or good quality. For the remaining three surface water quality
classes, i. e. fair, poor and very poor quality, no limit values were set for individual quality
indicators. The lowest limit values were set as limit values for the lowest indicated values
from among all the limit values defined for groundwaters, regardless of the water quality
class.
Table 9. Summary of the obtained results of tests of samples of fracturing fluids with the limit values
specified for surface waters and groundwaters (based on Directive 2008/105/EC, Regulation of the
Minister of Environment of 21 July 2016 and Regulation of the Minister of Environment of 21 December
2015).

No.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

Designated
parameter
in fracturing fluids

total organic carbon
hydrocarbons C12C35
monocyclic aromatic
hydrocarbons
aluminium (Al)
antimony (Sb)
arsenic (As)
barium (Ba)
cadmium (Cd)
calcium (Ca)
chromium (Cr)
cobalt (Co)
copper (Cu)
iron (Fe)
lead (Pb)
magnesium (Mg)
manganese (Mn)
mercury (Hg)
molybdenum (Mo)
nickel (Ni)

Result of
determination/range
[mg/l]

Limit values
according to
Directive
2008/105/EC
for surface
waters

1,870 – 28,100
<10.0 – 25.6

-

≤0.2

Limit values in
accordance with
the Regulation of
the Minister of
Environment of 21
December 2015
for groundwaters
5.0
-

<0.4

-

-

0.005

<0.4 – 2.2
<0.2 – 0.37
<0.08
0.02 – 0.04
<0.004
30.6 – 68.5
<0.03
<0.02
<0.04 – 0.07
0.95 – 4.5
<0.04
8.15 – 10.6
0.03 – 0.15
<0.0005
0.06 – 0.53
0.28 – 0.42

≤0.00045
0.00007
-

≤0.4
≤0.002
≤0.05
≤0.5
≤0.00045
≤0.05
≤0.05
≤0.05
0.00007
≤0.04
-

0.1
0.005
0.01
0.3
0.001
50.0
0.01
0.02
0.01
0.2
0.01
30.0
0.05
0.001
0.003
0.005
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No.

Designated
parameter
in fracturing fluids

20
21
22
23
24
25
26
27
28
29
30
31
32

potassium (K)
selenium (Se)
sodium (Na)
tin (Sn)
vanadium (V)
zinc (Zn)
chlorides
fluorides
hydrogencarbonates
nitrates(V)
phosphates
sulphates
anionic surfactants
-z

Result of
determination/range
[mg/l]

Limit values
according to
Directive
2008/105/EC
for surface
waters

4.53 – 35.6
<0.2
150 – 310
0.09 – 0.24
<0.01 – 0.024
0.1 – 0.38
191 – 392
1.7 – 15.9
262 – 411
<10 – 10.5
<10
60 – 114
0.632 – 2.939

-

Limit values in
accordance with the
Regulation of the
Minister of
Environment of 21
July 2016
for surface waters
≤0.02
≤0.05
≤1.00
≤1.50
-

Limit values in
accordance with
the Regulation of
the Minister of
Environment of 21
December 2015
for groundwaters
10.0
0.005
60.0
0.02
0.004
0.05
60.0
0.5
200.0
10.0
0.5
60.0
0.1

- content higher than the acceptable content in surface waters, defined for Class I and II water
quality, i. e. water of very good and good quality
- content higher than the acceptable content in groundwaters, defined for Class I water quality,
i. e. water of very good quality
- content higher than the acceptable content in surface and groundwaters

The analysis of the data contained in Table 9 shows that the determined fracturing fluids in
samples of metals such as Al, Sb, As, Cd, Cu, Hg and Mo, as well as the content of C12-C35
hydrocarbons and fluoride ions are higher than the limit values for surface waters of quality
class I and II. Other metal content, i. e. Ba, Cr, Co, Se, V and Zn shall meet the requirements
for surface waters specified in Appendix No. 6 to the Regulation of the Minister of
Environment of 21 July 2016. On the other hand, the assessment of the potential impact of
fluids on groundwater quality shows that in this case, in most cases, the limits for individual
analysed parameters were exceeded. It should be remembered, however, that the exceedances
refer to the limit values specified for Class I groundwaters, i. e. waters of very good quality
which are not affected by human activity. On the other hand, a detailed analysis of the data
shows that exceedances in relation to the limit values for Class I groundwaters were not found
in case of the content of 4 metals (Ba, Co, Mg, and Hg) in fracturing fluids samples, whereas
in case of those waters included in Class II they were additionally found in the content of Ca,
Cr, Mn, Zn as well as nitrate(V) and sulphate(VI) ions. Also, no exceedances were found in
case of Cd, Cu, Fe, Pb, V and bicarbonate ions determined in the samples in relation to the
limit values of these indicators in groundwaters of Class III and in case of Sn, As and chloride
ions related to the acceptable content in waters of Class IV. Certainly, attention should be paid
to the high content of total organic carbon in fracturing fluids samples, which may even
exceed the limit values for groundwaters several thousand times. However, the results
obtained allow us to conclude that if the fracturing fluids contained only specific chemicals
listed in Table 9, they should not have a significant impact on the quality of surface waters
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and groundwaters of quality only Class V, i. e. waters in which the values of physicochemical
elements confirm significant influence of human activity. Their impact on the quality of
surface waters and groundwaters of the remaining classes would be differentiated and will
depend on the water quality class, and in the case of surface waters - additionally on the type
of watercourse.
However, it should be considered that the environmental hazard assessment of tested samples
of fracturing fluids presented in this chapter is only a rough estimation of the harmfulness, as
it does not include an evaluation of the content of all the fracturing fluids and chemicals
present in the tested samples. In addition, for reference determined in fluid samples of the
content of the relevant components to the limit values for individual substances in soil and
ground, the results in mg/kg were compared with the values given in mg/kg dry matter.
Nevertheless, the results of even such an indicative assessment can be very useful for
planning of tests on the basis of which the classification of harmfulness of waste generated by
hydraulic fracturing will be conducted.

3.2

Analysis of environmental impact of flowback water

The environmental impact of waste (flowback water) generated during shale gas operations,
which need to be appropriately managed, varies depending on the drilling rock formations and
the materials and chemicals used to prepare fracturing fluids. In order to assess the
environmental impact of waste arising from exploration and exploitation of unconventional
hydrocarbon deposits, a thorough knowledge of the composition of fracturing fluids and
safety data sheets of all materials and chemical agents used, which could be depleted as a
result of such work, is required. Having such information will ensure proper planning of the
research and then proper assessment of the environmental impact of waste generated during
shale gas operations. To determine the potential environmental impact of waste generated
from the exploration and exploitation of unconventional hydrocarbon deposits, the criteria
included in the Council Decision of 19 December 2002 establishing criteria and procedures
for the acceptance of waste at landfills pursuant to Article 16 of and Annex II to Directive
1999/31/EC (Directive 2003/33/EC) and in the Regulation of the Minister for Economic
Affairs of 16 July 2015 on the acceptance of waste for landfill in landfills (Regulation of the
Minister for Economic Affairs of 16 July 2015) were used. This choice of legal regulations
was dictated by the fact that to date, no other regulations have been issued other than those
concerning criteria for the classification of extractive waste as inert waste and, as the INiGPIB's many years of experience has shown, drilling waste cannot normally be classified as
inert waste. In order to compare the obtained contents of individual components in flowback
water with the limit values specified in Directive 2003/33/EC and the Regulation of the
Minister of Economy of 16 July 2015, the obtained results were converted into mg/kg dry
matter content (d.m.). During the calculation, it was assumed that the water content in the
samples of flowback water is 85%. The assumption of this value for the water content seems
to be correct in view of the results obtained from the testing of flowback water (determined
water content in flowback water samples was in the range from 84.0 do 89.0%) as well as the
calculated percentage of dry residue in the test samples (determined dry residue in flowback
water samples was in the range from 11.0 do 16.0%). The results of this analysis are presented
in Table 10.
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Table 10. Summary of the tests results of flowback water samples with the acceptable leaching limit values for waste storage at a given type of landfill (based
on Directive 2003/33/EC and the Regulation of the Minister of Economy of 16 July 2015).

No.

1
2
3
4
5

6
7
8
9
10
11
12
13
14
15

Designated
parameter
total dissolved
solids (TDS)
total organic
carbon (TOC)
dissolved organic
carbon (DOC)
hydrocarbons
C12-C35
monocyclic
aromatic
hydrocarbons
polycyclic aromatic
hydrocarbons
antimony (Sb)
arsenic (As)
barium (Ba)
cadmium (Cd)
chromium (Cr)
copper (Cu)
lead (Pb)
mercury (Hg)
molybdenum (Mo)

Range
[mg/l]

Range
[mg/kg d.m.]
85%H2O

Range
[mg/kg]

Criteria for the acceptance of waste for landfilling1), 2)
acceptable value [mg/kg d.m.]
waste other than
hazardous and inert

inert waste

hazardous waste

103,780 – 161,820

97,263 – 148,595

691,867 - 1078,800

4,000

60,000

100,000

170 – 350

156 – 328

1,133 - 2,333

30,000

-

-

170 – 350

156 – 328

1,133 - 2,333

500

800

1,000

<10.0 – 1,560

<9.2 – 1,461

<66.7 - 10,403

500

-

-

<0.40

<0.40

<3.00

6.00

-

-

0.00015 – 0.0021

0.00014– 0.002

0.001 - 0.014

1.00

-

-

<1
<0.3
200 – 350
<0.01
<0.1 – 0.16
<0.01
<0.1 – 0.23
<0.0005 – 0.0011
<0.1 – 0.41

<1
<0.3
186-325
<0.009
<0.09 – 0.15
<0.01
<0.09 – 0.22
<0.0005 – 0.0010
<0.09 – 0.38

<6.67
<2.0
1,333 - 2,333
<0.067
<0.067 - 1.07
<0.07
<0.67 - 1.53
<0.0033 - 0.0073
<0.67 - 2.73

0.06
0.50
20.0
0.04
0.50
2.00
0.50
0.01
0.50

0.70
2.00
100
1.00
10.0
50.0
10.0
0.20
10.0

5.00
25.0
300
5.00
70.0
100
50.0
2.00
30.0
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Designated
parameter

No.

16
17
18
19
20
21
22

nickel (Ni)
selenium (Se)
zinc (Zn)
chlorides
fluorides
sulphates
phenol index

Range
[mg/l]
<0.1 – 0.40
<1
<0.1 – 0.85
55,122 – 81,456
2.3 – 21.7
26 – 49
<0.008 – 0.016

Range
[mg/kg]
<0.09 – 0.37
<0.94
<0.09 – 0.79
51,660 – 74,799
2.2 – 20.1
24 – 46
<0.007 – 0.015

Range
[mg/kg d.m.]
85%H2O

Criteria for the acceptance of waste for landfilling1), 2)
acceptable value [mg/kg d.m.]
inert waste

<0.67 - 2.67
<6.67
<0.67 - 5.67
367,478 - 543,043
15.5 - 144.7
176 - 329
<0.053 - 0.107

0.40
0.10
4.00
800
10.0
1,000
1.00

1)

Criteria in accordance with Directive 2003/33/EC and the Regulation of the Minister of Economy of 16 July 2015

2)

According to the basic test, i. e. L/S = 10 l/kg
- a content higher than the limit value for inert waste
- content higher than that acceptable for inert waste and other than hazardous and inert waste
- content higher than acceptable for inert waste, other than hazardous and inert waste and hazardous waste
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10.0
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-
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-
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It is worth to underline that the comparison (Table 10) was conducted purely for illustrative
purposes and serves for classification of analyzed samples of flowback water as waste
hazardous, other than hazardous or inert. In the current legal status, the deposit of extractive
waste is possible only in mining waste facilities, in accordance with the applicable legal
regulations on extractive waste, which are described in the D10.1 report.
A detailed analysis of the data in Table 10 shows that the tested samples of flowback water
for total organic carbon (TOC), mono- and polycyclic aromatic hydrocarbons, Cu, Hg,
sulphates and phenolic index do not exceed the limit values for inert waste. However, these
samples exceed the limit values for hydrocarbons C12-C35, metals (As, Cd, Pb, Mo, Ni and
Zn) and fluorides in relation to the limit values for the storage of inert waste at inert waste
landfills and in the Se range in relation to the limit values for the storage of other than
hazardous and inert waste in other than hazardous and inert waste landfills. In the tested
flowback water samples, there were also exceedances in the scope of six indicators (total
dissolved solids (TDS), dissolved organic carbon (DOC), Sb, Ba, Cr and chlorides) in relation
to the permitted limits for hazardous waste storage in hazardous waste landfills. In this case, it
is important to note the very high overruns in the TDS content (up to 10 times) and in the
chlorides content (up to 20 times).
In addition, the analysis performed confirmed that the tested samples of flowback water
cannot be classified as inert waste. Therefore, they should not be allowed to enter the
environment in an unpurified form, including unintentionally, e. g. following an accident.
Therefore, every effort should be made to ensure that flowback water can be used on site for
further treatments. Their transport to other sites for re-use or to extractive waste facilities
should be conducted in accordance with the procedures for the transport of waste. The proper
neutralisation/purification of such fluids should provide a guarantee of safety for the
environment and people.
In addition, the analysis of potential harm to the environment of the flowback water was
conducted in relation to the quality of surface waters and groundwaters. The results of the
analysis are summarised in Table 11. The table summarizes only those parameters determined
in the flowback water, for which the acceptable content in surface or groundwaters was
determined (Directive 2008/105/EC, Regulation of the Minister of Environment of 21 July
2016 and Regulation of the Minister of Environment of 21 December 2015). During the
analysis, analogous assumptions were adopted as in the assessment of the potential impact of
fracturing fluids on water quality.
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Table 11. Summary of the results of tests of samples of flowback water with the limit values specified
for surface waters and groundwaters (based on Directive 2008/105/EC, Regulation of the Minister of
Environment of 21 July 2016 and the Regulation of the Minister of Environment of 21 December 2015).

No.

Designated parameter
in flowback water

6.44 – 6.82
115,300 – 151,400

-

Limit values in
accordance with
the Regulation of
the Minister of
Environment of
21 July 2016
for surface
waters
-

170 – 350

-

-

5.0

<10 – 1,560

-

≤0.2

-

<0.4

-

-

0.005

0.00015 – 0.0021

-

-

0.0001

<1.00
<1.00
<0.30
200 – 350
<0.01
4,850 – 8,040
<0.10 – 0.16
<0.01
<0.01
36.0 – 64.0
<0.10 – 0.23
613 – 1,080
7.30 – 11.0
<0.0005 – 0.0011
<0.10 – 0.41

≤0.00045
0.00007
-

≤0.4
≤0.002
≤0.05
≤0.5
≤0.00045
≤0.05
≤0.05
≤0.05
0.00007
≤0.04

0.1
0.005
0.01
0.3
0.001
50.0
0.01
0.02
0.01
0.2
0.01
30.0
0.05
0.001
0.003

<0.10 – 0.40
582 – 993
<1.00
27,740 – 70,690
<0.20 – 1.10
<0.30
<0.10 – 0.85
55,122 – 81,456
2.30 – 21.7

-

≤0.02
≤0.05
≤1.00
≤1.50

0.005
10.0
0.005
60.0
0.02
0.004
0.05
60.0
0.5

Result of
determination/range

Limit values
according to
Directive
2008/105/EC
for surface
waters

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

pH
electrical conductivity
[µS/cm]
total organic carbon
[mg/l]
hydrocarbons C12-C35
[mg/l]
monocyclic aromatic
hydrocarbons [mg/l]
polycyclic aromatic
hydrocarbons [mg/l]
aluminium (Al) [mg/l]
antimony (Sb) [mg/l]
arsenic (As) [mg/l]
barium (Ba) [mg/l]
cadmium (Cd) [mg/l]
calcium (Ca) [mg/l]
chromium (Cr) [mg/l]
cobalt (Co) [mg/l]
copper (Cu)[mg/l]
iron (Fe) [mg/l]
lead (Pb) [mg/l]
magnesium (Mg) [mg/l]
manganese (Mn) [mg/l]
mercury (Hg) [mg/l]
molybdenum (Mo)
[mg/l]
nickel (Ni) [mg/l]
potassium (K) [mg/l]
selenium (Se) [mg/l]
sodium (Na) [mg/l]
tin (Sn) [mg/l]
vanadium (V) [mg/l]
zinc (Zn) [mg/l]
chlorides [mg/l]
fluorides [mg/l]
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No.

Designated parameter
in flowback water

137 – 326

-

Limit values in
accordance with
the Regulation of
the Minister of
Environment of
21 July 2016
for surface
waters
-

<10.0
<10.0
26.0 – 49.0
<0.008 – 0.016
0.129 – 0.393

-

-

10.0
0.5
60.0
0.001
0.1

80.0 - 104

-

-

0.5

Result of
determination/range

Limit values
according to
Directive
2008/105/EC
for surface
waters

31
32
33
34
35
36
37

hydrogencarbonates
[mg/l]
nitrates(V) [mg/l]
phosphates [mg/l]
sulphates [mg/l]
phenol index [mg/l]
anionic surfactants
[mg/l]
ammonia nitrogen
[mg/l]
-z

Limit values in
accordance with
the Regulation of
the Minister of
Environment of 21
December 2015
for ground waters

- content higher than the acceptable content in surface waters, defined for Class I and II water
quality, i. e. water of very good and good quality
- content higher than the acceptable content in groundwaters, defined for Class I water quality,
i. e. water of very good quality
- content higher than the acceptable content in surface and groundwaters

The analysis of the data contained in Table 11 shows that the content of almost all metals (Al,
Sb, As, Ba, Cd, Cr, Se, Hg, Mo, V) determined in the samples of flowback water, as well as
the content of C12-C35 hydrocarbons and fluoride ions are higher than the limit values for
surface waters of quality class I and II. The content of other metals, i. e. Co, Cu and Zn meet
the requirements for surface waters specified in Appendix 6 to the Regulation of the Minister
of Environment of 21 July 2016. On the other hand, the assessment of the potential impact of
fluids on groundwater quality shows that in most cases, the limits for individual analysed
parameters were exceeded, as in the case of fracturing fluids (Table 9). It should be
remembered, however, that the exceedances refer to the limit values specified for Class I
groundwaters, i. e. waters of very good quality which are not affected by human activity. On
the other hand, a detailed analysis of the data shows that exceedances in relation to the limit
values for Class I groundwater were not found in case of the content of flowback water of two
metals (Co and Cu), two inorganic anions (NO3- and SO42-) as well as in the measured pH
value, and in case of those waters included in Class II additionally in the content of
bicarbonate ions. No exceedances were also found in the case of Zn and anionic surfactants
determined in flowback water samples relative to the limit value of this indicator in
groundwaters of class III and in the case of metal contents such as Al, Cd, Hg, Sn and V, as
well as phenolic index values related to the acceptable content in waters of class IV. The other
substances determined in the flowback water samples do not theoretically exceed the limit
values specified for groundwaters of quality Class V. However, taking into account the way in
which limit values for Class V groundwaters are defined (limit values are given above a
value), it should be emphasized that determined contents of most of the indicators are from a
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few to a dozen times (in the case of e. g. total organic carbon, Mg, Mn, Mo, Fe or fluoride
ions) up to several hundred times (as in the case of e. g. Ba, Na, chloride ions) higher than
specified in the Regulation of the Minister of Environment of 21 December 2015. Such
results only confirm the earlier statement that the flowback water should not be released into
the environment, even unintentionally, e. g. in the event of a failure.
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4

RECAPITULATION AND CONCLUSIONS

Tests and analyses carried out within this project have shown, that fracturing fluids and
flowback water generated during shale gas operations may include in their composition
various substances and chemicals. Composition of these types of fluids can be varied, as
vividly shown in Figures 51 and 52 (figures have been created on the basis of mean values of
individual determined parameters obtained in the tests and analyses).
other
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Figure 51. The average percentage content compounds in fracturing fluid samples.
other anions
0.10%
chlorides
6.39%

other
3.52%

hydrocarbons
0.13%

sodium
3.88%
calcium
0.62%

other metals
0.34%

water
85.02%

Figure 52. The average percentage content compounds in flowback water samples.
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As it is known, water is the main component of fracturing fluids. Conducted research
indicated that in fracturing fluids hydrocarbons, metals and inorganic anions can also be
present, although in quantities not exceeding 1%. Flowback water has a more varied
composition:




4.8% are metals, 3.9% of which is sodium,
6.5% are anions, 6.4% of which are chlorides,
less than 0.2% are hydrocarbons.

Substances and chemicals contained in fracturing fluids and flowback water, depending on
their concentrations, could be dangerous to the environment, toxic or very toxic to aquatic
organisms and may cause long-term adverse effects in the aquatic environment. This type of
waste can also contain substances hazardous to human life and health, causing genetic
damage, cancer or organ damage.
The assessment of the potential environmental impact of fracturing fluids showed that if such
fluids were contained only the substances identified in them as part of the project realisation,
then in the case of uncontrolled release of fracturing fluids to the environment:


should not have a significant impact on the quality of surface and groundwater of
quality only Class V water, i. e. waters in which the values of physicochemical
elements confirm the significant influence of human activities. Their impact on the
surface and groundwater quality level in other classes would be differentiated and
would depend on the water quality class and in the case of surface waters additionally
on the type of watercourse.

The assessment of potential harmfulness of the flowback water for the environment showed
that the tested samples of this type of waste:



are not generally inert waste and often do not meet the quality criteria for other than
hazardous and inert waste and hazardous waste,
may have a very varied impact on the quality of surface water and groundwater. The
impact will depend on the water quality class and, in the case of surface waters, on the
type of watercourse.

Therefore, it should be noted that flowback water should not be released into the environment,
including unintentionally. They should, where possible, be used on site for further treatment
or properly purified and neutralised, which should provide a guarantee of safety for the
environment and people.
However, it should be remembered that the assessment of the quality of fracturing fluids and
flowback water conducted as part of the project is done only for illustrative purposes and
serves only for characterization of analysed fluid samples in terms of their potential impact on
the environment. The composition of the fracturing fluid and flowback water will vary
depending mainly on the means used for preparation of the fracturing fluid, and in the case of
a flowback water additionally from the type of rock facility into which the fracturing fluid is
injected. Consequently, the harmfulness of fracturing fluids and flowback water will be
different and variable, and it will be also affected by these substances and chemicals, which
determined content is small.
As part of this phase of the project, the results of laboratory tests of flowback water samples
obtained by three laboratories running the project were also compared. Each laboratory took
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and analysed samples of flowback water in accordance with its own testing procedures and
research objectives. The comparison was made for basic physicochemical parameters such as
pH, electrical conductivity, total and dissolved organic carbon content and total oil
hydrocarbons, as well as for determination of metals and anions content.
Comparisons of the results of the tests conducted by the three test laboratories on samples of
flowback water showed that the analytical methods used by the laboratories should have:




a certain measurement uncertainty, as the uncertainty of measurement is the only
parameter that allows for a fully objective comparison of the performance of
individual laboratories. In addition, entities commissioning the analysis of reactive
fluids on the basis of the uncertainty declared by the laboratory can assess whether the
uncertainty is sufficiently low for a correct interpretation of the results. For the
determination of impurities in environmental samples with a complex matrix, this
uncertainty shall not exceed 30%;
a correctly defined lower limit of determination, which is particularly important when
determining the traces of the substances present in the flowback water samples.
Determining the lower limit of determination shows that the results obtained by the
laboratory can be compared with the requirements of the relevant legal regulations.
Proper determination of the lower limit of determination also ensures that an analyte
above the lower limit of determination is present with an adequate acceptable
uncertainty.
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