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Abstract This paper deals with the possible impact of

hydraulic fracturing (fracking), employed in the exploita-

tion of unconventional shale gas and tight gas reservoirs,

on groundwater, which is the most important source of

drinking-water in Germany and many other European

countries. This assessment, which is part of an interdis-

ciplinary study by a panel of neutral experts on the risks

and environmental impact of hydraulic fracturing, is based

mainly on data obtained from three ExxonMobil drilling

sites in northern Germany. First, the basic technical

aspects of fracking and its relevant water fluxes are

explained. The type, purpose and fate of the constituents

of the fracking fluids are discussed. The chemicals used in

the fracking fluids are assessed with regard to their haz-

ardous properties according to the Regulation (EC) No.

1272/2008 of the European Parliament and of the Council

on the classification, labelling and packaging of substances

and mixtures (CLP regulation) and the German ‘‘Water

Hazard Classes’’. Contamination of groundwater by

ingredients of fracking fluids may occur from under

ground or may result from above-ground accidents asso-

ciated with the transport, storage and handling of

hazardous substances used as additives in fracking fluids.

The degree of groundwater contamination cannot be pre-

dicted in a general way. Therefore, different dilutions of

the fracking fluid in groundwater are considered. It is

shown that the concentrations of most ingredients resulting

from a 1:10,000 up to 1:100,000 dilution of the fracking

fluid in groundwater are below health-based reference

values such as the limit values of the European Drinking

Water Directive, the WHO Guideline Values for Drinking-

water Quality, and other health-based guide values for

drinking-water. Regarding the salinity of fracking fluids, a

dilution of 1:1,000 is sufficient to reach concentrations

which are acceptable for drinking-water. From the human-

toxicological point of view, the constituents of flowback

water are more problematic with respect to drinking-water

produced from groundwater than those of the fracking

fluids. The few reliable data which have become available,

as well as hydrogeological considerations, point in the

direction of considerable salt concentrations and toxic

constituents, e.g., Hg, As, Pb, Zn, Cd, BTX, PAHs, or

even radioactive elements. The identification and assess-

ment of reaction products and metabolites, which are

produced as a result of the fracking operation and the

metabolic activity of microorganisms, are important topics

for further research. The recommendations include the

need for a better understanding of the environmental

impact of fracking operations, especially with regard to

the development of sustainable rules for planning, per-

mission, performance and management of fracking, and

for the monitoring of groundwater quality around fracked

drilling sites.
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Introduction

Growing world population and industrialisation are the

main drivers for an increase of energy demand. However,

other needs such as environmental quality, climate pro-

tection, and the protection of drinking-water resources are

essential issues for the quality of human life. In many

cases, severe conflicts of interests may arise in modern

societies. Therefore, the needs of environmental protection

must be taken into account from the very beginning of the

exploitation of new energy resources. In recent years, the

unconventional methane production by hydraulic fracturing

(commonly known as ‘‘fracking’’) has been added to the

manifold options for the exploitation of the earth’s energy

resources and became a topic of discussion because of its

possible environmental impacts (e.g., Lechtenböhmer et al.

2011), especially with regard to water management

(Gregory et al. 2011) and water quality (Osborn et al.

2011).

In Germany, hydraulic fracturing operations have

been applied for the exploitation of tight gas reservoirs

in the deep sandstone of Lower Saxony since the 1980s.

However, due to recent plans by ExxonMobil to explore

shale gas reservoirs and coalbed methane with substan-

tially shallower target horizons of about 1,000 m, a

public debate on the risks and safety of hydraulic

fracturing arose. Thus, following ExxonMobil’s initia-

tive, an interdisciplinary panel of neutral experts was

assembled to elaborate a risk assessment of fracking,

focussing on various aspects and drawing conclusions

from the facts known so far (Ewen et al. 2012). The

aspects that were considered include the drilling and

technical operation conditions, the respective geological

and hydrogeological formations, the interactions and

reactions under ground (Kissinger et al. 2013; Lange

et al. 2013), the aqueous fluids’ qualities and their

management (Olsson et al. 2013; Rosenwinkel et al.

2012), the technical risk aspects under ground and

above-ground (Uth 2012), the possibility of groundwater

contamination, infrastructure and landscape planning

(Schneble et al. 2012), and finally the legal situation

(Rossnagel et al. 2012, 2013).

The specific topic of this paper is the human-toxico-

logical assessment of the ingredients of fracking fluids and

flowback fluids, which in case of an accident may penetrate

into groundwater bodies which are used as drinking-water

resources. The objectives are in detail (1) to assess the

constituents of the fracking fluids from a human-toxico-

logical point of view, (2) to consider the influence of

flowback, (3) to consider the possible hazards for ground-

water as the most important resource for drinking-water in

Germany, and (4) to advise on future procedures to mini-

mize environmental hazards.

Hydraulic fracturing operation and its water relevant

aspects

In connection with the technique of deep horizontal dril-

ling, hydraulic fracturing permits natural gas to be

extracted from so-called unconventional reservoirs, where

the gas does not flow spontaneously, but is trapped in

minute pores in the rock (EPA 2011a; Wood et al. 2011).

This procedure consists of a fluid being injected into the

borehole at high pressure. This fluid then penetrates the

perforations in the pipe in the horizontal borehole and

induces cracks in the formation rock. The fracking fluid

contains proppants, i.e. sand or ceramic beads about 1 mm

in diameter. Their function is to ‘‘prop’’ the pores open

after pressure release, when the liquid medium is with-

drawn. Very often, water is employed as the liquid med-

ium. In order to keep the proppants suspended in the liquid

phase on their way down to the horizontal pipe and until

they are deposited in the cracks, fracking fluids contain

chemical additives, usually added to the water on-site at the

drilling location. The water fluxes involved in a hydrof-

racking operation are given in Fig. 1.

The liquid withdrawn after pressure release and during

the extraction phase following the fracking event, called

produced water or flowback water, differs in its composi-

tion from the originally injected fracking fluid. Most of the

sand and proppants stay in the deep geological formation;

some of the chemical additives react under the conditions

of the process, e.g., high temperature, and/or due to

microbial activity to form degradation and reaction prod-

ucts. Additionally, the geochemical nature of the formation

and the fossil deposit is reflected in the produced water to

some degree (Orem et al. 2007; Pees Coleman 2011). Salts

and other geogenic element species can become mobilised

in the dry or water-saturated fractures and reach the earth’s

surface in dissolved or gaseous form, either due to

extraction of formation water, or as a result of the fracking

fluid dissolving components of the geological formation.

Handling and disposal of produced water is also an issue

for conventional natural gas exploitation. In the framework

of the aforementioned panel of experts, aspects of pro-

duced-water management and treatment are discussed in

detail by Olsson et al. (2013) and Rosenwinkel et al.

(2012).

A major concern with respect to fracking activities is

whether the employed chemicals might be hazardous to

drinking-water resources, especially to groundwater.

Despite the fact that fracking operations are performed in

depths of 1,000 m or more, it has to be taken into account

that the shallow, usable aquifer containing freshwater must

be penetrated for this purpose.

Normally, safety measures, e.g., the asphalt coating of

drilling sites, additional spill containments for tanks
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containing the bulk chemicals, or several casings of the

borehole, especially near the upper usable aquifer, prevent

fracking chemicals or components of flowback water from

entering the soil and groundwater (see also Uth 2012).

Nevertheless, accidents, e.g., spilling or leakages, can

occur. Therefore, in this paper, the compounds involved are

assessed for their hazard potential from a human-toxico-

logical viewpoint. Ecotoxicological aspects are dealt with

in the paper by Riedl et al. (2013) and Schmitt-Jansen et al.

(2012).

Database

The formulas of fracking fluids (ingredients and employed

amounts) used by ExxonMobil in fracking operations in

Germany in the past 30 years are published on the internet

(http://www.erdgassuche-in-deutschland.de/technik/hydraulic_

fracturing/frac_fluessigkeiten.html). Meanwhile, chemicals

used in the USA are also disclosed on the web (http://

fracfocus.org/chemical-use/what-chemicals-are-used) and

can be followed for each well. In Canada, the public can

access fracfocus.ca for industry disclosures. Not all frack-

ing chemicals listed on the internet have been used for the

Exxon fracks in Germany, e.g., naphthalene has not been

employed, nor have the biocidal agents glutaraldehyde and

tetrakis hydroxymethylphosphonium sulphate, which have

been used in the USA. About 150 substances with different

chemical identities could be identified in the fracking for-

mulas published by ExxonMobil for Germany, 119 of them

specified by their CAS number (Riedl et al. 2013; Schmitt-

Jansen et al. 2012). Additionally to these fracking formulas

which have already been applied, ExxonMobil has dis-

closed an example for a formula of a fracking fluid inten-

ded for future shale gas fracking operations. As a further

chemical database, analytical results for groundwater

analyses in the fracking area and analyses of flowback and

formation waters were made available to the panel of

experts.

The presented assessment is based on the fracking fluids

as they were used in recent, representative hydrofracking

operations at three drilling sites. The drilling sites and the

conditions of the operations are given in Table 1. Further

information is also available in Olsson et al. (2013) or

Rosenwinkel et al. (2012).

The composition of the fracking fluids employed and the

function of their constituents are given in Table 2.

The function of the fracking fluid is to transport and

deposit the proppants down to the target horizon and to

transfer the pressure of the frack. Its design has to suit the

properties of the formation, e.g., permeability, fissuring,

clay content, water saturation, capillary effects, and the

conditions of the hydrofracking operation (e.g., pressure

and temperature in the underground) and is thus adapted

individually for each drilling site and fracking operation.

Various approaches to fracking fluid design, the chemicals

applied and their function are treated in EPA (2011b) by

Degner (2011), McCurdy (2011) and Satya Gupta (2011).

The main components of the three fracking fluids are

water and proppants. The water was taken from the public

Fig. 1 Water fluxes during a

hydraulic fracturing process.

VFF, volume of fracking fluid;

VFW, volume of formation

water; qFF, mass concentration

of a constituent in the fracking

fluid; qFW, mass concentration

of a constituent in the formation

water
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water supply or a nearby well and thus was of drinking-

water quality. In the frack C Z3a, liquid CO2 was addi-

tionally applied as an energizing component of the fluid

phase. Both fracks B T12 and C Z3a are gel-based with the

proppant making up 28 or 12.5 % of the total applied mass,

respectively. The frack D 3 is a so-called slickwater frack.

This kind of operation is possible in relatively shallow

horizons. The proppant is kept suspended in the water

phase by application of a high pumping rate. To facilitate

this, a friction reducer is added to the water. Notable is the

high water demand of about 4,000 m3 per single frack,

which is due to the fissured nature of the shale formation,

and the relatively low concentration of proppants in the

fluid.

Chemicals account for about 3, 1.1 or 0.16 % of the

fracking fluids (calculated without proppants) for the

fracking operations B T12, C Z3a or D 3, respectively.

They are listed in Table 2. Whereas 18 or 22 different frack

additives were employed in the gel-based deep sandstone

fracks B T12 and C 3a, respectively, only nine different

chemicals were added for the shale-gas frack D 3. For

selected chemicals in Table 2, some comments will be

given in the following sections.

The biocidal agents 5-chloro-2-methyl-2H-isothiazol-3-

one (CIT) and 2-methyl-2H-isothiazol-3-one (MIT) are

common constituents of the three fracking fluids. The

addition of magnesium chloride and—nitrate by the man-

ufacturer stabilises the preparation. Biocides are regular

ingredients of fracking fluids (Brandon et al. 1995; Ri-

massa et al. 2011). They are applied in order to prevent (1)

microbial degradation of the gel and a subsequent drop of

viscosity; (2) biofilm formation, and (3) microbiologically

induced corrosion. Biofilms in the pores of the formation

and on the proppants hinder dewatering and thus extraction

of the gas (Bottero et al. 2010). Microbiologically induced

corrosion of drilling facilities by sulphate-reducing bacteria

producing H2S or other acid-producing bacteria under

ground is a common problem in natural gas and oil pro-

duction (Nemati and Voordouw 2000). The mixture of CIT

and MIT in a ratio of 3:1 is sold under the trade name

Kathon� and is used as a bactericide, fungicide and algi-

cide in many commercially available products, such as

water-based dispersion paints for indoor and outdoor use,

various glues as well as hygiene products, for example

liquid soaps and ointments. A German ordinance allows

cosmetic products to contain up to 0.0015 % (equivalent to

15 mg/kg) of Kathon� as a preservative. Further applica-

tions are the production of paper and the conservation of

technical liquids. Kathon�, like 2-bromo-2-nitropropane-

1,3-diol (Bronopol), a biocide formerly employed by Ex-

xonMobil and frequently used in cooling systems, belongs

to the group of chlorine and bromine releasing, non-oxi-

dising biocides. Data on its environmental behaviour were

published by Jacobson and Williams (2000). In the IU-

CLID data sheet, it is assessed as readily biodegradable

based on a modified Zahn-Wellens test (OECD 302 B).

Furthermore, DT50 values are given, amounting 4 days for

CIT and\2 days for MIT, respectively (ESIS 2000a). In a

recent survey on the occurence of isothiazolines in the

aquatic environment, MIT and CIT could not be detected in

the effluent of a wastewater treatment plant, although

concentrations of 0.5 lg/l were determined in the influent.

In water samples from the rivers Rhine, Neckar and Dan-

ube, as well as from some smaller rivers highly influenced

by wastewater, MIT or CIT could not be detected (Rafoth

et al. 2007). In a study on the relevance of biocides for the

drinking-water supply initiated by the German Association

on Gas and Water from 2012, Kathon�—despite being

used in many consumer products—was assessed as of

minor concern for drinking-water supply because of its low

DT50 values (Thoma and Sacher 2012). This assessment,

however, implies an above-ground pathway of immission.

Because of its high polarity, especially MIT is assessed a

micropollutant not being easily removable by drinking

water treatment, as it is not likely to adsorb on activated

carbon (Thoma and Sacher 2012). In the European Union,

the limit for biocidal agents in drinking-water is 0.1 lg/l

per single compound and 0.5 lg/l for the total of biocides.

Table 1 Fracking operations recently performed at three different locations in Germany which are considered in the present paper

Drilling site Buchhorst T12 Cappeln Z3a Damme 3

B T12 C Z3a D 3

Type of reservoir Bunter sandstone Carboniferous sandstone Shale

Tight gas Tight gas Shale gas

Depth under ground 2,430–2,450 m 3,860–4,120 m 1,045–1,530 m

Temperature under ground 120 �C 145–155 �C 80 �C

Pressure at borehole top 20–25 bar 60–70 bar \5 bar

Pressure under ground 50 bar 510 bar 110–150 bar

Type of fracking operation Gel-based frack Gel-based CO2-supported hybrid frack Slickwater frack

Date of fracking operation 27 July 2011 11–18 Nov 2008; 7 injections 15 Jan–3 Feb 2011; 3 injections
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Common to all three fracking operations is the use of a

clay stabiliser. Clay stabilisers prevent water-sensitive clay

particles present in the formation from swelling when in

contact with the water-based fracking fluid and thus clog-

ging flow paths. In B T12 this is achieved by salting the

fracking fluid by means of potassium chloride. In the fracks

C 3a and D 3, tetramethylammonium chloride was

employed, which prevents adsorption of water by coating

the clay particles.

An essential functional component of the slickwater

frack D 3 is the friction reducer, ethoxylated octylphenol,

which is added to the fracking water in a hydrocarbon-

based preparation.

A main functional component of the gel-based fracks B

T12 and C Z3a is the carbohydrate-based thickener. In both

fracks, carboxymethyl hydroxypropyl guar (CMHPG)

polymer was employed. CMHPG is produced by derivati-

sation of guar flour. Guar flour consists mainly of the

polysaccharide guar which is composed of mannose and

galactose. Guar flour is modified by etherification and

esterification of the hydroxy groups to give CMHPG which

has a better solubility, better stability and higher salt

tolerance.

Gel formation is supported by inorganic salts being able

to form three-dimensional networks. In both gel-based

fracks B T12 and C Z3a, inorganic borate is used as

crosslinking agent. Inorganic borate often is employed in

the form of borax, sodium tetraborate (Na2B4O7�10 H2O), a

naturally occurring mineral that is produced in large

quantities and is used in the production of glass and the

glazing of porcelain and earthenware, as well as a com-

ponent of detergents. Furthermore, borax is used for fire-

proofing wood and textiles, to stiffen fabrics and as an

additive in bleaching creams, skin-care products and other

cosmetics. Recent animal experiments have shown that

boron compounds are harmful to reproduction and to foe-

tuses. Since 2010, inorganic borates and boric acid there-

fore are included in the REACH candidate list of

substances of very high concern (SVHC) (ECHA 2010).

The highest dose without effect (no-observed effect level,

NOEL) for rats is given as 9.6 mg boron-equivalents per kg

of body weight per day (Fail et al. 1998). This corresponds

to a dose of 85 mg of borax per kg of body weight per day.

Application of a safety factor of 100 delivers a tolerable

daily intake of 0.85 mg per kg of body weight per day.

Humans are unlikely to consume such a large quantity. In

the European Union, the limit for drinking-water is 1 mg/l,

expressed as boron.

For the frack B T12, the gelling agent also contains

citrus terpenes. This product is extracted from the peel of

lemons and other citrus fruits. The main component is

limonene, which belongs to the group of terpenes, and

other hydrocarbons—some of which are derivatives of

terpene. Citrus terpenes, such as limonene, are used in

many cosmetic and cleaning products as fragrances. As a

bulk substance, limonene is toxic to aquatic life.

In order to maintain suitable conditions for longer

phases of the fracking operations, stabilisers are added.

One of the agents employed for this purpose in both gel

fracks B T12 and C Z3a is tetraethylenepentamine. This

substance is a volatile, oily liquid which is easily water

soluble. The aqueous solution is very alkaline. It is

mainly used as a solvent for sulphur, acidic gases, resins

and paints, as a dispersing agent in motor oil, as an

additive for ceramic, cement and concrete as well as a

stabiliser for polymers. As a bulk substance, it is toxic to

aquatic life.

After pressure release, the viscosity of the gel hinders

the withdrawal of the fracking fluid. To reduce the vis-

cosity, breakers, often inorganic oxidants, are used in gel-

based fracking fluids. Sodium bromate is employed in both

B T12 and C Z3a. According to EC regulation No

1272/2008, this substance is not classified as carcinogenic.

However, potassium bromate is listed as a group 2B car-

cinogen (possibly carcinogenic to humans) by the Inter-

national Agency of Research on Cancer (IARC 1999). The

carcinogenic agent in this case is the bromate ion, which is

known to be a strong oxidising agent. This classification is

based on experiments performed with rats that were

exposed to bromate in drinking-water throughout their

lifespan, and developed tumours at different locations.

Similar experiments on mice revealed no elevated tumour

frequencies. It is still unclear whether the carcinogenicity

of bromate is specific to rats. No epidemiological data are

available on the carcinogenicity of bromate in humans. The

US Environmental Protection Agency is cautious about

whether long-term consumption of bromate poses a cancer

risk to humans (US-EPA 2001). In the European Union, the

limit for drinking-water is 10 lg/l.

A further large-scale component of the fracking fluids B

T12 and C Z3a is the solvent 2-butoxyethanol. Colourless

2-butoxyethanol is miscible with water and most organic

liquids. It has a slight ether-like smell and a boiling point of

171 �C. This substance is used in industrial and household

water-based paints, detergents, polishes, inks and cosmetic

products. The production capacity of EU member states is

estimated to be 70,000–90,000 tonnes per year (in 1998).

Due to the many areas of domestic use of this chemical,

widespread dermal and inhalatory exposure is to be

expected.

Five chemicals in the three formulas were only specified

as ‘‘not classified as hazardous according to the directive

1999/45/EC’’ (EC 2008a) and no further information on

their chemical identity was available.
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Assessment of fracking fluids and their constituents

Assessment according to hazardous substances

legislation

The assessment of the chemicals applied in the fracking

fluid was performed according to the European Union’s

Regulation No. 1272/2008 on classification, labelling and

packaging of substances and mixtures (CLP) (EC 2008a).

Hazardous, as defined by the regulation, are substances

and/or mixtures which show at least one of the following

properties: explosive; oxidising; extremely flammable,

highly flammable or flammable; very toxic, toxic or

harmful; corrosive; irritant; sensitising; carcinogenic;

mutagenic; toxic for reproduction; dangerous for the

environment. The regulation distinguishes between physi-

cal, health and environmental hazards. Hazard statements

for the bulk fracking chemicals, which assign hazard class

and hazard category, are given in Table 2. Classified as

toxic to humans are methanol, tetramethylammonium

chloride and the active ingredients of the biocide Kathon�.

This biocide is also classified as toxic to aquatic life.

Further constituents classified as toxic to aquatic organisms

are citrus terpenes and tetraethylenepentamine. Twelve

substances out of the 30 listed fracking additives in Table 2

are not classified as hazardous as bulk chemicals.

For hazardous substances as ingredients of mixtures, the

CLP regulation specifies concentration limits for classifi-

cation. Below these limits, the ingredients are classified as

not relevant. With respect to acute toxicity, ingredients

with a mass fraction \1 % are specified as not relevant.

This roughly corresponds to a mass concentration of

10,000 mg/l. For some other hazard classes, the concen-

tration limits for ingredients of mixtures are 5 % for skin

irritation; 3 % for irreversible eye effects; 1–3 % for

reversible eye effects; 0.1 % for skin sensitisation; 0.1 %

for mutagenicity; 0.1 % for carcinogenicity; and 0.3 % for

toxicity with regard to reproduction. From Table 3, giving

the approximated mass concentrations of the additives

classified as hazardous in the fracking fluid, it can be

deduced that 2-butoxyethanol is the only constituent with a

mass fraction exceeding 0.1 %. Since 2-butoxyethanol is

neither skin-sensitising, nor mutagenic, nor carcinogenic,

nor toxic for reproduction and its content is below 1 %, this

ingredient is also not relevant according to the European

Union’s Regulation No. 1272/2008. Thus, the fracking

fluids as mixtures are not to be classified as hazardous

according to the EU-CLP regulation.

Aside from the classification according to the CLP

regulation, water protection aspects are, in Germany,

additionally considered by classification of hazardous

substances on the basis of the ‘‘Administrative Regulation

Table 3 Concentrations of hazardous constituents in the fracking fluids employed in the fracking operations mentioned in Table 1 (qFF),

reference values for drinking-water (qref), and dilution factors necessary to meet the reference values for drinking-water (DF)

Constituent qFF, mg/l qref, mg/l DF

B T12 C Z3a D 3 B T12 C Z3a D 3

Amphoteric alkyl amines – 193 – 0.0003a – 10-6 –

2-Butoxyethanol 5,440 4,730 – 0.35b 10-5 10-5 –

Citrus terpenes 184 – – 0.0003a 10-6 – –

Hydrotreated light petroleum distillates – – 208 0.0003a – – 10-6

Inorganic borate 6d 2.9d – 1d,c 10-1 10-1 –

Kathon� 5.5 4.4 3.6 0.0005c 10-5 10-4 10-4

2-Methyl-2H-isothiazol-3-one 1.4 1.1 0.9 0.0001c 10-5 10-5 10-4

5-Chloro-2-methyl-2H-isothiazol-3-one 4.1 3.3 2.7 0.0001c 10-5 10-5 10-5

Methanol – 705 – 1.75b – 10-3 –

Propan-2-ol 184 141 – 8.4b 10-2 10-2 –

Sodium bromate 348e 218e – 0.01e,c 10-5 10-5 –

Tetraethylenepentamine 736 173 – 0.0003a 10-7 10-6 –

Tetramethylammonium chloride – 711 502 0.0003a – 10-7 10-7

Zirconium dichloride oxide 55 – – 0.0003a 10-6 – –

a Health-related indication value (HRIV)
b Health-based guide value (GV) (cf. Table 4)
c Parametric value as given in the European Drinking Water Directive 98/83/EC 1998 (EC 1998)
d Numerical values apply to boron
e Numerical values apply to bromate ion
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on the Classification of Substances Hazardous to Waters

into Water Hazard Classes (Verwaltungsvorschrift was-

sergefährdende Stoffe)’’ (UBA 2005). There are three

water hazard classes (WGK): WGK 1, low hazard to

waters; WGK 2, hazard to waters; WGK 3, severe hazard

to waters. The water hazard class of a mixture of sub-

stances can be either determined by using a calculating

rule and the WGK of each compound of the mixture, or

on basis of ecotoxicological test data determined on the

mixture. Table 2 shows that most of the chemicals used in

the fracking fluids are classified as WGK 1. Ethoxylated

alcohols and tetraethylenepentamine are assigned as

WGK 2 and the biozide Kathon� with its two active

components CIT and MIT is a representative of WGK 3.

Thus, special care must be taken when handling these

substances. The fracking fluids as mixtures are classified

as WGK 1.

Since they are not soluble in water, the proppants are not

classified as hazardous to the aquatic environment.

Assessment with respect to drinking-water

In case of an accident, the concentration levels in which

ingredients of fracking fluids may appear in groundwater

which is used as a drinking-water resource depend on the

actual circumstances and cannot be predicted in a general

way. Under ground, the concentrations in the fracking

fluids represent the upper concentration limit. Thus, con-

centrations in the fracking fluids are assessed by regarding

the dilutions necessary to meet limit values for drinking-

water.

In Table 3, the mass concentrations of hazardous

chemicals in the respective fracking fluids, approximated

by dividing the mass of ingredient by the total mass of

fracking fluid without proppants, are given and compared

to health-related reference values from different assess-

ment approaches for drinking-water. First, the European

Drinking Water Directive (EC 1998) was consulted, which

in Germany has been transferred to national law by the

drinking-water ordinance (TrinkwV 2001). The parametric

values of its Annex I are established in order to ensure that

human health is protected from adverse effects caused by

drinking-water contaminants. These parametric values are

mostly based on the guideline values for drinking-water

established by the World Health Organisation WHO (WHO

2011). For anthropogenic contaminants that have no

function in drinking-water treatment or stabilisation they

are sometimes even more restrictive than required from a

human-toxicological point of view, following the so-called

ALARA-principle, i.e., as low as reasonably (mostly

technically) achievable. An example is the parametric

value of 0.1 lg/l set for single biocidal compounds (pes-

ticides) that are not included in the list of disinfectants

permitted for drinking-water treatment, which has been

oriented at the analytical detection limit (technical zero) at

the time of its implementation.

The WHO guide values (GV) are health-based guide

values to protect human beings from adverse effects by

drinking-water constituents based on a lifelong water

consumption of 2 l/day. For substances with an effect

threshold, they are derived in a way that ingestion by

drinking-water may not exceed 10–20 % of the tolerable

daily intake (TDI). For substances for which a TDI cannot

be given, e.g., carcinogens, levels that are associated with

an additional cancer risk of 10-5–10-6 for a lifelong (70-

year) exposure are regarded as acceptable.

For the majority of the fracking additives, neither a

parametric value of the Drinking Water Directive nor a

WHO guide value for drinking-water was available,

because these substances are not expected to occur in raw

waters. For some compounds, having been classified as

hazardous, but not as carcinogenic, mutagenic or toxic to

reproduction (cmr), health-related guide values (GV) were

calculated from TDI values taken from the literature,

assuming a drinking-water consumption of 2 l a day, a

body weight of 70 kg and a 10 % fraction of TDI allocated

to water consumption (see Table 4). In the table, the

uncertainty factor (UF) that was used to calculate the TDI

from no-observed adverse effect level (NOAEL), no-

observed effect level (NOEL) or lower confidence limit of

benchmark dose (BMDL) is also given.

For several fracking additives, TDI values are not

available. These compounds were assessed according to the

HRIV approach of the German Federal Environment

Agency (Dieter 2011), a pragmatic default approach for

new analytes in drinking-water with an incomplete human-

toxicological data base assigning health-related indication

values (HRIV) for lifelong exposure at four concentration

steps between 0.1 and 3 lg/l. For the fracking additives

with incomplete human-toxicological data base, a HRIV of

0.3 lg/l was set. This is the value for contaminants known

to be devoid of a genotoxic potential in the absence of any

other information.

Table 4 Health-based guide values (GV) for some additives used in

fracking fluids that were derived from TDI values assuming a toler-

able uptake of 10 % of the TDI via drinking-water, a drinking-water

consumption of 2 l/day and a body weight of 70 kg

Substance TDI

mg/(kg day)

UF Reference

for TDI

GV

mg/l

2-Butoxyethanol 0.1 10 US-EPA (2010) 0.35

Methanol 0.5 1,000 US-EPA (1993) 1.75

Propan-2-ol 2.4 40 Hahn et al. (2005) 8.4

TDI tolerable daily intake, UF uncertainty factor used for estimating a

TDI
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Table 3 shows that after a 1:10,000 and up to 1:100,000

dilution of the fracking fluid the concentrations of fracking

additives classified as hazardous would be below legal

norms or health-based guide values for drinking-water. For

some constituents, a higher dilution would be necessary to

meet the low precautionary health-related indication values

used for assessment because of incomplete human-toxico-

logical database. HRIVs, however, are chosen in a manner

that future scientifically health-based guide values will

most likely be higher than the HRIV, but definitely not

stricter.

Further constituents of the fracking fluids, mainly inor-

ganic compounds, are not classified as hazardous sub-

stances, but are nevertheless regulated as constituents of

drinking-water. As the salt content of the fracking fluids

also has been subject of public concern, the concentrations

of inorganic ions in the fracking fluids, calculated from the

respective inorganic constituents, are listed in Table 5 and

compared to reference values for drinking-water. The

parametric value for nitrate is based on a health-based

WHO guideline value. Sodium, potassium, magnesium and

chloride are natural constituents of raw water and normally

occur in concentrations below those of health concern.

They are regulated for reasons of taste or corrosiveness. As

for potassium and magnesium, no parametric values are

available in the current European Drinking Water Direc-

tive, the former version of the directive (EC 1980) was

consulted to roughly estimate the order of magnitude of a

reference value. Thiosulphate and peroxodisulphate are not

constituents of natural waters but are applied for drinking-

water treatment and are included in the German ‘‘white

list’’ of permitted additives for treatment (UBA 2012). The

maximum permitted residual levels after treatment speci-

fied there are taken as a basis for assessment.

Table 5 shows that in many cases the concentrations of

ions are already below the reference values for drinking-

water in the undiluted fracking fluids. In every case, the

requirements are met after a dilution of 1:1,000. The salt

content is highest in the fracking fluid of B T12, as

potassium chloride was used for clay stabilisation there.

A further indicative parameter for the assessment of

drinking-water is the total organic carbon (TOC). As

organic substances can support the growth of microor-

ganisms in water and be precursors for disinfection by-

products, low organic carbon content is desirable in

drinking-water, as it is the case, e.g., in well-protected

groundwaters. The European Drinking Water Directive

specifies no limit but stipulates that this parameter should

not exhibit abnormal changes. The TOC concentration of

most German drinking-waters ranges from 0.5 to 2 mg/l.

As the majority of fracking additives used in the considered

recent fracks are organic compounds, the TOC concentra-

tion, calculated from the composition of the fracking fluids,

is given in the table for comparison. The TOC concentra-

tions in the fracking fluids are higher than the typical TOC

values of highly polluted domestic wastewaters (about

300 mg/l). TOC concentrations in a range typical for

drinking-waters would result after a 1:1,000 dilution for the

slickwater frack D 3 or a 1:10,000 dilution for the gel-

based fracks B T12 and C Z3a. These comparisons are

made only to estimate the order of magnitude of organic

load. It should be kept in mind that the drinking-water

Table 5 Concentrations of non-hazardous constituents of fracking fluids employed in the fracking operations mentioned in Table 1 (qFF),

reference values for drinking-water (qref), and dilution of the fracking fluid necessary to meet the reference values for drinking-water given as

power-of-10 dilution factor (DF)

Constituent qFF, mg/l qref, mg/l DF

B T12 C Z3a D 3 B T12 C Z3a D 3

Ammonium – 29 – 0.50a – 10-2 –

Chloride 7,228 294 172 250a 10-2 10-1 100

Magnesium 1.5 1.6 1.1 50b 100 100 100

Nitrate 4.6 4.7 3.2 50a 100 100 100

Peroxodisulphate – 1.7 – 0.56d,c – 10-1 –

Potassium 7,956 – – 12b 10-3 – –

Sodium 951 300 – 200a 10-1 10-1 –

Thiosulphate 1,645 65 – 3c 10-3 10-2 –

TOC 6,090 6,840 660 0.5–2 10-4 10-4 10-3

a Parametric value as given in the current European Drinking Water Directive 98/83/EC (EC 1998)
b Parametric value as given in the former European Drinking Water Directive 80/778/EEC (EC 1980)
c Maximum level in drinking-water after treatment as specified in the German list of registered additives for drinking-water treatment purposes

(UBA 2012)
d Calculated from the maximum permitted level of 0.1 lg/l given as H2O2
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parameter TOC refers mostly to natural organic matter in

water bodies and is not intended to be regarded as an upper

limit for hazardous or undesired ingredients.

Assessment with respect to groundwater

Since groundwater is a major resource for drinking-water, a

thorough assessment of the possible influences of fracking

fluids on groundwater and drinking-water quality is one of

the key issues. Beyond this aspect, groundwater needs

protection as a natural water body. In Germany, local and

limited groundwater contaminations are evaluated on the

basis of so-called ‘‘thresholds of low concern’’, which

correspond (a) to the limit values for drinking-water or

(b) to the predicted no effect concentrations for aquatic

organisms (Länderarbeitsgemeinschaft Wasser—LAWA

2004). The assessment of the groundwater contaminant in

question usually is performed with respect to the stricter of

both values. This paper focuses mainly on groundwater as a

drinking-water resource. The complementary ecotoxico-

logical aspects are covered by Riedl et al. (2013).

Boron is the only constituent of the three fracking fluids

of this study for which a ‘‘threshold of low concern’’ for

groundwater has already been specified: 750 lg/l

(Länderarbeitsgemeinschaft Wasser—LAWA 2004). After

a dilution of 1:10, the boron concentrations of the boron-

containing fracking fluids of this study (B T12 and C Z3a)

would be below this level.

In case of a groundwater contamination, the ground-

water will not be used as raw water for drinking-water

production, but will be restored by suitable remediation

methods on-site or off-site.

In order to assess the severeness of a groundwater con-

tamination, not only is concentration relevant, but also the

total amounts of substances that penetrate into the aquifer

following a possible leakage. These loads must be removed

by groundwater remediation methods. For contaminations

from under ground, the maximum loads are not given by the

total masses of the fracking chemicals applied, but by the

volume of fracking fluid likely to seep through a leak during

the time of the fracking operation and/or until the leakage is

noticed and remediation starts. Uth (2012) distinguishes two

scenarios of leakage during the hydrofracking operation. A

major leakage in the borehole, due to pipe rupture, is

detected within 5 min because of the resulting drop in

pressure. The fracking operation is subsequently stopped.

Until then, about 35 m3 fluid will have been released. A

minor seepage leakage remains undetected during the

fracking operation (e. g., up to 8 h). In this time, up to 76.6 t

are likely to seep into the surrounding aquifer. The con-

tamination can only be detected afterwards after a migration

period of about 1 week by a groundwater observation well—

assumed to be located 20 m away from the borehole. The

released amounts correspond to about 16–35 (B T12), 0.9–2

(C Z3a), or 0.3–0.6 % (D 3) of the total fracking fluid. From

this, the maximum amount of chemical load to be removed

by groundwater remediation measures can be roughly esti-

mated. Given as organic carbon (OC), this would be about

213–524 kg OC for the gel-based fracks B T12 and C Z3a,

and 23–51 kg OC for the slickwater frack D 3. One conse-

quence of these estimates is that the location of the fracking

operations should be in a safe distance from wells or bore-

holes which are used for drinking-water production.

In order to check whether there is an influence on usable

groundwater by fracking fluids, monitoring is necessary

including components of the fracking fluid or their reaction

products. Data on this item are scarce. Groundwater anal-

yses from the surroundings of a fracking site in the area of

this study were available for four observation wells near

the site Goldenstedt Z23 for a sampling depth of about

50 m (ExxonMobil 2011b). The samples were taken sev-

eral months after the fracking operation and were analysed

by a certified analytical laboratory for nearly 100 single

parameters, mostly oriented at the requirements for drink-

ing-water. The analytical results did not indicate an influ-

ence of the fracking operation on groundwater quality.

Additionally, the samples from six wells were analysed for

the following ingredients of the fracking fluid applied:

2-butoxyethanol (qFF = 6,793 mg/l; LOQ = 1 mg/l), pro-

pan-2-ol (qFF = 307 mg/l; LOQ = 1 mg/l), methanol

(qFF = 238 mg/l; LOQ = 10 mg/l), CIT (qFF = 5.26 mg/

l; LOQ = 0.05 mg/l), and MIT (qFF = 1.75 mg/l;

LOQ = 0.05 mg/l). The concentrations of these ingredients

in the groundwater were below the limit of quantification

(LOQ) for all wells. However, the LOQs were relatively

high. This matches findings in the literature, where the

unsatisfactory sensitivity of available analytical methods

substantially limited the evaluation of glycols like ethylene

glycol and 1,2-propylene glycol as sentinel compounds for

fracking fluid influence even in flowback waters (Pees

Coleman 2011).

Development of fracking fluids design: aspects

and outlook

Analysis of the fracking formulas available (ExxonMobil

2011a) back to the 1980s shows that the amount and

concentration of chemicals in the fracking fluids applied

for comparable drilling sites have been be reduced from

about 5–10 % in the beginning to about 1–3 % for the

recent tight gas fracks B T12 and C Z3a dealt with in this

paper. For shale gas fracks, lower concentrations and a

lower number of additives are generally necessary for

technical reasons.

Perceived to be of major concern with respect to safety of

drinking-water and groundwater are chemicals classified as
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toxic to humans, toxic to aquatic life or as a severe hazard to

water. There have already been efforts to replace those sub-

stances (see also Ewers et al. 2012). For instance, diethanol-

amine (CAS No. 111-42-2) has been in discussion to replace

the more toxic methanol, still employed in the frack C Z3a as

the solvent for the surfactant. A technically challenging but

urgent task will be the substitution of inorganic borate in gel-

based tight-gas fracking fluids. This additive is not required

for the shallow horizons of shale-gas fracks.

To illustrate in which direction the development could

go, a draft formula for future hydrofracking operations in

shale gas reservoirs in Germany is given in Table 6. Ex-

xonMobil made this draft available to the panel of experts

towards the end of the dialogue process. In the table, two

options of design are considered: slickwater frack and

linear-gel frack. The table gives the maximum amounts

considered to be employed.

For clay stabilisation, neither the neutral salt potassium

chloride is intended, which is of ecotoxicological concern

in the concentrations usual for this purpose (Riedl et al.

2013; Schmitt-Jansen et al. 2012), nor tetramethylammo-

nium chloride, which is toxic. Instead, choline chloride will

be employed. The acute toxicity of choline chloride (Oral

LD50 for rats: 3,400 mg/kg) (ESIS 2000b) is significantly

lower than that of tetramethylammonium chloride (Oral

LD50 for rats: 50 mg/kg) (GESTIS 2012). Choline occurs

naturally in animals and in the human body.

As an additive in both slickwater and linear-gel frack,

polyethylene glycol monohexyl ether (ethoxylated hexan-

1-ol) is intended. Polyethylene glycol-octylphenyl ether

will no longer be employed. Concern was voiced during the

public discussion that octylphenol, which is a priority

pollutant, could be released as a degradation product, in

case the biocide fails to suppress microbial activity.

As the thickener for the option linear-gel frack, a car-

bohydrate derivative, classified as non-hazardous, will be

employed like in the other gel fracks already discussed in

this paper.

As the friction reducer, almost non-toxic 2-(2-butoxy-

ethoxy)-ethanol (‘‘butyl diglycol’’) shall be employed

instead of the hydrotreated light petroleum distillates used

for the slickwater frack D 3.

The highly effective biocide Kathon�shall be substi-

tuted by the biocide (ethylenedioxy)dimethanol (other

names: [1,2-ethylene-diylbis-(oxy)]-bis-methanol; 1,6-

dihydroxy-2,5-dioxy-hexane) which is not classified as

toxic, but as harmful. By the German WGK classification,

this biocide is classified as WGK 1 (low hazard), whereas

Kathon� is classified as WGK 3 (severe hazard). The

biocidal action of this agent is based on the release of

formaldehyde. It is used, for example, in fluids for metal-

working (De Groot et al. 2010). The substitution may be

beneficial from the viewpoint of occupational safety.

However, (ethylenedioxy)dimethanol must be employed at

Table 6 Additives considered for future shale-gas fracking operations

Function/constituent CAS No. m, kg qFF, mg/l Hazard potential WGK

Biocide

(Ethylenedioxy)-dimethanol 3586-55-8 1,600 1,000 Harmful if swallowed 1a

Causes skin irritation

Causes severe eye damage

Harmful to aquatic life with long lasting effects

Clay stabiliser

Choline chloride 67-48-1 1,200 750 Causes severe eye irritation 1

Causes skin irritation

May cause respiratory irritation

Surfactant

Polyethylene glycol monohexyl ether 31726-34-8 208 130 Irritating to eyesa n.a.

Causes skin irritationa

May cause respiratory irritationa

Friction reducer (option slickwater frack)

2-(2-Butoxy-ethoxy)-ethanol 112-34-5 560 350 Causes severe eye irritation 1

Thickener (option linear-gel frack)

Carbohydrate polymer derivative – 2,280 1,800 Not classified as hazardous n.a.

Intended volume of water: 1,600 m3

m employed mass, qFF mass concentration in the fracking fluid, n.a. not available
a Classification by the manufacturer
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about one thousand times higher concentrations than Ka-

thon� to achieve the same effect. With respect to the low

limit for biocides for drinking-water, this is

disadvantageous.

The employment of biocides in frackings fluid is a major

item of criticism, especially due to the low limit values for

drinking-water. Meanwhile, studies are being performed on

the tailor-made dosing of biocides suitable to maintain the

biocidal action for the duration of the fracking operation

but the biocide not persisting in flowback water beyond a

few days, as biocidal components in the flowback may be

adverse for some options for disposal (Rimassa et al.

2011).

As an alternative option to the addition of biocides,

disinfection by UV radiation is in discussion. This option,

however, is only efficient for transparent media. A tech-

nical rule for UV disinfection of drinking-water specifies

the following requirements to the water: spectral absorp-

tion coefficient B10/m (k = 254 nm), spectral extinction

coefficient B15/m (k = 254 nm), turbidity B0.3 FNU

(DVGW 2006). Thus, only the plain fracking water can be

disinfected in this way, but not the final fracking fluid.

Furthermore, no long-term disinfection capacity is pro-

vided by this method.

As an alternative to water-based fracking fluids, non-

aqueous fracking technologies for shale gas production are

in discussion, especially the use of liquefied propane (LPG)

as fracking fluid is considered as an environmentally

friendly alternative (Rogala et al. 2013). As the composi-

tion of each fracking fluid has to be adapted to the specific

conditions of the actual formation and drilling site and

technical progress will provide new options, the develop-

ment of fracking formulas which take human-toxicological

and environmental aspects into account is a continuous

process.

Consequences and further research topics

As a precautionary measure for groundwater and drinking-

water protection, fracking activities should be monitored

by groundwater observation wells in the fracking area. A

baseline for groundwater quality should be documented

before fracking activities start. Further work has to be done

to specify suitable target analytes which may serve as

sentinel compounds for fracking fluid influence. For this,

sufficiently sensitive analytical methods should be applied

with detection limits in the range of 0.0001–0.01 mg/l.

Another analytical option to be considered is non-target

screening, which permits comparison of patterns and fin-

gerprints of organic ingredients by capturing a large

spectrum of organic micropollutants in a single analytical

run (Müller et al. 2011). In a recent publication, 3D

Table 7 Concentrations qFB of inorganic micropollutants in flowback

waters of drillings sites of the bunter sandstone (Söhlingen, Söhlingen

Ost, Borchel, Mulmshorn, Taaken, Bötersen, Goldenstedt), reference

values qref for assessment, and necessary dilution to meet the

requirements to drinking-water (DW), groundwater (GW) and surface

water (SW) given as a power-of-10 dilution factor DF

Parameter Typical range qFB, lg/l Extreme value qFB, lg/l qref, lg/l DF

DWa GWb SWc

Antimony \5–120 575 5 5 – 10-3

Arsenic \0.5–18 175 10 10 – 10-2

Cadmium \5–\25 – 5 0.5 \0.08–0.25 10-3

Chromium, total \10–70 115 50 7 – 10-2

Cobalt \10–\50 – – 8 – 10-1

Copper \10–56 – 2,000 14 – 10-1

Lead \25–135 – 10 10 7.2 10-2

Mercury 6.0–49 730 1 0.2 0.05 10-5

Molybdenum \10–90 – – 35 – 10-1

Nickel \5–50 – 20 14 20 10-1

Selenium \5 – 10 7 3 10-1

Tin \25–\125 – – – – –

Zinc \25–930 9,700 – 58 – 10-2

Cyanide, total \5–22 – – 5 (50d) 10 10-1

Data based on 13 analyses of the period 25 July through 6 September 2011
a Chemical parameter from the Drinking Water Directive 98/83/EC (EC 1998)
b Threshold of low concern for local and limited groundwater contaminations (Länderarbeitsgemeinschaft Wasser—LAWA 2004)
c Annual average environmental quality standard for inland waters as given in the European Directive 2008/105/EC (EC 2008b)
d If no easily liberatable cyanide is present
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fluorescence spectroscopy (excitation emission mapping)

was proposed as a method to identify groundwater con-

tamination from coalbed methane production (Dahm et al.

2013).

The assessment in this paper is limited to the fracking

chemicals as they were employed. It is likely that many of

the chemicals undergo transformations during the fracking

operation and under ambient conditions under ground. For

instance, bromate, which is applied as an oxidant, is likely

to react to give bromide with all the options of further

reactions. Furthermore, microbial transformations might

occur, when the efficiency of the biocide has decayed. A

detailed analysis of flowback composition for possible

degradation or transformation products would be neces-

sary. Formate and acetate were found in some flowback

waters (Rosenwinkel et al. 2012; Olsson et al. 2013), but

much work still has to be done on the material balances of

fracking operations.

The employment of biocides evidences that microor-

ganisms and microbial processes are relevant in

Table 8 Concentrations qFB of hydrocarbons in flowback waters of

drillings sites of the bunter sandstone (Söhlingen, Söhlingen Ost,

Borchel, Mulmshorn, Taaken, Bötersen, Goldenstedt), reference

values qref for assessment, and necessary dilution to meet the

requirements to drinking-water (DW), groundwater (GW) and surface

water (SW) given as a power-of-10 dilution factor DF

Parameter Typical range qFB, lg/l Extreme value qFB, lg/l qref, lg/l DF

DWa GWb SWc

BTEX 4,524–19,438 70 – 20 – 10-3

Benzene 3,370–13,300 61 1 1 10 10-5

Toluene 840–4,280 7 – 20d 10 10-3

Ethylbenzene 24–350 \1 – 20d 10 10-2

p-Xylene 115–1,650 \1 – 20d 10 10-3

m-Xylene 11–510 \1 – 20d 10 10-2

o-Xylene 115–1,060 2 – 20d 10 10-3

Styrene \1 – – 20d – –

Cumol \1–25 165 – 20d 10 10-2

PAH, total 1.97–836 10,444 0.1e 0.2f – 10-6

Naphthalene 1.27–1,750 9,300 – 1g 2.4 10-4

Acenaphthylene 0.1–12.3 65 – – – –

Acenaphthene 0.02–27 205 – – – –

Fluorene 0.09–71 765 – – – –

Phenanthrene 0.45–570 1,340 – – 0.5 10-4

Anthracene \0.02–6.5 9.0 – 0.01 0.1 10-3

Fluoranthene \0.02–9.8 18.8 – 0.025 – 10-3

Pyrene 0.04–14 39 – – – –

Benz(a)anthracene \0.02–6.5 24 – – – –

Chrysene \0.02–0.6 12.5 – – – –

Benzo(b)fluoranthene \0.02–0.5 2.8 – 0.025 R = 0.03 10-3

Benzo(k)fluoranthene \0.02–0.2 0.4 – 0.025 10-2

Benzo(a)pyrene \0.02–0.5 – 0.01 0.01 0.05 10-2

Dibenz(a,h)anthracene \0.02–0.2 0.4 – 0.01 – 10-2

Benzo(ghi)perylene \0.02–0.7 1.2 – – 0.002h 10-3

Data based on 13 analyses of the period 25 July through 6 September 2011
a Parametric value as given in the European Drinking Water Directive 98/83/EC (EC 1998)
b Threshold of low concern for local and limited groundwater contaminations (Länderarbeitsgemeinschaft Wasser—LAWA 2004)
c Annual average environmental quality standard for inland waters as given in the European Directive 2008/105/EC (EC 2008b)
d Applies to the sum of BTEX
e Applies to the sum of benzo(b)fluoranthene, benzo(k)fluoranthene, benzo(ghi)perylene and indeno(1,2,3-c,d)pyrene
f Applies to the sum of 15 compounds without naphthalene and methylnaphthalene
g Included methylnaphthalenes
h Included indeno(1,2,3-c,d)pyrene

Environ Earth Sci (2013) 70:3875–3893 3889

123



hydrofracking. A considerable amount of the injected

fracking fluid (Olsson et al. 2013; Rosenwinkel et al. 2012)

will remain under ground. Little is known about the

influence of these materials on the autochthonous microbial

population in the deep surface (Krumholz 2000).

Constituents of flowback water and their assessment

In the framework of the panel of experts, the issue of

flowback and formation waters was covered in detail by

Olsson et al. (2013) and Rosenwinkel et al. (2012), espe-

cially with regard to the neutral salt content of these waters

and options for their disposal or treatment. In this paper,

only the aspect of micropollutants is addressed with respect

to the requirements for groundwater and drinking-water.

To do so, the results of 13 flowback water analyses from

different tight gas drilling sites were evaluated with respect

to heavy metals and different hydrocarbons (see Tables 7,

8) and compared with legal norms for drinking-water and

groundwater. Additionally, environmental quality stan-

dards for surface waters are given where available. To

consider the aspects of surface water is also sensible, since

parts of the flowback water management, e.g., transport, is

performed above ground, until the produced water is dis-

posed by deep well injection.

The concentrations of toxic heavy metals in the forma-

tion water samples are mainly in the range below 0.1 mg/l.

In most cases, a dilution of 1:100 is sufficient to meet the

requirements for drinking-water or the threshold values of

low concern for local and limited groundwater contami-

nations. For antimony, mercury and zinc, a dilution of

1:1,000 would be necessary. The mercury and cadmium

levels are relevant with respect to environmental quality

standards for surface waters.

As with coalbed formation waters (Orem et al. 2007),

the results of the analyses vary considerably over time.

This especially holds for the results for organic micropol-

lutants given in Table 8.

The total sum of BTEX hydrocarbons covers a wide

range (0.07–19.4 mg/l). The main component is benzene,

which was measured in quantities of up to 13 mg/l.

For the total concentration of PAHs, values of up to

10 mg/l were determined in the produced waters. The

relatively highly water soluble PAHs, such as naphthalene,

fluorene and phenanthrene dominate. Several micropollu-

tants listed in Table 8 would meet the threshold values for

groundwater only after a dilution of 1:1,000 or more. Of

special concern are naphthalene, benzene and the total

concentration of the PAHs, where a dilution of 1:100,000,

in extreme cases of 1:1,000,000 would be necessary. The

latter especially holds for the assessment of PAH with

respect to the requirements for drinking-water. For several

organic micropollutants of Table 8 environmental quality

standards for surface waters are also set, since these sub-

stances are priority pollutants in the field of water policy.

According to the CLP regulation, Annex 1, No. 4.1.3.3,

the produced waters for which analytical data were avail-

able to the panel of experts are neither to be classified as

hazardous mixtures, nor as mixtures which are acutely or

chronically hazardous for aquatic systems. Nevertheless,

release of produced waters into the ground and ground-

water, as well as pollution of surface water bodies by these

waters must be avoided by suitable safety measures. As

formation water pipelines and disposal boreholes also

might be subject to leakages (Uth 2012), the management

of flowback water requires high safety standards and

thorough monitoring.

Conclusions and recommendations

This paper deals with the human-toxicological assessment of

substances used and mobilised in the hydraulic fracturing

process, especially with regard to a possible influence on

groundwater quality. The preservation of groundwater quality

is of essential importance, since groundwater is the most

important resource of drinking-water in Germany and many

other European countries. Fracking fluids consist mainly of

water and proppants. Usually, they contain about 1–3 % (w/

w) of chemical additives. A number of these additives fulfil

the criteria relating to physical hazards, health hazards or

environmental hazards laid down in Parts 2–5 of Annex I of

Regulation (EC) No. 1272/2008. As a consequence, these

additives must be classified in relation to the respective hazard

classes provided in the aforementioned annex. The concen-

trations of the additives employed in frack fluids are usually

below 0.1 % and thus below the threshold limits at or above

which the presence of that substance in a mixture leads to the

classification as hazardous mixture.

Contamination of groundwater by ingredients of frack-

ing fluids may occur from under ground or may result from

above-ground accidents associated with the transport,

storage and handling of hazardous substances used as

additives for fracking fluids. The degree of groundwater

contamination cannot be predicted in a general sense.

Therefore, different dilutions of the fracking fluid in

groundwater were considered. Three selected fracking

fluids were evaluated. It was calculated that the concen-

trations of various ingredients in fracking fluids are

1:10,000 up to 1:100,000 times above the limit values of

the European Drinking Water Directive, the WHO

Guideline Values for Drinking-water Quality, and other

health-based guide values. Regarding the salinity of

fracking fluids, a dilution of 1:1,000 is sufficient to reach

concentrations acceptable for drinking-water.

3890 Environ Earth Sci (2013) 70:3875–3893

123



From a human-toxicological point of view, the ingre-

dients of flowback water are more problematic with respect

to drinking-water aspects than those of fracking fluids.

Flowback water is influenced by the organic constituents of

the fossil deposit and it contains heavy metals. Some of the

substances in flowback water are priority pollutants in the

field of water policy.

The conclusions from the results are:

– The synthetic fracturing fluids should contain only

environmentally friendly constituents with low

toxicity

– Geogenic salts, toxic and radioactive species which

are expected to be mobilised by the fracking process

and other reaction products which reach the surface

as flowback should be kept in closed systems to

prevent pollution of soil, groundwater and surface

water. The management and disposal of flowback and

formation waters is not specific for hydraulic frac-

turing, but a general problem in natural gas

exploitation.

– Safety measures may fail. Therefore, a sufficient

distance of drilling operations and above-ground han-

dling of hydrofracking chemicals to wells used for

drinking-water production should be assured. Fracking

activities should not interfere with vital water protec-

tion measures, especially with drinking-water protec-

tion areas and should be excluded in geological regions

with disturbance zones that possibly allow fracking

fluids to ascend from the deep underground into the

shallow usable aquifer.

There is no doubt that due to the uniqueness of the role

of water for life and mankind, its protection is of highest

priority. Therefore, it is advisable to:

– Include competent water quality specialists from the

very beginning of hydraulic fracturing planning.

– Involve governmental water authorities in the process

of hydraulic fracturing.

– Improve the state of the art of environmentally friendly

hydraulic fracturing and to develop standard methods

for the procedure itself, for additives and material

balances, for comprehensive monitoring and for the

management of produced wastewater and risk factors.

– Investigate and publish on the impact of hydraulic

fracturing on nature and especially on water resources.

– Use an open information and discussion strategy

amongst all peers and the public from early stages of

planning onwards.
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nahme, (oberirdische) Infrastruktur, Betrieb (Footprint, above-

ground infrastructure, operation). Survey within the framework

of the dialogue and information dissemination process concern-

ing the health and environmental aspects of hydrofracking.

http://dialog-erdgasundfrac.de/gutachten. Accessed 31 Aug 2012

Thoma A, Sacher F (2012) Studie zur Bedeutung von Bioziden für die

Trinkwasserversorgung (Study on the relevance of biocides for

the drinking-water supply). Abschlussbericht zum For-

schungsvorhaben W 3/01/09. Veröffentlichungen aus dem
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