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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
To evaluate the effect of individual shales on the composition of flowback waters, samples from
Posidonia, Alum, Mikulov and Marcellus formations were selected for lab experiments. In the lab, these
shales were extracted with destilled water and an artificial fracking fluid under different pressure and
temperature conditions. The artificial fracking fluid contained choline chloride (clay stabilizer) and
butyldiglycol (friction reducer). Concentrations of extracted inorganic anions are different for each
investigated sample. With increasing thermal maturity of the organic matter, decreasing concentrations of
organic acids were detected in the water extracts, but addition of chemicals resulted in higher acid
concentrations. These lab experiments showed clearly that fluid-rock interactions change the chemical
composition of the fluid and this demonstrates that simulation/ modelling of flowback water composition
in shale gas systems is not possible without consideration of the fractured shale geochemistry.
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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
Composition of flowback is related to the composition of the initial fracturing fluid, the
composition of the natural formation water of the shale and the possible interactions
between fracturing fluid and shale system over time at the in-situ conditions. The
interactions between shale formation and flowback water at in-reservoir conditions are
an extremely important aspect to understand the controls on flowback water
composition. The objectives for this report therefore comprise the detailed investigation
of the fluid-rock interactions between fracking fluid and shale and their effect on the
flowback water composition.
To get first insight into these interactions, lab experiments were started to evaluate the
effect of destilled water but also “artificial” fracking fluid on four shale samples with
gas potential. In this approach, the “artificial” fracking fluid contains only two
chemicals (choline chloride and butyldiglycol) that have been described by ExxonMobil
to be the only additives planned for use in hydraulic fracturing of gas shales in Germany
(ExxonMobil 2015).
The shale samples were selected based on their shale gas potential. Shale gas units may
be of potential economic interest if they are (1) matured to at least the gas generative
stage, (2) organic rich (total organic carbon (TOC) >2 wt%), (3) volumetrically
important (thickness >20 m and regionally distributed) and (4) preferentially located
away from structurally complex areas (Herber & Jager, 2010; Schovsbo et al., 2011).
Here, samples were taken from Posidonia (Germany), Alum (Denmark), Mikulov
(Czech Republic) and Marcellus (USA) shales as representatives.
Water extraction was performed to evaluate the potential of the different shales to
release organic and inorganic compounds when in contact with water. The effect of
fracking chemicals was investigated in autoclave experiments, where the same samples
were extracted with artificial fracking fluid, at the same temperature, but with higher
pressure and longer run time of the experiment. The autoclave experiments lasted for
about 6 days because previous results with autoclave systems using Alum and Posidonia
shale samples clearly showed that extraction or mobilization occurred within the first
few days of experimental run time (Wilke et al., 2015).
Beside lab experiments, “real” flowback and shale samples from shale gas production
would be necessary for verification or falsification of the lab-derived conclusions. But
the availability of flowback and shale samples from production sites is very restricted.
Very recently, fluid samples (base water, slick water, flowback) from Wysin-2H site
became available but analytical characterization is still underway. These data will be
shown in future reports, and they will be considered for modeling work later on. In
Europe, there are no other hydraulic fracturing activites ongoing in the moment. On the
other hand, we are in contact with researchers from Canada and the USA who agreed to
share flowback and shale samples with us. In 2016 possibilities are being sought to
acquire flowback water samples from the Marcellus fields in cooperation with the US
Geological Survey and Penn State University.
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1.3

Aims of this report
The aim of this report is to provide information about the controls on flowback water
composition due to interaction with the corresponding gas shale. Results of labexperiments with four different samples (Posidonia, Alum, Mikulov, Marcellus shales)
are presented and fluid-rock interactions as well as possible effects of chemical
additives are deciphered.
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2

MATERIALS AND METHODS

2.1

Selected shale gas systems

2.1.1

Posidonia shale
The lower Toarcian Posidonia shale was deposited in an epicontinental sea of moderate
depth extending from the Yorkshire Basin (England) over the Lower Saxony Basin and
the Southwest German Basin into the Paris Basin (Rullkötter et al., 1988). Subsidence
of the Liassic sediments in the Lower Saxony Basin continued until the Late
Cretaceous, the maximum burial varied between about 700 m and more than 3000 m
depending on the position within this basin (Rullkötter et al., 1988). A rough subsidence
estimate in the Hils syncline based on the sediment thickness in the centre indicates a
relatively shallow maximum burial of 1500-2000 m for the Posidonia shale. This may
indicate that most of the maturation should indeed be due to the effect of heat transfer
from the Vlotho Massif rather than to increased burial. The shale was deposited in a
restricted epicontinental sea with prevailing anoxic conditions, and the organic matter
originates mostly from marine phytoplankton with minor terrigenous input (Littke et al.,
1991). Posidonia samples have also been investigated for their short-term water-rock
interaction (Zhu et al 2015) as well as their interaction with fracking fluid in an
autoclave system (Wilke et al. 2015).

Fig. 1: Geological map of the Hils syncline and the location of the drilled wells (taken
from Littke & Rullkötter, 1987)
The investigated sample was taken from the Haddessen well, located in the Hils
syncline, northwestern Germany at a depth of 50.8 m below surface. This well was
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drilled together with other wells that cover a large maturity range from immature to
overmature (Rullkötter et al., 1988).
2.1.2

Alum shale
The Alum shale was deposited in an epicontinental sea that covered the passive margins
of the Baltic craton from Middle Cambrian into Early Ordovician time. During
maximum flooding in the Early Ordovician, organic-rich mudstones accumulated over
an area of more than 1,000,000 km2 (Nielsen and Schovsbo, 2011). In northern
Denmark the Alum shale can exceed 180 meters (m) in thickness. Southward it thins to
less than 20 m, probably as a result of syndepositional uplift and erosion near the
margins of the Baltic craton.

Fig. 2: Distribution of Lower Palaeozoic strata and the location of the Slagelse-1 and
Terne-1 exploration wells, and the Skelbro-2 and Billegrav-2 wells (taken from
Schovsbo et al., 2011)
In Denmark, the Alum shale comprises three members that differ in composition,
texture, and distribution. The Middle Cambrian lower member was deposited in an
oxygenated environment and has the lowest organic matter content of the three. The
Upper Cambrian (Furongian) middle member accumulated under conditions of oxygen
depletion. The upper member, of Early Ordovician age, has concentrations of organic
matter intermediate between the Middle Cambrian and Furongian shales (Hendley,
2013).
Thick successions of sedimentary strata buried the Alum and other lower Paleozoic
shales to depths of 4 to 5 km, bringing them to thermal maturity for oil and then for gas
in most areas (Petersen et al., 2013). Given the thickness and richness of the shales, this
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burial history almost certainly resulted in generation of large volumes of hydrocarbons.
Regional uplift, normal faulting, and erosion in the Early Devonian affected the lower
Paleozoic shales throughout Denmark and adjacent areas, bringing the shales to depths
of less than 1,000 m in some areas.
The Alum sample (an overmature black shale) was taken from the Skelbro-2 well,
drilled in the south of the island of Bornholm, Denmark. The top of the Alum Shale was
encountered at 8.5 m below surface, and a total of 33.5 m of Alum Shale was drilled.
The well was terminated at 42.9 m in the Lower Cambrian Rispebjerg Member (Læså
Formation) (Schovsbo et al. 2011).
2.1.3

Mikulov shale
The SE Bohemian Massif (Fig. 3) includes a complete petroleum system with mature
source rocks, migration pathways, and reservoirs with traps filled with oil and gas. The
principal source rock in the SE Bohemian Massif is the Upper Jurassic Mikulov
Formation (Ladwein 1986, Francu et al. 1996, Picha and Peters 1998). It was deposited
on the passive margin of the European plate in the northern Tethys. The Middle Jurassic
fluvial and deltaic environments evolved to a carbonate platform in the Callovian, and
an anoxic/suboxic continental slope in the Oxfordian-Kimmeridgian. Organic matter in
the Mikulov Formation originates from planktonic algae associated with terrestrial plant
debris.

Fig. 3: Sketch map of the northern part of the Vienna Basin, Czech Republic and
Slovakia and adjacent Carpathian Flysch Belt and the Carpathian Foredeep. Oil and Gas
fields are charged from the Mikulov Formation below the Vienna Basin and southern
part of the Outer Flysch Belt.
The mineral matrix is built by carbonate grains, fine grained detrital rock forming
minerals, and illitic clay minerals with very low expandable component. A network of
microfractures associated with overpressure is observed at depth of 4.5 km and more.
The brittle rock properties of the Mikulov Formation are favourable to hydraulic
fracturing during unconventional oil and gas production.

D11.2 Simulation of flowback water in lab experiments

Copyright © M4ShaelGas Consortium 2015-2017

Page 8

The numeric model of burial and thermal history, calibrated by vitrinite reflectance,
Rock-Eval Tmax, and biomarker data suggest the oil generation window at depth of 4-6
km and gas generation at 6-9 km. Oil biomarkers show good correlation with those
found in the basin facies source rocks. The maturity sensitive ratios suggest that the oil
expulsion from the source rocks takes place at depth greater than 5 km. The primary oil
migration is visible as yellow thin bands in the rock matrix parallel to bedding in the
fluorescence light microscopy.
2.1.4

Marcellus shale
The Marcellus Formation is a rapidly growing target of shale gas exploration and
production in the eastern USA, with an increasing number of 3D seismic surveys,
drilled wells, hydraulic fracturing and testing. It covers an area of 152,000 km2 in
Virginia, West Virginia, Pennsylvania, New York, Maryland and New Jersey (Fig. 4) in
the central and northern part of the Appalachian mountain range.

Fig. 4: Regional extent of the Marcellus Formation in the eastern USA. Location of
Ellimsport quarry is indicated by the red dot.
The productive horizon occurs at depth of 1,200 – 2,590 m. Marcellus Fm. is of Middle
Devonian age, it is underlain by the limestones of the Tristates Group and overlain by
the shales of the Hamilton Group (Engelder et al., 2009).Average thickness of the
Marcellus Shale producing strata varies from 15 to 60 m, TOC is between 3 – 12 %, and
porosity is about 10 %.
The investigated sample was taken from the Elimsport quarry in Pennsylvania and
represents Basal Union Springs member of the lower Marcellus formation.
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2.2

Characterisation of selected samples
For characterization of the mobilization of organic and inorganic compounds from the
shales to the flowback water during hydraulic fracturing, 4 shale samples were selected.
General overview is presented in Table 1. Three potential European shale gas systems
(Alum, Posidonia, Mikulov) were selected, Marcellus shale sample from Elimsport
quarry was taken for comparison.
Table 1: Overview of the studied samples

For two samples, Alum 18 and Posidonia 103, data from X-ray diffraction are available
to describe the mineral content of the shales. The Posidonia sample is dominated by
carbonate with lower percentages of muscovite/illite, kaolinite, quartz and pyrite. The
Alum sample is lacking carbonate and is dominated by muscovite/illite, quartz and
pyrite (Table 2).
Table 2: XRD analysis data (as percentage) of Posidonia and Alum samples.

The general characteristics of the organic matter in the four samples are presented in
Table 3. TOC of the four samples varies between 1.1 and 9 % and also the thermal
maturity of the organic matter varies between Ro of 0.7 and 2.3 %. For Marcellus
sample, no organic matter characterization is available until now.

Table 3: Organic matter characterization of selected shale samples.
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2.3

Extractions

2.3.1

Applied fluids
To characterize the “water-mobile” constituents of the different shales, extractions with
destilled water were performed. Prior to extraction, the destilled water was treated via
UV-photooxidation (Simplicity 185, Millipore) to remove organic compounds.
The artificial fracking fluid consisted of choline chloride and 2-(2-butoxyethoxy)
ethanol (trivial name: butyldiglycol), two chemicals which are frequently used as clay
stabilizer and friction reducer in hydraulic fracturing of shales. ExxonMobil provided a
public statement that future fracturing fluids will only consist of water, proppant and
these two chemicals (ExxonMobil 2015). They have been listed as additives considered
for future shale-gas hydraulic fracturing operations also by Gordalla et al. (2013).
Choline chloride has been listed as one of the most often used additives in hydraulic
fracturing by FracFocus (FracFocus 2016). In the artificial fracking fluid contents of
these chemicals are 0.15 % choline chloride and 0.062 % butyldiglycol, mixed with
destilled water.

2.3.2

Soxhlet extraction
Short-term water extractions were performed using a modified Soxhlet apparatus (Fig.
5). 16 g of milled shale were extracted with 200 ml of destilled water at 100°C for 48 h.

Fig 5: Photograph of the Soxhlet apparatus used for
water extraction.
The pH of the fluid was measured instantaneously to avoid a change in pH. Fluids were
later analysed for DOC, DOC fractions and anions.
2.3.3

Autoclave experiments
To study the fluid-rock interactions between the artificial fracking fluid and the shale,
both were placed into a 220 ml autoclave (Fig. 6) made of Hastelloy™ alloy and fully
coated with PTFE (Fig. 6) to avoid chemical corrosion for one week under elevated
temperature and pressure conditions of 100 bar and 100 °C. The autoclave experiments
were heated by a conventional heating plate to 100°C and stirred magnetically to
D11.2 Simulation of flowback water in lab experiments
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enhance reactions during the whole run time. The pressure in the autoclave was adjusted
to 100 bar by adding N2 gas. It is important to note that the experimental set-up allowed
exposure to air, fluids in the autoclave contained 1% O2 at the start of the experiment
(Wilke et al., 2015). All experiments were performed with a solid to liquid weight ratio
of 1:12.5, i.e. 16 g of milled shale were eluted with 200 ml of artificial fracking fluid.
Fluids were sampled at least daily using a permanently installed PEEK capillary that
ends in the middle of the autoclave. To protect the PEEK capillary, PTFE-filters are
placed at the end of the capillary. About 3 ml fluid was sampled at each sampling time.
The pH was measured instantaneously to avoid a change in pH.

Fig. 6: Photograph of the autoclave, standing
on a heating plate. Pressure clock, sampling
port and safety valve are installed on the top of
the autoclave. N2 gas bottle is lying behind the
autoclave.

2.4

Applied methods

2.4.1

Ion chromatography
Extracts were analysed in replicate by ion chromatography (IC) with conductivity
detection (ICS 3000, Dionex) to determine the content of fluoride, chloride, sulfate,
nitrate and phosphate and for quantification of organic acids (formate, acetate,
propionate, butyrate, oxalate). For chromatographic separation of the anions the
analytical column AS 11 HC (Dionex Corp.) was used at a temperature of 35 °C. The
sample was eluted by KOH solution of varying concentration over time. For analytical
details of this IC method refer to Wilke and coauthors (Wilke et al., 2015). Standards
containing all of the investigated compounds were measured in different concentrations
every day. Standard deviation of sample and standard quantification is below 10%.
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2.4.2

Liquid chromatography – organic carbon detection (LC-OCD)
The characterization and quantification of the dissolved organic compounds (DOC) and
its fractions were conducted by size exclusion-chromatography (SEC) with subsequent
ultra-violet (UV; = 254 nm) and infrared (IR) detection by LC-OCD (Huber and
Frimmel, 1996). Phosphate buffer (pH 6.85; 2.5 g KH2PO4, 1.5 g Na2HPO4) was used
as mobile phase with a flow of 1.1 ml/min (Huber et al., 2011). The sample passed a
0.45 mm membrane syringe filter before entering the chromatographic column (250 mm
x 20 mm, TSK HW 50S, 3000 theoretical plates, Toso, Japan). After chromatographic
separation into individual fractions (biopolymers, humic substances, building blocks,
low molecular weight acids and low molecular weight neutral compounds), these
fractions were characterized by UV detection. Quantification of DOC fractions by IRdetection of released CO2 is possible after UV photooxidation ( = 185 nm) in a
Gräntzel thin-film reactor.
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3

RESULTS

3.1

Composition of the artificial fracking fluid
IC analysis of the artificial fracking fluid that was used for the autoclave experiments
showed that concentrations of organic acids (formate, acetate, propionate, butyrate,
oxalate) were below detection. Fluoride, nitrate, sulfate and phosphate also were not
detectable, chloride concentrations were between 328 and 354 mg/l. DOC of the
artificial fracking fluid varied between 995 mg C/l and 1,090 mg C/l in the different
experiments. IR-chromatograms of the different fracking fluids used in the autoclave
experiments show two peaks at retention times of 65 and 78 min but the artificial
fracking fluid did not show any UV-activity.

3.2

pH values of the extracts
With exception of the Alum shale sample, pH values of the water extracts and the
autoclave fluids are more basic than the original fluids (Table 4). Low pH of the Alum
shale fluids may be related to the high percentage of pyrite present in the Alum shale
and the lack of carbonates.
Table 4: pH values detected in fluids used in water extraction and autoclave
experiments as well as pH values detected in shale extracts sampled at the final run time
of the experiments.

3.3

Posidonia shale extracts
Water extract of the Posidonia 103 sample contained no fluoride, nitrate or phosphate.
Chloride and sulfate reached 58.4 and 527.8 mg/l, respectively. Low concentration of
formate (0.5 mg/l) but high concentration of acetate (8.5 mg/l) was detected. Butyrate
and oxalate were not present (Fig. 7A and B).
The addition of chemical additives, increase in pressure and reaction time resulted in
quite low concentrations of fluoride (0.7 mg/l), nitrate (< 1 mg/l), and phosphate (2.8
mg/l). Sulfate concentration in the autoclave was much lower (374 mg/l) than during
water extraction. Chloride (blank concentration of 328 mg/l) increased by 50 mg/l over
run time of the experiment. Organic acid concentrations increased with experimental
run time, acetate had maximum concentration of 13.5 mg/l, formate concentration was
1.5 mg/l, oxalate reached 2.6 mg/l and butyrate 1.6 mg/l after 146 h of experiment run
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time. Concentrations of formate and acetate in water extract are much lower than in
autoclave experiment after the same experimental run time (Fig. 7A and 7B).
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Fig. 7: Concentrations of inorganic anions (A) and organic acids (B) in fluids sampled
from autoclave experiment with the Posidonia shale sample. Concentrations of anions in
water extract are given as single dots at 48 h.
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Fig. 8: IR chromatograms of the different fluids sampled from the autoclave experiment
with the Posidonia shale sample.
The total load in dissolved organic compounds (DOC) decreases from the initial
concentration (1082 mg C/l) of the artificial fracking fluid over time, reaching 860 mg
C/l). This loss in organic compounds may be related to sorption to the shale, as decrease
is strongest directly after exposition of the artificial fracking fluid to the shale. LC-OCD
chromatograms show reduced peak area of both peaks over run time of the experiment,
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being consistent with decreasing DOC concentrations (Fig. 8). There was no UVactivity in any of the Posidonia extracts.

Alum shale extracts
Water extract of the Alum 18 sample contained no fluoride, nitrate or phosphate. The
chloride concentration was quite low (1.6 mg/l) whereas sulfate reached 1,139.5 mg/l.
Acetate was the only detectable organic acid, but the concentration was quite low (1.3
mg/l) (Fig. 9A and B).
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Fig. 9: Concentrations of inorganic anions (A) and organic acids (B) in fluids sampled
from autoclave experiment with the Alum shale sample. Concentrations of anions in
water extract are given as single dots at 48 h.
The addition of chemical additives, increase in pressure and reaction time did not lead
to extraction of nitrate but resulted in high concentrations of fluoride (9.1 mg/l), and
phosphate (28.2 mg/l). Sulfate concentration in the autoclave was much higher (up to
7210 mg/l) than during water extraction. Chloride (blank concentration of 354 mg/l) did
not increase over run time of the experiment. Organic acid concentrations increased
with experimental run time, acetate had maximum concentration of 10.5 mg/l, formate
concentration was 6.5 mg/l after 142 h of experiment run time. No oxalate and no
butyrate were detected in any Alum shale extract. Concentration of acetate was much
lower in the water extract than in the autoclave sample taken after the same run-time of
the experiment (Fig. 9A and B).
The total load in dissolved organic compounds (DOC) decreases from the initial
concentration (996 mg C/l) of the artificial fracking fluid over time, reaching 750 mg
C/l. This loss in organic compounds may be related to sorption to the shale, as decrease
is strongest directly after exposition of the artificial fracking fluid to the shale. LC-OCD
chromatograms show reduced peak area of both peaks over run time of the experiment,
being consistent with decreasing DOC concentrations (Fig. 10A). Alum 18 extracts
were the only ones showing increasing UV activity with run-time of the experiment (Fig
10B). But as the two peaks in the UV-chromatograms are not related to any peaks in the
IR-chromatogram, it has to be assumed that UV activity is not caused by any organic
compound.
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Fig. 10: The IR chromatograms (A) and the UV chromatograms (B) of the different
fluids sampled from the autoclave experiment with the Alum shale sample.

Mikulov shale extracts
Water extract of the Mikulov sample contained low concentrations (<2 mg/L) of
fluoride and nitrate; phosphate was not detectable, chloride and sulfate reached 26.7 and
194.7 mg/l, respectively. Also formate, acetate, butyrate and oxalate were detectable in
this water extract, where acetate and oxalate showed higher concentrations than formate
and butyrate (Fig. 11 A and B).
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Fig. 11: Concentrations of inorganic anions (A) and organic acids (B) in fluids sampled
from the autoclave experiment with Mikulov shale sample. Concentrations of anions in
the water extract are given as single dots at 48 h.
The addition of chemical additives, increase in pressure and reaction time did not
change mobilization of fluoride and nitrate; phosphate remained below detection limit.
Sulfate concentration reached similar values (186 mg/l). Chloride (blank concentration
of 331 mg/l) increased slightly over run time of the experiment. Organic acid
concentrations increased with experimental run time, acetate had maximum
concentration of 10 mg/l, formate concentration was 5.5 mg/l, oxalate reached 4.6 mg/l
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and butyrate 3.4 mg/l after 146 h of experiment run time. Concentrations of formate,
acetate, and butyrate in water extract are lower than in autoclave experiment after the
same run time. Only the oxalate concentration is higher in the water extract than in the
sample from autoclave experiment (Fig. 11A and B).
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Fig. 12: IR chromatograms of different fluids sampled from the autoclave experiment
with the Mikulov shale sample.
The total load in dissolved organic compounds (DOC) decreases from the initial
concentration (1,090 mg C/l) of the artificial fracking fluid over time, reaching 952 mg
C/l. This loss in organic compounds may be related to sorption to the shale, as decrease
is strongest directly after exposition of the artificial fracking fluid to the shale. LC-OCD
chromatograms show reduced peak area of both peaks over run time of the experiment,
being consistent with decreasing DOC concentrations (Fig. 12). There was no UVactivity in any of the Mikulov extracts.

3.6

Marcellus shale extracts
Water extract of the Marcellus shale sample contained low concentrations (<1 mg/L) of
chloride, fluoride and nitrate; phosphate was about 7 mg/l and sulfate reached 916 mg/l.
Also formate, acetate, butyrate and oxalate were detectable in this water extract (Fig.
13A and B).
The addition of chemical additives, increase in pressure and reaction time did not
change mobilization of fluoride and nitrate. The phosphate concentration was slightly
higher (9 mg/l) and the sulfate concentration was much lower (430 mg/l). Organic acid
concentrations increased with experimental run time, acetate had maximum
concentration of 6.3 mg/l, formate concentration was 2.0, oxalate reached 2.1 mg/l and
butyrate 1.2 mg/l after 140 h of experiment run time. Interestingly, concentrations of
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organic acids in the water extract are comparable to concentrations of acids in autoclave
experiment after the same run time of the experiment (Fig. 13A and B)
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Fig. 13: Concentrations of inorganic anions (A) and organic acids (B) in fluids sampled
from the autoclave experiment with the Marcellus shale sample. Concentrations of
anions in water extract are given as single dots at 48 h.
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Fig. 14: C IR chromatograms of the different fluids sampled from the autoclave
experiment with the Marcellus shale sample.
The total load in dissolved organic compounds (DOC) decreases from the initial
concentration (1,029 mg C/l) of the artificial fracking fluid over time, reaching 780 mg
C/l. This loss in organic compounds may be related to sorption to the shale, as decrease
is strongest directly after exposition of the artificial fracking fluid to the shale. LC-OCD
chromatograms show reduced peak area of both peaks over run time of the experiment,
being consistent with decreasing DOC concentrations (Fig. 14). There was no UVactivity in any of the Marcellus shale extracts.
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DISCUSSION
All samples show release of inorganic anions like low amounts of fluoride and nitrate.
Phosphate concentrations are low in extracts from Mikulov and Posidonia shale samples
but higher in Marcellus and Alum shale extracts. Release of sulfate is tremendously
high in extracts of the Alum shale sample but still high in extracts of the Marcellus,
Posidonia and Mikulov shale samples. The release of sulfate may be related to the
presence of pyrite and pyrite oxidation. Contents of carbonate, as present e.g. in the
Posidonia shale, may buffer pyrite oxidation (Wilke et al., 2015). Until now, no
information is available about the release of other inorganic elements, but results of
ICP-MS analysis of the extracts will be reported later. Based on previous experiments,
Alum shale extracts may show high concentrations of most elemental species in
autoclave extracts, whereas Posidonia extracts may be dominated by molybdenum
(Wilke et al., 2015). The extraction of inorganic compounds from the Alum shale is also
obvious by LC-OCD. Extracts of the Alum shale are the only samples that show any
activity in UV-chromatograms and the UV-peaks are increasing with run-time of the
experiment. And as these two UV-peaks are not linked to peaks in IR-chromatogram
they have to be caused by inorganic and UV-active compounds.
In general, all samples show release of organic acids if being in contact with hot water
for 48 hours, but quality and quantity of dissolved organic acid composition are
different from sample to sample. In previous experiments it became obvious that
thermal maturity of the shale organic matter has a strong control on acid composition
and concentration (Zhu et al., 2015) and this is verified also in these experiments. The
overmature Alum shale sample only releases low amount of acetate (water extract), but
higher amounts of formate and acetate if in contact with artificial fracking fluid for 6
days. Also extracts from the mature Posidonia shale show higher concentrations of
acetate and formate if being in contact with artificial fracking fluid. The immature
Mikulov shale sample shows high concentrations of organic acids in the water extract
and slightly higher concentrations of acetate and formate in the autoclave samples after
contact with artificial fracking fluid for 6 days. Maturity of the Marcellus sample is
unknown, but the strong increase in acetate concentration for samples from autoclave
experiment – similar to the Alum shale samples - may indicate that organic matter in
this Marcellus shale sample is overmature. Also the addition of chemicals may lead to
increased extraction of organic acids, as was shown for the Posidonia, Alum and also
the Mikulov shale extracts when comparing results of water extraction with results of
autoclave experiments after a run-time of 2 days.
DOC concentration strongly decreases in all autoclave experiments directly at the start
of the experiment. This may be related to sorption or binding of the applied chemicals to
the shale organic matter. With reference to the change in IR-chromatograms it seems as
if the second peak (probably derived from butyldiglycol) is much stronger reduced in
peak area than the first peak (probably derived from choline chloride). When checking
the physical and chemical properties of both compounds, it becomes obvious that
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butyldiglycol has a more lipophilic character, as indicated by the positive value for log
Kow (0.56) in comparison to the negative value for log Kow (-5.16) for choline
chloride. Over run-time of the experiments, the peaks in the IR-chromatograms only
decrease in size but there are no new peaks or strong changes in peak shape. This is
surprising as the extraction of organic acids, as detected by IC, would be observable
also in LC-OCD by a new peak at retention time of about 47 min. This may be due to
the very high concentration of the two compounds in the artificial fracking fluid and the
strong dilution of the samples prior to measurement. Additional characterization of the
molecular composition of the DOC in these autoclave extracts will be done using FTICR-MS.
With the additional analytical data derived from these water extracts and autoclave
fluids, more details on effects of fluid-rock interactions on elemental composition as
well as organic compounds are available. These lab-derived results may be verified or
falsified when “real” flowback samples from shale gas systems that also have been
studied in appropriate lab experiments will become available and when these flowback
samples have been studied using the same analytical methods as the lab fluids.
Based on these and other lab experiments (see e.g. Wilke et al., 2015, Zhu et al., 2016)
it is shown that fluid-rock interactions have influence on the chemical composition of
the fluid and this clearly demonstrates that any simulation or modelling of flowback
water composition in shale gas systems has to consider the interactions between the
fracking fluid and the fractured gas shale system. This comprises e.g. organic and
inorganic geochemistry of the shale, but also in-situ temperature and pressure conditions
as well as the residence time of fracking chemicals.
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CONCLUDING REMARKS
In lab experiments, fluid-rock interactions have been shown to change the chemical
composition of the fluid and this demonstrates that simulation and modelling of
flowback water composition in shale gas systems is not possible without consideration
of the fractured shale system. In future studies, additional analytical methods will be
applied to these lab-derived shale extracts unveiling more details on the effects that
fluid-rock interactions will have on the elemental composition as well as organic NSO
compounds. Finally, examination of “real” flowback samples from shale gas systems
that also have been studied in appropriate lab experiments will complete the preliminary
assumptions on fluid-rock interactions in shale gas systems.
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