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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
This report will focus on the role of the geochemistry in the shale formations exploitation and monitoring.
Actually, geochemical reactions which may lead to interaction with the well, cement and casing, the
corrosion that can occurs, and the interaction with the cap-rock in the vicinity of the well can be
considered as the origin of an eventual leakage. Moreover, some geochemical species can be used as
fingerprints of the injected and produced fluids and as tracers to track any leakage.
CO2 can be used now with water to stimulate the shale reservoir production that is why, in the second
chapter of this report, even if methane (main gas in shale gas development) is non-reactive in comparison
with CO2, a rapid overview of the geochemical processes at the origin of well integrity failure in different
CCS projects (and CO2-EOR processes) will be presented, with the examples of CO2-CARE, Ketzin,
Frio, In Salah and Rousse CCS projects and a CO2-EOR project that was realized in Brazil (Bahia
project). From these projects, the geochemical species that can be used/considered as fingerprints and
tracers of leakage will be presented too, succinctly, from gas and aqueous geochemical studies.
In the third chapter, the geochemical monitoring and existing best practices during the fracturation and
exploitation of shale context will be presented for the US case-studied and in Canada case-studied.
Conclusions will be presented with references.
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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
This report provides an overview of the current state of the art of the monitoring in the
Shale context, especially concerning the geochemical monitoring.
Few CCS projects are introduced as examples in order to have a large overview of what
have been performed in term of geochemical monitoring in this thematic and what could
be performed in Europe in the Shale context, in comparison of what is realized in US
and Canada.

1.3

Aims of this report
This study aims at describing the state of the art of the geochemical impact of shale gas
exploitation concerning the water and gas activities management. Literature information
and best practices to monitor aquifers and wells by geochemistry will be reviewed.

1.4

General context

-

-

-

The expanded use of directional drilling and hydraulic fracturing techniques has led to
an impressive increase in hydrocarbon production in the United States from
unconventional resources such as the Appalachian Basin Marcellus Shale, the Barnett
Shale in Texas, and the Bakken Formation of North Dakota and Montana, as in Canada
such as the Horn River Basin, the Montney formation and the Utica Field, and has
greatly increased technically recoverable oil and gas reserves worldwide (Stewart et al.,
2015).
When we mention unconventional gas resources, four types of unconventional gas must
be considered (Wang et al., 2014).
Shale gas = Shale gas is located in shale deposits, which are typically found in river
deltas, lake deposits or floodplains. Shale is both the source and the reservoir for the
natural gas. This can either be “free gas” which is trapped in the pores and fissures of
the shale rocks, or adsorbed gas at surfaces of the rocks
Coal-bed methane = Coal-bed methane is produced from and stored in coal seams
which are of extremely low permeability
Tight gas = Unlike shale gas or coal-bed methane, tight gas is a reservoir rock hosting
the gas that migrated from the source rock over millions of years into extremely
impermeable hard rock or sandstone or limestone formations which are unusually nonporous
Methane hydrates = Methane hydrates is a crystalline combination of methane and
water formed at low temperatures under high pressure in the permafrost and under the
oceans
The geology of shale gas compared to other types of gas deposits can be represented in
the schematic illustration below (Figure 1):
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Figure 1: Schematic representation of the different gas deposits (Wang et al., 2014).

1.5

Case of the United States
The combination of horizontal drilling with hydraulic fracturing technologies has led to
an energy revolution in the USA since the beginning of this century, known as the shale
gas revolution. Shale gas production in the US grew from 0.39 trillion cubic feet in
2000, or less than 1% of US dry gas production, to 4.87 trillion cubic feet in 2010, or
23% of US dry gas production (Wang et al., 2014). As an example, From 1997 to 2009,
more than 13500 gas wells have been drilled in the Barnett Shale Play (Figure 2, Figure
3 and Figure 4).

Figure 2: Map of United States shale gas plays (EIA, 2011; Wang et al., 2014).
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Figure 3: Shale gas production volumes for different unconventional shale plays in the USA (from
Vengosh et al, 2014).

Figure 4: US shale gas production from different formations from 2000 to 2010 (Wang et al., 2014)

The tremendous development of shale gas production in the US has led to a growing
concern on its environmental impact, more particularly due to hydraulic fracturing and
eventual leakage around the production facility. Because of the complex regulation
framework, the US governments, from federal to local, struggle to minimize the
environmental impacts of shale gas production (Centner and Kostandini, 2015). As a
remarkable example, the National Energy Policy Act of 2005 exempted hydraulic
fracturing from regulation under the Safe Drinking Water Act. This context has led to
numerous cases of production-related contamination of surface and subsurface
environments over the years, inducing massive public concern and skepticism about the
overall benefits of shale gas. The US Environmental Protection Agency has been
leading initiatives to set regulatory rules based on investigations on hydraulic
fracturation practices since 2010, and the legislation is progressing both at local, state
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and federal levels to guarantee a clean and safe production of shale gas (Table 1). As a
result, a number of studies have emerged in order to assess the impacts of shale gas
production on human health and the environment. In order to enforce regulatory
measures, best technical practices (also known as Best Management Practices) were
developed and imposed to the industry for shale gas production (Centner and
Kostandini, 2015), from water resource assessment to environmental impact monitoring.
Table 1: Examples of Best Management Practices for shale gas production (after Center and Kostandini,
2015).

1.6

Case of Canada
Canada is the third largest producer of natural gas in the world (1720 billion m3 or 60
200 billion ft3 or Bcf for 2012; National Energy Board, 2012) and the 4th largest
exporter, with the U.S. currently being its sole international market. Canada's
production of “primary” energy, i.e. energy found in nature before conversion or
transformation, totaled 16 495 petajoules (PJ) in 2010. Fossil fuels accounted for the
greatest share of this production, with crude oil representing 41.4%; natural gas, 36.5%;
and coal, 9.2% (NRCan, 2011). The remainder (12.9%) comes from renewable energy
sources. About 95% of the natural gas was produced from conventional sources, and the
remaining 5% was from unconventional sources such as coal bed methane and shale
gas. Recent exploration and exploitation of numerous shale gas plays in Canada have
caused a sharp increase in both estimated in-place resources and natural gas reserves.
The portion of shale gas in the Canadian energy production could significantly increase
in future years because of several factors, notably the large and continuous nature of
unconventional reservoirs and declining conventional (oil and gas) production. There
are indeed a number of shale gas formations at various stages of exploration and
development across the country (British Columbia, Alberta, Yukon, Northwest
Territories, Quebec, New Brunswick and Nova Scotia). Concerning the hydrocarbons
from Canadian Shales, their production started slowly in 2005 and has significantly
increased since. Natural gas is mainly being produced from Devonian shales in the Horn
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River Basin and from the Triassic Montney shales and siltstones, both located in
northeastern British Columbia and, to a lesser extent, in the Devonian Duvernay
Formation in Alberta (western Canada). Other shales with natural gas potential are
currently being evaluated, including the Upper Ordovician Utica Shale in southern
Quebec and the Mississippian Frederick Brook Shale in New Brunswick (eastern
Canada) (Figure 5).

Figure 5: shale gas formations in Canada (containing dry gas). Shale hosted petroleum reservoirs are
known in all Canada provinces (except for Prince Edward Island) and in two territories (Northwest
territories and Yukon). The most promising are found in 5 provinces: British Columbia (BC), Alberta
(AB), Quebec (QC), New Brunswick (NB) and Nova Scotia (NS) (Rivard et al., 2014).

Figure 5 shows the distribution of the main shale formations targeted by the industry in
Canada. In many cases, these formations produce variable volumes of liquids associated
with natural gas. Because of higher viscosities and size of the molecules, liquids are
commonly produced from slightly coarser lithologies interbedded with the shales. As
dry gas is currently not economical in many cases, it is the production of liquids that is
currently carrying the cost of the shale gas development or exploration. The first shale
gas production in Canada came from the Montney Play Trend (tight gas and shale gas)
in 2005 and the Horn River (exclusively shale gas) in 2007, both located in northeastern
BC, where drilling activities have rapidly expanded (Figures 6 and 7). Industry interest
for other Canadian shale and tight sand plays started around the same period in British
Columbia, Alberta, New Brunswick and Quebec, as illustrated in Figure 6. As of the
end of 2012, over 1100 wells have been either drilled for shale gas exploration and
production or exploited for gas (gas also being a common by-product of tight oil or tight
sand wells) mostly in BC and AB. Figure 6 provides the number of wells for shale and
tight sand gas in Canada, as well as estimates of shale gas production in BC. Shale gas
production for Alberta is not shown since it represents less than 1% of BC production;
Alberta shale gas production in 2011 corresponded to about 0.1% of total gas
production in the province. The AB shale and tight sand wells shown in Figure 6 were
largely drilled for liquids (condensates and oil); gas was a by-product. Figure 7 shows
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the production increase of unconventional wells in BC over the last eight years. About
65 to 70% of total BC wells currently being drilled target the Montney Formation,
especially its liquid-rich domain. Nonetheless, compared to the U.S., unconventional
gas development in Canada is still in its nascent stages. Most of the current drilling and
production activities for shale gas and liquid-rich shale gas in Canada reside in northeast
British Columbia. Northern BC has now four active plays (Horn River Basin and
Montney Play Trend and, to a lesser extent, the Cordova Embayment and Liard Basin).
Active plays in Alberta include the Duvernay and Montney shales. In New Brunswick,
testing in the Frederick Brook Shale has resulted in mixed results. This province, which
was among the first jurisdictions in North America to develop oil and gas, has been
mainly active in tight sands gas since the 1990s. NB currently has one producing shale
gas well in the Carboniferous tight gas McCully field in the southern part of the
province. In Nova Scotia, five vertical exploration wells were drilled in the Horton
Bluff shale without reported success. There is no current exploration activity for shales
in Nova Scotia. Quebec presently has a de facto moratorium on shale gas drilling and
hydraulic fracturing and the last shale exploration activity in the St.Lawrence Lowlands
took place in December 2010. Because of low natural gas prices, industry activity in
Alberta and Saskatchewan is currently focused on oil sands, conventional oil and gas,
unconventional oil in the extension in Saskatchewan of the prolific oil-rich U.S. Bakken
play (part of the Williston Basin), and liquid-rich gas in the Duvernay shale in Alberta.

Figure 6: Total number of wells drilled yearly for unconventional hydrocarbon (liquids and gas)
resources in shales and tight sands per year in Canada and annual production of shale gas for British
Columbia. Most wells were drilled in British Columbia (48.3%) and AB (48.2%), although gas represents
a minor component in Alberta. Few wells are located in Quebec (2.3%), and the sum of wells in NB and
NS equals 0.6%. Since total gas wells and gas production were provided for BC, the proportions shown
in Figure 5 were used to estimate these numbers for unconventional (shale and tight sand) gas only.
Note: 106 m3/d corresponds to 0.0355 Bcf/d (Rivard et al., 2014).
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Figure 7: Proportion of unconventional (shale and tight sand) gas production compared to total gas
production in BC (figures are from the BC Oil and Gas Commission) (Rivard et al., 2014).

1.7

Impact and strategy to monitor shale formations exploitation
Shale gas formations targeted by the industry are generally located more than 1 km deep
and under pressures sufficient to allow natural flow. Vertical wells must progressively
be deviated to the horizontal to reach the target zone because the latter is typically
relatively thin (50–100 m). Therefore, the horizontal part (termed a “lateral”) optimizes
natural gas recovery by allowing the borehole to be in contact with the producing shale
interval over significantly longer distances (and thus over a much larger surface area)
compared to a vertical borehole. Almost all shale reservoirs must be fractured to extract
economic amounts of gas because their permeability is extremely low, which impedes
gas flow towards the production well. To increase their permeability, shales are
typically fractured with fluids injected under high pressure, usually through a cemented
liner or production casing that was selectively perforated. The fracking fluid used is
specific to each operator and differs from one shale formation to another, depending,
among other things, on the pressure gradient, brittleness (Poisson ratio and Young's
modulus), clay content and overall mineralogy, horizontal stresses, and gas to oil ratio
(GOR). The most common fracking fluid used by the shale gas industry has been slick
water (a simple mixture of water, proppants (usually sand), friction reducers and other
chemical additives) due to its low cost and to its effectiveness. More recently, shale
reservoirs appear to be increasingly stimulated with a hybrid treatment consisting of
slick water used in alternation with a cross-linked gel purposely designed for a specific
viscosity, with hybrid slick water energized with N2 or CO2, or with hydrocarbons such
as gelled propane (Rivard et al., 2014). Of course, the type of fracking fluid really
depends on the specific shale properties.
An estimation has be compiled by Renjin et al. (2015) about the estimated greenhouse
gas emission per well in the process of shale gas development (Table 2).
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Table 2: The estimated greenhouse gas emission per well in the process of shale gas development (Renjin
et al., 2015).

In summary, from the case of the United States and the case of Canada presented above,
finally, up to 100 000 wells have been drilled and fractured to produce shale gas, wet
gas or shale oil in North America mainly during the last decade (in the same time less
than 400 hundreds wells have been drilled worldwide in source rocks with around 300
wells in Argentina). So, a new kind of rush appeared with at least quite a huge number
of new players involved at different scales in the production of unconventional
hydrocarbon from source rocks.
Different shale plays have been targeted over this short period of time with at least
different breakeven prices. In the beginning shale gas production started with the
drilling of a huge number of vertical wells more or less efficient in term of production
such as in the Marcellus play were up to 2000 wells have been drilled in the immature
zone. But, over time, sweet spots have been better identified and production
significantly increased mainly when horizontal wells started to be intensively drilled for
producing the most prolific areas (Figure 8).
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Figure 8: Annual natural gas well starts and production in Pennsylvania (Source: EIA).

In parallel, productivity analysis helps improving the completion efficiency and the
hydraulic fracture design. This contributed to increase the rig efficiency by extending
the length of these horizontal drains.
Due to a huge production of gas for a limited market, gas price significantly fell down
drastically incitating the operators to move to wet gas and oil zones ensuring a better
return on investment. In other words, prior to the 2008 financial crisis and the following
2009-2010 economics one, production mainly concerned shale gas plays then market
conditions made drilling rigs to move to wet-gas and oil areas. For example Eagle Ford
shales exploitation started in 2010 (more than 1200 drilling permits were accorded this
year although they were less than 100 in 2009), and production directly targeted the wet
gas condensate area (Figure 9).

Figure 9: Eagle Ford shale play development (Source: EIA adapted).
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So during the last decade that can be considered as a pioneering period regarding the
development of shale gas and shale oil production, we observed a series of changes in a
non-mature industry driven by strong and brutal market conditions that are still not
stabilized today. As a consequence, wells evolved during the period (whatever their
shape, path length or their completion).
On the contrary of Carbon Capture and Storage of CO2, there were no approach that
aimed at first identifying best practices and at establishing recommendations and
guidelines for the production of non-conventional resources. In the frame of well
integrity, studies came after water fresh contamination by methane of fracturing fluids
was suspected. Ingraffea et al. (2014) reported well integrity issues on oil & gas wells
drilled across the Marcellus region (Pennsylvania) on the basis of inspection records
from the Department of Environmental Inspection during the period 2000-2012. A few
percents of wells presented integrity failure (up to 6% in Figure 10). But as highlighted
by the author, the increase of observed integrity losses after 2009 may result from a new
interest for well integrity. Other studies also suggest that 6 % of the wells may have
integrity issues. Davies et al. 2014 confirmed these observations mainly achieved on
conventional wells, initiating a discussion in the UK context with Thorogood and
Younger (2015).

Figure 10: Annual trends of indicators for wells spudded in the state of Pennsylvania, 2000-2012. The
percentage of spuds with integrity issues reflects the number of unique wells spudded in a given year for
which an indicator was found at any time within the inspection record (13 y). The rates of incidence noted
in the inspection records for pre-2009 spuds hover around 1% for the several years before spiking in
2010. These trends may represent differences in state emphasis on locating leaking wells following widely
publicized contamination events or actual increases in loss of structural integrity (King, G.E.)

At the present time, the context is a reactive context instead of being in a pro-active
attitude, where facts suggest recommendations for the future.
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We will now focus on what are the main origins of well integrity issues. They can be
separated in different categories such as follow:
-

-

-

Construction and operating issues consecutive to a lack of knowledge or failure
in applying state of the arts. It includes well positioning regarding in situ
stresses;
Mechanical issues resulting from effective stress variations due to pore pressure
changes, thermal stresses or stress rearrangement and natural seismicity
depending on location and local stress regimes;
Corrosion issues over time or due to the arrival of corrosive fluids.

Of course, combinations of all scenarios may occur.
In Figure 11, Vignes (2011) has inventoried the causes of barriers failures for offshore
North Sea wells.

Figure 11: Causes of barrier failures for the 75 (of 406) production and injection wells surveyed in
offshore Norway that showed evidence for such failures (from Vignes, 2011).

In practice well integrity issues may rely on different elements of the well and its
completion (Figure 12): casing, tubing, cement and the different interfaces at any depth.
It is clear that the vertical section and the curvature represent the most critical locations.
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Figure 12: Leakage path scenarios at wellbore (Source: Alberta Energy Utilities Board).

The aim of this section is not to discuss the origin of well integrity issues but to
investigate the monitoring tools to make early detection of such possible phenomena. A
lot of work has already been achieved in the context of CO2 storage which is probably
less challenging for different reasons such as the pressure level (pressure shall remain
far below the fracturing pressure), the number of wells (the minimum is targeted in
CCS), and the limited extension of the storage that allows a better characterization of
the subsurface, contrary to shale gas exploitation. Some expertise has also been
previously developed in the context of the underground storage of natural gas in both
saline aquifers and salt caverns (after salt leaching).
Detection of active mechanical issues can be real-time monitored using microseismic
survey at wellbore (in addition to microseismic monitoring to map the fracture
extension). Some experiences exist in the domain of EOR with steam injection and of
underground storage.
But generally, detection of well integrity failure is not followed in real-time and this
failure is not only due to mechanical issues. Indeed, it is not so common to have the
sensor on the leakage path even if it is a target to have it at the most relevant location.
High resolution time-lapsed wellbore seismic methods have been recently investigated
in the CO2 storage context to identify new accumulation, one the basis of an acoustic
impedance change but it is limited to the wellbore and still at a research stage (Picotti et
al. 2013, within the frame of the CO2Care project). At the end of the 90’s, time-lapsed
VSP’s using permanent downhole geophones was developed to detect at least gas
arrival around a sentinel well (Deflandre et al., 1995) in the context of underground
natural gas storage. In the same context, sampling of control aquifers located above the
storage layer is a common technique to control the reservoir integrity.
For shale plays, as for tight formations in general, operators and service companies aim
at better evaluating processes efficiency for HSE issues, and also for reducing costs by
D4.4 Review of monitoring well leakage related to shale gas
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optimizing drilling and completion operations. Water and hydrocarbons chemical
tracers such as proppant radioactive tracers can be used (e.g. Leonard et al., 2015 SPE
174979; Senters et al., 2015 SPE 174844; Virues et al. 2015, SPE 174954).
Tracers can also be used prior casing cementation in a cement pre-flush fluid to better
position selective perforations (Crawford et al., 2015 SPE 174851). More and more
tracers are used to better characterize completion efficiency and eventually fluid flow
interactions within the so-call stimulated reservoir volume (SRV). In one example they
allowed to identify a casing failure (Senters et al., 2015) that concentrated most of the
treatment fluids injected. Even if tracers are generally not named being reported as
conventional treatment tracers, they are by definition very useful tools for integrity
issues as they can also be tracked in the curvature and vertical sections of the wells or
around, depending on sensor investigation radius in case of well integrity failure
through the completion or the formation/cement interface. In this case, the use of a
Distributed Temperature Sensor (DTS) can help at monitoring fluid flow in the annulus
as suggested by Paleja et al. (2015) or behind the casing if signal interpretation is
possible.
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2

OVERVIEW OF GEOCHEMICAL PROCESSES AT THE ORIGIN
OF WELL INTEGRITY FAILURE AND GEOCHEMICAL SPECIES
AS FINGERPRINTS AND TRACERS OF LEAKAGE IN
DIFFERENT CCS PROJECTS
The different risks linked to the CO2 geological storage can be represented by two main
categories (Chadwick et al., 2008) and are represented in Figure 13.

Figure 13: Health, safety and environmental (HSE) risks associated with geological storage of CO 2. After
Wilson et al., 2003 and Chadwick et al., 2008.

All these risks can be followed by geochemistry.

2.1

CO2-CARE project
From the CO2-CARE project, results obtained have shown that information on reservoir
pressure and chemistry, plume propagation as well as well monitoring data are essential
for the evaluation of risk related to wells penetrating the storage area. Therefore, an
appropriate risk-based site specific monitoring plan, usually designed during the site
qualification and updated throughout the period of operation, is required for geological
storage projects, proving that necessary information has to be considered during the site
abandonment.
For example, results obtained during the CO2-CARE project have shown that there is
significant evidence that CO2 dissolved in brine will react with commonly used
borehole cements and steels to some extent. The key issue is whether this will cause
significant degradation in the isolating properties of the engineered seals over relevant
performance timescales. There is a lack of observational data on this; laboratory
experiments typically last months to a very few years, and recovered samples of
borehole cements that have been exposed to high concentrations of dissolved CO2
down-hole have only been exposed for a few decades at most (Carey et al. 2007).
Though predictive modeling may give a useful indication of long-term behavior, it is
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important that future research provides constraints on these calculations – based on
through the observation of similar naturally-occurring systems (e.g. natural analogues).
Wellbores in CO2 storage reservoirs are often subjected to fluctuating pressure and
temperature conditions, with potential damage of the well infrastructure. So, it is critical
that interfaces are initially well sealed (with a ‘good cement’). It is also important that
the well is not exposed to extremes of temperature and/or pressure during its operational
phase, as these may cause stress development. For example, the steel well liner could
‘pull away’ from the cement, producing a micro-annulus along which CO2-rich fluids
could flow.
That is why NORSOK D-10 requires that the following information should be gathered
as a basis of the well barrier design and abandonment program (from NORSOK D-10):
a) Well configuration (original, intermediate and present) including depths and
specification of permeable formations, casing strings, primary cement behind casing
status, well bores, side-tracks, etc.
b) Stratigraphic sequence for each wellbore showing reservoir(s) and information about
their current and future production potential, where reservoir fluids and pressures
(initial, current and in an eternal perspective) are included.
c) Logs, data and information from primary cementing operations in the well.
d) Estimated formation fracture gradient.
e) Specific well conditions such as scale build up, casing wear, collapsed casing, fill, or
similar issues. The design of abandonment well barriers consisting of cement should
account for uncertainties relating to:
- downhole placement techniques,
- minimum volumes required to mix a homogenous slurry,
- surface volume control,
- pump efficiency/ -parameters,
- contamination of fluids,
- shrinkage of cement.
The well completion must ensure the internal and external integrity, such that no leaks
in packers, casings or tubings; or upward flow into overlying aquifers can occur (Syed
and Cutler, 2010). Special attention has to be paid on the steel and cement quality,
especially in corrosive environments, such as where CO2 may be in contact with brine.
Analogous to drilling, well completion should be performed according to local
regulations and best practices (e.g. AERCB directive 20 and 59 (AERCB 2010, 2012))
including sufficient documentation especially for casing and downhole equipment
installation, cement jobs and cement evaluation.
Finally, the CO2-CARE project have also shown that the CO2 EOR industry is an
industry with a proven track record of safely injecting and storing residual CO2 into
geologic formations.
After years of experience with CO2 floods, oil and gas operators can ensure that the CO2
left in the ground when oil production ends will stay permanently stored there, assuming
the wells are properly plugged and abandoned (NETL, 2010).
CO2 EOR technology and equipment requirements parallel those envisioned for CO2
storage, with similar surface infrastructure and wells, similar handling of supercritical
(high pressure/low temperature) CO2, and comparable subsurface simulation and
characterization tools (well logs, three-dimensional (3-D and 4-D) seismic,
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petrophysical analysis, etc.). The biggest differences between the two are intent
(minimizing CO2 use in EOR vs. maximizing CO2 containment for permanent storage)
and regulatory concerns (monitoring, verification, responsibility and accounting of the
CO2 over the very long term; NETL, 2010).
Hydrocarbon reservoirs traditionally contain varying contents of CO2 and oilfield
practices and materials have evolved, based on engineering studies and experience to
ensure a level of integrity that assures that environmental, health and safety risks are
controlled.
Typical oil field standards, procedures, techniques and equipment are used to drill,
complete, produce and eventually abandon wells with either high levels of CO2, CO2
injection or into CO2 fields (e.g. US EPA, 1994; Smith, 1993).
Hovorka and Tinker (2010) summarize the achievements of 38 years of CO2-EOR and
refer to the relevance and importance of experiences on CO2-EOR for safe geological
storage of CO2. The authors provide implications for reservoir management, monitoring
and risk assessment in CO2 sequestration, but only address well integrity issues and
abandonment in generic terms.
Another recent review paper has been published by Syed and Cutler (2010)
summarizing the material improvement of wellbore materials used in the CO2-EOR
industry.
Concerning the Shale gas monitoring, similar approaches, as described in the
CO2-CARE project, can be envisaged in Europe.

2.2

Ketzin and Frio projects
- Ketzin project
As described by Martens et al., 2013, the Ketzin project demonstrates safe CO2 storage
in a saline aquifer on a research scale and effective monitoring. The Ketzin pilot site has
been developed since 2004 and comprises three wells to depths of 750 m to 800 m and
one shallow observation well, an injection facility and permanently installed monitoring
devices (Figure 14). Since June 2008, CO2 is injected into 630 m to 650 m deep
sandstone units (Upper Triassic Stuttgart Formation) in an anticlinal structure of the
Northeast German Basin. Until mid of May 2012, about 61,400 t of CO2 have been
stored safely. One of the most comprehensive monitoring concepts worldwide is applied
and capable of detecting the behavior of the CO2 in the subsurface.
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Figure 14: Ketzin pilot site (a) location; (b) aerial photograph with infrastructure and drilling for well
Ktzi 203 (September 2012).

From the different monitoring concepts, the geochemical one deployed in wells can be
represented in Figure 15 and consisted mainly to deploy the U-tube.

Figure 15: Observation well Hy Ktzi P300/2011 (a) drilling and well completion; (b) simplified
geological profile.
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This U-tube system (sampling fluids with inert gas circulation system) was installed in
well P300 for sampling of formation water and gas from a depth of 417 m in order to
detect any potential leakage through the first cap-rock of the storage horizon at the
earliest possible stage. The water samples which were analyzed for their dissolved
cations, anions, gases and 12C/13C isotope ratio of CO2 have revealed no impact of the
injected CO2 on the Exter Formation (Nowak et al., 2013).
More precisely, Isotope baseline monitoring of the Exter aquifer above a CCS storage
formation in Ketzin has been masked by influences of drilling fluids that were applied
during the establishment of a new borehole for monitoring. Therefore it has not been
possible to obtain pristine reservoir fluids at the beginning of the geochemical
monitoring from this newly established borehole. The DIC and δ13CDIC values of the
Exter Formation were influenced by the highly alkaline drilling fluid, even several
months after well development. However, a strong depletion in drilling mud
contamination and a shift towards less contaminated δ13C values was observed eight
months after well development. This suggests remediation of the drilling mud
contamination by groundwater flow and adjustment by the formation fluid to
geochemical equilibrium. Ongoing isotope monitoring can contribute to leakage
detection, because CO2 that was injected into the reservoir (i.e. the Stuttgart Formation)
has a distinct carbon isotope value when compared to δ13CDIC in the Exter formation and
would cause detectable changes in both, DIC concentration and δ13CDIC in case of
leakage.

Figure 16: Observed DIC concentration and corresponding carbon isotopic composition from the
pumping test and U-tube monitoring in well P300. During the pumping test both values are negatively
correlated due to the variable ratio of high alkaline drilling fluid with a 13C value of -31.1‰.
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Figure 17: Simulated evolution of pH, DIC and 13CDIC values during dissolution of 1400 mg L-1 in the
Exter formation brine. DIC concentration curve is approximately exponential because it is plotted against
pH, which has a logarithmic scale. The 13CDIC approaches a constant value of about -23.5‰ because of
fractionation between CO2(g) and HCO3-. When pH drops and CO2(aq) becomes the dominant species
and fractionation between CO2(g) and DIC (i.e. H2CO3 at this pH) becomes -1‰; thus 13CDIC values
shift towards a value of -31‰.

- Frio project
The Frio Brine Pilot Experiment was designed to test storage performance of a typical
subsurface environment in an area where large-volume sources and sinks are abundant,
near Houston, Texas, USA. The experiment site had two wells, a down-dip injector and
a dedicated observation well, which is 30m up-dip of the injector. A relatively small
volume of pure CO2 (1,600 tons) was injected over a 10-day period into a highpermeability brine-bearing sandstone at 1500m depth.
The Geochemical performed in this project allowed to put in evidence a leakage from
the pH and metals concentration evolution in aquifer whereas all gases monitoring
realized at the surface (major composition and C-isotope composition) did not show an
evident leakage.
Like for CO2-CARE project, results obtained from Ketzin and Frio projects
suggest that concerning the Shale gas monitoring, similar approaches can be
envisaged in Europe.

2.3

In Salah project
The In Salah Gas (ISG) development project in Algeria (Figure 18) is an industrial-scale
CO2 storage project that has been in operation from 2004 until June 2011. In a similar
way to Sleipner, CO2 is removed from the natural gas production stream to meet the
sales gas-export specification of 0.3% CO2. Rather than venting the separated CO2 to
the atmosphere (as is standard industry practice for such gas plants), BP and its joint
venture (JV) partners, Sonatrach and Statoil, embarked on a project to compress,
dehydrate, transport, and inject the CO2 into the down dip aquifer leg of the gas
producing reservoir at the Krechba Field. A joint industry project (JIP) was set up to
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monitor the CO2 storage process using a variety of geochemical, geophysical, and
production techniques over an initial five-year period (Mathieson et al., 2010). The EU
R&D project CO2ReMoVe has contributed to a number of monitoring tools and surveys
to the monitoring project.

Figure 18: Location of the In Salah Project.

From these monitoring tools, some geochemical ones can be applied in function of the
identified risk (see Table 3)
In the risks identified in table 3, concerning the Shale gas exploitation and the
associated monitoring, similar approaches can be envisaged.
Table 3: Key risks and monitoring technologies at In Salah (Mathieson et al. 2010).

Key Risk
Injection well problems
Early CO2 breakthrough

Vertical Leakage

Wellbore Leakage
Old Wellbore integrity

Monitoring Technology
Ongoing pressure monitoring through casing
logging
Modeling, tracers, seismic imaging, observation
wells, fluid sampling, wellhead and annulus
monitoring
Seismic imaging, microseismic, shallow-aquifer
monitoring, soil-gas sampling, surface flux,
gravity tiltmeters, satellite imagery
Annulus pressure monitoring, soil-gas sampling,
through casing logging
Annulus pressure monitoring and CO2 surface flux
monitoring
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2.4

Rousse and Bahia projects
During the Rousse project, the geochemical characterization of various gas endmembers involved in a depleted gas field and CO2 storage pilot (Rousse, France) was
realized. In this pilot, CO2 was produced by oxycombustion from natural gas
transformed into fuel gas at the Lacq plant, and transported in a pipeline 30 km away to
the depleted gas reservoir of Rousse. Gases produced at Rousse before CO2 injection,
the Lacq fuel gas and the CO2 resulting from the oxy-fuel combustion were sampled,
together with gases from a -45 m monitoring well and from soils in the vicinity of the
Rousse structure. For all samples, the bulk gas composition, the carbon isotopic
compositions and the abundance and isotopic signatures of the noble gases were
determined (Garcia et al., 2012). The bulk gas compositions of the Rousse natural gas
were comparable to the Lacq fuel gas with methane as the main compound with residual
C2-C5 and CO2. Soil gases are typical mixtures of air with biogenic CO2 (up to 9-10
%), while the monitoring well gases display typical air compositions with no excess
CO2. The Rousse gas and the Lacq fuel gas have 13CCH4 values of -41.0 ‰ and -43.0
‰ respectively. The injected CO2 out of the oxycombustion chamber has a 13CCO2 of 40.0 ‰, whereas 13CCO2 value for soils samples was comprised between -15 and -25
‰. The Rousse natural gas and the Lacq fuel gas were both characterized by a high He
enrichment, and depletion in Ne, Ar and Kr compared to the air values. The oxyfuel
combustion process provided a CO2 with the He enrichment of the Lacq fuel gas, and a
Ne, Ar and Kr composition reflecting that of the oxygen produced at the air separation
unit (ASU). Indeed, Ne was depleted relatively to the air, while Kr was enriched up to
tenfold, which resulted from the cryogenic separation of the air noble gases within the
ASU. Soil samples noble gas compositions were equivalent to that of the air. In the light
of these results, the compositions of the various end-members involved in this CO2
storage pilot suggested that noble gas compositions produced by oxyfuel process were
sufficiently exotic compared to compositions found in nature (reservoir, aquifer and air)
to be directly used as tracers of the injected CO2, and to detect and quantify leaks at soil
and aquifer levels.
Concerning the Bahia project, a surface and subsurface geochemical survey of the
Buracica EOR-CO2 field on-shore Brazil was realized by IFPEN (Magnier et al., 2012).
IFPEN adopted a methodology coupling the stable isotopes of carbon with noble gases
(Garcia et al., 2012) to investigate the adequacy of geochemical monitoring to track
deep fluid leakage at the surface. Three campaigns of CO2 flux and concentration in
soils were performed to understand the CO2 variability across the field. The distribution
of the CO2 soil contents between 0.8 and 14 % was in great part controlled by the
properties of the soil, with a first-order topographic dependency. These results, together
with a 13CCO2 between -15 and -23 ‰, suggested that the bulk of the soil CO2 flux is
biological. The gas injected and produced at numerous wells across the field showed a
great spatial and somewhat temporal heterogeneity with respect to molecular, 13CCO2
and noble gas compositions. This heterogeneity was a consequence of the EOR-induced
sweeping of the petroleum fluids by the injected CO2, producing a heterogeneous
mixing controlled by 1) the production scheme and 2) the distribution in reservoir
permeability. In light of the 13CCO2 found in the reservoir, the stable isotopic
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composition of carbon was insufficient to track CO2 leaks at the surface. IFPEN
demonstrated how noble gases may be powerful leak discriminators, even for CO2
abundances in soils in the bottom range of the biological baseline (~1 %). The results
obtained have shown the potential of geochemical monitoring techniques, involving
stable isotopes and noble gases at the reservoir and soil levels, for tracing CO2 in CCS
projects.
These two projects show that a coupling major fluids compositions, carbon isotopic
analyses and noble gases determination could be also deployed to monitor the
Shale plays during exploitation. The specific geochemical species will be detailed in
the deliverable “Review of geochemical species to monitor in a shale exploitation
context”, month 18 in the M4SG project.
This review and the few examples of CCS and EOR-CO2 projects show what have
been realized for geochemical monitoring in these contexts and finally what could
be realized in the Shale gas context with some adaptations.
The next chapter below presents the geochemical monitoring in the context of
fracturation and exploitation of Shales, realized and proposed today in the US and
Canada cases.
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3

GEOCHEMICAL MONITORING IN THE CONTEXT OF SHALE
GAS EXPLOITATION

3.1

US case
3.1.1

State regulatory measures in the USA

As of 2013, regulatory control on the shale gas industry has been dominantly imposed at
the state level. Regulatory enforcement was mainly achieved by command and control
measures, and more sporadically by permit granting and setting performance standards.
Quantitatively regulated aspects regarding well integrity and potential underground
water impact are 1) Site selection and preparation, 2) Well drilling conditions and 3)
Plugging and Abandonment. Although these aspects are heterogeneously treated in the
various states, they outline the growing framework of control measures.
Within site selection and preparation elements, setback distances of several hundreds of
feet are imposed between natural gas wells and water wells/supplies in order to
minimize potential impacts of shale gas production on water resources. Predrilling water
testing is not required in the majority of the states. However, in states where it is
mandatory (Virginia, New Mexico, Colorado and Wyoming), testing of at least two
wells enables the definition of aquifer baseline conditions within a radius varying from
0.1 to 1 mile around a shale gas production well.
Well drilling and completion conditions are generally well covered by regulatory
measures, often inherited from conventional Oil & Gas practices. States request wells to
be cased and cemented down to specific depths, typically between 30 and 120 feet
below the base of the deepest fresh water resource. The quality of cement is also
regulated in many states, with class A Portland cement being the most commonly
required type of cement for setting casing in place. Several states impose the use of
specific cement additives, such as gas-block additives. Furthermore, cement circulation;
corresponding to how far up the casing is cemented, is regulated in most states for the
surface casing, and more sporadically for the intermediate and the production casings.
The most common requirement, when required, is that the casing has to be cemented all
the way up to the surface.
State regulations become more significant at the end of well life, imposing conditions
for proper plugging and abandonment. Wells that are not undergoing production of oil
and gas, called idle wells, may not remain non-operated indefinitely. Twenty-eight
states impose a maximum duration over which a well is allowed to remain idle. After
this duration, the well may resume production, be temporarily abandoned, be converted
to waste disposal or be permanently plugged and abandoned. Idle durations vary from 1
to 300 months depending on states and well characteristics. Temporary abandonment is
allowed in many states, by imposing safety measures to be taken by the operator to
prevent any improper behaviour of idle wells. Such measures may be the emplacement
of a cement barrier or other types of barriers.
It is made very clear from the review of shale gas regulations at the state level that the
regulation is very heterogeneous and highly dynamic. The heterogeneity observed is
likely to derive from interstate differences in terms of geology, climate, demographics,
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urbanism and level of oil and gas experience gained from past activity. Economic and
political differences are inferred to have non-negligible impacts as well. The dynamism
of shale gas regulation is a direct consequence of the dynamism of the industrial activity
itself, difficult to be followed by the comparably slow regulation and policy making
process.
Accidents at well pads, either spills, blowouts, leaks and fires must be reported in most
states, within a time of less than 48 hours. The following section summarizes some of
the conclusions made based on the reported accidents of spills on gas well pads relevant
for this report.
3.1.2

Review of spill data

The number of spills at hydraulic fracturing shale gas pads in the USA has been
inventoried to a minimum of 36,000, with one third of these directly attributed to the
fracturing process. Among this one third, at least 5% are directly attributed to well or
well-head failure. Whereas the percentage of spill event due to well-failure is low, the
related average spilled volume is the highest among other causes of spill (storage, hose
or line making the most of it) by roughly an order of magnitude. Well failure may
therefore be responsible for more than 9% of the total spilled volumes on continental
USA related to hydraulic fracturing. This number is likely an underestimation because
of the general lack of surface and groundwater monitoring, which could have informed
on the degree of water contamination and related spill volumes in these reservoirs. The
majority of reported spills implies flowback and produced water as the spilling fluid.
These fluids correspond to mixtures of hydraulic fracturing fluid and formation water in
various proportions. In the following section, we will examine the composition of
hydraulic fracturing fluids and formation fluids in order to outline the chemical
characteristics of these, and assess their potential harm on groundwater reservoirs.
3.1.3

Groundwater testing

The parameters required for water testing are not specified by the regulation. However,
state recommendations give minimum and complementary lists of parameters (or
Essential, Supporting and Additional lists) to test for water quality, with specific lists
related to oil and gas production areas (Table 4).
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Table 4: Recommended parameters for groundwater water testing in relationship to gas well drilling in
the Marcellus play. Penn State University, Pennsylvania Department of Environmental Protection, NewYork Water Resources Institute, New-York State Department of Environmental Conservation, Ohio
Department of Environmental Protection. The numbers reflect the relative importance of the parameters,
1 being the highest. (source: http://extension.psu.edu/natural-resources/water).

Parameters listed in recommendations by state environmental protection agencies have
been a basis for a comprehensive evaluation of underground water resource
contamination by shale gas production in the Marcellus Shale area, Pennsylvania (Boyer
et al., 2011). Pre-drilling water testing in this area have been performed by shale gas
operators for 90% of the water wells within 1,000 feet of a Marcellus drill site. This
fraction drops to 10% at distances over 5,000 feet. Homeowners or water supply owners
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as means to control water supply quality and/or to dispute drilling company tests, also
purchase analyses. Homeowners and supply owner tests are generally found to be less
comprehensive, and covering less parameters than those purchased by drilling company,
mainly for cost reasons. Tests ordered by drilling companies usually contain 15 or more
parameters analysed, the most common of these being listed in Table 5. These
parameters typically cover major physico-chemical aspects of the water (pH, TDS,
TSS), important cations, together with the abundance of compounds reflecting the
potential influence of drilling fluids and hydrocarbons. This parameter list does not
however specifically fit with the composition of hydraulic fracturing fluids, and
corresponds to the general recommendations for oil and gas drilling. The parameters
recommended to be measured in this list do however outline the remarkable difference
existing between freshwater reservoirs and wastewater from Marcellus production wells
(Table 5), and can therefore be a good basis for identifying shale production impact on
groundwater reserves.
Table 5: Median of water analyses parameters for natural groundwater and typical Marcellus produced
water from Pennsylvania. The Drinking Water Standard from PADEP is given for some parameters in
comparison. (Source: Boyer et al., 2011).

Ground water testing data on 233 wells in the Marcellus area preformed prior to any
drilling for gas in their vicinity were collected and analysed (Boyer et al., 2011). A
maximum of 38 water parameters were analysed for each sample, and compared with
drinking water standards (PADEP). Pre-drilling water analyses indicate that
groundwater samples failed matching with drinking water standards for 40% of them
with respect to at least a single parameter. The chemical parameters found to be above
standards were manganese, iron, pH, lead and Arsenic. Although numerous parameters
analysed are not described in the Drinking Water Standard, their concentration may still
be a good basis for identifying an impact from shale gas wells. As an example, the
dissolved methane parameter shows a very large variability, indicating highly
heterogeneous baseline conditions for such a gas well leakage – sensitive parameter.
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Post drilling groundwater tests were compared to the pre-drilling water tests in order to
identify compositional changes due to shale gas drilling. The dataset showed no
statistical evidence of a systematic influence of shale gas drilling on groundwater
testing, as most parameters remain within the ranges given for each parameter for predrilling tests. The only significant parameter that showed a systematic increase in post
drilling water tests was Bromide. Bromide, Barium and strontium can remain in very
high concentrations in flowback water for several weeks (Hayes et al., 2009, Barbot et
al., 2013), and may therefore potentially migrate to groundwater levels during hydraulic
fracturing and production operations.
Table 6: Median, maximum and minimum values for 38 parameters analysed on water samples from
wells prior to any gas well drilling operation in their vicinity. The drinking Water Standard (PADEP) is
shown for comparison, together with the percentage of wells failing the standard on a t least one
parameter (Boyer et al., 2011).

Water well testing is one of the major regulatory or recommended measures that allow
controlling the groundwater environmental impact of gas well drilling and production.
They undoubtedly generate basic information necessary for generic baseline conditions
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to be set. It is however not clear given the available data from the Marcellus production
area how these analyses may be supportive of clear impact assessment. In the following
section, we propose to give general information related to hydraulic fracturation and
flowback fluid compositions in order to draw potential compositional singularities that
may constitute a strong base for groundwater monitoring methodologies. Beyond the
regulatory obligations of pre-drilling water testing, a number of government,
independent and scientific studies have been undertaken to assess potential and effective
impacts of shale gas production on water resources. Because of the loose number of
water chemistry parameters recommended to be measured through regulations (Table
6), such studies usually apply more specific types of analyses, from trace compound
compositional analyses to more refined isotopic analyses of both dissolved gases and
solutes.
Sharma et al. (2013) have investigated the isotopic composition of water, dissolved
inorganic carbon and methane from 9 groundwater formations above the Marcellus
shale formation in Western Virginia and Pennsylvania, together with the produced water
and gas of the Marcellus and Upper Devonian sands formations. The isotopic
composition of oxygen (18O) and hydrogen (2H) of the water molecule in
groundwaters, surface waters and coal mine drainage waters were found to be very
significantly different from Marcellus and Upper Denvonian Sands produced water. The
meteoric nature of fresh and surface water sources is characterized by a light isotopic
composition compared to the heavy non meteoric composition of the water produced
from deep formations.
Examination of both dissolved methane contents and major ion chemistry of
groundwater in Pennsylvania and New-York states indicates that methane
concentrations are generally higher for waters rich in sodium-bicarbonate and sodiumchloride rather than waters with dominant calcium-bicarbonate (Molofsky et al., 2013,
McPhillips et al., 2014). This was interpreted to reflect the correlation of abundant gas
with waters having equilibrated with deep bedrocks, which are likely to be characterized
with longer residence time in aquifer formations (McPhillips et al., 2014). A local
contribution from deep groundwater is therefore expected in areas with high dissolved
methane (Molofsky et al., 2013).

Figure 19: Piper diagrams of major cation and anion composition for 408 predrill water samples,
compared with methane contents.
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Such cross formational flow of groundwater had also been suggested by Warner et al.,
(2012) by a large survey of groundwater isotopic compositions of Sr, hydrogen and
oxygen, again in the Appalachian Basin.
3.1.4

Tracing contamination by hydraulic fracturing fluids and flowback water

The FracFocus initiative was launched in January 2011 by the Ground Water Protection
Council (GWPC) and the Interstate Oil and Gas Compact Commission (IOGCC) as a
chemical registry of hydraulic fracturing fluids. The registry is open to Oil and Gas
production well operators to disclose the list of chemicals used at single well hydraulic
fracturing operations and the quantity of fluids used. State authorities have gradually
imposed to operators as a regulatory duty to disclose fracturing fluid contents and
volumes to FracFocus. This response to growing public and government concern about
the hydraulic fracturing impact on the environment constitutes a large database to
explore the diversity and quantities of chemical compounds injected underground. The
US EPA has reviewed this database in 2015 in order to contribute to their Plan to Study
the Potential Impacts of Hydraulic Fracturing on Drinking Water Ressources (2011).

Figure 20: Mass distribution of the different additives in hydraulic fracturing fluids (source: www.
fracfocus.org).

Water is the dominant base fluid used in fracturing fluids, with N2, CO2 and
hydrocarbons being the base fluid (or significantly contributing to it) in less than 3% of
the cases. Two third of the disclosures report fresh water as the base fluid, whereas the
remaining fraction of the disclosures indicates mixtures of fresh, produced, flowback
and recycled water. Proppants make from 2.4 to 24% of the fracturing fluid mass
(median at 11%), with quartz being used in 98% of all disclosures. Other proppants may
be silicate minerals or other ubiquitous oxides. Additives represent 598 ingredients over
the total 692 compounds reported as base fluid, proppant and additives. Their diversity
is thus essential to understand for impact assessment and monitoring purposes. The term
additive is used to define a mixture of chemical compounds, or a single compound,
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having for a purpose to change the properties of the injected or produced fluids. The
median number of additives per disclosure is 14, and ranges between 9 and 21. The
mass proportion of additives in fracturing fluids is generally below 1%, and may reach a
maximum of 2%. The most common additive compounds are methanol, hydrochloric
acid and light petroleum distillates, acting as corrosion inhibiters, surfactants, acidizers
and biocides.
Hayes et al. (2009) conducted an extensive investigation of water streams in and out of
hydraulic fracturing wells in the Marcellus area. Fluids investigated were 1) base fluid
water supply, 2) hydraulic fracturing fluid (base fluid + additives), 3) Flowback water at
1, 5 and 14 days after fracturing and 4) produced water from producing wells 90 days
after hydraulic fracturing. The number of water parameters measured was exhaustive
(nearly 300) and covered essentially all inorganic, organic and physical parameters of
important concern by the local states environmental protection agencies.
Influent water, or hydraulic fracturing fluids, had compositions generally within
accepted values for freshwater supplies regarding total dissolved solids and salinities,
reflecting the strong control by the primary base fluid water supplies on these
parameters. Measured pH, oil, grease and total organic contents are oppositely
indicating a strong influence from both additives and re-used flowback water, the latter
making in some cases an important proportion of the base fluid. The chemistry and
properties of hydraulic fracturing fluids is therefore highly heterogeneous and
representative of the local primary base fluid source and produced water re-use strategy.
Flowback water corresponds to the volume of water produced shortly after completion
of hydraulic fracturing. The composition of flowback water, and its evolution towards
“produced water” is very significant and corresponds to the growing proportion of
formation fluid produced on top of the injected fluid with time. The produced fluids
evolve from low values of total dissolved solids, salinity and total organic carbon
typical for hydraulic fracturing fluids to dissolved solids rich (Figure 21), saline and
organic rich waters typical of shale play production water within the first hours and days
(Hayes et al., 2009, Barbot et al., 2013, Ziemkiewicz and He, 2015).
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Figure 21: Evolution with time of average flowback water dissolved solids after hydraulic fracturing of a
shale gas well. (from Ziemkiewicz et al., 2015).

Flowback water chemistry in the Marcellus is dominated by Cl-Na-Ca with elevated
bromide, magnesium, barium and strontium contents. It is generally depleted in
carbonate and sulfate ions. The gradual increase of these cations with production time
(Hayes et al., 2009, Barbot et al., 2013, Ziemkiewicz and He, 2015) seems to indicate
that they are mostly derived from the formation fluid or the formation itself, and not
from drilling fluids, or hydraulic fracturing fluids. Brantley et al. (2014) indicate that
Ba, Sr and Br are the most reliable tracers of flowback migration to groundwater
reservoirs, because of the low concentration of these in the latter. Sodium, Ca and Cl
could potentially be good indicators, however they are present in high and
heterogeneous concentrations in ground and surface waters, and may not be so
straightforwardly employed for leakage assessment. Ziemkiewicz et al. (2015) suggest
ratios of Ba/Cl, Sr/Cl and Br/Cl as powerful tracers of flowback water migration to
groundwater and surface water reservoirs, because such ratios are specific to shale
formation flowback waters and highly distinct from natural ground and surface waters.
Similarly, Iodine was shown to be a potential indicator of flowback water contamination
of groundwaters (Lu et al., 2015).
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Table 7: Flowback water (5 days) analyses from Marcellus shale production in Pennsylvania. (Barbot et
al., 2013).

The isotopic compositions of Boron and Lithium have been investigated in order to
define a new set of tracers for groundwater contamination due to unconventional well
leakage (Chapman et al., 2012, Warner et al., 2014). Both isotopic ratios (11B and 7Li)
where found to be very discriminant among the three main water sources in the
Appalachian Basin, which are 1) River waters, 2) Conventional reservoir waters, 3)
Marcellus shale flowback waters.
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Figure 22: Upper: Boron and Lithium isotopic ratios for the various water sources of the Appalachian
Basin. Mixing lines of flowback water from the Marcellus and Fayetteville with seawater and river waters
are indicative of potential trends of leakage into ground and surface waters (from Warner et al., 2014).
Lower: Sr/Ca ratios versus the the strontium isotopic ratio expressed as its deviation from the seawter
value) for various flowback waters from the Marcellus shale. Mixing lines indicate potential groundwater
contamination trends (from Chapman et al., 2012).

Organic compounds most systematically identified in flowback waters are polycyclic
aromatic hydrocarbons (HAPs), heterocyclic compounds, alkyl phenols, aromatic
amines, alkyl aromatics, long chain fatty acids and aliphatic hydrocarbons (Hayes et al.,
2009, Orem et al., 2014, Ziemkiewicz et al., 2015). Their increasing abundances with
production time indicate that they are mostly derived from the shale formation itself,
while a minor fraction is also obviously injected with the hydraulic fracturing fluid as
additives and/or re-used water. A number of other organic compounds were found to be
systematically below detection limits in flowback waters (Hayes et al., 2009,
Ziemkiewicz et al., 2015).
3.1.5

Fugitive gas contamination of groundwater in the Appalachian Basin

Methane is naturally present in groundwater of the Marcellus play area, due to the
migration of thermogenic gases at depth through faults, or to lateral migration of
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biogenic gases from swamps or glacial till (Brantley et al., 2014), and possibly
generated directly within groundwater systems. The different origins of hydrocarbon
gases in aquifers and their linkage to gas shale wells have been studied using the stable
isotopes of carbon and hydrogen (Osborn et al., 2011, Jackson et al., 2013, Sharma et
al., 2014, Halaka, 2014).

Figure 23: Map of reported well water tests indicating the proportion of dissolved methane in the states
of Pennsylvania, West Virginia and New-York (from Brantley et al., 2014). Red and blue symbols
corresponds to gas shows where the gas drilling operations were implicated and not implicated,
respectively, by decision of the local Department of Environment Protection.

Osborn et al., (2011) have revealed a correlation between the quantity of groundwater
methane with the proximity of water wells to gas wells in Pennsylvania and New-York
state. They have also evidenced the linkage of groundwater gases near production areas
with a thermogenic source, based on the stable isotopic composition of carbon (also
labeled 13C), whereas gases in groundwater from non-producing areas are typically
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biogenic, or mixtures of biogenic and thermogenic gases. Because of the absence of
water chemistry evidences for flowback water contamination of these groundwaters,
Osborn et al. (2009) favored the fugitive gas migration of methane from leaky gas well
casings, while not completely excluding a possible natural contribution of vertical
thermogenic methane flow from source rocks to aquifers.

Figure 24: Methane concentration in groundwater of the Marcellus play area versus the distance of the
water well to the nearest gas well (from Osborne et al., 2011). The average concentrations and isotopic
compositions of carbon for methane are given in the table to the right for each active and non-active
shale gas producing area.

Similar conclusions were made by Sharma et al. (2011) and Jackson et al. (2013) based
on isotopic investigations. These interpretations were disputed by Molofsky et al.
(2011) and McPhillips et al. (2014) based on an extensive survey of groundwater
isotopic compositions of dissolved methane in the yet undeveloped gas shale area of
Susquenhanna County, Pennsylvania and Chenango County, New-York. These studies
report very variable methane concentrations and isotopic compositions in the various
aquifer and surface water systems encountered (Figure 24). Although the isotopic
signatures of the methane found in groundwater and surface water is in the range of the
Upper Devonian Sands gas, the absence of any shale gas wells in these areas at the time
of groundwater sample collection points to other processes than fugitive gas migration
along gas wells. Hakala (2014) argued that given the nonspecific and multiple processdependent isotopic signatures of methane in groundwater systems in the states of
Pennsylvania, West Virginia and New-York, it is difficult to conclude on their
relationship to gas wells.
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The Appalachian Basin has focused a great effort to understand the origin of methane in
groundwater and its relationship to shale gas production. However, the natural gas-rich
context of this region has tempered the usefulness of the stable isotopes of methane to
track leaky gas wells. This usefulness is very real, and as stated by most authors,
isotopic compositions of carbon and hydrogen of groundwater dissolved methane
should systematically be determined for baseline and monitoring purposes (Osborn et
al., 2011, Molofsky et al., 2011, Jackson et al., 2013, Hakala, 2014).

Figure 25: Upper: Cross section through the geology of the Susquehanna County, Pennsylvania. The
relationship between the Marcellus shale formation, the Upper Devonian Sands formation and the
Catskill groundwater formation is clearly shown, together with the depth interval characterized by gas
shows. Lower: Carbon and hydrogen isotopic ratios of methane for Marcellus production gas (orange
diamonds), Upper/Middle Devonian Gas (blue diamonds), Dissolved gas in the Upper/middle Devonian
(green rectangle), Dissolved gas in water wells (blue and black triangles), Spring dissolved gas (yellow
squares). (Figures from Molofsky et al. 2011) (Data from Pennsylvania Department of Environmental
Protection, Cabot Oil and Gas Corporation, Osborn et al., 2011).
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The noble gases have also been used to track the mechanisms of fugitive gas
contamination of groundwaters in the Marcellus and Barnett Shales areas (Darrah et al.,
2013). Elemental ratios of 4He/CH4, 4He/20Ne, together with 36Ar abundances were
shown to trace processes of gas/aquifer interaction, or mixing of different water and
brine in the Appalachian Basin. These authors proposed that fugitive gas emissions
occurred through failure of annulus cement, faulty production casings and underground
gas well failure. However, no leak signatures were associated to horizontal drilling or
hydraulic fracturing. Such investigations suggest that well integrity is the major cause of
groundwater contamination, instead of formation drilling and stimulation (Darrah et al.,
2013).

Figure 26: Seven potential scenarios for the presence of hydrocarbon gases in groundwater systems near
gas shale production areas (from Darrah et al., 2009).

3.2

Canada case
Concerning the Canada Shale exploitation, two main regions can be considered:
- The Northeastern British Columbia
- The Quebec
3.2.1

The Northeastern British Columbia

The Northeastern British Columbia is mainly composed with the Horn River Basin and
the Montney formation.
Indeed, Northeastern British Columbia is one of the most productive regions of shale
gas in the world. Major geological structures with high shale-gas potential include the
Horn River Basin, the Liard Basin, the Cordova Embayment, and the Montney Trend
(Figure 27). Of those locations, large-scale shale-gas production first was developed in
the HRB in 2006 (British Columbia Oil and Gas Commission Report, 2012).
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Figure 27: Map showing the locations of major productive regions of shale gas in British Columbia,
including the Horn River Basin, Liard Basin, Cordova Embayment, and Montney Trend. CNSN:
Canadian National Seismograph Network. ATSN: Alberta Telemetered Seismograph Network. Black
triangles mark the locations of new broadband seismograph stations established in the region after 2012.

Gas producing Devonian-Mississippian age strata in northeastern British Columbia have
been described as thermally mature siliceous shales. Shale gas production from the
Horn River formation is well documented, along with the laterally equivalent Besa
River, Muskwa and Fort Simpson.

Figure 28: Liard-Horn River-Cordova Basins schematic cross section.

Formation thicknesses of 500 feet and more represent enormous reservoir potential.
Rocks that are both silica rich and that have total organic content (TOC) of 5-plus
percent are considered most favorable for shale gas reservoir exploration due to the rock
propensity for enhanced fracturing of brittle, organic-rich and silica-rich facies,
according to the integrated formation evaluation report of Ross and Bustin, University
of British Columbia (AAPG BULLETIN, January 2008).
As described by Holding (Holding et al., 2015) shale gas development in Northeast BC
has occurred very rapidly following technological advancements in hydraulic fracturing
and directional drilling that make unconventional sources economically feasible (Vidic
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et al., 2013). In the past 16 years, there has been an 82% increase in the number of shale
gas development applications (BC Oil and Gas Commission (BCOGC), 1999, 2014a).
In addition, estimates of the remaining reserves are increasing with marketable gas
volumes projected to increase by 14% between 2015 and 2016 alone (BC Oil and Gas
Commission (BCOGC), 2014a). However, the rapid development of shale gas in this
region has not been matched by advances in the scientific understanding of the
environmental impacts (Canadian Council of Academies, 2014). This lack of
understanding poses challenges for effective regulation of shale gas activities alongside
effective management of the environment, specifically water and atmospheric gases.
Concerning the water management, shale gas development has the potential to
significantly impact water security in the HRB region, both through water consumption
and potential contamination (Vengosh et al.,2014). Although this region is sparsely
populated, water security for both human and environmental needs may be impacted.
The water resources of Northeast BC require sound management in order to protect
water quality and quantity in relation to the risks to water security presented by shale
gas development. These risks may be minimized by strategies that build resilience
(Simpson et al., 2014), such as enhancing monitoring systems, collecting baseline
environmental data, strengthening enforcement capacities, preparing evidence-based
regulatory requirements, and improving public engagement and transparency (Hays et
al., 2015).
Groundwater information is very limited throughout this region. Until recently, few
hydrogeological data were available for characterizing the shallow and deep aquifer
systems. The unconsolidated aquifers, comprised of glacial or pre-glacial origin, are
generally of limited extent and groundwater is often sourced from bedrock aquifers
(Berardinucci and Ronneseth, 2002). Groundwater level monitoring occurs at seven
provincial observation wells, three of which became active in 2012.
Large quantities of water are required for shale gas development, particularly for
hydraulic fracturing. The overall water use for an individual well depends on the length
of the well and the number of times the well is stimulated (i.e., fractured) (Johnson and
Johnson, 2012). As an example of water volume used for hydraulic fracturing, a well in
the Montney Play requires between ∼10,000 – 25,000 m3 water per well (Johnson and
Johnson, 2012). Currently, most of the water used for hydraulic fracturing in BC derives
from surface water sources, although there is increasing demand for groundwater. Shale
gas withdrawals account for less than 1% of total surface water runoff estimates (BC Oil
and Gas Commission (BCOGC), 2013a,b), but while water is seemingly abundant
across the region, the withdrawals occur over a short timeframe and are concentrated in
specific geographic locations.
A portion of the water used for the hydraulic fracturing process returns to the surface
and forms a waste product termed flow back water (Gregory et al., 2011). The amount
and chemical composition of flow back water depends on the type of fracturing
activities, original source of water (fresh, saline, or recycled), geology, and the phase of
well development (i.e., fracturing or production). Although flow back water varies in its
composition, it is generally a solution with high concentrations of salts, metals,
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metalloids, naturally occurring radioactive materials as well as numerous proprietary
chemical constituents (Goss et al., 2015). Aside from flow back water from the
hydraulic fracturing process, water also returns to the surface during the production
phase of a well at the same time as the shale gas or oil. This water is called produced
water. Although often considered to be different types of water by industry and
regulators, all flow back and produced waters are recognized as wastewater, which
ultimately requires careful handling, transportation, treatment and disposal (Wilson and
VanBriesen, 2012; Hladik et al., 2014). Wastewater resulting from shale gas production
may be as much as ten times more toxic to environmental and human health than that
associated with other hydrocarbon types such as conventional oil or coalbed methane
due to the presence of mineral acids, dense brines and additives (Veil et al., 2004).
Recognized hazards associated with shale gas activities include spills and leakages
resulting from handling, transport or disposal of the chemicals used in hydraulic
fracturing or of the wastewater that is produced (Rozell and Reaven, 2012).
Geological formations used for disposal should be contained by impermeable units and
be competent to contain fluid within the area of influence of the injection well.
However, there is potential for cross-connection between geological formations through
natural faults and fracture zones, faulty casings in injection wells, and compromised
well integrity due to aging infrastructure.
In BC, proactive monitoring of penetrated shallow aquifers is recommended practice,
though not required at present, and guidelines state that it is advisable to include a
monitoring plan in the application for disposal wells (BC Oil and Gas Commission
(BCOGC), 2014b). Potential concerns related to injection include “surface spills during
injection; improper seals in old cement around well casings permitting toxic leaks into
shallow aquifers; migration of water upward from deep wells to contaminate shallow
groundwater” (Hume, 2014). The potential contamination from wastewater poses a
threat to communities and First Nations drinking water supplies and quality of life that
depends on healthy aquatic ecosystems (Canadian Council of Academies, 2014). In
addition, there are concerns related to the activities that accompany shale gas
development such as road development, increases in vehicle traffic, landscape
disruption, and air and noise pollution. Overall, shale gas development activities are
associated with major industrial activities due to handling of hazardous chemicals,
hazardous waste production, equipment operations and required infrastructure
(Canadian Council of Academies, 2014).
Growth in the shale gas industry in Northeast BC has prompted the provincial
government to take action on acquiring baseline information on water resources in the
region. Geoscience BC was a leader in carrying out major projects aimed at collecting
geoscience data. Studies include, for example, the QUEST Northwest Project, the Horn
River Basin Aquifer Project, the Montney Water Project, and the PEACE Project
(Geoscience BC, 2015). More recently (since 2012), the Northeast Water Strategy
(NEWS) initiative has coordinated existing water steward ship and management efforts
in the region in an effort to enhance transparency and effectiveness of these efforts
(Province of British Columbia, 2015b).
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Concerning the gas activities management, regulatory framework natural gas activities
in BC are under the jurisdiction of the Ministry of Natural Gas Development (MNGD).
There are two main components of the current regulatory framework. The first
component governs the design, construction, operation, maintenance, reporting,
prevention of incidents, and incident response. This aspect of the regulation primarily
controls how shale gas activities operate, and is directed towards the prevention and
remediation of contamination to the environment. Regulations are based on the Oil and
Gas Activities Act and are intended to promote optimal practices that ensure safety to
workers, the communities, and the environment. The regulations are generally
objective-based (or goal oriented) rather than prescriptive, which means that regulations
require or prohibit certain performance out comes in order to meet policy objectives
(Hepburn, 2015). Operators are afforded flexibility in meeting objectives provided that
they adhere to the specific requirements. Self-regulation mechanisms, such as pipeline
integrity management programs and damage prevention programs, are also used within
the regulatory framework to facilitate industry operators in meeting regulatory
objectives (BC Oil and Gas Commission (BCOGC), 2015a). These programs are
obligatory self-assessment tools which describe how an operator’s program meets
BCOGC specified performance requirements and objectives, reporting any known
deficiencies, as well as a comprehensive plan and timeline for remedial action (BC Oil
and Gas Commission (BCOGC), 2013b).
3.2.2

Montney formation

As described before, Montney formation is one part of the Northeast British Columbia.
The Montney Shale play extends through Alberta and British Columbia as part of the
Western Canadian Sedimentary Basin (WCSB). It is a Triassic age unconventional
reservoir confined to the Peace River Embayment (Figure 29). According to Canada’s
National Energy Board, the Montney Shale play is estimated to contain 449 tcf of
natural gas, 14,521 million bbl of NGLs, and 1,125 million bbl of oil. It is thus
considered a promising reservoir and a deep understanding of its characteristics at
different scales becomes very important for its successful development.
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Figure 29: Map of the Peace River Embayment that bounds the Montney Formation. The location of
various oil and gas fields is shown in green and red, respectively. Pouce Coupe Field is highlighted by
the black star. Modified from Zonneveld et al., 2011.

Several models exist proposing relationships between carbon isotope ratios of natural
gases and the properties of their source materials (e.g. vitrinite reflectance, coal rank,
isotopic composition) (Stahl and Carey, 1975; Berner and Faber, 1996). These
properties can be excellent indicators of the presence and/or type of petroleum deposits,
and several researchers have proposed the use of carbon isotope ratios for the study of
hydrocarbon pools (e.g. Clayton, 1991). Many of the existing models cannot yet be
utilized in the heavy oil region of the WCSB because very few isotopic data or source
rock properties data have been published. Nevertheless, isotopic analyses of mud-gases
collected from different depths at several locations provide a three-dimensional data set
that is ideal for studying the isotopic characteristics of these shallow gases (Rowe et al.,
1999). It is generally accepted that kinetic isotope effects control isotopic fractionation
during natural gas formation. James (1983) proposed however, that the carbon isotope
compositions of light hydrocarbons (C1 to C4) may approach equilibrium distributions,
and he derived an accompanying set of fractionation curves for determining the maturity
of gases based on these isotopic distributions (‘maturity diagrams’). James's model has
been applied successfully in a variety of geologic scenarios (James and Burns, 1984;
James, 1990), which suggests that equilibrium isotopic compositions may exist widely
in nature. James's maturity diagrams are especially useful for comparing gases from
different sources or when source properties are unknown, but derivation of his model
requires a sophisticated knowledge of gas partition functions. Chung et al. (1988)
introduced a simpler model for determining relative thermal maturity of gases, and for
interpretation of natural gas origins. Laboratory heating experiments (Chung and
Sackett, 1979) and natural examples from several basins (Chung et al. 1988) have also
shown good agreement with this model. James' and Chung et al.'s models have found
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that isotopic trends in shallow gases are best explained by combining the individual
plotting techniques.
Enormous amounts of oil and natural gas are stored in the Lower Cretaceous Mannville
Group sands and the overlying Upper Cretaceous Colorado Group shales of the WCSB
(Figure 30). Several thousand wells are currently producing from the formations within
these groups, and nearly half of the heavy oil wells in northeastern Alberta and adjacent
areas of Saskatchewan are plagued by vertical migration of gas around well casings
(Erno and Schmitz, 1994). Gases that migrate vertically from depth behind the wellbore
casing (typically in microannulae formed between casing and cement) may contaminate
shallow drinking water aquifers, destroy arable soils around wellheads, and contribute
to the atmospheric methane concentration (Figure 31). Strict environmental regulations
in Western Canada now require that gas migration in these “leaking” wells be stopped at
the source at the time of well abandonment.

Figure 30: (a) Stratigraphy of the Cretaceous Mannville and Colorado Groups in the heavy oil region of
northeastern Alberta and adjacent Saskatchewan (adapted from Orr et al., 1977; Rich, 1995). (b)
Histogram of total initial oil-in-place in the Western Canadian Sedimentary Basin, by geologic age
(Leckie et al., 1991).
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Figure 31: Schematic diagram of a heavy oil well, showing pathways for vertical leakage behind casing.

Isotopic fingerprints of gas from wells reflect the different genetic histories of different
formations.
As an example, the Mannville Group sands act as a hydrocarbon trap, accumulating oil
and oil-associated gases generated in underlying Jurassic, Mississipian and Devonian
reservoirs (Leckie et al., 1994). Gas chromatograms of Mannville oils in the
Lloydminster area show that they are extensively biodegraded, possibly during up-dip
migration from deeper in the basin. Carbon isotope ratios of the gases associated with
the heavy oils also show the effects of biodegradation.
Mannville gases have apparently mixed with large amounts of bacterial methane, which
accounts for very negative 13C1 values (-70‰ to -60‰).
Gas migration is primarily manifested as surface casing vent (SCV) flow, and/or soil
gas bubbles around wellbores. The SCV functions as a bleed-off valve, allowing builtup gases to vent directly into the atmosphere. SCV flow rates range from 0.01 m 3/day
to 200 m3/day (Schmitz et al., 1993; Erno and Schmitz, 1994). Although gas migration
through soils tends to occur at much lower rates (0.01 m3/day) than SCV flows, soil
gases can often be observed bubbling through ponded water around wellbores. The gas
migrating through soil frequently kills or stunts vegetation growth within a radius of
several meters surrounding the well (Rich et al., 1995).
With all the analyses performed by Rowe et al., 1999, results suggest that the migrating
gases are from the Colorado Group formations, not from the heavy oil pools of the
Mannville sands. This is done by comparing the isotopic ratios of gas components from
soil and surface gases with isotopic fingerprints of gases in the same field from the
Colorado and Mannville formations.
This study is an example of analyses and approach that can be performed to monitor
shale play exploration/exploitation.
Thousands of wells have been drilled in northeastern Alberta and adjacent
Saskatchewan in order to develop the heavy oil reservoirs of the Lower Cretaceous
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Mannville Group. In a large number of these wells, unfortunately, vertical migration of
gas from unknown sources to the surface via well casings and surrounding soils
represents a serious environmental problem. For this issue, carbon isotope fingerprints
from mud-gases can be also used to identify specific source depths of migrated gases
(e.g. Rowe et al., 1999; Tilley et al., 2006). Comparisons between the isotopic
characteristics of the shallow gases and the migrated gases collected near surface infer
that most of the migrated gases are actually generated in the Colorado Group shales, and
not the Mannville sands in which the wells were completed. The ability to estimate the
source depth of the migrated gases greatly aids remediation of “leaking” wells within
the Western Canadian Sedimentary Basin (WCSB).
3.2.3

Utica shale

The term Utica Shale was introduced by Emmons (1842) for a succession of late Middle
Ordovician calcareous shales in the Mohawk Valley in central New York. The first
geologists to map the St. Lawrence Platform in southern Quebec imported this
nomenclature. The thickness of the Utica shales in New York, as in southern Quebec,
increases towards the east, from circa 50 m to a maximum close to 1000 m with syn
sedimentary faults controlling thickness and to some extent the total organic carbon
(TOC) richness of the unit (Smith, 2011). The Utica Group is locally uncomfortably
overlying the Trenton Group and is conformably overlained by the Lorraine Group
(Smith, 2011).
In Quebec, the Utica Shale consists of limy mudstone; the high carbonate content and
the absence of sandy layers being the physical elements used to distinguish the Utica
Shale from the overlying shale dominated Lorraine Group (Lavoie et al., 2008;
Thériault, 2012a, 2012b). However, this lithostratigraphic limit has not been strictly
applied in the past and on number of geological maps in southern Quebec, noncalcareous shales (i.e. Lorraine Group) are mapped out as the Utica, in particular in the
Montreal area of southernmost Quebec (Trempe, 1978). The contact between the Utica
Shale and the overlying Nicolet Formation at the base of the Lorraine Group is sharp
and possibly disconformable in the northwestern and western parts of the St. Lawrence
Platform, usually on the north shore of the St. Lawrence River and west of the Yamaska
Fault, whereas, based on well data, the contact is gradual towards the southeast and to
the east of the Yamaska Fault (Séjourné et al., 2013; Thériault, 2012a). The source of
carbonate mud in the Utica Shale and its up section abundance variation have been
interpreted to be related to 5th order transgressive–regressive cycles with high stand
shedding of mud from the carbonate platform which was back stepping on the
Precambrian craton at that time (Lavoie, 2008; Lavoie et al., 2008). Centimeter thick
shaly limestone beds punctuate the Utica succession, but are clearly more abundant in
the middle part of the succession. In well-exposed sections, these limestone intervals are
almost invariably forming meter thick thickening-upward cycles. Based on abundant
graptolites fauna, the Utica is assumed to be Edenian to Maysvillian in age (Riva,
1969), a time interval supported by chitinozoan data (Lavoie and Asselin, 1998).
Besides graptolites, brachiopods, trilobites and cephalopods are common, suggesting the
lack of anoxic conditions in the depositional basin. Based on recent lithological,
mineralogical and petrophysical data, Thériault (2012a,b) suggested the division of the
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Utica Shale into two informal (lower and upper) units. The lower Utica is characterized
by a mineralogical composition close to that of the underlying Trenton Group, whereas
the mineralogy of the upper Utica reflects a progressive transition with the overlying
Lorraine Group. Even if the major mineralogical components are present in both
informal units, there are some significant differences. The thickness of these two units is
fairly similar although the upper Utica is usually slightly thicker, particularly east of the
Yamaska Fault (Thériault, 2012b). The Utica Shale samples are rich in calcite whereas
the Lorraine shales are calcite-poor, clay-rich with higher percentages of quartz and
feldspar compared to the Utica Shale.
The Utica Shale has been considered as an excellent source rock for conventional
hydrocarbon exploration in southern Quebec (Lavoie et al., 2009). Lavoie et al. (2011)
and Thériault (2012b) have released over 2300 Rock-Eval (II and VI) analyses from 88
wells and few outcrops of Utica Shale and Lorraine Group.
Various thermal maturation indicators (Tmax, organic matter reflectance,
transformation ratio or production index) indicate that the Utica Shale is a mature
succession with a southwesterly maturation increase from oil window–condensate zone
in the Quebec City area to the dry gas zone. A southeasterly trend is also documented
with an increase of thermal conditions from condensate and dry gas north of the St.
Lawrence River towards dry gas and over mature to the southeast.
Based on TOC values from Rock-Eval analyses, the two units of the Utica Shale may be
recognized with the upper Utica having a general higher mean TOC value (Thériault,
2012b). However, for both units, the highest TOC values (about 1% and 2% for the
lower and upper units, respectively) are commonly located in the northeast area
(vicinity of Quebec City) with some high values in the north–central zone (TroisRivières area).
Based on Hydrogen Index (HI) and Oxygen Index (OI), the Utica Shale consists of
Type II organic matter (Thériault, 2012b), an interpretation supported by organic
petrography (Bertrand, 1991).
Concerning the Utica Shale of the St. Lawrence Platform (Quebec), an environmental
study aiming to evaluate potential risks for aquifers related to shale gas development
has been initiated (Lavoie et al., 2014). The regional tectono-stratigraphic evolution and
current stress regime of the Cambrian–Ordovician St. Lawrence Platform, as well as the
Utica Shale internal stratigraphy, mineralogy and thermal maturation have been studied
as well as the hydrogeological context of the St. Lawrence Platform. Finally, a
methodology for this environmental study, based on geological, geophysical,
geomechanical, hydrogeological and geochemical data, has been presented and
discussed.
Indeed, The Upper Ordovician Utica Shale located in the St. Lawrence Lowlands
(Quebec, Canada) represents a promising reservoir of unconventional gas, which is still
‘virgin’ with respect to fracking due to a de facto moratorium.
A project was initiated in order to evaluate the vulnerability of shallow groundwater
with respect to potential future activities carried out at depth. The geochemical aspect of
the project, relying on isotopes of various compounds from shallow groundwater and
rock samples, will help establish baseline gas concentrations in the aquifer, evaluating
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whether gas concentrations and isotopic ratios vary over time, and identifying the
source(s) of methane (Bordeleau et al., 2015).
Most groundwater samples contain significant concentrations of dissolved hydrocarbons
including methane and less abundant ethane and propane. Methane concentrations do
not appear to be related to geology, but mainly to the water type: high methane
concentrations being found in wells with Na-HCO3 type groundwater, while lower
methane concentrations are found in Ca-HCO3 water type. Higher concentrations are
mainly found in the northern part of the study area, 10 km north of the shut-in Utica
Shale well. Methane concentrations in the region range from 0.006 (detection limit) to
40 mg/l, with a median value of 4 mg/l. The presence of dissolved ethane and propane
in groundwater indicates that some of the hydrocarbons are thermogenic in origin. Gas
wetness versus δ13C of methane diagram suggests possible mixing of thermogenic and
biogenic sources, a conclusion supported by δ2H and δ13C values of methane.
The bedrock geology is dominated by a 1 to 2 km thick succession of Upper Ordovician
shales and sandstones that overlie the Utica Shale. The study area straddles the little
deformed St. Lawrence Platform and the Appalachians (Figure 32).

Figure 32: Structural cross-section based on limited field outcrops, oil and gas well data and MRN deep
seismic line M-2002 (modified from Castonguay et al., 2006, 2010). The Utica Shale is progressively
thicker and deeper from NW to SE and is also remobilized and imbricated in thrust stacks beneath the St.
Lawrence Platform and the Appalachians. Cross-section modified from Séjourné et al., 2013.

Results of Rock Eval and Rovit-equiv. from the shallow cores document oil window
condition in the north and condensate zone to the south. GC and GC-MS results from
extracts indicate the presence of C1 to C20 hydrocarbons in the cores.
Soil gas was sampled for pore-space CO2 (concentrations and δ13C), radon, methane and
hydrocarbons (C2-C4) at 250 sites located along transects. Anomalous concentrations of
CO2, methane, ethane, butane and radon are associated with the tectonized Appalachian
deformation front where they superimpose on higher concentrations of dissolved
hydrocarbons in groundwater.
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CONCLUSIONS
Investigations of previous work on the contamination of groundwater by shale gas
production operations indicate that the impact assessment is very case sensitive. It
seems of primary importance to set the different end member fluid compositions as
baseline conditions, such as 1) the base hydraulic fracturing fluid, 2) the quantity and
compositions of additives, 3) the monitoring of flowback waters and 4) ground and
surface waters in the vicinity of gas wells. The regulation is making progress at the state
level to set these endmembers at least for the hydraulic fracturing fluids, through the
FracFocus initiative, and for the groundwaters through pre-drill groundwater well
testing regulations.
Although the monitoring of flowback waters is to our knowledge not imposed in any
state regulations in the USA, previous studies allowed for a comprehensive
understanding of the specific chemical compositions of such fluids, and how they differ
from groundwaters. Specifically, the heavy halogens (Br, I) and heavy Alkaline Earth
elements (Ba and Sr) appear as excellent tracers of groundwater contamination by
flowback water from shale formations. The isotopic ratios of Sr, Br and Li can also
provide strong constraints on the origin of cross-formational flows due to well leakage.
The presence of abundant methane dissolved in groundwaters of the Appalachian Basin
has focused isotopic investigations revealing that the baseline of shallow aquifers may
be complex, due to local natural sources of biogenic gas and natural migration of
thermogenic gases from petroleum source rocks down deep. These isotopic ratios for
methane are important geochemical parameters that can provide very powerful tools to
track fugitive gas leakage due to gas well integrity failure. Finally, the noble gases can
outline the mechanisms of well failure and provide key constraints on fugitive gas or
water migration from shale formations to groundwater levels.
Concerning the Canada shale gas exploitation, similar conclusions can be proposed,
especially for the Northeastern British Columbia by the fact that this region was the first
exploited region in Canada, contrary to the Quebec one with the Utica field as example
where water and gas activities management are considered very early in the shale
exploration and exploitation process.
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