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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 the four main areas of potential impact: the subsurface, the
surface, the atmosphere & climate, and public perceptions.
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 kept confined in shale from which it has been generated, 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 which may raise
public concern if felt at the surface. 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 of a better European knowledge base on shale gas operations and their
environmental impact 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 minimize risks and impacts of shale gas exploration and production in Europe.
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 focuses on a concrete methodology with a combined approach “seismic and geochemical” to
monitor an eventual well leakage in Shale Gas operations.
The first part of this report focuses on (i) the passive seismic detection of along well leakage through
identification of elevated noise levels and also on (ii) the active seismic methods to detect along well
leakage in shale gas reservoirs.
The second part of this report presents the 3 sources that must be considered for monitoring, in a
geochemical point of view, during shale Gas operations.
The last part is a concrete methodology with the different steps to follow to monitor well leakage in Shale
Gas operations, along wells for the sub-surface.
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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 gas potential. Shale gas has already proved to be a game
changer in the U.S. and Canadian energy markets (EIA 2015 1). 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 hydraulic fracturing operations. There is also a
debate on the greenhouse gas emissions of shale gas (CO2 and methane) and its energy
efficiency 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, climate & atmosphere, and public perceptions. As the European
continent is densely populated, it is most certainly of vital importance to include both
technical risks and risks as perceived by the public.
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.

1.2

Study objectives for this report

This report provides an overview of all the deliverables written in the WP1.4 of the
M4Shale Gas project, concerning the seismic and the geochemical aspects for
monitoring shale gas operations with the main objective to propose here a methodology

1

EIA (2015). Annual Energy Outlook 2015 with projections to 2040. U.S. Energy Information
Administration (www.eia.gov).
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with a concrete example of an approach combined with technologies to deploy a real
strategy of shale gas operations monitoring.

1.3

Aims of this report

- A state of the art of the seismic approach (passive and active ones) that can be
deployed to realize shale gas monitoring
- A state of the art of the geochemical species to follow during the shale gas exploitation
- A concrete example of a methodology, with technologies to deploy, especially along
wells.
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2

THE PASSIVE SEISMIC DETECTION AND ACTIVE
SEISMIC METHODS TO DETECT ALONG WELL
LEAKAGE IN SHALE GAS RESERVOIRS

2.1

Introduction

The development of permanent downhole geophones (Deflandre et al. 1995) such as the
use of well seismic array tools opens the door to permanent seismic monitoring
especially passive microseismic monitoring and active time lapse seismic acquisition. In
the presented case (figure 1), permanent downhole sensors contribute to improve the
repeatability of seismic acquisitions and so improve the quality of time lapse
interpretation by reducing uncertainties. These kind of sensors have been used for both
microseismic monitoring and VSP’s (vertical seismic profiles) on at least three different
underground gas storage facilities (natural gas storage) belonging to Storengy (formerly
Gaz de France). A specific acquisition system was developed by IFPEN to be able to
acquire the two types of data switching from one application to the other on request.
Such sensors can be used in an observation well but also in a production one as they are
clamped between the tubing and the casing. Behind casing sensors have been also
developed but they have been less used because of the risk of damaging the connection
cable when lowering down the casing. We already mentioned these equipment’s in the
previous deliverables of this project (D.3.2 and D.4.3).

Figure 1: Permanent downhole geophones (Deflandre and Huguet 2002) in the frame of
microseismic monitoring of an underground gas storage facility in France.

More recently fiber optical sensors (accelerometers) have been developed by
Weatherford to address higher temperature well conditions. They have been used in
France for example on the Rousse CO2 storage demonstration pilot from Total to
monitor the reservoir microseismic activity -approximately at 4.5 km depth- making
possible the recording of very small microseismic events (Payres et al. 2014).
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For temporary measurements, it is also common and easy to use acoustic logging tools
in an observation well (devoted to monitoring).
An intermediate option consists in cementing sensors in a well (generally at a maximum
depth around 500m for practical drilling reasons) but this scenario does not answer to
the problematic of detecting fluid migration or leakage at wellbore.

2.2

The passive seismic

Passive seismic refers to microseismic monitoring but not only. Downhole sensors such
as geophones or accelerometers record all kind of acoustic / seismic signals and not only
micro-earthquakes. Indeed acoustic signals are probably more relevant to monitor fluid
migration at wellbore (outside the well) than micro-earthquakes that may occur without
necessary having fluids circulating at the seismic source position. It is first of all a stress
rearrangement phenomenon due to stress variations because of pressure or temperature
variations somewhere in the underground -with a more or less magnitude and for a more
or less long period of time. Pressure effects are more common but long-term water
injection in a reservoir can significantly reduce the temperature in the injection zone
thereby generating thermal stresses up to fracturing the rock.
In case of fracturing at wellbore or simply if an existing fracture is solicited then the
microseismic activity will allow or may allow to map the damaged zone. In such a case
it is useful technique for an early detection of a fluid migration. For a horizontal well,
one can recommend to have a minimum distance between the well curvature and the
first fracture treatment to limit the risk of propagating the fracture along the vertical
section of the well. For a vertical well, the problem concerns a primary mini-frac
operation and by definition the risk is limited.
In the case of an observation well (no production inside) any significant evolution of the
background noise -especially if the noise is not anymore random or becomes polarized
or if a particular frequency occurs in its spectrum- may correspond to the occurrence of
a fluid flow at wellbore. The automatic detection of such an evolution of the signal
properties is quite easy with a smart acquisition network and will allow the detection of
microseismic signatures indicating fluid flow. What should be studied is the effective
sensitivity of the system to limit the risk of not detecting a small flow circulation. We
have experienced of strong fluid flow variations within a production well but the one of
a “small” leakage at wellbore. In other words what does small means?

2.3

The active seismic

With active seismic the problem is different as we need to generate a seismic signal to
monitor acoustic impedance changes around a well. In deliverable D4.3 we present
different developments such as the SeisMovie methodology proposed by CGG to
permanently track seismic changes between wells and at wellbores (Forgues et al.
2011). We also presented modelling approaches from OGS to evaluate the feasibility of
combining different geophysical techniques (electrical, electromagnetic and seismic)

D4.6 Seismic and geochemical monitoring of well leakage

Copyright © M4ShaelGas Consortium 2015-2017

Page 6

and methods to check the feasibility and improve fluid migration detection at wellbore.
Especially they investigate the Electrical Resistivity Tomography (ERT) approach
(Picotti et al. 2013). We also referred to a start-up approach (from Spot-Light Earth) to
use a limited source-receptor system to track with an a priori a possible change in
acoustic due to the arrival of a fluid in a particular zone (not invaded before). The
technique required a preexisting seismic acquisition as reference but if so the technique
seems to be very promising while remaining at a low cost.
In practice the combination of both passive and active seismic is good sense as the
downhole sensors investment is optimized. The passive approach may help in making
the decision to perform an active seismic acquisition (if not permanent also). In case any
acoustic change is detected or assumed the approach can help to take the decision of a
geochemical sampling in the vicinity (if access is possible).

D4.6 Seismic and geochemical monitoring of well leakage

Copyright © M4ShaelGas Consortium 2015-2017

Page 7

THE GEOCHEMICAL SPECIES TO MONITOR FOR
SHALE GAS OPERATIONS (SHALE, FLUIDS USED FOR
FRACTURING OPERATIONS AND AQUIFERS)

3

As described in the D4.1 deliverable (Garcia et al., 2017), 3 main sources of
geochemical species can be identified:
-

The first one is composed from the geochemical species naturally present in the
shale itself.
The second one from the aquifers present around it.
The last source is composed by the geochemical species used/present in the
fluids that are used for hydraulic fracturing operations.

In these three sources, the geochemical species can be dissolved and present in a
gaseous form. When geochemical species are precipitated as solids, their presence must
be identified/known because of possible dissolution/interaction with other species, and
their remaining presence in the environment around gas shales like aquifers.

3.1

The geochemical species present in shale

Source-rock reservoirs are fine-grained petroleum source rocks from which liquid and
gaseous hydrocarbons may be produced following fracture stimulation. A recent
publication written by Curiale and Curtis (Curiale and Curtis, 2016) reviewed published
literature to assess the current status of geochemical measurement and data
interpretation of organic matter in these reservoirs. Their discussions of published
studies focus on three areas: (a) source rock characteristics – organic matter quantity,
quality and maturity; (b) thermally-induced cracking of kerogen, oil, condensate and
gas; and (c) natural gas stable carbon isotopic anomalies often observed in shale plays.
From these points discussed, (i) organic matter and hydrocarbon’s species (in liquid and
gaseous forms) can be described from a geochemical point of view. Moreover, in
addition to these hydrocarbon’s species, (ii) non-hydrocarbon’s species have to be
considered too, especially in terms of monitoring.
So, by the fact that source-rock reservoirs contain sufficient organic matter to generate
petroleum and sufficient porosity and adsorption sites to retain that petroleum, they can
be considered as a source of geochemical species to monitor including both (i) organic
matter and hydrocarbon’s species and (ii) non-hydrocarbon’s species.
In the D4.1 deliverable (Garcia et al., 2017), we have seen that concerning the organic
matter description (in a quality and in quantity point of view), the most prominent
geochemical assessment in source-rock reservoir analysis is the amount of this organic
matter, expressed as either total organic carbon (TOC) or total organic matter (TOM).
Most TOC measurements are made using quantitative combustion or pyrolytic methods
like the Rock-Eval technique developed by IFPEN (Behar et at., 2001; Garcia et al., in
preparation). Moreover, from the Rock-Eval technique and the shale play new method
developed recently at IFPEN (Pillot et al., 2014; Romero et al., 2015), a more precise
description concerning the hydrocarbons in place is now possible.
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An example of the Bazhenov formation or Bazhenov shale was put in evidence in this
D4.1 deliverable (Garcia et al., 2017). Indeed, this shale is a stratum in the West
Siberian basin formed from sediment deposited in a deep-water sea in Tithonian–early
Berriasian time. The sea covered more than one million square kilometers in the central
basin area. Highly organic-rich siliceous shales were deposited during this time in
anoxic conditions on the sea bottom. The sea was connected to the world's oceans and
contains trace minerals derived from dissolved minerals and organic materials similar to
sapropel sediments in the black sea. In addition to being a prolific deep water marine
source rock (it has been called the world's largest oil source rock) the formation is
believed to contain substantial reserves of tight oil. With this example, a well
description was performed for the Organic Matter and liquid Hydrocarbon’s species.
In addition to the organic matter and hydrocarbon’s liquid characterization, we have
also seen in the D4.1 deliverable (Garcia et al., 2017) that gaseous geochemical species
need to be characterized too. For hydrocarbon’s and non-hydrocarbon’s species, their
characterization are crucial and now can be easily performed. Indeed, Compositional
(i.e., concentrations of hydrocarbons and non-hydrocarbons originating from shales) and
isotopic analyses of gases present in the subsurface are now routine in the evaluation of
shale gases. Such evaluations involve, at a minimum, the quantification of the methanethrough-pentane hydrocarbons, the non-hydrocarbon components such as carbon
dioxide, hydrogen sulfide and nitrogen gas, and the stable carbon, hydrogen and sulfur
isotope ratios of each of these components.
As with the hydrocarbon components, the analytical evaluation of the non-hydrocarbon
composition and isotopic variability of natural gases is well-established in for
conventional gas thematic/application, and has both exploration as well as economic
significance, often because of high concentrations of components such as N2, CO2 and
H2S (easy to analyze with low cost). Although routine analysis of these components in
source-rock reservoir gases is now commonplace, non-hydrocarbon analysis of trace
petroleum components such as noble gases (He, Ne, Ar, Kr, Xe) has long been
performed but is still in its infancy as a O&G exploration tool (Jenden et al., 1993, Pinti
and Marty, 1995, Sherwood-Lollar et al., 1997, Battani et al., 2000, Kennedy et al.,
2002., Gonzalez-Penagos et al., 2016). Indeed, regarding unconventional resources,
noble gases have been investigated intensely the recent years: Hunt et al., (2012) have
investigated the noble gas fingerprints of natural gases in the Appalachian Basin,
Jackson et al. (2013) have recently used noble gas geochemistry to address the stray gas
problem in shale gas production settings. Because of their conservative (non-reactive)
nature, vertical and lateral mapping of concentrations and isotope ratios of these
components have significant potential as a gas migration tool. Darrah et al. (2014)
recently used noble gases to distinguish in situ gases and transient aquifer gases of the
Appalachian Basin. Using noble gas isotope ratios as well as elemental concentrations,
these authors demonstrated the potential for noble gas geochemistry as a tool to
understand aspects of the generation and migration of shale gases.
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3.2

The geochemical species present in fluids used for fracturing
operations

As seen in the D4.1 (Garcia et al., 2017) and D4.4 (Garcia et al., 2015) deliverables, the
chemical composition of the fracturing fluids used in shale exploitation can be very
complex, locally depending on:
1. specific fluid properties required for the fracturing and production of the
formation, and
2. the local availability of a source of base fluid
The first point is specific to what type of base fluid is used, which in more than 99% of
cases is water. The water source used as a base fluid may as well vary in origin, and
therefore in compounds dissolved that will contribute to the chemical composition of
the fracturing fluid. The second point relates to the employment of additives to adjust
the properties of the injected fluid in order to maximize production and prevent failure
of the production infrastructures.

3.3

The geochemical species present in aquifers

The various aquifers present are usually the most sensitive target in terms of
environmental issues (Ancre report, 2016).
Deep aquifers are first exposed in case of uncontrolled migration of fluids through
natural discontinuities which could exist, fracturing after the production process that can
be present. Geochemical monitoring in these deep aquifers can be an interesting option
for use as an early alarm trigger that’s why monitoring and detection of specific
geochemical species is very important in these locations. Moreover, because they are
not containing potable water and generally have a high salinity, mitigation and
remediation are conceivable even if they are impacted by leakage..
Superficial aquifers, on the contrary, may be used as a source of potable water or
water used for human activities (e.g., irrigation, industrial use). Some exploitation wells
are present in these superficial aquifers for exploitation but nevertheless, they are quite
far from the source rocks and the main objective to monitor these aquifers would be to
detect leakage occurring on longer timescales. At that point significant impact on
aquifer water quality may be expected.
Considering the aquifers present (deep or superficial), a strategy in term of geochemical
species monitoring can be envisaged. Some key elements (geochemical species) have to
be identified and adopted in monitoring campaigns to design the best methodology to
detect leakage as soon as possible.
All these points were discussed in the D4.1 (Garcia et al., 2017), D4.2 (Garcia et al.,
2017), D4.4 and D4.5 (Garcia et al., 2015, 2017) deliverables.
In the next part, a concrete example of methodology and technologies to deploy for
monitoring shale gas operations is presented.
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4

A METHODOLOGY AND TECHNOLOGIES ADAPTED FOR
SHALE GAS OPERATIONS

4.1

From a baseline acquisition to long term monitoring strategy

As the CCS context, baseline acquisition and long term monitoring are both necessary
to distinguish natural signature from anthropogenic activities (for seismic and
geochemical aspects).

Figure 2: The different operations needed for CCS, from the baseline acquisition (i.e. preoperation phase) to long term monitoring (i.e. post-operation phase), in regard to geological
simplified structure with wells that can be attributed to this “time-strategy”.

Like the figure presented above (concerning the CCS context), in order to distinguish
natural signal from anthropogenic activities (for seismic or geochemical
signals/signatures), baseline acquisition must be realized for Shale play exploitation.
And, as described above, concerning the 3 main sources, a schematic representation can
be presented to put in evidence the zones of interest that have to be monitored
(presented in the D4.2 deliverable).
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Figure 3: Zones of interest (ZI) for a geochemical strategy concerning the monitoring of Shale
Plays. ZI.1 = the Shale Play itself. ZI.2a = the fracturing fluid. ZI2.b = the wells and ZI3 = the
natural aquifers (deep, shallow and potable).

3 main zones have to be considered and for each of them, in term of geochemical
signatures, samplings are necessary and have to be realized with the objective to have a
good representativeness of reservoir conditions. Only in these conditions, a good
monitoring can be envisaged.

4.2

A concrete methodology presented with technologies adapted to
monitor well leakage in shale gas operations

Our purpose will be to track any unsuitable invasion or migration of chemical
species into aquifers, originating from the production of matured shale fluids. Our
objective is to provide methodologies to detect any chemical compositional anomaly in
aquifers, in order to assess environmental impacts.
To do that properly, the approach presented below, as specifications draft,
consists in deploying a dedicated sampling tool within a well to recover formation fluids
and to run a series of appropriate analyses to provide a status on formation fluid
characteristics.
4.2.1

The sampling tool

Our main goal can be summarized like this :
Applications related to energy valorization of the underground, which could be called
“geo-energy”, are the following ones: Hydrocarbons production, gas storage,

D4.6 Seismic and geochemical monitoring of well leakage

Copyright © M4ShaelGas Consortium 2015-2017

Page 12

geothermal and the CCS. Their implementation can impact the environment both
subsurface and surface area. Methodologies and technological monitoring tools must be
available to enable sustainable management of the underground (from the reservoir to
the aquifers and also the subsurface/soil surface). Potential leakages (gas, water, oil)
must be detected by a monitoring and control system as soon as possible (notion of
precursors) and be adapted to the particularities of each application.
The deployment of the “geo-energy” and the growing awareness of environmental
impact have given a major boost to the concept of monitoring.
A double interest can be mentioned:
- i) an operational, to inform the operator on the performance of the industrial
production process or storage,
- ii) an environmental one, governed by a constantly changing regulations,
Monitoring is a methodological and technological important domain. Mature markets
today in which monitoring is present are the storage of gas worldwide and production of
shale gas in North America. Very important opportunities can be envisaged in
Hydrocarbons production (conventional or unconventional), heat storage (geothermal),
and CO2 storage.
That’s why today, a specific downhole sampler must be applied for this methodology
and also give the opportunity to develop a new technology which could answer to
versatile applications.
Presentation of the sampling tool:
Main objectives:
Collect a sufficient volume of fluid for the following geochemical analyses, at a given
depth, without any possibility of contamination by overlying fluids, or the process of
sampling itself.
The sampler should allow:
- to empty easily the sample cell,
- a perfect sealing when it is closed and air has been vacuumed,
- an easy disassembly in order to facilitate the cleaning after each operation.
As far as possible, it shall be tried to optimize the surfaces of contact between the chain
of sampling and the sample itself.
The tool shall be designed in order to:
- have the best possible ergonomics to facilitate the transfer of the sample cell once the
sample is back to the surface,
- be put between in the middle of other measures modules,
- this means to pass the electrical conductors through / next to the sampling module,
- be able to assemble several sampling modules ones under the others (max. 3),
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this shall result into a discussion about the position of the engine(s) to allow opening
and closing of the modules,
- possibly to be used in a “time mode” without specific power cable,
- have the most compatible possible length with air transport standards.
Technical specifications of the tool:
- Volume of sampling 600 cm3
- Maximum operating temperature minimum 175°C
- Maximum operating pressure 350 bars
- Special conditions pH from 4 up to 9
- Diameter of the sampling module 2’’1/2
- Maximum length of the different sections of the module or the entire module 2.50m
- Power supply of the module to discuss
The housing of the tool is planned to be built in stainless steel and the junctions with
other modules in bronze including locations for the C-plate positioning. Special care
will have to be given to the wearing parts, taking care that their degradation may not
generate pollution of samples.
Mechanical sketch of the sampling module:
(Sketch n°019921EF000)

Figure 4: Sketch of the sampling tool.

- Take-off chamber = n°1
- Movable Piston = n°2
- Sampling shutter = n°3
- Higher part = n°4
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- Control/actuator rod = n°5
- Lower part = n°6
- The descent warhead = n°7
- Drive socket = n°8
- Sampling valve = n°9
- Tangent fixed actuator for closed down position = n°10
- Sampling shutoff valve = n°11
- Fluid pressure compensation valve = n°12
- The openings allowing the inlet of the fluid = n°13
- Volume before transfer = n°14
Classic course of an operation:
Please note that the word “marker” hereunder means the parts of the sampler above
described.
Preparation phase of the acquisition chain:
- Removal and change of the full seals of the module,
- Depending on the fluid to sample - adaptation of input filters,
- Thorough cleaning of the sampler with inert fluid,
- Connection of the pump for an evacuation in the range of 1 mbar,
- According to the design, section A-A, closed position of descent,
- The marker n°2 is set in high position through the low threading of the marker n° 5,
- Primary vacuum of the marker n°1 through the marker n°12,
- Reassembly of the sampling module and its integration in the middle of the other
measurement modules,
- Opening and closing tests of the take-off chamber,
- Cleaning of the tool before its immersion in the borehole with a disinfectant product to
define.
Phase of sampling:
- Running of the sampler into the well to the desired sampling depth,
Sampling, section B-B, position of sampling,
- The marker n° 2 is released from the threads of the marker n° 5 by turning it,
- Marker n°5 reaches the stop in the marker n°4 to ensure the release of the marker n°2,
- The fluid goes through the markers n°13 into the marker n°1 by descent of the marker
n°2,
- This operation is scheduled to last 15 to 20 minutes,
- Passage in the closed lift position, Section C-C,
- The markers n°13 are capped by the downward motion of the marker n°3 powered by
the rotation of the marker n°5, until the marker n°10 reaches the stop,
- Running of the entire sampler out of the well.
Transfer phase of the sampling cell:
- Exit of the entire tool from the borehole,
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- Disconnection of the sampler from the stackable tools and separation of the takeoff
chamber from the engine part (if any),
- Remove marker n°7 to give access to marker n°12,
- Connection to the transfer device through the marker n°9,
- Processing of marker n°14,
- Opening of marker n°11,
- Complete transfer of the fluid through marker n°2 with the immobility of marker n°3.
4.2.2

The transfer of the fluid

With these sort of samplings, the volume sampled is enough to realize all the
measurements of geochemical species contents/concentration and composition that are
described above.
But, at this step, only the sampling is performed and one important step is to transfer the
fluid by keeping reservoir conditions.
This transfer can be realized directly at well-head surface, with a specific transfer cell
developed for this objective.
This transfer cell is represented below and give us the opportunity to connect the
sampling tool, to transfer any fluids in presence at the reservoir pressure, and to separate
the fluid in the sampling tool in 3 small cells to realize some analyses. The first one can
be used to give access at PVT information like saturated pressure and GWR (Gas Water
Ratio) or GOR (Gas Oil Ratio) and the other two small cells to give the opportunity to
realize geochemical analyses.
After this transfer, classical techniques can be used to determine the composition of
fluids and the contents of geochemical species.

Figure 5: Cell transfer developed by IFPEN for shale gas operations monitoring after well
samplings.
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After this transfer and analyses, the data obtained can be used in a new model
describing the fluid phase equilibria in the system CO2-N2-CH4-O2-H2O-NaCl-He-NeAr below 200 bar and 150°C, and salinities up to 5M, relevant to study the partitioning
of volatile species in sub-surface fluid systems. The model, based on the approach from
Soreide and Whitson (Soreide and Whitson, 1992), was extended to the noble gases
using known solubility data from the literature, and validated on experimental phase
equilibria performed in the laboratory. The model is succesful in predicting CO2 and
noble gas solubilities in brines at an overall relative precision of ±10% (Rouchon et al.,
2016). The same approach is currently developed for the CH4.
With this model, geochemical composition of fluids (especially for aquifers) can be
determined and anticipated at different locations even if no samplings are performed.
Just some samplings to validate the calculations by comparing calculations and
measurements at a certain frequency is enough.
Finally, the approach can be resumed in this schematic representation:

Figure 6: proposed approach that can be deployed to monitor shale gas operations
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4.2.3

At well-head surface

This last paragraph is the link between monitoring of shale gas along wells at subsurface and monitoring at the surface and air-emissions, which are studied in the SP2
and SP3 respectively.
The final receptacle for any leaking gas will be the atmosphere, either through leakage
of wellhead and surface infrastructures, or through migration across the vadose zone for
subsurface leaks of well completions. Ground gases and atmospheric compositions are
therefore the terminal targets for shale production monitoring. A complete monitoring
framework should therefore integrate atmospheric and ground gas surveillance.
Open air surveillance is readily accessible through a range of open path or closed path
gas detectors, sensitive enough to detect weak anomalies above the atmospheric
background for, typically, methane and CO2 (generally able to detect several percent to
tens of percent of deviation from nominal atmospheric concentrations of 1.8 and 380
ppm, respectively). Such technologies remain costly, and a widespread deployment of
static, semi to fully permanent monitoring instruments of this kind is unlikely. However,
periodic controls, with a tight schedule, may provide sufficient time coverage to provide
a good estimation of gas emissions to the atmosphere. Mobile instrument setups are
capable of reaching similar sensitivities compared to fixed station, and may render more
affordable such technologies if mutualized for an entire shale play bloc.
Ground gas monitoring is less developed, although some commercial and R&D
prototypes have been deployed for gas leak detection in the subsurface, for example in
the fields of landfill and CCS monitoring. These technologies have the advantage to
allow for a continuous record of ground gas compositions, together with other variables
pertinent to the understanding of subsurface gas migration (weather conditions,
subsurface temperature, pressure and moisture). However, such monitoring is rather
limited in terms of spatial representativeness, and its use seems difficult when not
associated with a spatial dimension. Because multiplying ground gas monitoring points
seems unreasonable for both cost and representativeness reasons, the coupling of mobile
surface surveys using vehicle based atmospheric monitoring techniques with ground gas
monitors represents a good opportunity for an optimum space and time coverage.
Thus, an optimal, cost-effective near-surface monitoring strategy would consist of (1)
recurrent mobile atmospheric surveys, (2) hot and cold spot implanted ground gas
monitoring points, (3) software based interpolation in the time and space dimensions in
order to merge both mobile and point data.
IFPEN develops technology for both mobile surveys (GasMap, in collaboration with the
company AEROVIA) and ground gas point monitoring (ESCORT) together with
interpretation software dedicated to tracking changes in GHG or pollutant emissions in a
given reference frame. Typically, such developments have a strong significance to
complement subsurface monitoring methods for the surveillance in the near surface
environment.
GasMap is a vehicle based system dedicated to the detection and assignation of minute
methane leaks from the underground. GasMap is based on AEROVIA’s high sensitivity
QCNose multiple gas sensor and IFPEN’s know-how in environmental geochemistry,
vehicle integration and data management and visualization.
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The system is integrated within a 4x4 rechargeable hybrid vehicle able to travel with a
single charge with zero gas emissions over 50 kilometers. The QCNose, a differential
Helmholtz resonator photoacoustic gas sensor, is attached to a double-stage gas
sampling system picking up air directly at the ground surface as the vehicle travels. The
air feed is filtered and admitted in the gas sensor while the analysis data is matched with
GPS coordinates and weather parameters such as air temperature, atmospheric pressure,
relative humidity, wind speed and direction. Data are reported on-the-fly on a map
interface as multiple layers superimposed on base maps (imagery, infrastructures,
topography, etc…). The GasMap system may work at 1Hz data acquisition frequency (1
data point every second), and is designed for detecting CH4, C2H6 and CO2 at a
resolution of 50 ppb in air, together with the carbon isotopic composition of methane,
noted as 13CH4, at a resolution down to 1‰ with 10 ppm CH4 in air.

Figure 7: GasMap, a vehicle based GHG emission mapping system.

The ESCORT prototype (Figure 8) is designed for the differentiation between natural
and artificial contributions to the soil gas which can be used for monitoring applications
in subsurface industrial activities, such as CO2 geological storage or hydrocarbon
exploration and production. It has three specially designed probes attached and it
measures the soil gas compositions (O2, CH4 and CO2) and soil temperatures in three
depths, the soil resistivity (soil water saturations), and also the surface gas flux and the
weather conditions. ESCORT data is collected and stored remotely on a server through
wired or wireless connection. The data are associated with a statistical analysis allowing
for a semi-correlative prediction model to be built by machine learning principles.
Ultimately, the model allows for predicting surface ground gas flux as a function solely
of weather and piezometric parameters. Any deviation of measured data with the
consolidated prediction model is notified by the system and analyzed with respect to
known operational information in order to track subsurface leakage. This methodology
allows for avoiding false “hot” signals due to unusual environmental conditions (hot
seasons for example), and to capitalize databases for a continuous improvement of
ground gas emissions control.
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Figure 8: The ESCORT prototype and its instruments: three independent ABB gas analyzer
loops + multiplexing, an IRIS switch for geoelectrical measurements, a LI-COR CO2 flux
measurement system, a weather station and a pyranometer. On the right side, one of the three
probes penetrating to three different depths of the soil is presented.
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5

CONCLUSIONS

In conclusions, this report proposes the methodologies to be deployed in term of i)
seismic (passive seismic and active seismic) and in term of ii) geochemistry to detect
along well any leakage in shale gas reservoirs.
Baseline is crucial to demonstrate if yes or no there is a leakage during and after the
shale gas production process.
The development of permanent downhole geophones to realize the permanent seismic
monitoring especially passive microseismic monitoring and active time lapse seismic
acquisition is essential and some solutions already exist. At the same time, in a
geochemistry point of view, even if it is difficult today to imagine a permanent sensor,
an iterative operation can be easily realized, in regard to the geochemical composition
evolution of strategic aquifers. And software, based on the equilibrium of specific
species like noble dissolved gases (that can be used for early warning systems), could be
deployed to anticipate the aquifers composition evolution with time, which could limit
the iterative operations on site only realized to check and calibrate the software.
Finally, to monitor an eventual leakage “along wells” implies to realize a monitoring at
well-head surface.
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