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1 INTRODUCTION

1.1 Document Background and Scope

This document is the final HIKE WP3, T3.3 report. The document contains a description
of the case study methodology, case study settings, and work carried out during this
project. In addition to the individual contribution of T3.3, this document also focusses on
possible interaction with the European Fault database (FDB) and cross cutting relations
between case studies. It is the objective to give an in-depth description of the individual
case studies, and show the way forward for future work.

1.2 Abbreviations

HIKE = Project "Hazards and Impacts Knowledge Europe”
GIP = Project "Geo-Information Platform”

EGS = EuroGeoSurveys organization

GEEG = Geo-Energy Expert Group (EGS)

EOEG = Earth Observation Expert Group (EGS)

MREG = Mineral Resources Expert Group (EGS)

WREG = Water Resources Expert Group (EGS)

SIEG = Spatial Information Expert Group (EGS)

EC = European Commission

MS = Member States

NGO = Non-Governmental Organization

EGDI = European Geo Data Information Platform

DMP = Data Management Plan

PIP = Project Implementation Plan

PMB = Project Management Board (project lead + work package leads)
PA = Project Assembly

PL = Project Lead

WPL = Work Package Lead

TL = Task Lead

CDE = Communication, Dissemination and Exploitation (plan)
FDB = Fault database

HIDB = Hazard and Impacts database

SHARE = Project "Seismic Hazards Research Europe”
EPOS = Project "European Plate Observing System”
MICA = Project "Mineral Intelligence Capacity Analysis”
DOl = Digital Object Identifier

GSO = Geological Survey Organization

INSPIRE = Infrastructure for Spatial Information in Europe
GEOSCIML = data model and data transfer standard for geological data
SI = International System of Units

WKG = Wysoka Kamienska Graben

PGNIG = Polish Oil and Gas Company
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1.3 HIKE WP3 contributors

# Participant Legal Name Institution Country
Nederlandse Organisatie voor Toegepast | TNO

1 Natuurwetenschappelijk Onderzoek TNO | (coordinator) Netherlands

2 Albanian Geological Survey AGS Albania

3 Geologische Bundesanstalt GBA Austria
Royal Belgian Institute of Natural Sciences :

4 — Geological Survey of Belgium REINS-GSB Belgium
Geological Survey of Denmark and

5 Greenland GEUS Denmark
Bureau de Recherches Géologiques et

6 Minieres BRGM France
Bundesanstalt fur Geowissenschaften und

7 Rohstoffe BGR Germany
Landesamt fur Bergbau, Geologie und

8 Rohstoffe Brandenburg LBGR Germany
Landesamt fur Geologie und Bergwesen

9 Sachsen-Anhalt LAGB Germany

10 | Bayerisches Landesamt fur Umwelt LfU Germany
Islenskar orkurannsoknir - Iceland

11 GeoSurvey ISOR Iceland
Istituto Superiore per la Protezione e la

12 Ricerca Ambientale ISPRA Italy
Servizio Geologico, Sismico e dei Suoli

13 della Regione Emilia-Romagna SGSS5 Italy
Agenzia Regionale per la Protezione

14 Ambientale del Piemonte ARPAP Italy
Lietuvos Geologijos Tarnyba prie Aplinkos . ;

15 Ministerijos LGT Lithuania
Panstwowy Instytut Geologiczny —

16 Panstwowy Instytut Badawczy PIG-PIB Poland
Laboratério Nacional de Energia e

17 Geologia LNEG Portugal

18 | Geoloski zavod Slovenije GeoZS Slovenia
State Research and Development

19 | Enterprise State Information Geological GEOINFORM | Ukraine
Fund of Ukraine
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2 HIKE WP3 CASE STUDY AMBITIONS AND EXPECTED
IMPACTS

2.1 The case study concept

HIKE WP3 has developed and tested novel methodologies building on top of results from
previous projects and research. The work will advance current state-of-the-art knowledge
across different energy exploitation scenarios and various geological settings. The final
goal is to improve hazard and impact assessments and provide the basis for better
standardization of these evaluations across Europe. With the joint development of
methods, workflows and datasets an intensified research collaboration and improved
transfer of knowledge will be established.

Different types of energy exploitation of the subsurface give rise to different challenges.
These include, but are not limited to: induced seismicity, induced subsidence, as well as
reservoir sealing and leakage. The processes are to a varying degree relevant for both
energy extraction and subsurface storage. A common theme for these hazards is the
importance of faults. Faults can guide subsurface motion as well as provide pathways
for leakage. Furthermore, faults can be activated due to changes in external conditions
such as pressure changes and lubrication by liquids.

Based on the participating partners’ expertise four case studies have been formulated to
cover as broad a range of methodologies as possible. In all case studies the relevance
of the fault database being established in WP2 will be explored. Furthermore, cross-
cutting relations between individual case studies will be identified. The outcome of the
case studies will be made publicly available through the share point in WP4 and though
relevant meetings and publications.

2.2 Summary of case study technologies

e Advanced localization of seismic events in Europe; Denmark, Netherlands and
Iceland case studies

¢ Evaluation of methodologies for induced surface displacements; Po Basin, Italy
case study

e Development and application of novel methods for reservoir sealing assessment;
Poland case study

e Assessment of seismicity and safety in storage, Lacq Rousse, France case study
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3 OBJECTIVES OF THE CASE STUDY ON FAULT SEALING
ASSESSMENT WITHIN THE WYSOKA KAMIENSKA FIELD

Together with growing industrial development, also the interest in the potential of
subsurface storage of substances is increasing. Recently, the main focus of the
underground space capacity analysis is the possibility of carbon dioxide sequestration
(e.g. Bai et al., 2016; Baines and Worden, 2004; Bickle, 2009; Lokhorst and Wildenborg,
2005; Surdam, 2013). However, the geological structures are also successfully used as
a storage for hydrogen (Simon et al., 2015; Tarkowski, 2019), other energy carriers, or
final disposal of acid gases (Lubas et al., 2012; Lubas and Szott, 2010). Bearing in mind
that the stored substances are potentially dangerous for the environment, the
underground rock structures have to be well-sealed to prevent any leakage from the
target formation. Thus, the main geological storage options are depleted oil and gas
reservoirs, deep saline aquifers, deep-seated coal beds, salt caverns, and mines
(Lokhorst and Wildenborg, 2005; Wdijcicki et al., 2020). The most important factor
controlling the potential storage level is a tight caprock surrounding the confined reservoir
structure. The best lithologies constituting a sealing level are evaporates and shales with
high clay content (Downey, 1987). Laterally, the confinement of the storage is often
created by a convex structure such as an anticline or by a fault plane with sealing
properties.

Within the presented study, a storage option for liquids such as methane or CO: in the
Wysoka Kamienska Graben (WKG) located in the north-western corner of Poland is
considered. The potential storage formation ought to be thick sandstones or other
reservoir rocks with a sealing complex on the top. Within the area of Polish Lowlands,
there are two major units capable of fulfilling these conditions: (1) the Zechstein series
built from the dolomitic reservoir rocks (the Main Dolomite of the 2nd cyclothem) and
thick sealing layers of rock salts and anhydrites and (2) the Lower and Middle Jurassic
aquifers and seals, which are sandstones and shale respectively (Feldman-Olszewska
et al., 2012, 2010). Within the Main Dolomite, the hydrocarbons accumulation was found
and exploited within the past decades. However, recently the field is considered
depleted, and the remaining pore space is filled with brine, potentially reducing the
volume of storage options. Thus, we focused only on the storage option within the
Jurassic layers. The additional reason for choosing this level is a depth interval between
800 - 1000 meters below the surface, which is preferable for CO, sequestration due to
appropriate physical conditions (temperature and pressure) to achieve its supercritical
state (Van der Meer et al., 2009).

Within the geological context of this study, the fundamental question is the sealing
capacity of graben bounding faults to check the existence of potential pathways for fluid
migration. Studies presented in the literature indicate the fault planes may act as the seal
or as the conduit units, depending on geological condition. The evaluation of the fault
sealing potential requires considering humerous factors: possible diagenesis, a level of
compaction coupled with the overpressure, tectonic load, or recent tectonic stress field
(Chen et al., 2013; Knipe, 1993; Labaume and Moretti, 2001; Pei et al., 2015). All of
these factors may significantly influence the potential risk of safe sequestration or
exploitation increasing the possibility of leakage through the fault plane. Therefore,
evaluation of fault sealing potential should be integrated within the basin modeling
studies.
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Considering the potential integration of the study results with the fault database (WP 2)
of the HIKE project, modeling of sealing potential for all remaining seismic-scale faults
have also been performed. The smaller faults, though less significant from the point of
view of the potential CO, storage, provide important information about the tectonic
development of the area, thus they should not be neglected within this study.
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4  SUMMARY/ABSTRACT

The assessment of fault sealing is of paramount importance in the case of planned
underground storage of substances and exploitation of fossil fuels. Faults present in the
geological space are considered as the possible pathways for fluid migration, and
evaluation of their sealing capacity is crucial for the safety of underground liquid wastes
disposal. The access to the 3D seismic survey and borehole data enabled us to perform
a tectonic development of the Wysoka Kamienska Graben (WKG) and evaluate the
sealing potential of its bounding faults within the Lower and Middle Jurassic. The sealing
potential is evaluated based on the so-called shale gouge ratio (SGR) - the parameter
dependent on shale volume (Vsn) in rocks. The received, qualitative results indicate good
and moderate confinement of the Hettangian reservoir, poor to moderate seal of the
Pliensbachian reservoir, and lack of seal of the Bajocian reservoir. The Hettangian
reservoir having prospect for confinement within the WKG and characterized by large
thickness, low clay content and regional extent can be considered as a potential storage
formation.
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6 GEOLOGICAL SETTING

The Wysoka Kamienska graben (WKG) is located in the northern segment of the Polish
Trough and constitutes the subsidence center of the Polish Basin (Dadlez, 1989). In the
broader context, the studied area was a part of the Southern Permian Basin stretching
from the British Islands to the East European Craton (Doornenbal et al., 2009, Fig 1A).
Similar to the other structures within the adjacent area, the WKG was formed during the
tectonic phase in the Late Triassic — Early Jurassic period. A set of these structures
creates a horse-tail structural pattern (Kim et al., 2004; Fig. 1B), suggesting a dextral
transition.

Mo

90

Fig 1. Location of the investigated WK field (marked red contour, B), within the broader tectonic
context of the Western and Central Europe (A) and at the background of geological map of
Western Poland (Dadlez et al., 2000).

A studied Mesozoic complex was deposited in the marginal part of the Polish Basin
(Dadlez, 1989). The lowermost Triassic complex, represented by the Buntsandstein
formations, is built of an over 200 m thick shale with a thin (ca 20 m) sandstone layer
within its middle part. The middle Triassic facies are dominated by limestones passing
into marls and shale in the upper part. The upper Triassic sequence is built of claystone
and mudstone, uniform across the basin (Fig. 2).

The Jurassic sequence, which is the most interesting in terms of potential storage
evolved from the terrestrial facies in the Hettangian and Sinemurian through more marine
ones in the Pliensbachian to the fresh water in the Toarcian. The potential reservoir
layers of the Lower Jurassic, which are sandy bodies of deltas, shoreface zones, or
embayment are not continuous and do not necessarily correlate across the basin. In the
closest vicinity of the studied area, facies of this stratigraphic level may be additionally
disordered due to the activation of the graben-bounding faults, causing the increase of
potential to accumulate a fluvial sandy deposits within the graben (Pienkowski, 2004).
Within the formations of the Middle Jurassic, the share of clay facies is generally higher
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compared to Lower Jurassic, reaching up to 50% (Kopik, 1997). In the upper part of the
profile, the siliciclastic rocks pass to more carbonate formations: from marls in the
uppermost part of the Middle Jurassic to limestones within the Upper Jurassic (Fig. 2).
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Fig. 2. Profile of an exemplary borehole located between the bounding faults of the investigated
WKG. The potential storage, sandy units were recognized within the lower level of Sinemurian,
the upper part of Pliensbachian, and in Bajocian facies.
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7 CASE STUDY ENERGY EXPLOITATION/STORAGE

Wysoka Kamienska (WK) is one of the oil fields exploited by the Kamien Pomorski mine
facility, next to the Btotno, Kamienn Pomorski, and Rekowo settlements. The basic study
area is limited by the extent of the Wysoka Kamienska seismic image (Fig.1B). The 3D
seismic survey was performed in 2001 by Geofizyka Torun Sp. z 0.0., for the Polish Oil
and Gas Company (PGNIiG). The purpose of seismic survey was to obtain a detailed
structural image of the selected horizon within the oil field (main dolomite); also, to
recognize the tectonic system within the deposit as well as to perform lithofacial analysis
and to determine its collector properties. The refinement of the Wysoka Kamienska
structure and the performance of lithofacial analysis supported the company’s decisions
on further drilling, allowed for minimizing the risk of boreholes’ false location and
facilitated proper assessment of resources.

The Pomerania petroleum province (Karnkowski, 1997) occupies a part of the Devonian-
Carboniferous sedimentary basin and the Permian basin (Rotliegend and Zechstein).
Natural gas is usually found in the Carboniferous part of the profile, and crude oil in the
higher Zechstein formations (Karnkowski, 2007).

The Wysoka Kamienhska field was documented in 1979. Since then 0.42 min tons of
crude oil has been exploited. The reservoir rock is Permian limestone, strongly fractured.
The geological structure of the deposit is very diverse due to the high tectonic
involvement. Accumulations of hydrocarbons occur in the anticline trap, with the
underlying water table at a depth of 3 060.7 m below the sea level. Further exploration
is underway in the area.
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8 METHODOLOGY

8.1 Digital model of the underground space

Available seismic survey and geophysical logs from 5 boreholes allowed to create the
whole 3D model of underground space, which comprises the first step of the qualitative
seal analysis of faults. An interpretation of the seismic survey was conducted in the depth
domain in the Petrel software. While the interpretation of the main seismic horizons can
be successfully performed by auto-tracking modules, especially in tectonically stable
areas, the recognition of faults usually needs to be conducted manually. The procedure
of faults interpretation begins with the production of closely spaced depth sections
(usually between 25-100 m) across the fault and marking the visible traces. Then, the
collection of created sticks is combined into the 3D gridded surfaces representing the
corresponding fault's planes (Bouvier et al., 1989). The created regular grid is used to
calculate the fault attributes. Within this study, we have checked the influence of the grid
size on results of fault computation using two options of grid sizes 100x100 and 50x50
meters for both faults and horizons. Since the results did not exhibit significant
differences, we decided not to decrease a grid size below 50x50 meters to avoid the
unnecessary computational cost (Caumon et al., 2009). Although faults and horizons
interpreted from the seismic survey comprise a fine input model, a more detailed
stratigraphic template is required for more precise calculations. Hence, additional
surfaces comprising small-scale lithostratigraphic units are provided based on borehole
data.

Geological units interpreted from both the seismic and borehole data placed in the
accurate position within the structural model allowed for modeling so-called fault
polygons. By the term "fault polygon" mean the gap which the fault creates within the
horizon surface (Needham et al., 1996). All fault polygons create the contact lines of
horizon and fault marked at the fault surface. Every horizon affected by the fault
movement creates a pair of such edges at the fault surface - one edge for footwall and
one for hanging-wall (Fig. 3). Within the software used for this study, which is the T7
provided by Badleys Geoscience Limited, the fault polygons are calculated automatically
based on the position of faults and horizon surfaces. Next, all detected fault polygons
are combined to draw a throw map at the fault surface, using the model grid.

Footwall
polyg/on line

Fault plane

gapin
~ horizon surface

/
Hanging-/wall
polygon line

Fig. 3. A graphical representation of a fault in a geological model. A fault plane within the horizon
is expressed as a gap constrained by hanging-wall and footwall polygon lines.
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Bearing in mind, that the automatically calculated faults polygons may contain some
errors, quality control of the model is required. One of the accepted methods of checking
the framework models is the analysis of the fault displacement pattern. Theoretically, a
displacement on a single fault plane reaches a maximum near the center and diminishes
in all directions to the edge of the fault, where dropping to zero. Thus, the separation
polygons should exhibit systematic and regular geometry from the center of the fault to
the tip (Fig. 4A; Kim and Sanderson, 2005). Abrupt spikes, jumps, loops or other
abnormalities in the shape of the polygon indicate either an anomaly in the interpretation,
a modeling artifact or both. Within the used software the correction is performed using
the created throw maps with a relative scale. Any anomalies in calculated fault polygons,
which source can be identified, are changed manually by the user and the fault throw is
recalculated until all detected errors are eliminated (Fig. 4B).

A.

Fault Plane

v Footwall polygon lines
Tip line

1> Hanging-wall polygon
lines

ontours of displacement

o

Relative fault throw (auto range)
Relative fault throw (auto range)

SSE ) NN [ssE

Fig. 4. (A) A theoretical elliptical fault plane with the displacement values. The footwall and
hanging-wall polygons are marked with the solid and dashed lines respectively. (B) An example
of fault with the mapped displacement values before correction (left) and after correction (right).

8.2 Methods of fault sealing potential modeling

The fault sealing potential analysis is based on the assumption, that the capacity of a
fault to act as a barrier for fluids depend on two components: (1) the sealing properties
of the strata juxtaposed on both sides of the fault (juxtaposition component of the seal)
and (2) the sealing properties of the fault zone itself (fault gouge component of the seal).
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The conducted analysis described below follows the recommendations of the T7
software provider and the practice of the oil industry (Bretan, 2017).

The first, juxtaposition component of the seal, enables evaluation of the flow potential
across a fault by checking the lithology of tectonic blocks on the opposite sides of the
fault plane. Within this approach, it needs to be checked, if the reservoir (sandstone) and
sealing (shale) rocks series are juxtaposed against each other on both sides of the fault
plane. The most simplified version of juxtaposition plots is a triangle diagram, which
constitutes the 1D model of the fault sealing capacity (Bentley and Barry, 1991; Knipe,
1997). This approach consists of projection on a plane the hanging-wall and footwall of
fault and examination of juxtaposed stratigraphic intervals for a given throw (Fig. 5). The
more advanced form of juxtaposition plots is an Allan diagram (Allan, 1989), which allow
defining hanging-wall and footwall displacement across the fault plane in 3D space. This
method is based on placing the fault plane within the three-dimensional geological model
and mapping the relative positions of distinguished horizons in the hanging-wall and
footwall (Fig. 6). Since the model is usually built for the whole area covered by the
seismic survey, diagrams are constructed simultaneously for all recognized faults
including the variation of throw within the fault zone. Regardless of the chosen 1D or 3D
model, the main setting assumes one of the couples of the juxtaposed lithological units:
sand/sand, shale/sand, sand/shale, or shale/shale. An appraisal of the juxtaposition
component of fault seal in case of other lithologies requires additional knowledge and
depends on interpreter’s arbitrary judgment.

Juxtaposition types:

|:\ Sandstone/Sandstone

[ shale/Shale

I shale/Sandstone

U Sandstone/Shale

Throw

—_—

Fig. 5. A theory behind the construction of so-called triangle diagrams. The fault’s hanging wall is
juxtaposed with the footwall for different throws allowing a quick overview of contact types
between permeable (sandstone) and impermeable (shale) stratigraphic units and thereby
evaluation of the sealing potential of a particular fault.
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Hanging wall
Juxtaposition fault map

[ /
L Sh/Sa SRR
y 4 | Sajsh  —Sh/gh
AN < 7
Y o sh/Sa Sa/Sa
L //@ Sa/Sh
sy , i

SAS
[ 99(‘ i
b
7

Fig. 6. An example of the Allan diagram in the 3D geological model. A fault detected in seismic
image (left scheme) is represented by a plane in space (right scheme). The footwall of the fault is
presented in the background of the section and the hanging-wall is in the front of the plane, which
allows on a quick overlook of juxtaposed units.

Although the juxtaposition plots enable the quick examination of the possible scenarios,
successful estimation of the gouge component of fault sealing requires more accurate
analysis. To predict the probability of fault sealing by clay smear, cataclasis, or
diagenesis, several authors proposed a set of algorithms based on host-rocks lithology
and fault displacement. The parameters such as Clay Smear Potential (Bouvier et al.,
1989) or Shale Smear Factor (Lindsay et al., 1993) are built on the assumption, that the
likelihood of clay smearing in fault segments with juxtaposed sand/sand lithology is
related to the combined thickness of shale beds and fault throw (Fig. 7). However, in
some reservoirs, due to high heterogeneity, there is no possibility to distinguish every
shale bed. Since the investigated WK field is also such a case, we used a simpler
approach, proposed by Yielding et al. (1997). Within this method, the gouge component
of fault seal is expressed as the so-called Shale Gouge Ratio (SGR), which is the
percentage share of clay or shale in the moved interval (Eg. 1). The summary thickness
of shale beds is measured in a window with a height equal to the fault throw, and
therefore represents the column of rocks slipped past a certain point of fault.

__ Y[(Zone thickness)x(Zone clay fraction)]

SGR

X 100% (Eq. 1)

Fault throw

Generally, the SGR parameter represents the proportion of shale or clay that might be
entrained in the fault zone, assuming the rocks of fault’s walls are, on average, evenly
mixed (Fig. 8). Thus, the bulk composition of all parts of the hanging-wall will be the same
as the bulk composition of the footwall rocks. If SGR value is high (40-50%) the fault
rock is assumed to be dominated by clay smears, which indicate high sealing potential.
In the case of low SGR values (15-20%) the fault rock is likely to be disaggregation zone
or cataclasites, which results in a much lower reduction of fault permeability (Yielding et
al., 2010).
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A. Clay Smear Potential B. Shale Smear Factor C. Shale Gouge Ratio

Veraz, \ \ throw

Vel,,AZ,
L

Clay Smear Potential Shale Gouge Ratio

th|ckness throw A\ ¥ (Vel x AZ) o
COP= Fisians. SSF =mickness \\ SGR =242xA2) 4 100%\ \

throw

Fig. 7. A set of main fault seal algorithms (after Yielding et al. 1997)

8.3 Calculation of shale volume (Vsh) parameter

All algorithms used for evaluation of the gouge component of fault seal are based on the
volumetric share of shale/clay content in the host-rock. The main reason for that is the
small sizes of clay minerals grains, which occurrence lead to decreasing pore-throats
and therefore to a high capillary threshold pressure. Commonly, the clay mineral content
is described by a petrophysical parameter called Vshale (Vsn), which stands for shale
fraction (Bretan et al., 2003; Vrolijk et al., 2016). The Vs, parameter can be acquired from
gamma-ray logs according to the methods described in Asquith and Krygowski (2004).
The first step to determine the volume of shale from a gamma-ray log is always the
calculation of the so-called gamma-ray index (lgr), which is also a linear response (Eqg.
2) GRlog_GRmin
GRmax—GRmin

Vsn = Igr = (Eq. 2)

where:
I;r= gamma-ray index
GR,,4= gamma-ray log reading
GR.in = gamma-ray log reading in clay-free zone
GR4x= gamma-ray log reading in pure-clay zone

Besides the most general linear equation, there are also some nonlinear empirical
solutions based on the geographic area or formation age. As long as our intention was
to check different scenarios, some of them were also used within this study. Since the
interval within the investigated area comprises formations from Permian to the Jurassic
age, only two other equations proposed by Steiber (1970) (Eq. 3):

_ _Igr
Vsh - 3-2xIgg (Eq- 3)
and Clavier et al. (1971) (Eq. 4):
Ve = 1.7 — [3.38 — (I;r — 0.7)2]2 (Eq. 4)
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were considered. The listed nonlinear equations are generally more optimistic, which
means, they produce values of Vs, lower than the simple linear equation. Thus, for the
first estimation, using the Icr value is recommended. However, no matter the method of
Vsh estimation from log analysis, the received results need to be calibrated to the more
reliable core data or laboratory measurements using the linear or nonlinear regression
models (Yan, 2002).

Although we have access to the gamma-ray logs from 5 boreholes within this study, no
other "ground truth" dataset was available. Thus, the only possible method of results
calibration was the comparison of received values with those obtained in other boreholes
drilled in the vicinity of the investigated area, outside the seismic survey coverage.
Making such a comparative analysis led us to establish the final values of Vs, equal to
the result of the linear response equation. Nevertheless, the lack of the most reliable
data from core and laboratory analysis raises an uncertainty of received Vshale values.
Hence, results computed from other equations (Steiber and Clavier) were preserved and
used to test different scenarios.
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9 RESULTS OF FAULTS SEALING POTENTIAL MODELLING
WITHIN THE WYSOKA KAMIENSKA FIELD

9.1 Characteristic of recognized faults and horizons

Conducted interpretation of the seismic survey revealed the existence of 9 main horizons
and 42 faults of various sizes and throws (Fig. 8). The biggest detected faults exceed
the area covered by the seismic survey and create a graben with the azimuth of strike
equal respectively 155° and 150°. The faults of the graben cut the rock formations from
the top of Zechstein to the lower Pliensbachian (Lower Jurassic). The maximum detected
throw reaches 1087 m in the Lower Triassic formation for the most eastern fault of that
graben. The throw of the second fault is generally lower and reaches a maximum equal
to 605 m in Upper Triassic formations. Besides these two faults, 9 minor normal faults
within the Mesozoic layers have been detected. Four of them with a similar strike (ca
1457), placed within the graben, offset the Jurassic layers with throws from several to ca
40 meters. Another one, located east of the graben and parallel to it, also cut layers from
lower Jurassic to uppermost Zechstein and reaches the maximum throw in the Middle
Triassic formation equal to 60 m. On the West side of the graben, four minor faults,
striking almost perpendicular to the graben (strike azimuth ca 40°) have been recognized.
Two of them offset the lower Jurassic formations by a maximum of 12 meters, while the
remaining two within the Triassic layers are characterized by the throw not exceeding 25
m. Within the Zechstein layers, interpretation of the seismic survey revealed the
existence of minor 29 normal and 2 thrust faults. The mean azimuth of the strike of most
of these faults vary between 120° and 150° and is slightly offset towards the East in
comparison to the main faults of the graben. Throws of faults in most cases do not
exceed one 100 meters with an exception of one bigger fault with a maximum of 324
meters throw within the Main Dolomite (Fig. 8).
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Fig. 8. A set of faults and horizons recognized as a result of seismic interpretation (A and B). The
biggest faults were detected within the Mesozoic formations (dark blue horizon - Lower Jurassic,
light brown - the top of Zechstein), where two main faults create a striking NNW - SSE graben (C
and D). More faults were detected within the Zechstein layers (red horizons), but their throws are
generally smaller (E and F).

9.2 Modelling of juxtaposition sealing potential

The prerequisite condition of fault seal potential evaluation is an appropriate definition of
the reservoirs and caprocks. To acquire the division between the reservoir/cap rocks, we
used the distribution of the V-shale parameter (Vsn) computed for five boreholes: WK-1,
WK-4, WK-5, WK-7, and WK-8, which were extrapolated across the faults of WKG using
the T7 software (Fig. 9). For the purpose of this study, we have assumed ranges for Vg
values for the following lithologies: Vsn < 20% represents sandstones; Vs in a range of
20-30% are sandstones with mudstone interbeddings; Vsn in a range of 30-40% are
heterolites with shale intercalations, and Vs, > 40% are predominantly shales. Reservoirs
are defined by Vsn < 30% and the caprock Vsn > 40%. Vsn values between 30-40% are
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rare and transitional between previously mentioned values, therefore they are not
distinguished as a separate category.

NNW — SSE| NNW SSE
Fig. 9. Results of extrapolation of Vsh parameter on the bounding faults of the graben. Values of
the Vsh are calculated separately for the footwall (left side) and hanging-wall (right side).

Bearing in mind that building of a reliable 3D model is usually time-consuming and the
whole necessary dataset is not always available, evaluation of juxtaposition component
of the fault seal starts from much simpler 1D models. Within the T7 software in the
triangle diagram option, we are able to distinguish: sand/sand, shale/sand, and
shale/shale types of contact, assuming constant fault throw. Knowing that the throws of
main faults within the study area do not exceed 400 meters within the Jurassic layers,
the analysis of the higher throw values are neglected within the further study. However,
they are still included within the presented 1D models (Fig. 10).

Created 1D models of juxtaposition for the Mesozoic layers within the investigated area
show a stable pattern between the available boreholes. Within the profile of the
Buntsandstein, at the assumed fault throws below 400 - 500 meters, the shale/shale type
of contact with the highest sealing potential, is the dominant one. In the upper part of the
Triassic sequence (Keuper), at the given fault throw the dominant juxtaposition type is
also shale/shale with a significant share of shale/sand (form the side of hanging-wall).
The sand/sand type of contact, which may be considered as the potential leakage
pathways, are observed within the lower Hettangian/Sinemurian, upper Pliensbachian,
and Bajocian. A shale/shale and sand/shale juxtaposition types, with assumed higher
sealing capacity, are recognized within the upper part of the Lower Pliensbachian,
Aalenian, and Bathonian (Fig. 10).
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Fig. 10. The 1D juxtaposition plots presented at the background of the Vsh parameter in exemplary
boreholes WK-4 (A) and WK-5 (B).

Having access to the 3D seismic data and the model of faults and horizons we have also
prepared a 3D model of the juxtaposition seal. The 3D model allows distinguishing more
types of contacts (e.g. carbonates/shale) and take into account variation of throw values
within the singular fault plane. Thus, it is strongly recommended to use 3D models if
necessary data are available and the expected computational cost is not too high.

The assessment of the juxtaposition seal component was performed for all faults cutting
the Mesozoic formation, however, the main focus was concerned with the bounding
faults of the graben. Results of performed modeling indicate, that the limestone and
sandstone layers in the Triassic are generally well-sealed by shale outside the graben,
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with a minor exception in the lower Buntsandstein, where a thin sandstone layer is
juxtaposed against shaly sandstone at the FLT8 fault plane. The solution for Jurassic
reservoirs is more complex. At the FLT9 fault, the Hettangian reservoir is well sealed by
Triassic shales. At the FLT8 fault, a large part of the Hettangian reservoir is juxtaposed
against Muschelkalk limestone, which sealing properties are unknown. The
Pliensbachian reservoir is also better sealed at the FLT9, where part of the reservoir is
juxtaposed to shaly sandstone, which is assumed to have poor sealing property. At the
FLT8 fault, due to an upward decrease of fault throw, the self-juxtaposition zone is
observed in the thick Pliensbachian reservoir, which is not sealed on this side. Further
decrease of both faults throws causes self-juxtaposition of the Bajocian reservoir on both
sides of the graben. This reservoir, well-sealed from the top, is certainly unconfined
laterally by juxtaposition component on boundary faults. In general, juxtaposition sealing
of Jurassic reservoirs is uncertain or ineffective from the western side, at the FLT8 fault.
On the eastern side of the graben, the sealing potential decreases systematically for
shallower reservoirs, together with the expiring throw of the FLT9 fault (Fig. 11).

FLT8 FLT9

SSE NNW/ INNW SSE

Juxtaposed Lithotypes (Hanging-wall/Footwall)
D Sandstone/Sandstone D Shale/Sandstone
\:l Sandstone/Shaly sandstone - Shale/Shaly Sandstone
- Sandstone/Shale - Shale/Shale
- Shaly Sandstone/Shaly Sandstone - Limestone/Shale
- Shaly sandstone/Shale - Shaly Sandstone/Limestone
l:] Sandstone/Limestone |:| Marl/Marl

Fig. 11. The juxtaposition of lithotypes across the faults located within the investigated area. The
first lithotype given in the legend is always assigned to the hanging wall (inside the graben).

9.3 Modelling the fault gouge component of fault sealing potential

Although the juxtaposition plots enable the quick examination of the possible scenarios,
a successful identification or prediction of the probability of fault sealing by clay smear,
cataclasis or diagenesis requires more accurate analysis. Thus, within this study, we
have also modeled a gouge component of fault seal, again in two versions: 1D triangle
diagrams and 3D models.

Following Yielding et al. (2010) we assumed that SGR values correspond to fault sealing
potential in such a way that SGR < 30% (Vsh related to reservoirs) indicates lack of seal,
the SGR between 30-40% (Vsn for heterolithes) should be considered as a moderate
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seal, and the SGR > 40% is characteristic for good seal (Vsn for shale). The received
triangle diagrams indicate a possible lack of seal in different parts of the Jurassic
sequence, depending on the investigated borehole. A moderate seal seems to be the
most common, within the whole Mesozoic formation, no matter the fault throw. The good
seal is characteristic for the Lower Triassic, and part of the Bathonian layers (Fig. 12).
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Fig. 12. The 1D plots of SGR parameter acquired for exemplary boreholes WK-4 (A), WK-8 (B).

Since the results received from simple 1D models were ambiguous, more detailed 3D
maps of the SGR parameter were also prepared. Similarly like in the case of the
juxtaposition component, values of the SGR parameter were calculated for all faults
recognized within the investigated area, but the detailed analysis was performed for the
most critical bounding faults. The obtained model indicates that the lower Triassic
sequence has good gouge sealing potential from both sides (Fig. 13) of the investigated
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graben. The Muschelkalk sequence is well sealed from the FLT9 side while from the
FLT8 side the seal is moderate or even poor in the SSE segment of this fault (SRG <
30%). The upper Triassic sequence is mostly well sealed from the FLT9 side and
moderately sealed from the FLT8 side. For the Jurassic sequence, a more complex fault
sealing pattern is inferred. The lower Hettangian reservoir has a moderate seal on both
sides (30% < SRG < 40%), with a more certain one from the FLT9 side, where in some
places SRG exceeds 40%. A general decrease of gouge sealing potential of the
Sinemurian sequence is visible in the NNW FLT8 fault segment (SRG < 30%). The
Pliensbachian reservoir has a moderate seal from the FLT9 fault side with a small
sandstone window (SGR < 30%). From the FLT8 side, the gouge sealing component is
ineffective, as the majority of the reservoir has SRG < 30%. The Bajocian reservoir, in
general, is unsealed by fault gouge from both sides of the WKG, although there are some
places in the NNW segment of FLT9 with SGR in a range of 20-40%. In general, a
tendency to decrease the fault gouge sealing potential upwards the geological sequence
due to decreasing throw of both boundary faults in the same direction can be observed
(Fig. 13).

0 Shale gouge ratio [%] 100
Bl T
Fig. 13. Distribution of the SGR parameter using-the—valuesforfor two marginal faults of the
graben. The higher percentage indicates higher clay minerals content in the fault gouge and the
better seal potential. The views of faults are from inside the graben. The horizons indicate: Tm —

bottom of Hettangian reservoir, T3 — top of Triassic, Jpl — bottom of Pliensbachian reservoir; Jbj
— top of Bajocian reservoir.
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10 UNCERTAINTY EVALUATION

Aside from the general uncertainties arising from the methods of fault sealing analysis,
the correctness of the created underground model is very much depended on the
available datasets. The resolution of the particular seismic survey, accessibility of the
most reliable data from the borehole core or the measurement errors in geophysical logs
strongly influence the values of calculated faults attributes. Also, a software limitation or
computational cost may lead to uncertain results of attribute calculations. The performed
analysis allows to identify three main, dataset related issues which may have the highest
influence on the uncertainty level in the final results: lack of laboratory measurements for
calibration of received Vg, parameters, the old gamma-ray logs available (see Chapter
10.3), and poor coverage of the studied area by the reliable dataset.

10.1 General uncertainties related to methods of fault sealing analysis

A fundamental problem related to the methods of fault sealing analysis is the complexity
of the fault zone, which is beyond the control of the available dataset. As described by
Hesthammer and Fossen (2000) and Childs et al. (2009), faults usually do not create the
singular plane but have several secondary slip surfaces. The existence of serial faults
raises concerns whether the juxtaposition analysis simplified to a singular plane (as in
the present study) does not result in an invalid solution. In such case, secondary faults
may divide investigated formations into smaller blocks, where a contact of permeable
units can be preserved.

Another important issue related to the interpretation of juxtaposition plots is fault
dragging, which is often undetectable in a seismic survey (Hesthammer and Fossen,
2000). The flexural bending of strata in the vicinity of a fault may significantly change the
effective discontinuous throw, which is a crucial parameter for a fault sealing potential
analysis. Thus, we touch upon the important issue of the observation scale and the
resolution of data. When the fault model relies on the seismic data, separation of discrete
faults below seismic resolution is impossible. To reduce the risk of a too simple fault zone
model the seismic data should be supplemented with structural analysis of borehole
data, among which borehole core profiling, micro-imager, and dipmeter logs are most
valuable.

As one of the problems, we should consider a history of fault development. If the fault is
developed during the sedimentation (as in the case of WKG according to Feldman-
Olszewska, 1997), the lateral variability of the facies in the vicinity of an active fault may
be significant, especially in the case of the terrestrial and shallow coastal environments
promoting sensitivity to tectonic factors. In such a setting, the crucial point controlling the
uncertainty of the analysis is a dense distribution of exploration boreholes enabling
control of the changes of facies across the investigated area. However, in cases like
WKG, where the arrangement of the boreholes is highly clustered, the changes of facies
are beyond sufficient recognition, which increases the uncertainty of the fault sealing
potential analysis.

The last group of issues increasing the uncertainty of fault sealing analysis is the tectonic
stress conditions during the faults development process as well as the recent one. Firstly,
the seal potential analysis possible to perform within the T7 software does not include
the strike-slip component of the fault displacement, which may play an important role in
the production of the permeable fault gouge. Secondly, the state of the recent tectonic
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stress field in the investigated area may cause fault reactivation. If the faults are critically
stressed and prone to reactivation, they may be capable to transmit fluids (Barton et al.,
1995; Yielding et al., 2010), no matter the results of the SGR calculations.

10.2  An effect of different methods of Vsh parameter calculation

Although the established values of Vs acquired from the linear response seems to be
the most reliable compared to results from other boreholes outside the area, they are still
highly doubtful due to a lack of core and lab dataset. Thus, in this case, it is important to
check different scenarios and use other equations for Vs, calculation, such as mentioned
before proposed by Clavier et al. (1971) or Steiber (1970). Knowing, that those equations
are more optimistic and indicate generally lower values of shale fraction content, one
may expect that applying them will cause a downgrade of SGR values. Still, the question
is how significant the difference will be.

Testing these equations on the available dataset and comparison of the received results
revealed the possible answer. Looking at the models constructed for the WK field, the
expectation, that the SGR parameter decreases in both cases may be confirmed (Fig.
12). Using the linear response equation, described in the previous chapter, led to
generally high values of the SGR (Fig. 14A, B). Values of the same parameter, but
calculated using the Vg, acquired by the Clavier's equation, pointed at significantly
different results. In this case, SGR between 0 and 15% are more common and may be
expected within the major part of Jurassic layers in the western fault of the graben and
all faults located between the flanks of the graben (Fig. 14C), as well as in thinner layers
of other stratigraphic units within the plane of several minors faults (Fig. 14D). The SGR
from 15% to 20% starts to prevail within the Upper and Middle Triassic formations, in
almost all detected fault planes. A similar setting may also be observed within the Lower
Triassic, where SGR in range 20 - 30% is the dominant one (Fig. 14C, D). Higher values
of SGR (above 30%), now may be expected only within a part of the lowermost Triassic
formation within the planes of both flanks of the graben and several faults outside it. In
the case of using Steiber's equation for the Vg, parameter calculation, the final results of
SGR are even lower (Fig. 14E, F). Now, the SGR in the lowermost interval (between 0
and 15%) starts to prevail within all investigated fault zones. Such values may be
observed within the zone of the greatest detected faults within almost all of the Jurassic
profile and significant part of the Middle Triassic layers. Slightly higher values in a range
from 15 to 20% dominate within the formations of Middle Triassic and some thin Jurassic
layers. The moderate range of SGR from 20 to 30% has been detected within all
recognized faults in some levels of Lower Triassic. Finally, the highest SGR exceeding
30% may be expected in the lowermaost Triassic formations within the zones of the three
major faults and three minor ones (Fig. 14E, F).
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Fig. 14. Aresult of SGR calculation using the values of Vsh acquired from three different equations:
linear response (A, B), Clavier (C, D) and Steiber (E, F).

10.3  Uncertainty related to recalculation of gamma-ray units

The serious problem within the case study is related to available gamma-ray logs.
Namely, all of the investigated boreholes have been drilled between the years 1978 and
1984. By that time all geophysical measurements in boreholes drilled in Poland were
conducted by old analog tools. The acquired datasets were later digitalized, but still, the
results of gamma-ray logging were expressed in counts per minute, instead of currently
used API units (Fig. 15). Hence, the estimation of the Vs, parameter required an
additional step of the unit recalculation, which was not straightforward and needed some
assumptions about the maximum and minimum values of the expected API, which raised
additional uncertainty (Szewczyk, 2000). Some inconsistency of the measurements
resulted also from the differences in borehole diameter of drilling intervals — the readings
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might differ significantly despite the unchanged lithology. Thus, the logs had to be
standardized before joining these intervals.
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Fig. 15. An example of units recalculation from the old counts per minute to standard API units of
gamma-ray logs in borehole WK-8.

10.4 Uncertainty related to the location of investigated boreholes

As mentioned before, the investigated boreholes are placed close to each other, in the
small area between flanks of the graben (Fig. 16). However, despite they all reach a
similar level, their lithostratigraphic profiles are considerably different (Fig. 16). There are
two reasons for this - first, the investigated faults are synsedimentary, causing the
general variation of formation thickness within the graben, and second, each of the
investigated boreholes pierces the fault at a different point (Fig. 16), which also leads to
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a significant variation in rock formations present within the borehole profiles. With no
borehole data covering area outside the graben, the continuity of the non-seismic scale
horizons is almost impossible to predict. Thus, isochores and related to them fault
polygons extrapolated by the software are highly uncertain and do not constitute a
reliable input for further calculations and interpretation.

Fig. 16. Location of the investigated boreholes at the background of the tectonic context. All
boreholes were drilled nearby the biggest recognized fault (marked brown) comprising the NE
border of the graben (see the map view in the upper left corner). Although all boreholes are
located in close vicinity, each of them pierces the fault at a different point. The point sets constitute
the raw data for the seismic horizons from Lower Jurassic to the bottom of Zechstein.
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11 POTENTIAL IMPACT

The first serious impact of accurate fault sealing analysis is related to hydrocarbon
exploitation. Since a fault may act as a barrier for fluid flow or a migration path,
appropriate recognition of its properties is extremely important for prospection of
hydrocarbons and proper development planning. Sealing faults may constitute a trap
forming a hydrocarbon reservoir or transform large reservoirs into smaller compartments
with different reservoir pressure and fluid characteristics, hindering efficient exploitation.
On the other hand, open and permeable faults may cause a loss of mud circulation
leading to serious technical problems during the drilling operation (Cerveny et al., 2004;
Knott, 1993) as well as environmental hazards.

The fault sealing analysis is also crucial in terms of underground storage planning. To
assess if a reservoir is appropriate for storage, an evaluation of its long-term confinement
stability is a key point. Thus, the sealing or non-sealing properties of faults need to be
evaluated considering the significant increase of fluid pressure during the CO; or other
substances injection. The analysis of fault sealing potential in terms of underground
storage must be, therefore, conducted in two steps. The first is determination if the fault
will act as a sealing lateral barrier which allow the injected medium to accumulate within
the trap. If so, it is necessary to evaluate the trap capacity, meaning the amount of
particular substance to be stored with no threat that increased pressure will trigger the
fault reactivation, leading to the potential release of the stored fluid (Bretan et al., 2011).

The occurrence of any of mentioned events causing the leakage of the stored fluids may
lead to contamination of groundwater aquifers. Thus, the numerical simulations were
performed for evaluation of the potential impact of CO; leakage on the water quality. The
case study performed in the Ogallala aquifer indicated that the leakage of CO, may
influence the mineral composition, the number of dissolved solids, and pH of the
underground water. In this case, the water after simulated minor leakage of CO, became
denser in lower parts of aquifers and its pH slightly decreased (Xiao et al., 2016). Other
studies (Holloway, 1996; Jaffe and Wang, 2003) suggest that even small leaks of CO;
may cause a significant decrease of the water pH to a level of 4-5 causing calcium
dissolution and thereby an increase in the hardness of the water. Moreover, a higher
concentration of CO, enhances the dissolution of trace metals, which released into the
freshwater decrease its quality below the standards required for drinking water.

Aside from the water contamination, also an influence of the potential CO, leakage to
the soil has been a subject of several studies (Benson et al., 2002; Damen et al., 2006;
Saripalli et al., 2003). The received results pointing at the high likelihood of lowering the
soil pH, adverse impact on the chemistry of nutrients, and generally negative influence
on plant growth due to CO, contamination (Saripalli et al., 2003).

Another issue related to the fault sealing capacity in terms of potential CO, storage is a
possible leakage of CH. in case of depleted hydrocarbons reservoirs. Bearing in mind
both - that the CO; is more prone to be adsorbed on minerals than CH, and that it is
stored in supercritical condition, it’s injection can mobilize residual CH4 which in gaseous
state will be more mobile and likely to upward migration. Potential leakage of the CH4 is
thereby a serious hazard in case of inappropriate evaluation of fault sealing capacity.
Uncontrolled escape of CHs from the reservoir may have a serious impact on the
environment, both local and global. Locally, the CHs may affect the water quality,
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especially if accumulate in confined spaces. On a global scale, its impact on the increase
of the greenhouse effect is ca. 23 times higher than CO, (Damen et al., 2006).

The above-mentioned threat of CH, releases is even more severe in case of badly
designed subsurface hydrocarbons storage, where the conductivity of faults in influenced
zone is not properly recognized and/or their sensitivity to pressure changes in terms of
reactivation (leading to integrity loss) not correctly assessed.
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12 IMPORTANCE OF FAULT DATABASE TO FAULT SEALING
METHODOLOGY

A fault sealing analysis, performed within this study in terms of importance for the fault
database may be used in several ways. First of all, the performed interpretation of the
available 3D seismic survey, which is a crucial part of the fault sealing analysis, enables
to detect all seismic-scale faults. Faults interpreted from the seismic data in the T7
software are stored in the 3D space in the form of sticks (also called "fault segments")
with specific coordinates. Created sets of fault sticks are combined in the fault surfaces
in the next step of the interpretation (Fig. 17). Created surface may be converted and
stored in a shape file. According to the report (Hintersberger et al., 2019), both forms of
the faults marking used in the T7 software are acceptable geometrical representations
of faults in 3D space for the Fault Database.

W i . E

Al

Fig. 17. A fault surfaces created from sticks marked in the seismic slices. A fault surface is a final
representation of fault in the T7 software and comprises an input to modeling a sealing potential.

Aside from the 3D representation of the fault in the form of raw sticks or whole meshed
surface, faults in the T7 software may also be stored in the form of 2D polygon maps
(Fig. 19). Fault polygons are created for all horizons interpreted from the seismic survey
and isochore surfaces derived from boreholes data within the coordinates constrained
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by the created project. Every fault polygon may be exported to the shapefile and stored
in the database.

A. Jurassic

B. Triassic

C. Zechstein

Fig. 18. Example of polygon maps generated in T7 software for the selected seismic horizons.
Every fault polygon may be converted into a shapefile and stored in the Fault Database.
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The procedure of fault sealing potential analysis performed within the T7 software
requires a graphical representation of faults and a set of their attributes imported from
outside sources or calculated directly. Faults' attributes such as strike azimuth (Fig. 19),
dip direction and angle, throw (Fig. 20), surface coordinates (x, Yy, z), and length required
for the Fault Database are calculated and stored within the software during the modelling
of SGR or other fault sealing parameter. All of those attributes can later be easily
exported as numerical values into e.g. an Excel spreadsheet and complement the Fault
Database.

Lower Jurassic Upper Permian (Top) Zechstein (Ca2)

Middle Triassic Zechstein (PZ3) Zechstein (Pz1)

Lower Triassic Zechstein (PZ2) Zechstein (Bottom)

Fig. 19. Strike of faults detected within the study of WKG for each of the recognized seismic
horizons. All faults are divided into 100 meters segments, and the strike is calculated separately
for each of them.
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Fig. 20. Fault displacement profiles for all faults interpreted within the study of WKG for Mesozoic
(A) and Zechstein (B) horizons. Values of this parameter can be exported and stored within the
Fault Database.
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On the other hand, the information stored in the Fault Database may also be used for
fault sealing analysis, if additional data from boreholes are available. Assuming, the Fault
Database contains the shape files of 3D fault representation (sticks or surfaces) from the
investigated area, the available set of faults may be imported to the software and proper
modeling can be performed. In the case of the potential interest of the area covered by
the data in the Fault Database in terms of hydrocarbon exploitation, CO, sequestration,
etc., the fault sealing analysis may be performed even, if the raw seismic survey is not
available. Thus, using a fault database in such a study may save the time required for
seismic data interpretation.
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13 CROSS-CUTTING RELATIONS BETWEEN CASE STUDIES

The case studies apply different methodologies to the study of the potential hazards and
impacts across several different kinds of energy exploitation. There are different varieties
of exploitation being studied using the same methodologies, and the potential hazards
and impacts for similar types of energy exploitation are being investigated using different
methodologies. The following settings are investigated: a geothermal field (T3.1),
decommissioned gas fields ((T3.1, T.3.4), active gas fields (T3.1, T.3.2), active oil fields
(T3.1, T.3.3), and decommissioned CO: -storage (T.3.4). The applied technologies are
seismology (T3.1, T3.4), InSAR-based methods (T3.2), and fault seal analysis (T3.3). All
case studies have at least one cross-cutting methodology and/or exploitation type
relation to another.

In addition to the energy exploitation type/hazard methodology cross-cutting relations,
two overarching common themes will be explored: 1) how the different methodologies
deal with uncertainties in different situation, and 2) how to improve the scientific basis for
future operations.

13.1 Cross-cutting: uncertainty estimates

The methodologies being studied have different ways to deal with uncertainties, and
different technologies produce uncertainties on very different spatial scales. Where
surface displacement can be measured with mm precision using various INSAR-based
methods, seismology works with uncertainties on epicenters of hundreds of meters and
for sparse data sets of km scale. A common cross-cutting theme is: Does the level of
uncertainty permit us to relate a specific fault to a potential hazard? In some cases
inherent differences exist between the different types of data and models we would like
to relate.

In Task 3.3 Reservoir sealing assessments aside from the uncertainty raised from the
general possibility of the recognition and interpretation of the fault, several other sources
of uncertainties have been identified: (1) The logs available for this study are more than
40 years old, and from a time when measuring standards and units were fundamentally
different from today. Calibrating and transforming the old logs introduce uncertainties.
Further uncertainties are introduced by the equations for calculating shale volume from
the gamma-ray logs. (2) The tectonic setting of the area is quite complicated, but the
data from available boreholes are highly clustered. Thus, the proper recognition of the
differences between the facies across the investigated area is highly dubious. (3) Lack
of laboratory measurements and other data from the borehole core makes it impossible
to properly calibrate the received values of shale volume. (4) Computational artifacts in
the calculation of faults’ throw appear due to three possible reasons: algorithms
implemented in used software are not well suited to the case, improper faults polygons
picking or the parameterization on a mesh. The artifacts can be reduced, and the
accuracy of any calculations increased by densifying the mesh; however, this increases
the computational time significantly.

13.2  Cross-cutting: Scientific basis for guidelines to authorities

A common, cross-cutting goal for all of the case studies is the desire to provide improved
input to authorities writing guidelines for the safe energy exploitation of the subsurface.
Without proper attention and precautions, activities may lead to unwanted side effects
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such as earthquakes, subsidence and leakage. Guidelines based on the latest scientific
findings and recognizable standards can contribute to improved safety in energy
exploitation. Improved standards may also aid in the communication with the general
public where safety is known to be of great interest.

In addition to the evaluation of each potential hazard in the case studies, it is relevant to
consider that several different hazards may be relevant for a given energy exploitation
project. For the authorities it is important to consider what is the impact of each hazard
in a combined multi-hazard assessment. While HIKE may not be able to produce such a
formula, the knowledge generated in the project will be made available through the
Knowledge Data Base, thus highlighting the different hazards to take into account.

13.3 Cross-cutting: How the fault sealing assessment could benefit from
other case studies methodologies when implemented (and vice
versa)

13.3.1 Task 3.1 - Advanced localization of seismicity and Task 3.4 Assessment
of seismicity and safety in storage, Lacq Rousse, France case study

Earthquakes provide information on the recent tectonic stress state and the location of
planes of weaknesses, such as faults. A precise location of such events enables us to
recognize the "critically stressed faults" (Barton et al., 1995; Zhang et al., 2007), which
are not well-sealed, even though the modeling of the SGR parameter implies a high
sealing potential. The rapid changes of pressure during the hydrocarbons exploitation or
fluid injection into the reservoir may induce and trigger seismicity by reactivation of such
faults (Horton, 2012). Reactivated faults comprise excellent migration pathways for
stored or exploited fluids outside the reservoir, thereby causing environmental
contamination.

The solution of the focal mechanism for the recognized seismic events additionally
carries information of the direction and regime of the present-day tectonic stress
(Zoback, 2007; Zoback et al., 1989), which are also an important factor controlling fault
sealing. The conductivity of faults and fractures, especially in critically stressed areas is
closely related to their orientation concerning the in-situ stress field. Faults and fractures
oriented parallel to the present-day maximum horizontal stress are prone to opening
(Barton et al., 1995), comprising pathways for fluids migration. Thus, knowing the relation
between the direction of the stress field from the focal mechanism solution, location of
the earthquake and strike azimuth of recognized faults, we may predict if the modeling
of sealing potential is still accurate.

13.3.2 Task 3.2 - Evaluation of methodologies for induced surface displacements

According to the D3.3 report, the INSAR technique may be used as a tool to assess the
present-day crustal mobility that could correlate with the active faults distribution and/or
tectonic mobility. Since the activity of a fault is an extremely important factor controlling
its sealing potential, data gathered from such a study if available, need to be also used.
The land subsidence may be caused by the depletion of the exploited hydrocarbons
reservoir. The depletion-induced stress changes may cause the reactivation of faults and
provoke seismic events (Braun et al., 2020). Thus, observation of land motion and
seismic monitoring allows identifying critically stressed faults. Knowledge of the stress
state in application to modeling the sealing potential reduces the uncertainty of incorrect
recognition of well-sealed faults. As mentioned before, critically stressed faults are prone
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to reactivation and conduit for fluid, despite the juxtaposed lithology or possible clay
smearing mechanism. Hence, such data enable us to detect if the reservoir planned for
underground storage of CO; or other substances is safe enough.
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14 BEST PRACTICE WITHIN THE FIELD OF FAULT SEALING
METHODOLOGY

Bearing in mind, the fault may act as a barrier or as an additional pathway for fluids
migration, the fault sealing potential analysis should be a crucial point in planning the
underground storage or exploitation of hydrocarbons. To acquire reliable results of fault
sealing potential modeling, it is important to remember some key aspects:

o Itis extremely important to gather the most complete dataset for an investigated
area. A 3D seismic survey in a depth domain, geophysical logs, results of
borehole core analysis, laboratory measurements, and reconstruction of a
tectonic history of the area comprises input data for modeling of fault sealing
properties and influence the received results and level of their uncertainty.

e The first step of the fault sealing analysis is an interpretation of the seismic
survey, enabling us to detect the occurrence of faults in the subsurface. Due to
better coverage of the investigated area and higher resolution, it is always better
to use a 3D seismic cube than 2D lines. For more detailed results, all seismic-
scale faults should be included and presented as a gridded surface.

o Aside from the seismic-scale faults, also borehole core and microresistivity
images should be investigated in terms of detection of small-scale faults or other
fractures. Fractures below the seismic resolution, often related to bigger faults,
may also influence fluid conduction but are not taken into account within the
models.

e The Vshale parameter used for evaluation of fault sealing potential and calculated
from gamma-ray logs should always be calibrated with use of laboratory core
samples composition measurements (XRD) results. The gamma-ray logs
themselves may not provide reliable values due to the influence of specific rock
conditions (for example occurrence of volcanic rocks (Yuan et al., 2018)).

e The method presented within the conducted study is well-suited to sandstone
reservoirs with shale seal but should not be used in the case of carbonate
reservoirs (T7 reference manual). For carbonate formations, a good practice is
to use porosity and/or permeability logs instead of Vshale to evaluate the sealing
potential of faults. However, this method is still highly uncertain and requires
future development.

e To acquire more reliable results of fault sealing potential, it is a good practice to
supplement the model with porosity and permeability logs. It allows for evaluation
of the existence of barriers for fluid migration, especially in case the data is
available on both sides of investigated faults.

o If geophysical logs are not available, the sealing potential of faults may be
evaluated only by the juxtaposition component. The method is less certain and
generally not recommended; but allows to check the potential contacts between
reservoir and sealing units.
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o If the seismic survey is not available within the area of interest, the fault sealing
analysis still can be performed by the triangle diagrams of juxtaposition and
gouge components for assumed fault throw. The method is less certain than
performed 3D models; but enables the quick overview of potential pathways for
fluid flow in a given fault throw.
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15 RELEVANCE OF THIS STUDY TO THE NEW GREEN DEAL
AND PROPOSED FUTURE STUDIES

RELEVANCE OF THIS STUDY TO THE NEW GREEN DEAL

The climate changes became a serious problem concerning the whole world. Global
warming transforms our environment and causes an increase in the frequency and
intensity of extreme weather events. After the investigation of the potential impact of
these changes on the life of people, the productivity of European economy,
infrastructure, ability to produce food, public health, biodiversity, and political stability,
the European Commission approved the new plan for stopping further climate changes,
called a "New Green Deal". The accepted long-term strategy assumes achieving net-
zero greenhouse gas emissions by 2050 through a socially-fair transition in a cost-
efficient manner (European Commision, 2018).

According to the communication from the European Commission to the European
Parliament, the European council, the Council, the European Economic and Social
Committee, the Committee of the Regions and the European Investment Bank, tackling
remaining CO, emissions with carbon capture and storage (CCS) is one of the method
to achieve this goal (European Commision, 2018). Although the potential of CCS
appears to be lower than expected considering the rapid deployment of renewable
energy technologies and other solutions, it is still necessary in energy intensive
industries, for the production of carbon-free hydrogen and for capturing a CO, emitted
from biomass-based energy. The importance of fault sealing analysis in terms of
sequestration and long-term storage of CO; has already been discussed in Chapter 11
(Potential Impact).

Fault sealing potential analysis is also important in terms of underground storage of
hydrogen. According to the attitude of the European Commission, hydrogen will play a
key role in the future energy systems, and for delivering on the aim set out in the
European Green Deal of achieving carbon-neutrality in the EU by 2050
(https://ec.europa.eu/info/news/focus-hydrogen-driving-green-revolution-2021-kwi-14_en).
The long-term plan assumes the production of hydrogen from natural gas or renewable
energy sources like wind and solar power through an electrolysis. The hydrogen
produced from clean sources should replace the fossil-fuels energy, thus it's large-scale
production and thereby a need for storing will be necessary. The long-term and large-
scale storage will provide flexibility to the energy system and will help to balance
electricity supply and demand when there is either too much or not enough renewable
electricity generation. Since the underground storages for hydrogen do not differ
significantly from the storages intended for natural gas (Tarkowski, 2019), the problem
of fault sealing potential also needs to be investigated in terms of planning the possible
storage location.

PROPOSED FUTURE STUDIES

The key direction of the future studies of fault sealing potential analysis should comprise
improvements in the evaluation of this parameter within carbonate reservoirs. The main
reservoirs of hydrocarbons in Polish lowlands comprise Zechstein carbonate rocks
sealed by salt and anhydrites (Karnkowski, 2007). Some of these reservoirs are already
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depleted and used as underground storage for hydrocarbons (Karnkowski and
Czapowski, 2007) and other may be used as storages in the future. Hence, the reliable
evaluation of fault sealing potential within this type of reservoirs may have a great use.
However, the methodology of fault sealing potential evaluation used within the study of
WKG is strictly dedicated to sand/shale reservoirs. Within T7 software, the gouge
component of sealing potential is calculated from the Vshale parameter and constitutes
the value of shale fraction in rock. Within the Zechstein sequences, sealing units
comprises thick layers of salt and anhydrite, where shale content is very low and does
not exceed several percent (ca 4-5% in the investigated boreholes). Thus, basing the
evaluation solely on the value of Vs, will lead to recognizing those rocks as potential leak
points, despite their incredibly low porosity and permeability (Hangx et al., 2010;
Schléder et al., 2008).

Generally, according to Yielding et al., (2016), the fault sealing potential of carbonate-
dominated rocks can be performed in the same way as for quartz-rich sandstones.
However, there are some additional issues, which have to been taken into account.
Namely, calcite differs from quartz in its rheology and solubility, being far more reactive
at low temperatures, leading to recrystallization and cementation even at shallow burial
depth, increasing brittleness, and making rocks more prone to fracturing. Such behavior
reduces the chances of the long-term static seal.

Another problem of fault sealing potential analysis within the carbonate rocks is the fault
plane itself. The architecture of faults developed within carbonate rocks can significantly
differ from those known in brittle siliciclastic rocks. The differences arise from the
capacity of carbonate minerals (calcite and dolomite) to deform by ductile and
physicochemical processes, like dynamic re-crystallization or fluid assisted pressure-
solution even at conditions of shallow burial (<3 km) and from the intrinsic lithological
and mechanical variability of the deformed carbonate multilayer and the clay content of
the (Delle Piane et al., 2017). The listed properties lead to the development of highly
segmented faults, which are also surrounded by a damage zone of the fractured host
rock, even away from the fault. Such a setting makes it impossible to evaluate the
juxtaposition component since we cannot be sure if the contact of permeable units is not
preserved. Similarly, the gouge component is uncertain as the real throw of all fault
segments is unknown because of seismic data resolution.

Considering all the above-mentioned issues related to reliability of predicting the
hydraulic behavior of faults developed within carbonate rocks, we assume that further
and more complex analysis of this problem is required. The authors of the used software
suggest a solution based on some assumptions about the influence of the range of fault
displacement on fault rocks' permeability. Namely, low displacement of fault causes
small mixing of lithofacies, and conductivity of fault zone is mostly controlled by low-
permeability self-juxtaposed lithofacies. In the case of high displacement, lithofacies are
more mixed creating more complex fault rocks and thereby a larger range of
permeabilities, with a higher mean (Yielding et al., 2016). Although this solution provides
some overview in sealing the potential of faults, one has to bear in mind the conductivity
of the fault zone in carbonates is related to many more factors than host-rock lithofacies
and throw. Factors such as current stress state, deformation histories, or inherent
heterogeneity also play an important role in eventual transmissibility (Kiewiet et al.,
2020). Thus, a more detailed investigation of fault sealing potential in the case of
carbonates is still required.
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