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1D — 1-dimensional

2D — 2-dimensional
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Aquifer — layer, formation, or group of formations of permeable rocks, saturated
with water and with a degree of permeability that allows water withdrawal
through wells (Marsily, 1986; Bachu et al., 2007)

API — American Petroleum Institute

Baltic Region — Baltic States (Estonia, Latvia and Lithuania)

Baltic Sea Region — Denmark, Estonia, Latvia, Finland, Germany, Lithuania,
Poland, Russia, Sweden, Norway and Belarus (EU Baltic Sea Region Strategy)
Baltic Basin, or Baltic Syneclise — a Late Ediacaran—Phanerozoic polygenetic
sedimentary basin, a 700 km x 500 km synclinal structure located in the western
part of the East European Craton.

Bsl — below sea level

Cambrian Series 3 — earlier Middle Cambrian (Sundberg et al., 2011; Peng et
al., 2012)

Cap rock — a low-permeability (< 0.01 mD) rock (aquitard or aquiclude)
overlying a reservoir and retaining hydrocarbons and/or other gases (Bachu et
al., 2007)

CO; — carbone dioxide

CCS — CO; capture and storage

CGS - CO; geological storage

Db91/Db92 — wells 91 and 92, respectively, in the Dobele onshore structure in
Latvia

1G TUT - Institute of Geology at Tallinn University of Technology

IFPEN — IFP Energies nouvelles (French Petroleum Institute, Paris)

IR — insoluble residue

Kk — gas permeability (mD)

Kn24/Kn27 — wells 24 and 27, respectively, in the South Kandava onshore
structure in Latvia

LEGMC — Latvian Environmental, Geological and Meteorological Centre

Moz — CO; storage capacity (kg)

mD — millidarcy

Mt — million tonnes

NG — net to gross ratio of the aquifer in the trap (%)

NRMS — Normalized Root Mean Square, a 4D time-lapse seismic specific
repeatability metrics, a method to qualitatively estimate changes in seismic
reflection

OGS — National Institute of Oceanography and Experimental Geophysics



P — atmospheric pressure (bar)

O — flow rate, the volume of fluid which passes per unit time (m?/s)

Opr — P-wave quality factor (see Q)

Os — S-wave quality factor (see Q)

Quality factor — dimensionless value. It is a ratio of a peak energy of a wave to
the dissipated energy. As waves travel, they lose energy with distance and time
due to spherical divergence and absorption. Such energy loss must be accounted
for when restoring seismic amplitudes to perform fluid and lithologic
interpretations, such as amplitude versus offset (AVO) analysis (Schlumberger
Oilfield Glossary, Attp://www.glossary.oilfield.slb.com)

Ser— storage efficiency factor (for the trap volume, %)

SEM — scanning electron microscope

v — Poisson’s ratio, the negative ratio of transverse to axial strain

Vrar, — P-wave velocity in dry rock.

Vrwet — P-wave velocity in water-saturated rock or under in situ conditions

Vsary — S-wave or shear wave velocity in dry rock

Vswer — S-wave velocity in water-saturated rock or under in situ conditions

Vyore — volume of pores in the rock

Viotia — volume of solid matrix in the rock

Viowat — total volume of the rock sample

XRD analysis — X-ray diffraction analysis. A technique for the semiquantitative
mineralogical analysis of a sample of rock by measuring the diffraction peaks in
X-rays diffracted by the sample

XRF analysis — X-ray fluorescence analysis. A technique for elemental analysis
of samples based on the characteristic fluorescence given off by different
elements subjected to X-rays

pcox — density of CO; in reservoir conditions (kg/m?)

pary — density of dry samples (kg/m?)

Pia — density of gas—brine mixture (kg/m?)

Pisolid — grain or matrix density (kg/m°)

Ppwe — density of the partially saturated rock (kg/m?)

Hgas — Viscosity of gas (mPa-s)

@ — porosity (%)

@er— open or effective porosity (%)
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1. INTRODUCTION

The aim of this PhD research was to compose petrophysical models of the
CO; plume during possible CO, geological storage (CGS) in prospective on-
and offshore deep subsurface structures in the Baltic sedimentary basin. The
modelling results will support the implementation of CO, Capture and
Geological Storage (CCS) technology in the Baltic States as one of the effective
measures to mitigate climate change.

The knowledge about deep subsurface structures in the region is limited due
to scarcity of geophysical and drill core data mostly obtained during geological
explorations in the 1970s—1980s. Carbon dioxide geological storage projects
have not yet started in the Baltic Basin and it is thus not possible to study in situ
CO; plume behaviour. Therefore, a number of experimental, laboratory and
modern stochastic and numerical modelling methods using previously available
and new experimental data were applied in this study.

The following objectives were included in the research in order to reach its
main target:

e  Selection of storage sites and data collection, including:

- Selection of CO, geological storage sites, rock sampling and
measurement of geochemical and petrophysical properties;

e  Characterization of the selected structures:

- Reservoir characterization and risk assessment; 3D geological static
modelling of the storage sites;
- Estimation of CO; storage capacity;

e  Estimation of the influence of CGS on the properties of rocks:

- Laboratory CO; injection-like alteration experiment with reservoir
rocks;

- Estimation of petrophysical alterations in rocks caused by
geochemical and mineralogical CO,—fluid—rock interactions;

e Numerical seismic modelling to support the monitoring of CGS,
including:

- 4D time-lapse rock physics and numerical seismic modelling;

- Coupling of the chemically induced petrophysical alteration effect of
CO; — hosting rocks measured in the laboratory with time-lapse
numerical seismic modelling;

- Modelling of the possible shape of CO, plume migration in the storage
site.

The novelties of the multidisciplinary geoscientific results obtained in this
PhD research are the following:

1. Four geological structures prospective for CGS in the Baltic Region,
located onshore (South Kandava and Dobele) and offshore in Latvia
(E6) and Lithuania (E7), were characterized using available geological
and geophysical data and new laboratory measurements of 24 reservoir
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and cap rock samples from five boreholes. The petrophysical properties,
chemical and mineralogical composition and surface morphology of
these samples were interpreted together with previously obtained data
(PAPER I, PAPER II).

3D static models of the reservoir sandstone of the top of the Deimena
Formation of Cambrian Series 3 (earlier Middle Cambrian; Sundberg et
al.,, 2011; Peng et al., 2012) and cross sections of the reservoir and
primary Lower Ordovician cap rocks for the four studied structures
were constructed using geological, gamma-ray logging and laboratory
data. For the first time optimistic and conservative CO, storage capacity
of these four structures was estimated with different levels of reliability
(PAPER I, PAPER II).

A new classification of the reservoir quality of rocks for CGS in terms
of gas permeability and porosity was proposed for the Deimena
Formation sandstones in the Baltic Basin based on the previously
available data and those measured by the author. The quality of the
reservoir rocks in the four studied structures and their appropriateness
for CGS were characterized according to the new classification
(PAPER V).

Analytical quantitative estimation of the influence of possible CGS in
the Baltic Region on the properties of the host rocks of the Deimena
Formation was done to support more reliable petrophysical and
geophysical models of the CO; plume. The petrophysical, geochemical
and mineralogical parameters of 12 sandstone samples from the South
Kandava, E6 and E7 structures were measured and analysed before and
after the CO; injection-like alteration experiment (PAPER IV, PAPER
V).

Our results showed the relationship between diagenetic alterations of
Cambrian Deimena Formation reservoir sandstones and their changes
caused by the CO; injection-like experiment (PAPER IV, PAPER V).

A more detailed 3D geological, lithological and petrophysical
numerical model of the largest E6 structure offshore Latvia was built
for the first time using the advanced modelling software Petrel.

4D time-lapse numerical seismic modelling based on rock physics
studies was applied to analyse the feasibility of CGS monitoring in the
E6 structure in the Baltic Sea. The possible shape of CO, plume
migration was modelled (PAPER III, PAPER VI).

For the first time the petrophysical alteration effect induced by CO, was
incorporated into the numerical seismic modelling methodology. The
petrophysical properties of the host rocks measured before and after the
alteration experiment were applied in the modelling. The alteration
approach indicated the importance of implementing this effect in such a
modelling routine for CGS monitoring and filled the gap in previous
seismic models (PAPER VI).
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The obtained results and their novelty have a practical value for the
demonstration of CGS and its monitoring in the Baltic Sea Region. The
monitoring, verification and accounting for CO; is critical for the widespread
application of CO, storage. The methods applied in this research to separate
structures and results of the CO» injection-like experiment can be useful for the
basin-scale modelling of CGS in the Baltic Basin and in sandstone reservoirs in
other basins.

Different parts of this study were presented on scientific conferences and
workshops during 2012-2014: 11th Greenhouse Gas Control Technologies
conference — GHGT-11 in Kyoto, 7th and 8th CO, GeoNet Open Forum in
Venice, 11th Colloquium on Baltic Sea Marine Geology in Helsinki, 75th
EAGE Conference & Exhibition incorporating SPE EUROPEC 2013 in
London, 54th International Scientific Conference ’Environmental and Climate
Technologies’ in Riga in 2013 and 11th Middle East Geosciences Conference
and Exhibition in Bahrain.

1.1 Motivation for CCS in the Baltic States

The reduction of the greenhouse effect of the Earth’s atmosphere is a major
concern for researchers and everyone who cares about the future of our planet.
Carbon dioxide (COy) is an important greenhouse gas responsible for the recent
global climate change. It is capable of absorbing heat radiation from the Earth’s
surface and contributes to the increase in the temperature of the atmosphere.
Nevertheless, if the level of CO, in the atmosphere changes drastically, the
greenhouse effect can alter the conditions on the Earth (National Research
Council, 2010). The Intergovernmental Panel on Climate Change (IPCC, 2005),
U.S. Environmental Protection Agency (USEPA, 2013), etc. have stated that
fossil fuel combustion is a major source of CO, emissions to the atmosphere
(USGS CSRA Team, 2013).

This research is related to CCS, one of the most promising technologies and
fields of study, which is considered to be an effective measure for mitigating the
climate change induced by greenhouse gases (Holloway, 2002; IEA, 2004; Metz
et al., 2005; Bachu et al., 2007; Arts et al., 2008; IEA, 2013; IPCC, 2014). The
overall reduction of CO, emissions will likely involve some combination of
technologies. However, for the immediate future, industrial CO, storage in
geological reservoirs is a reliable option, because the knowledge derived from
the oil and gas production industries has helped to solve some of the major
engineering challenges. The scientific community agrees on the importance of
reducing industrial CO, emissions in the atmosphere using CGS in, for
example, (1) deep saline aquifers, (2) depleted oil and gas fields, (3) un-
mineable coal seams and (4) porous basalt formations.

1.1.1 CO; emissions

Estonia is the largest CO, emitter among the Baltic States. According to the
European Research Centre EDGAR (http://edgar.jrc.ec.europa.eu/, Olivier et
al., 2014), total CO, emissions produced in Estonia in 2013 were 20.3 Mt,
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which is higher than in the other Baltic States (Latvia — 7.9 Mt and Lithuania —
17.9 Mt). Estonian CO, emissions per capita are one of the highest in Europe
(15.8 tonnes per capita in 2013, the second in Europe after Luxemburg with
20.4 tonnes) due to the use of local oil shale for energy production. Carbone
dioxide emissions per capita in 2013 in the Baltic States and other European
countries using other energy sources were much lower (5.9 tonnes in Lithuania
and 3.8 tonnes in Latvia). The total European CO, emission data and per capita
data for 2012 are available in Shogenova et al. (2014).

1.1.2 CCS regulations

Directive 2009/31/EC of the European Parliament and of the Council of 23
April 2009 on the geological storage of carbon dioxide was published on 5 June
2009, and entered into force on 25 June 2009. This directive established a legal
framework for the environmentally safe geological storage of CO; to contribute
to the fight against climate change. By the end of 2013 the CCS Directive was
fully transposed to national law of Estonia, Latvia and Lithuania. While CO»
storage is permitted in a number of European countries including Lithuania, it is
prohibited (except for research and development) in Estonia, due to its
geological conditions, and also in Latvia.

The main reasons for taking the decision to prohibit storage in Latvia
include: (1) lack of experience in using CCS technology on an industrial scale
and dealing with its environmental impact; (2) opposition from experts in the
environmental authorities and from environmental organisations; (3) the
absence of demand for CCS from Latvia's energy and industrial operators, as
natural gas is used as a fuel almost exclusively, and the capacity of combustion
plants is small compared to the rest of the EU and (4) Latvian structures are
intended to be used primarily for natural gas storage and for obtaining
geothermal energy. The duration of the ban is dependent on information to be
provided by the Ministry of Environmental Protection and Regional
Development to the Latvian Parliament. The Parliament will then use this
information to determine whether to lift or maintain the ban.

As industrial-scale CO» storage is not permitted in Estonia and Latvia, the
regulations include a requirement for new large power plants (with a capacity of
300 MW or more) to be capture-ready, with assessed possibilities for
transboundary CO, transportation and storage (Shogenova et al., 2013, 2014).

In such a situation the most probable scenarios for the storage of Estonian
CO; emissions depend on regional decisions and cooperation with other Baltic
Sea countries (Denmark, Finland, Germany, Iceland, Latvia, Lithuania,
Norway, Poland, the Russian Federation and Sweden). Before
the implementation of the CO, storage technology in the region it is necessary
to demonstrate its long-term safety for both humans and the environment. The
ministers of the Baltic Sea Region states, responsible for energy, and the
European Commissioner for Energy convened in May 2012 and signed a
communique expressing their commitment to further develop and strengthen the
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energy cooperation in the period 2012-2015. The demonstration of the
transportation and storage of CO, was among cooperation activities.

1.2 Requirements for the storage site

Our study is focused on the CO; storage in deep saline aquifers (>800 m
depth, >35 g/l salinity), composed of reservoir rocks overlain by the cap rock
(seal). This is the most widespread worldwide option currently under
consideration for CCS/CGS.

1.2.1 Reservoir rocks

A typical reservoir for CGS is a geological formation consisting of
sandstone or carbonate rock characterized by ‘good’ effective porosity and
permeability. Effective (open) porosity is the porosity that is available for free
fluids; it excludes all non-connected porosity, including the space occupied by
clay-bound water (Schon, 1996). The ranges of ‘good’ reservoir porosity and
permeability for oil and gas reservoirs are 15-20% and 50-250
millidarcy (mD), respectively (Tiab & Donaldson, 2012).

Until now there is no unified classification specifying requirements for
‘high-’, ‘good-’ or ‘low-quality’ reservoirs for CO, storage. As a general rule
the formation permeability must exceed 200 mD for a specific reservoir to
provide sufficient injectivity (Van Der Meer, 1993). However, the values
greater than 300 mD are preferred and considered as positive indicators to start
the screening process of the possible storage site (Chadwick et al., 2006;
Vangkilde-Pedersen & Kirk, 2009). The porosities should be larger than 20%,
while those below 10% and permeability below 200 mD are considered
‘cautionary’ by these authors (Table 1). The cumulative thickness of reservoirs
should be greater than 50 m. The reservoirs less than 20 m thick are considered
unsuitable for the storage of large amounts of CO,. According to Halland et al.
(2013), a homogeneous 50 m thick reservoir with a permeability >500 mD and
porosity >25% is estimated as a ‘high-quality’ reservoir, while a heterogeneous
15 m thick reservoir with a permeability <10 mD and porosity <15% is
considered as a ‘low-quality’ reservoir for CGS.

The classification of hydrocarbon reservoirs proposed by Xanun (1965,
1969) was used during exploration for hydrocarbon deposits on the territory of
the Baltic States and later for the characterization of petroleum geology in the
region (Zdanaviciute & Sakalauskas, 2001). Based on porosity and
permeability, Xanun divided hydrocarbon reservoirs into six classes without
any overlapping of these parameters in reservoir quality classes (Table 1). In his
classification the hydrocarbon reservoirs of ‘high’ and ‘very high’ quality have
a permeability more than 500 and 1000 mD, respectively, while requirements
for porosity (18-20 and >20%) are close to the positive indicators for CO»
storage reservoirs (>20%) given by Chadwick et al. (2006) and Vangkilde-
Pedersen & Kirk (2009).
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1.2.2 Cap rocks

Cap rock is defined as a low-permeability (<0.01 mD) rock (aquitard or
aquiclude) that overlies a reservoir and retains hydrocarbons and/or other gases
(Bachu et al., 2007). However, its porosity can be relatively high, in the range
15-30% (Armitage et al., 2011). A cap rock less than 20 m thick is cautionary,
whereas thicknesses greater than 100 m are preferable (Chadwick et al., 2006).

1.3 CO,—reservoir rock interaction

When injected into the aquifer or water-flooded oil reservoir, CO, has an
impact on the pH level of in situ brine, modifying it into a more acidic state.
Isotope studies of natural analogues of CO, reservoirs suggest that the
dissolution of CO; in formation brine is the main phenomenon in the long term,
causing the acidification of native brine to a pH of approximately 3—5 (Gilfillan
et al.,, 2009; Liu et al., 2011, 2012). Chemically, this simple acid reaction is
illustrated by equation (1), showing the formation and dissociation of carbonic
acid (H,CO5°) from dissolved CO; in formation brine:

CO; + H,0 <> H,CO5’ (carbonic acid) <> H" + HCO;~ (1)

Acidic brine then reacts with the solid matrix of reservoir sediments (i.e.
calcite, dolomite and anhydrite):

H'+ HCO; + CaCO; «» Ca’" + 2HCO;~  Calcite dissolution/precipitation (2)

This exact phenomenon, induced by CO, injection into the aquifer, was
applied as the main factor of the experiment and is a basis for further research.

A number of recent papers have been dedicated to CO,—brine—host reservoir
rock interactions, both for sandstones and carbonate rocks (Ross et al., 1982;
Svec & Grigg, 2001; Grigg & Svec, 2003; Rochelle et al., 2004; Bertier et al.,
2006; Czernichowski-Lauriol et al., 2006; Egermann et al., 2006; Pawar et al.,
2006; Izgec et al., 2008; Bemer & Lombard, 2010; Carroll et al., 2011, 2013;
Nguyen et al., 2013). The CGS-related laboratory experiments, numerical
modelling and field monitoring of CO, storage sites have shown both partial
dissolution and precipitation of various minerals. The reaction of carbonic acid
with aluminosilicate or carbonate minerals produces significant alkalinity
(Kaszuba & Janecky, 2009):

2KAISi;05 (K-feldspar) + 2H,COs (carbonic acid) + 9H,O — AlLSi,Os(OH)4
(kaolinite) + 4H4SiO4 (silicic acid) + 2K™ + 2HCOs™ (bicarbonate), 3)

CaMg(CO;), (dolomite) + 2H,CO; (carbonic acid) — Ca** + Mg*" + 4HCO;
(bicarbonate). 4)

The alkalinity of in situ brine cannot overcome the acidity within the
repository that was produced by the dissolution of supercritical CO; fluid.
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However, due to the separation of brine from supercritical CO, and the
prevailing chemical potential of carbonic acid, alkalinity in brine can neutralize
the acidity, yielding near-neutral pH (Kaszuba & Janecky, 2009).

1.4 Geological background

1.4.1 Baltic Basin

The main target for the CGS study in Estonia, Latvia and Lithuania is the
Baltic Basin (700 km x 500 km synclinal structure), a Late Ediacaran—
Phanerozoic polygenetic sedimentary basin that developed in a peri-cratonic
setting in the western part of the East European Platform.

East European Craton

Mustoja F133
Ruhnu 500

ESTONIA

Ny
Basement

- Alpian complex
[  variscan complex
[  caledonian complex
- Timanian complex
E=

Prospective reservoir

-2200 c

Figure 1. (a) Structure map of the Baltic Basin. (b) Approximate location of onshore and
offshore Latvian and Lithuanian structures in the Cambrian aquifer prospective for CGS
(CO; storage potential exceeding 2 Mt), shown by red circles. The black line A—B
represents the geological cross section shown in Fig. 1c. (c) Geological cross section
across Estonia, Latvia and Lithuania. The cross section line A-B is shown in Fig. 1b.
Major aquifers are indicated by dots. Dotted vertical lines mark faults. The cross section
clearly indicates that Estonia is out of the recommended depth frames for CGS
(minimum recommended depth for CGS is 800 m). Np3 — Ediacaran; Ca — Cambrian; O
— Ordovician; SI — Lower Silurian (Llandovery and Wenlock series); S2 — Upper
Silurian (Ludlow and Pridoli series); D1, D2 and D3 — Lower, Middle and Upper
Devonian, respectively; P2 — Middle Permian; T1 — Lower Triassic; J — Jurassic; K —
Cretaceous; Q — Quaternary (PAPER II).

It overlies the Palacoproterozoic crystalline basement of the East European
Craton, specifically the West Lithuanian Granulite Domain, flanked by terranes
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of the Svecofennian Orogen southeast of the Baltic Sea (Gorbatschev &
Bogdanova, 1993). Basin fill consists of Ediacaran—-Lower Palaeozoic,
Devonian—Carboniferous and Permian—Mesozoic successions, coinciding with
what are referred to as the Caledonian, Variscan and Alpine stages of the
tectonic development of the basin, respectively. These are separated by regional
unconformities and overlain by a thin cover of Cenozoic deposits (Poprawa et
al., 1999).

Freimanis and colleagues stated that several structures have been singled out
in the Latvian part of the Baltic Syneclise (Figs 1, 2). The Estonian—Latvian and
Lithuanian monoclines are the marginal structures of the Baltic syneclise. The
Liepaja depression is a distinctly asymmetrical depression (length 200 km,
width up to 70 km, trough amplitude 800 m) with a gentle northern and a steep
near-fault southern edge. The Liepaja—Saldus zone of highs crosses the Baltic
syneclise, stretching from the Swedish offshore towards the northeast for about
400 km. The width of the zone is 25-80 km. From northeast to southwest, the
basement submerges from 500 to 1900 m. The Liepaja—Saldus zone is a
complex system of disjunctive-plicative dislocations, the intensity of which
exceeds that in other areas of the Baltic syneclise. The amplitude of uplift in the
anticline structures reaches 600 m. The Gdansk—Kura depression is only
represented by its northern peripheral part. The South Latvian step, about 100
km long, is a sublatitudinal tectonic block in southern Latvia. The amplitudes of
boundary faults reach 400500 m (Freimanis et al., 1993).
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Figure 2. Location of Latvian onshore structures prospective for CGS in the Cambrian
aquifer and the studied South Kandava and Dobele structures onshore Latvia, E6
structure offshore Latvia and E7 structure offshore Lithuania. Large regional structures
complicating the Baltic Syneclise in the study area are shown according to Freimanis et
al. (1993). The 3D geological models of the top of the Cambrian Deimena Formation of
the four studied structures are shown (PAPER I, PAPER II, PAPER IV).
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1.4.2 Cambrian Deimena Formation

The Cambrian stratigraphy is similar both on- and offshore Latvia
(Grigelis, 2011). The lithofacies implies the deepening of the sedimentation
environment and maximum transgression at the beginning of Kybartai time.
Rocks of the Deimena Formation of Cambrian Series 3 (earlier Middle
Cambrian) deposited in a shallow regressing marine basin subjected to tides and
storms and are dominated by quartz sandstones with subordinate claystone
layers (mud shelf). The poorly sorted sandstones of various grain size,
containing gravel fraction, were deposited at the end of Deimena time. The
major Deimena reservoir lies regressively on the Kybartai Formation. The
regression was associated with the more sandy composition of deposits.
Numerous faults dissect the Cambrian reservoir body. They form important
pathways for fluid migration, while high-amplitude faults provide a blockage
for fluid migration in the uplifted structures.

Cambrian Series 3 saline aquifer (depth 700-1700 m) located in the
central-western part of the Baltic Basin suits best for the CO, storage in the
Baltic Region. It is composed of 25-80 m thick Deimena Formation sandstone
covered by up to 46 m thick shales and clayey carbonates of primary cap rocks
of the Lower Ordovician Zebre Formation. Shale rocks are dark, thin-layered
(0.5-2 mm) and highly fissile. A 0.5 m layer of greenish-grey glauconite-
bearing sandy marlstones with minor limestone lenses is observed at the base of
the onshore Zebre Formation. The reservoir rocks are also covered by 130—
230 m thick Ordovician and 100-225 m thick Silurian impermeable clayey
carbonate secondary cap rocks (Fig. 1b, ¢). The Cambrian Deimena Formation
is clearly indicated by low natural radioactivity on gamma-ray log readings.
Clayey interbeds and marlstone layers in the reservoir are easily determined by
increased gamma-ray readings. Cap rocks, represented by clayey sediments of
Ordovician and Silurian formations, correspond to the highest readings (Fig. 3;
PAPER I, PAPER V).

The Cambrian aquifer includes potable water in the northern shallow part
of the Baltic Basin, mineral water (salinity 10 g/l) in southern Estonia and saline
water in the Deimena Formation at more than 800 m depths, with salinity up to
120 g/l in the central and 150—180 g/l in the southern and western parts of the
basin, where fluid temperature reaches 88 °C (Zdanavitiute & Sakalauskas,
2001). The last mentioned geochemical and pressure—temperature conditions of
formation fluids allow the use of the Deimena Formation reservoir for CGS at
depths of 800—2500 m, where CO; can be stored in a supercritical state (>31°C
and >73 atm).

1.4.3 Diagenetic alterations

The studied Cambrian rocks were subjected to different diagenetic
conditions across the basin, with a wide spectrum of rock modification under
shallow to deep burial conditions reflected in growing clay mineral maturity
with increasing depth, variations in the composition of sandstone cement, with
authigenic quartz prevailing in the deep part of the basin and carbonate cements
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prevailing in the basin periphery, changes in the pore water composition,
grading from Ca—CO; type in the east to Na—Cl type in the west, etc. The
carbonate cement of sandstones changes in mineralogy from common ferroan
dolomite and ankerite to less common calcite and siderite (Sliaupa et al.,
2008Db).

Quartz cementation that formed during the late diagenetic stage (JIamkosa,
1979; Sikorska & Paczesna, 1997) and increases with depth is the main factor
influencing the reservoir properties of rocks both in onshore and offshore
structures. Quartz is the main cement mineral, occurring in the form of
authigenic overgrowths on detrital quartz grains. According to Cyziené et al.
(2006), quartz cement is regionally widespread, but mainly confined to areas
where present-day temperatures in the Cambrian are 50-90 °C. Sliaupa et al.
(2008b) stated that quartz cementation started at 1 km depth. The amount of
quartz cement increases towards the deeper buried parts of the basin in West
Lithuania, but is highly variable on a local scale and even within individual
structures. Quartz cement contents show a negative correlation with porosity
(Cyziené et al., 2006) and carbonate cement (Sliaupa et al., 2008b).

Another diagenetic process negatively influencing the reservoir properties is
compaction. The importance of mechanical compaction in reducing porosity
and causing lithification is stressed by Cyziené et al. (2006). Compaction
comprised the mechanical rearrangement of grains throughout the sandstones as
well as the chemical compaction along shale—sandstone contacts and within
shales. Grain breakage is rare, and no intergranular pressure solution in clay-
free clean sandstones has been observed. In sandstones detrital quartz grains
mainly have point contacts. Differences in the degree of mechanical compaction
are probably related to both maximum burial depth and variations in the
depositional texture and susceptibility of sand to mechanical compaction
(JIamkosa, 1979; Kilda & Friis, 2002).

1.4.4 Storage sites

Four geological structures, located onshore (South Kandava and Dobele)
and offshore Latvia (E6) and Lithuania (E7) and serving as prospective CGS
sites in the Baltic Region, were studied in this research. All the studied
structures are situated within the tectonically dislocated Liepaja—Saldus zone of
highs (Fig. 2). The deepest Deimena Formation rocks occur in the offshore E7
structure. This structure is also characterized by the highest temperature of 46
°C and water salinity of 125 g/l. The shallowest offshore structure E6 shows a
lower temperature (36 °C) and the lowest salinity of Cambrian fluids (99 g/1).
The onshore structures exhibit the average depth of the Deimena Formation
(933-950 m) but a lower temperature than rocks in the offshore structures (18—
24.5 °C). The salinity of the Cambrian fluids is also average, 113-114 g/l
compared to the offshore structures. Sandstones at the top of the Deimena
Formation in the South Kandava uplift and in its lowered wing have undergone
diagenetic carbonate cementation represented by calcite, dolomite and ankerite
(PAPER I).
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Based on exploration reports (babyxke et al., 1983), we have treated E7 as a
Latvian offshore structure (PAPER I. PAPER II). However, according to the
new Latvian—Lithuanian territorial agreement in the Baltic Sea, signed by Prime
Ministers of Latvia and Lithuania in 1999, the E7 structure belongs now to
Lithuania (Steinerts, 2012). Location of the E7 structure at the Latvian—
Lithuanian border and the conflict of interest in its ownership could also cause
problems during its use for CGS. Storage in this structure could be considered
as transboundary and will need bilateral agreements.

1.5 CO; storage capacity

1.5.1 Global capacity

The global economic potential of CCS amounts to 220-2200 GtCO»
cumulatively, which means that CCS contributes 15-55% of the total mitigation
effort worldwide until 2100, averaged over a range of baseline scenarios (Metz
et al., 2005). Worldwide, a number of known pilot storage and large-scale CCS
demonstration projects are ongoing on and/or monitored, the first of which,
Sleipner (Norway), started in 1996. Nevertheless, there are gaps in the
knowledge of short- and long-term (10—100 and 100—10000 years, respectively)
phenomena accompanying the process of the storage of CO; in deep geological
formations. A detailed estimate of the national geological CO, storage resources
is required to make informed decisions about the implementation of CGS in the
study area (USGS CSRA Team, 2013).

1.5.2 Estonian capacity

Geological conditions in Estonia are unsuitable for CGS because of the
shallow sedimentary basin (thickness lower than 800 m, Fig. 1b, ¢) and potable
water available in all known aquifers. The most prospective structures for CGS
in the East Baltic Region (Estonia, Latvia and Lithuania) are available in Latvia,
represented by a number of anticline onshore and offshore structures (Figs 1b,
2; Sliaupa et al., 2008a; Shogenova et al., 2009a, 2009b, 2011a, 2011b; gliaupa
et al., 2013; PAPER I, PAPER II, PAPER 1V). The economic modelling of the
possible capture—transport—sink scenario of Estonian CO, emissions, produced
by the two largest Estonian power plants (Estonian and Baltic) and stored in two
Latvian onshore structures Luku-Duku and South Kandava, was carried out
with participation of the author of this thesis in the frame of EU GeoCapacity
project (Shogenova et al., 2011b).

1.5.3 Regional capacity

The regional theoretical storage potential of the Cambrian sandstone saline
aquifers below 800 m in the Baltic Sea Region has been estimated as 16 Gt
(Vernon et al., 2013). The average storage capacity of the Cambrian reservoir in
the western part of the Baltic Basin in the S41/Dalders structure of the Swedish
offshore sector is 145 Mt, while the average capacity of the regional Cambrian
Faludden stratigraphic trap is 5.58 Gt (Sopher et al., 2014). For comparison, the
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total estimated storage capacity of the Jurassic sandstone formations in the
Norwegian Sea is 5.5 Gt (Halland et al., 2013). The storage capacity of the
Utsira sandstone formation, a stratigraphic trap of the first in the world Sleipner
storage site in the North Sea, is estimated approximately as 15 Gt (Halland et
al., 2011).

More than 30 anticlinal deep geological structures onshore and offshore
Latvia, with different sizes and a storage capacity exceeding 2 Mt of CO», have
been estimated as prospective for CGS. The total capacity of 16 onshore and 14
offshore structural traps in Latvia was estimated as 400 and 300 Mt,
respectively. The structural capacity of Lithuania is only 29 Mt. The potential
for Enhanced Hydrocarbon Recovery in the Baltic onshore and offshore
structures is 5.7 Mt in Lithuanian onshore, 26 Mt onshore and 7 Mt offshore
Kaliningrad District of Russia, and 7 Mt in oil- and 16 Mt in gas-fields offshore
Poland (Sliaupa et al., 2013). In the EU Geocapacity project the CO, storage
capacity of the Dobele structure was estimated as 56 Mt and of South Kandava
as 44 Mt (Shogenova et al., 2009a; PAPER I). In this study the storage capacity
of these structures was updated with different levels of reliability (PAPER I).

1.6 Numerical seismic modelling

The time-lapse seismic method is known as highly suitable technique for
monitoring the CO; injection into a saline aquifer. The effects of CO, on
seismic data are large both in terms of seismic amplitudes and observed velocity
push-down (Arts et al., 2000). A 4D time-lapse rock physics and numerical
seismic modelling methodology (Carcione, 2007) permits prediction of the
seismic response of CO; in the storage site, planning the monitoring of plume
migration, estimation of reservoir integrity and supporting possible leakage
notification. This method also allows optimizing the seismic surveys, which
should be repeated over time to monitor the evolution of injected CO; (Rossi et
al., 2008; Picotti et al., 2012).

A large number of cognate studies have been carried out during last several
years in operating CO; storage sites, e.g. Sleipner in Norway (Arts et al., 2003,
2004a, 2004b; Carcione et al., 2006; Chadwick et al., 2006) and prospective for
CGS sites, such as Atzbach-Schwanenstadt in Austria (Rossi et al., 2008; Picotti
et al.,, 2012) and Calgary in Canada (Vera, 2012). These studies have given
similar results (see PAPER VI).
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2. DATA AND METHODS

2.1 Selection and characterization of the storage site

The onshore structures of South Kandava and Dobele, estimated as
prospective for CGS in Latvia (Shogenova et al., 2009a), were selected for
research. Due to lack of experimental data from offshore structures in the area,
the E6 and E7 structures in the Baltic Sea were also studied.

Four onshore wells from the South Kandava (Kn24 and Kn27) and Dobele
structures (Db91 and Db92), as well as wells E6-1/84 and E7-1/82 from
offshore structures E6 and E7, respectively, were studied using four
unpublished exploration reports. In addition, 24 samples, including 15 samples
from the Deimena Formation sandstone reservoir and 9 samples from the Zebre
Formation cap rock, were taken from five drill cores stored in the LEGMC (Fig.
3). Cross sections were constructed and correlated (Fig. 3) based on gamma-ray
logging data (CwmanteeB et al., 1970; OmutpueB et al., 1973; badyxke et al.,
1983; Aunnpromierko et al., 1985).

Three-dimensional structural models were constructed in Golden Software
Surfer 8 using structure maps of the top reservoir and cross sections of wells
(Figs 2, 3; PAPER I, PAPER II, PAPER IV).

The available seismic section of the E6 structure was interpreted and, using
structural maps of the E6 reservoir and cap rock top and cross section of well
E6-1/84, the geological cross section of the E6 structure was constructed (Fig. 4
in PAPER II).

2.1.1 Geochemical and mineralogical composition

The total chemical composition of 24 samples was determined by X-ray
fluorescence (XRF) analysis. The total carbon (C) and total sulphur (S) contents
were measured via the Leco method by Acme Analytical Laboratories Ltd.
before and after the alteration experiment. CaO, MgO and insoluble residue (IR)
were analysed by the titration geochemical method in the Institute of Geology at
Tallinn University of Technology and the qualitative mineral composition was
estimated by X-ray diffraction (XRD) by Acme Analytical Laboratories Ltd.
only before the alteration experiment. Thin sections of the rock samples were
studied in the IG TUT using a Scanning Electron Microscope (SEM) equipped
with an energy dispersive spectrometer (EDS). Only the chemical composition
of the original shales from the Zebre Formation cap rock (from the Dobele and
South Kandava structures) was analysed. Due to their weak consolidation these
samples were not used for petrophysical measurements or in the laboratory
alteration experiment.
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Figure 3. Cross section of the studied wells showing the correlation of the Deimena
Formation reservoir and Zebre Formation primary cap rock by logging and drill core data.
Location of the 24 sampled rocks is shown by cylinders (modified after PAPER IV and
PAPER V).
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2.1.2 Petrophysical measurements

According to exploration reports, open or effective porosity (¢.) in the
studied samples was estimated by the saturation method (OKmanos, 1981). Gas
permeability (x) was determined when passing gas through the samples using
the ‘GK-5" apparatus. A more detailed description of x measurements is given
in Shogenova et al. (2009a). P-wave acoustic velocities of dry and wet rock
samples were measured with the ‘DUK-20" equipment (100 KHz) in two
directions (X and Y) to take anisotropy into account.

Helium density and porosity, gas permeability and acoustic wave velocities
in the thesis were measured in the petrophysical laboratory of IFP Energies
nouvelles following the recommendations of the American Petroleum Institute
(API, 1998). A more detailed description of these methods is given in PAPER
II. The results are available in PAPER I and PAPER II.

2.1.3 Experimental and interpretation uncertainties

Experimental uncertainties include the quality control of petrophysical
measurements and uncertainties related to geochemical and mineralogical
interactions. To distinguish between a real trend in a data set and variation due
to the experimental uncertainty, the American Petroleum Institute (API, 1998)
has recommended reporting core analyses data together with a statement of the
uncertainty with which these data were recorded.

Variation in the permeability and acoustic velocity measurements was quite
high in this study due to sample sizes that differed from the standard ones at the
IFPEN petrophysical and petro-acoustic laboratories. The standard samples
were 40 mm in diameter and 80 mm in length, thus the length/diameter ratio
should be higher or equal to two (Egermann et al., 2006). The studied samples,
however, were 25 mm in diameter and 11-27 mm in length. The experimentally
established accuracy and related uncertainty for different parameters is
described in PAPER IV and PAPER V.

Uncertainties in the interpretation of results are caused by the limited
number of samples available for measurements, limitations of the laboratory
experiment, the wide range of minerals that can be used to describe major
element chemistry obtained by XRF analysis and semi-quantitative results
provided by SEM-EDS.

2.1.4 Assessment of the quality of reservoir rocks

The effective porosity and permeability data of 115 samples from six drill
cores (E6-1/84, E7-1/82, Kn24 and Kn27, Db91 and Db92) described in old
exploration reports (Cunantees et al., 1970; JImutpues et al., 1973; baOyke et
al., 1983; Amngpromenko et al., 1985), from the Liepaja-San borehole
(GEOBALTICA project, Shogenova et al. 2009a) and those recently measured
in IFPEN (PAPER I, PAPER II) were used for the classification of the reservoir
quality of sandstones.

Gas permeability x, calculated as an average value of permeability
measured in horizontal and vertical directions, was applied in this study. A more
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detailed description of the permeability measurements from the Liepaja
structure (Liepaja-San borehole) is given in Shogenova et al. (2009a).

Physical properties of a total of 139 samples from seven boreholes (offshore
E6-1/84 and E7-1/82 and onshore Kn24 and Kn27, Db91 and Db92, and
Liepaja-San), measured recently and reported earlier, were used for the
development of a new classification of the reservoir quality of rocks for CGS in
terms of gas permeability and porosity for sandstones of the Deimena
Formation. The data set employed comprises the x values of 127 samples, ¢.r
values of 128 samples, grain density of 102 samples, bulk density of 129 dry
samples, Vpa in 60 dry samples and Vs in 10 dry samples measured recently
or published and reported earlier (Shogenova et al., 2001b; PAPER I, PAPER
10).

2.2 Estimation of the CO: storage capacity

The theoretical storage capacity of the structures was assumed using a well-
known formula for the estimation of the capacity of a structural trap (Bachu et
al., 2007):

My, = AXh X NGX QX Doy XSyt 5)

(S
where Mcoy is storage capacity (kg), 4 is the area of an aquifer in the trap (m?),
h is the average thickness of the aquifer in the trap (m), NG is an average net to
gross ratio of the aquifer in the trap (%), ¢ is the average porosity of the aquifer
in the trap (%), pcox is the in situ CO; density in reservoir conditions (kg/m?),
Ser 1s the storage efficiency factor (for the trap volume, %). The CO, storage
efficiency factor is the volume of CO, that could be stored in the reservoir per
unit volume of original fluids in place. A different S,ris used for each structure
based on its reservoir properties and different methods are employed to estimate
these factors (PAPER I, PAPER II). According to Bachu et al. (2007) and
Vangkilde-Pedersen et al. (2009), S of a high-quality reservoir with faults on
two sides is 20%, with faults on three sides 10% and with faults on all sides
3-5%. The S. value of 40% could be implemented for an open reservoir
structure without faults. The South Kandava onshore structure has faults on two
sides and only partially a fault limits its third side. Therefore, the S.r value of
15% was selected for this structure. This approach was termed as ‘optimistic’
(PAPER 1) due to the higher values of the factors in comparison with
subsequent results obtained by another method. In addition, S. for E6-A and
E6-B compartments of the E6 offshore structure were estimated. The S, values
of 10% and 4% in the optimistic approach were determined for E6-A and E6-B,
respectively. The E6-A compartment is limited by faults on three sides and E6-
B on four sides. Based on the US Department of Energy report (US DOE,
2008), we decided to lower and round the values of S, for the so-called
‘conservative’ estimation approach (PAPER I). The S, values obtained by US
DOE using Monte Carlo simulation are between 1% and 4% for deep saline
aquifers for a 15% to 85% confidence range. The efficiency factor of 4% was
selected for all the structures and the E6-A compartment, and 2% for E6-B in
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this simplified estimation model, which did not consider pressure change and
compressibility within the reservoir due to CO; injection (Van der Meer &
Egberts, 2008). Optimistic and conservative Mco,; were calculated with
minimum, maximum and average values (min-max/mean) of porosity,
determined using recently measured and earlier reported data (PAPER I,
PAPER 1II). The ‘min-max/mean’ approach was chosen due to uncertainties
related to lack of experimental data.

The pcox value depends on in situ reservoir pressure and temperature. These
were estimated using a plot of the supercritical state of CO, under in situ
conditions (Bachu, 2003).

2.3 Alteration experiment

The homogeneous alteration method or retarded acid approach was
conducted at IFPEN. It constitutes in the placement of samples into the
Hastelloy cell maintained under vacuum conditions and injection of an acid
solution. Acid treatment was performed at 10 bar pressure and temperature of
60 °C (for at least one day), simulating CO,-rich brine in an aquifer
characterized by lowered pH (approximately three units). The day after, each
sample was placed in a 25-mm-diameter cell and flooded by three pore volumes
of 20 g L™' NaCl brine at 20 °C to stop the weathering. After this flooding the
samples were dried in an oven for three days. The procedure was repeated three
times. This method has been developed and described in detail in Egermann et
al. (2006), Bemer & Lombard (2010), Bemer et al. (2011), PAPER IV and
PAPER V.

In the present thesis, 12 reservoir rock samples from four wells (offshore E6-
1/84 and E7-1/82, and onshore South Kandava 24 and 27, Fig. 3) treated with
acid brine are discussed. Bulk and grain helium density, helium porosity, gas
permeability and acoustic P- and S-wave velocities in dry samples, the chemical
and mineralogical composition and surface morphology were studied in all
samples both before and after the alteration experiment.

Additionally three transitional cap rock samples taken part in the experiment
were described in PAPER IV. The experimental protocol did not support
chemical measurements of the acid solution composition during the experiment.
The alteration experiment involved all 15 samples together in one solution
under the same conditions. The changes in sample weights were caused by
partial destruction of some samples.

2.4 3D geological modelling

2.4.1 3D structural model

Three main surfaces were considered in the model, corresponding to
stratigraphic boundaries interpreted using well logs and seismic data: (1) top of
the Ordovician Formation (part of the secondary cap rock), (2) top of the
reservoir — the Cambrian Series 3 Deimena Formation and (3) bottom of the
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reservoir. Two main zones have been defined in the model representing,
respectively, (1) cap rock and (2) reservoir units. More precise internal layering
within the reservoir and the primary cap rock were integrated into the model
using log data from the E6-1/84 well. The layering was set up in order to
increase the vertical resolution of the grid and to take the lithological and
petrophysical partitioning of the reservoir into account. Thus, we could
accurately populate our geological model with both lithological and
petrophysical parameters (porosity and permeability). We defined five layers
within the cap rock and also five layers within the 53 m thick reservoir. The
proportional layering method was employed in stratigraphic modelling,
resulting in the grid proportional to the corresponding top and base surfaces.

2.4.2 Facies and petrophysical modelling

Geological lithofacies were modelled first in order to constrain the
distribution of porosity and permeability in the geological model. These
petrophysical properties depend both on the primary sedimentation environment
and following diagenetic processes. Because of the relatively low degree of
diagenetic alterations of the reservoir rocks in the E6 structure (PAPER I,
PAPER II, PAPER V), these alterations were not considered in the model.

Stochastic modelling was applied to populate the volumetric grid with data
obtained from composite log analysis, core measurements and bibliography
(Aumpromenko et al.,, 1985; Shogenova et al.,, 2010; PAPER I, PAPER II,
PAPER III, PAPER V). This type of approach was applied due to lack of
analytical data for this study: only one well was drilled in the structure and only
one 2D seismic profile was available from the vintage oil exploration survey.

Eight facies with a specific range of petrophysical properties (porosity and
permeability) were identified within the model (limestone, oil-bearing
limestone, shale, marlstone, sandstone-1, sandstone-2, siltstone and silty
sandstone) by analysing core data (four facies for both the cap rock and
reservoir) and assigned to the model (Fig. 4; Table 1). Layers 1-5 of the cap
rock are mainly represented by oil-bearing limestone, shale, limestone,
marlstone and shale, respectively. Reservoir layers 6—10 consist mainly of
sandstone, siltstone, sandstone, silty sandstone and sandstone-2, respectively
(Fig. 4).

In order to populate the model with facies and petrophysical properties,
three modelling algorithms of Geostatistical Software Library were applied
(Deutsch & Journel, 1998): (1) Truncated Gaussian Simulation, (2) Sequential
Indicator Simulation and (3) Gaussian Random Function. For facies
distribution within the cap rock and reservoir layers the Truncated Gaussian
Simulation and Sequential Indicator Simulation methods were used,
respectively. The Gaussian Random Function simulation was applied to the
porosity distribution in all formations. Constant average values reported for all
cap rock facies, except for oil-bearing limestone were assigned to permeability
distribution. The Gaussian Random Function simulation was used for
permeability distribution in the reservoir facies and oil-bearing limestone of the
cap rock.
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Figure 4. (a) 3D geological static facies model of the E6-A compartment of the E6
-1/84. All layers of the 3D model are

offshore structure with location of the well E6

shown. The white line A—B represents the geological cross section shown in Fig. 4b-

d. Cross sections of (b) facies, (c) porosity and (d) permeability distribution along

the line A—B.
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Table 1. The facies and the range of petrophysical properties used to populate the 3D
geological static model

Porosity (mD) Permeability (mD)

Facies n -
min max mean min max mean

Limestone 2 4 3 - - 6*

Oil-bearing limestone 10.8 23.6 183 02 24 5
Caprock ¢ e 32 39 36 - - 0.0001%

Marlstone 2 4 3 - - 0.15%

Sandstone-1 16.5 239 21 45 334 140
Reservoir Sandstone-2 21.9 33.5 25 141 400 230

Siltstone 145 21.5 19 30 440 230

Silty sandstone 13.6 215 17 10 104 56

* Constant data were implemented in the algorithm
2.5 Numerical seismic modelling

Two different approaches to CO; distribution in the hosting rock were
applied to numerical seismic modelling (PAPER VI): (i) homogeneous CO,
saturation of the reservoir (uniform model) and (ii) CO; plume accumulation
(plume model). Therefore we produced synthetic data sets for four scenarios:
(1) uniform model without the alteration effect, (2) uniform model with the
alteration effect, (3) plume model without the alteration effect and (4) plume
model with the alteration effect. Synthetic seismic sections were produced,
analysed and compared with the baseline data set (before the injection of CO»).
We considered the first two scenarios to explore the effectiveness of the seismic
technique for CGS monitoring in the long term, when CO; has homogeneously
spread within the storage reservoir. The third and fourth scenarios present more
realistic approaches in the short term and involve more complex study (plume
shape and inhomogeneous CO; saturation).

2.5.1 2D uniform modelling

Figure 5a shows the 2D geological model implemented for numerical
seismic modelling and extrapolated for the interpretation of the E6 seismic
section. Well E6-1/84 is located approximately in the middle of the model.
According to specific physical properties of rock the Deimena reservoir was
split into three parts: Reservoir-1, Reservoir-2, and Reservoir-3 (Fig. 5a). Due
to shortage of experimental data (only one well drilled in the structure), the
three sub reservoirs were approximated to be homogeneous without vertical or
lateral heterogeneity. The Saldus Formation of the Upper Ordovician oil
reservoir is shown by a 10 m thick black layer between the Ordovician and
Silurian (Fig. 5a).

All layers in the geological model were characterized and populated with
specific lithology, and the measured or computed petrophysical properties
recalculated under in situ conditions before and after the alteration experiment
(Tables 2, 3).
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2.5.2 CO; plume modelling

A simplified CO; plume accumulation model was based on studies of
gravity flows within a permeable medium for an axisymmetric geometry
(Huppert & Woods, 1995; Lyle et al., 2005; Bickle et al., 2007) and it took field
monitoring and numerical modelling studies of the existing offshore storage site
(Sleipner, North Sea, e.g. Fornel & Estublier, 2013; Zhang & Agarwal, 2014)
into account. The possible evolution and migration of the CO, plume within the
reservoir layers in the E6 potential storage site was described at a specific time
and with a given amount of injected CO,. The fluid saturation has been assumed
according to the structural, stratigraphic, lithological and petrophysical
properties of different reservoir layers (Scenario-3 and Scenario-4; Fig. 5b).

0 0.5 1 15 2 25 3 35 4
T T T

well E6-1/84
P

- Reservoir-1

- Reservoir-2
2 sascment - Reservoir-3
14
a Cambrian Deimena Sandstone Formation
Sea water — " ” -
0.2 q ——
0.4l Devonian well E6-1/82 | / P \ —
€ " Siuran %/ Injection point -Reservoir-1
£ 0.87 Ordovician q -Reservoir-2
§ [Feamonan e ——— - Reservoir-3
1.2] 4 Saturation (%)
Basement Injection point e 0 |
14 J 0 10 20 30 40 50 60 70 80 90

0 05 1 15 3 35 4

2 25
Distance (km)

Figure 5. (a) 2D geological model of the E6 offshore structure implemented for seismic
modelling and a magnification of the three reservoirs; (b) plume saturation model of
CO; injected into the reservoir formation in the E6 structure. Different CO; saturation of
reservoir formation fluids is indicated. Black lines within the structure are formations
borders.

2.5.3 Seismic and poro-viscoelastic properties

Seismic parameters of the reservoir layers were computed using the
properties of rocks (Owiia, Pirv Qe & and Vpan) measured on dry-rock samples
before and after the alteration experiments at the IFPEN rock physics
laboratories (PAPER I, PAPER II, PAPER III, PAPER IV and PAPER V). The
measured parameters were coupled with data available in the exploration report
for the E6 structure (Auapromenko et al., 1985). The measured, reported or
estimated data (average from measured and reported for different parts of the
reservoir layer) were applied in modelling. The estimated py.is value was used
for Reservoir-1, reported value for Reservoir-2 and measured value for
Reservoir-3. Estimated pusn, @ and x were employed for Reservoir-1 and
Reservoir-3, and reported values for Reservoir-2. Estimated Vpq- was used for
Reservoir-1 and reported Vpa- for Reservoir-2 and Reservoir-3.
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The results of the petrophysical alteration of the E6 structure for Reservoir-
1 and Reservoir-3 were considered as reservoir rock properties after the
alteration experiment (PAPER IV, PAPER V). Due to lack of samples
characterizing change in the rock properties of Reservoir-2 and Vp4, change in
Reservoir-1 and Reservoir-3, alteration results of the identical reservoir samples
(with similar properties before alteration) from the Lithuanian offshore structure
E7 structure were used (Fig. 2; PAPER II; PAPER IV, PAPER V).

The layers above and below the storage formation were assigned the
experimental P-wave velocities (Vpwe:) obtained from unpublished results of
active seismic surveys, laboratory measurements of dry and wet samples of the
oil reservoir of the Upper Ordovician Saldus Formation from well E6-1/84
(Aurnpromenko et al., 1985) and reported measurements of more than 1000 rock
samples of the northern part of the Baltic sedimentary basin (Shogenova et al.,
2010).

Seismic properties of different formations (PAPER III; PAPER IV) were
computed considering rock physics theories described in detail in the PAPER
VL.

2.6 The software applied

The following software packages were used for different tasks in this PhD
research: ArcGIS (mapping the CO, storage sites), Corel Draw 12 (construction
of the cross sections), Adobe Photoshop 8 (presentation of the SEM images of
rocks and construction of the 2D seismic model), Golden Software Surfer 8
(digitizing structural maps and building 3D geological models), Statistica for
Windows (statistical analyses and 2D graphs of the relationships of the studied
parameters), Jewel Suite and Petrel from Schlumberger (detailed 3D geological
and petrophysical static modelling), MatLab 7 (computing numerical seismic
equations and CO; plume geometry), Absoft Fortran Compiler and Seismic
Unix software (compilation of the seismic modelling code and computing
seismograms and snapshots).
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3. RESULTS

3.1. Reservoir quality of sandstones before alteration

Considering permeability and porosity requirements for CO, geological
storage (Van Der Meer, 1993; Chadwick et al., 2006; Vangkilde-Pedersen &
Kirk, 2009; Tiab & Donaldson, 2012; Halland et al., 2013), hydrocarbon
reservoir classification by these parameters proposed by Xanun (1965, 1969)
and data of 115 sandstone samples reported earlier and measured recently
(Shogenova et al., 2009a; PAPER I, PAPER II), the studied reservoir sandstones
from the Deimena Formation were subdivided into four groups and eight classes
based on reservoir quality (Table 4; Fig. 6a; Table 2 in PAPER V). The groups
were distinguished using permeability limits of 300, 100, 10 and 1 mD. Each
group was subdivided into two porosity classes.
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Figure 6. (a) Gas permeability versus porosity of the reported and measured sandstones
in eight reservoir quality classes [-VIII (PAPER V). (b) Bulk density measured on dry
samples versus porosity. Data are based on 115 sandstone samples from the Deimena
Formation of two offshore and three onshore structures from seven boreholes, reported
and measured before the alteration experiment.

The first group, ‘very appropriate’ for CGS (classes I and II) includes
samples from the offshore E6, onshore Dobele-92 and Liepaja-San boreholes.

The second group, ‘appropriate’ for CGS, class III, is composed of rocks
from the E6-1/84 borehole, while class IV also includes rocks from the E7-1/82
and Liepaja-San boreholes.

The third group, ‘cautionary’ for CGS, ‘cautionary-1’ class V includes
samples mainly from the E6-1/84 borehole, while ‘cautionary-2’ class VI
contains mostly rocks from the E7-1/82 borehole.

The last, ‘very low’ reservoir quality class VIII from the fourth group, ‘not
appropriate’ for CGS, includes clay-cemented samples from the E7 structure
and carbonate-cemented samples from South Kandava, supplemented by three
samples from the Dobele and Liepaja structures (Fig. 6a, 6b; PAPER V). Class
VII includes only earlier reported samples (E6, E7, Liepaja and Dobele
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structures), which had higher permeability and porosity, lower grain and bulk
density and P-wave velocity than rocks of class VIIIL.

According to the chemical and lithological classification proposed by
Kleesment & Shogenova (2005) and Shogenova et al. (2005), Kn27-4 is a
mixed carbonate-siliciclastic sandstone (50<IR<70%), while the other studied
samples (E6-1-E6-3, E7-1-E7-7 and Kn24-4) are siliciclastic sandstones
(IR>70%) of different quality, and clay and carbonate cement content (Table 3
in PAPER V).

According to our classification based on permeability and porosity (Table
4), offshore sandstones from the E6 structure are mainly of ‘good’ and ‘high-1’
reservoir quality (classes III and I, respectively), with a small number of
samples of ‘cautionary-1’ V class and rare samples of classes IV, VI and VIIL.

Offshore sandstones from the E7 structure are mainly of ‘cautionary-2’
reservoir quality class VI. Few samples belong to classes IV-VII. Clay-
cemented samples from the downward part of the E7 reservoir (70<Si0,<90%
and AlLO3>5%, Table 3 in PAPER V) and carbonate-cemented samples
(65<Si10,<85% and Ca0>5%, Table 3 in PAPER V) from the upward part of
the onshore South Kandava structure are in ‘very low’ quality class VIII.

The ‘high-1’ and ‘good’ reservoir quality (classes I and III, respectively)
quartz sandstones from the E6 structure are composed mainly of quartz, with
minor amounts of clay (illite and/or kaolinite) and carbonate cement forming
minerals, admixture of feldspar and accessory minerals represented by pyrite,
barite, anatase and/or brookite, and zircon (PAPER I, PAPER II).

The sandstones from the E7 offshore structure are also composed mainly of

quartz. Compared to sandstones of the E6 structure, sandstones of the E7
structure in some parts of the Deimena Formation contain more clay and
carbonate minerals, including ankerite, dolomite, admixture of feldspar and clay
fraction represented by kaolinite and illite. In the upper part of the Deimena
Formation the sandstones are mostly cemented by quartz-generated cement.
Rocks in the lower part are characterized by conformation of quartz grains due
to dissolution under the pressure (PAPER I, PAPER II).
The transitional reservoir (trans-res) sandstones from the South Kandava
onshore structure (located 0.2-0.3 m below the Lower Ordovician cap rock
formation) are characterized by a higher carbonate cement content than the
other studied pure reservoir sandstones. Trans-res sandstone Kn24-4 (0.3 m
below the cap rock formation, Figs 3, 7; PAPER V) was estimated by the XRD
and XRF analyses as ankerite-cemented almost pure quartz sandstone of ‘very
low’ reservoir quality (class VIII).

Trans-res rock sample Kn27-4 (0.2 m below the cap rock formation) was
estimated by XRD analysis as sandstone with abundant quartz and minor calcite
(mixed carbonate—siliciclastic rock by geochemical interpretation) and was
assigned ‘low’ reservoir quality (class VII).
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- Trasss of cament

Figure 7. SEM microphotographs of thin sections of trans-reservoir carbonate-cemented
medium-grained poorly-sorted Deimena sandstone sample Kn24-4 (Table 3 in PAPER
V) before (left) and after (right) the alteration experiment (PAPER V). The sample was
of ‘very low’ reservoir quality before the alteration experiment and became of
‘moderate’ reservoir quality (class IV) after the experiment.

3.2 CO; storage capacity of the studied structures

The estimated CO, storage capacity of each structure, total capacity of the
onshore and offshore structures and four structures together according to
‘optimistic’ and ‘conservative’ approaches with different levels of reliability
(min/max/mean) are in Table 5 (PAPER I, PAPER II).

3.2.1 The E6 structure

The closing contour of the E6 structure was determined by the top depth
contour of 1350 m (Fig. 2; PAPER I, PAPER II). The closing contour, reported
by the LEGMC, was at 950 m (http://mapx.map.vgd.gov.lv/geo3/VGD OIL
PAGE). Line 76033 of the cross section, based on seismic data, crosses the
Deimena Formation at a depth of 950 m. The propagation of a slope within the
Deimena Formation could be clearly detected between lines 76033 and Linel
(Fig. 4 in PAPER II). We took account of the depth range of the Deimena
Formation and structural uplift within E6 and the fault system that separates the
E6 structure from the environing deposit surfaces. The total area of the structure
is 600 km?. With the 1350 m closing contour of the reservoir top, an
approximate area of the larger part of the structure, E6-A, is 553 km?, while the
smaller part E6-B takes up 47 km?®. The thickness of the reservoir in the well is
53 m. The value of pcoz- was 658 kg/m®, corresponding to a depth of 848 m and
temperature 36 °C. The estimated minimum, maximum and average porosities
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of 14-33.5% (mean 21%) were used for calculation (Table 1 in PAPER II). The
estimated theoretical CO, storage capacity of the E6 structure was 264—631 Mt
(mean 396 Mt) based on the optimistic approach, and 106252 Mt (mean 158
Mt) based on the conservative approach in PAPER I. Then the optimistic
storage capacity of the entire structure was reduced to 251-602 Mt (mean 377
Mt) (Table 5; PAPER II). The theoretical optimistic and conservative CO;
storage capacities of two split parts of the reservoir were estimated separately.
Based on the optimistic approach, the CO, storage capacity of the E6-A part
was 243-582 Mt (mean 365 Mt) and of the E6-B part 820 Mt (mean 12 Mt).
The conservative capacity of E6-A was 97-233 Mt (mean 146 Mt) and of the
E6-B part 4-10 Mt (mean 6 Mt).

3.2.2 The E7 structure

The closing contour of the E7 structure reported by the LEGMC is 1450 m
(http://mapx.map.vgd.gov.lv/geo3/VGD_OIL PAGE). Based on the depth range
of the Deimena Formation, the fault system bounding the structure and
structural uplift within the structure, a depth of 1525 m was considered as the
closing contour of the reservoir top. In case of the 1525 m level, an approximate
area of the E7 structure (43 km?) is 14 times smaller than that of E6 (PAPER I).

The thickness of the reservoir in the well is 58 m. The value of pcox
727 kg/m® was taken as corresponding to a depth of 1362 m and temperature
46 °C. The estimated minimum, maximum and average porosities of 5-23%
(mean 12%) were used for calculation. The CO, storage capacity of the E7
structure assessed by the optimistic approach was 14-66 Mt (mean 34 Mt) and
3—13 Mt (mean 7 Mt) by the conservative approach (Table 5; PAPER II).

3.2.3 The South Kandava structure

The CO, storage capacity, estimated using the optimistic approach, was 5—
122/95 Mt, and based on the conservative approach, 1-32/25 Mt (Table 5;
PAPER I). The CO, storage capacity, estimated earlier within the EU
Geocapacity project (44 Mt; Shogenova et al., 2009a), is in the same range with
our optimistic capacities.

3.2.4 The Dobele structure

The estimated CO; storage potential in the Dobele structure is 56-145/106
Mt according to the optimistic approach and 11-29/21 Mt according to the
conservative approach (Table 5; PAPER I). The CO, storage capacity estimated
earlier within the EU Geocapacity project (56 Mt, Shogenova et al., 2009a),
corresponds to our minimum optimistic estimate.

3.3 Reservoir quality of sandstones after alteration

3.3.1 The E6 structure

An increase in ¢, supported by a decrease in pa, and psis, and a slight
decrease in sample weight, due to the dissolution of minor carbonate cement,
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displacement of clay cement after the experiment and minor increase in
microfractures in grains, were determined after the alteration experiment in the
studied samples from the E6 offshore structure (Table 6; Table 3 in PAPER V).
However, the changes in their x and ¢, did not cause a significant change in
reservoir quality and after the experiment samples from the E6 structure
remained in the same ‘high-1’ and ‘good’ reservoir quality classes (Table 6;
Figs 6a, 8, 9; PAPER V).
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Figure 8. SEM microphotographs of thin sections of reservoir fine-grained poorly sorted
Deimena Formation sandstone sample E6-3 (Table 3 in PAPER V) before (left) and
after (right) the alteration experiment. The sample is of ‘high-1’ (class I) reservoir
quality sandstone, very appropriate for CGS with no changes in the reservoir quality
after the experiment.

3.3.2 The E7 structure

Reliable changes in the physical properties of rock were detected in the
nearly pure (estimated by XRD) quartz sandstones E7-2—E7-5 sampled from the
depth interval 1389.5-1393.2 in the E7 offshore structure (Table 6; Fig. 10;
PAPER V). A decrease in pyis in these samples and a decrease in ¢.rin samples
E7-2 and E7-3 were recorded. A reliable decrease in the sample weight and a
significant increase in x were detected in sample E7-3 (Figs 10, 11; PAPER V).
Additionally, a reliable decrease in Vpg- and Vs, was determined in sample
E7-3. A reliable decrease in pa, was registered only in sample E7-4 (Table 6).
However, the only sample E7-3 from class VI (‘cautionary-2’) improved its
reservoir quality up to class IV (‘moderate’) owing to its permeability increase,
while the quality of the other samples did not improve after the experiment.

Only a slight decrease in sample weight, ps.is, a significant reduction in the
Veary supported by some insignificant variations in x and g, were determined in
clay-cemented sandstones E7-6 and E7-7 of initially ‘very low’ quality class
VIII. After alteration both samples remained in the same reservoir quality class
(Table 6; PAPER V).
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Perm. — gas permeability;
Por. — porosity.
3.3.3 The South Kandava structure

The weight of trans-res sandstone sample Kn24-4 from the South Kandava
onshore structure had decreased during the alteration experiment. This is
explained by the dissolution of cement (expressed by a decrease in CaO content
from 5.61% before to 3.95% after alteration, Table 3 in PAPER V), a decrease
in par and psrna and in Vpa, associated with a significant rise in . and
accompanied by drastically increased x (Table 6; Figs 7, 9 10; PAPER V).

Thin section study confirmed the results of the rock physical measurements,
showing the dissolution and microfracturing of carbonate cement and
displacement of clay cement, which previously blocked pores, after the
alteration (Fig. 7; PAPER V). Owing to drastic changes in porosity and
permeability, the reservoir quality of this rock sample improved up to
‘moderate’ reservoir quality class IV, ‘appropriate’ for CGS (group 2, Table 6;
PAPER V).

The trans-res rock sample Kn27-4 (0.2 m below the cap rock formation,
Figs 3, 12) was estimated by XRD analysis as sandstone with abundant quartz
and minor calcite (mixed carbonate-siliciclastic rock by geochemical
interpretation) and was assigned to the ‘low’ reservoir quality (class VII). The
sample weight decreased due to partial dissolution of carbonate cement
(expressed by a decrease in CaO content from 15.69% before to 12.23% after
alteration, Table 3 in PAPER V), accompanied by reduction in Vpgry, Vsar and
the pa, and drastic increase in @.rand k induced by chemical alteration (Table 6;
Figs 9, 10, 12). This improved the reservoir quality of this sample up to ‘high-2’
reservoir quality class II, ‘very appropriate’ for CGS (group 1).
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Figure 10. P-wave velocity versus porosity in dry sandstones reported (52 samples) and
measured before (8 samples) and after the alteration experiment (9 samples). A decrease
in the grain density in all the samples and a decrease in velocity in most of the rocks
were determined after the experiment.

Figure 11. SEM microphotographs of thin sections of reservoir carbonate-cemented
medium- to fine-grained well-sorted Deimena Formation sandstone sample E7-3 (Table
3 in PAPER V) before (left) and after (right) the alteration experiment. The sample is of
‘cautionary-2’ reservoir quality (class VI), with improved quality up to ‘moderate’
(class IV) after alteration.
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Figure 12. SEM microphotographs of thin sections of trans-reservoir carbonate-
cemented sample Kn27-4 from medium- to very fine-grained (fine-grained in general)
unsorted Deimena sandstone from the South Kandava structure (Table 3 in PAPER V)
before (left) and after (right) the alteration experiment (PAPER V). The sandstone was

of ‘very low’ reservoir quality. During the alteration experiment its reservoir quality
improved up to ‘high-2’ (class II), ‘very appropriate’ for CGS (Table 4).

3.4 3D geological and petrophysical models of the E6 structure

A 3D geological static model was built for the E6 structure (Figs 4, 13) with
a cell size of 500 m x 500 m (see Table 5). The Cambrian Deimena Formation
reservoir and the Ordovician primary cap rock in E6-A were modelled and
populated with both lithological and petrophysical parameters (porosity and
permeability). A summary of meshing data and statistics of petrophysical
properties in the cap and reservoir rock implemented in the model is shown in
Tables 7 and 8, respectively.

Table 7. Volumetric grid parameters implemented in the 3D geological modelling

Size (X-Y-Z) (m) 29371.5-26534-826
Depth range (m) 693-1519

Cell size (m) 500 x 500

Grid cells (nl x nJ x nKGridLayers) 67x59x10

Total number of 3D grid cells: 39530

Number of faults: 8
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Table 8. Porosity and permeability statistics of the model of the E6 structure

Porosity (%)
Min Max Delta Mean (1) Std (6) Var (¢®) Sum
Cap rock 2 236 21.6 59 59 34.7 69 256
Reservoir 13.6 335 199 208 39 15.1 245 905

Permeability [mD]

Min Max Delta Mean (u) Std (6) Var (¢°) Sum
Caprock 0.0001 242 242 22 4.5 20.5 25372

Reservoir 10.2 440 429.7 168.3 107.1  11471.7 1986070

Total number of cells defined in the entire property: 11800
Std — standard deviation

Var — variance
Delta=Max-Min

Y VA VA W W N S Y Y Y 2
\Facies\matrix ‘

Figure 13. Top: 3D geological
static facies model of the E6-A
compartment of the E6 offshore
structure, showing the
lowermost layer 10 of the
Cambrian Deimena sandstone-2
reservoir formation with rare
clusters of silty sandstones and
main faults. Bottom: 3D
geological static porosity model
of the E6-A compartment of the
E6 offshore structure, with the
lowermost layer 10 of the
Deimena Formation and main
faults.
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3.5 Numerical seismic models of the E6 structure

3.5.1 Seismic properties of the reservoir formations

The bulk density pw. decreased in the whole range of CO, saturation,
accompanied by a drastic drop in Vs, and acoustic impedance, calculated for
the reservoir rocks using the fluid substitution method (Table 3 in PAPER VI).
Moreover, the mesoscopic attenuation showed a peak at about 5% CO;
saturation in the reservoir rocks in all reservoir layers (Reservoir-1, Reservoir-2
and Reservoir-3) without and with a petrophysical alteration effect with minor
differences. The decrease in P-wave velocity becomes insignificant in the range
10-50% CO; saturation. After 50% CO, saturation Vpu. and Vs, started to
increase slightly due to decrease in bulk density. The velocity drop of the
altered rocks (Scenario-2 and Scenario-4) is slightly higher than that of the non-
altered rocks (Scenario-1 and Scenario-3; Tables 1-3 in PAPER VI). Figure 4 in
PAPER VI shows the bulk density, velocities, acoustic impedance and
attenuation of Reservoir-1 as a function of CO, saturation for the original
(initial) and altered core samples.

3.5.2 Synthetic seismic sections
3.5.2.1 Plane-wave datasets

The baseline synthetic plane-wave seismic section of the E6 offshore
structure before CO; injection (Fig. 14a) was produced and compared with six
synthetic seismic sections, reproducing different CO; saturation levels (1, 5, 10,
15, 50 and 90%) of the Deimena Formation, considering homogeneous gas
saturation (Scenario-1; Fig. 14-scl-a). Repeated seismic simulations took the
chemically induced petrophysical alteration effect of the reservoir rocks into
account (Scenario-2; Fig. 14-sc2-a). Modelling provided seismic images of the
CO; storage in the E6 offshore structure at different times over the same area.
Plane-wave sections of the modelled CO; plume in the E6 structure without and
with the petrophysical alteration effect were also computed (Scenario-3; Fig.
14-sc3-a and Scenario-4; Fig. 14-sc4-a, respectively).

The presence of CO, in the reservoir layers could be detected by direct
comparison and interpretation of the baseline and repeated synthetic surveys
with different CO; saturation levels in Scenario-1 (Fig. 14-sc1-a) and Scenario-
2 (Fig. 14-sc2-a), already from 1% saturation. The seismic reflections
corresponding to the top and bottom of three reservoirs became stronger with
increasing CO; saturation showing the best contrast up to 5% CO; saturation.
The evolution of the reflection strength in the considered sections after 5% CO»
saturation was difficult to detect, as all synthetic plane-wave seismic sections in
the range of 10-90% CO; saturation for a specific scenario were very similar. A
slight variation in time shift or velocity push-down was also detectable on the
plane-wave plots for the layers below the reservoir formation. The plane-wave
sections of Scenario-3 (Fig. 14-sc3-a) and Scenario-4 (Fig. 14-sc4-a) clearly
show the modelled CO; plume in the E6 storage site. Seismic reflections of the
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reservoir rocks with a petrophysical alteration effect (Scenario-2 and Scenario-
4) showed higher reflectivity in all cases compared to Scenario-1 and Scenario-
3.

Using ‘Difference’ and NRMS metrics, CO, was clearly visible since low
gas saturation (1%, Fig. 14). However, for saturation higher than 5% the
amplitude of the signals delineating the reservoir and the interface below did not
vary, similarly to the reflection amplitudes of the reservoirs in the synthetic
plane-wave sections.
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Figure 14. (a) Baseline synthetic plane-wave section of the E6 structure (before the
injection of CO,). Reflectors of the top of all geological formations (D—Devonian,
S—Silurian, O—Ordovician), the top and bottom of the Deimena Formation reservoir
(Dm Fm) and the middle part of the Deimena Formation Reservoir-2 (Dm Fm R-2) are
indicated; (scl-a) plane-wave section of Scenario-1 (uniform model without an
alteration effect) with 1% CO, saturation; ‘Difference’ (scl-b) and NRMS (scl-c)
sections of the synthetic baseline and the seismic section of Scenario-1 with 1% CO»;
(sc2-a—c) seismic sections of Scenario-2 (uniform model with an alteration effect) with
1% CO; saturation; arrows indicate the reservoir top and bottom; (sc3-a—c) seismic
sections of Scenario-3 (plume model without an alteration effect); (sc4-a—c) seismic
sections of Scenario-4 (plume model with an alteration effect); arrows indicate the CO,
plume.
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4. DISCUSSION

4.1 Storage site selection, characterization and risk assessment

Vintage hydrocarbon exploration reports were used in this study
(CunanteeB et al.,, 1970; JImutpueB et al., 1973; babyke et al., 1983;
Anppromenko et al., 1985). The quality and amount of exploration data were
different for various structures. The amount of rocks sampled for the
experiments for this PhD research was lower than planned initially, due to the
limited number of rocks permitted to sample. The reason was the limited
number of drill cores stored in the LEGMC and their commercial approach in
providing samples and data. Complete seismic data of these structures were not
available. Shortage of exploration data and rock samples added uncertainties
into the created 3D geological models and quality estimates of the storage
reservoir.

The E6 structure that was selected for detailed modelling contains multiple
faults. Uncertainties in the fault structure caused significant difficulties in the
assessment of CO, storage risks and 3D geological modelling. Because of oil
accumulation in the limestone of the Upper Ordovician Saldus Formation and
oil impregnation of Cambrian Deimena and Devonian sandstones, the
hypothesis of oil leakage from the E6 reservoir via faults could be assumed.
There are two possible scenarios of the behaviour of the faults: (1) the faults
still have open structure or (2) the faults were locked in the course of time by
geological processes. The origin of faults and architecture of reservoirs need
more detailed study, which would largely contribute to the estimation of the
integrity of reservoirs.

These uncertainties can be clarified in two ways: (1) by conducting a
modern geophysical exploration in the area of the studied structures or (2) by
making pilot CO; injection into the structure and monitoring its behaviour. If
the reservoirs are faulted and the faults have open structure, the CO, leakage
could be determined using known monitoring methods. Seismic survey is the
most effective method that has been implemented in the well-known world’s
largest CO, storage project in the Norwegian North Sea (Sleipner) for
monitoring the injected CO, plume. During seismic survey the formation and
migration of the injected CO, under impermeable layers can be observed from
the surface (e.g. Chadwick et al., 2009; Hermanrud et al., 2009; Alnes et al.,
2011).

The existing fault system in the E6 structure, interpreted by seismic data and
oil impregnation of Cambrian sandstones revealed in drill core E6-1/84, would
suggest two optional cases. The first case is a possible leakage of the geological
trap. The opposite case is that the reservoir has good trapping mechanisms, but
there is no trapped oil in the reservoir due to specific in situ conditions and
geological history of the area. The first case was discussed by Chang et al.
(2008). They developed a single-phase flow model to examine CO, migration
along faults. The model simulated CO, migration from the fault into permeable
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layers. Reaching these layers, CO, continued migration along the fault above
them. The developed 1D model was compared with full-physics simulations in
2D. It was concluded that although more CO, escapes from a deeper storage
formation through a fault, less CO; reaches the top of the fault. Thus,
attenuation can reduce the risk associated with CO; reaching the top of the fault
(Chang et al., 2008).

However, the presence of faults does not pose adverse impact on the
security of storage. If the offset of a fault is less than the thickness of the cap
rock, the likelihood of providing a migration pathway through the cap rock is
lower (Bentham et al., 2013). The integrity of faults also plays a crucial role in
reservoir security. According to studies carried out in the region, faults can
propagate through all cap rocks (Ordovician and Silurian), reaching the
Devonian sandstone layer. Thereby, faults were considered to be propagating
through the cap rock in the 3D geological model of the E6 structure. No
transmissivity values are available for the faults in the area. The vintage seismic
reflection data were insufficient for a detailed geometrical characterization of
faults. Nevertheless, the largest onshore Inc¢ukalns structure, with a structural
setting comparable to E6, has been successfully used for underground gas
storage for many years, serving for gas supply to Latvia, Estonia and Lithuania.
This fact indicates that faults in the region may have enclosed, impermeable
structure (LEGMC, 2007) and as suggested in PAPER I, faults in the E6
structure can act as sealing surfaces.

The conditions of every reservoir for the geological storage of different
gases are site-specific. For example, the properties of CO, and methane in deep
in situ conditions can vary significantly. The migration of CO, via faults to
depths shallower than 800 m is classified as a risk due to the properties of CO,.
In normal geothermal and pressure regimes CO;, below 800 m is likely in its
highly dense phase. Above this depth (depending on the exact pressure and
temperature) the migrating CO, may undergo a phase change due to the
decreasing pressure and temperature and become gaseous. Carbone dioxide
would then expand and migrate faster, which may cause a more serious leakage
of CO, depending on the surrounding geology (Bentham et al.,, 2013).
Understanding faults integrity is a key for further studies that should clarify the
storage potential and integrity risk of the studied structures. As mentioned
above, the pilot injection of several thousands of CO, could clarify this
uncertainty. Due to the splitting of the E6 structure by faults into two
compartments E6-A and E6-B with areas of 553 and 47 km?, respectively, we
propose E6-A as the main CO; storage site within the structure and E6-B as an
additional reserve structure. Using both substructures should be economical,
considering the location of E6-A next to E6-B and the possibility of a common
infrastructure. Thereby, E6-A, as the largest storage site in the region, is the
main object in this study.
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4.2 3D geological models

The reliability of geological static model depends on the amount of input
data obtained during the exploration phases. Usually, modellers integrate large
sets of various data into 3D numerical models: e.g. geological, structural,
geophysical and borehole logging data and all measured parameters of rock
samples, (e.g. Brun et al., 2001; Courrioux et al., 2001; Ledru, 2001; Zanchi et
al., 2009; Salvi et al., 2010; Bigi et al., 2013). In our study we used a limited set
of data from the vintage exploration survey (Anapromenko et al., 1985) and
new laboratory measurements (PAPER I, PAPER II). Ideally, to provide a more
realistic structural, geological, lithological and petrophysical representation of
the E6 structure, additional exploration and new laboratory data are needed,
including modern seismic surveys, borehole drilling, and laboratory studies of
reservoir and cap rocks. Modern seismic exploration of the E6 structure was
ordered in 2006 by the Danish oil company Odin Energi A/S, the owner of the
license for oil exploitation in the structure, but the results are not available yet
to the third parties. In many cases when the available data are scarce or
irregular, an engineering software package such as Petrel can improve the
quality of the geological models. The well-known mathematical algorithms of
Geostatistical Software Library (Deutsch and Journel, 1998) implemented in
Petrel provide a statistically justified image of the area.

4.3 CO; storage capacity

The difference between the maximum and average values of CO, storage
capacity was higher in the E7 structure (48%) than in the E6 structure (37%),
suggesting a lower homogeneity of sandstone porosity in the E7 reservoir. This
difference was 27% in the Dobele and 22% in the South Kandava structure,
whereas reservoir porosity was similar in the onshore structures but
homogeneity was two times lower in the offshore structures (PAPER 1I).

The optimistic maximum and average storage potentials of the E6 structure
(602 and 377 Mt) and its larger compartment E6-A (582 and 365 Mt) are higher
and nearly the same as the previously reported total potential of all 16 onshore
Latvian structures (400 Mt, Shogenova et al., 2009a). Even the average
conservative capacities of E6 (152 Mt) and E6-A (146 Mt) are the largest
among all Latvian onshore and offshore structures studied until now (PAPER
10).

The average CO; storage capacity of the E7 structure, estimated both by the
optimistic (34 Mt) and the conservative approach (7 Mt), was the lowest among
the four studied structures and could be assessed as cautionary for the storage of
large industrial emissions.
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4.4 Assessment of reservoir quality

The permeability of the studied sandstones varies by six orders of
magnitude and by four orders of magnitude at a single porosity. At the same
time the porosity of these sandstones varies in the range 0.8-25.8% and can
vary 2-2.5 times for a single permeability. Porosity and permeability are related
to different properties of pore space geometry. This explains the correlation
between porosity and permeability, but also the scattering of such correlations,
indicating strong additional influences (Schon, 1996).

The wide range of porosity variation of the Cambrian sandstones in the
Baltic Basin is explained by variation in composition, grain size and sorting,
pore structure, cementation, diagenetic alteration, burial depth and compaction,
tectonic and geothermal conditions, also by variation in onshore and offshore
facies, especially in the northern and southern parts of the basin. As the
sandstones of the Cambrian Deimena Formation are located in the central part
of the Baltic Basin (700—-1700 m depth) transitional from its northern shallow to
the southern deep part, they can have properties of both shallow and deep parts
of the basin. However, even the porosity and permeability of uncompacted
Cambrian sandstones from the shallow part of the basin range from very low
(1.5% and 0.001 mD, respectively), due to a high proportion of carbonate
cement, to some 40% porosity and 1300 mD permeability in weakly cemented
rocks (Shogenova et al., 2009a). The permeability and porosity of sandstones in
the southwestern deep Lithuanian part of the basin (>1700 m) are distinguished
mainly by a lower range of porosity 0.4-12.4%. This is explained by
compaction and secondary quartz cementation in contrast to carbonate and clay
cements prevailing in sandstones in the shallow and middle parts of the basin.
The permeability of rocks in the southern part, however, varies in a rather wide
range (0.003-960 mD) (Sliaupa et al., 2001, 2008b; Cyziené et al., 2006;
Shogenova et al., 2009a). Considering these porosity and permeability ranges,
the classification of the reservoir rocks for CO; storage (Table 4), proposed in
this research for the middle Latvian—Lithuanian parts of the basin (700-1700 m
depth), could be adopted to shallow and deep parts of the basin with some
possible corrections of porosity ranges for the reservoir quality classes in the
deep part.

The initial permeability and porosity of the sandstones studied in the
experiment were mainly controlled by the amount and type of diagenetic
cement. Sandstones of ‘very low’ reservoir quality class VIII with the highest
content of carbonate and clay cement had the lowest permeability (0.001-0.7
mD). The porosity in carbonate-cemented sandstones for the given permeability
was lower than in clay-cemented samples (Fig. 6a; Table 4; Table 3 in PAPER
V). This corresponds to the results reported for the northern shallow part of the
basin, where carbonate cementation has a higher influence on the porosity of
Cambrian sandstones than clay cement, and grain size influences the porosity of
these rocks to a lesser degree than cementation (Shogenova et al., 2001a).
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Among sandstones from the offshore Lithuanian E7-1/82 and Latvian E6-
1/84 boreholes, characterized by the same amount of cement, the more
compacted sandstones from the deeper E7 structure (classes VII-VI) had lower
permeability and porosity. Our study revealed a different rock microstructure of
the sandstones of the Deimena Formation. For example, the sandstone from the
E6 structure (E6-3, Fig. 8; PAPER V) was characterized in general by a fine
grain size (0.25-0.125 mm, Krumbein phi scale; Krumbein, 1934), poor sorting
of the material and the content of clay cement of 5%. The sandstone from the
E7 structure (E7-3, Fig. 11; PAPER V) is medium- (0.5-0.25 mm) to fine-
grained, well-sorted, with a high content of carbonate cement (about 50%).
Sandstones from the South Kandava structure are medium- to very fine-grained
(0.125-0.65 mm), poorly sorted to unsorted, with the presence of 50-100%
carbonate in pore space and, in addition, several per cent clay cement. At the
same time, due to heterogeneity, even in one geological structure (e.g. in E6)
the rock properties could vary at different depths (PAPER 1II).

The main difference between previous classifications provided for
hydrocarbon reservoirs, recommendations for reservoirs ‘appropriate’/’not
appropriate’ for CGS and the new classification proposed in this research for the
sandstones of the Cambrian Deimena Formation is the overlapping porosity of
rock groups divided by permeability (Table 4; PAPER V). For this reason every
group is subdivided into classes distinguished by porosity. Therefore the
petrophysical parameters depending on porosity, like bulk density and velocity
can also overlap for some classes. However, every reservoir quality rock class is
characterized by a unique set of the studied rock parameters, including
petrophysical, chemical, mineralogical and microstructural features (Figs 7, 8,
11, 12; Table 2 in PAPER V).

4.5 Alteration experiment

The initial and altered effective porosity and permeability of the reservoir
samples from the E6 structure were ranked as of ‘high-1" and ‘good’ reservoir
quality (classes I and III, respectively), or ‘very appropriate’ and ‘appropriate’
for CGS, respectively (groups 1 and 2, Table 4). The porosity and permeability
of sandstones from the E7 structure were significantly lower (class VI) than in
rocks from E6. The initial and altered permeability of the clay-cemented
sandstones from the E7 structure (0.13—0.18 mD) and the initial permeability of
the carbonate-cemented sandstones from South Kandava (0.001-0.28 mD) were
in ‘very low’ reservoir quality class VIII. The reservoir quality of rocks
decreases with increasing depth because of rock compaction, rising temperature,
conformation of grains and increasing quartz cementation of sandstone with
growing depth in the Baltic Basin (Sliaupa et al., 2001; Shogenova et al., 2001a,
2001b, 2009a). Our study confirms these results. The shallowest offshore
structure E6 has the best reservoir properties among the sandstones studied in
this research.
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The effective porosity did not change during treatment in most of the
studied cases and was supported by stable (E7-1, E7-5) or little varying (E7-4,
E7-6) permeability values (Table 6; PAPER V). Other samples showed some
variations in effective porosity with stable permeability. At the same time,
sample E7-3 was characterized by a slight decrease in effective porosity but a
significant increase in permeability (up to 2 times after the alteration
experiment). An increase in permeability, correlated with a decrease in grain
density supported by unchanged initial porosity, could be explained by
modifications of pore space geometry and grain shape changes that control
capillary forces (Schon, 1996). A minor dissolution of sandstone cement,
including dolomite and ankerite, was determined (Fig. 11; Table 3 in PAPER
V), which was insignificant for effective porosity change but substantial for
permeability increase. Mineral precipitation and/or cement dissolution, as well
as relocation and displacement of clay cement, which blocks pores, took place
in the samples characterized by decreased effective porosity. Thin section study
showed that the clay fraction, represented by an insignificant amount of
kaolinite and/or illite (about 5%) in porous media of the studied samples, was
displaced from the pores after the alteration experiment (Figs 7, 8, 11; PAPER
V). The type of the clay mineral present is important for the reservoir quality of
sandstone. Different influence of kaolinite and illite on porosity and
permeability change has been explained earlier. According to Tucker (2001),
pore-filling kaolinite reduces the porosity of sandstone, but has little effect on
permeability, whereas pore-lining illite reduces the permeability considerably
by blocking pore throats, but has little effect on porosity. The present study does
not focus on the clay fraction due to the minor presence of clay minerals in the
studied samples and insignificant alteration of properties related to the clay
cement displacement after the experiment.

Before the alteration experiment trans-res carbonate-cemented quartz
sandstone samples Kn24-4 (ankerite-cemented) and Kn27-4 (calcite-cemented)
were characterized by low and very low effective porosity and permeability
(class VIII, Tables 4, 6; PAPER V). The dissolution of ankerite and calcite
cements with minor displacement of clay cement, which blocks pores, was
determined in both samples. However, the influence of both types of cement
dissolution on the alteration of petrophysical properties was identified. A more
significant increase in effective porosity and permeability was observed in
calcite-cemented sandstone Kn27-4. The sample was relocated from the ‘very
low’ reservoir quality class VIII rank, ‘not appropriate’ for CGS, to ‘high-2’
quality class II, ‘very appropriate’ for CGS due to final improvement of
petrophysical properties (Tables 4, 6; PAPER V). These changes were
supported by the dissolution of 3.5% CaO after the alteration experiment (Table
3 in PAPER V). Ankerite-cemented sandstone Kn24-4 showed dissolution of
1.7% CaO after the alteration experiment (Table 3 in PAPER V). The sample
was relocated from ‘very low’ reservoir quality class VIII, ‘not appropriate’ for
CGS, to ‘moderate’ quality class IV, ‘appropriate’ for CGS (Tables 4, 6;
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PAPER V). Minor improvement of rock properties compared to calcite-
cemented sandstone Kn27-4 was observed (Table 6; PAPER V).

Previously reported results of laboratory experiments, numerical modelling
and field monitoring of CO»—reservoir rock interactions (e.g. Czernichowski-
Lauriol et al., 2006; Egermann et al., 2006; Izgec et al., 2008; Kaszuba &
Janecky, 2009; Bemer & Lombard, 2010; Bemer et al., 2011; Nguyen et al.,
2013) were confirmed in many cases by our laboratory experiments. Partial
dissolution of carbonate cement (calcite, dolomite and ankerite) and other
secondary minerals, associated with the increase, and in some places variation
in porosity and permeability, was described for the reservoir rocks.

Thin section study allowed qualitative estimation of the mineral dissolution
in carbonate cement. Although carbonate cement was expected to dissolve more
intensely, it dissolved only on grains edges and partially inside the pore filling.
This phenomenon could be explained by reduction in the acidity of brine and
increase in pH equilibrium to the pre-experimental state during the alteration
experiment, after the dissolution of a certain amount of carbonate cement
material. This fact was confirmed by modelling provided by, e.g., Schumacher
(2013), whose model represented the alkalinity and pH increase at all well
locations at Sugar Creek, USA, for both the reservoir and seal rocks, directly
after the CO; injection phase. The long-term modelling of the Sleipner storage
site (Czernichowski-Lauriol et al., 2006) did not show possible leakage from the
CO; storage reservoir through the cap rock. The batch- and reaction-diffusion
simulations of the impact of CO, on the clayey cap rock at the North Sea
Sleipner injection site performed by Gaus et al. (2005) showed that the effective
diffusion coefficients are likely so low that the diffusion of CO, will only affect
a few metres of the cap rock after thousands of years. Moreover, as CO;
diffuses into the cap rock, silica, as well as other constituents, is released from
the CO,—cap rock interactions, leading to the precipitation of chalcedony,
kaolinite and calcite, which may further reduce the diffusion into the cap rock.
Bildstein et al. (2010) conducted a series of numerical simulations of cap rock
responses to CO, injection using various reactive transport modelling codes.
Both 1D and 2D single-phase flow scenarios in saturated porous media with or
without fracture, and 1D multi-phase flow in unsaturated media without
fracture, were modelled. Significant porosity changes were observed in the
models for a period of 10 000 years, which were expected due to the high
reactivity of the carbonate-rich cap rock with the acidic COs-rich fluid.
However, the reactions were shown to be limited to the first decimetres to
metres into the cap rock from the CO,—cap rock interface in 10 000 years, and
no leakage was reported. Their preliminary results on rock heterogeneity
suggested, as indicated in experimental works (Angeli et al., 2009), that the
reactivation of small cracks or fractures (especially those originally filled with
calcite) could generate preferential pathways for CO, propagation in the cap
rock.

It means that CGS in the areas with a high content of carbonate cementation
of the reservoir rock will not cause a significant dissolution of cement in the
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long term, which decreases the level of leakage risks. However, this statement is
very site-specific and must be confirmed by fluid-flow modelling in every
particular storage site.

The grain and bulk dry density and P-wave velocity measured in this
research were mainly in the limits corresponding to the earlier reported data for
the middle part of the Baltic Cambrian Basin, while the maximum values of P-
wave velocity, measured before the experiment for carbonate-cemented
sandstones from the South Kandava structure (5400-4556 m/s), were similar to
those reported earlier for carbonate-cemented sandstones from the northern
shallow part of the basin. A decrease in P-wave and S-wave velocity, measured
in dry samples after the alteration experiment, was determined in most of the
reservoir sandstones. This is explained by the increase in porosity and/or
decrease in grain and bulk density (Fig. 10; PAPER V). The lowest acoustic
velocity measured before alteration was in the range of the lowest values
reported earlier (Shogenova et al., 2001a, 2001b), while after the experiment the
P-wave velocity of sample E7-6 became the lowest among the earlier reported
and recently measured velocities (Table 6). The grain density, measured before
the alteration experiment for 12 sandstone samples, was in the limits of 2664—
2746 kg/m’, decreasing after the experiment to 2635-2676 kg/m® (Table 6;
PAPER V).

The studied samples from the offshore reservoirs E6 and E7 are typical
rocks of the Deimena Formation in the middle part of the Baltic Basin. Thereby,
petrophysical alterations described in this study are an important piece of
puzzle, when CGS will be modelled in the basin scale.

According to the measured and presented data (PAPER I, PAPER II) and
the new presented classification (PAPER V), the Dobele, South Kandava, E6
and E7 structures were re-estimated keeping in view the CGS in the Cambrian
Deimena Formation in the Baltic Basin. The reservoir sandstones of the
Deimena Formation in the Dobele onshore structure were of ‘high-2’ average
reservoir quality, assessed as ‘very appropriate’ for CGS (average porosity 19%
and permeability 360 mD). The sandstones of the Deimena Formation in the
South Kandava structure had an average porosity of 21%, identical to the
porosity of rocks in the E6 structure, but two times higher average permeability,
300 mD (150 mD in E6). The estimated good reservoir quality of the sandstones
in these structures was assessed as ‘appropriate’ for CGS. The reservoir quality
of the sandstones of the E7 offshore structure estimated as ‘cautionary-2’
(average porosity 12% and permeability 40 mD), was the lowest in the studied
structures and was assessed as ‘cautionary’ for CGS.

4.6 Numerical seismic models
Analysis of the changes in the seismic response of the reservoir structure
with different CO, saturation levels clearly revealed small quantities of CO;

within the host formation in the E6 structure in seismic models. This
phenomenon is due to the change in seismic velocities, and consequently arrival
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times, and reflection amplitudes with increasing CO- content already from 1%
gas saturation. Therefore, the seismic monitoring of CO; injection within the
considered E6 offshore structure is effective already from the very first steps of
injection. Thus, the present research confirmed the results of previous studies,
which suggest that accumulations of CO, as small as 500 tonnes may be
detectable under favourable conditions (Chadwick et al., 2006). Pawar et al.
(2006) presented results from the West Pearl Queen pilot CO; injection project
in southeastern New Mexico, which suggest that surface 3D seismic can detect
2090 tonnes of CO, at a depth of 1372 m. But at the same time, the results
showed that the response of the West Pearl Queen reservoir during the field
experiment was significantly different from the predicted response based on the
pre-injection data. According to Pawar et al. (2006) the latest numerical
modelling algorithms do not capture the geochemical interactions, which are
important elements in CGS modelling. In this PhD research for the first time the
petrophysical alteration effect induced by CO, was incorporated into the
numerical seismic modelling methodology (PAPER VI). Petrophysical
properties of the host rocks measured before and after the alteration experiment
were applied in modelling. This ‘alteration approach’ indicated the importance
of implementing this effect in such a modelling routine for CGS monitoring and
filled the gap in previous seismic models (Pawar et al., 2006).

Thus, in the last part of the thesis, the alteration of petrophysical properties
of reservoir rocks from the E6 offshore structure, induced by CO»>—fluid-rock
geochemical and mineralogical interactions during modelled CO, storage
(PAPER IV; PAPER V), were considered (Scenario-2 and Scenario-4; Fig. 14).
Nevertheless, for simplicity, the results of the laboratory alteration experiment
were implemented equally for all CO, saturation seismic sections.

The interfaces defining the three units forming the reservoir in the Cambrian
Deimena Formation and limestone oil reservoir in the Upper Ordovician Saldus
Formation (Fig. 5a; PAPER VI) were impossible to distinguish on the baseline
plane-wave seismic section due to relatively low frequency of the seismic
source (35 Hz) considered, resulting in a single reflection.

The ‘Difference’ and NRMS sections of the layers overlying the reservoir
rocks showed a zero amplitude for two-way travel times (TWT), which were
lower than for the top of the reservoir reflection layer. In fact, the reflectors in
this upper region of the seismogram were not influenced by the presence of
CO,, which changed the seismic characteristics of the lower reflectors,
identifying the top of the reservoir and the reflectors below (longer TWT). This
can be seen, e.g., in Figure 14-sc1-b and Figure 14-sc1-c (PAPER VI).

The decrease in P-wave velocity due to the injected CO» caused the velocity
push-down recognizable in all the synthetic seismic sections for all provided
scenarios below the reservoir. This phenomenon is well known and already
documented in Arts et al. (2000), among others.

Previously published papers, based on theoretical (Domenico, 1977; Jain,
1987; Rossi et al., 2008; Picotti et al., 2012; Vera, 2012) and field experimental
(Arts et al., 2003, 2004a, 2004b; Carcione et al., 2006; Chadwick et al., 2006)
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studies, reported a significant drop in the P-wave velocity values of sandy
reservoir rocks between 0 and 20% CO, saturation and a slow increase after
30% CO; saturation. Laboratory studies of unconsolidated sands by Domenico
(1974, 1976) show that the presence of gas reduces Vpu: by as much as 30%,
while V. has increased marginally (Jain, 1987). Vera (2012) reported only 7%
as a maximum change in Vpye. In this part of the PhD study a 10-11% reduction
in Vpwe within 0—1% CO» saturation and a 20-22% decrease in Ve after 5%
CO; saturation were estimated (Tables 2, 3; Table 3 in PAPER VI). The Ve
value did not increase significantly compared to Vpwe: (0.2-3%).

The trend of the acoustic impedance, i.e. the product of bulk density and P-
wave velocity, was strongly dominated by velocity. It showed an elbow point
approximately where Vp,., stopped to decrease and a constant gentle decrease
for increasing saturations (Fig. 4 in PAPER VI).

The reflectors, affected by the presence of CO,, rapidly changed their
characteristics (i.e. amplitude and frequency content) at the beginning of the
injection phase, approximately up to 5% of gas saturation. For increasing CO»
saturation the influence of gas on the reflected signals faded down. This
phenomenon was explained by the relatively stable Vp,.; values in the reservoir
rocks after fluid saturation of approximately 5% (Fig. 4; Table 3 in PAPER VI).

The time-lapse ‘Difference’ and NRMS section techniques supported the
visualization of changes on the seismic datasets and allowed monitoring of
possible CO» plume evolution within the studied storage site. The comparison
of synthetic seismic sections of two corresponding scenarios (Scenario-1 and
Scenario-2, and Scenario-3 and Scenario-4) clearly showed the expected
difference in signals for all CO, saturation levels (Fig. 6a in PAPER VI),
proving the effectiveness of the implementation of the petrophysical alteration
effect. According to these results, the application of the presented methodology
could be suggested to model the monitoring of CGS within the considered E6
structure or extrapolation to storage sites with similar stratigraphy, lithology,
and geochemical and petrophysical properties of rocks in the Baltic sedimentary
basin, as well as in other geological basins.
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5. CONCLUSIONS

1.

Four geological structures located onshore Latvia (South Kandava and
Dobele) and in the Baltic Sea (E6 in Latvia and E7 in Lithuania), composed
of the reservoir sandstones of the Cambrian Deimena Formation and
overlain by an impermeable primary seal (Lower Ordovician Zebre
Formation), were studied in detail using a multidisciplinary approach. The
reservoir rocks are also covered by secondary cap rock represented by
Ordovician and Silurian clayey carbonate sediments. The reservoir rocks in
the studied structures were estimated as prospective for gas storage.

Based on the recently and earlier measured gas permeability and porosity, a
classification of the reservoir quality for CO, geological storage was
proposed for sandstones of the Deimena Formation of Cambrian Series 3 in
the middle part of the Baltic Basin. According to their practical application
to CGS, the rocks were divided into four groups by permeability (very
appropriate, appropriate, cautionary and not appropriate) and eight reservoir
quality classes were distinguished within the groups by porosity (‘high-1’
and ‘high-2’, ‘good’ and ‘moderate’, ‘cautionary-1’ and ‘cautionary-2’,
‘low’ and ‘very low’). The proposed classification of the reservoir quality
of sandstones helped to estimate the significance of their petrophysical
changes caused by geochemical processes during the CO, injection-like
alteration experiment.

The reservoir sandstones of the Deimena Formation in the Dobele onshore
structure was characterized by ‘high-2’ estimated average reservoir quality,
assessed as ‘very appropriate’ for CGS (average porosity 19% and
permeability 360 mD). The reservoir sandstones in the South Kandava and
E6 structures had an identical average porosity of 21%, but their average
permeability differed twofold, being 300 and 150 mD, respectively. The
good reservoir quality of sandstones in these structures was assessed as
‘appropriate’ for CGS. The reservoir quality of the sandstones of the E7
offshore structure, estimated as ‘cautionary-2’ (average porosity 12% and
permeability 40 mD), was the lowest in the studied structures and was
assessed as ‘cautionary’ for CGS.

The CO; storage capacities of the structures were estimated with different
levels of reliability. The average capacities estimated by the optimistic
approach in the onshore Dobele, South Kandava and offshore E6 and E7
structures were 106, 95, 377 and 34 Mt, respectively, by conservative
approach 21, 25, 157 and 7 Mt, respectively.

Two compartments of the E6 structure split by faults were considered as
separate substructures defined as E6-A and E6-B. Based on the optimistic
approach, the CO, storage capacity of the E6-A part was 243-582 Mt (mean
365 Mt) and of the E6-B part 820 Mt (mean 12 Mt). The conservative
capacity of E6-A was 97-233 Mt (mean 146 Mt) and of E6-B 4-10 Mt
(mean 6 Mt).
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6.

10.

11.

12.

The optimistic maximum and average storage potentials of the E6 structure
(602 and 377 Mt) and its larger compartment E6-A (582 and 365 Mt) are
higher and nearly the same as the previously reported total potential of all
16 onshore Latvian structures (400 Mt). Even the average conservative
capacities of E6 (152 Mt) and E6-A (146 Mt) are the largest among all
Latvian onshore and offshore structures studied until now.

The E6 structure offshore Latvia was estimated as the most prospective for
CGS in the Baltic Cambrian Basin according to the reservoir thickness,
area, quality and storage capacity. However, the risk of CO, leakage due to
uncertainties of the fault system should be considered and further fault
integrity risk assessment work is required.

The E7 offshore structure was estimated as ‘cautionary’ for CGS due to the
relatively low average porosity and permeability of the reservoir sandstone,
storage capacity and location at the Latvian—Lithuanian border. Storage in
this structure could be considered as transboundary and will need regional
agreements for CGS.

For the first time 4D time-lapse numerical seismic modelling based on rock
physics studies was applied to monitor possible CO; storage in the largest
geological structure E6 offshore Latvia in the Baltic Sea.

The novelty of the applied seismic numerical modelling approach was the
coupling of the chemically induced petrophysical alteration effect of CO,
hosting rocks measured in laboratory with time-lapse numerical seismic
modelling.

Alteration of the petrophysical properties of the reservoir had a strong
influence on the reflected signals in the seismic sections, showing the
highest difference on seismic sections with 1% CO; saturation, increasing
the detectability of the stored CO,. The difference decreased with increase
in CO; content. Up to 5% CO, saturation could be qualitatively estimated
from the synthetic seismic data. For CO; saturation higher than 5%
qualitative estimations of the saturation level are uncertain.

The obtained results of the alteration experiment indicate some possible
physical processes that may occur during CGS in the studied onshore and
offshore structures. These results, implemented in the seismic modelling in
this research, and as the first of this type in the central part of the Baltic
Basin, have also importance for the southern and western parts of the Baltic
sedimentary basin, which have CO, storage capacity in the Cambrian
aquifer (Lithuania, Sweden, Kaliningrad Region and offshore Poland).
However, they should be supported by additional laboratory experiments
and fluid-flow modelling of the CO, storage in the Cambrian sandstones
both in structures and basin-scale for better assessment of the possible
storage scenarios and their safety.
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ABSTRACT

The aim of this PhD research was to compose petrophysical models of the
CO; plume during possible CO, geological storage (CGS) in prospective deep
subsurface structures in the Baltic sedimentary basin. The obtained results will
support the implementation of CO, capture and geological storage (CCS)
technology in the Baltic States as one of the effective measures to mitigate
climate change.

The applied methodological approach for CGS modelling in the structure
scale consisted of four stages: (1) storage site selection and data collection, (2)
storage site characterization, (3) estimating the influence of CGS on rock
properties, (4) numerical seismic modelling of CO, storage.

Four geological structures prospective for CGS in the Baltic Region, located
onshore (South Kandava and Dobele) and offshore in Latvia (E6) and Lithuania
(E7), were characterized using available data and new laboratory measurements
of 24 samples of the reservoir and cap rocks from five boreholes. The reservoir
sandstones of the Deimena Formation of the Cambrian Series 3 (earlier Middle
Cambrian) are sealed in the studied structures by the Lower Ordovician clayey
cap rocks of the Zebre Formation. Petrophysical properties, chemical and
mineralogical composition and surface morphology of these rocks were
interpreted together with the previously available data. Three-dimensional static
models of the top of the reservoir sandstone of the Deimena Formation and
cross sections of the reservoir and cap rocks for the four studied structures were
constructed using geological, gamma-ray logging and laboratory data.

The CO, storage capacities of the four studied structures were estimated with
different levels of reliability. The average capacities estimated by the optimistic
approach in the onshore Dobele, South Kandava and offshore E6 and E7
structures were 106, 95, 377 and 34 Mt, respectively. The E6 structure was
assessed as the most prospective for CGS in the Baltic Basin according to its
reservoir quality, trap area and storage capacity. Its estimated optimistic CO;
storage capacity was in the range 251—602 Mt (average 377 Mt) and was close
to the earlier reported total potential of 16 onshore Latvian structures (400 Mt).

A new classification of the reservoir quality of rocks in terms of gas
permeability and porosity was proposed for CGS in sandstones of the Deimena
Formation based on data reported earlier and measured by the author. This
classification was applied to estimate the quality of the reservoir rocks of the
four studied structures. The quality of the reservoir sandstones (‘high-2’) was
highest in the Dobele structure, and ‘appropriate’ for CGS in the South Kandava
and E6 structures. The lowest quality, assessed as ‘cautionary’ for CGS, was
recorded in the most compacted sandstones of the E7 structure.

Petrophysical, geochemical and mineralogical parameters of 12 sandstone
samples from the South Kandava, E6 and E7 structures were measured and
analysed before and after the CO, injection-like alteration experiment. The
initial reservoir quality of the studied pure quartz sandstones from the offshore
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structures was mainly preserved during the alteration experiment.

To analyse the feasibility of CO, storage monitoring in the largest E6
structure offshore Latvia, estimated as the most prospective for CGS, the 4D
time-lapse numerical seismic modelling based on the rock physics studies was
applied. Synthetic seismograms and seismic sections of the sandstone reservoir
of the Deimena Formation homogeneously saturated with different
concentrations of CO,, computed for a CO; plume model, were compared with
a baseline section within four scenarios (uniform and plume models without and
with alteration effect) using ‘Difference’ and NRMS metrics. The novelty of the
applied approach was the coupling of the chemically induced petrophysical
alteration effect of CO, hosting rocks measured in the laboratory with time-
lapse seismic numerical modelling. The alteration of the petrophysical
properties of the reservoir had a strong influence on the reflected signals in the
seismic sections. The highest difference was recorded in seismic sections with
1% CO, saturation, increasing the detectability of the stored CO,. The
difference decreased with increasing CO, content. Up to 5% CO; saturation
could be qualitatively estimated from the synthetic seismic data. For CO,
saturation higher than 5%, qualitative estimations of the saturation level are
uncertain.

The obtained results and their novelty have a practical value for the
demonstration of CGS and its monitoring in the Baltic Sea Region. The
proposed methods were tested in the structure scale and the results of the CO»
injection-like experiment could be applied to the basin-scale modelling of the
CO; storage in the Baltic Cambrian Basin and in the other basins.
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KOKKUVOTE

PhD uuringu eesmirgiks oli koostada petrofiiiisikalised mudelid Balti
settebasseini perspektiivsetes siligavates pinnaalustes struktuurides voimaliku
CO; geoloogilise ladustamise (CGS) kdigus toimuva CO, voo kohta, et toetada
CO; kinnipiitidmise ja ladustamise (CCS) tehnoloogia kui iihe efektiivsema
kliimamuutust leevendava meetme kasutuselevottu Balti riikides.

CGS-i struktuuriskaala modelleerimise metodoloogia koosnes neljast etapist:
(1) ladustamiskoha valik ja andmete kogumine, (2) ladustamiskoha
iseloomustamine, (3) CGS-i moju kivimite omadustele, (4) CO, ladustamise
numbriline seismiline modelleerimine.

Nelja geoloogilist struktuuri, mis on perspektiivsed CGS-i jaoks Balti
regioonis (mandrilised Louna Kandava ja Dobele struktuurid ning merelised
struktuurid E6 Litis ja E7 Leedus), iseloomustati, kasutades olemasolevaid ja
uusi andmeid, mis saadi viiest puuraugust parineva 24 reservuaariliivakivimi- ja
katendikivimiproovi laboratoorsel analiiiisimisel. Uuritud struktuuride Deimena
ladestu Kambriumi seeria 3 (varem Kesk-Kambrium) reservuaarikivimid on
kaetud Zebre ladestu Alam Ordoviitsiumi katendikivimitega. Kivimite
petrofiilisikalisi omadusi, keemilist- ja mineraloogilist koostist ning
pinnamorfoloogiat vorreldi varasema andmestikuga. Neljale uuritud struktuurile
konstrueeriti geoloogiliste, gamma-karotaazi ja laboratoorsete andmete pohjal
reservuaarisektsioonide ning katendikivimi ldbildigete ja Deimena ladestu
tilaosa kolmemdodtmelised staatilised mudelid.

Struktuuride CO, ladustamise mahutavust hinnati erinevatel usaldusvaérsuse
tasemetel. Keskmine hinnanguline mahutavus, ldhtudes optimistlikust tasemest,
oli mandrilistel Dobele ja Louna Kandava ning merelistel E6 ja E7
struktuuridel, vastavalt 106, 95, 377 ja 34 Mt. E6 struktuur hinnati Balti
basseinis CGS-i  jaoks koige perspektiivsemaks, ldhtudes  selle
reservuaarikvaliteedist, lukustuspindalast ja ladustamismahutavusest. Selle
hinnanguline optimistlik CO, ladustamismahutatavus oli 251-602 Mt
(keskmine 377 Mt), mis on ligildhedane varem publitseeritud Lati 16 mandrilise
struktuuri kogumahutavusele (400 Mt).

Gaasildbilaskevéimele  ja  poorsusele  tuginedes  pakuti  vilja
reservuaarikivimete CGS-i omaduste uus klassifikatsioon Balti settebasseini
Deimena ladestu liivakivide jaoks, ldhtudes varasematest ning autori poolt
madratud parameetritest. Klassifikatsiooni rakendati seejdrel nelja uuritud
struktuuri reservuaarikivimite kvaliteedi hindamiseks. Reservuaari liivakivide
kvaliteet oli korgeim (‘korge-2’) Dobele struktuuris, samal ajal kui Lduna
Kandava ja E6 struktuuri kvaliteet oli ‘sobiv’ CGS-i jaoks. Madalaim kvaliteet,
‘ettevaatust ndudev’ CGS-i jaoks, oli kdige rohkem kokku surutud E7 struktuuri
litvakividel.

Louna Kandava, E6 ja E7 struktuuridest périt 12 liivakiviproovi
petrofiiiisikalisi, geokeemilisi ja mineraloogilisi parameetreid mdddeti ning
analiiiisiti enne ja pérast CO, sisestamist imiteerivat mdjutuseksperimenti.
Uuritud mereliste struktuuride peamiselt puhtast kvartsist liivakivireservuaaride
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esialgne kvaliteet pohiliselt sdilis mdjutuseksperimentide ajal.

Suurimas ja hinnanguliselt koige perspektiivikamas Léati merelises
struktuuris CO», ladustamise seire teostatavuse analiilisiks kasutati kivimite
fiitisikalistele uuringutele tuginevat 4D numbrilist seismilist modelleerimist.
Erinevate CO; kontsentratsioonidega homogeenselt kiillastatud ja arvutatud CO;
voo mudeli alusel saadud Deimena ladestu liivakivireservuaari siinteetilisi
seismogramme ja seismilisi sektsioone vorreldi nelja stsenaariumi raames
(ihetaolised ja voomudelid ilma ja koos mdjutusefektiga) baastaseme
sektsioonidega, kasutades diferents- ja normaliseeritud ruutkeskmise (NRMS)
meetrikat. Kasutatud ldhenemise uudsus seisnes laboratoorselt mdddetud CO,
siduvate kivimite keemiliselt indutseeritud petrofiiiisikalise mdjutatuse
ihendamises  seismilise = numbrilise = modelleerimisega. ~ Reservuaari
petrofiilisikaliste omaduste mdjutamine avaldas tugevat modju seismiliste
sektsioonide peegeldunud signaalidele, kusjuures suurim erinevus esines 1%
CO; Kkiillastusega seismilistes sektsioonides, suurendades ladustatud CO»
maidratavust. Erinevus védhenes CO, sisalduse edasisel suurenemisel. CO,
kiillastatus kuni 5% on kvalitatiivselt hinnatav siinteetiliste seismiliste andmete
pohjal. CO, kiillastatuse puhul iile 5% pole kiillastusastme kvalitatiivne
hindamine praktiliselt enam voimalik.

Saadud tulemustel ja nende uudsusel on praktiline vaidrtus Balti mere
regioonis CGS-i rakendatavuse demonstreerimisel. Struktuuriskaalas testitud
pakutavaid meetodeid ning CO, sisestamist simuleeriva eksperimendi tulemusi
saab rakendada Balti Kambriumi basseinis ja teistes basseinides CO-
ladustamise basseiniskaalas modelleerimisel.
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Abstract

This study is focused on the investigation of four prospective structures for geological storage of CO,
in the Baltic region, specifically in the onshore structures South Kandava and Dobele, and offshore
structures (E6 and E7) in Latvia. Using detailed petrophysical, mineralogical and geochemical analyses of
the Middle Cambrian Deimena Formation sandstones in these structures, their CO, storage capacity was
estimated with different levels of reliability. Different storage efficiency factors and porosities of the
reservoir rocks were applied for optimistic and conservative estimates. Offshore structure E6 was
estimated as the most prospective for CO, geological storage in the Baltic Region. Its optimistic CO,
storage capacity was 264-631 Mt, and its average conservative capacity (158 Mt) is the largest among all
the studied until now in Latvia onshore and offshore structures. Total capacity of four studied structures
estimated using an optimistic approach was on average 630 Mt and using a conservative approach 210
Mt. Earlier capacity estimates made during the EU Geocapacity project of the Dobele and South Kandava
onshore structures are in the range of our optimistic capacities.

© 2013 The Authors. Published by Elsevier Ltd.
Selection and/or peer-review under responsibility of GHGT

Keywords: CO, storage capacity; Baltic onshore and offshore structures; Cambrian sandstone; reservoir and cap rock
properties; chemical and mineralogical composition

1. Introduction

Carbon capture and storage (CCS) and CO, geological storage (CGS) as a part of CCS technology are
accepted by world scientific community as an effective measure to reduce the greenhouse gas effect and
Earth's climate change. The International panel for climate change experts reported that we have to
decrease CO, emissions by 50% before 2050 to stop drastic changes of the climate and stay below 2°C
above pre-industrial average temperature [1]. CGS could account for about 19% of the necessary
emission mitigation [2]. In 2007 Estonian power plants emitted 14.5 million tones (Mt) of CO, emissions,
which is higher than all the other Baltic countries (Latvia and Lithuania) together. Estonian CO,
emissions per capita are one of the highest in Europe (14.9 tonnes per capita in 2007) and in the world
(15th place in 2007) due to the use of local oil shale for energy production. Geological conditions in
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Estonia are unsuitable for CGS because of the shallow sedimentary basin and potable water available in
all known aquifers. The most suitable conditions for CGS in the Eastern Baltic region (Estonia, Latvia
and Lithuania) are provided by 16 Cambrian onshore geological structures in Latvia [3, 4, 5]. There are
also a number of prospective structures for CGS offshore Latvia, but their capacities haven’t been
estimated earlier. Two onshore geological structures (South-Kandava — Kn and Dobele - Db) and two
offshore structures (E6 and E7) in Latvia prospective for CGS were estimated in detail in this research
(Fig. 1). In 2008 Latvian oil-company was licensed for hydrocarbon exploration and production from the
Upper Ordovician and Devonian oil-bearing reservoirs in the E6 structure. It gives opportunity for the
future Enhanced Oil Recovery (EOR) project in the studied area. In the EU Geocapacity project CO,
storage capacity of the Dobele structure was 56 Mt and South-Kandava 44 Mt respectively [5].

ESTONIA

Noﬂhggllnt-l
-
A Indukains Fig. 1. Prospective structures in the Cambrian
UGS aquifer (CO, storage potential exceeding 2 Mt)
S and Incukalns underground natural gas storage
LATVIA (UGS) in Latvia. The dashed line shows gas
pipelines. Red circles shows locations of the
studied offshore and onshore structures (modified

LITHUANIA after [5])

2. Data and Methods

Six onshore wells from the South Kandava and Dobele structures, as well as the E6-1/84 and E7-1/82

wells from offshore structures were selected for detailed study (Fig. 2). 24 samples of Middle Cambrian
Deimena Formation (Dm) sandstone reservoir and Lower Ordovician (Oy) cap rock were taken from five
drill cores stored in Latvian Environmental, Geological and Meteorological Center (LEGMC). 15 of these
samples represent the reservoir across all four structures, while only nine samples from the onshore wells
are taken from the caprock (Fig. 2). Three-dimensional (3-D) structural models were constructed in
Golden Software Surfer 8 using structure maps of the top reservoir and wells cross sections. Four
unpublished exploration reports (1970-1984, in Russian) stored in LEGMC were used. According to these
reports open or effective porosity (W) in the studied samples was estimated using the Preobrazhensky
method (saturation of samples). Permeability (Kg.) has been determined whilst passing gas through the
samples using the GK-5 apparatus. Only P-wave acoustic velocities of dry and wet rock samples were
measured.
Within the present study petrophysical properties of new samples from these reservoirs were determined
and compared to the old data. Helium-density, helium-porosity, gas-permeability and acoustic wave
velocities were measured in the petrophysics laboratory of IFP Energies nouvelles (IFPEN) following the
API recommendations [6]. Different properties were measured on 19 samples with 25 mm diameter and
11 to 27 mm height.

Permeability. The K,,, was measured using nitrogen injection. The sample is mounted in a Hassler
cell under a confining pressure of 20 bars.

Acoustic wave velocity. Elastic properties of the rocks were measured only on dry samples. P-wave
(Py) and shear wave (S,,) velocities were measured using petro-acoustic equipment. This consisted of a
pulser — Sofranel, Model 5072PR and two channel color digital phosphor oscilloscope — TDS 3032B
(200MHz, 2,5 GS/s-DPO-Receiver, Tektronix). P,, was measured using 500 MHz wave transducers,
while S, was measured using 1 MHz wave transducers.

Measured and estimated porosity and gas permeability were used for CO, storage capacity estimates of
the structures (Appendix A, A.1, A.3). Acoustic Py and S,, velocities (Appendix A, A.1, A.2) were used
for the interpretation of seismic data and further laboratory and numerical modelling of CO, plume
behaviour underground.
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Fig. 2. Well correlation for the offshore (E6 and E7 structures) and onshore (Dobele and Kandava structures),
focusing on the Middle Cambrian Deimena sandstone reservoir and Lower Ordovician cap rocks. Locations and
depths of the studied samples are indicated by red cylinders

Chemical and mineralogical composition. Chemical, mineralogical composition and surface
morphology of 24 rock samples were studied using X-Ray Fluorescence analyses (XRF), X-Ray
Diffraction (XRD) and carbonate chemical analysis (CCA), Electron Microscope (EM) and Scanning
Electron Microscope (SEM) studies. The XRF and XRD were measured in the ACME lab company
(Canada), using the pressed pellet method for samples preparation. The CCA was done in the IGTUT [7].
The SEM and EM studies were conducted in the IGTUT with Zeiss EVO MA 15 Scanning Electron
Microscope equipped with a Energy Dispersive Spectrometer (EDS) INCA x-act (Oxford Instruments
Plc) and ZEISS Electron Microscope AxiosKop 40 respectively.

CO, Storage Capacity. Theoretical storage capacity in the studied structures was evaluated using a
widely known formula for estimation of structural trap capacity [8]:

Mep, =AXhXNGx@x Py XS, W

where Moy, is storage capacity (kg), 4 is the area of an aquifer in the trap (mz), h is the average thickness
of the aquifer in the trap (m), NG is an average net to gross ratio of the aquifer in the trap (%), ¢ is the
average porosity of the aquifer in the trap (%), pPcoz- is the in situ CO, density at reservoir conditions,
(kg/m3 ), Seris the storage efficiency factor (for trap volume, %). We used different S¢¢ for each structure
according to its reservoir properties and different methods to estimate these factors. According to [8] we
estimated the efficiency factor as 10 and 20% in the E6 and E7 offshore structures respectively, and 20
and 15% in the Dobele and Kandava onshore structures respectively. We termed this approach
“optimistic” due to the higher values of the factors in comparison with subsequent results obtained using
other methods. With respect to the USA DOE report [9] we decided to decrease and to round the values
of S.efor the “conservative” estimation approach. The efficiency factor of 4% was selected for all the
structures. In our simplified estimation model we did not consider pressure change and compressibility
within the reservoir due to CO; injection [10]. We calculated optimistic and conservative Mo, with
minimum, maximum and average values (min-max/mean) of porosity determined by measured and
reported data (Appendix A, A.1, A.3). We estimated the NG according to gamma-ray log readings (90%
in E6, 80% in E7, 90% in Kandava, and 85% in Dobele) (Fig. 2).

The pcoardepends on in situ reservoir pressure and temperature, which was estimated by the plot of
supercritical state of CO, in situ conditions [11]. All measured laboratory data were compared with old
exploration data for quality control (Fig. 3). According to reported and measured data we estimated
minimum, maximum and average values of physical properties for each structure.
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3. Results
3.1 E6 offshore structure

Geological background. The largest suitable trapping structure, offshore Latvia, is E6. The well E6-
1/84 was drilled in 1984 in the central part of crest of the structure and crosses the anticline on the top of
the Middle Cambrian Deimena Formation. The well is located 37 km from the Latvian coast and 47 km
from the Liepaia harbor. The total depth of the well is 1068 m. The structure is an anticline fold bounded
on three sides by faults (Fig. 4 a, b), which divide the main structure into two parts. According to seismic
data faults are propagating only within the Cambrian and Ordovician horizons. The approximate area of
the bigger part of the structure is 553 km?, while the smaller part is 47 km?. Total area of the structure is
600 km”. The Deimena Formation (848-901 m depth) is represented by dark- and light-grey, fine-grained,
loosely and medium cemented quartz sandstones. The reservoir interval contains thin layers of clayey
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siltstones, clearly seen on gamma-ray logs. The reservoir rocks contain fractures (mostly open). The
Deimena Formation unconformably overlain by impermeable Ordovician rocks, consisting mainly of
claystones, carbonated clays (argillite), marlstones, limestones and clayey limestones. Thickness of the
Deimena Formation in the well is 53 m and of Lower Ordovician cap rocks is 40 m. Total thickness of the
Ordovician Formations is about 146 m. Approximately 120 m of non-porous Silurian mudstones overlie

the Ordovician rocks, which play an additional role as a seal for Deimena structure.
Depth (m)
Depth () E6-1/84; -848.0 m 900

0 . Fault syst
0 3 Fault system

Legend
' - Shape of the Cambrium structure [~ =
— - Fault <

mmm - Uncertain fault

@ - Well E6/1-82 location
() - Amplitude of the structural upli

Fig. 4. (a) Local structure map of the offshore structure E6, drawn on the top of Deimena Formation and location of
the well E6-1/84; (b) 3-D geological model of top of Deimena Formation in structure with estimated border of the
structure (yellow isoline -1350 m). Faults bordered the structure are shown by red wall. Well location is shown by
black circle with depth of top of Formation (-848 m)
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B a) (b <ANAKICIES'S :
Fig. 5. Microphotograph of thin section in cross-polarized light (a) and SEM microphotograph (b) of the Deimena
sandstones from the well E6-1/84 (a) Fine-grained quartz, carbonate and clayey cements presented in porous media
were partially oil impregnated (876.7 m); (b) Minor amount of feldspar (sometimes barium feldspar) was found in all
samples from the E6-1/84 borehole (886.7 m). Due to weak cementation this sample was broken into two parts,
which had 26 and 33.5% of porosity, and 290 and 400 mD of permeability

Chemical and mineralogical composition. Pure sandstone samples studied from the E6 structure
showed a good interpartical and sometimes intrapartical open porosity (Fig. 5 a, b). About 2% of
chemical oxides (Al,O5 and TiO, used as indicators of clay content) in some loosely clay-cemented
samples were determined. In general sandstone samples from the E6 structure can be considered to be
“high quality” reservoir rocks.

CO, storage capacity in the E6 structure estimated using the optimistic approach was 264-631/396
Mt, and using the conservative approach was 106-252/158 Mt (Appendix A, A.3).

3.2 Offshore structure E7

Geological background. The structure E7 lies close to the E6 structure. The estimated approximate
area of the E7 structure is 14 times less than E6 (43 km?). The E7-1/82 well was drilled in 1982. It was
the first Baltic offshore deep well drilled in USSR. The total depth is 1650 m. The well is located in the
Baltic Sea 85 km from the Latvian coast and 205 km from Gdansk harbor. The distance between the E6
and E7 boreholes is about 40 km. The E7 is an anticline fold within the Deimena Formation stretching
from NE to SW and bounded at two sides faults (Fig.6 a, b). The well is located almost in the central part

of the E7 on the crest and crosses the Deimena anticline on the top of the structure. The Deimena
Depth (m)

-1410
-1460
-1510
-1560
-1610
-1660
-1710
-1760

Border of
cture £

Legend
O - Shape of the Cambrium structure

@ -Fault
@B - Uncertain fault

@ - Well E7/1-82 location @)

Fig. 6. (a) Local structure map of the E7 structure, drawn on the top of Deimena Formation, location of the well E7-
1/82 is shown; (b) 3-D geological model of top of Deimena Formation in structure with estimated border of the
structure (yellow isoline -1525 m). Faults bordered the structure are shown by red wall. Well location is shown by
black circle with depth of top of Formation (-1361.8 m)
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(a)
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Fig. 7. SEM microphotograph of Deimena fine-grained quartz sandstones from the well E7-1/82. In all samples of E7
offshore structure the deterioration of reservoir properties was found compared to E6 structure. Samples contained
about 2% of feldspar, some carbonates and mica. Heavy minerals such as zircon, tourmaline, pyrite are present. Clay
fraction was presented by hydromica and kaolinite. (a) Medium to fine-grained quartz sandstone (1390.5 m) with
spots of carbonate iron-rich cement, good porosity (14%) and low permeability (60 mD); (b) Very fine to fine-
grained quartz sandstone (1389.5 m) with some inclusions of clayey fraction, 9% of porosity and 20 mD of
permeability

i

sandstones are overlain by claystones, limestone, clayey limestone and marlstones of Ordovician
Formation. Thickness of the Deimena Formation in the well is 58 m and depth 1362-1420 m and Lower
Ordovician seal is 42 m thick. Total Ordovician Formation is 132 m thick. Thick non-porous Silurian
mudstones (more than 190 m) overlie the Ordovician Formation. The Deimena Formation is represented
by light grey and beige-grey fine-grained quartz sandstones interbedded by thin layers of sandy
marlstones and clayey siltstones (4-5 cm), separated from pure sandstones by increased readings of the
gamma-ray log. Sandstones are well sorted and sub-rounded, partly fractured. Essentially pure quartz
sandstone samples from the E7 showed increase of clays and deterioration of free pore space compared
with samples from the E6 (Fig. 7 a, b). Especially high clay cement content was observed in the samples
from the clayey siltstone interbeds. Rocks of the upper part of the Deimena Formation are cemented
mostly by quartz-regenerated cement. The lower part rocks are cemented by conformation of quartz
grains due to dissolution under the pressure.

CO; storage capacity of the E7 structure was estimated using the optimistic approach 14-66/34 Mt,
and the conservative estimate was 3-13/7 Mt (Appendix A, A.3).

3.3 South Kandava onshore structure

Geological background. The South Kandava structure was formed by uplift in the Pre-Devonian. The
Brachy-anticlinal fold within the Deimena Formation with a flat NW flank and a steeper SE flank is
prospective as a gas storage reservoir. The structure strikes from SW to NE. The structure is bounded by
faults along two sides. The wells Kn25, Kn27 and Kn28 were drilled within the structure, while wells
Kn24 and Kn26 are located outside the structure (Fig. 8 a). Estimated approximate area of the structure is
97 km?. Thickness of the Deimena sandstones is 23-67 m, which are located at a depth of 933-1224 m.
Quartz sandstones are white colored and contain small amounts of feldspar, biotite mica and muscovite.
They are massive, fine-grained, well sorted, porous with good gas permeability and loosely cemented.
Ordovician sediments overlie the Deimena sandstones with unconformity. The lower part of the cap rock
consists of 5-10 cm of calcite cemented basal breccia consisting of marlstones. The Breccia is covered by
20-50 cm thick dark-green, glauconitic, weak cemented siltstones. Siltstones covered by dark-green,
violet-brownish, strong, argillite carbonate clays with rare thin layers and lenses of limestone. The lower
Ordovician cap rock is 30-36 m thick. The average thickness of Ordovician rocks in the structure is 224
m, while the Silurian Formation is 225 m.

Chemical and mineralogical composition. Both reservoir and cap rocks were studied in this
structure. Reservoir quartz sandstone samples were cemented with calcite, as well as clayey material,
regenerated quartz and siderite was found also in the studied reservoir samples (Fig. 8 b). Only few open
pores were found in the calcium cement and between cement and grains. In general the main form of
cementation within the South Kandava reservoir rocks consists of clayey cement. Regenerated borders
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Fig. 8. (a) 3-D geological model of the South Kandava structure imposed on the top of Deimena Formation with
estimated border of the structure (blue isoline -1050 m). Faults bordered the structure are shown by red wall. Wells
locations with depths are shown by black circles; (b) SEM microphotograph of the Deimena quartz sandstone from
the well Kn24 (1157.3 m). Quartz grains were almost completely cemented by carbonate iron-rich dolomite cement.
It had low porosity (7%), close to 0 mD permeability and 81% of SiO,, 6% of CaO, 2% of MgO and 2% of Fe,04
content. XRD analyzes showed ankerite as minor element in the sample

around the quartz grains partially form cement. The cap rock is represented by claystones, carbonate and
clayey carbonate rocks. They are characterized by impermeable matrix composed of carbonate iron-rich
dolomite and clayey material. The claystones have high clay content and minor dolomite and calcite
content (Appendix A, A.2).

Estimated CO, storage capacity using the optimistic approach is 5-122/95 Mt, and using the
conservative method 1-32/25 Mt. Estimated earlier within the EU Geocapacity project CO, storage
capacity (44 Mt, [5]) is in the range with our optimistic capacities.

3.3 Dobele onshore structure

Geological background. The studied wells Db91 and Db92 were drilled in 1971-1972 in the Dobele
structure, located in the limits of the East-Kurzema local high. Estimated area of the structure is 70 km?,
its surface altitude is 75-100 m. The structure is bounded only along one southern side by fault. The well
Db91 is located almost on the crest of the structure close to the fault. The well Db92 was drilled near the
fault, outside the uplift (Fig. 9 a). The core recovery of the Cambrian sandstones in these wells during
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Fig. 9. (a) 3-D geological model of the Dobele structure of the top of Deimena Formation. Wells location with index
and depth is shown by white and indicated by black circles. Estimated border of the structure is shown by blue isoline
(-1075 m). Fault bordered the structure is shown by red wall; (b) microphotograph in polarized light of the Deimena
sandstone from the well Db92 (1347.5 m). The fine-grained sandstone had 91% of SiO,, 1,5% of CaO, 3% of Fe, 03,
1% of Al,0O5 content and had good intergranual 20% open porosity
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exploration was only 20-30%. Cambrian reservoir is represented by white and light-grey fine- and very
fine-grained quartz sandstones interbedded by thin layers of sandy siltstone and mudstones, reflected by
higher gamma-ray readings. Deimena sandstones were found at the depth 965-1013 m in the Db91 well
and 1346-1390 m in the Db92 well. Thickness of the sandstones is 44 m in the Db92 and 49 m in the
Db91. Average thickness of reservoir sandstones in the structure is 52 m.

Chemical and mineralogical composition. Reservoir sandstones are mostly massive and loosely
cemented with ore mineralization (halenite). The cement composition of sandstones and siltstones is
clayey minerals (about 10%) and quartz regenerated cement.

The lower Ordovician Latorp Formation unconformably overlies the Deimena sandstones. These cap
rocks are represented by claystones, marlstones, clayey siltstones and rare limestone interbeds. At the
base of the formation a layer of greenish-grey glauconitic loosely cemented sandstones (0.5 m) was
observed. The thickness of the Lower Ordovician cap rock is 59 m in the Db91 well and 45 m in the
Db92 well. The average thickness of Ordovician Formation within the structure is 233 m. The Ordovician
Formation is overlain by the Silurian Formation (> 100 m), which is represented by a thick succession of
impermeable mudstones.

Measured porosity of reservoir sandstones was in the range of 17-20% (Appendix A, A.1). We
determined a decrease in reservoir quality in the Dobele structure compared to offshore structures, as well
as an increase of clay, calcite and dolomite cement. The reservoir rocks consist of 82%-100% quartz,
about 9% feldspar and 6% mica (Fig. 9 b). Heavy minerals such as zircon, tourmaline, rutile and others
are also observed accounting for 5% of the reservoir rock. The cap rocks are represented by clays with
minor feldspar content and very low carbonate content. Due to weak cementation of samples it was
possible to measure gas permeability only in one cap rock sample Db92-1344.48 (2 mD). This sample
showed pretty high porosity for cap rock (15%) (Appendix A, A.2).

The estimated CO; storage potential in the Dobele structure using the optimistic approach is 56-
145/106 Mt and using the conservative approach is 11-29/21 Mt (Appendix A, A.3). Estimated earlier
within the EU Geocapacity project CO, storage capacity (56 Mt, [5]) corresponds to our minimum
optimistic estimate.

4. Conclusions

. Geological structures in Latvia were estimated as prospective reservoirs for the gas storage. The
structures lead to a structural high within the Cambrian saline aquifer and impermeable seal, which are
suitable for both CO, and natural gas storage.

. The Cambrian Deimena Formation is clearly indicated by low natural radioactivity as observed
on the gamma-ray log readings. Clayey interbeds and marlstone layers in the reservoir can easily be
determined by increased gamma-ray readings. Cap rocks represented by clayey sediments of Ordovician
and Silurian Formations are lead to the highest values on the gamma-ray logs.

o Good reservoir properties of the Cambrian sandstones were confirmed by new laboratory
experiments in three studied boreholes (E6-1/84, E7-1/82 and Db92). Measured petrophysical properties
confirm those reported in earlier data.

. The best reservoir properties (porosity and gas permeability) were found in sandstones from the
Latvian E6 offshore structure. This structure was estimated as the most prospective for CGS in the Baltic
Region. Its estimated optimistic CO, storage capacity was in the range of 264-631 Mt.

. Estimated optimistic CO, storage capacity was 14-66 Mt in the E7 offshore structure, 5-122 Mt
in the South Kandava and 56-145 Mt in the Dobele onshore structures. The conservative CO, storage
capacity was 105-252 Mt in the E6, 3-13 Mt in the E7 offshore and 1-32 Mt in the South Kandava and
11-29 Mt in the Dobele onshore structures. Total capacity of the four structures in the study estimated by
optimistic approach was 340-965 Mt and average 630 Mt. Using the conservative approach it was 120-
330 Mt and average 210 Mt.

. The difference between maximum and average values of CO, storage capacity was higher in the
E7 structure (48%) than in the E6 structure (37%), suggesting a lower homogeneity of sandstone porosity
in the E7 reservoir. This difference was 27% in the Dobele and 22% in the South Kandava structure,
showing similar reservoir porosity in the onshore structures, but two times lower the homogeneity in the
offshore structures.

. Optimistic maximum and average storage potential of the E6 structure (631 and 396 Mt) is
higher and nearly the same as previously reported total potential of all 16 onshore Latvian structures (400
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Mt). Even its average conservative capacity (158 Mt) is the largest among all the studied until now in
Latvia onshore and offshore structures.

. The results obtained are giving new possibilities for economic and geochemical modeling of
regional cross border CCS scenarios in the Baltic Sea Region and seismic modeling of the Baltic offshore
reservoir structures. This study was continued with the determination of petrophysical properties of
altered samples to investigate the impact of the CO, injection on the host reservoir. The alteration process
called the “Homogeneous alteration method” is related to retarded acid treatment of the samples (IFPEN
method simulating in situ conditions of CO,-rich brine injection in an aquifer).

Acknowledgements

This research which is part of the PhD study was supported by the Estonian targeted funding program (project
SF0320080s07) and partially funded by Archimedes Foundation program DoRa, Estonian Doctoral School of Earth
Sciences and Ecology, EU FP7 project CGS EUROPE and Marie Curie Research Training Network "Quantitative
Estimation of Earth’s Seismic Sources and Structure" (QUEST), Contract No. 238007. We would like to thank Jean
Guelard (IFPEN) for permeability measurements and other guidance in petrophysical laboratory, Jean-Frangois
Nauroy (IFPEN) for acoustic velocity measurements, Dan Bossie-Codreanu (IFPEN) for the fruitful discussion and
helpful advices, and Daniel Sopher (Uppsala University) for grammar editing and essential comments. We are also
very grateful to the LEGMC for providing samples and exploration reports for this study.

References

[1] Solomon, S., Qin, D., Manning, M., Chen, Z., Marquis, M., Averyt, K.B., Tignor M., and Miller, H.L., (eds.). Climate
Change 2007: The Physical Science Basis. IPCC Fourth Assessment Report (AR4). Contribution of Working Group I to the Fourth
Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge, United Kingdom and New York, NY, USA:
Cambridge University Press; 2007, p. 1-996

[2] Energy Technology Perspectives, Paris: OECD/IEA; 2010, p. 1-706

[3] Sliaupa, S., Shogenova, A., Shogenov, K., Sliaupiene, R., Zabele, A., Vaher, R. Industrial carbon dioxide emissions and
potential geological sinks in the Baltic States. Oil Shale, Vol. 25, No. 4; 2008, p. 465-484

[4] Shogenova, A., Shogenov, K., Vaher R., Ivask J., Sliaupa S., Vangkilde-Pedersen, T., Uibu, M., Kuusik, R. CO, geological
storage capacity analysis in Estonia and neighboring regions, Energy Procedia, Volume 4; 2011, p. 2785-2792

[5] Shogenova, A., Sliaupa, S., Vaher, R., Shogenov, K., Pomeranceva, R. The Baltic Basin: structure, properties of reservoir
rocks and capacity for geological storage of CO,. Tallinn: Estonian Academy Publishers, Estonian Journal of Earth Sciences, 58(4);
2009, p. 259-267

[6] American Petroleum Institute. Recommended Practices for Core Analysis. Second Edition, Recommended Practice 40,
Exploration and Production Department; 1998, p.1-60

[7] Shogenova, A., Kleesment, A., Hirt, A., Pirrus, E., Kallaste, T., Shogenov, K., Vaher, R. Composition and properties of the
iron hydroxides-cemented lenses in Estonian sandstone of Middle Devonian Age. Stud. Geophys. Geod., 53(1); 2009, p. 111-131

[8] Bachu, S., Bonijoly, D., Bradshaw, J., Burruss, R., Holloway, S., Christensen, N. P., Mathiassen, O. M. International Journal
of Greenhouse Gas Control. 1; 2007, p. 430-443

[9] US Department of Energy (DOE). Methodology for development of geological storage estimates for carbon dioxide. 2008, p.
1-37

[10] van der Meer, B., and Egberts, P. 4 general method for calculating subsurface CO, storage capacity. Offshore Technology
Conference, TA Utrecht, The Netherlands, OTC 19309; 2008, p. 1-9

[11] Bachu, S. Screening and ranking sedimentary basins for sequestration of CO, in geological media in response to climate
change. Environmental Geology, 44; 2003, p. 277289



Appendix A

Kazbulat Shogenov et al. / Energy Procedia 37 (2013) 5036 — 5045 5045

A.1. Studied parameters of the Middle Cambrian Deimena Formation sandstones

Structure

E6 offshore structure

E7 offshore structure

S. Kandava onshore structure  Dobele onshore structure

Wet density, kg/m’

Porosity, %
estimated *
Porosity, %

Permeability, mD
estimated *
Permeability, mD

P, velocity, m/s
S, velocity, m/s
SiO,

ALO;

Fe, 05

K0

CaO

MgO

Min
2704
13.5

21
9

290
2383

95
0.2
0.06
0.07
0.9
0.24

Max
2734

335

335
440

440
2383

98
1.9
0.6
0.3
1.1
0.65

Mean
2720

21

25
150

380
2383

97
0.6
0.2
0.14
1.05
0.39

IS

50

37

o & o o

Min
2666
5

9.5
0.1

0.1
2130
1725
87
0.3
0.06
0.03
0.9
0.24

Max
2746

23

14
170

70
3583
2230
99
53
1.9
0.9
L5
0.65

Mean
2698

12

12
40

20
2814
2050
95
1.8
0.6
0.3
1.1
0.44

o o o o

Min
2664
1

1
0.001

0.001
4556
3225
70
0.18
0.13
<0.01
6.4
0.57

Max
2741

27

7
1250

0.3
5400
3600
81
0.26
232
0.03
16.5
2.12

Mean
2702

21

4
300

0.1
4978
3412
76
0.22
1.23
0.02
11.4
1.35

N
2

LS S S N S N N S N SN S}

Min
2786
10

16.6
0.1

91

2.8

0.22
1.54
0.65

Max Mean N
2877 2830 2

26 19 7

19.6 18 2
670 360 5

91 91 1

28 2.8 1
022 022 1
1.54  1.54 1
0.65  0.65 1

* (estimated porosity is averaged from measured and reported data)

A.2. Studied parameters of the Lower Ordovician cap rocks of the Dobele and South Kandava onshore

Structures

Structure South Kandava Dobele

Min Max Mean N Min Max  Mean N
Wet density, kg/m’ 2741 2753 2747 2 29 2.9 2.9 1
Porosity, % 4 5 4.4 2 149 14.9 14.9 1
Permeability, mD 0.004 0.004  0.004 2 2 2 2 1
Py, m/s 4156 4630 4393 2 - - - -
S, m/s 2493 2778 2636 2 - N N -
SiO, 93 63 42 6 45 62 55 3
ALO; 2.6 15.6 10.7 6 4.5 16 12 3
Fe,05 0.8 4.4 3.1 6 4.6 10 6.5 3
K;0 0.14 69 4.6 6 34 6.8 53 3
CaO 1.1 473 16.5 6 13 152 6 3
MgO 03 1.5 1 6 12 42 24 3

Chemical oxides measured in %: SiO,, Al,Os, Fe,0s,
K,0 by XRF, and CaO and MgO by CCA methods.
Min — minimum, max — maximum and mean — average
values. N — number of samples

A.3. Physical parameters of the Latvian structural traps

Reservoir parameters

CO, storage capacity, Mt

Depth Trap  Sali-  Press CO: Su Opt/ Optimistic estimates ~ Conservative estimates
. e Opt.

oftop,  Thick-  area, nity, ure, densu}ty,

Structure m ness,m  km’ g/l mPa T, °C kg/m Cons., % min max mean  min max mean

E6 848 53 600 99 9.3 36 658 10/4 264 631 396 106 252 158

E7 1362 58 43 125 14.7 46 727 20/4 14 66 34 3 13 7

S.Kandava 933 42 97 113 10.5 245 820 15/4 5 122 95 1 32 25

Dobele 950 52 70 114 13 18 900 20/4 56 145 106 11 29 21

The S.,Opt./Cons. is a storage efficiency factors for the optimistic/conservative estimates. The NG in E6 was estimated by logging
data as 90%, in E7 as 80%, S. Kandava as 90% and in Dobele as 85%. Estimated porosity (A.1) was used for capacity calculation
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Abstract

This study is focused on two structures in the Baltic offshore region (E6 and E7 structures
in Latvia) prospective for the geological storage of carbon dioxide (CO,). Their CO, storage
capacities were estimated recently with different levels of reliability. Petrophysical,
geophysical, mineralogical and geochemical parameters of reservoir rocks represented
by quartz sandstones of the Deimena Formation of Middle Cambrian in two wells and
properties of Silurian and Ordovician cap rocks were additionally studied and interpreted
in the present contribution. Extended methodology on rock measurements and estimation
of conservative and optimistic storage capacity are presented. Uncertainties and risks
of CO, storage in the offshore structure E6 estimated as the most prospective for CO,
geological storage in the Baltic Region, and the largest among all onshore and offshore
structures studied in Latvia, were discussed. We re-estimated the previous optimistic
capacity of the E6 structure (265-630 Mt) to 251-602 Mt. Considering fault system
within the E6 structure we estimated capacity of two compartments of the reservoir
separately (E6-A and E6-B). Estimated by the optimistic approach CO, storage capacity
of the E6-A part was 243-582 Mt (mean 365 Mt) and E6-B part 8-20 Mt (mean 12 Mt).
Conservative capacity was 97-233 Mt (mean 146 Mt) in the E6-A, and 4-10 Mt (mean
6 Mt) in the E6-B. The conservative average capacity of the E6-B part was in the same
range as this capacity in the E7 structure (6 and 7 Mt respectively). The total capacity of
the two structures E6 and E7, estimated using the optimistic approach was on average
411 Mt, and using the conservative approach, 159 Mt.

Keywords: carbon dioxide, underground storage, offshore, reservoir rocks, sedimentary
rocks, sandstone, physical properties, chemical composition, mineral composition,
Latvia
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1. Introduction

Previous studies reported extremely high CO,
emissions per capita in Estonia and need of carbon
capture and storage technology (CCS) implementation
to reduce the greenhouse gas effect and the Earth’s
climate change (Sliaupa et al., 2008; Shogenova et
al., 2009a, b, 2011a, b; Shogenov et al., 2013).
According to these studies Estonia has unfavourable
for CO, geological storage (CGS) conditions
(shallow sedimentary basin and potable water
available in all known aquifers) and storage capacity
of Lithuanian geological structures was estimated
as insufficient, due to small size of the structures
(Fig. 1). The most suitable for CGS in the Eastern
Baltic region (Estonia, Latvia and Lithuania) are 16
Cambrian onshore and 16 offshore deep anticline
geological structures in Latvia. All the prospective
Latvian structures are represented by uplifted
Cambrian reservoir sandstones covered by Lower
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Ordovician clayey carbonate rocks. In this study we
focused on more detailed investigation of two
offshore structures E6 and E7 (Fig. 2), which were
briefly described in Shogenov et al., (2013). We
expanded description of methods, measured
petrophysical, geochemical and mineralogical
properties of reservoir rocks, improved and clarified
estimation of CO, storage capacity in the E6
structure.

2. Data and Methods

Two wells, E6-1/84 and E7-1/82, drilled in the
Latvian offshore structures E6 and E7 respectively,
were studied. Twelve samples from the Deimena
Formation of Middle Cambrian sandstone reservoir
were taken from two drill cores stored in the Latvi-
an Environmental, Geological and Meteorological
Centre (LEGMC) (Fig. 3). We interpreted an
available seismic section of the E6 structure and,

Nida P45

LITHUANIA

|| Pilviskiai 141

Fig. 1. Geological cross section across Estonia, Latvia and Lithuania. Cross section line A-B is shown on Fig. 2a. Major
aquifers are indicated by dots. Dotted vertical lines show faults. The cross section clearly indicates that Estonia is out of
the recommended depth frames for CGS (minimum recommended depth for CGS is 800 m). Devonian structures are
unsuitable for CGS due to absence of impermeable cap rock formation that must overlay the reservoir. The size of
Lithuanian Cambrian sandstone structures is too small for industrial scale. A number of structural uplifts in the Cambrian
rocks bounded by faults are prospective reservoirs for CGS in Latvia. Np3 - Ediacaran (Vendian); Ca - Cambrian; O -
Ordovician; S1 - Lower Silurian (Llandovery and Wenlock series); S2 - Upper Silurian (Ludlow and Pridoli series); D1, D2
and D3 - Lower, Middle and Upper Devonian, respectively; P2 - Middle Permian; T1 - Lower Triassic; J - Jurassic; K -
Cretaceous; Q - Quaternary (modified from Shogenova et al., 2009a).
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Gulf of Riga

Fig. 2. (a) Approximate location of 16 onshore and 16
offshore Latvian structures in the Cambrian aquifer
prospective for CGS (CO, storage potential exceeding 2
Mt), shown by red circles. Black line A-B represents
geological cross section shown on Fig. 1. (b) 16 onshore
(orange) and 2 studied offshore (E6 and E7) structures
(black) in Latvia (maps built using ArcGis 9.2 software).

using structural maps of the E6 reservoir and cap
rock top and cross section of the well E6-1/84, the
geological cross section of the E6 structure was
constructed (Fig. 4).

Two unpublished exploration reports (Babuke
et al., 1983; Andrushenko et al., 1985), stored in
the LEGMC, were used. According to these reports,
open or effective porosity (W) in the studied
samples was estimated by saturation method (Zda-
nov, 1981). Permeability (Kg ) was determined when
passing gas through the samples using the “GK-5”
apparatus. More derailed description of X
measurements is given in Shogenova et al. (2009a).
P-wave acoustic velocities of dry rock samples were
measured with “DUK-20” equipment (100 KHz).
Velocities were measured in two directions (X and
Y) to consider anisotropy. Shogenov et al. (2013)
reported petrophysical properties of new samples
from reservoirs of the E6 and E7 structures, which
were determined and compared to old data. More
detailed description of petrophysical methods is
presented here.

Helium density, helium porosity, gas permeability
and acoustic wave velocities were measured in the

petrophysical laboratory of IFP Energies nouvelles
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Fig. 3. Correlation of the E6 and E7 offshore structures
based on drill core data (E6-1/84 and E7-1/82), focusing
on the sandstone reservoir of the Deimena Formation of
Middle Cambrian and Lower Ordovician cap rocks.
Location and depth of the studied samples are indicated
by red cylinders. Gamma-ray readings were digitized from
analogue gamma-ray logging data.

(IFPEN) following the American Petroleum Insti-
tute recommendations (American Petroleum Insti-
tute, 1998). Various rock properties were
determined on 11 samples with 25 mm diameter
and 11-27 mm height. After drying of samples the
solid volume (V) was calculated by gas displacement
helium pycnometer AccuPyc 1330 (Micrometrics).
Using sample weight (m), the grain or matrix density
was calculated
m

pg=]7’ (1)

s
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Fig. 4. Geological cross section corresponding to seismic line 78420, interpreted using reported seismic data, local
structure map and lithological cross section in the well E6-1/84.

The total volyme of sample (V) was measured
on powder pycnometer GeoPyc 1360 (Micro-
metrics). Applying V _ , the density of dry samples

was calculated

m

pdry= - (2)

total

Volume of pores me was calculated using V. and

total

pore = Vol Vs ’ (3)
The effective porosity ¢ (%) was calculated using
the me and V

total

Vore
¢,= = x 100, (4)

Permeability (K,) was measured using nitrogen
injection. The sample is mounted in a Hassler cell
under a confining pressure of 20 bars. Volume of
the gas passed through the samples was measured

by gas meter. Flow rate Q (cm?/s) was calculated by
dividing the volume of the passed gas on time. Using
the Q, length of samples (I, cm), area of sample (S,
cm?), viscosity of gas (ligas cP), atmospheric pressure
(P, bar), inlet and outlet pressures (P, P*
respectively, bar) and applying the Darcy law K.
(mD) of the samples was calculated as

2x P

K= Qx g xi,x i )

Elastic properties of the rocks were determined
only on dry samples. P-wave (P ) and shear wave
(S, ) velocities were measured with petro-acoustic
equipment consisting of a pulser — Sofranel, Model
5072PR and a two-channel colour digital phosphor
oscilloscope — TDS 3032B (200MHz, 2,5 GS/s-
DPO-Receiver, Tektronix). P was measured with
500 MHz wave transducers, S_with 1 MHz wave
transducers.

On the basis of measured and estimated porosity
and gas permeability, CO, storage capacity of the
structures was estimated (Tables 1, 2).

The chemical and mineralogical composition
and surface morphology of 12 rock samples were
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Table 1. Studied parameters of the Middle Cambrian sandstones of the Deimena Formation.

Structure

Grain density, kg/m?estimated *
Grain density, kg/m® measured

Bulk density (dry), kg/m? estimated *
Bulk density (dry), kg/m*® measured

Porosity, % estimated *
Porosity, % measured

Permeability, mD estimated *

Permeability, mD measured
P, velocity (dry), m/s estimated *
P velocity (dry), m/s measured

S,, velocity, m/s measured

XRF analysis, %
Sio,

ALO,

Fe,0,total

K,0

Na,0

MnO

Titration method, %

Ca0
MgO

Gravimetric method, %

Insoluble Residue

E6 offshore structure

Min
2630
2700
1810
1810

14
21
10
290
1750
2380

95
0.2
0.06
0.07
<0.01
<0.01
0.09
<0.01
0.07

0.9
0.24

96.3

Max

2730
2730
2340
2170
33.5
33.5
440
440
2850
2380

98
1.9
0.6
0.3
0.04
<0.01
0.18
0.01
0.28

11
0.65

98.5

Mean N
2690 12
2720 4
2090 45
2030 4

21 45
25 4
160 34
380 3
2240 31
2380 1
97 6
0.6 6
0.2 6
0.14 6
0.03 6

<0.01 6
0.13 6
0.01 6
0.16 6
1.05 6
0.39 6
97.3 6

E7 offshore structure

Min Max Mean
2600 2930 2670
2670 2750 2700
2250 2940 2360
2310 2410 2370
5 23 12
9.5 14 12
0.13 170 40
0.13 70 20
2130 3580 2920
2130 3580 2815
1725 2230 2050
87 99 95
0.3 5.3 1.8
0.06 1.9 0.6
0.03 0.9 0.3
<0.01 0.1 0.05
<0.01 0.06 0.03
0.06 0.5 0.23
<0.01 0.04 0.02
<0.01 0.06 0.03
0.9 15 11
0.24 0.65 0.44
93.6 08.6 96.4

N
56

56
56
52

15

[ONoNONONONONONON) w

[}

Chemical oxides measured in %: SiO,, AllOa, FeZO3, K,0, Na,0, MnO, TiO,, P2O5 and Ba by XRF, CaO and MgO by
titration and insoluble residue by gravimetric methods. Min — minimum, max — maximum and mean — average values, N —

number of samples.

* estimated rock properties were averaged from measured and reported data.

Table 2. Physical parameters of the Latvian offshore structural traps.

Depth

Structure oftop,
m

EG-A 848

E6-B 848

EG total 848

E7 1362

Total CO, storage capacity of E6 and E7, Mt

Thickness,
m

53
53
53
58

Reservoir parameters

Trap
area,
km?

553
a7
600
43

Salinity, Pressure,
g/l mPa
99 9.3
99 9.3
99 9.3

125 14.7

T
°c

36
36
36
46

co

2

density,
kg/m®

658
658
658
727

S, Opt/
Cons.,
%

10/4
4/2
10; 4/4; 2
20/4

CO2 storage capacity, Mt

Optimistic Conservative
estimates estimates

Min Max Mean Min Max

243 582 365 97 233
8 20 12 4 10
251 602 377 101 243
14 66 34 3 13

265 668 411 104 256

Mean

146
6

152
7

159

The S, Opt./Cons. is a storage efficiency factor used for optimistic (Opt.) and conservative (Cons.) capacity calculation.
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investigated using X-ray fluorescence analysis (XRF),
X-ray diffraction (XRD), chemical analysis using
gravimetric and titration methods, and transmission
electron microscope (TEM) and scanning electron
microscope (SEM) studies. The XRF and XRD
analyses were performed in the Acme Analytical
Laboratories Ltd. (Vancouver, htep://acmelab.com),
using the pressed pellet method for sample
preparation. The SEM and TEM studies were
conducted in the Institute of Geology at Tallinn
University of Technology (IGTUT) with a Zeiss
EVO MA 15 scanning electron microscope,
equipped with an energy dispersive spectrometer
(EDS) INCA x-act (Oxford Instruments Plc) and
ZEISS light electron microscope AxiosKop 40,
respectively (Shogenov etal., 2013), gravimetric and
titration analyses were made in the IGTUT
(Shogenova et al., 2009b).

The theoretical storage capacity of the structures
was estimated using a well-known formula for
estimation of the capacity of a structural trap (Bachu
et al., 2007):

Mc02[=Ax/7xNGx QX Py, XS 6)

where M__, is storage capacity (kg), A is the area of

an aquifer in the trap (m?), / is the average thickness
of the aquifer in the trap (m), NG is an average net
to gross ratio of the aquifer in the trap (%), ¢ is the
average porosity of the aquifer in the trap (%), p,,,
is the in situ CO, density in reservoir conditions
(kg/m?), S_ is the storage efficiency factor (for the
trap volume, %). CO, storage efficiency factor is
the volume of CO, that could be stored in reservoir
per unit volume of original fluids in place. In our
previous study we used a different S for each
structure based on its reservoir properties and
employed different methods to estimate these factors
(Shogenov et al., 2013). Following Bachu et al,,
(2007), the efficiency factors 10 % and 20 % in the
E6 and E7 offshore structures were estimated
respectively. Bachu etal., (2007) proposed simplified
model to estimate S for open and semi-closed
aquifers according the stratigraphic limitations in
the connectivity between the trapped aquifer volume
and the bulk aquifer volume and quality of reservoirs.
Quality of reservoir depends on its petrophysical
parameters (porosity and permeability). According
to Bachu et al., (2007) and Vangkilde-Pedersen et
al., (2009) S of high quality reservoir limited by
faults on two sides is 20 % and on three sides is 10
%. In Shogenov et al., (2013) we termed this

Fault system

™

v d

Closing contour
0 of structure

30

35

Fig. 5. 3D geological model of the
top of the Deimena Formation in
the E6 structure with the estimated
closing contour of the structure
(black contour is -1350 m). Faults
bordering the structure are shown
by a red wall. Location of the well
is shown by a black circle with the
depth of the top of the Deimena
Formation (-848 m). Location of
compartments E6-A and EG-B is
indicated by red and green circle
respectively (modified from

45 km g o et al, 2013).
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approach as ‘optimistic” due to the higher values of
the factors in comparison with subsequent results
obtained by other method. In this study we used
the same optimistic S, for E7 structure (20 %), but
we consider the E6 structure to be consisting of two
different compartments divided by inner fault. We
defined a bigger southern partas E6-A, and a smaller
northern part as E6-B (Fig. 5). We determined the
efficiency factors of 10 % and 4 % in the optimistic
approach for the E6-A and E6-B respectively. The
E6-A is limited by faults on three sides and the E6-
B on four sides. High quality reservoirs bounded
on all sides have S 3-5 % (Vangkilde-Pedersen et
al., 2009). Based on the US Department of Energy
report (US DOE, 2008), we decided to lower and
round the values of S for the so-called “conservative”
estimation approach (Shogenov et al., 2013).
Obtained by US DOE, using Monte Carlo simulation,
a range of S values are between 1 % and 4 % for
deep saline aquifers for a 15 to 85 % confidence
range. The efficiency factor of 4 % was selected for
the E6-A and E7 structures and 2 % for the E6-B
in this simplified estimation model, which did not
consider pressure change and compressibility within
the reservoir due to CO, injection (van der Meer &
Egberts, 2008). Optimistic and conservative M
were calculated with minimum, maximum and
average values (min-max/mean) of porosity
determined using measured and reported data
(Tables 1, 2). “Min-max/mean” approach was
involved due to uncertainties related to lack of
available experimental data (only one well within
each structure). The average net to gross ratio was
recorded from gamma-ray log readings (90 % in
the E6, 80 % in the E7; Fig. 3).

The p,, value, which depends on in situ
reservoir pressure and temperature, was estimated
using a graph of the supercritical state of CO, under
in situ conditions (Bachu, 2003). All measured
laboratory data were compared with old exploration
data for quality control (Figs. 6, 11). Using the
reported and measured data, we estimated
minimum, maximum and average values of physical
properties for each structure (Shogenov etal., 2013).

All depths in our study are shown in meters
below sea level.

3. Offshore structure E6
3.1 Geological background

The E6 offshore structure is already reported in our
recent study as the largest suitable trapping structure
offshore Latvia. It was explored in 1984 only by
one well E6-1/84 (depth 1068 m), located 37 km
from coast of Latvia (Shogenov et al., 2013). The
structure is represented by uplifted Middle
Cambrian 53 m thick reservoir rocks, covered by
40 m thick Lower Ordovician clayey cap rocks. The
reservoir is overlain by Ordovician and Silurian (in
total 266 m thick) clayey carbonate rocks and
Devonian siliciclastic and carbonate rocks (Fig. 4).
Reservoir quartz sandstones are fractured and all the
E6 structure is bounded by faults on three sides. In
addition the inner fault divided the E6 structure
into two compartments, E6-A and E6-B (Fig.5).
We assumed that the E6-A and the E6-B are
separated by the fault, which will prevent CO, move
from one part to another during injection, and
drilling of additional well in the part E6-B will be
needed.

Upper part of the Ordovician succession is
represented by 10.5 m thick oil-bearing limestone
reservoir layer. Oil deposits are small and not
significant for industrial use. The temperature
within the reservoir is 36 °C, salinity of the

Cambrian aquifer is 99 g/l (Table 2).

3.2 Petrophysical properties

The Deimena Formation of Middle Cambrian in
the E6 structure could be subdivided into three
depth intervals with slightly different petrophysical
rock properties. Changes in reservoir properties are
clearly reflected on the gamma-ray log and on
porosity-permeability plots (Figs. 3, 6).

The uppermost interval (848-876 m) is
characterized by very fine to medium-grained
sandstones. Oil impregnation ranges from weak
irregular to strong regular. The reservoir properties
of sandstones of this interval were earlier reported
as good: porosity 14-24 % (mean 21 %),
permeability 10-300 mD (mean 140 mD), P_ of
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Fig. 6. Comparison plots of porosity, permeability and P-wave velocity versus depth of the measured samples (white
squares) with the old reported data (black coloured figures) in the well E6-1/84 (modified from Shogenov et al., 2013).

dry samples 1750-2530 m/s (mean 2190 m/s), P_
of wet samples 1150-2440 m/s (mean 1800 m/s)
(Andrushenko et al., 1985). Recently measured
porosity (21-22 %) and P_ velocity of dry samples
(2383 m/s) were in the range of the earlier data but
new permeability was higher (440 mD) (Fig. 6,
Shogenov et al., 2013).

The core interval 876-885 m is represented by
very fine-grained silty sandstones interbedded by

silty clays. Oil impregnation is weak and irregular.
Earlier the following characteristics have been
reported: porosity 13-22 % (mean 17 %),
permeability 10-100 mD (mean 55 mD), P_ofdry
samples 1750-2850 m/s (mean 2110 m/s), P_ of
wetsamples 21202620 m/s (mean 2345 m/s). The
reservoir properties of this interval are lower than
in the upper level because of silty admixture in the
rocks (about 30 % of reported samples), clayey
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interlayers (no more than 5 cm) and poor sorting
of the material.

The lower part of the formation (885-901 m)
has regular but weak oil impregnation due to very
well sorted sandstones and low clay content. The
rocks are mostly massive, loosely cemented, strongly
fractured and with very good reservoir properties:
porosity 22-25 % (mean 24 %), permeability 140—
230 mD (mean 190 mD), P_of dry samples 2251~
2643 m/s (mean 2435 m/s) (Andrushenko et al.,
1985). New data on both porosity (25-33 %) and
permeability (290-400 mD) were in the upper range
of the old data or higher (Fig. 6, Shogenov et al.,
2013).

Recently measured porosity of all samples from
the well E6-1/84 was 21.5-33.5 % and gas
permeability 290440 mD. P_ of dry samples could
be measured on only one sample, E6-862.8 m (2383
m/s). The properties of the E6 structure, estimated
on the basis of reported and measured data, are as
follows: total porosity 14-33.5 % (mean 21 %),
permeability 10-440 mD (mean 180 mD), range
of P_velocity for dry samples 1750-2850 m/s (mean
2240 m/s) (Fig. 6, Table 1, Shogenov et al., 2013).

According to the classification of clastic oil and
gas reservoirs by Hanin (1965), the reservoir rocks
of the E6 structure are related to the 3rd and 4th
classes of reservoir rocks (3rd class has permeability
of 100-500 mD, 4th class permeability 10-100
mD). The residual water saturation of the 3rd class
rocks is below 54.9 %, of the 4th class rocks more
than 60 %.

Reported porosity and permeability of Upper
Ordovician oil-bearing limestones are in the range
of 10-23.5 % (mean 18 %) and 0.2-24 mD (mean
6 mD) respectively. Petrophysical measurements of
other parts of Ordovician and Silurian cap rocks
were not presented in the E6 exploration report.
According to E7 report (Babuke et al., 1983) and
reported measurements of more than 2000 samples
from Baltic sedimentary basin (Shogenova et al.,
2010) average porosity and permeability of Lower
Ordovician (1) shales are 3 % and 0.001 mD
respectively; (2) marlstones 3 % and 0.15 mD,
respectively; (3) limestones 3 % and 6 mD
respectively. Very few measurements of properties

of overlain Silurian rocks samples of the studied area
are available in publications.

3.3 Chemical and
mineralogical composition

Essentially pure sandstone samples (Table 1) studied
from the E6 structure showed good interparticle and
sometimes intraparticle open porosity (21-33.5 %).
These sandstones include 95-98 % SiO, and 2-5
% other oxides, indicating clay (Al,O, and TiO,)
and carbonate (CaO and MgO) cementation, and
potassium feldspar admixture (K,0) (Table 1, Fig.
7). Using SEM analyses accessory minerals were
found in the cement matrix of the Deimena
sandstone (iron sulphate, barite, anatase and
brookite). However, cement content in the studied
sample is insignificant (about 25 %). The results
of XRD analyses supported the data obtained by
XRE, chemical and SEM analyses. In general,
sandstone samples from the E6 structure are
considered as “high-quality” reservoir rocks
(Shogenov et al., 2013).

3.4 CO, storage capacity

Shogenov etal. (2013) increased the closing contour
of the E6 structure and determined it by the top
depth contour of 1350 m (Fig. 5). The closing
contour, reported by the LEGMC, was at 950 m
(http://mapx.map.vgd.gov.lv/geo3/VGD_OIL_
PAGE/). The line 76033 of the cross section, built
on the basis of seismic data, crosses the Deimena
Formation at a depth of 950 m. A propagation of a
slope within the Deimena Fromation could be
clearly detected between the lines 76033 and Linel
(Fig. 4). We took into account depth range of the
Deimena Formation and structural uplift within the
EG6 and fault system that separate the E6 structure
from environing deposit surfaces. The total area of
the structure is 600 km?. With the 1350 m closure
of the reservoir top, an approximate area of the larger
part of the structure E6-A is 553 km?, while the
smaller part E6-B is 47 km?. The thickness of the
reservoir in the well is 53 m. The efficiency factor

was taken to be 10 % (E6-A) and 4 % (E6-B) for



74

Kazbulat Shogenov, Alla Shogenova and Olga Vizika-Kavvadias

Spectrum C Al Si P S
Spectrum 1 8 - 2.6 - 18
Spectrum 2 25 - 4 - 0.08
Spectrum 3 10 - 29 - -
Spectrum 4 8 0.6 6 - -
Spectrum 5 - 3.4 11 2 0.5

the “optimistic” approach (Bachu et al., 2007) and
4 % (E6-A) and 2 % (E6-B) for the “conservative”
approach (US DOE, 2008). In our previous study
the optimistic CO, storage capacity of the E6
structure was estimated with efficiency factor 10 %
(Shogenov et al., 2013). The NG was estimated as
90 % according to gamma-ray log data (Fig. 3).
The value of p_, was 658 kg/m?, corresponding
to a depth of 848 m and temperature 36 °C. The
estimated minimum, maximum and average
porosities of 14-33.5 % (mean 21 %) were used
for calculation (Table 1). Estimated earlier
theoretical CO, storage capacity of the E6 structure
was 265-630 Mt (mean 395 Mt) based on the
optimistic approach, and 105-250 Mt (mean 160
M) based on the conservative approach (Shogenov
etal., 2013). In this study we reduced the optimistic
storage capacity of the entire structure to 251-602
Mt (mean 377 Mt) (Table 2). We estimated the
theoretical optimistic and conservative CO, storage
capacity of two split parts of the reservoir separately.
Based on the optimistic approach CO, storage
capacity of the E6-A part was 243-582 Mt (mean

Fig. 7. SEM microphotograph of a thin section of the fine-
grained porous (26-33 %) Deimena sandstone sample from
the E6 structure, depth 886.7 m, and an example of SEM
energy-dispersive x-ray spectroscopy (EDX) analyses (all
results in weight %). The chemical composition of the sample
is 97.4 % Si,0, 0.3 % Al,O, by XRF, and 1.1 % Ca0 and 0.25
% MgO by titration method. The white angular grain pointed
by red called “Spectrum 17, showing the content of Fe and
S, is interpreted as iron sulphate. The black area (Spectrum
2) is porous space. Spectrum 3, located in grey subrounded
tosubangular grains (Si0,), is quartz. The angular white grain
analysed in point 4 with 33 % TiO, content (Spectrum 4) and
the conglomeratic subrounded grain studied with 37 % TiO,
in Spectrum 5 were interpreted as anatase and/or brookite
accessory minerals.

cl Ca Ti Fe zr 0
- - - 15 094 56

0.07 - 0.09 0.7 - 71
- - - - - 60.6
- - 33 018 - 51.7
- 05 37 06 - 445

365 Mt) and E6-B part 8-20 Mt (mean 12 My).
Conservative capacity of the E6-A was 97-233 Mt
(mean 146 M¢) and capacity of the E6-B part was
4—-10 Mt (mean 6 Mt).

4. Offshore structure E7
4.1 Geological background

The E7 structure is a brachyanticline fold within
the Deimena Formation, stretching from NE to SW
and bounded by faults at two sides (north and east)
(Fig. 8). It was explored in 1982 only by one well
E7-1/82 (depth 1623 m) located 85 km from the
coast of Latvia (Shogenov et al., 2013). The structure
is represented by uplifted Middle Cambrian 58 m
thick reservoir rocks covered by 42 m thick Lower
Ordovician clayey cap rocks (Fig. 3). The reservoir
is overlain by Ordovician and Silurian (in total 322
m thick) clayey carbonate rocks and Devonian
siliciclastic and carbonate rocks. The temperature
within the reservoir is 46 °C, salinity of the
Cambrian aquifer is 125 g/l (Table 2).
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Closing contour
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Fig. 8. 3D geological model of the top of the Deimena Formation in the E7 structure with the estimated closing contour
of the structure (black contour -1525 m). Faults bordering the structure are shown by a red wall. Location of the well is
shown by a black circle with the depth of the top of the formation (-1361.8 m) (modified from Shogenov et al., 2013).

4.2 Petrophysical properties

According to the reported in Babuke et al., (1983)
data, sandstones from the E7 drill core have relatively
good reservoir properties: porosity 5-23 % (mean
12 %), permeability 0.2—-170 mD (mean 50 mD),
P velocity in dry samples 2200-3515 m/s (mean
2990 m/s). The average porosity of siltstones
presented in the reservoir is 12 % and permeability
20 mD (Fig. 9). Recently measured P_ velocity of
dry samples was 2130-3580 m/s (mean 2814 m/
s), S, velocity of dry samples 1725-2230 m/s (mean
2050 m/s) (Shogenov et al., 2013). Considering
both the reported and measured data, the range of
porosity in the E7 structure is 5-23 % (mean 12%),
gas permeability 0.1-170 mD (mean 40 mD), P_
velocity of dry samples 2130-3583 m/s (mean 2920
m/s), range of S_ velocity of dry samples 1725-2230
m/s (mean 2050 m/s) (Table 1, Fig. 9). Figure 9
clearly shows that measured values are totally in the
range of reported data.

Oil impregnation within the E7 reservoir was

not observed. Reservoir properties of the E7
trapping rocks are significantly lower than in the
E6 sandstones. According to the classification of
clastic oil and gas reservoirs by Hanin (1965), the
reservoir rocks of the E7 structure are related to the
3rd, 4th and 5th classes of reservoir rocks (5th class
rocks have permeability of 1-10 mD).

Average porosity and permeability of
Ordovician (1) shales are 3 % and 0.001 mD
respectively; (2) martlstones 7 % and 0.29 mD,
respectively; (3) limestones 3 % and 0.06 mD
respectively. Very few measurements of Silurian
shales properties are presented in the report (Babuke
et al., 1983). Several measured marlstone samples
showed good porosity (7-9 %) but very low
permeability (0.001 mD).

4.3 Chemical and
mineralogical composition

The Deimena Formation is represented by light-
grey and beige-grey fine-grained quartz sandstones
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Fig. 9. Comparison plots of porosity, permeability and P-wave velocity of dry samples versus depth of the measured
samples (white squares) with the old reported data (black circles) in well E7-1/82. S-wave velocity of the measured
samples (white triangles) are shown on the velocity plot.

interbedded by thin layers of sandy marlstones and E6-1/84 well, the samples from E7-1/82 showed

clayey siltstones (4-5 cm), reflected by increased an increase in clay content and a decrease in free
readings of the gamma-ray log compared to pure pore space. Especially high clay cement content was
sandstones (Fig. 3). Sandstones are well sorted and observed in samples from the clayey siltstone
subrounded, partly fractured. Compared to the interbeds. Rocks of the upper part of the Deimena

essentially pure quartz sandstone samples from the Formation are mostly cemented by quartz-regenerated
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cement, those of the lower part by conformation of
quartz grains due to dissolution under the pressure
(Shogenov et al., 2013).

Samples from the E7 structure contain on
average 87-99 % SiO2 and 1-13 % other oxides,
indicating clay and carbonate cementation (Table
1). In two samples (1393.55 and 1394.2 m) the
SiO, content was 90 and 87 %, A1203 content,
indicating clay cement, 4 and 5 %, and Fe,O,
content 0.9 and 1.9 %, respectively. The content of
carbonate minerals was lower (on average 1 % CaO
and 0.4 % MgO). Samples also include admixture
of feldspar and mica. Accessory minerals such as
zircon, tourmaline and pyrite are present. Clay

fraction is represented by illite and kaolinite (Fig.
10).

Sandstones (depths 1389.5 and 1390.5 m),
studied also by the SEM and XRD methods, showed
lower porosity (14.3 and 9.5 % respectively) and
higher cement content than the E6 sandstones (Fig.
10).

4.4 CO, storage capacity

The closing contour of the E7 reported by the
LEGMC is 1450 m (http://mapx.map.vgd.gov.lv/
geo3/VGD_OIL_PAGE/). According to depth

range of the Deimena Formation and faults system

Fig. 10. SEM microphotographs of the thin section of the fine-grained porous Deimena sandstones sample in well E7/1-
82 (1390.5 m) and an example of SEM energy-dispersive X-ray spectroscopy (EDX) analysis results (in weight %). Porous
media studied by Spectrum 1 is partly filled by quartz cement (30 % SiO,). White cement studied by Spectrum 2 is
composed of iron-rich carbonate cementation including ankerite (15 % Ca, 5 % Mg and 8 % Fe). Some pores are filled by
clay cement (4.5 % Al) and feldspar admixture (3 % K) (Spectrum 3). The black area studied by Spectrum 4 is porous

media.

Spectrum (o Mg Al Si S
Spectrum 1 9.7 - 0.4 29.7 -
Spectrum 2 13.5 4.7 - 5 -
Spectrum 3 - 2 4.5 34 0.7

Spectrum 4 25.7 - - 3 -

Cl K Ca Mn Fe Ba [0}
- - - - - - 60
- - 15 1 8 - 53
- 2.7 3.6 - 2.4 2.5 48
0.06 - - - - - 71.5
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bounding the structure, and structural uplift within
the E7 structure, we increased the boundaries of
the structure and took the 1525 m depth as the
closing contour of the reservoir top. In case of the
1525 m level, an approximate area of the E7
structure (43 km?) is 14 times less than that of the
E6 (Shogenov et al., 2013).

The thickness of the reservoir in the well is 58
m. The efficiency factor of 20 % was taken for the
“optimistic” approach (Bachu et al., 2007) and 4
% for the “conservative” approach (US DOE,
2008). The NG was found to be 80 % according to
the gamma-ray log data (Fig. 3). The value of p ..,
was taken 727 kg/m?, corresponding to a depth of
1362 m and temperature 46 °C. The estimated
minimum, maximum and average porosities of 5—
23 % (mean 12 %) were used for calculation (Table
1). The assessed CO, storage capacity of the E7
structure was 14-66 Mt (mean 34 Mrt) by the
optimistic approach and 3—-13 Mt (mean 7 Mt) by
the conservative approach (Table 2, Shogenov etal.,
2013).

5. Discussion

In this study we used old exploration reports of years
1983-1985 (Babuke et al., 1983; Andrushenko et
al., 1985). The quality of these reports is satisfactory,
but characteristics of the E7 structure are worse than
of E6. Earlier studies were made only in the frame
of oil exploration. As the aims of the old and present
studies are different, we lack necessary data and face
uncertainties in existing information (only one well
drilled in each structure, insufficient level of fault
study, lack of necessary rock physical measurements,
the reported values of the same parameters vary in
different parts of the exploration reports, low quality
of seismic map profiles). Complete seismic data on
these structures were not available for this and
previous (Shogenov et al., 2013) studies, which
added uncertainties into the created 3D geological
models and storage reservoirs quality estimates. The
E6 structure contains multiple faults, and
uncertainties in the fault structure could cause
significant difficulties in the assessment and
modelling of CO, storage risks. Due to fact of oil

accumulation in the Upper Ordovician limestone
formation and Cambrian Deimena sandstones, and
Devonian sandstones oil impregnation, the
hypothesis of oil leakage from the E6 reservoir via
faults could be assumed. There are two possible
scenarios of the faults behaviour: (1) the faults still
have open structure and (2) due to timing and
geological processes the faults were locked. The ori-
gin of faults and reservoirs architecture need more
detailed study, which would largely contribute to
estimation of reservoirs integrity.

There are two ways to clarify these uncertainties:
(1) to conduct a modern geophysical exploration
in the studied structures area or (2) to make pilot
CO, injection into the structure and monitor its
behaviour. If the reservoirs are destructed and the
faults have open structure, the CO, leakage could
be determined using known monitoring methods.
Seismic survey is the most effective method that has
been implemented in the well-known world’s largest
CO, storage project in the Norwegian North Sea
(Sleipner) for monitoring injected CO, plume. This
method enables observation from the surface of the
formation and migrating of CO,, injected into the
storage site, under impermeable layers (Chadwick
et al., 2009; Hermanrud et al., 2009; Alnes et al.,
2011).

Besides practical study, wide modelling
possibilities are available in the field. In addition, a
number of papers have been published during last
years, including numerical modelling of CO, plume
dissolution mechanisms in an aquifer (Audigane et
al., 2011), CO, fluid flow studies and 2D/3D
modelling, associated with the fault system in long
and short terms (Audigane et al., 2007; Chang et
al., 2008; Grimstad et al., 2009; Chadwick & Noy,
2010). The last seismic numerical modelling results
represent performance of seismic techniques and
methods in detection of presence, evolution,
migration and leakage of CO, in the storage
reservoir (Rossi et al., 2008; Picotti et al., 2012).

The existing fault system, interpreted by seismic
data and oil impregnation of Cambrian sandstones
revealed in drill core E6-1/84, would suggest two
optional cases. The first case is possible leakage of
the geological trap. The opposite one is that the
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reservoir has good trapping mechanisms, but
trapped oil in the reservoir could be lacking due to
specific in situ conditions and geological history of
the area. The first case is discussed by Chang et al.,
(2008). They developed a single-phase flow model
to examine CO, migration along faults. The model
simulated CO, migration from the fault into
permeable layers. Reaching these layers, CO,
continued migration along the fault above them.
The developed 1D model was compared with full-
physics simulations in 2D. It was concluded that
although more CO, escapes from a deeper storage
formation through a fault, less CO, reaches the top
of the fault. Thus, attenuation can reduce the risk
associated with CO, reaching the top of the fault
(Chang et al., 2008).

However, the presence of faults does not mean
that there would be an impact on security of storage.
If the offset of a fault is less than the thickness of
the cap rock the likelihood of providing a migration
pathway through the cap rock is lower (Bentham et
al., 2013). As well, faults integrity plays crucial role
in reservoir security. According to available studies
in the region, faults could propagate through the
all cap rocks (Ordovician and Silurian) reaching
Devonian sandstone layer. Nevertheless, the largest
onshore Incukalns structure with the relevant for
the Baltic Basin fault offset has been successfully
used for underground gas storage for many years
and is applied for gas supply of Latvia, Estonia and
Lithuania. This fact gives us opportunity to suggest
that faults in the region could have enclosed,
impermeable structure (LEGMC, 2007). The
conditions of every reservoir for geological storage
of different gases should be studied individually. For
example properties of CO, and methane in deep in
situ conditions could significantly vary. Migration
of CO, via faults to depths shallower than 800 m is
classified as a risk due to the properties of CO,. In
normal geothermal and pressure regimes CO, below
800 m is likely to be in its highly dense phase, above
approximately this depth (depending on the exact
pressure and temperature) the migrating CO, may
undergo a phase change due to the decreasing
pressure and temperature and become gaseous. The
CO, would then expand and migrate faster. This

could cause a more serious leakage of CO, depending
on the surrounding geology (Bentham etal., 2013).

Understanding of faults capacity is a key for
further studies that should clarify the storage
potential and integrity risk of the studied structures.
Aswas mentioned above the pilot injection of several
thousands of CO, could clarify this uncertainty.

Due to splitting of the E6 structure by faults
into the two compartments the E6-A and the E6-B
with area of 553 km” and 47 km? respectively, we
propose the E6-A to be the main CO, storage site
within the structure and the E6-B an additional
reserve structure. Using the both substructures
should be economic considering the location of the
E6-A next to the E6-B and the common
infrastructure to be used. Nevertheless, the E6-A,
as a largest storage site in the region, will be an object
of study in our next fluid flow and seismic numerical
simulations.

6. Conclusions

Two offshore geological structures of Latvia E6 and
E7 were estimated as prospective reservoirs for gas
storage. These structures have structural closing
contour within the Cambrian saline aquifer and are
overlain by an impermeable seal. They are therefore
suitable for CO, storage. Nevertheless, the lack of
modern seismic data makes additional uncertainties
of structural integrity. The Deimena Formation of
Middle Cambrian is clearly indicated by low natural
radioactivity on gamma-ray log readings. Clayey
interbeds and siltstone layers in the reservoir can be
easily determined (from 10 % to 20 % of reservoir
rocks) by increased gamma-ray readings (Shogenov
et al., 2013). The average net to gross ratio of the
aquifer in the trap was defined by gamma-ray log
readings (90 % in E6, 80 % in E7). Cap rock is
represented by Ordovician and Silurian clayey
carbonate sediments.

New estimated total optimistic CO, storage
capacity in the most prospective for CGS in the
Baltic Region offshore structure E6 was in the range
of 251-602 Mt (average 377 Mt). However, the
risk of CO, leakage due to uncertainties of fault
system should be considered and further fault
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integrity risk assessment work is required.

New re-estimated total capacity of two offshore
structures E6 and E7 by the optimistic approach
was 265-668 Mt (on average 411 Mt). The
optimistic maximum (602 Mt) and average (377
My) storage potential of the E6 structure is higher
and nearly the same respectively as previously
reported total potential of all 16 onshore Latvian
structures (400 Mt). Even its average conservative
capacity (152 Mg) is the largest among all the
onshore and offshore structures studied until now
in Latvia.

Two split by faults compartments of the E6
structure were considered as separate substructures
defined as E6-A and E6-B. Estimated theoretical
CO, storage capacity of the E6-A was 243-582 Mt
(mean 365 Mt) and E6-B part 8-20 Mt (mean 12
Mt) according to optimistic approach. Estimated
conservative capacity of the E6-A was 97-233 Mt
(mean 146 M¢) and of E6-B part4-10 Mt (mean 6
Mrt). Estimated area and conservative average
capacity of E6-B part were in the same range as the
area and conservative capacity of E7 structure (47
km? and 6 Mt in E6-B, respectively and 43 km’
and 7 Mt in E-7, respectively).

This study is a basis for new 3D static geological,
lithological and petrophysical numerical modelling
of the E6-A substructure that will be applied in CO,
storage fluid flow simulation. The last will be
integrated into time-lapse (4D) rock physics and
seismic numerical modeling.
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SUMMARY

This study is a part of CO2 geological storage research in the Baltic Region. Our research shows the
effectiveness of seismic numerical modelling methodology, in particular, synthetic plane-wave and
difference sections, to detect the presence of CO2 in deep saline aquifer of Cambrian Deimena Sandstone
Reservoir Formation in the E6 Baltic offshore structure for various saturation levels. Our results clearly
show the applicability of seismic methods to monitor CO2 plume within the studied Baltic Sea offshore
storage site E6. This study plays a crucial role in developing an optimal seismic monitoring plan in the
studied area.
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Introduction

Our study is a part of CO, capture and geological storage (CCS/CGS) study in the Baltic Region. CCS
plays an essential role in reducing the greenhouse gas effect and mitigating climate change on our
planet. In this research we have applied time-lapse (4D) rock physics and seismic numerical
modelling methodology, developed at the Istituto Nazionale di Oceanografia e di Geofisica
Sperimentale (OGS), to compute synthetic seismograms and analyse seismic response while injecting
CO;, into a deep geological structure in the Baltic Sea Region and to design basis for further CGS
monitoring plan in the region. This is an important technology to predict the seismic response to the
presence of CO, in the storage site, to monitor CO, plume migration within the reservoir, estimate
reservoir integrity and support possible leakage notification. This method allows to optimize the
seismic surveys, which should be repeated over time to monitor the evolution of the injected CO,
(Rossi et al., 2008; Picotti et al., 2012).

We selected the most prospective offshore oil-bearing geological structure E6 suitable for trapping of
CO; in the Latvian offshore Baltic Sea Region. Middle Cambrian Deimena Sandstone Formation was
estimated as a high quality reservoir for CGS in the E6 anticline structure prospective for CO, storage.
The formation is 53 m thick saline aquifer with depth over 800 meters and salinity of 99000 ppm. The
reservoir is unconformably overlain by 146 m thick impermeable Ordovician cap rock, consisting
mainly of claystones, carbonated clays, marlstones and limestones (Shogenov et al., 2013). Input data
play a critical role in sensitivity and quality of numerical modelling result. In this study a reliable
description of CO, bearing reservoir rock properties is necessary. However, velocities from active
seismic were not available. We have used rock physical properties of reservoir formation rocks
measured in laboratory conditions. For layers above and below the storage formation we have
considered laboratory measurements published in the exploration report of the E6 structure and in
other studies of the Baltic Region (Shogenov et al., 2013, Shogenova et al. 2001), and values of rock
properties estimated from empirical relations. We developed a geological model (Figure 1) defining
the main formations, and populated it with petrophysical properties (temperature, pressure, solid rock
composition, fluid saturation, porosity, density, acoustic wave velocities and quality factors). We have
computed the seismic properties of the reservoir saturated with different saturation levels of CO,,
evaluated the seismic response and compared the results with initial conditions using difference
sections and NRMS methodology.

Methodology

Using an available seismic section of the E6 offshore structure, interpreted in Shogenov et al. (2013),
we set up a 2D model consisting of 10 main geological layers (Figure 1). We implemented vertical
heterogeneity within the reservoir layer and split the Middle Cambrian Deimena Reservoir into three
parts according their specific physical properties (Reservoir-1, -2 and -3 shown by yellow, pink and
brown colours in the Figure 1, respectively). In the horizontal direction the reservoir was estimated to
be homogeneous. Thin 10 meters black coloured layer between Ordovician and Silurian formations is
Upper Ordovician oil reservoir. All the formations are characterized by specific constant rock
properties (Table 1). Evaluated rock properties are strongly dependent on in situ conditions. We
extrapolated temperature and pressure values for all layers of our model using measured data and
gradients reported for the reservoir and cap rock layers.

Distance (km)
0 1I 2

0 3 4
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Devonian
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- Oil reservoir [l -Cap rock -Reservoir-1 [ -Reservoir-2 Il - Reservoir-3
Cambrian Deimena Sandstone Formation

Figure 1 2D geological model extrapolated from E6 seismic section with well E6-1/82 in the centre.
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Table 1 Seismic and physical properties of main rock formations shown in the model (Figure 1).

. 4 T P pwe | @ | % | Ve | Vs po | KO
Formation | Lithology | e | (mpa) | aeg/m’) | %) | ) | as) | avvs) | @ | 9 | Gpay | (Goa)
Sea water - 10-7 | 0.1-0.8 1030 - - 1480 0 - - - -

Devonian Sandstone | 7-31 | 0.8-6.3 | 2226 15 2 2750 | 1355 | 81 | 26 | 4.1 -
Silurian Claystone |31-35] 6.3-8.4 | 2342 0 ~0.01 | 3000 | 2369 | 97 | 81 | 13.1 -
Ordovician |y inoctone | 35 | 8.4-8.6 | 2438 | 15 7 12970 | 1295 [ 95 [ 24 | 41 | -
(Oil reservoir)
Ordovician | Claystone-
(Cap rock) | carbonated

35-371 8.6-9.3 | 2539 3 | ~0.001 | 4800 | 2220 | 248 | 71 | 12.5 -

Deimena | o ggione | 37 [ 9.3:07| 2312 | 21 | 130 | 3271 | 1610 [ 142] 51 | 599 | 119
(Reservoir-1)
Deimena | o istone | 37 | 9708 | 2375 | 17 80 | 3108 | 1435 [ 147] 48 | 4.89 | 9.72
(Reservoir-2)
Deimena

. Sandstone |37-38] 9.8-10 | 2280 | 23 170 | 3233 | 1591 | 213 | 75 | 5.77 | 11.47
(Reservoir-3)

Cambrian Siltstone | 38-41 | 10-11.2| 2324 |[0-19 | 0.2-23 | 3248 | 2141 | 114 | 66 | 10.7 -
Basement Granite [ 41-...]11.2-... | 2650 - - 5800 | 3200 | 362 | 147 ] 27.1 -

All formations except the Oil Reservoir are saturated with brine. Temperature (T) and pressure (P) of
the formations top and bottom are shown. p,. is the bulk density of brine saturated rock
samples. Density of the brine at in situ conditions within the reservoir layers (1066.7 kg/m’) was
computed using Batzle and Wang (1992) equations. @ - average porosity; k - average permeability;
Vp and Vs - compressional (P) and shear (S) waves velocities, respectively; Qp and Qs - quality
factors of P- and S-waves, respectively; y and K - shear and bulk modules of dry rocks, respectively
(K estimated for reservoir formations)

We applied the White’s mesoscopic rock physics theory (White, 1975) to compute the P-wave
velocity (Vp) and attenuation of a partially saturated medium. The S-wave (Vs) properties were
computed as a function of shear modulus of dry rocks () and bulk density of brine saturated rocks
(Pwer)- 1 Was estimated as function of Vi of dry rocks (Vsgy) and density of dry rocks (pary). The Vgry
was estimated as a function of Vp of dry samples (Vpary) and the ratio Vpgr/Vsary=1.41, measured from
the nearby offshore structure E7. The evaluated coefficient is in the range of common values for dry
sandstone samples reported by Sudhir (1987). We estimated properties of reservoir rocks with
different CO, saturations, specifically 5%, 10%, 15%, 50% and 90% (Table 2). White’s theory
provides realistic P-wave velocity and quality factors as a function of porosity, dry rock properties,
gas saturation, fluid viscosity, permeability and dominant frequency of the seismic pulse. The
saturation is assumed to be patchy, considering spherical gas pockets much larger than the solid grains
of the sediment but much smaller than the wavelength. We computed plane-wave seismic sections
(Figure 2 a, b) using time-domain equations for propagation in a heterogeneous viscoelastic medium
(Carcione, 2007). The geological model (4 km in horizontal and 1.5 km in vertical directions,
respectively) was discretized with a numerical mesh of 240000 (800 x 300) grid points and grid
spacing of 5 m. In order to avoid wraparound effects in the modelling, absorbing strips of 40 grid-
point lengths were implemented at the bottom and sides of the numerical mesh. A Ricker wavelet with
a dominant frequency of 35 Hz was used as source time history. The differential equations were
solved with a 4th-order Runge-Kutta time-stepping scheme and the staggered Fourier method for
computing the spatial derivatives, which is noise-free in the dynamic range where regular grids
generate artifacts that may have amplitudes similar to those of physical arrivals (Carcione, 2007).

We performed plane-wave simulations that approximate non-migrated zero-offset sections by
triggering simultaneously sources located in each grid point of the upper edge of the numerical mesh
represented by the model. This procedure produces a plane wave propagating downward. Every time
the plane-wave impinges upon the interface between two different formations, it is reflected back to
upper edge of the geological model, coinciding with the sea surface, where seismic sensors record the
seismic wave-field.

Difference and normalized root mean square (NRMS) sections of 4D seismic data are effective tools
to indicate differences such as phase shifts of amplitude variations in time-lapse datasets (Picotti et al.,
2012). We performed NRMS difference technique to compare seismic datasets before and after CO,
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injection simulating seismic acquisitions at different times over the same studied area (Kragh and
Christie, 2002).

Table 2 Seismic properties of the Middle Cambrian Deimena Sandstone Formation partially
saturated with CO;.

Formation Fluid saturation p(kgm’) | Ve(m/s) | Vs@mss) Qp Qs
Brine (95%)+CO, (5%) 2307 3012 1626 115 45
2 Brine (90%)+CO, (10%) 2302 2984 1623 169 67
% Reservoir-1 Brine (85%)+CO, (15%) 2297 2973 1622 249 99
E Brine (50%)+C0, (50%) | 2262 2973 1628 | 2616 1046
i’; Brine (10%)+CO, (90%) 2222 2996 1642 314957 126157
g o Brine (95%)+CO, (5%) 2371 2745 1454 89 34
EE Brine (90%)+C0, (10%) | 2367 2697 1450 122 47
(=] g Reservoir-2 Brine (85%)+CO, (15%) 2363 2675 1447 175 68
£5 Brine (50%)+C0, (50%) | 2336 2652 1448 1723 685
‘—g Brine (10%)+CO, (90%) 2305 2662 1457 198576 79264
S Brine (95%)+CO, (5%) 2275 2988 1605 140 54
) Brine (90%)+CO, (10%) 2270 2957 1603 196 77
E Reservoir-3 Brine (85%)+CO, (15%) 2265 2944 1602 283 112
= Brine (50%)+CO, (50%) 2228 2942 1610 2877 1148
Brine (10%)+CO, (90%) 2187 2965 1624 338229 135321

Results

Figure 2 (a, b) shows an example of noise-free synthetic plane-wave sections computed with the pre-
injection seismic properties (a) and with 5% of CO, saturation in the reservoir rocks (b). The
Cambrian Deimena Reservoir is clearly detectible (Figure 2 a). After injection of 5% of CO, the
plane-wave seismic section allows to distinguish the top and the bottom of the Reservoir (Figure 2 b).
Figure 2 (c) shows the difference seismic section (difference between seismograms computed with
different concentration of CO, in the fluid phase) for 0-5% CO, saturation. The Reservoir is clearly
detectible, as well as the top of the Basement and some multiples below it.

Trace number Trace number Trace number
100 200 300 400 500 600 700 800 100 200 300 400 500 600 700 800 100 200 300 400 500 600 700 800

Devonian top.

051 Cambrian Dimzna Reseryoir

Time (s)
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Cambrian DEFMENS fop Ecen
———

B

Figure 2 Examples of synthetic plane-wave (a and b) and difference sections (c). Plane-wave sections
present 0% (a) and 5% (b) of CO; saturation. The seismograms are random noise-free. Approximate
locations of the top of all geological formations (a) and the top and bottom of the Cambrian Deimena
Sandstone Reservoir, saturated with CO, (b) are indicated. On the (¢) introduced difference section of
synthetic baseline (0% of CO,) and the synthetic seismic line with 5 % of CO; in the saturating fluid.

Discussion

We have explored behaviour of the seismic response using the plane-wave, difference and NRMS
seismic sections in the modelled E6 structure reservoir and determined the ability to visualise a small
quantities of injected CO,. Arrival times and reflection strength from the reservoir and deeper
formations varies with continuous changes of seismic properties due to the increasing CO, saturation.
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This phenomenon is due to changing of magnitude of the reflection coefficient with increasing of CO,
content, already with 5% of CO, saturation. Thin interbeds within the Reservoir (1, 2 and 3)
implemented in the model and the Oil Reservoir (Figure 1) were impossible to define on the seismic
sections due to the relatively low frequency of the seismic source (35 Hz), resulting in a single
reflection. Reflectors on the difference section (Figure 2 c) characterized by two-way travel times
lower than the reservoir are not influenced by the presence of CO, and give zero signal. The presence
of CO; in the reservoir causes a decreasing of the P-wave velocity if compared with the brine
saturated Deimena Sandstone and a variation of the quality factors (Table 2). These differences in the
seismic properties determine a non-zero amplitude in the difference section for the reservoir and the
reflectors located at higher depth. The lower part of the difference and NRMS sections was affected
by multiple reflections.

Conclusions

The synthetic plane-wave and difference sections clearly indicate the presence of CO, in the Reservoir
Formation in the E6 offshore structure for various saturation levels. Nevertheless, NRMS, which is
one of the best methods suited for time-lapse seismic analysis, is affected by the presence of
numerical noise and multiples. Our study shows effectiveness of seismic method to monitor the
presence of CO, in the E6 Baltic Sea offshore structure already from the first stages of the injection.
This study plays a crucial role in developing an optimal seismic monitoring plan in the studied area.
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Abstract The objective of this study was to determine the
influence of the possible CO, geological storage in the Baltic
Region on the composition and properties of host rocks to support
more reliable petrophysical and geophysical models of CO, plume.
The geochemical, mineralogical and petrophysical evolution of
Middle Cambrian reservoir sandstones and Lower Ordovician
transitional clayey carbonate cap rocks from two offshore
structures in Latvia and Lithuania and two onshore structures in
Latvia, induced by laboratory-simulated CO, geological storage,
was studied for the first time in the Baltic Region. The
geochemical, mineralogical and petrophysical parameters were
measured in 15 rock samples, before and after the alteration
experiment. The diagenetic alteration of reservoir rocks was
represented by carbonate cementation in the top of the onshore
South Kandava structure, and quartz cementation and
compaction, reducing the reservoir quality, in the deepest
offshore E7 structure in Lithuania. The shallowest E6 structure
offshore Latvia was least affected by diagenetic processes and
had the best reservoir quality that was mainly preserved during
the experiment.

Carbonate cement is represented by calcite and ankerite in the
transitional reservoir sandstones of very low initial permeability in
the upper part of the South Kandava structure. Its dissolution
caused a significant increase in the effective porosity and
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permeability of sandstones, a decrease in the weight of samples,
bulk and matrix density, and P- and S- wave velocity,
demonstrating short-term dissolution processes.

Only slight geochemical changes occurred during the experiment
in offshore reservoir sandstones. Minor dissolution of carbonate
and clay cements, feldspar and some accessory minerals and
possible minor precipitation of pore-filling secondary minerals
associated with slight variations in rock properties, demonstrating
both short-term and long-term processes, were suggested.

As a novelty, this research shows the relationship between
diagenetic alterations of Middle Cambrian reservoir sandstones
and their changes caused by the CO, injection-like experiment.

1. Introduction

This research is related to one of the most promising technologies
and fields of study, which is considered to be an effective
measure for mitigating the climate change induced by greenhouse
gases [IEA, 2004; Metz et al., 2005; Bachu et al., 2007; Arts et
al., 2008; IPCC, 2014]. The scientific community agrees on the
importance of reducing industrial carbon dioxide (CO,) emissions
in the atmosphere using CO, Capture and Geological Storage
(CCS) in, for example, (1) deep saline aquifers, (2) depleted oil
and gas fields, (3) un-mineable coal seams and (4) porous basalt
formations. Worldwide, a number of known pilot storage and
large-scale CCS demonstration projects are going on and/or
monitored, the first of which (Sleipner, Norway) started in 1996.
Nevertheless, there are gaps in the knowledge of short- and long-
term (10-100 and 100-10,000 years, respectively) phenomena
accompanying the process of the storage of CO, in deep
geological formations, mostly related to site-specific reactions
that have to be correctly evaluated and modeled.

Mineral trapping in saline aquifers may play a very insignificant
role in terms of the storage volume. It may influence the injection
rate by changing the porosity and permeability of the formation
because of mineral dissolution or precipitation. In-depth analysis
of the chemistry of rocks and their probable influence on
sequestration can be conducted in a laboratory using available
rock samples, with CO, injection in the reservoir conditions
[Shafeen and Carter, 2010, pp. 235; Falk, 2014].

Our study is focused on CO, storage in deep saline aquifers
overlain by the cap rock (seal). This is the most widespread
worldwide option currently under consideration for CO, Geological
Storage (CGS). The objective of the study was to determine the
influence of possible CO, geological storage in the Baltic Region
on the composition and properties of host rocks to support more

2
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reliable petrophysical and geophysical models of CO, plume.

When injected into the aquifer or water-flooded oil reservoir, CO,
has an impact on the pH level of in-situ brine, modifying it into a
more acidic state. Isotope studies of natural analogues of CO,
reservoirs suggest that the dissolution of CO, in formation brine is
the main phenomenon in the long term, causing the acidification
of native brine to a pH of approximately 3-5 [Gilfillan et al.,
2009; Liu et al., 2011, 2012]. Chemically, this simple acid
reaction is illustrated by equation (1), showing the formation and
dissociation of carbonic acid (H.COs%) from dissolved CO, in
formation brine:

CO, + H,0 « H,CO3° (carbonic acid) © H* + HCO3~ (1)

Acidic brine then reacts with the solid matrix of reservoir
sediments (i.e. calcite, dolomite, anhydrite):

H* + HCO; + CaC0; & Ca?* 4+ 2HCO,H* + HCO;~ + CaCOs; < Ca®*
+ 2HCO;5” Calcite dissolution/precipitation (2)

This exact phenomenon, induced by CO, injection into the aquifer,
was applied as the main factor of the experiment and is a basis
for further research.

1.1 Reservoir rocks

A typical reservoir for CGS is a geological formation consisting of
sandstone or carbonate characterized by good effective porosity
and permeability. Effective (open) porosity is the porosity that is
available for free fluids; it excludes all non-connected porosity,
including the space occupied by the clay-bound water [Schdn,
1996]. The ranges of “good” reservoir porosity and permeability
are 15-20% and 50-250 millidarcy (mD), respectively [Tiab and
Donaldson, 2012]. An ideal reservoir for CGS has permeability
exceeding 200 mD to provide sufficient injectivity [Van Der Meer,
1993], however, the values greater than 300 mD are preferred.
The porosities should be larger than 20%, while those below 10%
should be treated with caution. The cumulative thickness of
reservoirs should be greater than 50 m. The reservoirs less than
20 m thick are considered unsuitable for the storage of large
amounts of CO,.

A number of recent papers have been dedicated to CO,-brine-
host reservoir rock interactions, both for sandstones and
carbonate rocks [Ross et al., 1982; Svec and Grigg, 2001; Grigg
and Svec, 2003; Rochelle et al., 2004; Bertier et al., 2006;
Czernichowski-Lauriol et al., 2006; Egermann et al., 2006; Pawar
et al., 2006; Izgec et al., 2008; Bemer and Lombard, 2010;
Bemer et al., 2011; Carroll et al., 2011, 2013; Nguyen et al.,
2013].

CGS-related laboratory experiments, numerical modeling and field
monitoring of CO, storage sites have shown both partial

3
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dissolution and precipitation of various minerals. A simplified
equation for minor mineral dissolution/precipitation of host rock
was given by Hitchon [1996]:

Ca/Mg/Fe silicate + clays + CO, + H,0 - kaolinite + Ca/Mg/Fe
carbonate + quartz (3)

Computational and experimental simulations [Perkins and Gunter,
1995; Gunter et al., 1997; Gunter et al., 2000] of the siliciclastic
glauconitic sandstone brine aquifer in the Alberta Basin suggest
that CO, injection produces carbonate and quartz from
aluminosilicate:

3KFe3AISi3010(OH)2 (annite) + 11C02 - KA|3S|3010(OH)2
(muscovite) + 9FeCOs (siderite) + 6SiO, (quartz) + H,O + 2K* +
2HCO5™ (bicarbonate) (4)

Ca- or Mg-bearing aluminosilicates would react in a similar
fashion to consume CO, and precipitate calcite, dolomite or
magnesium carbonate minerals, plus quartz [Gunter et al., 2000].

The reaction of carbonic acid with aluminosilicate or carbonate
minerals produces significant alkalinity [Kaszuba and Janecky,
2009]:

2KAISi;0g (K-feldspar) + 2H,COs+ 9H,0 - Al,Si,O5(0OH)4
(kaolinite) + 4H4Si0, (silicic acid) + 2K* + 2HCO;5~ (5)

CaMg(COs) (dolomite) + 2H,COs ~ Ca®* + Mg?* + 4HCO5’ (6)

Acid-dominated and related reactions will consume silicate
minerals, produce secondary silicate assemblages and liberate
silica. In addition to liberating silica, the acidity of these fluid-
dominated systems accelerates fluid-silicate reaction rates,
enhances silica solubility and inhibits quartz precipitation
[Kaszuba and Janecky, 2009].

Gilfillan et al. [2008, 2009] studied stable carbon &3C (CO,)
isotope tracers from natural CO,-bearing siliciclastic and
carbonate gas reservoirs around the world. They explored CO,
dissolution into formation brine at various pH values as the
primary sink for CO, and precipitation of CO, as carbonate
minerals. Nevertheless, this process is very site- and condition-
dependent and, in several cases, no important rock-fluid
interaction impact on the petrophysical properties of reservoir
host rocks has been reported [Prieditis et al., 1991; Kamath et
al., 1998].

1.2 Cap rocks

Cap rock is defined as a low-permeability (< 0.01 mD) rock
(aquitard or aquiclude) that overlies a reservoir and retains
hydrocarbons and/or other gases [Bachu et al., 2007]. However,
its porosity can be relatively high, in the range of 15-30%
[Armitage et al., 2011]. A cap rock less than 20 m thick is

4
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cautionary, whereas thicknesses greater than 100 m are
preferable [Chadwick et al., 2006].

The acidified brine may invade the pore space and trigger
interactions with minerals. Due to their fast reaction kinetics,
carbonate minerals may be affected by the most immediate
attack. In the long run, acidified brine, even after carbonate
buffering, may trigger reactions with the aluminosilicate minerals
(feldspars and clays) present in the cap rock. Such reactions may
occur on the order of tens, hundreds or thousands of years due to
the slow rates of reactions with aluminosilicate minerals, but they
may contribute significantly to the porosity/permeability
alteration [Liu et al., 2012]. Numerical modeling of long timescale
upward diffusion of dissolved CO, through the thick clay cap rock
at the Sleipner storage site provided by Czernichowski-Lauriol et
al. [2006] shows that only the bottom few meters of the cap rock
adjacent to the reservoir is exposed to chemical reactions. Liu et
al. [2012] reported new laboratory experiments on CO,-brine-
caprock interactions, indicating minor dissolution of K-feldspar
(KAISi;0g) and anhydrite (CaS0,4) and precipitation of pore-filling
and pore-bridging illite ((K,H30)(Al,Mg,Fe),(Si,Al)4010[(OH),,
(H,0)]) and/or smectite ((Na,Ca)o.33(Al,Mg)2(Si4010)(0OH),-nH,0)
and siderite (FeCOs) in the vicinity of pyrite (FeS,). A stable
isotope study by Lu et al. [2009] has shown that CO, exists within
the cap rock in both free and dissolved phases. As mentioned by
Liu et al. [2012], previous experimental studies of CO,-cap rock
interaction have reported carbonate and feldspar mineral
dissolution, along with secondary carbonate and clay mineral
precipitation in the longer term [Kaszuba et al., 2005; Aplin et
al., 2006; Busch et al., 2008; Soldal, 2008; Angeli et al., 2009;
Credoz et al., 2009; Kohler et al., 2009; Wollenweber et al.,
2010; Alemu et al., 2011; Berthe et al., 2011; Navarre-Sitchler et
al., 2011].

1.3 Motivation of the study

Due to the use of local oil shale for energy production, Estonian
CO, emissions per capita are among the highest in Europe and in
the world [e.g. Shogenova et al., 2009a, 2009b, 2011a, 2011b].
The main target for the CGS study in the Baltic Region (Estonia,
Latvia and Lithuania) is the Baltic sedimentary basin or Baltic
Syneclise, a 700 km x 500 km synclinal structure located in the
western part of the East European Craton. The Middle Cambrian
aquifer suits best for CO, storage in the Baltic Region. This
aquifer includes potable water in the northern shallow part of the
basin, mineral water (10 g/l) in southern Estonia and saline water
(up to 120 g/l) in the central and southern parts of the basin at
more than 800 m depths. The last mentioned geochemical and
thermodynamic properties allow the use of the Middle Cambrian
reservoir for CO, geological storage, whereas the geological
conditions are most favorable in the uplifted structures in Latvia.

5



SHOGENOV ET AL.

Prospective structures are located both on- and offshore the Baltic
area [Grigelis 1991; Sliaupa et al., 2008a; Shogenova et al.,
2009a; Sliaupa et al., 2013]. CO, geological storage has also
prospects in Lithuanian and West Russian depleted oil fields and
in the Swedish part of the Baltic Sea, in the Cambrian saline
aquifer (Fallunden Member) covered by Ordovician Alum Shale
Formation and Ordovician-Devonian rocks.

An EU CCS Directive was transposed into the Estonian laws by the
end of 2011. While industrial-scale CO, storage is forbidden in the
Estonian area, the regulations include a requirement for new
large power plants to be “capture-ready”, with assessed
possibilities for transboundary CO, transportation and storage
[Shogenova et al., 2013]. In such a situation, the most probable
scenarios for the storage of Estonian CO, emissions depend on
regional decisions and cooperation with other Baltic Sea
countries. Before implementation of the CO, storage technology
in the Baltic Region, it is necessary to demonstrate its long-term
safety for both humans and environment.

The Middle Cambrian stratigraphy is similar both on- and offshore
Latvia [Grigelis, 1991]. The lithofacies implies the deepening of
the sedimentation environment and maximum transgression at
the beginning of the Middle Cambrian (Kybartai time). Rocks of
the Middle Cambrian Deimena Formation deposited in a shallow
regressing marine basin subjected to tides and storms and are
dominated by quartz sandstones with subordinate claystone
layers (mud shelf). The poorly sorted sandstones of various grain
size, containing gravel fraction, were deposited at the end of
Deimena time. The major Deimena reservoir, 50-70 m thick, lies
regressively on the Kybartai Formation. The regression was
associated with the more sandy composition of deposits. Three
sedimentation cycles (Pajuris, Ablinga and Giruliai formations in
Lithuania) resulted in the vertical lithological
compartmentalization of the reservoir in the southern
(Lithuanian) part of the basin. Each formation starts with a clayey
base that grades into sandstones upward. Some tidal plain
channels and sandy bars disrupt this regularity, providing
pathways for vertical pore fluid migration. The subsidence rate
drastically decreased in the Late Middle Cambrian, preceded by a
break-off unconformity. The Middle-Upper Cambrian section,
rarely exceeding 10 m in thickness, is represented by sandy
sediments with clay layers dominating in the middle part.
Numerous faults dissect the Cambrian reservoir body. They form
important pathways for fluid migration, while high-amplitude
faults provide a blockage for fluid migration in the uplifted
structures. The Cambrian reservoir is sealed by Ordovician clay-
and marlstones with low-porosity carbonates, except for the
northern and southern extremes of the basin exposed to intense
meteoric water infiltration [PaskeviCius, 1997]. The Cambrian
rocks were subjected to different diagenetic conditions across the
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basin, with a wide spectrum of rock modification under shallow to
deep burial conditions reflected in increasing clay mineral
maturity with increasing depth, variations in the sandstone
cement composition, with authigenic quartz prevailing in the deep
part of the basin and carbonate cements prevailing in the basin
periphery, changes in the porewater composition, grading from
Ca-COs type in the east to Na-Cl type in the west, etc. The
carbonate cement of sandstones ranges in mineralogy from
common ferroan dolomite and ankerite to less common calcite
and siderite [Sliaupa et al., 2008b]. In the Latvian part of the
Baltic Syneclise several structures have been singled out (Fig. 1).
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Fig. 1. Location of Latvian onshore structures prospective for CGS (CO,
storage potential exceeding 2 Mt) in the Cambrian aquifer and the
studied South Kandava and Dobele structures onshore Latvia, E6
structure offshore Latvia and E7 structure offshore Lithuania. Large
regional structures complicating the Baltic Syneclise in the study area
are shown according to Freimanis [1993]. 3D geological models of the
top of the Middle Cambrian Deimena Formation with location of the
studied wells are shown [modified after Shogenov et al., 2013a, 2013b].

The Estonian-Latvian and Lithuanian monoclines are the marginal
structures of the Baltic syneclise. The Liepaja depression is a
distinctly asymmetrical depression (length 200 km, width up to
70 km, trough amplitude 800 m) with a gentle northern and a
steep near-fault southern edge. The Liepaja-Saldus zone of highs
crosses the Baltic syneclise, stretching from the Swedish offshore
toward the northeast for about 400 km. The width of the zone is
25-80 km. From northeast to southwest, the basement
submerges from 500 to 1,900 m. The Liepaja-Saldus zone is a
complex system of disjunctive-plicative dislocations, the intensity
of which exceeds that in other areas of the Baltic syneclise. Fault
amplitudes reach 600 m.
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The Gdansk-Kura depression is only represented by its northern
peripheral part. The South Latvian step, about 100 km long, is a
sublatitudinal tectonic block in southern Latvia. The amplitudes of
boundary faults reach 400-500 m [Freimanis et al., 1993].

Quartz cementation that formed during the late diagenetic stage
[Lashkova, 1979; Sikorska and Paczesna, 1997] and increases
with depth, is the main factor influencing the reservoir properties
of rocks both in onshore and offshore structures. Another
diagenetic process negatively influencing the reservoir properties
is compaction. Pore reduction by mechanical compaction and
quartz cement are the main controls of the petrophysical
properties of Cambrian sandstones. The importance of mechanical
compaction in reducing porosity and causing lithification is
stressed by Cyziené et al. [2006]. Compaction comprised the
mechanical rearrangement of grains throughout the sandstones
as well as the chemical compaction along shale-sandstone
contacts and within shales. Grain breakage is rare, and no
intergranular pressure solution in clay-free clean sandstones has
been observed. In sandstones, detrital quartz grains mainly have
point contacts. Differences in the degree of mechanical
compaction are probably related to both maximum burial depth
and variations in the depositional texture and susceptibility of
sand to mechanical compaction. Quartz is the main cement
mineral, occurring in the form of authigenic overgrowths on
detrital quartz grains [Lashkova, 1979; Kilda and Friis, 2002].
According to Cyziené et al. [2006], quartz cement is regionally
widespread, but mainly confined to areas where present-day
temperatures in the Cambrian are 50-90°C Sliaupa et al. [2008b]
stated that quartz cementation started at 1 km depth. The
amount of quartz cement increases toward the deeper buried
parts of the basin in West Lithuania, but is highly variable on a
local scale and even within individual structures. Quartz cement
contents show a negative correlation with porosity [Cyziené et al.,
2006] and with carbonate cement [Sliaupa et al., 2008b].

The Deimena Formation is covered by up 46 m thick shales and
clayey carbonate cap rocks of the Lower Ordovician Zebre
Formation in the studied structures of Latvia. Shale rocks are
dark, thin-layered (0.5-2 mm) and highly fissile. A layer of
greenish-gray glauconite-bearing sandy marlstones (0.5 m) was
observed at the base of onshore formations. The reservoir rocks
are covered by 130-230 m thick Ordovician and 100-225 m thick
Silurian impermeable clayey carbonate cap rocks. Clayey rocks
could be easily determined by increased values of gamma-ray
readings in all the studied wells, and they play an essential role
as a seal for the studied structures (Fig. 2). The regional
theoretical storage potential of the Cambrian sandstone saline
aquifers below 900 m in the Baltic Sea region has been estimated
as 16 Gt [Vernon et al.,, 2013]. For comparison, the total
estimated storage capacity in the Jurassic sandstone formations
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in the Norwegian Sea is 5.5 Gt [Halland et al., 2013]. The Utsira
sandstone formation at the first in the world Sleipner storage site
in the North Sea has a storage capacity of approximately 15 Gt
[Halland et al., 2011]. More than 30 anticlinal deep geological
structures on- and offshore Latvia and Lithuania, with different
sizes and a storage capacity exceeding 2 Mt of CO,, have been
estimated as prospective for CGS [Sliaupa et al., 2008a;
Shogenova et al., 2009a, 2009b, 2011a, 2011b; Sliaupa et al.,
2013; Shogenov et al., 2013a, 2013b]. Four geological
structures, located onshore (South Kandava and Dobele) and
offshore Latvia (E6) and Lithuania (E7) and serving as prospective
CGS sites in the Baltic Region (Fig. 1), were previously described
in detail by Shogenov et al. [2013a, 2013b]. All the studied
structures are situated within the tectonically dislocated Liepaja-
Saldus zone of highs (Fig. 1). The deepest Deimena Formation
rocks occur in the offshore E7 structure (Fig. 2). This structure is
also characterized by the highest temperature of 46°C and water
salinity of 125 g/l [Shogenov et al., 2013a, 2013b]. The
shallowest offshore structure E6 shows a lower temperature
(36°C) and the lowest salinity of Cambrian fluids (99 g/l). The
studied onshore structures exhibit the average depth of the
Deimena Formation (933-950 m) but a lower temperature than
rocks in the offshore structures (18-24.5°C). The salinity of
Cambrian fluids is also average, 113-114 g/l compared to the
studied offshore structures. Sandstones at the top of the Deimena
Formation in the South Kandava uplift and in its lowered wing
have undergone diagenetic carbonate cementation represented by
calcite, dolomite and ankerite [Shogenov et al., 2013a].

Geological and logging data were used for the construction of
cross sections and 3D geological models (Figs 1, 2). The
petrophysical properties, geochemical and mineralogical
compositions of 24 samples of reservoir and cap rocks were
studied, and structural theoretical CO, storage capacity was
estimated with different levels of reliability. The selected
structures have an average porosity of 12-21%, permeability of
40-360 mD and mean reservoir thickness of 42-58 m. The
average CO, storage potentials (conservative-optimistic) of the
Dobele, South Kandava, E7 and E6 structures were, respectively,
20-106, 25-95, 7-34 and 152-377 Mt. We estimated the E6
offshore structure as the largest suitable trapping structure
prospective for CGS offshore Latvia with the highest CO, storage
capacity [Shogenov et al., 2013a, 2013b]. Based on exploration
report data [Babuke et al., 1983], we have treated E7 as a
Latvian offshore structure in our earlier publications. However,
according to the new Latvian-Lithuanian territorial agreement in
the Baltic Sea, signed by Prime Ministers of Latvia and Lithuania
in 1999, the E7 structure lies now offshore Lithuania [Steinerts,
2012].
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Fig. 2. Cross section of the studied wells showing correlation of the Deimena Formation by logging and
drill core data [modified after Shogenov et al., 2013a]

The current study is focused on physical and geochemical
alteration processes in the host reservoir rocks and cap rocks
caused by acidic fluid, in association with CGS in the Cambrian
saline aquifer in the Baltic Region. The results will be
implemented in further studies of numerical dynamic fluid flow
simulations and coupled time-lapse rock physics and numerical
seismic modeling of CGS, supporting different scenarios of CO,
plume evolution and monitoring.

Because chemical, mineralogical and petrophysical alterations are
usually site-specific, this study has great importance for
understanding the CO,-fluid-host reservoir-cap rock interactions
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for the prediction of CO, storage safety, integrity of the cap rock
and possible risks.

A set of petrophysical, geochemical and mineralogical
parameters, measured on reservoir and transitional cap rock
samples from the Baltic sedimentary basin (Latvian offshore and
onshore and Lithuanian offshore) before and after the CO,
injection-like experiment, and the influence of CO,-fluid-rock
interactions on the properties and composition of rocks have been
studied for the first time. The obtained results show some
possible geochemical and physical processes that could occur
during the CO, storage in the studied onshore and offshore
structures in short and long terms. Being the first of this type in
the Baltic Sea Region, these results are also significant for the
southern parts of the region, which have CO, storage capacity in
the Cambrian aquifer (Lithuania, Sweden, Kaliningrad Region and
offshore Poland). However, the obtained data should be
supported by additional laboratory experiments and fluid-flow
modeling of the CO, storage in the Middle Cambrian sandstones
in the Baltic Sea Region both in structures and basin-scale for
better assessment of the possible storage scenarios and their
safety.

2. Material and methods

Samples from the reservoir and cap rock were taken for this
study from five drill cores stored in the Latvian Environmental,
Geological and Meteorological Centre (LEGMC). Detailed
descriptions of the methods applied to the study of 21 rock
samples before the alteration experiment are available in our
previous publications [Shogenov et al., 2013a, 2013b]. Fifteen of
these samples were used in the alteration experiment. The total
chemical composition of the samples was measured by X-ray
fluorescence (XRF) analysis, and the total carbon (C) and total
sulfur (S) contents were measured via the Leco method by Acme
Analytical Laboratories Ltd. before and after the alteration
experiment. CaO, MgO and insoluble residue (IR) were measured
by the titration geochemical method only before the alteration
experiment. Thin sections of the rock samples were studied in the
Institute of Geology at Tallinn University of Technology using a
Scanning Electron Microscope (SEM) equipped with an energy
dispersive spectrometer (EDS). Only the chemical composition of
the original shale cap rock samples (from the Dobele and South
Kandava structures) was measured. Due to their weak
consolidation these samples were not used for the petrophysical
measurements or in the laboratory alteration experiment.

For this case, we simplified the CO, injection part in our alteration
experiment by considering only the impact on the contact area
between acidified fluid and the studied rocks. This simplification
ensures a homogeneous dissolution of the brine on the core scale
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and enables avoiding very local “worm-holing” effects on samples
and erroneous physical measurements of rock [Egermann et al.,
2006; Bemer and Lombard, 2010]. The homogeneous alteration
method or retarded acid approach was conducted at the IFP
Energies nouvelles (IFPEN, French Petroleum Institute, Paris). It
constitutes in the placement of samples into the Hastelloy cell
maintained under vacuum conditions and injection of an acid
solution inside until 10 bar and the activation of the acid under
the temperature of 60°C (for at least one day), simulating CO,-
rich brine in an aquifer characterized by Ilowered pH
(approximately three units). This method has been developed and
described in detail in Egermann et al. [2006], Bemer and
Lombard [2010] and Bemer et al. [2011]. The day after, each
sample was placed in a 25-mm-diameter cell and flooded by three
pore volumes by 20 g/l NaCl brine at 20°C to stop the
weathering. After this flooding, the samples were dried in an oven
for three days. The procedure was repeated three times.

Siliciclastic rock samples with good reservoir properties are often
weakly cemented; therefore, it could be problematic to keep their
regular shape in experiments involving the flushing of samples
with supercritical CO, and brine. The protocol of the implemented
alteration method allows the use of samples with various sizes
and shapes that simplify the investigation process.

In the present study, 15 rock samples from five wells (offshore
E6-1/84 and E7-1/82 and onshore Dobele 92, South Kandava 24
and 27, Fig. 1) were treated with acid brine. Reservoir and cap
rock samples were subdivided into lithological groups using the
results of geochemical analyses. As a matrix for lithological
determination of the rock samples, we used a geochemical model,
developed and first published in Shogenova et al. [2003a, 2003b]
and updated in Shogenova et al. [2005].

Bulk and matrix helium density, helium porosity, gas-permeability
and acoustic wave velocities in dry samples, the chemical and
mineralogical composition and surface morphology were studied
both before and after the alteration experiment.

The XRF and SEM studies were conducted on 12 siliciclastic
reservoir and three argillaceous carbonate rock samples (15 rock
samples in total) after the experiment. Due to the partial
destruction of several samples and the mostly complete
destruction of the glauconite-bearing sandy marlstone Db92-2
(1344.5 m) from the Dobele structure after the alteration
experiment, it was possible to measure porosity and permeability
on only 14 rock samples, P-wave velocity on 10 samples and S-
wave velocity on four samples (three sandstones and one
argillaceous limestone).

The thin sections of samples were made after the alteration from
the rock-fluid contact zone where the alteration was confirmed by
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the high percentage of solubility of the studied samples. The
change in the shape of the limestone sample Kn24-3 due to
partial chemical weathering (dissolution of the rock material)
during the alteration experiment is illustrated in Figure 3a, b. The
experimental protocol did not support chemical measurements of
the acid solution composition during the experiment. The
alteration experiment involved all the 15 samples together in one
solution under the same conditions. The changes in sample
weights were caused by partial destruction of some samples.
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Fig. 3. Trans-cap limestone sample Kn24-3 before (a) and after (b) the
alteration experiment. (c—=d) Composition of the studied rock samples
before the alteration experiment. (a) Initial MgO content versus
insoluble residue content (IR). (b) Initial CaO content versus insoluble
IR content. Trans-res sandstone samples (rhombs): Kn24-4 -
characterized by a minor content of dolomite cement; Kn27-4 — mixed
carbonate-siliciclastic calcite-cemented sandstone. The Dobele and
South Kandava structures are indicated on the plot as Db and SK,
respectively. Trans-cap glauconite-bearing sandy marlstone Db92-2 is
located near the border between marlstones and mixed carbonate-
silicilastic rocks.

2.1 Experimental and interpretation uncertainties

Experimental uncertainties include the quality control of
petrophysical measurements and uncertainties related to
geochemical and mineralogical interactions. To distinguish
between a real trend in a data set and variation due to the
experimental uncertainty, the American Petroleum Institute
[1998] has recommended reporting core analyses data together
with a statement of the uncertainty with which these data were
recorded.
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Errors of the permeability and acoustic velocities measurements
were quite high in the presented study due to sample sizes that
differed from the standard ones at the IFPEN petrophysical and
petro-acoustic laboratories. The standard samples were 40 mm in
diameter and 80 mm in length, thus the length/diameter ratio
should be higher or equal to two [Egermann et al., 2006]. The
studied samples were 25 mm in diameter and 11-27 mm in
length. Therefore, the experimentally established error (using
replicate measurements of each sample) was 20% for
permeability, and 10% for P- and S-wave velocity measurements
for the used petro-acoustic installations.

The error of matrix density measurements was <0.7%. It
consisted of an analytical balances (from Mettler Toledo) error of
0.2% (estimated experimentally) and a less than 0.5%
pycnometer error for sample solid volume measurements
(AccuPyc from Micromeritics) given as the default error. The error
for the bulk density measurements due to the balances error
(0.2%) and GeoPyc pycnometer (from Micromeritics) for total
sample volume estimation with reported default error of 1.5%
was 1.7%. The porosity measurements, supported by the high
accuracy pycnometers from Micrometrics (GeoPyc and AccuPyc
with 1.5% and 0.5% errors, respectively), provide a total of 2%
accuracy.

Uncertainties and errors due to possible mistakes in the
measurements of the altered petrophysical parameters were
checked using well-known relationships: bulk density—-porosity
and acoustic velocity—porosity negative correlations;
permeability-porosity—-positive correlation in general and known
possible scatter from this relationship in some cases; and acoustic
velocity—-matrix and bulk density positive correlations [Schén,
1996; Sliaupa et al., 2001; Mavko et al., 2003; Shogenova et al.,
2009a]. The correlated parameters were compared with each
other after the alteration experiment.

Uncertainties in the interpretation of results are caused by the
limited number of samples available for measurements,
limitations of the laboratory experiment, the wide range of
minerals that can be used to describe major element chemistry
obtained by XRF analysis and semi-quantitative results provided
by SEM-EDS.

3. Results

Based on the contents of IR, calcite (CaCOs3) and dolomite
(CaMg(CO0s),), the studied rock samples were subdivided into the
following groups (Table 1):

1) limestone [IR<25%, CaCO3;>CaMg(CO0s)-],
2) calcitic marlstone [25%<IR<50%,
CaC03>CaMg(CO0s);],
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3) mixed carbonate-siliciclastic rock (50%<IR<70%),
4) siliciclastic rock (IR>70%).
Limestone samples could be classified as pure (IR<10%), slightly
argillaceous (10%<IR<15%) and strongly argillaceous rocks
(15%<IR<25%).

According to the lithological interpretation, petrophysical
properties, XRD and XRF analyses, Leco and wet chemical
analyses, the 21 studied samples were subdivided into seven
groups [Shogenova et al., 2003a, 2003b, 2005, 2006; Shogenov,
2008]: (1) glauconite-bearing sandy marlstone, (2) pure “high-
quality” quartz sandstone (Si02>95%, porosity>20%,
permeability>250 Md), (3) pure quartz sandstone (SiO0,>95%,
porosity<20%, permeability<250 Md), (4) quartz sandstone with
clay cement (85%<Si0,<95%, Al,03>5%), (5) sandstone with
carbonate cement (60%<Si0,<85%, Ca0>5%), (6) limestone
and (7) shale (IR>70%, Al,03>10% and K,O0>5%), (Tables 1-4,
Figs 3c, d, 4a, b). Only the chemical composition of the initial
shale samples (before the alteration experiment) was measured
(Figs 3c, d, 4a, Tables 1, 3). We subdivided all the samples into
three clusters based on their location in the studied structures:
(1) reservoir (10 samples), (2) trans-reservoir (two samples) and
(3) trans-cap rock (three samples) samples. The trans-reservoir
(trans-res) samples were taken from the uppermost 1 m of the
reservoir rock, and trans-cap rock (trans-cap) samples were
characterized by the lowermost 1 m of the cap rock (Table 1).

3.1 Reservoir rocks

The reservoir rock samples from the E6 structure were estimated
as pure “high-quality” quartz sandstones (Tables 1, 4). According
to our previous and present studies, these rocks are least of all
changed by diagenetic processes and have the best reservoir
properties. They are mainly composed of quartz, a minor amount
of forming cement clay and carbonate minerals, admixture of
feldspar (mainly potassium or barium feldspars) and accessory
minerals represented by pyrite, barite, anatase and/or brookite
and zircon [Shogenov et al., 2013a, 2013b].

The reservoir sandstones from the E7 offshore structure were
estimated by XRD analysis as (1) pure quartz sandstones or (2)
clay-cemented quartz sandstones (Table 1). These rocks were
most of all subjected to diagenetic changes including mechanical
compaction and authigenic quartz cementation, resulting in
reduced reservoir properties. According to our studies, these
rocks mainly consist of quartz and a higher amount of clay and
carbonate minerals than in the E6 structure, including ankerite
and dolomite, admixture of feldspar and accessory minerals
represented by pyrite, barite, anatase and/or brookite, zircon and
tourmaline. The clay fraction is represented by hydromica and
kaolinite [Shogenov et al., 2013a, 2013b].
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Table 1. List of studied rock samples*

Alteration . .
° i Sample Structure Wells Depth  Formation Type Lithology
experiment
Onshore

1 Db92-1 Dobele 92 1343.2 0,zb Caprock Shale

v Sandy marlstone
2 Db92-2 Dobele 92 1344.5 0O,zb Trans-cap

(glauc.)
3 Db92-3 Dobele 92 1346.0 0,zb Caprock Shale
4 Kn24-1 South Kandava 24 1152.0 0izb Caprock Shale
5 Kn24-2 South Kandava 24 1152.7 0;zb Caprock Shale
6 v Kn24-3 South Kandava 24 1156.7 0,zb Trans-cap Limestone
7 v Kn24-4 South Kandava 24 1157.3 €,dm Trans-res Sandstone (carb.)
8 Kn27-1 South Kandava 27 997.0 0:zb Caprock Shale
9 v Kn27-2 South Kandava 27 998.5 0;zb Trans-cap Limestone
10 Kn27-3 South Kandava 27 998.6 0,zb Caprock Shale
11 v Kn27-4 South Kandava 27 998.8 €,dm Trans-res Sandstone (carb.)
Offshore

12 v E6-1 E6 E6-1/84 860.4 €,dm Reservoir Sandstone (HQ)
13 v E6-2 E6 E6-1/84 886.7 €,dm Reservoir Sandstone (HQ)
14 v E6-3 E6 E6-1/84 886.7 €,dm Reservoir Sandstone (HQ)
15 v E7-1 E7 E7-1/82 1387.6 €,dm Reservoir Sandstone
16 v E7-2 E7 E7-1/82 1389.5 €,dm Reservoir Sandstone
17 v E7-3 E7 E7-1/82 1390.5 €,dm Reservoir Sandstone
18 v E7-4 E7 E7-1/82 1390.5 €,dm Reservoir Sandstone
19 v E7-5 E7 E7-1/82 1393.2 €,dm Reservoir Sandstone
20 v E7-6 E7 E7-1/82 1394.2 €,dm Reservoir Sandstone (clay)
21 4 E7-7 E7 E7-1/82 1394.2 €,dm Reservoir Sandstone (clay)

*Localities in Latvia and Lithuania, geological age, formation, rock type and lithology; O,zb, Zebre Formation of
Lower Ordovician; €,dm, Deimena Formation of Middle Cambrian; carb., carbonate-cemented; HQ, pure “high-
quality” quartz sandstone; clay, clay-cemented; glauc., glauconite-bearing.

SHOGENOV ET AL.

After the alteration experiment we determined changes in the
chemical composition (Table 2) and petrophysical properties
(Table 4) of the samples from the E6 and E7 structures. However,
due to partial destruction of several rock samples, it was
impossible to measure some petrophysical properties.

Thin section study of the altered sample from the E6 structure
exhibited the dissolution of quartz and carbonate minerals in the
cement matrix. At the same time, the determined dissolution of
quartz was selective and often we did not find other signs of the
dissolution of the quartz matrix around. Fractured remains of
dissolved silica, carbonate and clay cement were detected in the
middle part of the thin section (Fig. 5).

The study of thin sections of the E7 structure rocks after the
alteration experiment revealed the dissolution of minor carbonate
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Table 2. Chemical composition of rocks: (a) major oxides and insoluble residue®

Wet chemical

analysis (%)

XRF analysis (%)

N2 Sample Type -

IR CaO MgO SiO, Cao MgO Al,O3 Fe,Os3

before alteration before after before after before after before after before after
1 Db92-2Trans-cap 48.42 15.18 4.24 45.0 52.7 14.47 7.36 3.08 3.12 4.46 5.30 9.99 11.68
2 Kn24-3Trans-cap 13.12 46.31 0.33 10.8 7.40 46.27 49.29 0.73 0.61 2.98 2.06 0.96 0.67
3 Kn24-4 Trans-res 80.64 6.38 2.12 81.1 85.4 561 395 198 140 0.26 0.43 232 1.74
4 Kn27-2Trans-cap 12.26 47.3 0.73 9.3 8.1 47.95 48.22 0.81 0.77 2.58 2.24 0.81 0.66
5 Kn27-4 Trans-res 68.04 16.5 0.57 70.0 75.0 15.69 12.23 0.12 0.23 0.18 0.34 0.13 0.09
6 E6-1 Reservoir 97.14 0.88 0.24 97.8 97.0 0.07 0.03 0.03 0.02 0.24 0.70 0.06 0.06
7 E6-2 Reservoir 97.44 1.10 0.24 97.4 94.8 0.10 0.03 0.04 0.04 0.34 1.30 0.16 0.09
8 E6-3 Reservoir 97.44 1.10 0.24 97.4 95.7 0.10 0.03 0.04 0.03 0.34 1.10 0.16 0.07
9 E7-1 Reservoir 97.12 1.10 0.24 98.7 98.6 0.05 0.02 0.02 <0.01 0.27 0.72 0.08 0.02
10 E7-2 Reservoir 98.64 0.88 0.33 98.3 98.7 0.04 0.02 0.01 <0.01 0.38 0.70 0.06 0.03
11 E7-3 Reservoir 97.16 1.10 0.49 97.6 98.3 0.30 0.13 0.11 0.07 0.27 0.61 0.19 0.09
12 E7-4 Reservoir 97.16 1.10 0.49 97.6 98.7 0.30 0.11 0.11 0.06 0.27 0.84 0.19 0.14
13 E7-5 Reservoir 97.86 1.10 0.41 97.8 98.4 0.04 0.02 0.03 <0.01 0.59 0.72 0.31 0.06
14 E7-6 Reservoir 93.60 1.54 0.49 87.2 90.2 0.16 0.05 0.34 0.20 5.26 4.96 1.85 1.10
15 E7-7 Reservoir 93.60 1.54 0.49 87.2 86.4 0.16 0.07 0.34 0.33 5.26 6.63 1.85 1.54

aStudied rock samples are before and after alteration experiment; IR, Insoluble residue

SHOGENOV ET AL.

cementation, occurring in spots on the grain edges and inside the
pore fillings (Figs 6, 7), and the dissolution of quartz grains and
second-phase quartz grain recrystallization (Fig. 8).

Sample Kn24-4 was estimated by XRD and XRF analyses as
ankerite-cemented quartz sandstone (trans-res, 0.3 m below the
cap rock formation, Fig. 9). The trans-res sample Kn27-4 (0.2 m
below the cap rock formation) was estimated by XRD analysis as
sandstone with abundant quartz and minor calcite (mixed
carbonate-siliciclastic rock by geochemical interpretation).
Changes in the chemical composition (Table 2) and drastic
changes in petrophysical properties (Table 4) were determined
after the alteration experiment in the trans-res samples from the
uplifted South Kandava structure (Kn 27-4) and beyond the
structure (Kn 24-4).

The thin section study of the South Kandava samples confirms
the results of the petrophysical measurements of rock, showing
the dissolution of carbonate cement after alteration (Fig. 9).

3.2 Trans-cap rocks

Argillaceous limestone and sandy marlstone samples,
representing trans-cap rocks of the Dobele and South Kandava
onshore structures, were studied (Tables 1-3).
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Fig. 4. Composition and properties of the studied rock samples from the
Dobele (Db), South Kandava (SK), E6 and E7 structures before and
after the alteration experiment. (a—b) CaO content versus SiO, content
(XRF analysis, Tables 2, 3): (a) initial content before the alteration
experiment; (b) final content after the alteration experiment. The CaO
content decreased and SiO, increased in the trans-cap glauconite-
bearing sandy marlstone Db92-2, and trans-res sandstones Kn24-4 and
Kn27-4 compared to the initial content (Fig. 3c). The CaO content
increased and SiO, content decreased in the trans-cap limestones Kn24-
3 and Kn27-2 (South Kandava structure). Reservoir sandstones from
the E6 and E7 structures underwent slight changes in SiO, and CaO
contents. (c=d) Petrophysical parameters before and after the
experiment (Table 4): (c) permeability versus porosity of the rocks
before (white symbols) and after (black symbols) the experiment,
showing a drastic increase in the permeability of trans-reservoir
carbonate-cemented sandstones from the South Kandava structure; (d)
P-wave velocity in dry samples versus matrix density, showing a
decrease in the matrix density in all rocks and a decrease in velocity in
most of the rocks after the experiment.

According to XRF analyses and thin section studies, the trans-cap
rock Db92-2 of the Dobele structure, sampled at 1.5 m above the
reservoir formation, is glauconite-bearing sandy marlstone (Fig.
10). Abundant glauconit grains with signs of diagenetic
weathering and minor quartz grains cemented with carbonate and
phosphate minerals (mainly calcite and apatite) were observed in
the thin section before the alteration experiment. The admixture
of pyrite could be interpreted in the original rock based on the
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Table 3. Total chemical composition of shales®

Ne

Sample Type Lithology

. Leco
Wet chemical XRF analysis (%) method
analysis (%) (%)

IR CaO MgO SiO, CaO MgO Al,03 Fe,03 Na,O TiO, K;,O0 MnO P,0s Ba C S

v A W N

6

Db92-1 Caprock
Db92-3 Caprock
Kn24-1 Caprock
Kn24-2 Caprock
Kn27-1 Caprock
Kn27-3 Caprock

Shale
Shale
Shale
Shale
Shale
Shale

81.58
84.58
74.68
82.78
85.82
73.78

1.32 1.63 58.8 0.36 2.11 16.21 4.86 0.46 0.94 6.75 0.04 0.20 0.05 2.51 0.59
1.87 1.22 62.0 1.11 1.82 15.04 4.57 0.26 0.68 5.87 0.05 0.09 0.03 1.22 1.09
1.43 1.06 54.4 0.47 1.63 13.38 3.98 0.65 0.756.79 0.03 0.24 0.04 8.26 0.85
1.10 1.39 60.4 0.36 1.99 14.97 4.36 0.78 0.84 6.88 0.03 0.18 0.05 2.51 0.52
1.32 1.30 62.8 0.40 2.20 15.57 4.31 0.86 0.86 6.86 0.03 0.18 0.05 0.54 0.10
1.43 1.47 53.4 0.41 1.69 14.76 4.27 0.72 0.81 6.35 0.03 0.10 0.04 7.36 1.01

3Rock samples are before alteration (in the initial state); IR, insoluble residue; C, total carbon content; S, total
sulphur content.

SHOGENOV ET AL.

relatively high sulfur content and a high total iron content,
although most of this iron is related to glauconite grains.

Samples Kn24-3 (Fig. 11) and Kn27-2 of the South Kandava
structure, sampled 0.3 and 0.5 m above the reservoir formation
from wells 24 and 27, respectively, were estimated by wet
chemical and XRF analyses as slightly argillaceous trans-cap
limestones (Tables 1, 2). After the alteration experiment we
determined variations in the chemical composition and
petrophysical properties in the trans-cap samples from the South
Kandava structure (Tables 2, 4).

4. Discussion

In many cases our experiments confirmed previously reported
results of laboratory experiments, numerical modeling and field
monitoring of (1) CO,-cap rock [e.g. Alemu et al., 2011; Berthe
et al., 2011; Navarre-Sitchler et al., 2011; Liu et al., 2012] and
(2) CO,-reservoir rock interactions [e.g. Czernichowski-Lauriol et
al., 2006; Egermann et al., 2006; Izgec et al., 2008; Kaszuba and
Janecky, 2009; Bemer and Lombard, 2010; Bemer et al., 2011;
Nguyen et al., 2013]. Carbonate and feldspar mineral dissolution
along with secondary carbonate, clay (illite and smectite) and iron
mineral (siderite and pyrite) precipitation in the longer term were
recorded for cap rocks. Partial dissolution of carbonate cement
(calcite, dolomite and ankerite) and other secondary minerals
with an increase, in some places decrease, in porosity and
permeability were described for the reservoir rocks.

This study provides a set of experimental data concerning the
evolution of the geomechanical, petrophysical, geochemical and
mineralogical properties of rocks under chemical alteration. The
presented results do not yet allow the definition of constitutive
laws taking the chemomechanical coupling into account.
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* According to Carrol et al. [2011], provided a similar experimental

approach is utilized, the addition of CO, lowers the pH and
promotes silicate dissolution and amorphous silica, smectite and
boehmite (y-AlO(OH)) precipitation. The silica polymerization in
mildly acidic to basic conditions begins with the condensation of

. monosilicic acid into cyclic oligomers, which grow to 3D polymer
' particles [Iler,

1979]. Gorrepati et al. [2010] reported silica

S particle formation and growth in low and negative pH solutions.
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Fig. 5. SEM microphotograph of
the thin section of fine-grained
porous Deimena reservoir
sandstone sample E6-3 (Table
1) after alteration and SEM
energy-dispersive X-ray
spectroscopy (EDX) analyses
(all results in weight %). EDX
spots shown by circles are called
“Spectrum”. The black area is
the pore space between white
quartz grains. Dissolution of
quartz is interpreted on
spectrum sites 2, 7 and 8 and in
other places on the edges of
quartz grains. Dotted lines
illustrate shapes of dissolved
grains. Spectrum 3 is pointed at
fractured remains of the
dissolved illite-smectite, pyrite
and carbonate remains of
cement and precipitation of
amorphous silica. Precipitation
of silicate minerals (spectrum 4)
and calcite (spectrum 6) s
suggested.

SHOGENOV ET AL.

These results were confirmed by XRF and SEM studies in our
research.

We interpreted changes in the chemical composition of the
reservoir sandstones from the E6 structure, caused by the
alteration experiment (Fig. 5, Table 2), as the dissolution of minor
and accessory minerals such as feldspar, dolomite, illite and
barite, and assumed minor precipitation of amorphous silica, clay
and carbonate minerals (according to XRF and SEM data). Such a
phenomenon could be induced both by the alteration experiment
performed in the laboratory and by natural diagenetic processes
in the study area [Sliaupa et al., 2008b]. However, the original
rocks from the E6 structure were the least diagenetically altered
and therefore we can suppose that minor precipitation of the
mentioned minerals really happened during the performed CO,-
injection-like experiment.

The reservoir samples from the E7 structure showed slight
diversity in the results of the geochemical/mineralogical alteration
(Figs 6-8). Like in the samples from the E6 structure, we
determined here minor dissolution of carbonate cement, clearly
visible in Figs 6 and 7, dissolution of accessory minerals, such as
barite, and precipitation of Fe-oxides/hydroxides, amorphous
silica, dolomite, siderite, ilmenite, anatase, brookite and smectite
(Table 2). The EDX study of thin sections revealed the second
phase of the quartz mineral recrystallization phenomenon,
confirming the precipitation of silica (Fig. 8). At the same time,
the explored authigenic quartz mineralization could be subjected
to different diagenetic conditions across the Baltic basin [Sliaupa
et al., 2008b]. Considering that the E7 structure is located in the
conditions most favorable for such processes, including depth and
increased temperature (46°C), we can suggest both diagenetic
and experimental reasons for these alterations. The SEM study
supports XRF analyses in terms of the presence of barium
minerals in the form of barite due to the correlation of Ba with S
(Fig. 6, Table 2). In marine sediments, Ba is associated with
various particulate phases, including carbonates, organic matter,
opal, ferromanganese oxyhydroxides, terrestrial and marine
silicates, detrital material and barite [Gonneea and Paytan, 2006;
Griffith and Paytan, 2012]. The major carrier of particulate Ba in
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Table 4. Petrophysical parameters?

Ne Sample Type

Weight,

Bulk density,

Matrix

Db92-2 Trans-cap
Kn24-3 Trans-cap
Kn24-4 Trans-res
Kn27-2 Trans-cap
Kn27-4 Trans-res
E6-1 Reservoir
E6-2 Reservoir
E6-3  Reservoir

O 0O N O U1 D W N -

E7-1 Reservoir
10 E7-2  Reservoir
11 E7-3  Reservoir
12 E7-4  Reservoir
13 E7-5 Reservoir
14 E7-6  Reservoir
15 E7-7 Reservoir

} i . Permeability,
kg*1073 kg/m? density,  Porosity, % Vp, M/s Vs, m/s
kg/m3 mD
before after before after before after before after before after before after before after
15.2 - 2470 - 2900 - 149 - 2 - - - - -
23.9 12.4 2617 2611 2753 26934.95 3.0 0.004 - 4156 37002493 -
35.3 31.6 2642 21482741 26757.3 9.6 0.28 300 4556 40303225 -
31.8 26.2 2633 2468 2741 27023.9 8.6 0.004 - 4630 40002778 3034
35.0 27.1 2539 2419 2664 2658 0.8 19.1 0.001 550 5400 43803600 2540
17.6 17.5 2123 20112705 263521.5 23.7 440 380 - - - -
12.0 6.4* 2031 1863 2725 2661 25.5 30.0 290 - - - - -
10.2 10.0 1807 1999 2718 2633 33.5 24.1 400 490 - - - -
16.8 16.7 2354 23102683 2636 12.3 12.4 23 26 3583 3300 - -
26.5 26.5 2412 2439 2666 26419.5 7.7 18 16 2457 2280 1725 -
24.8 24.6 2309 2295 2693 2650 14.3 13.4 66 130 3096 27502194 1850
15.6 15.5 2339 22842716 2653 13.9 13.9 46 78 - - - -
24.9 24.8 2349 2323 2676 2646 12.2 12.2 16 19 3097 3100 2230 2020
24.7 24.3 2403 2367 2704 265911.1 11.0 0.13 0.18 2524 1230- -
24.8 16.1* 2395 23222746 2676 12.8 13.3 0.23 0.23 2130 2130 - -

aStudied rock samples are before and after the alteration experiment; Vp, P-wave velocity; Vs, S-wave
velocity. Bold and italic numbers in the table correspond, respectively to “reliable” and “not reliable”
changes of petrophysical parameters after the alteration experiment according to measurement errors.
“Not reliable” values are also corresponding to the parameters not subjected to alteration.

*Change of the sample weight is due to destruction.

SHOGENOV ET AL.

the water column is the mineral barite [Dymond et al., 1992].
Barite solubility (Kgasos) grows with increasing pressure and
temperature, up to 100°C, and then it progressively decreases
with increasing temperature [Griffith and Paytan, 2012]. These
conditions are close to those of our experiments, where XRF
analysis showed a decrease in Ba content (Table 2). Most of Ba in
the Earth’s crust exists in association with K-bearing
minerals,such as K-feldspars and K-micas, because its
geochemistry is similar to the major rock-forming cation, K*. The
XRF study confirmed a direct relationship between the decrease
in Ba and K,O contents after the alteration experiment in most of
the studied samples (Table 2). Using XRF, we identified a slight
increase in Ba in the clayey sandstone sample E7-7 after the
experiment, assuming possible barite precipitation.

We assumed the dissolution of a significant amount of cement-
forming carbonate minerals (ankerite in Kn24-4 and calcite in
Kn27-4), induced by the chemical weathering and possible
precipitation of silicate minerals in the trans-res samples from the
South Kandava structure after the alteration (Table 2). Traces of

22



SHOGENOV ET AL.

" w nol 00 um
Y ;
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Fig. 6. SEM microphotographs of thin sections of fine-grained Deimena
reservoir sandstone sample E7-3 (Table 1) before (left) and after (right)
the alteration experiment and results of SEM energy-dispersive X-ray
spectroscopy (EDX) analysis (in weight %). Large gray grains pointed
by spectrum 4 are quartz grains. The black area is pore space. Spectra
2 and 5 are pointed at light gray-colored carbonate cement pore filling
(calcite, ankerite and dolomite). Spectrum 3 is pointed at the clay and
accessory minerals included in the cement pore filling (smectite, pyrite
and barite). Traces of dissolved carbonate cement on the grain edges
and inside the pore filling after alteration are indicated (right part).

carbonate cement dissolution could be clearly detected in thin
sections of rock samples (Fig. 9). In addition, we found a minor
increase in chemical oxides (Al,O3, MgO and Na,O) and decrease
in MnO, Fe,03, TiO, and P,0s. Carrol et al. [2011] discovered that
Al/Fe silicate dissolution drives geochemical alterations within the
reservoir and cap rock pore space. The dissolved Fe may be a
source of long-term mineral trapping of CO, and the precipitation
of secondary Fe-carbonates, clays and hydroxides could alter
reservoir and seal permeability by clogging pores and fracture
networks. The study of Liu et al. [2011] has shown that the acidic
plume due to CO, dissolution into the brine could persist for
thousands of vyears after the complete dissolution of CO.,.
Czernichowski-Lauriol et al. [2006] predicted that 50% of the CO,

23



150Him

4
7

C Al Si S C Ca Ti Fe Zr O

Spectrum

Spectrum 1 6 - 3 2 - - - 16 11 54
Spectrum2 20 01 32 09 01 01 9 14 - 65

Fig. 7. SEM microphotograph of
the thin section of reservoir
sandstone sample E7-4 (Table 1)
after the alteration experiment
and results of SEM energy-
dispersive X-ray spectroscopy
(EDX) analysis (in weight %).
Large dark-white grains are
quartz grains. The black area is
pore space. Spectrum 1 is
pointed at white-colored
inclusions of pyrite, siderite and
minor content of zirconium
silicate mineral (zircon).
Spectrum 2 is pointed at
secondary pore-filling minerals
(aluminosilicates, anatase, pyrite
and siderite). The heart-shaped
dotted line shows freed space
after dissolution.
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initially dissolved in the brine would be trapped in mineral phases
(siderite, dawsonite) after 1,000 years. However, they mentioned
that thermodynamic equilibrium is still not reached after 1,000
years. Proceeding from these conclusions, one could expect
additional CO,-fluid-rocks interactions in the long term and
further research is needed in the field of geochemical-
mineralogical evolution of the reservoir and cap rocks potentially
used for the CGS.

The alteration of the glauconite-bearing sandy marlstone Db92-2,
representing the trans-cap rock from the lowered wing of the
Dobele structure, during modeling the CO, storage conditions in
the aquifer, was in our study related to partial dissolution of
carbonate and phosphate cement (calcite and apatite) and minor
precipitation of pore-filling-bridging secondary clay minerals (illite
and pyrite). It confirms that the implemented alteration
experiment modeled the long-term conditions of CGS [Liu et al.,
2012]. We assumed the dissolution of clay minerals and possible
slight precipitation of calcite, supported by significant changes in
the sample shape (Fig. 3a, b) and its weight decrease (up to
50%, Table 4), in the trans-cap limestone samples from the
South Kandava structure (Kn24-3 and Kn27-2) (Fig. 11, Tables
2). The CO, mineral carbonation was proved by the increase in
CaO and C contents after the laboratory alteration experiment. At
the same time, we do not exclude that small changes in the
chemical composition could also be connected with rock
heterogeneity (considering the change in the sample size and
weight during the alteration experiment) and with the accuracy of
XRF measurements (different for every chemical element and
depending depending on the element content).

4.2 Petrophysical evolution

Initial petrophysical properties of the studied reservoir rocks were
controlled by primary sedimentation conditions, diagenetic
processes including authigenic quartz cementation negatively
correlated with carbonate cementation and porosity, clay maturity
and mechanical compaction. These factors are controlled by
paleoenvironmental conditions, present-day rock depth and fluid
temperature, repeating tectonic movements and tectonic settings
of the Baltic Syneclise complicated by structures of the second
order (Liepaja-Saldus high) and different fault settings in the
studied structures of the third order.

The chemically induced petrophysical evolution of the reservoir
rock samples from the two offshore structures (E6 and E7) was
studied after modeling the CO, injection conditions in the storage
sites. The initial and altered effective porosity and permeability of
the reservoir samples from the E6 structure were ranked as
“good” in terms of CGS. The porosity of the samples from the E7
structure before and after the experiment was estimated as
“good” or “appropriate” for CGS but was significantly lower than
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the properties of the E6 reservoir samples. The measured initial
and altered permeability of the E7 samples was in the range of
| “low/impermeable-good/appropriate” in terms of CGS but
SpeWi/m-.;,recrystalnzanon "‘, significantly lower than in the E6 reservoir.

/(', Similarly to the other studied rock samples, the reservoir
ISpectrum 3

\ipsf'wmz sandstones from the E7 structure showed a slight reduction in the
3 . matrix density, correlated with a decrease in the bulk density and

Quartz | P-wave and S-wave velocity in some samples (Fig. 4c). The P-
: - o wave velocity of sample E7-6 decreased dramatically (more than
s 6 W B % B e © 50%) after the alteration experiment. This was explained by a
Sl & vz BT 2 e . B decrease in the sample weight caused by the dissolution of a
sl i - - significant amount of cement-forming ankerite and dolomite and

minor feldspar and accessory minerals (e.g. pyrite and barite)
Fig. 8. SEM microphotograph of (Taple 2). Effective porosity was in most cases unchanged,
thed tth'n SeCt'?n E70f2 Eresslrvo;r supported by stable permeability (E7-1, E7-5) or some variation
Z?tr;_rs ?r?: S::P;Eaiion ex(p:rinfenz (E7-4, E7-6) in its value (Table 4, Fig. 4c). Other samples showed
and results of SEM energy- SOMe variation in effective porosity with stable permeability. At
dispersive X-ray spectroscopy the same time, sgmple E7-.3 was chargctgrlzed I?y a sllght
(EDX) analysis (in weight %). decrease in effective porosity but a significant increase in
Large gray grains are quartz. The permeability (up to two times after the alteration experiment). A
black area is pore space. slight decrease in the matrix density in this sample correlated
Spectrum 2 is pointed at with a slight decrease in P-wave velocity (Table 4, Fig. 4c). An
secondary and clay minerals in jncrease in permeability with a decrease in the matrix density,
the pore filling (illite/smectite). 5 nnorting unchanged native porosity, could be explained by pore
mzlggigdcrys‘;i' nggemcl?rlﬁiqedg% space geometry modifications and grain shape changes that
illustrates dissolution of quartz control capillary forces [Schon, 1996]. We determined a minor
grains and the second phase of dissolution of cement in the samples, including dolomite and
quartz grain recrystallization. ankerite (Table 2, Fig. 6), which is insignificant for the effective
porosity change but substantial for the permeability increase. The
same interpretation could apply to the samples characterized by
decreased effective porosity, where mineral precipitation and/or
cement dissolution and relocation took place. In the case of the
CO, storage in the E7 structure, there is some probability of a
slight decrease in storage capacity and improvement of the CO,
injection rate, but this conclusion should be supported by
additional laboratory and modeling studies. A reliable decrease in
the bulk density was determined in only two samples from that
structure, E7-4 and E7-7. In E7-7, the bulk density decrease
correlated with the effective porosity increase but in E7-4 the bulk
density decrease correlated with the permeability increase.

All three reservoir rock samples from the E6 structure showed
mechanical weakening due to decrease in the matrix density and
sample weight after the experiment. However, the weight of
sample E6-2 changed due to the destruction after the alteration.
An increase in effective porosity, correlated with a decrease in the
bulk density and unchanged permeability, was observed in
sample E6-1. The same correlations (except permeability that
was not measured after the experiment) were obtained in sample
E6-2. A decrease in effective porosity correlated with an increase
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Fig. 9. SEM microphotographs of thin sections of trans-reservoir
carbonate-cemented fine-grained Deimena sandstone sample Kn24-4
(Table 1) before (left) and after (right) the alteration experiment. XRD
analyses revealed minor presence of ankerite (Ca(Fe,Mg,Mn)(COs),)
minerals. Large gray grains are quartz grains. The black area is pore
space. The white area is ankerite cement pore filling. Traces of dissolved
carbonate cement on grain edges and inside the pore filling after the
alteration are indicated (right).

in the bulk density in sample E6-3, where also an increase in
permeability was measured after the alteration (Table 4). These
two rock samples have similar geochemical properties. Samples
E6-1 and E6-3 were selected from two different depth intervals of
the well E6-1/84 (Table 1), characterized by various lithological
and petrophysical properties [Shogenov et al., 2013b]. Sample
E6-2 (from the same depth as sample E6-3) showed an increase
in effective porosity and, contrary to E6-3, petrophysical
alterations after the experiment, thus proving the influence of
rock heterogeneity on the obtained results.

The physical, geochemical and mineralogical studies of the trans-
res carbonate cemented quartz sandstones Kn24-4 and Kn27-4
were carried out during this research. Before the alteration
experiment, the samples had low effective porosity and
permeability (Table 4). We determined a slight reduction in the
weight, bulk and matrix density and P-wave velocity with an
increase in effective porosity in Kn24-4 (Table 4). More significant
changes were observed in sandstone Kn27-4 located in the uplift.
Compared to Kn24-4 from the lowered wing of the structure,
sample Kn27-4 showed a twofold decrease in weight and P-wave
velocity and a significant increase in effective porosity (the final
value of effective porosity increased from “very low” to almost
“good”), as well as a significant decrease in S-wave velocity
(Table 4). The matrix density did not change in sample Kn27-4,
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Fig. 10. (a) Microphotograph of the thin section in cross-polarized light
of trans-cap glauconite-bearing sandy marlstone sample Db92-2 (Table
1) before the alteration experiment. The marlstone=sandstone contact
shows sample heterogeneity and its transitional composition between
carbonate and carbonate-siliciclastic rocks. (b) microphotographs of thin
sections in cross-polarized light of sample Db92-2 before (left) and after
(right) the alteration experiment. Natural diagenetic weathering of the
original rock sample (left) was accelerated by acid-induced reactions
during the alteration experiment (right). The original rock sample was
partly destroyed and disaggregated due to the dissolution of calcite and
apatite (Table 2) and it was not possible to measure its physical
properties after the experiment.

and the bulk density decrease was four times lower than in
sample Kn24-4. Both samples revealed a very similar drastic
increase in permeability from a “low” rank to a “good” rank in
terms of CGS (Table 4).

The effective porosity and permeability measurements of trans-
cap limestone samples Kn24-3 and Kn27-2 before the alteration
experiment showed low porosity (<10%) and low permeability
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Fig. 11. SEM microphotographs of thin sections of trans-cap slightly
argillaceous limestone sample Kn24-3 (Table 1) before (left) and after
(right) the alteration experiment and results of SEM energy-dispersive
X-ray spectroscopy (EDX) analysis (in weight %). Gray-white carbonate
matrix is micritic calcite forming the limestone sample. The thin black
net is porous space. The visually identified increase in porosity is
supported by the measured decrease in P-wave velocity (Table 4) after
the alteration (right).

(<0.01 mD, Table 4) appropriate for cap rock. Under chemical
alteration, the matrix density and P-wave velocity decreased
slightly in both samples (Table 4), while effective porosity
decreased in sample Kn24-3 and increased in Kn27-2. Although
changes in effective porosity had different trends (which could be
explained by the heterogeneity of samples), they correspond to
the requirements for good cap rocks, as the changed effective
porosities after the experiment were still <10% in both samples
(Table 4). The observed bulk density decrease in Kn27-2 was
correlated with the effective porosity increase. We did not detect
any reliable bulk density changes in sample Kn24-3. As due to a
drastic change in the sizes of these samples it was impossible to
measure their permeability after the experiment, we cannot
assess how their sealing properties were changed in general. Still,
considering the mechanical weakening of the sealing rocks
reported earlier and confirmed by our CO,-cap rock interaction
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experiments, possible leakage from the CO, storage reservoir
through the cap rock could be assumed. However, previous
results of the long-term modeling of the Sleipner storage site
[Czernichowski-Lauriol et al., 2006] permitted of another
interpretation. The batch- and reaction-diffusion simulations of
the impact of CO, on the clayey cap rock at the North Sea
Sleipner injection site performed by Gaus et al. [2005] showed
that the effective diffusion coefficients are likely so low that the
diffusion of CO, will only affect a few meters of the cap rock after
thousands of years. Moreover, as CO, diffuses into the cap rock,
silica, as well as other constituents, is released from the CO,-
caprock interactions, leading to precipitation of chalcedony,
kaolinite and calcite, which may further reduce the diffusion into
the cap rock. Bildstein et al. [2010] conducted a series of
numerical simulations of cap rock responses to CO, injection
using various reactive transport modeling codes. Both 1D and 2D
single-phase flow scenarios in saturated porous media with or
without fracture, and 1D multi-phase flow in unsaturated media
without fracture, were modeled. Significant porosity changes were
observed in the models for a period of 10,000 years, which were
expected due to the high reactivity of the carbonate-rich cap rock
with the acidic CO,-rich fluid. However, the reactions were shown
to be limited to the first decimeters to meters into the cap rock
from the CO,-cap rock interface in 10,000 years, and no leakage
was reported. Their preliminary results on rock heterogeneity
suggested, as indicated in experimental works [Angeli et al.,
2009], that the reactivation of small cracks or fractures
(especially those originally filled with calcite) could generate
preferential pathways for CO, propagation in the cap rock.

Although all the studied structures had a common stratigraphy of
the Deimena Formation and were located within the Liepaja-
Saldus high, they were characterized by different primary
compositions of the Deimena rocks and their diagenetic changes,
controlled by the present depth, temperature, which is higher
offshore than onshore, and fluid salinity. We studied reservoir
rock samples of different composition, cementation and
compaction and some transitional clayey carbonate cap rocks
from the onshore structures and their lowered wings. But,
considering the limited number of the drill cores and samples
used, it was not possible to make more general conclusions about
palecenvironmental conditions of sedimentation in the region.
However, it was clearly shown that the interaction of rock with
simulated CO,-rich fluid was dependent on diagenetic changes,
including authigenic quartz cementation, carbonate cementation,
compaction and clay maturity. Additional studies, laboratory
experiments and basin-scale modeling are needed to support
more general conclusions about regional geology and interaction
of rocks and fluids with CO, during its possible storage.
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5. Conclusions

1. The 15 rock samples studied before and after the CO,-
injection-like experiment had undergone various diagenetic
changes determining the alteration of rocks during the
experiment and its degree.

2. Both short-term (mineral dissolution) and long-term processes
(precipitation) were detected after the experiment.

3. Significant dissolution of the pore-filling carbonate cement
(ankerite and calcite) in the trans-reservoir sandstones from the
South Kandava onshore structure caused a high increase in
effective porosity and permeability and a decrease in the weight
of samples, bulk and matrix density, P- and S-wave velocity
during the alteration experiment. In addition to the dissolution of
accessory ankerite and calcite, we suggest possible minor
precipitation of secondary silicate minerals.

4. Small changes in the “high-quality” reservoir sandstones from
the E6 offshore structure during the alteration experiment were
interpreted as minor dissolution of carbonate cement, feldspar
and some accessory minerals (e.q. illite, barite,
anatase/brookite), followed by some precipitation of amorphous
silica, clay and carbonate minerals. Mineral dissolution caused
slight mechanical weakening and a decrease in the weight of
samples and matrix density, variations in the bulk density and an
increase in effective porosity, and an increase in the permeability
of the rock from the lowermost part of the E6 reservoir.
Geochemical alterations induced a minor decrease in the bulk
density and an increase in the effective porosity of the sandstone
from the uppermost part of the E6 structure.

5. Only modest geochemical alteration of the reservoir
sandstones from the E7 offshore structure caused minor
dissolution of the cement-forming and accessory minerals (e.g.
barite) and possible slight precipitation of Fe-oxides/hydroxides,
amorphous silica, dolomite, siderite, ilmenite and smectite. These
alterations caused some reduction in sample weight, bulk and
matrix density, effective porosity, P- and S-wave velocities
associated with a minor increase in permeability.

6. Initial reservoir properties of all the studied rocks did not
decrease, but were significantly improved in the carbonate-
cemented sandstones after the experiment.

7. The main effect of the CO, fluid on the trans-cap glauconite-
bearing sandy marlstone from the Dobele onshore structure was
the dissolution of carbonate minerals (calcite and carbonate
apatite) and minor precipitation of pore-filling-bridging secondary
clay minerals (illite and pyrite).

8. The trans-cap limestones from the transitional zone between
the reservoir and cap rock in the South Kandava onshore
structure subjected to the alteration experiment showed slight
dissolution of clay minerals and possible minor precipitation of
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with a decrease in the weight of samples, bulk and matrix density
and P-wave velocity.
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Abstract. The objectives of this study were (1) to review current recommendations on storage reservoirs and classify their quality
using experimental data of sandstones of the Deimena Formation of Cambrian Series 3, (2) to determine how the possible CO,
geological storage (CGS) in the Deimena Formation sandstones affects their properties and reservoir quality and (3) to apply the
proposed classification to the storage reservoirs and their changes during CGS in the Baltic Basin.

The new classification of the reservoir quality of rocks for CGS in terms of gas permeability and porosity was proposed for
the sandstones of the Deimena Formation covered by Lower Ordovician clayey and carbonate cap rocks in the Baltic sedimentary
basin. Based on permeability the sandstones were divided into four groups showing their practical usability for CGS (‘very
appropriate’, “appropriate’, ‘cautionary” and ‘not appropriate’). According to porosity, eight reservoir quality classes were distinguished
within these groups.

The petrophysical, geochemical and mineralogical parameters of the sandstones from the onshore South Kandava and offshore
E6 structures in Latvia and the E7 structure in Lithuania were studied before and after the CO, injection-like alteration experiment.
The greatest changes in the composition and properties were determined in the carbonate-cemented sandstones from the
uppermost part of the South Kandava onshore structure. Partial dissolution of pore-filling carbonate cement (ankerite and calcite)
and displacement of clay cement blocking pores caused significant increase in the effective porosity of the samples, drastic
increase in their permeability and decrease in grain and bulk density, P- and S-wave velocity, and weight of the dry samples. As a
result of these alterations, carbonate-cemented sandstones of initially ‘very low’ reservoir quality (class VIII), ‘not appropriate’
for CGS, acquired an ‘appropriate’ for CGS ‘moderate’ quality (class IV) or ‘very appropriate’ ‘high-2” reservoir quality (class II).
The permeability of the clay-cemented sandstones of ‘very low” reservoir quality class VIII from the lower part of the E7 reservoir
was not improved. Only minor changes during the alteration experiment in the offshore pure quartz sandstones from the E6
and E7 structures caused slight variations in their properties. The initial reservoir quality of these sandstones (‘high-1" and
‘good’, classes I and III, respectively, in the E6 structure, and ‘cautionary-2’, class VI in the E7 structure) was mainly preserved.

The reservoir sandstones of the Deimena Formation in the South Kandava structure had an average porosity of 21%, identical
to the porosity of rocks in the E6 structure, but twice higher average permeability, 300 and 150 mD, respectively. The estimated
good reservoir quality of these sandstones was assessed as “appropriate’ for CGS. The reservoir quality of the sandstones from the
E7 offshore structure, estimated as ‘cautionary-2” (average porosity 12% and permeability 40 mD), was lowest among the studied
structures and was assessed as ‘cautionary’ for CGS.

Petrophysical alteration of sandstones induced by laboratory-simulated CGS was studied for the first time in the Baltic Basin.
The obtained results are important for understanding the physical processes that may occur during CO, storage in the Baltic
onshore and offshore structures.

Key words: CO, geological storage, Deimena Formation, porosity, permeability, reservoir quality, rock properties, Baltic Basin,
offshore structure.

INTRODUCTION

The reduction of the greenhouse effect of the Earth’s
atmosphere is a major concern for researchers and
everyone who cares about the future of our planet. This
research is related to one of the most promising
technologies and fields of study, which is considered
to be an effective measure for mitigating the climate

change induced by greenhouse gases (Metz et al. 2005;
Bachu et al. 2007; Arts et al. 2008; IPCC 2014). The
scientific community agrees on the importance of
reducing industrial carbon dioxide (CO,) emissions
in the atmosphere using CO, Capture and Geological
Storage (CCS) in, for example, (1) deep saline aquifers,
(2) depleted oil and gas fields, (3) unmineable coal seams
and (4) porous basalt formations. The global economic
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potential of CCS would amount to 220-2200 Gt of CO,
cumulatively, which would mean that CCS contributes
15-55% of the total mitigation effort worldwide until
2100, averaged over a range of baseline scenarios (Metz
et al. 2005). Worldwide, a number of known pilot storage
and large-scale CCS demonstration projects are ongoing
and/or monitored, the first of which, Sleipner (Norway),
started in 1996. Nevertheless, there are gaps in the
knowledge of short- and long-term (10-100 and 100—
10 000 years, respectively) phenomena accompanying
the process of the storage of CO, in deep geological
formations.

Our study concentrates on CO, storage in deep
saline aquifers (>800 m depth, >35 g L™ salinity),
composed of reservoir rocks overlain by the cap rock
(seal). This is the most widespread worldwide option
currently under consideration for CO, Geological Storage
(CGS). The sandstones of the Deimena Formation of
Cambrian Series 3 (earlier Middle Cambrian; Sundberg
et al. 2011; Peng et al. 2012) in the Baltic Basin are
characterized by highly variable porosity and perme-
ability, which are not considered in the available classi-
fications of reservoir rocks and recommendations on
CO, storage reservoirs.

The current research aims at the assessment of the
quality of reservoir rocks for CGS based on the
properties of reservoir quartz sandstones and their changes
caused by acidic fluid during experimentally modelled
CGS. Because mineralogical and petrophysical alterations
are usually site-specific, this study is important for
gaining parameters for the petrophysical modelling of
the CO, plume to predict the CO, fate in short and long
term, and to demonstrate the effectiveness of the geo-
physical monitoring of the storage site before, during and
after the CO, injection in the Baltic sedimentary basin.

The objectives of this study were (1) to review the
available recommendations on storage reservoirs and
offer a classification of their quality using experimental
data of the Deimena Formation sandstones of Cambrian
Series 3, (2) to determine the influence of possible CGS
in the sandstones of the Deimena Formation on their
properties and reservoir quality and (3) to apply the
proposed classification to the storage reservoirs and their
evolution during CGS in the Baltic Basin.

The obtained data will be used in 4D time-lapse
numerical seismic modelling to support more reliable
petrophysical and geophysical models of the CO, plume.

GEOLOGICAL BACKGROUND

The main target for the CGS study in Estonia, Latvia
and Lithuania is the Baltic Basin (700 km x 500 km
synclinal structure), a Late Ediacaran—Phanerozoic poly-

genetic sedimentary basin that developed in a peri-
cratonic setting in the western part of the East European
Platform. It overlies the Palaecoproterozoic crystalline
basement of the East European Craton, specifically the
West Lithuanian Granulite Domain, flanked by terranes
of the Svecofennian Orogen southeast of the Baltic Sea
(Gorbatschev & Bogdanova 1993). Basin fill consists of
Ediacaran—Lower Palaeozoic, Devonian—Carboniferous
and Permian—Mesozoic successions, coinciding with what
are referred to as the Caledonian, Variscan and Alpine
stages of the tectonic development of the basin, respec-
tively. These are separated by regional unconformities
and overlain by a thin cover of Cenozoic deposits
(Poprawa et al. 1999). The Cambrian Series 3 saline
aquifer (depth 650-1700 m), located in the central-
western part of the Baltic Basin, suits best for the CO,
storage in the Baltic Region. It is composed of 25-80 m
thick Deimena Formation sandstone, covered by up to
46 m thick shales and clayey carbonate primary cap
rocks of the Lower Ordovician Zebre Formation. Shale
rocks are dark, thin-layered (0.5-2 mm) and highly fissile.
A 0.5 m layer of greenish-grey glauconite-bearing sandy
marlstones with minor limestone lenses is observed at
the base of the onshore Zebre Formation. The reservoir
rocks are also covered by 130-230 m thick Ordovician
and 100-225 m thick Silurian impermeable clayey
carbonate secondary cap rocks. Clayey rocks can be
easily determined by increased values of gamma-ray
readings in all the studied wells, and they play an essential
role as a seal for the studied structures (Fig. 1).

The regional theoretical storage potential of Cambrian
sandstone saline aquifers below 800 m in the Baltic Sea
Region has been estimated as 16 Gt (Vernon et al. 2013).
The average storage capacity of the Cambrian reservoir
is 145 Mt in the western part of the Baltic Basin in the
S41/Dalders structure of the Swedish offshore sector,
while the average capacity of the regional Cambrian
Faludden trap is 5.58 Gt (Sopher etal. 2014). For
comparison, the total estimated storage capacity in the
Jurassic sandstone formations in the Norwegian Sea
is 5.5 Gt (Halland et al. 2013). The Utsira sandstone
formation at the first storage site in the world, Sleipner
in the North Sea, has a storage capacity of approximately
15 Gt (Halland et al. 2011).

The Cambrian aquifer includes potable water in the
northern shallow part of the Baltic Basin, mineral water
(salinity 10 g L™) in southern Estonia and saline water
in the Deimena Formation at more than 800 m depths,
with salinity up to 120 g L™" in the central and 150
180 g L™ in the southern and western parts of the basin,
where fluid temperature reaches 88°C (Zdanaviciute &
Sakalauskas 2001). The last mentioned geochemical and
pressure—temperature conditions of formation fluids
allow the use of the Deimena Formation reservoir for
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Fig. 1. Correlation of boreholes from the studied offshore E6 and E7 structures (E6-1/84 and E7-1/82) and onshore South
Kandava (S. Kandava, Kn24, Kn27) focusing on the sandstone reservoir of the Deimena Formation of Cambrian Series 3. Cap
rocks are represented by the Lower Ordovician Zebre Formation (primary cap rock) and part of the secondary cap rock (Middle
Ordovician Kriukai Formation). Gamma-ray readings were digitized from analogous gamma-ray logging data. Approximate
locations of the studied structures (white) and boreholes (black points) are indicated on the map. Other onshore Latvian structures
prospective for CGS (CO, storage potential exceeding 2 Mt) are shown in light grey.

CGS at depths of 8002500 m, where CO, can be stored  different sizes and a storage capacity exceeding 2 Mt
in a supercritical state (>31°C and >73 atm). The  of CO,, have been estimated as prospective for CGS
geological conditions are most favourable in the uplifted ~ (Sliaupa et al. 2008a; Shogenova et al. 2009a, 2009b,
structures in Latvia, where more than 30 anticlinal deep ~ 2011a, 2011b; Shogenov et al. 2013a, 2013b; Sliaupa et
geological structures onshore and offshore Latvia, with  al. 2013). Four geological structures, located onshore
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(South Kandava and Dobele) and offshore Latvia (E6)
and Lithuania (E7) and serving as prospective CGS sites
in the Baltic Sea Region (Fig. 1), were previously
described in detail by Shogenov et al. (2013a, 2013b).

The petrophysical properties and geochemical and
mineralogical composition of 24 samples of the Deimena
Formation reservoir and Zebre Formation cap rocks
from four Baltic onshore and offshore structures were
studied and analysed together with previously reported
data. The properties of reservoir rocks, cross sections and
3D geological models, constructed using geophysical
and geological data, were used for the estimation of the
theoretical CO, storage capacity of these structures
in our earlier studies. The selected structures have an
average porosity of 12-21%, permeability of 40-360 mD
and mean reservoir thickness of 42—58 m. The average
CO, storage potentials (‘conservative’—‘optimistic’) of
the Dobele, South Kandava, E7 and E6 structures were,
respectively, 20—-106, 25-95, 7-34 and 152-377 Mt.
We estimated the E6 offshore structure as the largest
trapping structure prospective for CGS offshore Latvia
with the highest CO, storage capacity (Shogenov et al.
2013a, 2013b). Based on exploration report data
(Babuke et al. 1983), we have treated E7 as a Latvian
offshore structure in our earlier publications (Shogenov
et al. 2013a, 2013b). However, according to the new
Latvian—Lithuanian territorial agreement in the Baltic
Sea, signed by Prime Ministers of Latvia and Lithuania
in 1999, the E7 structure belongs now to Lithuania
(Steinerts 2012).

DIAGENETIC MODIFICATION OF
RESERVOIR PROPERTIES

The studied Cambrian rocks were subjected to different
diagenetic conditions across the basin, with a wide
spectrum of rock modification under shallow to deep
burial conditions, reflected in growing clay mineral
maturity with increasing depth, variations in the com-
position of sandstone cement, with authigenic quartz
prevailing in the deep part of the basin and carbonate
cements prevailing in the basin periphery, etc. The
carbonate cement of sandstones is varying in mineralogy
from common ferroan dolomite and ankerite to less
common calcite and siderite (Sliaupa et al. 2008b).
Quartz cementation that formed during the late diagenetic
stage (Lashkova 1979; Sikorska & Paczesna 1997) and
increases with depth is the main factor influencing the
reservoir properties of rocks both in onshore and
offshore structures.

Quartz is the main cement mineral, occurring in the
form of authigenic overgrowths on detrital quartz grains
(Lashkova 1979; Kilda & Friis 2002). According to

Cyziené et al. (2006), quartz cement is regionally wide-
spread, but mainly confined to areas where present-day
temperatures in the Cambrian are 50-90°C. Sliaupa
et al. (2008b) stated that quartz cementation started
at 1 km depth. The amount of quartz cement increases
towards the deeper buried parts of the basin in West
Lithuania, but is highly variable on a local scale and
even within individual structures. Quartz cement contents
show a negative correlation with porosity (CyZien¢ et al.
2006) and with carbonate cement (Sliaupa et al. 2008b).

Another diagenetic process negatively influencing
the reservoir properties is compaction. Pore reduction
by mechanical compaction is one of the main controls
of the petrophysical properties of Cambrian sandstones.
The importance of mechanical compaction in reducing
porosity and causing lithification is stressed by Cyziené
et al. (2006). Compaction comprised the mechanical
rearrangement of grains throughout the sandstones as
well as the chemical compaction along shale—sandstone
contacts and within shales. Grain breakage is rare and
no intergranular pressure solution in clay-free clean
sandstones has been observed. In sandstones detrital
quartz grains mainly have point contacts. Differences in
the degree of mechanical compaction are probably
related to both maximum burial depth and variations in
the depositional texture and susceptibility of sand to
mechanical compaction.

REQUIREMENTS FOR RESERVOIR ROCKS

A typical reservoir for CGS is a geological formation
consisting of sandstone or carbonate rock characterized
by ‘good’ effective porosity and permeability. Effective
(open) porosity is the porosity that is available for free
fluids; it excludes all non-connected porosity, including
the space occupied by clay-bound water (Schon 1996).
The ranges of ‘good’ reservoir porosity and permeability
for oil and gas reservoirs are 15-20% and 50-250
millidarcy (mD), respectively (Tiab & Donaldson 2012).
Until now there is no unified classification
specifying requirements for ‘high-’, ‘good-’ or ‘low-
quality’ reservoirs for CO, storage. As a general rule the
formation permeability must exceed 200 mD for a specific
reservoir to provide sufficient injectivity (Van der Meer
1993). However, the values greater than 300 mD are
preferred and considered as positive indicators to start
the screening process of the possible storage site
(Chadwick et al. 2006; Vangkilde-Pedersen & Kirk
2009). The porosities should be larger than 20%, while
those below 10% and permeability below 200 mD are
considered ‘cautionary’ by these authors (Table 1). The
cumulative thickness of reservoirs should be greater
than 50 m. The reservoirs less than 20 m thick are
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Table 1. Classification of the reservoir rocks according to permeability and porosity

Classification of the studied rocks for CO, storage**

@D (%)

K (mD)

Reservoir

quality

High-1

Class

Application

for CGS

CO, storage standards*

K (mD) | @ (%) | Group

Reservoir

quality
High

Group | Class

Hydrocarbon reservoirs (Khanin 1965, 1969)

@ (%)

K (mD)

Reservoir

quality

Group | Class

>300

Very appropriate [

1

>25
>20

>500

>300
50-250
50250

<200

I

>20

>1000

Very high

I

High-2
Good

11
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Good

>18
9-18
18-23

100-300

111
IV
\Y

Appropriate

1520 2
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I

18-20

14-18

500-1000
100-500
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II
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v
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VI
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4
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Very low

VIII

Very low

VI

* CO, storage standards modified after Van der Meer (1993), Chadwick et al. (2006), Vangkilde-Pedersen & Kirk (2009), Tiab & Donaldson (2012), Halland et al. (2013):

group 1, acceptable for CGS; group 2, cautionary.
** New classification based on the studied data (reported and measured in laboratory before the alteration experiment), proposed by the authors for the studied region and

geological structures. K, gas permeability; @, porosity.

considered unsuitable for the storage of large amounts
of CO,. According to Halland et al. (2013), a homo-
geneous 50 m thick reservoir with a permeability
>500 mD and porosity >25% is estimated as a ‘high-
quality’ reservoir, while heterogeneous 15 m thick
reservoir with a permeability <10 mD and porosity <15%
is considered as a ‘low-quality’ reservoir for CGS.

The classification of hydrocarbon reservoirs proposed
by Khanin (1965, 1969) was used during exploration for
hydrocarbon deposits on the territory of the Baltic States
and later for the characterization of petroleum geology
in the region (Zdanaviciute & Sakalauskas 2001). Based
on porosity and permeability, Khanin divided hydro-
carbon reservoirs into six classes without any over-
lapping of these parameters in reservoir quality classes
(Table 1). In his classification the hydrocarbon reservoirs
of ‘high’ and ‘very high’ quality have a permeability
more than 500 and 1000 mD, respectively, while require-
ments for porosity (18-20 and >20%) are close to
the positive indicators for CO, storage reservoirs
(>20%) given by Chadwick et al. (2006) and Vangkilde-
Pedersen & Kirk (2009).

CO,—RESERVOIR ROCK INTERACTION

When injected into the aquifer or water-flooded oil
reservoir, CO, has an impact on the pH level of in situ
brine, modifying it into a more acidic state. Isotope
studies of natural analogues of CO, reservoirs suggest
that the dissolution of CO, in formation brine is the
main phenomenon in the long term, causing the acidi-
fication of native brine to a pH of approximately 3—5
(Gilfillan et al. 2009; Liu et al. 2011, 2012). Chemically,
this simple acid reaction is illustrated by equation (1),
showing the formation and dissociation of carbonic acid
(H,CO5°) from dissolved CO, in formation brine:

CO, + H,0 « H,COy° (carbonic acid) <> H" + HCO;™. (1)

Acidic brine then reacts with the solid matrix of
reservoir sediments (i.e. calcite, dolomite and anhydrite):

H' + HCO;™ + CaCO; «» Ca*' + 2HCO;™ Calcite dis-
solution/ precipitation. 2)

This exact phenomenon, induced by CO, injection
into the aquifer, was applied as the main factor of the
experiment and is a basis for further research.

A number of recent papers have been dedicated to
CO,-brine-host reservoir rock interactions, both for
sandstones and carbonate rocks (Ross et al. 1982; Svec
& Grigg 2001; Grigg & Svec 2003; Rochelle et al. 2004;
Bertier et al. 2006; Czernichowski-Lauriol et al. 2006;
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Egermann et al. 2006; Pawar et al. 2006; Izgec et al.
2008; Bemer & Lombard 2010; Carroll et al. 2011, 2013;
Nguyen et al. 2013).

The CGS-related laboratory experiments, numerical
modelling and field monitoring of CO, storage sites
have shown both partial dissolution and precipitation
of various minerals. A simplified equation for minor
mineral dissolution/precipitation of host rock was given
by Hitchon (1996):

Ca/Mg/Fe silicate + clays + CO, + H,O — kaolinite +
Ca/Mg/Fe carbonate + quartz. 3)

The reaction of carbonic acid with aluminosilicate
or carbonate minerals produces significant alkalinity
(Kaszuba & Janecky 2009):

2KAISi;04 (K-feldspar) + 2H,CO; (carbonic acid) +
9H20 — Alele5(OH)4 (kaolinite) + 4H4SIO4 (SlllClC
acid) + 2K" + 2HCO; (bicarbonate), )

CaMg(COs3), (dolomite) + 2H,COj; (carbonic acid) —
Ca® + Mg®" + 4HCO; (bicarbonate). ()

The alkalinity of in situ brine cannot overcome the
acidity within the repository that was produced by the
dissolution of supercritical CO, fluid. However, due to
the separation of brine from supercritical CO, and the
prevailing chemical potential of carbonic acid, alkalinity
in brine can neutralize the acidity, yielding near-neutral
pH (Kaszuba & Janecky 2009).

Gilfillan et al. (2008, 2009) studied stable carbon
3'13C (CO,) isotope tracers from natural CO,-bearing
siliciclastic and carbonate gas reservoirs around the
world. They explored CO, dissolution into formation brine
at various pH values as the primary sink for CO, and
precipitation of CO, as carbonate minerals. Nevertheless,
this process is very site- and condition-dependent and,
in several cases, no important rock—fluid interaction
impact on the petrophysical properties of the reservoir
host rocks has been reported (Prieditis et al. 1991; Kamath
et al. 1998).

MATERIAL AND METHODS

The porosity (@) and gas permeability (K) data of 115
samples, including those from six drill cores (E6-1/84,
E7-1/82, South Kandava 24 and 27, Dobele 91 and 92)
described in old exploration reports (Silant'ev et al. 1970;
Dmitriev et al. 1973; Babuke et al. 1983; Andrushenko et
al. 1985), from the Liepaja-San borehole (GEOBALTICA
project, Shogenova et al. 2009a) and the ones recently
measured in IFP Energies nouvelles (IFPEN, French

Petroleum Institute, Paris) (Shogenov et al. 2013a, 2013b),
were used for the classification of the reservoir quality
of sandstones. Gas permeability was calculated as an
average value of reported permeability measured in
horizontal and vertical directions. A more detailed
description of permeability measurements from the Liepaja
structure (Liepaja-San borehole) is given in Shogenova
et al. (2009a). The physical properties of 139 samples
from seven boreholes (offshore E6-1/84 and E7-1/82,
onshore South Kandava 24 and 27, Dobele 91 and 92,
Liepaja-San), measured recently or reported earlier, were
used in this study. The K values of 127 samples and @
values of 128 samples, grain density of 102 samples,
bulk density of 129 dry samples, P-wave velocity (Vp)
in 60 dry samples and S-wave velocity (Vs) in 10 dry
samples comprised the recent and earlier data (Shogenova
et al. 2001b; Shogenov et al. 2013a, 2013b).

Twelve rock samples of the reservoir sandstones
of the Deimena Formation from four boreholes drilled
onshore in the South Kandava structure and offshore
in the E6 and E7 structures (Fig. 1, Table 1) and stored
in the Latvian Environmental, Geological and Meteoro-
logical Centre were used for the CO, injection-like
alteration experiment conducted at the IFPEN. Detailed
descriptions of the methods applied are available in
Shogenov et al. (2013a, 2013b). Bulk and grain helium
density, helium porosity, gas permeability and acoustic
wave velocities in dry samples, the chemical and
mineralogical composition and surface morphology
were studied in the 12 selected rocks both before and
after the experiment. Due to partial destruction of several
samples during the experiment, it was possible to measure
K values in 11, Vp in nine and Vs in three samples. The
total chemical composition of the samples was measured
by X-ray fluorescence (XRF) analysis by Acme Analytical
Laboratories Ltd. before and after the alteration
experiment. CaO, MgO and insoluble residue (IR) were
measured by the titration geochemical method only
before the experiment. Thin sections of the samples
were studied in the Institute of Geology at Tallinn
University of Technology (IG TUT) using a Scanning
Electron Microscope (SEM) equipped with an energy
dispersive spectrometer (EDS). The thin sections were
made after the experiment from the rock—fluid contact
zone where alteration was confirmed by the high
solubility of the samples. Due to partial destruction of
some rocks, the weight of the samples was measured
both before and after the experiment.

The CO, injection part in our experiment was
simplified to consider only the impact on the contact
area between acidified fluid and the studied rocks. This
simplification ensures a homogeneous distribution of
brine on the core scale and allows us to avoid very local
‘worm-holing’ effects on samples and erroneous physical
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measurements (Egermann et al. 2006; Bemer & Lombard
2010). The homogeneous alteration method, or retarded
acid approach, was conducted at IFPEN. It constitutes
in the placement of samples into the Hastelloy cell
maintained under vacuum conditions and injection of an
acid solution. Acid treatment was performed at 10 bar
pressure and temperature of 60°C (for at least one day),
simulating CO,-rich brine in an aquifer characterized by
lowered pH (approximately three units). This method
has been developed and described in detail in Egermann
et al. (2006) and Bemer & Lombard (2010). The day
after, each sample was placed in a 25-mm-diameter cell
and flooded by three pore volumes of 20 g L™! NaCl
brine at 20°C to stop the weathering. After this flooding
the samples were dried in an oven for three days. The
procedure was repeated three times.

Siliciclastic rock samples with good reservoir
properties are often weakly cemented. In order to keep
their regular shape in the experiments involving the
flushing of samples with supercritical CO, and brine,
the use of samples of various sizes and shapes was
allowed by the implemented alteration method.

EXPERIMENTAL AND INTERPRETATION
UNCERTAINTIES

Experimental uncertainties include the quality control
of petrophysical measurements. To distinguish between
a real trend in a data set and variation due to the
experimental uncertainty, the American Petroleum Institute
(API 1998) has recommended reporting core analyses
data together with a statement of the uncertainty with
which these data were recorded.

Variations in the permeability and acoustic velocity
measurements were quite high in the presented study
due to the sample sizes that differed from the standard
ones at the IFPEN petrophysical and petroacoustic
laboratories. The standard samples were 40 mm in
diameter and 80 mm in length, thus the length/diameter
ratio should be higher or equal to two (Egermann et al.
2006). The studied samples were 25 mm in diameter
and 11-27 mm long. Therefore, the experimentally
established accuracy (using replicate measurements of
each sample) was 20% for the K values, and 10% for
P- and S-wave velocity measurements for the used
petroacoustic installations.

The accuracy of grain density measurements was
<0.7%. It consisted of an analytical balances (from
Mettler Toledo) accuracy of 0.2% (estimated experi-
mentally) and less than 0.5% pycnometer accuracy for
sample solid volume measurements (AccuPyc from
Micromeritics), given as the default error. The accuracy
of bulk density measurements due to the balances accuracy

(0.2%) and GeoPyc pycnometer (from Micromeritics) for
the estimation of the total sample volume with reported
default accuracy of 1.5% was 1.7%. The porosity measure-
ments, supported by the high accuracy pycnometers from
Micromeritics (GeoPyc and AccuPyc with 1.5% and 0.5%
accuracy, respectively), provided a total of 2% accuracy.

The uncertainties and variations due to the accuracy
of the measurements of altered petrophysical parameters
and possible mistakes caused by changes in the sizes
and shapes of rock samples were checked using well-
known relationships: bulk density—porosity and acoustic
velocity—porosity negative correlations; permeability—
porosity positive correlation in general and available
scatter from this relationship for the sandstones of the
Deimena Formation in the studied region; and acoustic
velocity—matrix and bulk density positive correlations
(Schon 1996; Sliaupa et al. 2001; Mavko et al. 2003;
Shogenova et al. 2009a).

RESULTS
Assessment of the quality of the reservoir rocks

Considering the permeability and porosity requirements
for CO, geological storage (Van der Meer 1993;
Chadwick et al. 2006; Vangkilde-Pedersen & Kirk
2009; Tiab & Donaldson 2012; Halland et al. 2013),
hydrocarbon reservoir classification by these parameters
proposed by Khanin (1965, 1969) and earlier and recent
data of 115 sandstone samples (Shogenova et al. 2009a;
Shogenov et al. 2013a, 2013b), we subdivided the reservoir
sandstones of the Deimena Formation into four groups
and eight classes based on reservoir quality (Tables 1, 2,
Fig. 2). The groups were distinguished using the
permeability limits of 300, 100, 10 and 1 mD. Each
group was subdivided into two classes of various porosity.
The reservoir rocks of the first group that are ‘very
appropriate’ for CGS, having the highest permeability
and high porosity, were subdivided into ‘high-1" (porosity
>20%) and ‘high-2’ (porosity 9-20%) quality classes I
and II, respectively. The second group, ‘appropriate’ for
CGS, composed of rocks with a permeability of 100—
300 mD, was subdivided into ‘good’ and ‘moderate’
quality classes III and IV (porosity >18% and 9-18%,
respectively). The third group, ‘cautionary’ for CGS,
contains rocks with a permeability of 10-100 mD and
was subdivided into ‘cautionary-1’ and ‘cautionary-2’
classes V. and VI (porosity 18-23% and 7-18%,
respectively). The last group, ‘not appropriate’ for CGS,
comprises rocks with a permeability <10 mD. It was
subdivided into ‘low’ and ‘very low’ quality classes VII
and VIIIL Class VII comprises rocks with a permeability
of 1-10 mD and porosity 7-18%, and class VIII contains
rocks with a permeability <1 mD and porosity <18%.
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Table 2. Average properties of the sandstones of the Deimena Formation before the alteration experiment

Group| Class | Reservoir K (mD) D (%) Grain density (kg m™) | Bulk density dry (kg m™)
quality min—max/mean(N) | min—max/mean(V)| min—max/mean(N) min—max/mean(V)
1 I High-1 334-763/525(11) 20.1-25.8/22.3(10) 2670-2718/2694(10) 1807-2150/2034(11)
I High-2 347-600/440(9)  12.5-19.2/17.2(10) 2680-2730/2707(10) 2110-2260/2167(10)
2 I Good 113-295.5/183(17) 19-25.5/22.5(17)  2680-2725/2700(2) 1980-2130/2050(17)
v Moderate 102-261/186(8)  12-17.8/14.8(8)  2640-2750/2693(6) 2200-2330/2274(8)
3 \% Cautionary-1 33-84/62(12) 18.5-22.9/20.8(12) 2630-2720/2677(6) 2020-2310/2133(12)
VI Cautionary-2 16-94/45(41) 8.5-16.2/12.1(41)  2600-2820/2661(39)  2250-2430/2334(41)
4 VII  Low 1.5-10/6.2(8) 7.95-17.5/13.1(8)  2660-2730/2683(7) 2210-2450/2315(8)
VII  Very low 0.001-0.7/0.2(10) 0.8-16.3/8.9(10)  2664-2840/2712(10)  2200-2780/2452(10)

K, gas permeability; @, porosity; min, minimum; max, maximum; mean, average; N, number of studied samples

(measured and reported).
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Fig. 2. Gas permeability versus porosity of the reported and measured sandstones of the Deimena Formation from two offshore
and three onshore structures in eight reservoir quality classes I-VIII (Tables 1, 2) based on: (A) 115 samples reported and
measured before the alteration experiment in terms of five structures; (B) 115 samples reported and measured before the alteration
experiment (empty symbols) and 12 samples measured after alteration (black symbols) in terms of eight reservoir quality classes.

Perm., gas permeability; Por., porosity.

Every reservoir quality class is characterized by
a unique set of petrophysical parameters. However,
rocks in groups one and two, ‘very appropriate’ and
‘appropriate’ for CGS, respectively, differ mainly in
permeability, but have a common range of porosities,
determining their similarities in other physical properties
(Tables 1, 2).

The first group, ‘very appropriate’ for CGS (classes 1
and II), includes samples from the offshore E6, onshore
Dobele-92 and Liepaja-San boreholes.

The second group, ‘appropriate’ for CGS, class 111, is
composed of rocks from the E6-1/84 borehole, while
class IV also includes rocks from the E7-1/82 and Liepaja-
San boreholes.

The third group, ‘cautionary’ for CGS, ‘cautionary-1’
class V, includes samples mainly from the E6-1/84
borehole, while ‘cautionary-2’ class VI contains mostly
rocks from the E7-1/82 borehole.

The last, ‘very low’ reservoir quality class VIII from
the fourth group, ‘not appropriate’ for CGS, includes
clay-cemented samples from the E7 structure and
carbonate-cemented samples from the South Kandava
structure, supplemented by three samples from the
Dobele and Liepaja structures (Fig. 2A). Class VII
includes the samples (E6, E7, Liepaja and Dobele
structures) which had higher permeability and porosity,
lower grain and bulk density and P-wave velocity than
the rocks of class VIII.
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Assessment of the reservoir quality of sandstones
before and after alteration

According to the chemical and lithological classification ™ . i
proposed by Shogenova et al. (2005, 2006), sample S 2835888 IE=FEEE =
Kn27-4 is a mixed carbonate-siliciclastic sandstone 2 <5i ceeeeesee T TS .§
(50 <IR <70%), while the other studied samples = o 2] 0 o oo §
ege o . - o
(E6-1-E6-3, E7-1-E7-7 and Kn24-4) are siliciclastic —; 3% 222 cDo®Rxaz
sandstones (IR > 70%) of different quality, clay and K= M 3
carbonate cement content (Table 3). g Sl e o ao — oo m é
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5] ) =
samples of classes IV, VI and VFI. Offshore sgndstones £ S olsl e T2335838388 &
from the E7 structure are mainly of ‘cautionary-2’ 3 |7 glees goeegee—° &
reservoir quality class VI, while rest of the samples I o . g
belong to classes IV-VIIL. Clay-cemented samples from E 1572w s aae e — s o 2
: : o 5 ] Clococo—~—oconmn R — 5
the downward part of the E7 reservoir (70 < SiO, < 90% £ i glSssSSSsssSss~=s £
and Al,O; > 5%, Table 3) and carbonate-cemented = 2
samples (65 <Si0,; <85% and CaO > 5%, Table 3) £ g S88EEC=EEERS T
from the upward part of the onshore South Kandava 5 | eceeeeeeeend 3‘;
. . = [ |
structure are in ‘very low’ quality class VIII. < R <
s . B y . . = Ol oot O 00—~ 5]
The ‘high-1’ and ‘good’ reservoir quality (classes | g gleDzmeeaonce—ve 5
. o D PO oo OO OO NN g
and III, respectively) quartz sandstones from the E6 5 M - 8
structure are mainly composed of quartz, with minor 2 . E )
amounts of clay (illite and/or kaolinite) and carbonate 5 El e e e n eI 28
. . . = <[ DA X E_’E
cement forming minerals, admixture of feldspar and g S 57
. . . EC =1
accessory minerals represented by pyrite, barite, anatase s 7l e )
R X = S5lettnmooead—o 5=
and/or brookite apd zircon (Shoger.lov et al. 2013a, s ;“3 555225555528 §2
2013b). Increase in effective porosity, supported by g Iy
decrease in bulk and grain density, and slight decrease E’ 2y
in sample weight, due to the dissolution of minor carbonate 2 |3 =l 333322232235 5 5
cement, displacement of clay cement after the experiment S 2| |ece°cceesSeSds %%
. . . o o . o= =
and minor increase in microfractures in grains, were 8 | 2E S E
determined after the alteration experiment in the samples =4 gl _|E B e
: : Z |5glZ|g222g2s2 738 52
from this structure (Tables 3, 4, Figs 3, 4). However, the 2 S| B|E| R == =R~ ) o 25
. . A X = ‘ggoo———o-—v—v—-—v—@_ < =
changes in permeability and porosity did not cause a ° gl |& P S
significant change in their reservoir quality and samples 2 18R =
. . : B = = 2
from the E6 structure remained in the same ‘high-1’ and e § o TIINFTLLLIITET S8
‘good’ reservoir quality classes after the experiment kS SESE5EEERsegs 2 2
(Table 4, Fig. 2). g B e
The sandstones from the E7 offshore structure are £ | e G A Ao 2 &
. S = o~ 3 e an el e 2 ”
also mainly composed of quartz. Compared to sandstones = 5SE |[S2852828833Rg |8
. . o A 0 00NN MMEMNM— N )
present in the E6 structure, sandstones in the E7 structure E —— e = 87
in some parts of the Deimena Formation contain more 6" gz
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clay and carbonate minerals, including ankerite, dolomite, - =2 ¥ % & 3z
. f g < < -8
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kaolinite and illite. Sandstones in the upper part of the = BRREEEEEnngS |25

Deimena Formation are mostly cemented by quartz-
generated cement. Rocks in the lower part of the
formation are characterized by conformation of quartz
grains due to dissolution under pressure (Shogenov
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et al. 2013a, 2013Db). Reliable changes in the physical
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Fig. 3. Bulk density measured on dry samples versus porosity of the sandstones of the Deimena Formation from two offshore and
three onshore structures: (A) for 115 samples reported and measured from seven boreholes before alteration; (B) for 115 samples
reported and measured before alteration (empty symbols) and 12 samples measured after alteration (black symbols) in terms of
reservoir quality classes I-VIII (Tables 1, 2). Perm., gas permeability; Por., porosity.

' 800x zoom ‘

Fig. 4. SEM microphotographs of thin sections of reservoir
fine-grained poorly sorted Deimena Formation sandstone
sample E6-3 (Table 3) before (left) and after (right) the
alteration experiment. The composition is oligomictic, charac-
terized by predominantly subrounded to subangular quartz
grains. Clay cement indicated on zoomed photos locally
blocks porous media and accounts for about 5%. Open
porosity is mostly interparticle, locally also intraparticle. The
measured porosity of E6-3 after the alteration experiment
(24.1%) was confirmed by visual analysis of thin sections
(20-30% by Shvetsov 1948, Table 4). Slightly increased
permeability (Table 4) could be explained by the dissolution
of minor carbonate cement (Table 3), displacement of clay
cement after the experiment and minor increase in micro-
fractures in grains (right part). Sample E6-3 is of ‘high-1"
(class I) reservoir quality sandstone, very appropriate for CGS
with no changes in the reservoir quality after the experiment.

due to partial dissolution of carbonate cement (expressed
by a decrease in CaO content from 15.69% before to
12.23% after alteration, Table 3). It was accompanied

by reduction in P- and S-wave velocity and bulk density,
associated with dramatically increased effective porosity
and permeability induced by chemical alteration (Table 4,
Figs 2B, 3B, 5, 8). This caused an improvement of the
reservoir quality of this sample up to ‘high-2’ reservoir
quality class II, “very appropriate’ for CGS (group 1).

DISCUSSION

This study provides a set of experimental data concerning
the change in the petrophysical properties of rocks
under chemical alteration. The presented results do not
allow yet the definition of constitutive laws taking the
chemomechanical coupling into account.

The permeability of the studied sandstones varies by
six orders of magnitude and by four orders of magnitude
at a single porosity. At the same time the porosity of
these sandstones varies in the range of 0.8-25.8% and
can vary 2-2.5 times for a single permeability. Porosity
and permeability are related to different properties
of pore space geometry. This explains the correlation
between porosity and permeability, but also the scattering
of such correlations indicating strong additional influences
(Schon 1996).

Great variability of the porosity of Cambrian sand-
stones in the Baltic Basin is explained by variation in
their composition, grain size and sorting, pore structure,
cementation, diagenetic alteration, burial depth and
compaction, tectonic and geothermal conditions, and
variation in onshore and offshore facies, especially in
the northern and southern parts of the basin. As the
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Fig. 5. (A) P-wave velocity versus grain density in dry sandstones of the Deimena Formation, reported (27 samples), and measured
before (8 samples) and after (9 samples) the alteration experiment; (B) P-wave velocity versus porosity in dry sandstones, reported
(52 samples), and measured before (8 samples) and after (9 samples) the alteration experiment (for legend see Fig. 5A). A decrease in
the grain density in all samples and a decrease in the velocity in most of the samples were determined after the experiment.

Fig. 6. SEM microphotographs of thin sections of reservoir
carbonate-cemented medium- to fine-grained well-sorted
Deimena Formation sandstone sample E7-3 (Table 3) before
(left) and after (right) the alteration experiment. The sandstone
composition is oligomictic, characterized by predominantly
subrounded quartz grains. The sample is characterized by tight
compaction of grains. Interparticle porosity is connected by
very thin intermediate channels responsible for low permeability
before alteration (Table 5). Visual analysis of thin sections
(left and right) confirmed the measured results (10-15% by
Shvetsov 1948, Table 5). The light-coloured area is carbonate
cement (calcite, ankerite and dolomite), locally making more
than 50% of the rock pore volume. Traces of the dissolution
and microfracturing of carbonate cement on the edges
of grains and inside the pore filling and the displacement
of clay cement blocking pores were determined after the
experiment (right). Increase in microporosity is responsible
for increase in permeability measured after alteration
(Table 5). Sample E7-3 is of ‘cautionary-2’ reservoir quality
(class VI) with improved quality up to ‘moderate’ (class IV)
after alteration.

12

Fig. 7. SEM microphotographs of thin sections of trans-
reservoir carbonate-cemented medium-grained poorly sorted
Deimena sandstone sample Kn24-4 (Table 4) before (left) and
after (right) the alteration experiment. The composition is
oligomictic, predominantly characterized by subrounded quartz
grains. XRD analyses revealed very minor presence of ankerite
(Ca(Fe,Mg,Mn)(COs3),) minerals. The light-coloured area is pore
filling ankerite cement, occupying more than 50% of pores in the
thin section. The presence of about 5% clay-supported matrix
was determined before the alteration experiment. Clay-supported
matrix is locally blocking interparticle porous media (left).
The porosity has very thin intermediate channels responsible for
very low permeability before alteration. Visual analysis of thin
sections confirmed the measured porosity (5-10% by Shvetsov
1948, Table 4). Traces of the dissolution and microfracturing
of carbonate cement on the edges of grains and inside the pore
filling and displacement of the clay-supported matrix blocking
pores after the experiment were determined (right). This pheno-
menon explains drastically increased permeability measured
after alteration (Table 4). Sample Kn24-4 was of ‘very low’
reservoir quality before the alteration experiment and became
of ‘moderate’ reservoir quality (class IV) after the experiment.
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Fig. 8. SEM microphotographs of thin sections of trans-
reservoir carbonate-cemented sample Kn27-4 from medium-
to very fine-grained (fine-grained in general) unsorted Deimena
sandstone (Table 3) before (left) and after (right) the alteration
experiment. The composition is oligomictic, characterized
by predominantly subrounded—subangular quartz grains.
XRD analyses revealed minor calcite. The white-coloured
area is pore filling calcite cement (carbonate), occupying
almost 100% of pore space in the thin section. The appearance
of new pores, which take up 1-5% of intragrain volume, was
determined before the alteration experiment (left). Visual
analysis confirms laboratory measurement data (Table 5). The
zoomed image (lower left) of the thin section before alteration
shows very thin interconnections between pores within
carbonate cement, which makes the propagation of gases
and liquids almost impossible (permeability = 0.001, Table 5).
Spotted dissolution of cement with the destruction of cement
matrix and locally quartz grains was observed after alteration
(right). This phenomenon is responsible for drastically increased
porosity and permeability after alteration (Table 5). Sample
Kn27-4 was of ‘very low’ reservoir quality sandstone. During
the alteration experiment its reservoir quality improved up
to ‘high-2” (class II), “very appropriate’ for CGS (Table 1).

studied sandstones of the Deimena Formation are located
in the central middle part of the Baltic Cambrian Basin
(700-1700 m depth), transitional from its northern
shallow to southern deep part, they could have properties
of both parts of the basin. However, even the porosity
and permeability of uncompacted Cambrian sandstones
from the shallow part of the basin range from very low
values (1.5% and 0.001 mD, respectively), due to a high
share of carbonate cement, to some 40% and 1300 mD
in weakly cemented rocks (Shogenova et al. 2009a).
The porosity of sandstones in the southwestern deep
Lithuanian part of the basin (>1700 m) is mostly lower
than that in carbonate- and clay-cemented sandstones
in the shallow and middle parts of the basin, ranging
within 0.4-12.4%. This is explained by compaction and
secondary quartz cementation. However, the permeability
of rocks in the southern part is varying in a rather wide
range (0.003-960 mD) (Sliaupa et al. 2001, 2008b;
Cyziené et al. 2006; Shogenova et al. 2009a). Considering
these porosity and permeability ranges, the classifi-

cation of the reservoir rocks for CO, storage (Table 1),
proposed in this research for the middle Latvian—
Lithuanian parts of the basin (700—1700 m depth), could
be adopted to shallow and deep parts of the basin with
some possible corrections of porosity ranges for the
reservoir quality classes in the deep part.

The initial permeability and porosity of the sand-
stones studied in the experiment were mainly controlled
by the amount and type of diagenetic cement. Sand-
stones of ‘very low’ reservoir quality class VIII with the
highest content of carbonate and clay cement had the
lowest permeability (0.001-0.7 mD). The porosity
of carbonate-cemented sandstones with the given
permeability was lower than in clay-cemented samples
(Tables 1, 3, Fig. 2). This corresponds to the results
reported for the northern shallow part of the basin,
where carbonate cementation has higher influence on
the reduction of the porosity of Cambrian sandstones
than clay cement, and grain-size influences the porosity
of these rocks to a lesser degree than cementation
(Shogenova et al. 2001a).

In sandstones from the offshore Lithuanian E7-1/82
and Latvian E6-1/84 boreholes, characterized by the
same amount of clay and carbonate cement, lower
permeability and porosity values were detected in the
more compacted sandstones from the deeper E7 structure
(class VI). Our study revealed different rock micro-
structure of sandstones of the Deimena Formation. For
example, sandstone from the E6 structure (E6-3, Fig. 4)
was characterized in general by fine grain size (0.25—
0.125 mm, Krumbein phi scale, Krumbein 1934), poor
sorting of the material and clay cement content of 5%.
Sandstone from the E7 structure (E7-3, Fig. 6) is medium-
(0.5-0.25 mm) to fine-grained, well-sorted with a high
content of carbonate cement (about 50%). Sandstones
from the South Kandava structure are medium- to very
fine-grained (0.125-0.63 mm), poorly sorted to unsorted,
with 50-100% carbonate in pore space and, in addition,
several per cent of clay cement. At the same time, due
to heterogeneity, the rock properties could vary at
different depths even in one geological structure (e.g. in
E6) (Shogenov et al. 2013Db).

The main difference between previous classifications,
given for hydrocarbon reservoirs, recommendations for
reservoirs ‘appropriate’/‘not appropriate’ for CGS and
the new classification proposed in this research for the
sandstones of the Deimena Formation is the overlapping
porosity of rock groups divided by permeability (Table 1).
For this reason every group is subdivided into classes
distinguished by porosity. Still, the petrophysical
parameters depending on porosity, like bulk density and
velocity, can also overlap for some classes. However,
every reservoir quality rock class is characterized by a
unique set of petrophysical, chemical, mineralogical and
microstructural parameters (Table 2, Figs 4, 6-8).
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The initial and altered effective porosity and
permeability of the reservoir samples from the E6
structure were ranked as of ‘high-1" and ‘good’ reservoir
quality (classes I and III, respectively), or ‘very
appropriate’ and ‘appropriate’ for CGS, respectively
(groups 1 and 2, Table 1). The porosity and permeability
of sandstones from the E7 structure were significantly
lower (class VI) than in rocks from E6. The initial and
altered permeability of the clay-cemented sandstones
from the E7 structure (0.13-0.18 mD) and the initial
permeability of the carbonate-cemented sandstones from
the South Kandava structure (0.001-0.28 mD) were in
‘very low’ reservoir quality class VIII. The reservoir
quality of rocks decreases with increasing depth because
of rock compaction, rising temperature, conformation of
grains and increasing quartz cementation of sandstone
with growing depth in the Baltic Basin (Shogenova et
al. 2001a, 2001b, 2009a; Sliaupa et al. 2001). Our study
confirms these results — the shallowest offshore structure
EG6 has the best reservoir properties of sandstones.

The effective porosity of most samples did not
change during treatment and was supported by stable
(E7-1, E7-5) or little varying (E7-4, E7-6) permeability
values (Table 4, Fig. 2). Other samples showed some
variation in effective porosity with stable permeability.
At the same time, sample E7-3 revealed a slight
decrease in effective porosity but a significant increase
in permeability (up to 2 times after the alteration
experiment). An increase in permeability, correlated
with a decrease in grain density and supported by
unchanged initial porosity, could be explained by
modifications of pore space geometry and grain shape
changes that control capillary forces (Schon 1996). We
determined a minor dissolution of sandstone cement,
including dolomite and ankerite (Table 3, Fig. 6), which
was insignificant for effective porosity change but sub-
stantial for permeability increase. Mineral precipitation
and/or cement dissolution, as well as relocation and
displacement of clay cement, which blocks pores, took
place in the samples characterized by decreased effective
porosity. Thin section study showed that the clay fraction,
represented by an insignificant amount (about 5%) of
kaolinite and/or illite in porous media of the studied
samples, was displaced from the pores after the alteration
experiment (Figs 4, 6, 7). The type of clay mineral present
is important for the reservoir quality of sandstone.
Different influence of kaolinite and illite on porosity
and permeability change has been explained earlier.
According to Tucker (2001), pore-filling kaolinite reduces
the porosity of sandstone, but has little effect on
permeability, while pore-lining illite reduces permeability
considerably by blocking pore throats but has little
effect on porosity. We are not focusing on the clay
fraction due to the minor presence of clay minerals in
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the studied samples and insignificant alteration of
properties related to the clay cement displacement after
the experiment.

Before the alteration experiment trans-res carbonate-
cemented quartz sandstone samples Kn24-4 (ankerite-
cemented) and Kn27-4 (calcite-cemented) had low and
very low effective porosity and permeability (class VIII,
Tables 1, 4). In both samples we determined the
dissolution of ankerite and calcite cements with minor
displacement of clay cement blocking pores. However,
both types of cement dissolution affected the alteration
of petrophysical properties. We observed a more signi-
ficant increase in effective porosity and permeability
in calcite-cemented sandstone Kn27-4. The sample was
relocated from the ‘very low’ reservoir quality class VIII
rank (‘not appropriate’ for CGS) to ‘high-2’ quality
class I (‘very appropriate’ for CGS) due to final
improvement in petrophysical properties (Tables 1, 4).
These changes were supported by the dissolution of the
carbonate mineral phase, expressed in the decrease in
CaO values (3.5%) measured by XRF analysis after
the alteration experiment (Table 3). The dissolution of
the carbonate mineral phase in ankerite-cemented sand-
stone Kn24-4 is also expressed by the decrease in CaO
(1.7%) measured by XRF analysis after the alteration
experiment (Table 3). This sample was relocated from
‘very low’ reservoir quality class VIII (‘not appropriate’
for CGS) to ‘moderate’ quality class IV (‘appropriate’
for CGS) (Tables 1, 4). Minor improvement of the rock
properties compared to calcite-cemented sandstone Kn27-4
was observed (Table 4).

Previously reported results of laboratory experiments,
numerical modelling and field monitoring of CO,—
reservoir rock interactions (e.g. Czernichowski-Lauriol
et al. 2006; Egermann et al. 2006; Izgec et al. 2008;
Kaszuba & Janecky 2009; Bemer & Lombard 2010;
Nguyen et al. 2013) concur with our data. Partial
dissolution of carbonate cement (calcite, dolomite and
ankerite) and other secondary minerals associated with
significant increase, and in some places slight variation
in porosity and permeability were determined in the
reservoir rocks.

Thin section study allowed qualitative estimation of
the mineral dissolution in carbonate cement. Although
we expected carbonate cement to dissolve more intensely,
it dissolved only on the edges of grains and partially
inside the pore filling. This phenomenon could be
explained by the reduction in the acidity of brine and
increase in pH to the pre-experimental level during the
experiment due to the dissolution of a certain amount of
carbonate cement material. This means that CGS in the
areas with substantial carbonate cementation of reservoir
rock will not cause a significant dissolution of cement in
the long term, which lowers the level of leakage risks.
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However, this statement is very site-specific and must
be approved by fluid-flow modelling in every certain
storage site.

The grain and bulk dry density and P-wave velocity
measured in this research were mainly within the limits
corresponding to the data earlier reported for the middle
part of the Baltic Cambrian Basin. Maximum values of
P-wave velocity measured before the experiment for
carbonate-cemented sandstones from the South Kandava
structure (5400—4556 ms™') were similar to the data
measured earlier for carbonate-cemented sandstones of
the northern shallow part of the basin. The decrease in
P-wave and S-wave velocity in the dry samples after
the alteration experiment, determined in most of the
reservoir sandstones, is explained by the increase in
porosity and/or decrease in grain and bulk density (Fig. 5).
The lowest acoustic velocity before the alteration was
in the range of the lowest previously obtained values
(Shogenova et al. 2001a, 2001b), while after the
experiment the P-wave velocity of sample E7-6 became
the lowest among earlier and recently measured velocities
(Table 4). The grain density, measured before the alteration
experiment for 12 sandstone samples, was in the limits
of 2664-2746 kg m™, decreasing after the experiment to
2635-2676 kg m™ (Table 4).

The studied samples from the offshore reservoirs
(E6 and E7) are typical rocks of the Deimena Formation
of Cambrian Series 3 in the Baltic Basin. Thereby,
petrophysical alterations described in this study are
an important piece of the puzzle when CGS will be
modelled in the basin scale.

According to the data in Shogenov et al. (2013a,
2013b) and the classification presented herein, the South
Kandava, E6 and E7 structures were re-estimated for
CGS in the Cambrian Deimena Formation in the Baltic
Basin. The reservoir sandstones of the Deimena
Formation in the South Kandava and E6 structures had
an identical average porosity of 21%, while their average
permeability differed twofold, being 300 and 150 mD,
respectively. The estimated good reservoir quality
of sandstones in these structures was assessed as
‘appropriate’ for CGS. The reservoir quality of the
sandstones of the E7 offshore structure, estimated as
‘cautionary-2’ (average porosity 12% and permeability
40 mD), was the lowest in the studied structures and
was assessed as ‘cautionary’ for CGS.

CONCLUSIONS

1. Based on the recently and earlier measured gas
permeability and porosity, a classification of the
reservoir quality for CO, geological storage was
proposed for sandstones of the Deimena Formation

of Cambrian Series 3 in the middle part of the
Baltic Basin. According to their practical application
to CGS, the rocks were divided into four groups by
permeability (very appropriate, appropriate, cautionary
and not appropriate) and eight reservoir quality classes
were distinguished within the groups by porosity
(high-1 and high-2, good and moderate, cautionary-1
and cautionary-2, low and very low). The proposed
classification of the reservoir quality of sandstones
helped to estimate the significance of their petro-
physical changes caused by geochemical processes
during the CO, injection-like alteration experiment.

2. The rocks of the initially four reservoir quality

classes were studied both before and after the CO,
injection-like alteration experiment. The greatest
changes in the composition and properties of the
rocks, caused by geochemical alteration during the
experiment, were determined in two carbonate-
cemented transitional reservoir sandstones from the
uppermost part of the South Kandava onshore reservoir
(0.2-0.3 m below cap rock). Partial dissolution of
pore filling carbonate cement (ankerite and calcite)
and displacement of clay cement, which blocks pores,
caused a significant increase in effective porosity,
drastic increase in permeability and a decrease in
samples’ weight, bulk and grain density and P- and
S-wave velocity. As a result of these alterations
carbonate-cemented sandstones of initially ‘very low’
reservoir quality (class VIII), ‘not appropriate’ for
CGS, acquired an ‘appropriate’ for CGS ‘moderate’
(class IV) or ‘very appropriate’ for CGS ‘high-2’
reservoir quality (class II).

3. Significant increase in effective porosity and perme-

ability after the alteration experiment was detected
in calcite-cemented sandstone Kn27-4 compared to
ankerite-cemented sandstone Kn24-4. Only partial
carbonate cement dissolution occurred on the edges
of grains and inside the pore filling in the samples
with carbonate cement (e.g. E7-3, Kn24-4 and
Kn24-7), which is explained by reduction in the
acidity of brine and increase in pH equilibrium during
the experiment compared to the pre-experimental state.

4. The composition and properties of clay-cemented

sandstone with initially ‘very low’ reservoir quality
(class VIII), ‘not appropriate’ for CGS, from the lower
part of the offshore E7 structure changed slightly. Its
permeability (0.18-0.23 mD) was not improved during
the experiment and these rocks remained in the ‘very
low’ reservoir quality class.

5. Variation in the properties of sandstones from the

middle and upper parts of the E7 structure of initially
‘cautionary-2’ reservoir quality (class VI) did not
cause significant changes in their reservoir quality,
except for one sample with notably increased perme-
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ability, rising its reservoir quality into ‘moderate’
(class IV), ‘appropriate’ for CGS.

6. Slight variations in the composition and properties
of the ‘high-1’ reservoir quality sandstones from the
E6 offshore structure did not cause significant changes
in reservoir quality and they remained in their initial
quality classes (‘high-1’ and ‘good’ quality classes I
and III). These changes were interpreted as insigni-
ficant mineral dissolution and some displacement
of clay cement from the pore space, which caused
slight mechanical weakening and a decrease in the
weight, grain and bulk density, possible slight increase
in the effective porosity in all the structure, as well
as probable increase in the permeability of the rocks
from the lowermost part of the E6 reservoir.

7. The reservoir sandstones of the Deimena Formation
in the South Kandava and E6 structures had an
identical average porosity of 21%, but their average
permeability differed twofold, being 300 and 150 mD,
respectively. The good reservoir quality of sandstones
in these structures was assessed as ‘appropriate’
for CGS. The reservoir quality of the sandstones of
the E7 offshore structure, estimated as ‘cautionary-
2’ (average porosity 12% and permeability 40 mD),
was the lowest in the studied structures and was
assessed as ‘cautionary’ for CGS.

8. The obtained results indicate some possible physical
processes that could occur during CGS in the studied
onshore and offshore structures. These results, being
the first of this type in the central part of the Baltic
Basin, are also important for the southern and western
parts of the Baltic sedimentary basin, which have
CO, storage capacity in the Cambrian aquifer
(Lithuania, Sweden, Kaliningrad Region and offshore
Poland). However, they should be supported by
additional laboratory experiments and fluid-flow
modelling of the CO, storage in the Cambrian sand-
stones both in the structures and basin scale for
better assessment of the possible storage scenarios
and their safety.
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Selection Criteria. Geological Survey of Denmark and

Kambriumi liivakivide reservuaarikvaliteet ja petrofiiiisikalised omadused ning nende
evolutsioon Balti basseinis CO, geoloogilise ladustamise eksperimentaalse
modelleerimise viltel

Kazbulat Shogenov, Alla Shogenova, Olga Vizika-Kavvadias ja Jean-Frangois Nauroy

Kiesoleva uurimistd6 eesmirkideks olid: 1) anda tilevaade kehtivatest soovitustest ladustamisreservuaaridele ja vilja
pakkuda nende kvaliteediklassifikatsioon, kasutades Kambriumi Seeria 3 Deimena ladestu katseandmeid; 2) kindlaks
teha voimaliku CO, geoloogilise ladustamise (CGS) m&ju Deimena ladestu liivakivide omadustele ja reservuaari-
kvaliteedile; 3) rakendada ettepandud klassifikatsiooni ladustamisreservuaaridele ja nende evolutsioonile CGS-i kestel
Balti basseinis.

Baseerudes gaasildbilaskevdimele ja poorsusele, pakuti vélja reservuaarikivimite CGS-i kvaliteedi uus klassifikat-
sioon Balti settebasseini Deimena ladestu liivakividele, mis on kaetud Alam-Ordoviitsiumi savi- ning karbonaatsete
kattekivimitega. Liivakivid jagati labilaskevdime alusel nelja gruppi vastavalt nende CGS-i praktilisele kasutata-
vusele (‘vdga sobivad’, ‘sobivad’, ‘ettevaatust ndudvad’ ja ‘ebasobivad’) ning tdiendavalt jagati grupid poorsuse alusel
kaheksaks reservuaarikvaliteediklassiks.

Mandrilise Louna-Kandava ja mereliste E6 struktuuri (Létis) ning E7 struktuuri (Leedus) petrofiitisikalised, geo-
keemilised ja mineraloogilised parameetrid médrati enne ning parast CO, sisestamist imiteerivat muutmiseksperi-
menti. Kdige mérkimisvdarsemad muutused uuritud kivimite koostises ja omadustes leiti Lduna-Kandava mandrilise
struktuuri tilemiste kihtide karbonaatse tsemendiga liivakivides. Uuritud proovide poore tiitva karbonaatse tsemendi
(ankeriit ja kaltsiit) osaline lahustumine ning poore blokeeriva savitsemendi eemaletdrjumine pdhjustasid nende
efektiivse poorsuse markimisvéddrse suurenemise, ldbilaskevdime drastilise suurenemise ja tera- ning massitiheduse,
P- ja S-laine kiiruse ning kuivproovide massi vihenemise. Nende muutuste tulemusel omandasid karbonaatse tsemendiga
liivakivid, mis olid algselt ‘véiga madala’ reservuaarikvaliteediga (klass VIII) ja CGS-iks ‘ebasobivad’, niiid CGS-iks
‘sobiva’ ‘keskpirase’ kvaliteediklassi (klass IV) vdi CGS-iks ‘vdga sobiva’ ‘kdrge-2’ kvaliteediklassi (klass II).
‘Viga madala’ (klass VIII) kvaliteediklassiga reservuaari savitsemendiga liivakivide ldbilaskevdime ei paranenud.
Muutmiskatsed, mis tehti uuritud mereliste puhaste kvartsliivakividega E6 ja E7 struktuuridest, pdhjustasid nende
kivimite omadustes vaid tahtsusetuid muutusi. Nende liivakivide algsed reservuaarikvaliteedi nditajad (‘korge-1’ ja
‘hea’ ning klassid I ja III E6-s ning ‘ettevaatust ndudvad-2 ja klass VI E7-s) peamiselt sdilisid.

Lduna-Kandava Deimena ladestu struktuuri reservuaari liivakivid keskmise poorsusega 21% on poorsuse poolest
identsed kivimitega E6 struktuurist, kuid neil on kaks korda suurem ldbilaskevdime: vastavalt 300 ja 150 mD. Hinnan-
guline hea liivakivide reservuaarikvaliteet nendes struktuurides hinnati CGS-iks ‘sobivaks’. E7 merelise struktuuri
liivakivide reservuaarikvaliteet, mis oli hinnanguliselt ‘ettevaatust ndudev-2’ (keskmine poorsus 12% ja labilaskevoime
40 mD), oli uuritud struktuuridest madalaim ning hinnati kui CGS-iks ‘ettevaatust ndudev’.

Esmakordselt uuriti laboratoorselt simuleeritud CGS-ile allutatud liivakivide petrofiiiisikalist evolutsiooni. Saadud
tulemused on olulised, mdistmaks fiiiisikalisi protsesse, mis vdivad toimuda CO, ladustamisel Baltikumi mandrilistes
ja merelistes struktuurides.
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ABSTRACT: For the first time 4D time-lapse numerical seismic modelling based on rock physics
studies was applied to analyse feasibility of CO, storage monitoring in the largest offshore Latvia geological
structure E6 in the Baltic Sea. The novelty of the applied approach was the coupling of the chemically
induced petrophysical alteration effect of CO, hosting rocks measured in laboratory with time-lapse
numerical seismic modelling. Synthetic seismograms were generated for the E6 structure, where the
sandstone reservoir of the Deimena Formation of the Cambrian Series 3 (earlier Middle Cambrian), was
homogeneously saturated with different concentrations of CO,. The synthetic seismograms obtained after
CO; injection, were compared with a baseline. The following four scenarios were considered: (1) uniform
model without alteration effect, (2) uniform model with alteration effect, (3) plume model without alteration
effect and (4) plume model with alteration effect.

The presence of CO, could be clearly indicated by direct interpretation of the plane-wave synthetic
seismic sections, and is clearly observed when one displays the difference between the baseline and post CO,
injection synthetics. The normalized root mean square (NRMS) imaging techniques also clearly highlights
the time-lapse differences between the baseline and CO, plume models.

Application of measured in laboratory alteration of the petrophysical properties of the reservoir had a
strong influence on the reflected signals in the seismic sections, showing the highest difference on seismic
sections with 1% of CO, saturation, increasing the detectability of the stored CO,. The difference decreased
with increasing CO, content.

Up to 5% CO saturation could be qualitatively estimated from the synthetic seismic data. CO, saturation
higher than 5% produced a strong signal in the repeatability matrix, but P-wave velocity varied so slightly,
that qualitative estimations challenging. A time shift or push-down effect of the reflectors below CO, storage
area was observed.

Seismic models could detect CO, injected into the deep aquifer formations even with low CO, saturation
values according to changes in amplitude and two-way travel times in the presence of CO,.

Our results showed effectiveness of the implemented time-lapse rock physics and seismic methods to
plan monitoring of the CO, plume evolution and migration in the E6 offshore oil-bearing structure, which
could be applied for other prospective structures in the Baltic Region.

KEY WORDS: CO, geological storage, numerical seismic modelling, NRMS, petrophysical alteration,
seismic monitoring, CO, plume, offshore Latvia, Baltic Sea

INTRODUCTION

Carbon Dioxide (CO,) is an important greenhouse
gas responsible for recent global climate change. It
is capable of absorbing the heat radiation from the
Earth's surface and contributes to the increase of
the atmospheres temperature. Nevertheless, if the
level of CO; in the atmosphere drastically changes,
the greenhouse effect could alter the conditions on
the planet (National Research Council 2010). The
Intergovernmental Panel on Climate Change
(IPCC 2005), U.S. Environmental Protection
Agency (USEPA 2013), etc. stated that fossil fuel
combustion is a major source of CO, emissions to

the atmosphere (USGS CSRA Team 2013). Our
previous studies show that the Estonian power
plants emit more CO,, than the energy sector of all
other Baltic countries (Latvia and Lithuania)
together. Estonian CO, emissions per capita are
one of the highest in Europe and in the world due
to the use of local oil shale for energy production
(e.g. Shogenova et al. 2009a, b, 2011a, b).

Carbon Capture and Storage (CCS) is one of
the most effective measures and plays an essential
role in reducing the greenhouse effect and
mitigating climate change on our planet (Holloway
2002; IEA 2004; IPCC 2005; Bachu et al. 2007,



Arts et al. 2008; TEA 2013; IPCC 2013). The
overall reduction of CO, emissions will likely
involve some combination of technologies, but for
the immediate future, industrial CO, storage in
geologic reservoirs (CGS) is an available
technology because existing knowledge derived
from the oil and gas production industries has
helped to solve some of the major engineering
challenges. A detailed estimate of the national
geologic CO; storage resources is required to make
informed decisions about the implementation of
CGS in the study area (USGS CSRA Team 2013).

The Estonian territory is unsuitable for CGS
because of its geological setting, i.e., shallow
sedimentary basin and potable water available in
all known aquifers. The most prospective
structures for CGS in the East Baltic region
(Estonia, Latvia and Lithuania) are located in
Latvia and consist in a number of onshore and
offshore anticlines (Sliaupa et al. 2008; Shogenova
et al. 2009a, b, 2011a, b; Shogenov et al. 2013a, b;
Sliaupa et al. 2013).

In this study we focus on a coupled
petrophysical and numerical seismic modelling
methodology to study the feasibility of monitoring
CGS in a Latvian offshore deep geological
structure E6 oil-bearing in the Saldus Formation of
the Upper Ordovician secondary cap rock. This
structure was selected as one of the most
prospective in the Latvian area of the Baltic
Region in our earlier published studies (Fig. 1,
Shogenov et al. 2013a, b).

The E6 structure is located in the Baltic Sea, 37
km from the coast of Latvia. Estimated
conservative and optimistic CO, storage capacity
(160-400 Mt respectively) makes it the largest
among all the studied onshore and offshore
structures in the Baltic Region (Shogenov et al.
2013a, b). The prospective reservoir for CGS is
represented by the Deimena Formation of the
Cambrian Series 3 (earlier Middle Cambrian)
(848-901 m depth in the well E6-1/84) composed
by dark- and light-grey, fine-grained, loosely and
medium-cemented, oil-impregnated sandstones.
The oil impregnation ranges from weak irregular to
strong regular (Shogenov et al. 2013b). According
to a new classification of reservoir rock quality for
CO; storage by permeability and porosity proposed
in our previous study (Shogenov et al 2015,
accepted), the reservoir rocks from the E6 structure
are presented mostly by sandstones of a 'good'
reservoir quality of class III 'appropriate’ (second
group) for CGS (permeability 100-300 mD and
porosity >18%) interbedded by sandstones of
'cautionary-2' reservoir quality class VI related to
'cautionary' for CGS group three (permeability 10-

100 mD and porosity 7-18%). In this study we did
not consider oil impregnation of the reservoir rocks
due to its very low saturation. The structure is an
anticline fold bounded on three sides by faults. The
total area of the structure is 600 km® with the
closing contour line (or spill point) of the reservoir
located at a depth of 1350 m below sea level (bsl)
interpreted by Shogenov et al. (2013b), using
structural maps of the study area and an available
seismic profile. The closing contour line reported
by the Latvian Environmental, Geology and
Meteorology Centre (LEGMC) was at 950 m bsl
(http://mapx.map.vgd.gov.lv/geo3/VGD_OIL
PAGE)/).

The E6 is consisting of two different
compartments (E6-A and E6-B) divided by an
inner fault (Fig. 1). Shogenov et al. (2013b)
assumed that the fault separated these
compartments, preventing CO, movement from
one part to another during injection, and drilling of
additional well in the part E6-B will be needed.

An approximate area of the larger part (E6-A)
of the structure is 553 km?”, while the smaller part
(E6-B) is 47 km® The Deimena reservoir
formation in the well E6-1/84 is a 53 m thick
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Fig. 1. Location map of Latvian onshore and Lithuanian
offshore E7 structure (orange) prospective for CGS
(CO, storage potential exceeding 2 Mt) in the Cambrian
aquifer and studied structure E6 offshore Latvia
(yellow) with location of well, lithological cross section
and gamma-ray logging data and 3D geological model
of the top of the Cambrian Deimena Formation of the
E6 structure (modified after Shogenov et al. 2013Db).



aquifer at 848 meters depth bsl (the top of the
Deimena Formation), with salinity of 99000 ppm
(98.89 g/l). The bigger part E6-A (553 km?) was
considered for the modelling. The Deimena
Sandstone Formation is unconformably covered by
40 m thick Lower Ordovician clayey primary cap
rock. The reservoir located at the depth exceeding
850 m bsl is overlain by the Ordovician and
Silurian (in total 266 m thick) clayey carbonate
rocks and Devonian siliciclastic and carbonate
rocks (Table 1). Upper part of the Upper
Ordovician represents a small oil deposit in the
Saldus Formation limestones (10.5 m; Shogenov et
al. 2013a, b). The Cambrian Deimena Formation
overlain by 117 m thick argillaceous siltstones,
sandstones and claystones of the Cambrian
Formations (Kybartai, Rausve, Vergale and Talsi).
The basement is represented in the structure by
Precambrian Neoproterosoic Ediacaran tuffaceous
sediments and Paleoproterozoic gneissose granites
at the depth 1018 m in the well E6-1/84 (Grigelis
2011; Shogenov et al. 2013a, b).

Time-lapse seismic method

Time-lapse seismic method is known as a highly
suitable geophysical technique for monitoring CO,
injection into a saline aquifer. The effects of the
CO; on the seismic data are large both in terms of
seismic amplitudes and in observed velocity push-
down (Arts et al. 2000). In this research we have
applied a 4D time-lapse rock physics and
numerical seismic modelling method (Carcione
2007) to compute synthetic seismograms before
and after CO; injection into the E6 structure and to
provide the basis for further CGS monitoring plan
in the study area. This is an important technology
to predict the seismic response of CO, in the
storage site, to plan the monitoring of the plume
migration, to estimate reservoir integrity and
support possible leakage notification. This method
allows us to optimise the seismic surveys, which
should be repeated over time to monitor the
evolution of injected CO, (Rossi ef al. 2008; Picotti
etal 2012).

A relevant number of cognate studies were
made during last several years in operating CO,
storage sites, e.g. the Sleipner in Norway (Arts et
al. 2003, 2004a, b; Carcione et al. 2006; Chadwick
et al. 2006) and prospective for CGS sites, such as
Atzbach-Schwanenstadt in Austria (Rossi et al.
2008; Picotti et al. 2012) and Calgary in Canada
(Vera 2012) showing similar results: (1) CO,
injected into the geological storage site can be
detected using time-lapse seismic surveys even
with low CO, saturation values; (2) P-wave

velocity drops quickly from 0 to 20% CO,
saturation in the reservoir, with slight decrease of
velocities at higher saturations; (3) The magnitude
of S-wave velocity change is very small in
comparison with P-wave velocity variations; (4)
The presence of the CO, plume could be detected
by direct interpretation of seismic sections in the
injection zone, but more effectively by performing
the difference between the baseline and repeated
surveys or considering more sophisticated
repeatability metrics such as NMRS. These
difference techniques are extremely sensitive for
imaging the smallest changes between seismic
baseline and repeated seismic sections data and
were used to compare seismic datasets before and
after CO; injection, simulating seismic acquisitions
at different times over the same study area (Kragh
& Christie 2002).

Shogenov et al. (2015, submitted-accepted;
2015, accepted) performed a CO; injection-like
storage experiment simulated in the laboratory and
studied petrophysical alterations in the reservoir
rocks caused by geochemical and mineralogical
CO,-fluid-rock interactions. In the present study,
for the first time according to our knowledge, the
petrophysical alteration effect induced by the CO,
was incorporated into the numerical seismic
modelling methodology. Petrophysical properties
of the host rocks before and after the alteration
experiment were applied in the modelling. This
alteration approach should indicate the importance
of implementing this effect in such modelling
routine for CGS monitoring and fill the gap in the
previous seismic models (Pawar ef al. 2006).

The uniform model without alteration effect of
the offshore oil-bearing structure E6 from the
Baltic Sea was presented in Shogenov & Gei
(2013). In this paper we updated some properties
implemented in the previous study with data from
the petrophysical alteration analysis.

DATA AND METHODS

Two different approaches of CO, distribution in the
hosting rock were applied for the numerical
seismic modelling: (i) CO, homogeneous
saturation of reservoir (uniform model) and (ii)
CO, plume accumulation (plume model).
Therefore, we produced synthetic datasets for four
scenarios: (1) uniform model without alteration
effect, (2) uniform model with alteration effect, (3)
plume model without alteration effect and (4)
plume model with alteration effect. Synthetic
seismic sections were produced, analysed and
compared with the baseline dataset (before
injection of CO,). We considered the first two



scenarios to explore the effectiveness of the
seismic technique for CGS monitoring in the long
term, when CO, has homogeneously spread within
the storage reservoir. The third and fourth
scenarios present more realistic approaches in short
term and involve more complex study (plume
shape and inhomogeneous CO, saturation).

2D uniform modelling

Figure 2 shows the 2D geological model
implemented for the numerical seismic modelling
simulations and extrapolated for the interpretation
of the E6 seismic section. The well E6-1/84 is
located approximately in the middle of the model.
The Deimena Reservoir was split, according their
specific rock physics properties, into three parts:
Reservoir-1, Reservoir-2 and Reservoir-3. Due to
shortage of experimental data (only one well
drilled in the structure), the three sub-reservoirs
were approximated to be homogeneous without
vertical or lateral heterogeneity. The Saldus
Formation of the Upper Ordovician oil reservoir is
shown by 10 meters-thick black coloured layer
between the Ordovician and Silurian formations
(Fig. 2).

All the layers in the geological model were
characterized and populated with specific lithology
and measured or computed petrophysical
properties recalculated at in-situ conditions (Table

1).

CO; plume modelling

A simplified CO, plume accumulation model was
based on studies of gravity flows within a
permeable medium for an axisymmetric geometry
(Huppert & Woods 1995; Lyle ez al. 2005; Bickle
et al. 2007) and considered field monitoring and
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numerical modelling studies of existing offshore
storage site (Sleipner, North Sea, e.g. Fornel &
Estublier 2013; Zhang & Agarwal 2014). The
possible evolution and migration of the CO, plume
within the reservoir layers in the E6 potential
storage site was described at a specific time and
with a given amount of injected CO,. The fluid
saturation has been assumed according to the
structural, stratigraphic, lithological and
petrophysical properties of different reservoir
layers (Scenario-3 and Scenario-4; Fig. 3).

Seismic and poro-viscoelastic properties

The seismic parameters of the reservoir layers
were computed using properties of the rocks (grain
and dry-rock density, Oy s and pg,, respectively,
effective porosity and permeability, ¢ and K,
respectively, and P-wave velocity, Vpy,) measured
on dry-rock samples before and after alteration
experiments at the IFP Energies nouvelles (IFPEN)
rock physics laboratories (Shogenov et al. 2013a,
b; Shogenov & Gei 2013; Shogenov et al. 2015,
submitted-accepted; Shogenov er al. 2015,
accepted). The measured parameters were coupled
with data available in the exploration report for the
E6 structure (Andrushenko ef al. 1985). The
measured, reported or estimated data (average
from measured and reported for different parts of
the reservoir layer) were applied. Estimated psoiiq
was used for the Reservoir-1, reported for the
Reservoir-2 and measured for the Reservoir-3.
Estimated psy, ¢ and x were applied for the
Reservoir-1 and Reservoir-3, and reported for the
Reservoir-2. Estimated Vp;, was used for the
Reservoir-1 and reported for the Reservoir-2 and
Reservoir-3 (Table 1).

Orseawater_—w» " '

Depth (km)

- Reservoir-1
- Reservoir-2
- Reservoir-3 |
T
Cambrian Deimena Sandstone Formation

Fig. 2. 2D geological model of the E6 offshore structure implemented for seismic modelling and a magnification of the

three reservoirs (modified after Shogenov & Gei 2013).



Table 1. Characterictics and physical properties of the main rock formations shown in the model (Figure 2)

Depth T P

Pwet Pef K Ve Vs

u Koy
(mD) (m/s) (m/s) Qp Qs (Gpa) (Gpa)

Formation Lithology (m) (°C) (MPa) (kg/m3) (%)

Sea water - 0 10 0.1 - - 1480 - - - - -
Devonian Sandstone 365 7 0.8 2226 15 2 2474 1133 66 18 286 -
Silurian Schflzznate B0 31 63 2244 606 <00 2570 1043 71 16 244 -
Ordovician Saldus Fm. . oo 702 35 g4 34 18 6 2970 1395 95 28 456 -

(Oil reservoir)
Carbonate  712.5

Ordovician (Cap rock) 35 8.6 2540

shales
Deimena (Reservoir-1)
Deimena (Reservoir-2)
Deimena (Reservoir-3)
Cambrian
Basement

Sandstone 848 37 93 2341
Sandstone 876 37 9.7 2400
Sandstone 885 37 9.8 2306
Siltstone 901 38 10 2324
Granite 1018 41 112 2675

3 <0.01 2628 1093 74 17 3.04 -

21 160 2836 1400 250 94 459 421
17 60 2873 1349 761 255 437 4.00
25 230 2872 1510 211 87 526 4.82
3-18 0.2-23 2746 1675 81 40 652 -
- - 5800 3454 362 171 319 -

* Depth of the top of the formation in well E6-1/84

All formations except for the Oil reservoir are saturated with brine. Temperature (7) and pressure (P) of the formations
top; Py — the bulk density of brine-saturated rock samples; ¢, — effective porosity; k — permeability; V» and Vs —
compressional (P) and shear (S) waves velocities, respectively; Op and Qs — quality factors of P- and S-waves,

respectively; w and Ky —
formations).

For the reservoir rock properties after the
alteration experiment we applied results of the
petrophysical alteration of the E6 structure for the
Reservoir-1 and Reservoir-3 (Shogenov et al.
2015, submitted-accepted; Shogenov et al. 2015,
accepted). Due to lack of samples characterising
rock properties change in the Reservoir-2 and the
Vpary change in the Reservoir-1 and Reservoir-3,
we have applied alteration results of the identical
reservoir samples (with similar properties before
the alteration) from the Lithuanian offshore
structure E7 located in about 40 km S—W from the
E6 structure in the Baltic Sea (Fig. 1, Shogenov et
al. 2013b; Shogenov et al. 2015, submitted-
accepted; Shogenov et al. 2015, accepted).

For the layers above and below the storage
formation we considered experimental P-wave
velocities (Vpy.:) obtained from published results of
active seismic surveys, laboratory measurements of
dry and wet samples of the Saldus Formation of
the Upper Ordovician oil reservoir from the well
E6-1/84 (Andrushenko er al. 1985) and reported
measurements of more than 2000 rock samples of
the northern part of the Baltic sedimentary basin

Sea water =

é 0.
£ 0.8 Ordovician
& [ECambran D
1k
1.2r
Basement Injection point
i N s L s L L s
0 0.5 1 15 2 25 3 35 4

Distance (km)

0.2 o

0.4- Devonian well E6-1/82 ] \

[ Silurian ¥ Injection point -Reservoir-1
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shear and bulk modules of dry rocks, respectively (K4, estimated only for reservoir

(Shogenova et al. 2010).

Seismic properties of the different formations
(Tables 1 & 2; Shogenov & Gei 2013) were
computed considering rock physics theories
described in the following sections.

Reservoir formation

The velocity and attenuation of compressional
seismic waves for the reservoir rocks partially
saturated with carbon dioxi de were computed with
the White’s mesoscopic rock physics theory
(White 1975). A detailed review of White’s theory
can be found in Carcione et al. (2006) or Picotti et
al. (2012). This model of attenuation gives realistic
seismic properties (P-wave velocity and quality
factor) when dry rock moduli, porosity, bulk
density, permeability, fluid saturation and the
dominant frequency of the seismic signal are
provided. The saturation is assumed to be patchy,
considering that spherical gas pockets are much
larger than solid grains of the sediment but much
smaller than the wavelength (White 1975;
Carcione et al. 2003, 2006; Carcione 2007;
Carcione et al. 2012).

"
- <
= =]

- Reservoir-3
Saturation (%)

0 10 20 30 40 50 60 70 80 90

Fig. 3. Plume saturation model of CO, injected into the reservoir formation in the E6 structure. Different CO,
saturation of reservoir formation fluids is indicated. Black lines within the structure are formations borders.



Table 2. Estimated seismic (poro-viscoelastic) properties of the reservoir rock formations after the alteration
experiment shown in the seismic model (Figure 2)

Formation  Lithology p,.(kg/m®) ¢, (%) k (mD) Vp(m/s) Vs (m/s) Op Os u (Gpa) K, (Gpa)
Reservoir-1 Sandstone 2270 23 140 2743 1319 189 68 3.95 3.62
Reservoir-2  Sandstone 2388 16 90 2856 1283 1163 360 393 3.61
Reservoir-3  Sandstone 2188 30 280 2735 1415 202 81 4.38 4.01

All reservoir formations are saturated with brine

We applied a fluid substitution procedure to
compute the seismic properties of brine-saturated
rocks and the same rocks partially saturated with
CO,. Physical properties of the saturating fluids are
needed for the modelling. Seismic velocity and
density of brine were computed at in situ
conditions using Batzle & Wang (1992) empirical
relationships. The compressibility and density of
CO, at in situ pressure and temperature are
computed with the Peng-Robinson equation of
state (Peng & Robinson 1976; Picotti et al. 2012).

Assuming a Poisson’s ratio (v) for
unconsolidated sands equal to 0.1 (Gregory 1977),
the S-wave velocity of the dry rocks (V) can be
computed using relation provided by White (1965)
and Castagna et al. (1985):

Vv,
o5 M

The bulk modulus of the dry rock Ky, and the
shear modulus x are computed from:

4
Kdry = VPZdrvpdry - gu @)

and
w=Vy Pu, 3)
The shear and bulk modulus assume positive
values, based on thermodynamic restrictions
(Gercek 2007). The Poisson’s ratio v varies
between 0 and 0.5 and a value of 0.25 is often
assumed (De Waals 1986). The Poisson’s ratio of
the E6 wet sandstones, v.., (Reservoir-1,
Reservoir-2 and Reservoir-3) before and after
alteration is between 0.31—0.37, within the range
of values reported by Gercek (2007) (from 0.4 for
unconsolidated sands to values well below 0.05 for
tight rocks). The v could be estimated with
equation (e.g. Bacon et al. 2003):

y —05K-2u

2u+6K

The density of the partially saturated rock is
given by:

“

Pt =Py (1= D)+ p ﬂuid(D (5)
where Oy,iq is the density of the gas—brine mixture:
pﬂuid = phrineshrine + Iogassgas (6)

where Sp.e and sg, are relative saturations such
that Sprine + Sgas = 1.

The S-wave velocities of the partially saturated
reservoir rocks are computed with:

Ve =1/ P,., o)

Since White’s theory does not predict any
shear dissipation, we describe attenuation with a
Zener element according to the theory described in
Carcione et al. (2012).

Other formations

As mentioned above, properties of the cap rock
and underlying layers (Table 1) were obtained
from the E6 structure exploration report
(Andrushenko et al. 1985), when available. The
missing parameters were estimated with empirical
relations offered by Ludwig et al. (1970), Castagna
et al. (1985, 1993), Saxena (2004) and Brocher
(2005) for different rock types as described below.

Average Vg for the Devonian Sandstone
Formation was estimated using reported Vpye
(Andrushenko et al. 1985) and empirical equation,
derived from laboratory Vp-Vgs data for water-
saturated sandstones (Castagna et al. 1993):

V., =(0.804xV, -0.856)-10° (m/s) (8)

The pwe of the Devonian sandstones was
estimated using Eq. (5), the reported average psoia
(Shogenova et al. 2010) and ¢.r (Andrushenko et
al. 1985) and Py computed at in situ conditions
using Batzle & Wang (1992) empirical
relationships.

Average Ve of the Silurian and Ordovician
cap rocks (claystones and shales) were estimated
using reported Vpy,.; (Andrushenko et al. 1985) and
famous in situ ‘mudrock line’, obtained from
relations for shales by Castagna et al. (1985):

v, =(0862xV, -1.172):10° (m/s) (9)

The pye of the Silurian cap rock layer was
estimated using polynomial and power-law forms
of Gardner et al (1974) velocity—density
relationship, presented in Castagna et al. (1993):

-0.0261xV2 +0.373xV, +1.458 (10)

p wet (shales) = el e

The pye of the Ordovician cap rock layer was
estimated using Eq. (5). Rock physical properties
(Psoia and @) were derived from the reported
laboratory data (Andrushenko et al. 1985).



The Vi,er of the limestone oil reservoir of the
Ordovician Formation was estimated with Eq. (7),
using u obtained with Eq. (3) and p,,., with Eq. (5).
The Vpd,.)», Vpwers Pdrys Psolids Pfluid (011) and ¢ were
derived from the reported laboratory data
(Andrushenko et al. 1985). The Vs4y, necessary for
the calculation of x, was derived using Vpuy—Vsay
theoretical relationship for dry limestones (Saxena
2004):
Vv
v, =-l4 11

18 an

Average Vsgy, u and Vs, of the Cambrian
siltstone layer, underlying the reservoir, were
estimated using Eq. (1), (3) and (7), respectively,
and the Pue, Pary, Vpary Were derived from the
laboratory measurement data reported in
Shogenova et al. (2010). The Vpye was derived
from the well E6-1/84 report (Andrushenko et al.
1985).

The Vp,. for the basement layer was derived
from an average reported laboratory data of
measured more than 4000 water-saturated
basement samples from the drill cores of Kola
Peninsula (Baltic Shield), Ukraine, Caucasus,
Urals, Kazakhstan, Transbaikal and Primorsky
Krai (Dortman 1992). Average Vs, for the
basement was estimated from the Vpye using a
‘Brocher’s regression fit” (Brocher 2005):

V., =0.7858-1.2344xV, +0.7949xV2 -0.1238x
v +0.0064xV} (km/s) (12)

Pwet

The p,. of the basement layer was derived using a
Nafe-Drake relation ‘Nafe-Drake curve’, published
by Ludwig et al. (1970) for a wide variety of
sedimentary and crystalline rock types (for
compressional wave velocities between 1.5 and 6.1
km/s):

p,, =1.6612xV, -04721xV. +0.0671xV,

Pwet

0.0043x 7 +0.000106x V5 (13)

Pwet
The quality factors (Q) of all the formations except
the reservoir were computed from the Vp,. and
Vswee by empirical relationships proposed by
Waters (1978) and Udias (1999), and given also in
Haase & Stewart 2004:

a(v,\
0,- QP3(V) (14)

»
where Qp is a the P-wave and Qs is a S-wave
quality factors.

Numerical seismic modelling

For the numerical seismic modelling we
considered the 2D viscoelastic wave equation,

which was solved with a 4-th order Runge-Kutta
time-stepping scheme and the staggered Fourier
method to compute the spatial derivatives. This
method is noise-free in the dynamic range where
regular grids generate artifacts that may have
amplitudes similar to those of physical arrivals
(Carcione 2007; Picotti et al. 2012).

The seismic simulation is performed over a
numerical mesh obtained by discretizing the
geological model given in Figure 2. A mesh of 240
000 (800 x 300) points with a grid point spacing of
5 m was built. We considered plane-wave
simulations, approximating non-migrated zero
offset sections, by triggering simultaneously
sources, located in each grid point of the upper
edge of the numerical mesh. This procedure
produces a plane-wave propagating downward.
Every time the plane-wave impinges upon the
interface between two different formations, it is
reflected back to the upper edge of the geological
model, coinciding with the sea surface, where the
seismic wave-field is recorded at each gridpoint.
We computed synthetic seismograms of the
baseline and after CO, injection considering the
homogeneous and plume gas distribution into the
reservoir.  Specific  repeatability —metrics —
‘Difference’ and normalized root mean square
(NRMS) sections of 4D seismic data were used to
qualitatively estimate changes in seismic reflection
and to indicate differences, such as phase shifts
and amplitude variations in time-lapse datasets
(Kragh & Christie 2002; MacBeth et al. 2006;
Vedanti et al. 2009; Lacombe et al. 2011; Picotti et
al. 2012). The source time history is a Ricker
wavelet with a dominant frequency of 35 Hz.
Absorbing boundary conditions are implemented
in absorbing strips of 40 grid-point lengths, located
at the bottom and sides of the numerical mesh to
damp the wraparound phases.

RESULTS

Seismic  properties of the
formations

reservoir

The bulk density p,.. decreased in all the range of
CO, saturation, accompanied with a drastic drop of
the Vp,.r and acoustic impedance, calculated for the
reservoir rocks using the fluid substitution method
(Table 3). Moreover, the mesoscopic attenuation
showed a peak at about 5% of CO, saturation in the
reservoir rocks in all reservoir layers (Reservoir-1,
Reservoir-2 and Reservoir-3) without and with
petrophysical  alteration effect with minor
differences. The decrease of the P-wave velocity
becomes insignificant in the range of 10-50% of
CO, saturation. After 50% of CO, saturation the



Vewe: and Vs, started to increase slightly due to
decrease in the bulk density. The velocity drop of
the altered rocks (Scenario-2 and Scenario-4;
Tables 1-3) is slightly higher if compared with non-
altered rocks (Scenario-1 and Scenario-3; Tables
1-3). Figure 4 shows the bulk density, velocities,
acoustic impedance and attenuation of Reservoir-1
as a function of CO, saturation for the original
(initial) and altered core samples.

Bulk density Velocities
Initial Altered Initial Altered

Density, kg/m?®
N
8

©
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Fig. 4. a) Bulk density, b) P- and S-wave velocities (Vp
and Vs respectively), ¢) acoustic impedance and d) P-
and S-wave attenuation (1000/Q) in the uppermost layer
of reservoir formation (Reservoir-1) of the Cambrian
Deimena Formation sandstones versus CO, saturation at
initial state before injection of CO, (without alteration
effect) and at altered conditions.

Synthetic seismic sections
Plane-wave datasets

Firstly, we produced synthetic plane-wave seismic
section of the E6 offshore structure before CO,
injection (Fig. S5a; baseline). Then, six seismic
sections, reproducing different CO, saturation
levels (1, 5, 10, 15, 50 and 90%) of the Deimena
Formation were computed, considering
homogeneous gas saturation (Scenario-1; Fig. 5-
scl-a). We repeated the seismic simulations, taking
into account the chemically induced petrophysical
alteration effect of the reservoir rocks (Scenario-2;
Fig. 5-sc2-a). The modelling provided seismic
images of CO; storage in the E6 offshore structure
at different times over the same area. Plane-wave
sections computed considering the modelled CO,

plume in the E6 structure without and with the
petrophysical alteration effect were further
produced (Scenario-3; Fig. 5-sc3-a & Scenario-4;
Fig. 5-sc4-a, respectively).

The presence of CO, in the reservoir layers
could be detected by a direct comparison and
interpretation of the baseline and repeated
synthetic surveys with different CO, saturation
levels in the Scenario-1 (Fig. 5-scl-a) and
Scenario-2 (Fig. 5-sc2-a), already from 1%
saturation. The seismic reflections corresponding
to the top and bottom of three reservoirs became
stronger with increasing CO, saturation showing
the best contrast up to 5% of CO, saturation. The
evolution of the reflection strength increase in the
considered sections after 5% of CO, saturation
became difficult, as all synthetic plane-wave
seismic sections in the range of 10-90% of CO,
saturation for specific scenario look like very
similar. A slight variation of time shift or velocity
push-down is also detectable on the plane-wave
plots for the layers below the reservoir formation.
The plane-wave sections of the Scenario-3 (Fig. 5-
sc3-a) and 4 (Fig. 5-sc4-a) clearly show the
modelled CO, plume in the E6 storage site.
Seismic reflections of the reservoir rocks with
petrophysical alteration effect (Scenario-2 and
Scenario-4) showed higher reflectivity in all the
cases compared to the Scenario-1 and Scenario-3.

‘Difference’ and NRMS sections

To monitor the presence of CO, within the storage
site in more details, the modelled numerical
seismic baseline section of the E6 structure was
compared with repeated synthetic sections at
different CO, saturations. ‘Difference’ and NRMS
techniques were applied for each scenario (Fig. 5).
In addition, in order to understand the effect of the
alteration on the reflectivity of the reservoir, we
compared each seismic line without and with
petrophysical  alteration  (Fig. 6).  Using
‘Difference’ and NRMS metrics CO, is highly
visible since low gas saturation (1%, Fig. 5).
However, for saturation higher than 5% the
amplitude of the signals delineating the reservoir
and the interface below does not vary, similarly to
the reflection amplitudes of the reservoirs in the
synthetic plane-wave sections.

DISCUSSION

By analysing the changes of the seismic response
of the reservoir structure with different CO,
saturation levels, we clearly monitored the
presence of small quantities of CO, within the host
formation.
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Fig. 5. (a) Baseline synthetic plane-wave section of the E6 structure (before the injection of CO;). Reflectors of the top
of all geological formations (D—Devonian, S—Silurian, O—Ordovician), the top and bottom of the Cambrian Deimena
Sandstone Reservoir (Dm Fm) and middle part of the reservoir formation Reservoir-2 (Dm Fm R-2) are indicated; (sc1-
a) plane-wave section of Scenario-1 (uniform model without an alteration effect) with 1% CO, saturation; ‘Difference’
(sc1-b) and NRMS (scl-c¢) sections of the synthetic baseline and the seismic section of Scenario-1 with 1% CO,; (s¢2-
a—c) seismic sections of Scenario-2 (uniform model with an alteration effect) with 1% CO, saturation; arrows indicate
the reservoir top and bottom; (sc3-a—c) seismic sections of Scenario-3 (plume model without an alteration effect); (sc4-
a—c) seismic sections of Scenario-4 (plume model with an alteration effect); arrows indicate the CO, plume.

This phenomenon is due to changing of
seismic velocities, and consequently arrival times,
and reflection amplitudes with increasing CO,
content already from 1% of gas saturation.
Therefore, the seismic monitoring of CO, injection
within the considered E6 offshore structure is
effective already from the very first steps of
injection. Thus, we confirmed results of previous
studies which suggest that accumulations of CO,
as small as 500 tonnes may be detectable under
favourable conditions (Chadwick et al. 2006).
Pawar et al. (2006) presented results from the West

Pearl Queen pilot CO; injection project in South
Eastern New Mexico, which suggests that surface
3D seismic can detect 2090 tonnes of CO, at a
depth of 1372 m. But at the same time, results
showed that the response of the West Pearl Queen
reservoir during the field experiment was
significantly different than predicted response
based on the pre-injection characterization data.
Pawar et al. (2006) reported that latest numerical
modelling algorithms are not capturing the
geochemical interactions, which are important
elements in a CGS modelling. In previous studies,
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Table 3. Seismic properties of the Deimena Sandstone Formation of the Cambrian Series 3partially saturated with CO,

Initial* Alteredq
Fluid

Reservoir sandstones saturation

partially saturated Brine CO; p, Vp Vs Povet Vp Vs

with CO, (%) (%) (kg/m’) (m/s) (mfs) Qp Qs (kg/m’) (m/s) (mfs) Qp Qs
99% 1% 2340 2545 1411 127 52 2269 2443 1334 95 38
95% 5% 2336 2262 1414 71 37 2264 2151 1337 52 27

Reservoir-1 90% 10% 2331 2199 1412 93 51 2259 2084 1333 68 37
85% 15% 2326 2172 1410 129 72 2253 2055 1331 94 53
50% 50% 2291 2142 1416 >400 >400 2215 2023 1336 >400 >400
10% 90% 2251 2152 1428 >400 >400 2171 2034 1349 >400 >400
99% 1% 2400 2581 1354 358 131 2387 2543 1286 >400 184
95% 5% 2397 2236 1356 155 76 2384 2163 1288 219 104

Reservoir-2 90% 10% 2393 2153 1356 187 99 2380 2069 1288 259 134
85% 15% 2389 2116 1356 250 137 2377 2028 1288 341 184
50% 50% 2362 2067 1361 >400 >400 2351 1972 1293 >400 >400
10% 90% 2330 2069 1369 >400 >400 2321 1970 1301 >400 >400
99% 1% 2305 2644 1523 107 47 2187 2500 1427 102 45
95% 5% 2300 2410 1527 61 33 2181 2266 1431 59 31

Reservoir-3 90% 10% 2295 2356 1524 81 45 2174 2212 1429 78 43
85% 15% 2288 2332 1523 113 65 2167 2189 1428 109 62
50% 50% 2247 2311 1531 >400 >400 2118 2173 1439 >400 >400
10% 90% 2200 2328 1546 >400 >400 2061 2195 1458 >400 >400

* Initial — before the alteration approach (Figs 4; 5-sc1-a-c; 5-sc3-a-c)
9§ Altered — after the alteration approach (Figs 4; 5-sc2-a-c; 5-sc4-a-c)

we estimated and analysed petrophysical,
geochemical and mineralogical alterations of the
reservoir rocks from the studied E6 structure
caused by modelled CO, storage (Shogenov et al.
2015, submitted-accepted; Shogenov et al. 2015,
accepted). Thus, here we consider alteration of
petrophysical properties of reservoir rocks, induced
by CO,—fluid—rock geochemical and mineralogical
interactions  (Scenario-2 ~ and  Scenario-4).
Nevertheless, for simplicity, we implemented the
results of the laboratory alteration experiment
equally for all CO, saturation seismic sections.

The interfaces defining the three units forming
the reservoir in the Cambrian Deimena Formation

Trace number
300 500

Trace number

100 300 500

0.7

= RN

Seismic difference sections

NRMS sections

a

and the Saldus Formation of the Upper Ordovician
oil reservoir (Fig. 2) were impossible to distinguish
on the baseline plane-wave seismic section due to
relatively low frequency of seismic source (35 Hz)
we considered, resulting in a single reflection.

The ‘Difference’ and NRMS sections of the
layers overlain reservoir rocks show zero
amplitude for two-way travel times (TWT), which
are lower than for the top of the reservoir reflection
layer. In fact, the reflectors in this upper region of
the seismogram are not influenced by the presence
of CO,, which varies the seismic characteristics of
the occurring lower reflectors, identifying the top
of the reservoir and the ones below (longer TWT).

Trace number
300

Trace number

0__100 300 500 700 500 700

CO, plume

NRMS section

Fig. 6. Impact of the petrophysical alteration on seismic sections. (a) ‘Difference’ sections of the synthetic seismic lines
of Scenario-1 (without petrophysical alteration) and Scenario-2 (with petrophysical alteration) with 1%, 5% and 90%
CO, saturation are presented on the left part. Corresponding NRMS sections are shown on the right part. Seismic
sections of the reservoir and underlying rock (b) ‘Difference’ section of the synthetic seismic lines of Scenario-3 and
Scenario-4 (left part) and corresponding NRMS section (right part); arrows indicate the CO, plume.



This can be seen in e.g. Figure 5-sc1-b and Figure
S-scl-c.

The decrease of P-wave velocity due to
injected CO, causes the velocity push-down
recognizable in all the synthetic seismic sections
for all provided scenarios below the reservoir. This
phenomenon is well known and already
documented in Arts et al. (2000), among others.

Previously published papers based on
theoretical and field experimental studies
(Domenico 1977; Jain 1987; Rossi et al. 2008;
Picotti ef al. 2012; Vera 2012 & Arts et al. 2003,
2004a, b; Carcione et al. 2006; Chadwick et al
2006, respectively) reported significant drop of the
P-wave velocity values of the sandy reservoir
rocks between 0 and 20% of CO, saturation and
slow increase after 30% of CO, saturation.
Laboratory studies of unconsolidated sands by
Domenico (1974, 1976) show that the presence of
gas reduces the Vp,., by as much as 30%, while the
Vswer 18 marginally increased (Jain 1987). Vera
(2012) reported only 7% as maximum change of
the Vpye. In our study we estimated reduce of the
Vpwer in the range of 10—11% between 0—1% of
CO, saturation and 20—22% of Vp,. decrease in
total after 5% of CO, saturation (Tables 1—3). The
Vswet did not significantly increase compared to the
VPwet (02_3%)

The trend of the acoustic impedance, i.e. the
product of the bulk density and P-wave velocity,
was strongly dominated by the velocity and
showed an elbow point approximately where the
Vpwet Stops to decrease, and a constant gentle
decrease for increasing saturations (Fig. 4).

The reflectors affected by the presence of CO,
rapidly change their characteristics (i.e. amplitude
and frequency content) at the beginning of the
injection phase, up to 5% of gas saturation,
approximately. For increasing CO, saturation the
influence of the gas on the reflected signals fade
down. This phenomenon is explained by the
relatively stable Vp,., values in the reservoir rocks
after fluid saturation of approximately 5% (Fig. 4;
Table 3).

The time-lapse ‘Difference’ and NRMS section
techniques supported the visualisation of changes
on the seismic datasets and allowed us to monitor
possible CO, plume evolution within the studied
storage site. The comparison of synthetic seismic
sections of two corresponding scenarios (Scenario-
1 and Scenario-2; Scenario-3 and Scenario-4)
clearly showed expected difference in signals for
all CO, saturation levels (Fig. 6a), proving the
effectiveness of the implementation of the
petrophysical alterations effect. According to these
results, we can suggest the application of the
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presented methodology to model the monitoring of
CGS within the considered structure (E6) or
extrapolation to storage sites with similar
stratigraphy, lithology, geochemical  and
petrophysical properties of the rocks in the Baltic
offshore area (Baltic sedimentary basin), as well as
in other geological regions.

CONCLUSIONS

The main outcomes of this study can be
summarized as follows:

1. For the first time seismic 4D time-lapse
numerical modelling based on rock physics
studies was applied to monitor possible CO,
storage in the largest offshore Latvia geological
structure E6 in the Baltic Sea.

2. The novelty of the applied approach was the
coupling of the chemically induced
petrophysical alteration effect of CO, hosting
rocks measured in laboratory with time-lapse
numerical seismic modelling.

3. Synthetic seismic sections were produced from
synthetic datasets and compared with baseline
section within four scenarios: (1) uniform
model without alteration effect, (2) uniform
model with alteration effect, (3) plume model
without alteration effect and (4) plume model
with alteration effect.

4. The presence of CO, in the Deimena Reservoir
Formation of the Cambrian Series 3 in the E6
offshore structure could be indicated by direct
interpretation of the synthetic plane-wave
seismic sections and more efficiently with
‘Difference’ and NRMS sections, allowing to
determine time-lapse differences between the
baseline and CO, plume models.

5. The implemented petrophysical alteration effect
is clearly detectible on the ‘Difference’ and
NRMS sections, showing the highest difference
on seismic sections with 1% of CO, saturation,
decreasing with increase of CO, content. The
integration of the results of the CO, injection-
like alteration experiment increased the
reliability of the seismic modelling.

6. P-wave velocity decreased for the CO,
saturation range 0—-50% with drastic drop of
values between 0 and 5%. Between 50—100%
of saturation minor increase of P-wave velocity
was determined due to the bulk density
decrease.

7. Time shift or push-down effect of reflectors
below CO, storage area was observed.



8. This study:

* demonstrated the ability of the applied time-
lapse rock physics and seismic methods to monitor
the presence of the injected CO, within the
considered E6 offshore oil-bearing structure since
the beginning of the injection

» shows effectiveness of the seismic surveys to
detect CO, injected into the deep aquifer
formations even with low CO, saturation values
according to changes in amplitude and two-way
travel times in the presence of CO,

* has significant importance for developing an
optimal seismic monitoring plan in the studied area
and other areas with similar geological, lithological
and petrophysical parameters.
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22) and is a part of K. Shogenov PhD research. We
would like to thank Daniel Sopher (Uppsala University)
for grammar editing.
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