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Abstract

Two models with different area and 3D volumetric grid size dimension of the E6 oil-bearing structure were built. The bigger
model should allow visualization of complete migration of COz plume within the developed 3D grid model using fluid-flow
simulation (cell size 500 m). The smaller model is focused on the uppermost part of the Cambrian Series 3 Deimena Formation
reservoir close to the drilled well, assuming that CO2 injection will take place in this area. The model with a finer gridding (cell
size 30 m) was adopted for seismic numerical modelling. The grid size of this in the model was reduced as much as possible to
satisfy seismic modelling needs.
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1. Introduction

Effective application of CO; Capture and Storage (CCS) technology to ensure efficient climate change abatement
need estimation of reservoir properties of storage site and possible risks due to injection of CO; in supercritical state
into the deep saline aquifer. To monitor behaviour of CO, plume in the deep geological trap a number of modelling
routines could be applied.
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Previous studies show that the most prospective structures for CO, geological storage (CGS) in the Baltic region
(Estonia, Latvia and Lithuania) are available in Latvia represented by number of onshore and offshore anticline
structures [1, 2, 3, 4]. The main target 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. It overlies the Palaeoproterozoic crystalline basement of the East European Craton [5]. 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 [6].
Freimanis and colleagues stated that several structures have been singled out in the Latvian part of the Baltic
Syneclise. The Estonian—Latvian and Lithuanian monoclines are the marginal structures of the Baltic syneclise. The
Liepaja depression (Fig. 1) 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 (Fig. 1).
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 (Fig. 1) 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 [7].
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Fig. 1. Locations of Latvian onshore structures and the E7 structure offshore Lithuania (orange) prospective site for CGS (CO; storage potential
exceeding 2 Mt) in the Cambrian aquifer, and the studied E6 structure offshore Latvia (yellow), with the location of the well, lithological cross-
section and gamma-ray logging data, and the 3D geological model of the top of the Cambrian Deimena Formation of the E6 structure. Large
regional structures complicating the Baltic Syneclise in the study area are shown on the map according to [7]. Estimated closing contour of the
structure is indicated (black contour is —1350 m BSL). 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 BSL). Location of smaller compartment E6-B is indicated by red
transparent colour (modified after [8, 9]).
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The offshore E6 structure (Fig. 1) was assessed as the largest among all the studied in the Baltic Region
structures. Conservative and optimistic CO; storage capacity of the structure was estimated in the range of 160-400
million tonnes (Mt), respectively [4, 10]. Prospective for CGS reservoir is represented by the Cambrian Series 3
Deimena Formation (848-901 m depth at the well E6-1/84) composed by dark- and light-grey, fine-grained, loosely
and medium-cemented quartz oil-impregnated sandstones. The structure is an anticline fold bounded on three sides
by faults. The E6 structure consists of two different compartments divided by inner fault (Fig. 1).

The total area of the structure is 600 km? considering the closing contour of the reservoir top located at a depth of
1350 m below sea level (BSL). An approximate area of the larger part (E6-A) of the structure is 553 km?, while the
smaller part (E6-B) is 47 km? (Fig. 1). The average thickness of the reservoir unit is 53 m. The E6-A was considered
for the modelling. The Deimena Formation unconformably covered by 146 m thick impermeable Ordovician rocks,
consisting mainly of shales, marlstones and limestones. Upper part of the Ordovician is formed by Saldus Formation
carbonate rocks (10.5 m of thickness) of Porkuni Stage and represents oil deposit [4, 10].

The owner of the license for oil exploitation in the E6 structure is Danish oil company Odin Energi A/S.

2. 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 reservoir. Points’ sets representing
geological horizons were then converted into gridded surfaces. All the obtained surfaces (faults and horizons) were
edited in order to obtain a watertight configuration. After editing of the surfaces, the volumetric grid has been
created. 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 models with both lithological and petrophysical parameters (porosity and permeability). We
defined five layers within the cap rock (10, 56, 44, 26 and 10 m of thickness) and also five layers within the 53 m
thick reservoir (10, 3, 15, 6 and 19 m of thickness). The proportional layering method was employed in stratigraphic
modelling, resulting in the grid proportional to the corresponding top and base surfaces.

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
[11]. 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 [11].

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 [12]. 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 Incukalns
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 [13] and as suggested in [3], faults in the E6 structure can act as sealing
surfaces.
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3. 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 [3, 4, 14], 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 [3, 4, 8, 9, 14, 15, 16, 17, 19]. 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. 2 b, c; 3; 4 a; 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. 2 b, c; 4 a).

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

Porosity (mD) Permeability (mD)

Facies _
min max mean min max mean
Limestone 2 4 3 - - 6*
Oil-bearing limestone 10.8 23.6 183 02 24 5
Cap rock
Shale 32 39 36 - - 0.0001*
Marlstone 2 4 3 - - 0.15*
Sandstone-1 16,5 239 21 45 334 140
. Sandstone-2 219 335 25 141 400 230
Reservoir
Siltstone 145 215 19 30 440 230
Silty sandstone 136 215 17 10 104 56

* Constant data were implemented in the algorithm

In order to populate the model with facies and petrophysical properties, three modelling algorithms of
Geostatistical Software Library were applied [18]: (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.

4. 3D geological and petrophysical models

Two 3D geological static models were built for the E6-A compartment of the E6 oil-bearing structure (Model-1
and Model-2, Fig. 2 a, b, c) with different area and 3D volumetric grid size dimension. The bigger one (Model-1,
Fig. 2 a, b; 3) should allow visualization of complete migration of CO, plume within the developed 3D grid model
using fluid-flow simulation (cell size of 500 m x 500 m). The smaller one (Model-2, Fig. 2 a, c) is focusing on the
uppermost part of the Cambrian Series 3 Deimena Formation reservoir close to the drilled well, assuming that CO»
injection will take place in this area. The Model-2 with a finer gridding (cell size 30 m) was adopted for seismic
numerical modelling purpose. We reduced grid size in the Model-2 as much as possible, to satisfy seismic modelling
requirements. The Cambrian Series 3 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 2 and 3, respectively.



3568 Kazbulat Shogenov et al. / Energy Procedia 114 (2017) 3564 — 3571

Table 2. Porosity and permeability statistics of the model of the E6 structure

Porosity (%)

Min Max Delta Mean ) Std(s) Var(¢® Sum

Caprock 2 236 216 5.9 5.9 34.7 69 256
Reservoir  13.6 335 199 20.8 3.9 15.1 245 905
Permeability [mD]
Min Max Delta Mean ) Std(s) Var(¢® Sum
Caprock  0.0001 242 242 2.2 45 20.5 25372
Reservoir  10.2 440  429.7 168.3 107.1 114717 1986070

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

Var — variance

Delta=Max-Min
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Fig. 2. 3D geological models of E6-A compartment: (a) Porosity models “Model-1” and “Model-2” together. The figure is focusing on the
Model-2 (Upper layer-Oil-bearing limestone). Main faults in the Model-1 are shown; (b) Model-1. Lowermost layer (number 10) of the Deimena
Sandstone-2 reservoir formation with rare clusters of silty sandstones; (c) Model-2. All layers of the Model-2 are shown. Results of simulated
facies distribution from the Model-1 were downscaled and manually corrected in order to obtain a more realistic appearance according to the
smaller grid size (modified after [19]).
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Table 3. Volumetric grid parameters implemented in the 3D geological modelling

Model-1 Model-2

Size (X-Y-Z): 29372-26534-826 m * Size (X-Y-Z): 4392-4254-556 m *
Depth range: 693-1519 m Depth range: 693-1250.3 m

Cells dimension: 500 x 500 m Cells dimension: 30 x 30 m

Cells: 67 x 59 x 10 Cells: 146 x 188 x 10

Total number of 3D cells: 39530 Total number of 3D cells: 274480

Number of faults: 8

* Delta=Max-Min

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. [20, 21, 22, 23, 24, 25]).
In our study we used a limited set of data from the vintage exploration survey [8, 14, 15, 17] and new laboratory
measurements [4, 10, 14, 19]. 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 Schlumberger’s Petrel
E&P software platform can improve the quality of the geological models. The well-known mathematical algorithms
of Geostatistical Software Library [18] implemented in the Petrel platform provide a statistically justified image of
the area.

Facies matrix
Oil-bearing limestone

30000 Limestone

Shale

Maliage Well E6-1/84

Sandstone-1

Sandstone-2

Fig. 3. 3D geological static facies model of the E6-A compartment of the E6 offshore structure with location of the well E6-1/84. All layers
of the 3D model are shown. The white line A—B represents the geological cross section shown in Fig. 4 a-c (modified after [19]).
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Fig. 4. Cross sections of (a) facies, (b) porosity and (c) permeability distribution along the line A—B in the E6 numerical model shown in Fig.
3 (modified after [19]).

5. Conclusions

Proposed 3D models have significant importance and play linking role for coupling fluid-flow simulation and
seismic numerical modelling. Therefore, present study has crucial role in developing an optimal offshore storage
seismic monitoring plan in the studied area. Results of this work could be applied in fluid-flow simulations to
predict CO plume evolution and migration within the studied area. Plume evolution model consequently could be
integrated into the seismic numerical modelling procedure to compute synthetic seismograms before and after CO»
injection.

This will permit to predict seismic response to the CO, plume migration at different time scales within the
studied reservoir structure, and, will support basis for the further monitoring plan design in the region. This study
offers new possibilities for economic, petrophysical and geochemical modelling of regional transboundary CCS
scenarios in the Baltic Sea Region. However, lack of faults transmissivity data together with the uncertainties in
facies distribution call for further investigations in order to increase the accuracy of the geological static model for
the E6 offshore structure.
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