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Abstract: Characterization of caprock shale is critical in CO, storage site evaluation because the
caprock shale acts as a barrier for the injected buoyant CO, plume. The properties of shales are
complex and influenced by various processes; hence, it is challenging to evaluate the caprock
quality. An integrated approach is therefore necessary for assessing seal integrity. In this study, we
investigated the caprock properties of the Lower Jurassic Drake Formation shales from the proposed
CO, storage site Aurora (the Longship/Northern Lights CCS project), located in the Horda Platform
area, offshore Norway. Wireline logs from 50 exploration wells, various 2D seismic lines, and two
3D seismic cubes were used to investigate the variations of the caprock properties. The Drake
Formation was subdivided into upper and lower Drake units based on the lithological variations
observed. Exhumation and thermal gradient influencing the caprock properties were also analyzed.
Moreover, rock physics diagnostics were carried out, and caprock property maps were generated
using the average log values to characterize the Drake Formation shales. In addiiton, pre-stack
seismic-inverted properties and post-stack seismic attributes were assessed and compared to the
wireline log-based analysis. The sediment source controlled at 61° N significantly influenced the
depositional environment of the studied area, which later influenced the diagenetic processes and
had various caprock properties. The upper and lower Drake units represent similar geomechanical
properties in the Aurora area, irrespective of significant lithological variations. The Drake Formation
caprock shale near the injection site shows less-ductile to less-brittle brittleness values. Based on the
caprock thickness and shaliness in the Aurora injection site, Drake Formation shale might act as an
effective top seal. However, the effect of injection-induced pressure changes on caprock integrity
needs to be evaluated.

Keywords: Longship; Aurora; Northern Lights; CO; storage; Drake Formation; caprock; seal quality;
brittleness; rock physics; Horda Platform

1. Introduction

CO; capture and storage (CCS) in saline aquifers or depleted hydrocarbon reservoirs
is one of the many solutions for reducing human-generated CO, emissions into the at-
mosphere. Globally, governments and industries are planning large-scale CCS projects
because the necessity for such a development is well documented by the UN’s climate
panel (IPCC) and International Energy Agency (IEA). Partnering with industries, the Nor-
wegian Government has developed a large-scale CCS strategy (the Longship CCS project)
in the Norwegian Continental Shelf (NCS). According to the project proposal, CO, will be
captured from industrial point sources (cement factory and waste-to-energy plant), then
liquefied and transported by ships to an onshore terminal (Jygarden municipality) on the
Norwegian west coast. From that storage plant, the supercritical CO; will be permanently
stored in the deep saline aquifer (~2.6 km below the seabed) by ~100 km pipeline in the
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Horda Platform area. However, caprock shear failure or fracture [1-5] due to CO, injection
is one of the critical risks for reliable and permanent geological storage. Therefore, an
intensive evaluation of caprock properties is necessary to successfully store CO, in the
Aurora injection site offshore Norway.

Caprock shales (or mudstones) mainly consist of clay and silt size particles (i.e., parti-
cles size <62.5 pm) and significantly differ from other clastic rocks in terms of composition,
porosity, and heterogeneity [6-9]. The shale can be deposited in a wide range of environ-
ments (i.e., floodplains, lakes, shorefaces, prodelta, abyssal plains, etc.), has diverse origins
(i.e., weathering products, biogenic remains), and there is a multitude in post-depositional
processes, leading to a wide range of caprock properties. The studied Lower Jurassic
Drake Formation shale in the Horda Platform area was deposited in a complex structural
setting with various sub-basinal, paleo-depositional environments [10-12]. In addition,
exhumation in the studied area [13,14] influenced the diagenetic processes (i.e., mechanical
and chemical compactions); hence, various caprock properties were detected. Therefore,
a detailed depositional and diagenetic analysis of Drake caprock shale is crucial for the
Longship CCS project.

Compaction processes (i.e., mechanical and chemical) started altering the caprock
shale just after deposition. Mechanical compaction (MC) depends on effective vertical
stress, resulting in rock property changes due to frictional slippage, rotation, sliding, and
reorientation of grains during burial [15,16]. MC occurs in siliciclastic rocks at low tempera-
tures (below 60-70 °C), corresponding to burial depths less than 2 km in basins with normal
geothermal gradients [17,18]. However, when the rock crosses the transition zone, chemical
compaction (CC) commences where quartz cement starts to form, resulting in changing
rock properties due to mineralogical and textural changes and cementation [19-25]. In
shale, the formation of illite from smectite is the first major mineralogical change affecting
rock properties during progressive burial. This reaction commences between 60-70 °C,
where microquartz cement is also produced in addition to illite. Chlorite may also form
from iron-rich smectite minerals [26]. At higher temperatures (above 120 °C), kaolinite clay
may produce illite. This reaction requires (the kaolinite to illite reaction) a potassium source
(e.g., potassium feldspar) present together with the clay minerals [26]. Elastic properties
vary significantly between different types of clay minerals; hence, diagenetic evaluation is
critical. The types of initial clay mineral deposition depend on weathering and provenance.
Therefore, a depositional assessment is also crucial to characterize the caprock shales. In
addition, the upliftment in any basin is critical because the maximum temperature and
pressure experienced by the rock need to be evaluated for better caprock characterization.
These processes considerably alter the rock properties; hence, the rocks behave differently
under stress.

The fine-grained siliciclastic rocks (shale or mudstones) usually act as the top seal
and prevent fluid flow due to their high capillary entry pressure [27]. However, rock
failure or fracturing occurs when the shear stress exceeds the shear strength, controlled by
the rock’s geomechanical properties [28]. Failure occurs quickly when the caprock shale
indicates a brittle property compared to the ductile shales, which have a higher tolerance
to stress and deformation (Figure 1). This might introduce a possible escape route for the
injected fluid plume to flow upward. The geomechanical property such as rock brittleness
can be assessed from the caprock properties (i.e., Young’s modulus, Poisson’s ratio, etc.),
which are influenced by the depositional and diagenetic processes experienced by the rocks.
Therefore, to evaluate caprock brittleness, the processes need to be characterized because,
for a reliable and safe subsurface CO, injection, effective viable top seal needs to be in place.
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Figure 1. The possible modes of failure or fractures based on the mechanical behavior of the caprock
are illustrated in the Mohr-Coulomb failure envelope (modified after Nygard et al. [28]). The points A,
B, and C on top of the failure envelope define the brittle, transition, and ductile zones of any caprock.

In this study, we characterized the Lower Jurassic Drake caprock shale properties in
the Horda Platform area, offshore Norway. Effect of depositional environment, diagenesis,
and exhumation on the caprock properties were evaluated. The influence of paleo-tectonic
setting was assessed by analyzing the target formation’s structures, thickness, and shale
volume (gamma-ray-based) differences. A series of regional caprock property maps were
generated using the log data of 50 exploration wells, several 2D lines, and two 3D seismic
volumes. Exhumation and thermal gradient analyses were also carried out to identify
the mechanical and chemical compaction domains to better understand the diagenetic
changes within the studied Drake Formation shales. This helped to interpret the Drake
Formation’s strength properties by utilizing a Young’s modulus versus Poisson’s ratio
rock physics template. The effects of possible clay structures and percentages of quartz
particles within the caprock were discussed based on a published XRD-based mineralogical
database [29]. Moreover, an inverted seismic property-based analysis was carried out to
evaluate a detailed lateral properties variation in the Aurora injection site.

2. Geological Setting

The northern North Sea experienced two main rifting events, during the Permo—
Triassic and the Late Jurassic to Mid-Cretaceous times [10,12,30] (Figure 2a). A wide
basin with deep-rooted faults and thick syn-depositional wedges was centered in the
Horda Platform area during the first rifting event (Figure 2b). During the Late Jurassic
to Mid-Cretaceous event, the major rifting and tilting were shifted westward (i.e., Lomre
Terrace) [31]. It is assumed that during the second event, weak stretching with reactivation
of major Permo-Triassic faults occurred on the Horda Platform [10-12,30,32,33]. Large
normal faults with predominant N, NE, and NW orientations control basin formation,
resulting in half-grabens (15-50 km in width) which are the fundamental morphological
elements in the area [10]. Half-grabens in the North Sea may reach 100 km in along-strike
length; however, studies suggested that normal faults occur in segments and were generally
no longer than 20 km each [34,35]. The eastern margin of the Triassic sedimentary basins
south of 61° N was, in general, associated with the Jygarden Fault Complex (OFC), where
vertical displacement was estimated between 3-5 km across normal faults [36,37]. However,
north of 61° N, the structural pattern was controlled by the east-dipping Sogn Graben fault
of Permo-Triassic origin, which created a westerly tilted basement with sediment deposited
to the east [10].



Geosciences 2022, 12, 181 4 of 31

6 East Shetland East Shetland

Brage Horda
Platform

Horst Platform

Viking Graben
Basin

Brage
Fault
Oseberg,

Fault ‘l

Hild-Brent
alignment

Brageeast

I‘ fault

Oygarden
Fault Complex

61°

B wes
B Postnt

[ PermoTrassicsynift

31/9-3A

> 7 e Metamorphic Basement
2 East /
, Shetland ’
© Platform 31/5-3
3145 SU44 3125
T 31721 31/3-3
31/2-2 31/3-1
] ey ™
fof 59° : -fzk [t
[0 Trassic seaments absent &l o 1| scasouinGE 6 =
Thin Triassic sedimentgoutside ol o 1 )
faull-bounded depressions - ]
[0 Major intra-baisnal high = ey fansy
(=} ey e 0
B Main Permo- Triassic graben Y Y B e T L TIL L L Crr rPT (
E=7 Extensional basement shear zones |.* _/
Permo-Triassic faults = |
0 [
==>%m 25__50kny ransgression [ R I Sy P
—— ) May, Transgresan
=12, e a] p] -
58 A
& qo0
— g -
g yF---T
N2 A D e S P BT
é P27 e —
- \'(3“:g
Ll

[Jottshore/shelf mudstore™

Alluvial deposits

[ ] Nearshore/shelf sandstones
[F] Low-stand’ deposits

Figure 2. (a) Main structural elements of the northern North Sea, resulting from Permo-Triassic
extension, reveal the major faults and Nordfjord-Sogn detachment (modified after Feerseth, [10]).
Violet rectangle within the figure a represents the study area covered in this research (b) An E-W
cross-section through the northern North Sea (marked in (a)) shows the sedimentation and major
faults during syn- and post-rift times (modified after Feerseth, [10]). (c) Schematic representation of
Triassic and Jurassic post-rift mega-sequences (modified after Steel, [11]). The Horda Platform area is
marked in the red rectangle.

There was a change in fault polarity at 61° N, between the Sogn Graben and the
northern Horda Platform, creating opposite-facing half-grabens, constrained mainly by
a pronounced basement shear zone known as the Nordfjord-Sogn detachment [10,36,38]
(Figure 2a). This shear zone, interpreted as a Late Devonian extensional feature, separates
Caledonian-influenced Precambrian rocks in the footwall to the south and metamorphosed
Lower Paleozoic supracrustals in the hanging wall [39—41]. Seismic, gravity, and magnetic
data showed this basement feature was oriented NE-SW across the northern North Sea.
This feature was present at an anomalously high structural level immediately to the south-
east (i.e.,, Horda Platform). The detachment significantly influenced the sedimentation
between the northern and southern zones (reflected by thickness variations through syn-rift
and post-rift time). Moreover, the major and minor faults created by rifting and subsequent
thermal subsidence within the area played an important role in structural deformation and
sediment deposition [42—44].

The Early Jurassic Dunlin Group consists of Johansen, Amundsen, Burton, Cook, and
Drake Formations (Figure 3). The Dunlin Group shales have been defined as the retrograd-
ing shaley counterparts to prograding sands in the Early Jurassic mega-sequences PR4, PRS5,
and PR6, shown in Figure 2c. The mega-sequences equivalent to the Amundsen/Johansen
formations, Burton/Cook formations, and Rannoch/Drake formations are PR4, PR5, and
PRé, respectively, on the Horda platform area. Maximum flooding surfaces were found
within the fine-grained Amundsen and Drake formations based on high gamma-ray values,
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indicating distal marine clay deposits [11]. However, on the Horda Platform, sands were
prominent, since the area was located close to the basin margin.

The studied Drake Formation mainly consists of marine shales within the deeper parts
of the sub-basins, while close to the basin margins, sandy deposits are found within the
formation [45]. The caprock shale is divided into upper and lower units based on the
lithology (Figure 2c), where the upper unit consists of heterolithic deposits comprising
sandstones alternating with siltstones and claystones, while the lower unit consists of
mainly claystone. The division into two units is visible in the Horda Platform area, while
in the western, more-distal basin areas, it is less clear due to the absence of sand deposits.
The coarser-grained upper Drake unit is considered a high-risk caprock and is therefore
treated as a supporting caprock layer with the finer-grained, more clayey lower Drake unit.
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Figure 3. A generalized Jurassic and Cretaceous stratigraphic succession of the study area (modified
after NPD, [46]). The presented chronostratigraphy of Horda Platform has no scale, but the sandstone
pinching out indicates relative east (E) and west (W) directions of the studied area. Wireline logs such
as gamma-ray (GR), density (RHOB), and P-sonic (DT) of the Dunlin Group from well 31/5-7 are also
shown. Note that the Drake and Amundsen formation shales are divided into upper and lower units.

3. Materials and Methods

In this study, we used wireline logs from 50 exploration wells, several 2D seismic
lines (NSR and SG8043 surveys), and two 3D surveys (GN10M1 and GN1101) from the
Horda Platform area (Figure 4; Table 1) to evaluate the Drake Formation caprock properties.
Present-day top depth of the Drake caprock is significantly varied and is located in various
structural settings defined by the Norwegian Petroleum Directorate (NPD). The majority
of the studied wells were from the Horda Platform (HP) area, which consists of Bjergvin
Arch (BA) and Stord Basin (SB) structural settings with 16 and 7 wells, respectively. In
addition, a considerable number of wells were analyzed from other structural settings such
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as Lomre Terrace (LT), Oseberg Fault Complex (OFC), and Brage Horst (BH). The rest of the
studied wells were selected from the deep basin part consisting of Flatfisk Slope (FS), Uer
Terrace (UT), Mokkurkalve Fault Complex (MFC), Tjalve Terrace (TT), and Marflo Spur
(MS) structural elements (Table 1).
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Figure 4. Map of the study area shows wells (black circles), faults (grey lines), and structural
elements (e.g., BA = Bjergvin Arch; BH = Brage Horst; FS = Flatfisk Slope; HP = Horda Platform;
LT = Lomre Terrace; MS = Marflo Spur; SB = Stord Basin; TT = Tjalve Terrace; UT = Uer Terrace;
Faults: BF = Brage Fault; IF = Idunn Fault; KF = Kinna Fault; MFC = Mokkurkalve Fault Complex;
OFB = Oseberg Fault Block; TF = Tusse Fault; TrF = Troll Fault; OFC = Oygarden Fault Complex). The
grey shaded polygons illustrate the hydrocarbon fields and discoveries (e.g., B = Brage; OB = Oseberg;
TE = Troll East; TW = Troll West) in the study area. The solid black lines (NS-1, NS-2, and NS-3)
and dotted black lines (WS-1, WS-2, and WS-3) represent the well sections interpreted in the result
section The boundary of the regional map is denoted in a green polygon, where the blue boundaries
represent 3D seismic volume GN10M1. The cropped 3D volume (dotted red polygon) is used for
Aurora site-specific evaluation. The interpreted 2D lines are denoted by the grey dashed line. The
first CCS license (EL001) in offshore Norway is indicated by the violet polygon, where the red circle
(31/5-7) is the proposed CO; injection well.
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Table 1. Well database with structural elements, caprock present/max. burial depth and thickness.

Upper Drake (mBSF) Lower Drake (mBSF)
Well Name Structural Elements (NPD) Thickness (m) Thickness (m)
Present Paleo * Present Paleo *
30/9-15 Bjergvin Arch 2148 2328 79 2227 2407 107
30/9-16 2880 3045 100 2980 3145 81
30/12-1 2998 3133 101 3100 3235 98
31/2-1 1577 1697 86 1664 1784 57
31/2-2 1701 1832 57 1759 1889 47
31/2-3 1543 1933 68 1611 2001 40
31/2-4 1542 1802 58 1600 1860 47
31/2-5 1706 1946 67 1772 2012 64
31/3-1 1459 1839 71 1530 1910 57
31/3-2 1586 1906 83 1670 1990 -
31/3-3 1851 2371 49 1900 2420 47
31/4-3 2216 2386 59 2275 2445 72
31/4-8 1937 2077 70 2006 2146 67
31/5-2 1693 1883 80 1773 1963 61
31/7-1 2307 2517 81 2388 2598 69
35/11-7 2163 2358 65 2228 2423 41
31/5-7 Stord Basin 2173 2523 74 2247 2597 53
31/6-1 1508 1838 76 1584 1914 52
31/6-2 1649 2349 48 1697 2397 32
31/6-3 1648 2298 35 1683 2333 33
31/6-6 1709 2439 48 1756 2486 30
31/6-8 1640 1970 99 1739 2069 62
32/4-1 1304 2404 44 1348 2448 49
31/1-1 Lomre Terrace 2198 2398 84 2282 2482 43
31/2-8 2352 2582 62 2414 2644 41
31/4-4 2559 2559 72 2630 2630 66
31/2-19S 3272 3472 63 3335 3535 49
35/11-2 3093 3253 74 3167 3327 58
35/11-4 2413 2603 66 2479 2669 37
35/11-5 3014 3194 66 3080 3260 27
35/11-6 3238 3388 85 3324 3474 52
30/3-3 Oseberg Fault Block 2908 3028 58 2966 3086 67
30/3-4R 2760 2885 59 2819 2944 69
30/6-4 2551 2741 94 2645 2835 75
30/6-7 2648 2768 98 2746 2866 91
30/6-19R 2809 2934 49 2858 2983 64
30/9-13S 3259 3259 122 3382 3382 78
30/9-28S 3182 3372 105 3287 3477 73
30/3-2R Brage Horst 2738 2868 57 2795 2925 68
30/6-5 2776 2916 50 2826 2966 63
30/6-14 2235 2390 61 2296 2451 94
30/6-22R 2797 2902 56 2853 2958 67
31/4-2 2186 2346 69 2255 2415 57
30/6-11 Faltfisk Slope 3415 3505 75 3490 3580 96
35/10-2 3893 4018 62 3956 4081 79
35/11-1 Uer Terrace 2172 2502 60 2232 2562 56
35/12-1 2531 3011 44 2576 3056 -
30/2-1 Mokkurkalve Fault Complex 3636 3701 77 3713 3778 97
34/11-3 Tjalve Terrace 3965 3995 27 3992 4022 36
35/10-1 Marflo Spur 3102 3242 70 3173 3313 37

* Corrected for exhumation estimated from Vp-depth trend to represent the maximum burial depth.

There were considerable thickness variations observed within the studied wells in both
upper and lower Drake units (Table 1). All the studied wells (50) were used for structural,
thickness, temperature gradient, and exhumation studies, while 30 wells with available
logs (i.e., gamma-ray, density, P-sonic, resistivity, neutron porosity, and vs. predicted by
machine learning) were considered to evaluate the caprock geomechanical properties (i.e.,
Young’s modulus, Poisson’s ratio, and brittleness). A seismic (2D and 3D) interpreted
top Drake time structure map was used for structural trends during the map generation
process. Moreover, caprock characterization using post-stacked seismic attributes and
pre-stacked seismic inverted properties was carried out based on the cropped seismic
3D cubes (the cropped area illustrated in Figure 4). NPD well tops of the studied wells
were also updated based on Steel’s [11] stratigraphic sequence concept (Figure 2c). In
this study, an integrated approach based on wireline logs and seismic data was employed
to evaluate caprock properties. The research workflow is presented in Figure 5, where
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different methods used in this study are illustrated step by step. The techniques used to
investigate the depositional history and diagenetic processes, map caprock properties, and
estimate brittleness indices are briefly described below.

Wireline Log 2D/3D Seismic
C Seismic interpretation
Q (Horizons and faults)
Petrophysic Rock Physics Seismic inversion Seismic amplitude
(Vsh, E, PR) (E-PR crossplot) (Pre-stacked simultaneous inversion (RMS, RAI)
‘ i to generate Al, SI, and p)

!

Mapping rock properties 3D property mapping

(Vsh,

EBI) (Vsh, EBI)

Caprock evaluation
(Depositional environment, burial
history and rock properties)

A

Figure 5. An integrated workflow to illustrate the caprock evaluation processes.

3.1. Depositional and Diagenetic Processes

Depositional history and diagenetic trends were carefully analyzed using selected
wells. Radioactive minerals within the rocks can reveal the paleo-depositional water
depth and sediment influx path [47] and possibly indicate the redox conditions between
the sub-basins. Variation in the spectral gamma-ray (i.e., thorium and uranium) values
observed within the Drake Formation is illustrated in the qualitative analysis of the paleo-
depositional variation. The thorium (Th) and uranium (U) values of the lower Drake unit
from four selected wells are shown in Figure 6a. Two wells (31/6-1 and 31/6-3) that are
from the 31/6 block represent higher uranium and thorium content than the northern wells
31/3-1 and 35/11-1. Both wells show comparatively low uranium together with relatively
high thorium. Higher U content wells (31/6-1 and 31/6-3) are located in the Stord Basin
(SB), while 31/3-1 is in Bjergvin Arch (BA) and 35/11-1 is in Uer Terrace (Figure 4). The
percentage of radioactive elements indicates that paleo-water depth and sediment influx are
similar in both sides of the 61° N (Nordfjord-Sogn detachment); however, the depositional
setup changes significantly further south in SB.

Seven wells from a variable top depth of the Drake Formation were selected to evalu-
ate the diagenetic processes. Top depth differences indicated the pressure and temperature
variation experienced by the formation and represent intervals from both compactions (i.e.,
mechanical and chemical) regimes. The depth ranges from mechanical to chemical com-
paction allow us to evaluate the diagenetic influences on caprock geomechanical properties.
Moreover, normalized gamma-ray (GR) based volume of shale (V) was estimated and
analyzed as a lithological variations proxy. For qualitative lithology assessment, GR is a
powerful tool. However, GR values depend on different factors and must be calibrated
with core data for use as lithological indicators. The volume of shale in this study was
estimated using the Larionov [48] equation for older rock, where the sand and shale lines
are defined separately for each well.
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Figure 6. (a) Uranium versus thorium cross-plots of the lower Drake unit clearly show the variation
of spectral gamma-ray values within the four studied wells. (b) A comparison between machine
learning algorithms estimated vs. with the measured Vs. The Drake Formation data points from well
31/1-1 were used to construct the crossplot.

Caprock property changes during burial are due to compaction processes, which
depend on the maximum temperature and pressure the rock experienced. Therefore,
estimating the temperature gradient and exhumation correction are vital parameters to
predict caprock properties. In this study, both exhumation and temperature gradient were
calculated. The normal compaction trend (NCT) and the bottom hole temperature (BHT)
were used in these calculations. The velocity-depth silt-kaolinite (50:50) trend suggested by
Mondol [49]) was used as a reference NCT and then calibrated with the recently published
data from Baig et al. [13]. The temperature on top surfaces was calculated using temperature
gradient estimation based on the following equation:

m =

where m is the temperature gradient, y is the bottom hole temperature, c is the mean annual
temperature at the seafloor (i.e., 5 °C for the North Sea), and TD is the total depth below
the seafloor.

The regional maps (green polygon in Figure 4) based on the well data points
(Tables Al and A2) were generated using the Petrel™—2019 map generation process,
where a convergent interpolation algorithm is used to interpolate the point datasets. In this
process, the time surface interpreted from combining the 2D and 3D seismic interpretation
was used as a soft structural trend.

3.2. Caprock Property Evaluation

Properties of caprock shale were evaluated using wireline logs and seismic cubes
(Figure 5). The properties such as Young’s modulus (E) and Poisson’s ratio (PR) are the
proxies of rock stiffness and can indicate the top seal’s integrity under stress. Therefore, a
rock physics template was adapted from Perez and Marfurt [50] in an E versus PR cross-plot
to evaluate the ductility of the Drake caprock shale. Compressional wave velocity (V}),
shear wave velocity (Vs), and bulk density (p) logs were used to estimate these properties
by using the empirical equations. The static E was directly estimated using the equation
proposed by Horsrud, [51]:

Es = 0076V, (2)



Geosciences 2022, 12, 181 10 of 31

The PR was calculated using the equation below:
Vy —2V§
2

2(v3 - v2)

However, a limited number of studied wells have the acquired Vs data; therefore, a
machine learning (ML) algorithm-based Random Forest (RF) estimated Vs was used in this
analysis (Figure 6b). Several algorithms such as Neural Network (NN), K-nearest neighbors
(kNN) and RF were tested, but we decided to use RF for this study. In addition, the
elastic property-based brittleness indices (EBI) were evaluated. The Bl is the quantitative
measure of the geomechanical property of the rocks, where a higher Bl value indicated
brittle caprocks and lower values represented ductile rocks. The EBI equation used in this
study [52] is based on acoustic impedance (Al) and deep resistivity (R;) and defined as:

EBI — va{n — Pom — \/@{Al@ﬁlﬁ - Vplam) — (pw — Pom)}
()

mea Vpam

PR = 3)

4)

where Vp,,, and Vp,, are the P-wave velocities of the mineral matrix and the pore fluid
(water), respectively, Vp,, is the P-wave velocities of the organic matter (OM), p,y, is the
density of organic matter, p,;, is the density of mineral grains, py, is the density of pore
fluids (water in this case), R; is formation resistivity, Ry, is the resistivity of water (0.08 ohm-
m based on estimates from the well calibration), ‘a’ is tortuosity factor, and Al is acoustic
impedance.

A detailed, pre-stacked, seismic-inverted, property-based analysis was carried out in
the Aurora injection site (mainly focusing on the proposed injection well location). The
pre-stacked seismic inversion was carried out using an algorithm based on three modified
Fatti et al. [53] reflectivity terms [54-56]. The pre-stacked simultaneous inversion method
assisted in generating P-impedance (Al), S-impedance (SI), and density (p) cubes. These
property cubes were then used to calculate other properties such as volume of shale (V)
and EBI. After generating an R; cube using the equation that relates Al with formation
resistivity [57] while assuming 100% water saturation (Sy,), we used equation 4 to estimate
seismic property-based EBI. Both wireline logs and inverted seismic property-based EBI
were incorporated to have a comparative analysis. Moreover, based on the inverted cubes
(i.e., Al, V},/V; ratio), the shale volume (V) cube was estimated using the following

equation [58]:
v, — {Pma - % - [1 - (VX(Sza> ’11] [AI(VIl,w - Vplm,,) = (pw _Pma):| } .

(oo = pe) = 41(v5 — 727 |

where Vy, is the volume of shale in fraction, Al is acoustic impedance in g/ cm® xm/s, Vyis
P-wave velocity in m/s, Vs is S-wave velocity in m/s, G is mineralogy /shaliness coefficient,
a is Vs/ V) ratio of the mineral /rock matrix, 7 is stress/cementation coefficient, Vi, Vpsh
and V, are the P-wave velocities (in m/s) of the mineral matrix (e.g., quartz), shale, and
water, respectively, p, is the density of mineral grains, pg, is the density of the shale, and
Pw is the density of water (all in g/cm?).

A 3D post-stacked seismic (cropped cube from GN10M1 survey, marked in Figure 4)
amplitude analysis was also carried out to evaluate caprock properties. The RMS amplitude
computed the Root Mean Squares (RMS) on instantaneous trace samples over a specified
window. The default window length (9) was implemented in this study. Another ampli-
tude called Relative Acoustic Impedance (RAI) was analyzed, where the amplitude was
summed up of regularly sampled intervals. A default 10 Hz low-cut frequency filter was
implemented. The output RAI volume represents apparent acoustic contrast and indirectly




Geosciences 2022, 12, 181

11 of 31

indicates the porosities of studied rocks. Both post-stacked attributes were generated using
the ‘volume attribute’ function in the Petrel™-2019.

4. Results
4.1. Structural Setting and Sedimentation

Six well correlations were generated flattened on 0 m TVDSS to evaluate the present-
day structural variations within the study area (Figure 7). The correlation profiles are
also shown on top of the structural maps (Figure 7g,h). Three of these profiles represent
north—south sections located in the east (NS-1), middle (NS-2), and west (NS-3) of the study
area. The remaining three profiles are roughly oriented east-west and cover the north
(WE-1), middle (WE-2), and south (WE-3) sections. The possible structural boundaries
between the wells are also demarcated based on the NPD’s [46] structural elements dataset.
The southern wells of the NS-1 panel located in the Stord Basin (SB) and Bjergvin Arch
(BA) show comparatively shallow present-day burial depths. However, the wells located to
the north show significantly deeper burial beyond the Nordfjord-Sogn detachment (NSD)
into the Lomre terrace (LT) (Figure 7a). A similar trend is also observed in the middle
(Figure 7b) and western sections (Figure 7c), where the overall deepening towards the
north with several structural boundaries (i.e., major faults) is present. On the contrary, the
west—east sections show increasing burial depths from east to west (Figure 7d—f). The major
faults such as the Kinna fault (KF) in the north, Troll fault (TrF) in the middle, and Brage
fault (BF) in the south demarcate the platform and basin areas. The influence of these major
faults was observed in the east—-west sections. Moreover, within the individual fault blocks
in the platform area, the local depth variations are also observed at the major faults’ (i.e.,
Vette, Tusse, and Idunn faults) bounding blocks, which are mainly located in the Stord
Basin (SB), Bjergvin Arch (BA), and Oseberg Fault Block (OFB) (Figure 7f).

The depth structure maps of the upper and lower Drake units presented in Figure 7g,h
illustrate the well correlations with structural elements and major faults in the study area.
The present-day depth structure maps of the upper and lower Drake units reveal the overall
lateral depth variations between the structural elements (Figure 7g,h). The depth variation
ranges between 1500 m in the east to 5000 m in the northwest. As observed in the well
correlations, the Troll Fault (TrF) marks the boundary between the eastern platform (i.e.,
Stord Basin and Bjergvin Arch) and the western basin (i.e., Lomre Terrace), which becomes
a deep basin further to the northwest. However, to the southwest, the areas of the Brage
Horst (BH) and Oseberg Fault Complex (OFC) show comparatively shallower burial depths
than the nearby area to the east. Furthermore, depths vary between the footwall and
hanging wall sides within the major fault blocks (i.e., Vette-Tusse, Tusse-Svartlav blocks)
in the Horda platform area, which is also observed in the well cross-sections (Figure 7).

The same well sections were evaluated for thickness variations between the wells and
upper and lower Drake units. The correlation sections are flattened using the top upper
Drake and illustrated in Figure 8. The eastern north-south section (Figure 8a) shows a
gradual increase in overall thickness from south to north, where the lower Drake unit shows
a similar thickness between the wells. However, the middle section (Figure 8b) shows an
opposite trend with gradually decreasing thickness from south to north, but the thickness
relationship between the upper and lower Drake remains the same (the overall thickness
variation is related to the upper Drake unit). In the western section (Figure 8c), the thickness
remains the same except in the northwestern well 34/11-3, where thickness is significantly
less than the other wells. In all the east-west sections (Figure 8d—f), both upper and lower
Drake thickness increase from east to west. This is expected considering sediment influx
from the east and the paleo structural settings. The thickness maps (Figure 8g,h) show the
detailed lateral variation of upper Drake (Figure 8g) and lower Drake (Figure 8h) units,
respectively. The thicknesses range between 120 m to 10 m, where the upper Drake is thin
near the sediment influx area (i.e., eastern boundary), which significantly increases to the
west after crossing the Vette Fault (VF). However, a different thickness variation pattern
was observed for the lower Drake unit, where the maximum thickness is observed in the
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west and an intermediate range of thickness persists in the NE-SW direction. Moreover,
low thickness areas were detected in the Lomre Terrace (LT) and the SE part of the study
area. There was no structural influence observed in the upper Drake thickness map (i.e., no
thickness variation within fault blocks). However, the lower Drake unit shows thickening
on the footwall side in the platform area compared to the hanging wall side (Figure 8h).
Moreover, both upper and lower Drake units show a considerable thickness near the
proposed CO; injection site (near well 31/5-7).
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Figure 7. Well correlations flattened on 0 m TVDSS show the present day structural position of upper
and lower unis of the Drake Formation: north-south sections (a—c), and east-west sections (d—f). The
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structural elements with corresponding boundaries in between wells are also marked. The depth
structure maps of upper (g) and lower (h) Drake units also illustrate the well correlations with
structural elements and major faults (i.e., structural elements: BA = Bjorgvin Arch; BH = Brage Horst;
FS = Flatfisk Slope; HP = Horda Platform; NSD = Nordfjord-Sogn Detachment; LT = Lomre Terrace;
MS = Marflo Spur; SB = Stord Basin; TT = Tjalve Terrace; UT = Uer Terrace. Faults: BF = Brage Fault;
IF = Idunn Fault; KF = Kinna Fault; MFC = Mokkurkalve Fault Complex; OFB = Oseberg Fault Block;
SB = Stord Basin; TF = Tusse Fault; TrF = Troll Fault; UF = Undifined fault. Discoveries: B = Brage;
OB = Oseberg; TE = Troll East; TW = Troll West).

“ 35/116
bR o 1 30G

35/114

North-South well sections West-East well sections
30/2-1 35/10-2 35/114 35/12-1

3131 3133 31/6-6 31/6-2 31/6-3

70 AFI 150

R p

m'\mm: » DT DGR _p DT MoK _p 0T

MDGR p__DT VDGR o
[" ] i

] GR

22 gem® )5
P
50 ws/it 110
I 1§ or

upper Drake unit
B tower Drake unit

m 35/10-1

31/2-19S

NS-2
WE-2
30/9-285 31/4-8 3157 31/6-1 31/66

MDGR _p DT MDGR p DT _MDGR p_ DT MDGR p DI MDGR p_ DT

U

N.0Z.09
N.0Z.09

2°36'E 2°48°E

3°00'E

3*12€

3°24€ 3°36'E 3°48'E 4°00'E 4°12€ 2°36'E 2°48°E 3°00'E 3"12€ 3°24€ 3°36'E 3°48°E 4°00'E 4°12E

Figure 8. Well sections flattened on top of the upper Drake unit representing thickness and property
variations in wells covering the north-south (a—c) and the east-west directions (d-f) in the study area.
The thickness maps of the upper Drake (g) and lower Drake (h) units exhibit the correlation profiles’
locations and show the study area’s overall variation. Color legend used to displayed wireline logs is
also shown.
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In general, a relationship between shale volume and the paleo-depositional conditions
was recognized (i.e., depositional energy, sediment influx, oxic or anoxic conditions, etc.).
Gamma-ray logs pick this up since clay minerals commonly contain radioactive elements
such as potassium, uranium, and thorium. The normalized gamma-ray-based average
shale volume maps for the upper and lower Drake units are shown in Figure 9. The
average shale volumes (V) in many wells are relatively low (i.e., 0.5), which is somewhat
confusing, as we are evaluating caprock shale. Still, the low Vg, reflects the heterolithic
nature of the Drake Formation with the presence of low GR sandstone layers in between
the shale layers (Figure 8a—f). Moreover, the limitation of gamma-ray-based Vg, also needs
to be considered. However, lateral high V;, zones indicated depositional variations within
the studied area. The high V), areas might represent deeper basins or stagnant lacustrine
depositional settings resulting in high GR. Overall, the lower Drake unit is more clayey
than the upper unit. Considering V, as a proxy for paleo-water depth, during lower Drake
deposition, the Horda platform (HP), south Lomre Terrace (LT), Brage Horst (BH), and
Oseberg Fault Complex (OFB) area might have deep water conditions with little water
circulation. A very high Vg, zone is seen in the deepest part of the basin near the Troll field.
Similar depositional conditions remained in this part also during the deposition of the
upper Drake unit. However, this deeper depositional area was getting smaller, and coarser
particles might be depositing nearby (Figure 9a). A detailed paleo-depositional study
needs to be conducted to confirm these differences between the upper and lower Drake
deposition, but this is out of the scope of the current study. In addition, the northern part
of the studied area illustrated low shale volume, indicating high coarser grains compared
to the southern part.
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Figure 9. The normalized gamma-ray-based average volume of shale maps show the variation in
the percentage of clays of the upper (a) and lower (b) Drake units. The contour interval (CI) in both
maps is 0.05. The possible location of the Late Devonian Nordfjord-Sogn detachment extensional
feature is also shown.
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4.2. Exhumation and Diagenesis

Uplift and erosion can significantly influence diagenesis because estimating exhuma-
tion reveals the paleo depth and temperature experienced by the studied rock intervals.
Due to the several rifting events, the studied area has been considerably impacted by
erosion and upliftment, which needs to be evaluated to better understand the caprock
properties. The exhumation map reveals that the studied area uplifted as high as 1400 m in
the east, which gradually decreased towards the west (Figure 10). Comparing the Horda
Platform with the other sub-basins (e.g., LM, BH, FS, OFB, MS, etc.), HP shows significantly
higher upliftment than its basinal counterparts. However, within the HP, minor variations
were observed between different fault segments. Especially the block with the proposed
injection well (31/5-7) shows quite a variation in uplift that ranges between 100 and 400 m.
The bottom hole temperature (BHT) based temperature gradient also varied within the
area. The gradient trends do not follow the structural boundaries (faults); instead, they are
undulating (Figure 10b).
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Figure 10. The average exhumation map (a) and temperature gradient map (b) for the study area
show the differential uplift and temperature variations. The present (c) and paleo (d) temperature
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distribution maps of the lower Drake unit calculated using exhumation and temperature gradient
analysis display the variation and the maximum temperature experienced by the caprocks in the
study area. The paleo-temperature map on top of the caprock surface represents the mechanical and
chemical compaction zones. The contour interval (CI) of all maps is shown in the legend.

The temperature gradient ranges between 40 and 30 °C per kilometer within the study
areas. Low-temperature gradients are observed on top of the major oil/gas fields (i.e.,
Troll and Brage), while the surrounding areas show higher gradients. Present and paleo-
temperatures on top of the Drake Formation were evaluated by combining the exhumation
and temperature gradient information. Figure 10c,d show an example of the present and
paleo-temperatures on top of the lower Drake unit. The present-day temperature reveals
that the eastern fault block, a structural high, shows low temperatures. Moreover, based
on the temperature gradient estimated using Equation (1), the temperatures on top of the
major oil/ gas fields are low compared to the other areas within the same fault blocks. These
areas at the present day are within the mechanical compaction (MC) zone. Restoring the
exhumation, the paleo-temperature experienced by the lower Drake caprock shales shows
that only the areas close to the Troll and Brage fields have remained within the MC zone
through time (assuming 75 °C as the transition temperature). In contrast, the lower Drake
unit within the rest of the study area was in the temperature window within the chemical
compaction (CC) zone (Figure 10d).

4.3. Caprock Properties

The lateral variation of the average mechanical properties (i.e., brittleness indices)
of caprock shale was evaluated (Figure 11). Rock brittleness indices values can indicate
the mechanical behavior of caprock shale under stress conditions. For instance, a ductile
caprock can absorb the additional stresses, and deformation becomes more diffused, while
brittle caprock might generate fractures with the same amount of stress applied (Figure 1).
Comparatively, a softer (lower brittleness indices value) Drake Formation (both upper and
lower units) was found around the gas fields (i.e., Troll, Brage, and Oseberg). Moreover,
the lower Drake unit in the southeastern part of the study area shows a relatively ductile
property. However, in the lower unit near the proposed CO, injection well location (i.e.,
31/5-7), the caprock was stiffer compared to the other areas within the CCS exploitation
license EL0O1. In addition, the basinal part (north and northwest) and northeast part of
the study areas have high brittleness indices (BI) values in both upper and lower Drake
caprock shale units.

4.3.1. Depositional Variation

In order to evaluate the influence of depositional effects on caprock properties, the data
from four wells plotted in Figure 6a were analyzed. The wells are located in the north of the
study area in Uer Terrace (35/11-1), Bjergvin Arch (31/3-2), and Stord Basin (31/6-1 and
31/6-3) (Figure 4). Moreover, wells 31/3-2, 31/6-1, and 31/6-3 are located within the same
fault block (the Vette-Tusse fault block), while 35/11-1 is from the northern part of the study
area. As shown in Figure 6a, distinct differences are evident, as wells 31/6-1 and 31/6-3
have higher uranium content than wells 31/3-2 and 35/11-1. The static Young’s modulus
(E) and Poisson’s ratio (PR) plots also reveal that the wells 31/6-1 and 31/6-3 have lower
E and higher PR compared with 35/11-1, while 31/3-2 plotted in between (Figure 12a).
Moreover, the volume of shale (V) is high in the higher-uranium-content wells compared
to the others (Figure 12b). However, the paleo temperature experienced by the studied
wells illustrated the influence of diagenetic processes on caprock geomechanical properties
(Figure 12c). This diagenesis effect (higher E and lower PR with increasing temperature) is
also revealed in the EBI plot, where the overlapped data points from the wells 31/3-2 and
31/6-1 illustrated that the higher temperature in well 31/3-2 indicated higher EBI and vice
versa, despite the E and PR values having the same range. In addition, comparing the upper
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and lower Drake units within the studied wells, no separate clusters were observed. Based
on EBI, most of the data points fall within the less-brittle to less-ductile zone (Figure 12d),
while according to the Perez and Marfurt (2014) template, the Drake caprock shales are
within the ductile to less brittle zones (Figure 12d). In both methods, qualitatively, a small
number of data points fall within the brittle zone, which might be due to the carbonate
strings present within the studied caprocks.
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Figure 11. The property maps generated using the average well data of EBI of upper Drake (a) and
lower Drake (b) units show the spatial variation of the caprock strength. The contour interval (CI) of
each map is shown in the legend (0.025). Moreover, the grey shaded zones represent the oil and gas
discoveries in the study area.

4.3.2. Diagenetic Effect

To evaluate the diagenetic influence on the Drake Formation, seven wells of the Drake
Formation buried in different depths were analyzed (Figure 13a). A distinct gradient
indicates an increasing paleo-temperature experienced by the caprock (Figure 13b). The
mechanically compacted (MC) wells (31/2-1, 31/5-2 and 31/6-1) show a low gradient with
a significant decrease in Poisson’s ratio (PR) and a gentle increase in Young’'s modulus
(E). On the contrary, the wells with chemical compaction (31/1-1, 31/4-4, 35/10-1, and
35/11-6) show a different trend with a significant increase in E and a gentle decrease in PR.
The brittleness indices (BI) estimated using EBI (Figure 13d) also illustrate this separation
between the MC and CC regimes. The MC data points show ductile to less-ductile behavior
compared to less brittle to brittle behaviour in the CC wells (Figure 13d).

4.3.3. Seismic Data Analysis

In this section, 3D seismic pre-stack inversion and post-stack attributes were analyzed.
The main objective was to assess caprock properties near the Aurora injection site; hence,
the 3D cube GN10M1 was cropped, focusing mainly near well 31/5-7 (Figure 14a). There
are several major (i.e., TF and SF) and minor faults present in this area. The northern
boundary of the CCS license (EL001) and part of Troll fields (i.e., TE and TW) are also
shown in the studied cropped sections. Seismic properties were extracted on top of the
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15

E (GPa)

12

seismic-interpreted surfaces. An example of interpreted horizons on full-stacked seismic
sections near the 31/5-7 well is illustrated in Figure 14b. Surfaces in the middle of the upper
and lower Drake units were considered representative horizons for property extraction.
The variation of gamma-ray (GR) and P-wave velocity (V) between formations in 31/5-7
is also demonstrated. The display of the pre-stack inverted volume of shale (V) property
using the same seismic section reveals the vertical and lateral V;, changes near well 31/5-7
(Figure 14c). The difference in shaliness between the UD and LD is visible in this section,
where the LD possesses considerably higher V, than the UD. A detailed analysis of caprock
seismic properties is presented in the sub-sections:
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Figure 12. Young’s modulus versus Poisson’s ratio cross-plots of Drake Formation show the variations
between upper (non-filled) and lower (filled) Drake units color-coded with well names (a), the volume
of shale (b), temperature corrected for exhumation (c), and EBI (d). The reference background curves

are adapted from Perez and Marfurt [50].
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Figure 13. The diagenetic influences on geomechanical properties (E and PR) of the Drake Formation
are illustrated in these cross-plots using the data points from 7 selected wells from the study area
color-coded by well names (a), temperature corrected for exhumation (b), Vy, (c), and EBI (d). The
brittle-ductile divisions are based on Perez and Marfurt [50] published curves.

Figure 14. Map shows the faults and hydrocarbon fields in the Aurora injection site (a). The first CCS
license (EL001) and possible injection well (31/5-7) are also presented. A SW-NE (AB) cross-section
of full-stacked seismic (b) and inverted volume of shale (c) near the 31/5-7 well is illustrated for
reference. Top horizons (UD—upper Drake; LD—lower Drake; C—Cook; UJ—upper Johansen
LJ—lower Johansen and S—Statfjord) and logs (GR—gamma-ray and Vp—P-wave velocity) from
well 31/5-7 are also shown. Note that the property maps (Figures 15 and 16) were extracted on top of

the UD and LD horizons.
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Figure 15. The extracted volume of shale property maps illustrated on top of the upper Drake (a) and
lower Drake (b) units. The elastic brittleness indices property estimated using Equation (4) is also
presented on top of the upper Drake (c) and lower Drake (d) units. The faults and hydrocarbon
fields located in the study area are also presented. In addition, the first CCS license (EL001) and the
proposed CO; injection well (31/5-7) are shown.
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Figure 16. Variations of RMS amplitude on top of the upper Drake (a) and lower Drake (b) units are
presented. Spatial variation of relative acoustic impedance (RAI) are also shown on upper Drake
(c) and lower Drake (d) surfaces. Note that the faults (black), oil and gas fields (dark grey shaded
polygons), the CCS license (EL001), and the proposed injection well (31/5-7) are also shown.

Seismic Inverted Properties

Lateral distribution of the volume of shale (V) and elastic brittleness indices (EBI)
were assessed. Both the shaliness and brittleness properties are indicators of the effective-
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ness of the caprock shale as a top seal. For instance, higher shaliness and lower brittleness
represent better top seal quality and vice versa. The Vg, value significantly varied between
the upper and lower Drake units, where the lower Drake represents a higher percentage
of shale than the upper unit (Figure 15a,b). The upper Drake shale in the studied area
is mostly silty; however, patchy distribution of the finer grain (higher Vg, value) is also
present. North of the injection well location (31/5-7), the upper Drake caprock shale is
mostly coarse-grained (Figure 15a). On the contrary, the lower Drake shale characterizes as
fine-grained throughout the study area (Figure 15b).

A similar trend was also observed in brittleness indices maps, where the lower Drake
unit represents a lower value than the upper unit (Figure 15¢,d). Comparatively, the
northern part of the study area (Troll West) illustrated a lower EBI value than the CCS
license area, especially near the proposed injection well in the upper Drake unit.

Seismic Attributes Analysis

In this study, caprock lateral amplitudes were analyzed along with the comparison be-
tween the UD and LD. Lateral amplitude variation might also indicate possible depositional
changes. However, as the properties are extracted on top of horizons, the position of these
horizons is also important. For a detailed depositional analysis, we need multiple horizon
slices within each unit (i.e., UD and LD), which is out of the scope of this research. Lateral
variations of RMS amplitude on top of the UD and LD surfaces were assessed (Figure 16a,b).
Comparing the shaliness, the LD illustrated more depositional variability with high and
low RMS amplitude trends than the UD, which has less amplitude variation throughout
the Aurora injection site area. Spatial variability of RMS amplitude near the injection site
indicated the necessity for a detailed amplitude-based depositional environment analysis
for better characterization.

Similar to the RMS, the relative acoustic impedance (RAI) attribute map can represent
the lateral impedance variation. Moreover, a sign of the impedance value indicated the
information about the layer above. The impedance variation trend in the LD is similar
to the RMS amplitude observed where a strong positive RAI value was observed in the
northwest part of the study area (Figure 16d). Impedance decreases towards the south and
becomes a strongly negative RAI value. On the contrary, there are differences between the
RMS amplitude and RAI in the UD. The impedance trend in UD followed a north—south
orientation. Most of the east and southeast part has strong positive impedance, while the
west part shows a negative RAI value (Figure 16c). Although both surfaces are located in
the middle of the UD and LD intervals, strong positive and negative acoustic impedance
values indicated spatial property variation within the Drake caprock shales.

5. Discussion

The geological setting of the study area has significantly influenced the mineralogical
composition of the Drake caprock shales. Factors such as grain size, the internal distri-
bution of clay minerals, and mineral composition have improved controls on caprock
properties [6]. These factors influence the rock diagenetic processes. Moreover, the type of
clay minerals dictates the mechanical compaction due to differences in grain orientation
related to shape, size, and the volume of other particles present [59]. In contrast, chemical
alteration in shale caprocks is a function of temperature, reactive clay mineral phases, and
microquartz precipitation.

The type of clay mineral strongly depends on the sediment provenance, tectonic
setting, and erosion and particle transportation rate from sediment source to deposition.
For instance, the composition of caprock shale closer to the provenance, with more rapid
erosion and transport, will be different compared to the distal deposits exposed to a higher
rate of weathering. Therefore, unstable minerals (i.e., chlorite and feldspar) indicated
rapid erosion with cold climates and a short transport distance between the site of erosion
and deposition [60]. The percentage of chlorite and feldspar minerals within the Dunlin
Group sediments indicated a short transport distance of particles before being deposited
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in the Horda Platform area [29]. Moreover, the abundance of kaolinite and low smectite
percentages in Drake samples indicated a humid climate condition in the source area, which
favors kaolinite formation from weathered bedrock [18].

Although the Drake Formation (Early Jurassic mega-sequence PR6) was deposited
during the post-rift phase [11] (Figure 2c), the structure and thickness maps (Figures 7
and 8) of the upper and lower Drake units indicated a continued influence of the major
faults on the depositional environments within the studied area. The impact of major
faults formed during the first rifting event in the Horda Platform is reflected as thickness
variation between hanging and footwall sides of the faults. The structural high with
low sediment accommodation in the east indicates a proximal coastal area where the
eastern uplifted basement, east of the @ygarden Fault Complex (JFC), acted as the main
sediment source. Based on Sundal et al. [61], the sediment influx into the studied basin is
located at 61° N, which followed the Late Devonian Nordfjord-Sogn detachment (Figure 9).
There is a distinct difference in fault polarity north and south of the Nordfjord—-Sogn
detachment [10,36,38]; that explains the variation of the sediment influx into the basin.
The lower Drake unit volume of shale (V) map clearly shows the differences between
the northern Uer Terrace (UT) and southern Horda Platform (HP) (Figure 9b). A gradual
increase in Vy, is observed from east (near the sediment source influx) to west on HP. The
highest Vg, is centered south of the Troll gas field, which is also observed in seismic-inverted
Vi, maps (Figure 15b). This area is interpreted as a lagoon (back basin) in the depositional
model by Sundal et al. [61] regarding the Johansen Formation characterization. Moreover,
the higher percentage of uranium and thorium (Figure 6a) found in the wells from this area
indicates negligible bottom circulation [47]. However, overall decreasing V¢, in the upper
Drake unit indicates a regressive event within the existing back basin. However, north of
61° N, the interplay between accommodation space and sediment source resulted in very
low Vg, in the upper and lower Drake units (Figure 9).

The temperature gradient map also shows a striking feature (Figure 10b). The thermal
gradient underneath the o0il/gas fields (i.e., Troll and Brage) shows comparatively cooler
temperatures than the adjacent areas. Although the Drake Formation is buried much deeper
than the Upper Jurassic hydrocarbon-bearing reservoirs, the hydrocarbon-accumulation-
related pressure and temperature might influence the underburden. However, further
study is needed to justify this interpretation. Moreover, the Drake Formation close to the
hydrocarbon field area is within the mechanical compaction domain due to the low thermal
gradient restricting chemical diagenesis, unlike the rest of the area (Figure 10d). This
phenomenon explains the presence of less stiff (ductile) caprock on top of the hydrocarbon
fields (Figure 11).

5.1. Effect of Deposition and Diagenetic Processes

Shales are often treated as one lithology during seismic and wireline log interpretation;
however, in reality, the properties of individual clay minerals (i.e., smectite, illite, kaoli-
nite, chlorite, etc.) vary significantly due to various processes during diagenesis [59,62].
Moreover, an abundance of coarser grains (i.e., silt and sand) within the muddy sediments
results in a tightly compacted fabric. Shales compact due to effective vertical overbur-
den stress within the mechanical compaction zone (i.e., temperatures below 60-70 °C),
where stiffness increases by frictional slippage, rotation, sliding, and reorientation of the
grains. Compaction-related grain reorientation varies significantly with clay mineralogy
and the percentage of sand/silt content within shale [63,64]. In the chemical compaction
zone, stiffer clay minerals (i.e., illite), micro-quartz, and other cement may be produced
due to mineral diagenetic alteration. These predicted chemical alterations lead to the
strengthening of the grain framework [20,65], possibly causing the stiffer Drake caprocks.
However, shale compaction trends are much more complicated than sandstones [59,66,67].
Mechanical compaction varies with clay mineralogy, while chemical alteration requires
reactive clay phases. Clay reactions are also temperature-dependent. Smectite, if present,
will react with a potassium source (normally K-feldspar) at around 70 °C to form illite and
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quartz, while kaolinite requires around 120 °C to do the same. Additionally, horizontal
thin laminations make caprock shale anisotropic and stratigraphically heterogenous [68,69].
Due to this complex nature, it is challenging to evaluate the mechanical properties of any
caprock shale. However, an integrated study can effectively characterize the caprock shale’s
geomechanical properties.

Irrespective of limitation, according to the gamma-ray (GR) based volume of shale
(Vg,) analysis, the influence of the depositional setting on Drake caprock properties was
insignificant (Figure 12b). The published clay mineral data from the Drake Formation were
also sparse. Some results have been presented in a report related to the evaluation of the
Johansen Formation as a reservoir for CO; storage [29]. Drake Formation X-ray diffraction
(XRD) mineralogical analysis is available for well 31/5-2 and is shown in Figure 17a. The
results show a clear separation between the upper and lower Drake units, where the lower
Drake is more clay-rich than the upper Drake. Carbonate minerals show a similar percent-
age in both units. Although the lower Drake unit clay mineral percentage is double that of
the upper Drake, stiff clay minerals such as illlite, mica and chlorite are also higher than the
upper Drake unit. Moreover, the coarser clay mineral (i.e., kaolinite) [70] percentage is also
higher in the lower Drake unit (Figure 17b). On the contrary, the high quartz percentage in
the upper Drake might suggests a grain-supported rock body. With the increase in effective
stress and temperature with depth, the sheet-like silicate minerals (i.e., mica, illite, and
chlorite) in the massive lower Drake clay unit might be reoriented normal to the stress
and developed cleavage, which might significantly compact the rock, hence increasing
the elastic properties. Moreover, a higher percentage of coarser kaolinite clay compressed
more due to overburden stress might be another reason for the higher stiffness of the
lower Drake unit. A high percentage of quartz with low Vg, within the upper Drake unit
might have shifted the clay-dominated rock framework to a grain-supported rock with
a possible quartz cementation that might increase this unit’s stiffness [21,23,24]. These
processes may have led to similar E and PR values of upper and lower Drake units, though
significant mineralogical variations exist (Figure 17c,d). The temperature at the top of
Drake Formation after exhumation correction is 72 °C, which is above the temperature
needed to alter the smectite clay into illite. The negligible proportion of smectite clay in
clay mineralogy analysis explained that (Figure 17b). According to the studied wells in
the Horda Platform area, it seems that the effect of the high percentage of clay minerals
(also higher V) in overall caprock stiffness is negligible when the shales are within the
chemical compaction zone and coarser and sheet-like clay minerals are abundant. However,
temperature data (Figures 12c and 13b) clearly separate the mechanically and chemically
compacted (CC) wells. Moreover, the caprock compressibility decreases with gentle stiff-
ness changes observed within low-temperature zones, while considerable stiffness increase
coupled with gentle strength change occurred in CC wells.

5.2. Implications

One of the critical parameters in any CCS project is to evaluate the caprock integrity
during and after injection scenarios, which are dependent on the caprock’s geomechanical
properties. The properties of shale are complex and depend on many different factors
within the studied basins worldwide. Moreover, geomechanical properties and behavior-
changing trends differ from basin to basin. If the caprock shale has considerable thickness
with a substantial amount of fine-grained clay minerals, the possibility of caprock failure
decreases considerably. However, considering the reservoir pressure changes (in CCS
projects), caprock integrity depends on many other factors. This study only focuses on
in-situ characterization; hence, injection-induced pressure change is out of scope.

The primary caprock (lower Drake) and secondary caprock (lower Drake) in the
Aurora CCS licensed area have considerable thickness present (Figure 8g,h). Moreover,
the shale volume (V) within the Aurora injection site area represents a value of high to
moderate in range, indicating a considerable presence of clay minerals (Figures 9 and 16).
The elastic-properties-based brittleness indices value of the primary caprock is compara-
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tively high (within the less-ductile to less-brittle zone) in the CCS licensed (EL001) area
compared with other parts of the studied basin. However, the brittleness indices property
of shale is indicative of failure response during applied pressure and not a direct indicator
of caprock integrity.

Seismic-inverted properties (Vg, and EBI) are used to investigate the Aurora area
caprock properties in detail. Similarities of the caprock properties (V, and EBI) between
wireline logs and seismic data inverted cubes (Figures 9, 11 and 16) indicated the prac-
ticality of the seismic properties in caprock shale characterization processes. Based on
the seismic volume of shale, the primary caprock in the Aurora area showed significantly
high (>75%) shale volume, which indicated higher clay mineralogy present in the area.
Based on this study, the caprock in the Aurora storage site is less likely fail in in-situ stress
conditions, mainly considering the primary caprock thickness and shaliness. However, a
dynamic geomechanical simulation is needed to assess the stress—strain behavior of the
caprock as a top seal in injection-induced pressure change scenarios. Moreover, variation
in seismic attributes indicated a need for a further detailed depositional study focusing on
the Aurora site.
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Figure 17. Bulk mineralogy from upper and lower Drake units from well 31/5-2 shows the upper
and lower Drake unit variations of mineralogical composition (a) and clay mineralogy (b) [29]. The
log-based geomechanical properties are color-coded with units from the same well (c) and EBI (d).
The background curves are adapted from Perez and Marfurt [50].

6. Conclusions
Characterization of Drake caprock shales, mainly the lower Drake unit, is crucial for

successful CO; storage in the Aurora injection site. The depositional and diagenetic effects
on caprock shale were analyzed. The critical observations of this study are as follows:
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e The Nordfjord-Sogn detachment at 61° N demarcated the northern boundary of the
Horda Platform, which controlled the paleo-depositional environment. This was indi-
cated by the difference in clay proportion in the lower Drake unit between the north
and south of the detachment. Moreover, the published Dunlin Group mineralogy
reveals that the sediment source was close to the basin with a cold climate-based rapid
erosion and short particle transportation before deposition. Although the studied for-
mation shale was deposited in the post-rift stages, the structural influence of the major
faults created in the first rifting stage has been evident. However, the effect during the
post-rift period was insignificant compared to pre-rift sedimentation.

e The low temperature gradient underneath the hydrocarbon discoveries such as the
Troll and Brage fields represents ductile caprock compared to the other areas. Further
analysis needs to evaluate the relation between the stress change due to hydrocarbon
accumulation and the underburden properties.

e Although the upper and lower Drake units have different shale volumes, the geome-
chanical properties have a similar range. The published mineralogical data can explain
where coarser kaolinite and sheet-like clay minerals within the lower Drake unit might
significantly increase the density and stiffness irrespective of total clay percentage. In
contrast, the abundance of quartz cementation within the upper Drake unit further
stiffened the rock behavior. However, the possible lacustrine back basin depositional
environment with high clay input signifies soft caprock shales. Moreover, the thickness
map demonstrated that the lower Drake unit can solely act as the main caprock for the
Aurora COj; storage site of the Longship/Northern Lights CCS project.

e In general, the caprock quality in the Horda Platform area is better (less brittle) than
in the north and northwest parts of the study area. However, considering the future
demand for the injection sites in the study area, further detailed analysis should be
conducted in the northwest part.

Based on the caprock properties analyzed in this research, the Drake caprock shale
might act as an effective top seal in the Aurora injection site in an in-situ stress state, but the
effect of injection-induced pressure changes on caprock needs to be evaluated in the future.

Author Contributions: Conceptualization, M.J.R.; methodology, M.J.R.; software, M.J.R.; validation,
M.J.R.,, M.F, J.J. and N.H.M,; formal analysis, M.].R.; investigation, M.].R.; resources, M.].R.; data
curation, M.J.R.; writing—original draft preparation, M.].R.; writing—review and editing, M.].R.,
M.E, ].J. and N.H.M,; visualization, M.].R., M.F,, ].]. and N.H.M.; supervision, M.F,, ].]. and N.H.M.;
project administration, N.H.M.; funding acquisition, N.H.M. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the Research Council of Norway, grant number “280472".
Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Partial data are available in Appendix A (Tables Al and A2).

Acknowledgments: We are grateful for the financial support provided by the Research Council of
Norway for the OASIS (Overburden Analysis and Seal Integrity Study for CO, Sequestration in the
North Sea) project (NFR-CLIMIT project #280472). We are indebted to the additional funding and data
provided by Norwegian Petroleum Directorate (NPD), Gassnova, Equinor, and TotalEnergies. We are
thankful for the academic software licenses provided by Lloyd’s Register for Interactive Petrophysics
(IP-2019) and Schlumberger for Petrel-2019.

Conflicts of Interest: The authors declare no conflict of interest.



Geosciences 2022, 12, 181

27 of 31

Appendix A

Table Al. The wells” average properties for Upper Drake unit.

Upper Drake Unit
Well # Surface X Surface Y (l}; :l;.) ](Dge;?;:g (IX/PS) EBI
30/12-1 491,768.63 6,667,795.87 0.3999 2.65 3321.15 0.7168
30/2-1 480,825.13 6,748,314.80 0.3719 2.55 3321.15 0.5929
30/3-2R 495,734.96 6,740,339.05 0.3491 2.52 3538.2 0.6368
30/3-3 497,358.47 6,737,311.81 0.6241 2.56 3699.44 0.6815
30/3-4R 492,282.13 6,736,867.73 0.5669 2.53 3631.81 0.6575
30/6-11 486,083.56 6,732,323.66 0.3265 2.61 3917.57 0.7273
30/6-14 499,416.89 6,722,343.60 0.4315 2.48 3625.48 0.6384
30/6-19R 495,362.23 6,731,329.67 0.6368 2.60 3568.98 0.6615
30/6-22R 498,984.72 6,733,159.40 0.4476 2.58 3602.1 0.6663
30/6-4 491,665.13 6,708,367.57 0.1879 251 3468.18 0.6193
30/6-5 497,435.43 6,728,313.09 0.6515 2.58 3544.29 0.6566
30/6-7 486,655.23 6,723,352.20 0.2849 2.60 3594.68 0.6609
30/9-138 484,314.06 6,691,639.34 0.4262 2.62 3765.56 0.7015
30/9-15 495,781.84 6,692,982.86 0.6938 248 3121.15 0.55
30/9-16 486,172.38 6,679,756.32 0.5592 2.59 3525.79 0.6545
30/9-288 485,699.37 6,699,821.19 0.3925 2.59 3560.29 0.6578
31-4-2 500,404.14 6,718,844.60 0.5639 251 3254.46 0.5376
31/1-1 517,134.61 6,742,841.44 0.3632 2.46 3472.93 0.5987
31/2-1 530,199.61 6,737,677.21 0.3201 2.33 3190.09 0.4773
31/2-2 533,938.28 6,738,596.92 0.3431 2.40 3293.22 0.5383
31/2-3 531,870.27 6,745,386.42 0.4216 2.33 3098.61 0.4707
31/2-4 527,833.01 6,747,077.02 0.3626 2.31 2957.02 04313
31/2-5 523,505.72 6,737,535.36 0.4063 2.39 3131.17 0.499
31/2-8 526,923.97 6,758,501.65 0.385 2.46 3748.27 0.6402
31/3-1 539,987.89 6,738,661.33 0.3084 2.33 3234.54 0.4973
31/3-2 536,834.49 6,748,639.00 0.4188 2.37 3285.62 0.5156
31/3-3 545,882.33 6,744,748.55 0.3232 2.50 3613.81 0.6388
31/4-3 505,143.68 6,716,917.62 0.4885 2.39 3360.76 0.5575
31/4-4 506,285.02 6,725,858.56 0.4946 2.54 3588.06 0.6489
31/4-8 500,144.24 6,709,817.07 0.4824 2.45 3163.84 0.5514
31/5-2 529,892.44 6,732,542.32 0.4353 241 3225.81 0.5179
31/5-7 524,300.05 6,715,849.93 0.6585 247 3448.4 0.603
31/6-1 537,251.61 6,723,687.54 0.5996 241 3111.26 0.5036
31/6-2 550,162.41 6,716,831.14 0.4025 2.48 3178.19 0.5553
31/6-3 554,832.85 6,707,818.02 0.4947 2.53 3358.85 0.6079
31/6-6 551,026.08 6,729,803.82 0.469 2.52 3520.74 0.6385
31/6-8 537,154.06 6,713,675.93 0.3091 2.40 3291.12 0.5331
31/7-1 501,347.50 6,698,949.36 0.5663 2.54 3369.75 0.6115
32/4-1 558,755.71 6,732,478.43 0.2193 2.35 3238.46 0.5152
35/10-1 512,195.94 6,776,027.35 0.448 2.59 3398.15 0.616
35/10-2 502,257.88 6,767,362.44 0.302 253 3695.13 0.6648
35/11-1 535,624.02 6,783,526.82 0.3602 244 3789.62 0.6419
35/11-2 524,673.05 6,782,416.44 0.2947 2.50 3854.32 0.697
35/11-4 529,618.96 6,766,782.09 0.3332 2.45 3809.94 0.6346
35/11-5 521,481.80 6,771,848.95 0.2352 2.48 4088.13 0.7149
35/11-6 525,015.67 6,784,875.77 0.3421 2.52 4026.85 0.7103
35/11-7 531,910.05 6,766,796.13 0.3273 2.36 3556.74 0.5554
35/12-1 551,760.90 6,783,875.58 0.5191 2.53 4179.58 0.7494
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Table A2. The wells’ average properties for Lower Drake unit.

Lower Drake Unit

Vsh

Density

Name Surface X Surface Y (Frac.) (g/cm?) (I‘I{/};) EBI
30/12-1 491,768.63 6,667,795.87 0.436 2.64 3445.837 0.6581
30/2-1 480,825.13 6,748,314.80 0.5028 2.54 3366.548 0.6001
30/3-2R 495,734.96 6,740,339.05 0.4948 2.50 3496.407 0.6278
30/3-3 497,358.47 6,737,311.81 0.7273 2.61 3620.316 0.6812
30/3-4R 492,282.13 6,736,867.73 0.6186 2.56 3493.417 0.6398
30/6-11 486,083.56 6,732,323.66 0.5 2.63 3746.297 0.6985
30/6-14 499,416.89 6,722,343.60 0.5067 2.50 3541.794 0.6352
30/6-19R 495,362.23 6,731,329.67 0.6055 2.61 3541.794 0.6613
30/6-22R 498,984.72 6,733,159.40 0.4862 2.61 3527.612 0.6596
30/6-4 491,665.13 6,708,367.57 0.6411 2.53 3189.619 0.5689
30/6-5 497,435.43 6,728,313.09 0.6009 2.56 3564.707 0.6555
30/6-7 486,655.23 6,723,352.20 0.3965 2.66 3460.301 0.6451
30/9-13S 484,314.06 6,691,639.34 0.398 2.62 3545.418 0.6723
30/9-15 495,781.84 6,692,982.86 0.5942 2.48 3010.155 0.523
30/9-16 486,172.38 6,679,756.32 0.5398 2.59 3328.509 0.6228
30/9-28S 485,699.37 6,699,821.19 0.4255 2.58 3279.683 0.593
31-4-2 500,404.14 6,718,844.60 0.5838 2.52 3082.203 0.5037
31/1-1 517,134.61 6,742,841.44 0.5574 2.55 3336.073 0.6125
31/2-1 530,199.61 6,737,677.21 0.5235 2.42 3104.054 0.5076
31/2-2 533,938.28 6,738,596.92 0.6042 2.47 3121.374 0.5385
31/2-3 531,870.27 6,745,386.42 0.6173 2.45 3193.532 0.5469
31/2-4 527,833.01 6,747,077.02 0.565 2.43 2960.697 0.4979
31/2-5 523,505.72 6,737,535.36 0.631 2.46 3055.088 0.5226
31/2-8 526,923.97 6,758,501.65 0.3979 2.45 3707.87 0.6366
31/3-1 539,987.89 6,738,661.33 0.5395 2.43 3270.395 0.5554
31/3-2 536,834.49 6,748,639.00 0.6356 2.50 3412.303 0.6013
31/3-3 545,882.33 6,744,748.55 0.5221 2.53 3710.317 0.677
31/4-3 505,143.68 6,716,917.62 0.6509 2.44 3257.2 0.5633
31/4-4 506,285.02 6,725,858.56 0.5115 2.57 3554.009 0.6508
31/4-8 500,144.24 6,709,817.07 0.6093 2.35 3002.511 0.4867
31/5-2 529,892.44 6,732,542.32 0.7251 2.48 3091.628 0.532
31/5-7 524,300.05 6,715,849.93 0.5686 2.53 3164.1 0.5817
31/6-1 537,251.61 6,723,687.54 0.7988 2.45 2866.75 0.4617
31/6-2 550,162.41 6,716,831.14 0.7081 2.43 2846.196 0.4655
31/6-3 554,832.85 6,707,818.02 0.7095 2.51 2908.905 0.5059
31/6-6 551,026.08 6,729,803.82 0.5905 2.54 3675.023 0.6697
31/6-8 537,154.06 6,713,675.93 0.6483 2.45 2905.598 0.4792
31/7-1 501,347.50 6,698,949.36 0.5869 2.53 3068.791 0.549
32/4-1 558,755.71 6,732,478.43 0.4284 2.49 3495.491 0.6218
35/10-1 512,195.94 6,776,027.35 0.4372 2.63 3599.794 0.6753
35/10-2 502,257.88 6,767,362.44 0.2568 2.45 3763.391 0.6492
35/11-1 535,624.02 6,783,526.82 0.3406 2.48 3814.931 0.6696
35/11-2 524,673.05 6,782,416.44 0.3639 2.59 3948.152 0.7314
35/11-4 529,618.96 6,766,782.09 0.2561 2.43 3755.346 0.6209
35/11-5 521,481.80 6,771,848.95 0.1352 2.47 4094.094 0.7081
35/11-6 525,015.67 6,784,875.77 0.5045 2.63 4124.779 0.7666
35/11-7 531,910.05 6,766,796.13 0.272 2.36 3633.514 0.5748
35/12-1 551,760.90 6,783,875.58 0.4776 2.55 4230.931 0.7634
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