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. Outline of the Late Jurassic - Early Cretaceous o 1 O
_ rift system of the North Sea f

tttWhy th‘s a rea ? Caledonian deformation zone U nst

Hercynian deformation zone

e Underexplored area

* Uncertain geological framework Shetand &
* Debated geodynamic evolution “ |
* Data availability
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AREA OF INTEREST - Framework
¢ 33,000 Km?

* Proximity to triple rift-zone

* Permo-Triassic and mid-Devonian basins

8]25&? 9/21-

g TS \

/ : % L 15103-1 e ‘11
: "81{0;’17\ ¢1] 10-2 ‘15,0,1F|adé

poq"- s/12a4l

1&11@4

| 122001 Lot \ J
(Above) Regional tectonic setting of North Sea (modified from Zanella et al.,, 2003). (Right) Area of Interest (AOI) Oray |rth
structural scheme showing the main Paleozoic-Mesozoic basins and structural highs in the Northern North Sea (NNS) 50 100 km fBasm
modified from Scisciani et al. (2021). Dataset extent indicates Bouguer gravity and magnetic anomaly data from Bliss et al.

» Tectonic highs with shallow acoustic basement and rare mature
source rocks
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* Field evidence of gabbroic and serpentinized rocks

Witch Ground
Graben

\

R . . . . . T ) [ |Upper Jurassic-Lower Cretaceous basin [ Permo-Triassic basin —L_ Major fault === Well correlation (Fig.2b)
(2016). Traces of seismic lines and geological cross-sections modelled in this work are in red; seismic profiles were |gesTriassic (reactived Upper Jurassic) basin [l Persistent basement high @ High-k rock sample Well correlation (Fig.3)
retrieved from the National Data Repository (NSTA, 2022). Violet dots show the distribution of onshore gabbroic, |mmPaleozoic (reactived Jurassic) basin [ Structural high ==EEZ []Datasetextent === Modelled section

serpentinite and serpentinized rock samples (BGS, 2022). WELL DATA: ¢ Stratigraphy @ Stratigraphy and velocity e Stratigraphy and density & Stratigraphy, velocity and density
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Basement composition from Bassett (2003) WHAT WE KNOW ON THE GEOLOGY OF THE BASEMENT?

LEGEND 1 ] G * Poorly investigated within and around the AOI
—— Modelled section ( \ AT Qo054 \

—1— Major fault “ - 2/05- 10 % " . . .

7 Bajantis] feii dalass 4 \ Drilled and sampled only its shallowest part

§ 2/10a- 8

o \ Prevalent composition: granite and metasedimentary rocks
BASEMENT COMPOSITION &8 © o \
@ Felsic (Gm, Qzt, Metased) IS E . . . L.
- Sheuang;} | & Field evidence of gabbroic and serpentinized rocks
™

® High-k rock samples

2/15a-9

@ Mafic (Amp, Gab, Sch) P
@ Undifferentiated (Gns, Migm) Y4 o
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025 50km @ pﬁ-’" i - PETROPHYSICS OF SURROUNDING WELL CORES (from Fichler et al., 2011)

;;;Islands,

3/29a- 6

|
9/03- 1 /04a-
; ’ g Ref. Well Country  Lithology Geochronologic age (Ma)  Susceptibility [10755i] Remanence (10" *Am~')  Density [g/cm?]
.%bi ¢ 1b 36/1-1 N Granitic gneiss 104 5.2 2.676
/ 9/08- 4 2b 35/3-4 N Biotite gneiss 234 1] 2773
3b 35/9-1 N Breccia 286 0 2.619
o o / b 25/11-17 N Metasiltstone 292 0 2656
Isle 5 éﬂ 5be 16/1-4 N Leucogabbro 421 4484 321 2.765
5 /0 6b 17/3-1 N Breccia 300 5 271
< 7a 16/2-1 N Biotite microgranite 446 [1]; 409[6]
¢ ] 'y I 8bc 16/3-2 N Granite 456 949.7 48.8 2.680
;Qy\ o A 9bc 16/4-1 N Granite 460 88 6.9 2.646
qu//‘?’{ 10bc 16/5-1 N Granite 463 179.8 113 2.662
QS’;Q'@EX« 11abc  16/6-1 N Porphyric volcanic rock 447 |45]; 430 181.1 9.5 2.591
migg""di\g A 59° 12a 210/4-1 UK Biotite gneiss 442 (2]
\ > ! ] 132 BGS81/17 UK Homblendite B ZALE a—Bassett (2003), b—Slagstad et al. (2008),
\\g’l 14a 211/26-1 UK Biotite-garnet gneiss, greenschist 430

Q\«ig b ’ 152 941 UK Homblendebiotite schist 393 [7] c—Slagstad et al. (2011).
e
" L ’ More-Trendelag Oygarden
/%Mj 40JNW  Fault Zone East Shetland Basin Viking Graben Horda Platform Fault Zone g
e (/ 14 5 1(6 - ; . z = :
[km] ,
: ] 131192 \ 104 X _

12/21-3 12/23-1

/ =

ons * X 5 ) ‘:-..'-'.-:-'.-:-..-.
. R2121-2 13/29-2 _ 13/30-|1 14/26b- 4 Sy L . ]

1 @ % 204 ) T

11/30a-A 13/29-1

r 13/30- o fum gy n ey i nized pendotﬂeﬁ
— 56

Bantyatynfat, lowgrade to intermediate
1292 .20 01-2 L g

metamorphic rocks

20/06- 2
57 . Qom 2 30 Peridotites or meta-peridotites




GUGeneral
Assembly
W #EGU23

.©

Sharing is

23-28 Aprll 2023

encouraged

METHODS |

1. Literature

2. Data Collection

3. Data Analysis

5. Conclusions

» Reference Geological Setting

> Area of Interest — State of Art

» Seismic Reflection Profile
» Borehole Data

» Potential Field Data

> Literature Data

» Seismic Interpretation

» Wireline Log Analysis

> Basin Thickness

> High-Susceptibility Sources

NAVIGATION MAP

Deep Layer Velocity
Deep Layer Density
Magnetic Susceptibility

Time-to Depth
Conversion

—>

Velocity Model

Density Model

Curie Boundary

Moho Boundary

~

2D Integrated Gravity
Forward Modelling
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e BOREHOLE DATA |f#

WELL DATA:

@ Stratigraphy, velocity,
density

@ Stratigraphy, density
@ Stratigraphy, velocity
& Stratigraphy

Data from the 43 wells used in this study were retrieved from the UK
National Data Repository (NDR — NSTA, 2022).

The seismic velocity data were retrieved from 26 wells among the
total selected wells. These data were used to tie the seismic time-to-
depth conversion.

r U 4
50 km Shetlanld
Islands

The modelling of the observed gravity anomalies was derived from
the mean density (p) of each chronostratigraphic layer calculated
from wireline bulk density logs available from 25 wells within and
surrounding the study area.

STRATIGRAPHY - LITHOLOGY » Geological Constrains

9/16
| 8/20-1 %‘

8/25a-1 9/21-21

g ey a_7 ) * Seismic-to-well tie Time-to-Depth
s 4597 TIME-DEPTH CHART * Velocity Model Conversion

16/041
15/03-1 16/08a-11 l
Y4102 45074

~ 130-1 ‘15/06—1 6 ioad l
16/118-’ s . .
4\_\ =10 (1 BULK DENSITY (p) >  Density Model » Gravity Model
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Section D

Intersection with
Section E
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Platform
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Eocene to recent
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I Lower Permian
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Lower-middle
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CHRONOSTRATIGRAPHY SEISMIC VELOCITY DENSITI SUSCEPTIBILITY
"1"520) (e, kg m™) ¥ 51 Simplified stratigraphic column showing the
’ 1030° _ ) ST .
Eocene to Recent (EtR) I —— — layers and relative values of seismic velocity,
Lower Eocene (LE) 1907 (1461 - 2253) 2021 - 2070 (1963 - 2129) _ density and magnetic susceptibility adopted
Paleccene (7) 2094 (1969-2240) — for time-to-depth conversion of seismic
Jeeer Srescens T QIR 2200 <2509 e -] — profiles and gravity and magnetic modelling.
DOSERCreRes MO 3430 csst 4 2930 - 2479 (i -7 —
| Jurassic (J) | 2675 (1458 - 4705) 2072 - 2393 (2072 - 2451) _ o o o
3515 @812-4518) 2070 - 2385 (2070-2470) — The values within brackets indicate minimum
Upper Permian (UP) 4526 (3192 - 5357) 2442 - 2587 (2428 - 2832) _ and maximum values retrieved from the

DG s o oo~ available borehole data.

Carboniferous? - Upper Devonian? (CuD)

4067 (3360 - 5460) 2335 - 2670 (2335 - 2670) —
e pr—— soor-oos _ Bold values were used for the depth-
— 2900’ 0-0.05° conversion and modelling.
— 32007 —

Reference values from: (1) Kearey et al. (2002) and Reynolds (2011); (?) Lyngsie and Thybo (2007); and (3) Fichler et al. (2011) and Beamish et al. (2016).
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POTENTIAL FIELD DATA

BOUGUER GRAVITY MAGNETIC ANOMALY

TAP MAPS TO VIEW FILTERING %
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(a) The Bouguer gravity ( \ 0 L/I?‘S.lf'j—] V1
anomaly dataset was filtered X2 LI \ ”(; \
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R }fj’% ‘ ' * @ éﬁ" o +
Tl =" o B

(b) The magnetic anomaly ) Far S < / ¢ \\ . |
data were interpolated on a : s \_7 s/ & g ) 58
2x2 km grid, reduced to the , . -~ B = W s
pole (RTP) and filtered using a "¢/ [ £, /4 , e ‘ ‘l?:n‘ ] -
Gaussian filtering with an 8 km =% &/, & 7/ 4 i N o
cut-off. hal— A oS ' ’

¥ 194 = \ x é\’ ’po ’
Contour spacing is: Z Nl " 5' - 16
(@) 5mGal (1 mGal=10>m s?); | = . 1 A A J 143 I [ T
(b) 50 nT. * Bouguer anomaly 1800 (mGal) , Magnetic RTP anomaly (nT)

(red. density of 1800 kg m-)

(reguced to E!\e pole) §
|

—— Modelled section === EEZ WELL DATA: {B Stratigraphy ‘ Stratigraphy and velocity ‘ Stratigraphy and density ‘ Stratigraphy, velocity and density
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High-Pass 50 km Low-Pass 50 km >I

| ]
M8 1210 7 4 2 1357810 13 16 32 27 22 17 12 -7 2 3 710 15 20 26 34
Filtered Bouguer anomaly HP 50 km (mGal) Filtered Bouguer anomaly LP 50 km (mGal)

& -32 -26 -20 -14 -8 - 4 812 19 25 31 37
Bouguer anomaly 1800 (mGal)
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Mesozoic Time (TWT) Thickness map LEGEND S\TTE
compared with contours of the Bouguer =~ [ Datasetextent 4 *=
Gravity —— 2D seismic data siands
Fair
Isle
Color scale represents the time thickness grid of the 5
Mesozoic sequence. ¢ r
P

Black lines represent the contour of Bouguer total (Ojéfey

anomaly (contour interval 5 mGal). gzll?ndgﬁg / ;‘! XL 7 - .
. < /) 2T XN bt Lo

100

Thin red lines are traces of the interpreted 2D

seismic lines (NSTA, 2022) used to calculate the time 500 |

thickness maps; thick red lines show the sections 1000.

modelled in this work. 2200
TWT (ms)
L0 25 50 km
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SECTION A - MODEL

DEPTH-CONVERTED
MODEL

ANOMALY
BEST FITTING

2D
GRAVITY AND MAGNETIC
MODELLING

Modelled density (p) and magnetic susceptibility (k) values are given for each block in the
lower panel. White dashed boxes locate seismic samples.

Intersection with
Section D

Depth (km)

B Fair Isle East Orkney West Fladen
SRE Platform High ™

Dutch Bank Basin

Fladen Ground Spur
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g ; . N 23
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£ el & E-10
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Section D
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0 Distance (km) 50
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Intersection with Intersection with
Ssw Secﬂlon A 14/04-1 NNE | sw Section C NE
i1

DEPTH-CONVERTED
MODEL

Depth (km)

Dutch Bank Basin East Shetland Platform

ANOMALY

4
Gravity (mGal)

MAGNETIC GRAVITY -20
e  Observed e  Observed
B F Calculated Calculated e -30
E ST I TT I N G Intersection with Intersection with

Section A 14/04-1 Sectllon c

Magnetics (nT)
o & A R
o o

2D
GRAVITY AND MAGNETIC
MODELLING

Depth (km)

N
o

25

30

Modelled density (p) and magnetic susceptibility (k) values are given for each block in the 35
lower panel. White dashed boxes locate seismic samples. 60 70

Distance (km)
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GRAVITY AND MAGNETIC
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Modelled density (p) and magnetic susceptibility (k) values are given for each block in the
lower panel. White dashed boxes locate seismic samples.

0 Distance (km) 50 100 150
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SECTION D - MODEL

DEPTH-CONVERTED
MODEL

ANOMALY
BEST FITTING

2D
GRAVITY AND MAGNETIC
MODELLING

Modelled density (p) and magnetic susceptibility (k) values are given for each block in the
lower panel. White dashed boxes locate seismic samples.

Depth (km)

Magnetics (nT)

Depth (km)

Intersection with
Section A

East Orkney Basin

West Fladen High

Intersection with
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20
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Section C

20

Gravity (mGal)
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SECTION E - MODEL

DEPTH-CONVERTED
MODEL

ANOMALY
BEST FITTING

2D
GRAVITY AND MAGNETIC
MODELLING

i1 11

Modelled density (p) and magnetic susceptibility (k) values are given for each block in the
lower panel. White dashed boxes locate seismic samples.
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SECTION F - MODEL

Section B N

INENREN]
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MODEL o
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Gravity (mGal)
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'2001 Intersection with
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MODELLING £ »
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Modelled density (p) and magnetic susceptibility (k) values are given for each block in the 82 1 2

lower panel. White dashed boxes locate seismic samples. 0 ; 50 100 150
Distance (km)
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Basin thickness
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Portions of seismic reflection profiles showing the different reflectivity of basement and crust in the study area.

(a) Low-reflectivity zones (high-frequency, low-amplitude and discontinuous reflections) match with low magnetic
blocks.

(b, c, d) High-reflectivity zones (low-frequency, high-amplitude and laterally continuous reflections) generally
correspond to high-susceptibility blocks.
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LEGEND N T gop 17
211/26- 3 o
H H o — Modelled section =705 \
Filtered magnetic dataset (50 km low-pass) o Vst (‘\ Ve sy s :
~Z1 High-k area (in SI units) [
The thick dashed lines enclose areas where the same magnetic ® High-k rock samples @[ ) 4 g \
susceptibility (k) was used to model the basement. These all refer to B:\SEMENT COMPOSITION : 78 3 \
Felsic (Grn, Qzt, Metased) & zp‘. . ' y
15 km depth. ’ Mafc Amp Gab, SCh) QZ@'L?;Z“ “;S" %oo ; '/ | .3,'2171
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* Black lines locate areas with high-susceptibilities (0.025-0.05 SI 0 25 50km q ﬁfﬁ“ p7 . vo-2 @ .
. Ly, S s = 90514 9/04a 1
units) o e
/
* Blue lines encloses the area with low-susceptibility (0.001 SI units) TA XS /
basement. e, . 020 P . §/§
_ N k
N =
The thick dashed red line encompasses the area proposed as v‘% /3% ! 1003 /—F (| o.&s\“ I
serpentinized crust by Fichler et al. (2011). (gi‘ﬁ%ﬁséﬁg AR AN s‘ N N
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High-k rock samples refer to onshore gabbroid or serpentinized rocks Q\: W
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* Dutch Bank Basin — Triassic and thin Jurassic infilling;
* East Orkney Basin — Tectonic subsidence during the Lower Cretaceous.

1. BOUGUER LOWS

Mesozoic sedimentary sequences

Areas with reduced sedimentary cover Mainly consisting of Devonian sediments (e.g., the Caithness Ridge).
and shallowing basement.

2. BOUGUER HIGHS

compatibility with acoustically-opague metamorphosed sediments and

/ granitoid/alkaline igneous rocks.
A\> Low-susceptibility blocks within the upper basement

High-susceptibility blocks within the lower basement compatibility with mafic bodies and serpentinized crust. These show in
\ reflection seismic as a widespread high-amplitude and low-frequency layers.

These are the main contributors to the observed magnetic anomaly.

3. MAGNETIC ANOMALY

4. GEODYNAMIC The high-susceptibility and high-reflective volumes can be related to structural paleo-domains
connected to the Caledonian orogeny and the pre-Caledonian lapetus Ocean.

Future Steps

Some of these basins are close to the UK We will address their potential for geological carbon storage (CCS), considering also their
shorelines and are crosscut by existing pipelines. closeness to recent CCS project area (e.g., Acorn, Sleipner and Northern Lights projects).

Track your submi
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lapetus Ocean serpentinites and Mesozoic intra-platform basins

ABSTRACT

February 21, 2023
Paper submitted to Elsevier — Tectonophysics

revealed by gravity and magnetic modelling across the Greater

East Shetland Platform (Northern North Sea, UK)
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NAME #LT:,LEN;:LS(,EL The six lines (total line-length of
Section A 253 195 about 1046 km) investigated in this
Section B o1 133 work have been selected from a 2D
Section C 100 2l regional broadband seismic dataset
Section D o2 " (Survey PP162DGOGA, total line-
ection E - " length of about 15,000 km) covering
section F ™ 0 the Greater East Shetland Platform
TOTAL 1037 709 (GESP).

This 2D survey was acquired and processed by PGS (2017) in 2016-
2017 for the UK Oil & Gas Authority (OGA, now NSTA) and
subsequently freely distributed to industry and academia via the NDR
online platform.

These lines extend until 5 sec TWT depth highlighting a clear
distinction between the shallow and deep reflectors.

The Top Zechstein reflector (Base Triassic-Top Upper Permian) marks
a distinctive change in the seismic facies with a high amplitude,
laterally continuous bright trough. Above this, medium to high-
amplitude laterally continuous reflectors can be observed. Directly
beneath the Top Zechstein reflector, there are opaque low amplitude
seismic facies until low-frequency high-amplitude zones are reached at
depth.
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SEISMIC VELOCITY MODEL

SEISMIC VELOCITY
(ms™)

1500’

The simplified interval velocity model has been used to the time-to-depth
conversion. This model provides an average value for each chronostratigraphic
interval (Glover, 2000).

The conversion function was guided by the following relationship (Etris et al.,
2002):

CHRONOSTRATIGRAPHY

Eocene to Recent (EtR)

Lower Eocene (LE) 1907 (1461 - 2253)

Paleocene (P)

3725 (2399 - 5177)
3436 (2931 - 4397)
2675 (1458 - 4705)
3515 (2813 - 4518)
4526 (3192 - 5357)
4558 (3859 - 5765)

Upper Cretaceous (UK)
; v ekt -1
O &k
where Z is the thickness of the layers in meters, V, is the velocity at the top of
the layer in m s, k corresponds to the variation frequency of the velocity with
the increase in depth and t indicates the one-way time (t = TWT/2) for the layer
thickness in seconds.

Upper Permian (UP)

Carboniferous? - Upper Devonian? (CuD)
4067 (3360 - 5460)

6000’

Simplified stratigraphic column showing the layers and the relative values of seismic velocity. The values within
brackets indicate minimum and maximum values retrieved from the available borehole data. Reference values
from: (1) Kearey et al. (2002) and Reynolds (2011).

Due to the extreme lateral variation of the seismic units and the resulting
horizontal changes in seismic velocity with depth, a constant interval velocity
model has been adopted to simplify the time-to-depth conversion.

< ydap
WAV S \l.-'

In this case, the k parameter equals to zero and the previous relationship is
simplified as follow:

a) Average vel.  b) Interval vel.  ¢) Instantaneous vel.

Z=V0t

Modified from Etris et al. (2022)
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MoOHO DEPTH |£

Grampian Highlands

Witch Ground Graben
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Moho Depth (msl)
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The Moho depth (28-35 km) was derived from the available
literature in the study area and surroundings (Frogtech
Geoscience, 2017 and references therein).

Along the modelled 2D profiles, the depth of the Moho
discontinuity ranges from about 28 km eastwards, close to the
Viking Graben, to about 35 km westwards, beneath the Shetland
Islands and the Moray Firth Basin (Fichler and Hospers, 1990;
Frogtech Geoscience, 2017).

In the central part of the study area, the Moho depth is
estimated to range between 32 and 34 km.

Image of Moho depth for the East Shetland Platform, shown with basement terrane boundaries in

white; depth contours at 1000 m intervals for Moho depth. (Frogtech Geoscence, 2017)
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The crustal thermal gradient (G,) in the area ranges
between 26 and 34 °C/km™! (Harper, 1971).

14

1
"

1
18

%j}.’“f,ﬁu p We assumed a Curie temperature (C,) of 600 °C.

R

We estimate the Curie depth (C,) to range between 17
and 23 km with a westward-deepening trend across the
entire study area.

Pl B
~(( S 5
— T Magnetic field parameters:
oY :f\ .-") VALUE
s “ Survey Year 2016
Latitude 59.31977
Longitude -0.66587
Inclination 72.121
Approximantion of the geothermal gradient (Harper, Declination -1.907
1971) in the North Sea Basin based upon bottom hole Magnitude (nT) 50738.2
temperatures recorded on mechanical well logs
contours at 2°C/km interval.
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