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Abstract
Passively rising diapirs control flank deformation (i.e., within 1 km of thesgaliment interface)
and resultant stratigraphic architecture of-Eymematic units. Growth strata associated with

deformation at the flanks of passive diapirs are knowmasskinetic sequences. Very few studies
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have conducted an integrated analysis of composite halokinetic sequences, CHS (stacked
halokinetic sequences), and the damage occurring in host rocks during salt diapirism using seismic,

petrophysical well data and core information.

This study integrates a 3D seismic reflection survey, core, and petrophysical data from the Pierce
Field, northern North Sea, offshore UK to examine CHS in-deguir strata and associated
deformation.We recognize three tapered CHS in Units 6, 5, and 2. Two tabular CHS are
recognized in Units 3 and 4, comprising the Miocene and Oligeageé sediments. The tapered

CHS represents a rapid sedimantumulation rate relative to the diagse rate. The tablar CHS

represents slow sediment accumulationsadéative to the diapirse rate.

Regarding neadiapir deformation,we observe largscale fracturing associated with drape
folding in the Ekofisk Formation resulting from the North and South Pierce salt movement. In the
clastic successions, bedding parallel slip zones and slump folds dominate the Forties Sandstone
Member ad signify a destabilizing and rotational relationship of the Forties sandstone with the
growing salt diapirs. Hybrid and remobilized flows interpreted from core data and lateral thickness
changes support our interpreétat of diapiric salt adjustment of degter depositionOur study
demonstrates the value of using an integrated dataset: 3D seismic reflection data and core to
characterize the dynamic interaction between sediment giféawitg and diapiric salt with North

and South Pierce diapirs controlling thickness and fatigsbutions in the North Sea Central

Graben.



Introduction

(Salt) diapirs are defined as a mass of salt that has flowed in a ductile manner and has discordant
contacts with the enclosing overburden of rock or sediment (Jackson and Hudec 2017). Salt is a
crystalline rock with an approximate density of 2,165 kg/N&ar the surface, the density contrast
between sediment and salt is very slight, however, the compaction of siliciclastic and carbonate
rocks increases their density with depth resulting in the crystalline salt being less dense than the
surrounding mediumBuried salt beneath denser overburden is buoyant and gravitationally

unstable.

The diapiric rise of salt commonly drives and is associated with deformation (e.g., fracturing,
folding, and potentially structural attenuation of ndepir material) of the overburden rock or
sediment (e.g., Barton 1933; Shdulila et al. 1993; Jacksd®94; Evans et al. 1999; Giles 2002;
Giles and Rowan 2012; Pichel and Jackson 2020; Rowan et al. 2020; Cumberpatch et al. 2021).
Rowan et al. (2020) argue that wedlck shearing during diapiric rise does not directly cause salt
induced deformation, buttteer drape folding and associated fracturing of the diapirs roof. They
also suggest that stratal thinning is largely depositional rather than structural. Alsop et al. (2000)
demonstrate that the growth of salt diapirs in Nova Scotia, Canada resultedévelement of

drag zones associated with significant attenuation and folding of the overburden, coupled with
various styles of fracturing (see also Jackson and Talbot, 1991). Although initially attributed to
wall rock shearing, deformation in this caselld also now be reinterpreted to reflect rosiited
deformation (Rowan et al. 2020). Similar styles of overburden deformation, including layer
parallel slip along lithologically distinct, mechanically weak layers, are observed adjacent to
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diapirs in the northern North Sea, offshore UK and Norway, with this leading to the
compartmentalization of carbonate and degper sandstone reservoirs trapped against the salt

flanks (Davison et al. 2000).

The flanks of salt diapirs commonly have stratal upturns or steep beds, reflectirsyniace
deformation of material next to the rising mass. These folds are of varying scales and origins.
Deformation around diapirs can be at the minibasiae (i.e.several kilometres), with broad
synclines forming within minibasins due to spatial changes in subsidence (i.e., near the thickest
and densest part of the minibasin, which is typically near its centre) and uplift (i.e., of adjacent
diapirs). A far narrowezone of drape folding (and thinning) of diapir roof strata occurs typically
within 1 km of the salsediment interface (Giles and Rowan 2012). Growth strata associated with
deformation at the flanks of passive diapirs are known as halokinetic sequepceduct of

several episodes of burial, breakout, and downbuilding (Jackson and Hudec 2017). During
downbuilding, the top of the diapir remains at or near the surface, with increased sedimentation of
the overburden being matched by diapir rise (Barton, J1983alokinetic sequences are bound by
angular unconformities that become correlative conformities away from the diapir, and which
bound thinned and folded sediment wedges (Giles and Rowan 2012). Halokinetic sequences
document the stratigraphic responsedaations in the rate of neaurface diapir rise relative to

local sediment accumulation, with two enmgmber types of halokinetic sequerdd&e recognize;

hook halokinetic sequences, characterized by relatively tight (drape) folds and wedge halokinetic
sequences, with reasonably open (drape) {dlas 4a) Hook halokinetic sequences stack to form
tabular composite sequences during slow sediment aggradation, when diapir rise rate outpaces
sedimentation rate. These sequences are characterized by narrow (<200 m) zones of folding

defined by abrupt facies chagtowards the sadtediment interface. For example, at El Papalote



Diapir, Mexico, Giles and Rowan (2012) report that maasting deposits typically form the base

of most hook sequences. These deposits result from theupitd topographic relief, slow
deposition of blacishale facies, and eventual failure of steegtalvie slopes. Wedge halokinetic
sequences stack to form tapered composite sequences during relatively fast aggradation, when
sediment accumulation rate outpaces diapir rise rate (Giles and Rowan 2012). Broad zones of
folding (3001000 m) characterize weesg, which internally are defined by relatively gradual
facies changes. Hearon et al. (2014) use 3D seismic reflection and well data from thatdeep
Auger Diapir, northern Gulf of Mexico to analyse composite halokinetic sequences in three
dimensions, reognizing tapered and tabular sequences in PlioteRdeistocene turbidites

flanking the salt body.

In addition to deforming adjacent rocks and sediment, salt diapirism can also control sedimentation
patterns and the resultant stratigraphic architecture ekisygmatic units. Mannie et al. (2016)
illustrate how growth of salt structures formed from filoe of Lopingian salt of the Zechstein
Supergroup had a dual control on the depositional thickness and facies distribution within a
predominantly shallovmarine, Middle to Upper Jurassic synrift succession in the Norwegian
Central North Sea. Hodgset al (1992) conclude that the presence of an extensive Permian salt
basin underlying the Central Graben in the UKCS Northern North Sea strongly influenced patterns
of tectonics and sedimentation in the area throughout the Mesozoic and Tertiary. Cumberpatch et
a. (2021) investigate the exhumed Triassic (Keuper) Bakio and Guernica salt bodies in the
BasquéCantabrian Basin, Spain, concluding that the diapirs altered depositional systems,
resulting in facies variability, remobilization of deposits, and charatediz of flows, thus
enabling better prediction of depositional architecture in areas where seismic imaging is

challenging. In the North Sea, Zechstein Supergroup salt flowed to form large diapirs, including



those found in the North and South Pierce field areas. Halokinesis was marked by passive ascent
of diapirs of Zechstein halite, which initiated in the Triassic and continued until the Miocene
(Davison et al. 200Eldrett et al. 2015)ith many diapirs occurring adjacent to, or directly above,
large Mesozoic normal faults. These diapirs deformed the seafloor, resulting Hibasima
bathymetric highs, local slumping and the deflection of Paleogene sediment gravity flows
(Davison 208; Hempton et al. 2005). Subsequent salt movement deformed these deposits, induced
steep dips, overturning and faulting stratigraphy, and generating clastic injections (e.g. Stewart
2006; Scott et al. 2010). In addition to satintrolled bathymetric change=lief associated with
masstransport deposits and fans of the earlier Maureen and Lista Formations {[3ahdian)

also controlled the distribution of slightly younger, Sele Formation gravity flows (Paleocene).
Later sediment progressively filled shielief, making the fan systems less confined (Johnson &

Fisher 1998).

High-resolution threelimensional seismic and outcrop datasets provide critical information on
deformation and deposition adjacent to salt diapirs. For example, seismic data allow us to interpret
largescale geometry and reconstruct the evolution of-teatbnic structures. Core and
petrophysical data provide information on detailed, typically-sibmic depositional and
deformational processes. Very few studies have integrated datasets in this waye IHariew

3D seismic reflection, core, and petropital data from the Pierce Field, North Sea, offshore UK.

We refine models of the tectonostratigraphic development of these two North Sea salt diapirs. In
addition,we describe how to apply the concept of halokinetic sequences to thisvdéapsetting;

We analyse the salt sediment interface and document uncertainties in reserveoyiinchlap
geometries, prediction of stratigraphic traps, and salt deformation patterns within the Upper

Palaeocene, clastdominated, FortiesFormation and the Lower Paacene, carbonate



dominated, EkofislFormation;we investigate the dynamic interactions between sediment gravity
flows in the FortiesSandstone Membeand sakinduced relief.Our key aimsare to identify,

characterise, and deduce the controls on host rock deformation during salt diapirism.

Geological Setting

Our study area lies approximately 265 km east of Aberdeen between UK exploration blocks 23/22a
and 23/27. This area is located above the Jaeren High in the eastern margin of the UK Central
Graben (Figsl and 2. In a regional subsiding basin formed during the late Permian, evaporites
dominate the Zechstein Supergroup deposits, particularly halite and locally clastic rocks. Thermal
subsidence continued through theassicwith halokinetic movement influencing the Triassic
deposition, mostly red shales anltistones. Finally, the Pangaea supercontinent started to break
up, and during the Jurassic to early Cretaceous, thermal uplift and associated extension resulted in
NW-trending, normal faulbound horst and half grabens in the East Central Graben. Regional
basin subsidence followed controlled by thermal cooling and loading of the continental crust

during the Cretaceous and Cenozoic (Evans et al. 2003) (seé &iui2).

Early Cretaceous strata comprise fgrained clastic rocks, mainly claystones and sandstone
dominated deevater masslow deposits and carbonates. In contrast, the late Cretaceous is
dominated by chalk deposition and consists exclusively of remainardétphic coccolithophorid

algae and other pelagic organisms. Redeposited (allochthonous) chalk comprises slide, slump and
debrisflow deposits, which form an important component of @realk Group in the Central

Graben and alternates with autochthonouskcfiRerchNielsen et al. 1979; Watts et al. 1980).
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Chalk debrites are abundant and well documented in many cores and well logs and make up much
of the TorFormation in the Ekofisk, Eldfisk, Valhall and Hod fieldsvans et al. 2003 During

the Cretaceous, salt diapirs grew by periods of passive (i.e., syndepositional rise of a diapir as
sediments accumulate around it) and active (i.e., buoydmegn rise beneath a relatively thin

roof) diapirism. Chalk deposition was largelylugnced by salt tectonics from Late Cretaceous

times (Evans et al. 2003).

During the Paleocene (the focus of this study), the Scottish Highlands and the East Shetland
Platform underwent a period of regional uplift associated with the development of the Iceland
Plume, resulting in high sedimentation rates of siliciclastics imtobasin (Evans et al. 2003).
Additional stresses associated with the opening of the Nk Atlantic Ocean led to significant
volcanic activity represented by the tuffs e.g. the late Paleocene Balmoral Tuffite unit in the Witch
Ground Graben (Nadin arklsznir 1995; Glennie 1998). The Paleocene interval is composed of
several submarine fan systems (Den Hartog Jager et al. 1993; Jennette et al. 2000), within the
Maureen and Lista formations, and lower part of the Sele Formation (Hempton et al. 2085; Davi
et al. 2009). The deepater sandstonbearing part of the Sele Formation is assigned to the Forties
turbidite fan system (Davis et al. 2009; Scott et al. 2010). During the Paleocene, active diapirism
was particularly important during the latter stagésdiapir growth. Carruthers et al. (2013)
postulate that the overall wedgbhaped geometry of the Palaeocene stratigraphic interval suggests
that North and South Pierce diapirs outpaced sediment supply linking this to a period of active

diapiric rise.



The early Eocene Bald&ormation caps the Forties Formation and is composed of claystone and
volcanic tuffs. Middle Miocene sediments comprise fgmained claystone and siltstones
(Bowman 199B). Polygonal faulting largely deforms the sequence from Eocene to the middle
Miocene unconformity (MMU). Polygonal faults result from compaction and dewatering of mud
dominated sediment during early burial (Lonergan and Cartwright 1999; Cartwright @03). 2
Diapiric salt growth was enhanced during the middle Miocene, driven by ceisigikning
associated with the Alpine Orogeny (Oakman and Partingt®8; T®avison et al. 2000a). Salt
diapirism caused a local perturbation of the otherwise radially isotropic stress state, triggering local
realignment of layebound fault patterns from polygonal to radial (i.e., fault strike normal to the
saltsediment intedce) within middle Miocene claystone sequences next to the North and South
Pierce salt stocks (Carruthers et al. 2013). A similar growth history is postulated for North and
South Piete salt stocks, exhibiting active growth (Paleocene & early Eocene) and passive growth
(late Eocene, Oligocene, Pliocene & Pleistocene). The North Pierce diapir, however, is thought to
have grown passively during the early Miocene, with minor pulses igeatifipirism leading to

the deposition of wedgshaped halokinetic sequences. In this stwdyfocus on the Ekofisk

Formation and the Forties turbidite fan member of the Sele Formation.

Dataset and methods

Weuse a 3D timenigrated seismic reflection dataset that covers an area of c. 275DHeata
extends over UKdlocks23/22a and 23/2{Fig. 1). The data were acquired initially by PGS and
subsequently made public via DISKOS, the Norwegian government data archive
(https://Iwww.npd.no/en/diskos/). The data have an inline spacing of 25 m and crossline spacing of

25 m, with a sampling interval ofms. Assuming an approximate frequency (31 Hz to 42 Hz) and
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average interval velocity of 2822 risto 4916.13 m4. | estimate a vertical resolution of c. 23

-29 m (wav¥®f emgt maxi mum vertical resolution =
c. 91- 117 m for the interval of interest. These data are appropriate for detailed analysis of the
geometry of the North and South Pierce salt stocks and thedeatge stratigraphiarchitecture

and thickness of the Ekofisk Formation and the FoSmsdstoneMember. The data are SEG

reverse polarity, with aalvnward increase in acoustic impedance represented by a trough (red
reflection) and a downward decrease by a peak (blue reflection). Water depths ieasbaseds

from c. -60ms to-130ms in the study area and several channel geometries are present in the near

subsurface.

Boreholes are drilled within the study area and penetrate the stratigraphic intervals of interest.
perform detailed sedimentological core logging on six wells with a combined stratigraphic
thickness of 341.94 m (23/22a23/22a2z, 23/279, 23/2%5, 23/22a3 & 23/2F7, see Figébfor

well locations). Data analysis involved lithology, grain size, bed thickness, type of bed contacts,
and both primary and secondary sedimentary structures:l&gsll including gamma ray, sonic,
density and neutron, were d@able for petrophysical analysis, whid¢hprimarily used to infer
lithology in uncored well sections. 23/2I0 drilled through the Paleocene Forties Sandstone
Member and reached total depth within the Paleocene Maureen Formation.7 238275 and
23/22a2z drilled through Paleocene Forties Sandstone Member and reached total depth within the
Paleocene Ekofisk Formation. The 23/2arilled through the Paleocene Forties Sandstone
Member and ended in the Upper Cretaceous Tor Formation.-@38d 23/2a2 penetrate to
deeper depths having drilled through the Paleocene Forties Sandstone Member, Ekofisk Formation

and terminate in the Upper Permian Zechstein Group.
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We use welto-seismic tie (Fig3) process irPetrel software to relate horizon tops identified in a
well with key seismic reflection events. The process involves using checkshisbdathe seven
exploration wells drilled in the study area to establish time depth relationship and to position the
wells correctly in time. A synthetic seismogram is generated by convolving the reflectivity derived
from acoustic and density logs with wisteextracted from the seismic data. A fairgood well

tie was estalidhed for well 23/277 and helped in calibrating the well tops to reflection events in
seismic We begin by mapping four main horizons across the dataset: Pleistocene, middle Miocene
unconformity, Oligocene and Base Cretaceous unconformity. Loaalynap the top Danian
(Ekofisk Formation), top FortieSandstoneMember, and the early Eocene (Balder Formation).
These surfaces form strong seismic markers which signify fundamental changes in sedimentation.
We used the surfaces to calculate isopachs (i.etiggaphic thickness in ms TWT, Fid)
resulting in six main seismic stratigraphic units that show the distribution and evolution of
sedimentary depocenters through time, as well as patterns and styles of diapir\yiegeherate

root mean square (RMS) seismic attribute for the Forties Sandstermder to measure the
internal reflectivity or energy from this uniVe utilize seismiestratigraphic relationships and
geometries to define and map unconforatipunded packages (i.e CHSs) near the diapir flanks
The key indicator used to differentiate the different types of seismically imaged CHS are the
geometry and the width of folding/stratal thinning. In additiea measure the width of the
upturned zone for a horizon, defined as the section from the salt wall, which is vertical, to the point
where the horizon returns to a regional leVéé do not confidently map the geometry of the-salt
sediment interface and diaglank stratal architecture due to the intensely faulted beds, steep dips,

largely varying gtatigraphic thicknesses and fair seismic resolution.
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Results

Salt tectonicstructural style

North and South Pierce salt stocks, sourced from Zechstein Supergroup evaporites, define the
study area's satectonic structural style. The salt stocks are slightly bulbous with weakly inclined
stems. North Pierce is circular in map view and is c. 2874dng, c. 2.37 km wide, and c. 2.1
seconds tall on the twway time seismic section. The South Pierce diapir is elongated and trends
E-W, c. 4.1 km long, c. 3.2 km wide and 3.1 seconds tall on thevayatime seismic section. The

width of diapirs is hardo define, given that the salt sediment interface is only-mwelhed on the

upper part of the stocks; heneee define this where there is a breakdown in the continuity of
overburden sediment reflections. Both salt stocks penetraté€héile and much of the overlying
Tertiary sediments. For example, South Pierce cuts up into Pliocene sediments, whereas North
Pierce extends up to below the mltiocene unconformity. There is evidence of erosion and
complex faulting over the structure (Fig). The complexadial faulting represents contractional
active diapirism between the Pleistocene and the present, with faults trending NW parallel to the

structural trend between both salt stocks.

Near diapir stratigraphic architecture

We focusour analysis on the composite halokinetic sequences (CHS) geometries -oiapar
strata preserved adjacent to the North and South Pierce dijgitsse the seismic to define the
largescale architecture, and the wklgs, including gamma ray, sonic, density, and neutron, for

petrophysical analysisVe start with the oldest and deepest, unit 6, progressing upwards to the
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seabed (see Figb for locations of borehole correlations, arbitrary composite lines, inline, and

crosslines illustrating the unjtg=igs. 6a, 7,81).
Unit 6 (Ekofisk Formation)

Unit 6 is stratigraphically equivalent to the Ekofisk Formation and is bound above and below by
the top Danian and Base Cretaceous unconformity reflection, respectively. Unit 6 thins slightly to
the north but overall thickens basinward (i.e., towards t8E, Jigs5a, 6-7, 8-11). Seismic
stratigraphic analysis of unit 6 shows a regional broad and gentle-fotdpeeometry. Toward

the stocks, Unit 6 exhibits gently convergent bounding surfaces; hefassify it as a tapered

CHS (Fig. 4a) Folding and tmning occur over a horizontal width of c. 935 m, with only minor
and gradual bed rotation (F&). Bounding unconformities define higingle truncations (<@pof
underlying reflections. Only one of the drilled wells,/ZB9 (Fig. 7), penetrated the Base
Cretaceous; thereforgje cannot evaluate the regional changes in lithology associated with the

observed seismic stratigraphic architecture.
Unit 5 (Sele, Lista, and Maureen Formations)

Unit 5 is stratigraphically equivalent to the Sele, Lista, and Maureen Formations and is bound
above and below by the early Eocene and top Danian reflection, respectively. Regional thickness
changes within the survey area (see Btij.for Unit 5 vary from c. 80 ms to 240 ms. Overall, Unit

5 thickens basinward (i.e., N\8E; Figs5b, 6a 7, 811). The isochore map shows a local
thickening wedge that deflects around North Pierce and ponds behind the South Pierce diapir.
Superimposed on these regional changeslocal, neadiapir thickness changes. Nediapir

strata show the upper and lower bounding surfaces of Unit 5 gently converge towards the diapir;

hencel classify it as a tapered CHSig. 4a) Folding and thinning occur over widths c. 930 m,
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with only minor and gradual bed rotation (&i§a, 7 8 and10). Bounding unconformities have

high angle truncations (<%pof underlying reflections.

The wells 23/20 (NE), 23/275 (E), and 23/2-10 (SW) are drilled near the South Pierce diapir,
while well 23/277 is drilled further basinward, to the far south of South Pierce. Wells 23/22a
(SW), 23/22&2z (SW), and 23/223 (E) are close to North Ree. The weHlog correlation panels

(Figs 7, 93 and11) show that unit 5 thins towards the South and North Pierce salt stocks, an
observation consistent with the seismic data. There is a considerable thickening of this unit c. 362
m to the south in the3/277 well. One of the units of interest, the Forties Sandstone Member, is
present within Unit 5. Sandstone thickness changes considerably from well to well. The Forties
Sandstone Member shows a high degree of correlation between wellslP3#Pd 23/247 but

bears little resemblance in well 23/27see Fig7). The proximity of 23/20 well to the South

Pierce salt stock seems to be a key factor. There is a good correlation of the Forties Sandstone
Member in wells 23/228 and 23/27% (Fig. 98, but bdh wells show no obvious correlation to
23/279. Similarly, the Forties Sandstone Member shows a high degree of correlation between
wells 23/22a2z and 23/2a3 but bears little resemblance in well 23/224see Fidll). The
proximity of 23/22a2 well to the North Pierce salt stock seems to be a key factor. The time
structure map of the top Forties Sandstone Member shows overall basin geometry with the basin
deepening towards the SSW. TRMS amplitude map shows high reflectivity and laterally

extensive rdéction packages that trend NBE.
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Unit 4 (Horda and Balder Formations)

Unit 4 is stratigraphically equivalent to the Horda and Balder Formations and is bound above and
below by the top Oligocene and early Eocene reflection, respectively. Regional thickness changes
(see Fighc) within the survey area for Unit 4 vary from c. 600 ms to 1100 ms. Overall, Unit 4
thickens to the north and west. Superimposed on these regional changes are leda&pmear
thickness changes. Nediapir seismic stratigraphic analysis of Unit 4 showasrow and steep
drapefold geometry. This unit coprises hooks (Fig$a 8 and 10 that stack vertically to form
tabular composite halokinetic sequences (CHS), with parallel tgpaablel, upper and lower
bounding surfaces. Folding and thinning of the sediment range from 15BMm in width and

display taper angles ¢.>%0

Unit 3 (lower Lark Formation)

Unit 3 is stratigraphically equivalent to the lower L&drmation and is bound above and below

by the Mid Miocene unconformity and the top Oligocene, respectively. Unit 3 thickens basinward
(i.e., towards the south; Figs 8 and10). This unit's regional thickness changes (Bi). vary

from c. 300 ms near the sakkdiment interface to 750 ms basinward. N#apir analysis shows
tabular composite halokinetsequences (CHS), with parallel to spdirallel, upper and lower
bounding surfaces (see Figm 8 and10). Folding and thinning ranges from 120inl70 m in

width and display taper angles c.>70°.
Unit 2 (upper Lark Formation)

Unit 2 is stratigraphically equivalent to the upper LBgkmation and is bound above and below
by the top Pleistocene and the Mid Miocene unconformity, respectively. Seismic stratigraphic
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analysis of unit 2 (FigSe, 6a 8 and10) shows a largscale wedge geometry dipping to the SE.
The unit's upper and lower bounding surfaces gently converge towards the diapit; dlassiéy

it as a tapered CHS. Folding and thinning ranges from 1RPA#® m in width and display taper
angles ¢.>79 The Mid Miocene unconformity onlaps the South Pierce salt diapir, and sediments

truncate and onlap against it.
Unit 1 (Nordland Group)

Unit 1 is stratigraphically equivalent to the Nordland Group and is bound above and below by the
seabed and top Pleistocene. The thickness gradually increases to the northwest from c. 250 ms to
c. 700 ms (Figa, 8and10). The Nordland Group marine claystone deposited during subsidence

of the Central Trough dominates this unit. The North and South Pierce diapirs do not penetrate this

stratum.

Sedimentary facies

Based on the description of selected intervals of core data from seven vaelgjfy eight main
facies used to characterise the Forties Sandstone Member and the Ekofisk Formation: (i) thick
bedded sandstones; (ii) tHiredded sandstones; (iii)) banded sandstones; (iv) hybrid beds; (v)

slurry flows (vi)debrites (vii) mudstones and (viii) chalk (see Table 2 for detailed description).

Syn-depositional and postdepositional features

Nearsalt deformation during passive salt rise is related mainly to the drape folding of a thin roof,

which results in associated fracturing. Seismic imaging adjacent to and below the diapirs is poor,
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making it difficult to interpret structural features such as faults. Core data therefore provide
valuable information on sukeismic, smalkcale deformational features located close to the salt
diapirs. In this section, | summarize structures (both sedangand norsedimentary) that record

syndepositional and postepositional deformation.

Syn-depositional deformation: Most passive diapirs are accompanied by-dgpositional drape

folds defined by strata upturn that is typically restricted to within 1 km of these@itnent
interface (halokinetic sequences). Halokinetic sequences commonly exhibit or contain local
breceas or reworked sediments that thin and ultimately pmahaway from diapiric salt. The
reworked sediments (debrites) are typically located just above unconformities located within and
that define individual packages withialbkinetic sequences. They typically form when significant
weak, typically very fineggrained sediments are deposited on or immediately adjacent to the diapir,
leading to beddingarallel flexural slip and sliding as the sedimentary layer thins over thie.dia

Well, 23/279 shows examples of such seéidiment deformation within reworked sediments.

Postdepositional deformation: Smallscale fractures are rare. However, opefimagle fractures

and veins are common in wells 23/22and 23/22&2z. 23/22a2 notably contains bedding
parallel conjugate fracture sets. These fractures might record mingrabate! lengthening or
extenson due to outearc extension during halokinetic folding. The first set may have formed
when roof strata were initially folded over the growing diapir, whereas the second, conjugate set
may have formed later, when strata had been rotated to dipestidally or at least relatively

steeply (Rowan et al., 2020).
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Discussion

The following three sections discuss the style and controls on: (a) damage occurring in host rocks
during salt diapirism, (b3eismiescale composite halokinetic sequences anddpjrol of salt

diapirs on deepvater sedimentation.

Damage occurring in host rocks during salt diapirism.

Folding, fracturing, and shearing of strata are common processes on the flanks of diapiric salt
(Wallace, 1944, Jackson and Talbot, 1991; Alsop et al., 2000). Folds associated with diapiric salt
rise have been attributed to drag/shear of adjacent strsyadepositional drape folding (Jackson

et al., 1990; Alsop et al., 2000; Davison et al., 2000a; Stewart, 2006). Radial extensional faults are
observed over the crests of buried, active diapirs (due to doming) and on diapir flanks. Radial
faults on diapiflanks may have formed in roof strata and subsequently rotated intcfthayging
positions by drape folding (Rowan et al., 2020) or formed by hoop stress and stem push (Jackson
and Hudec, 2017; Coleman et al., 2018). Stsedlle deformation, such as lalisplacement faults

and shear zones, are reported from outcrop examples and wells (Alsop et al., 2019; Alsop et al.,
2016, 2018; Davison and Barreto, 2020). More recently, Rowan et al. (2020) concluded that diapir
rise and emplacement do not directly shaad fracture adjacent strata, using examples from
exposed salt structures, such as in Paradox Basin of the southwest USA, La Popa Basin in
northeastern Mexico, the Prebetics of SE Spain and the Flinders and Willouran Ranges of South
Australia. They inst&d propose that salt movement leads to drape folding and predominantly

depositional (rather than structural) thinning of the roof, which may cause associated fracturing.
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This study shows that the North and South Pierce diapirs grew from the Triassic through to the
Miocene, an interpretation consistent with that proposed by Davison et al. (2000). However, their
growth was complex and included three growth modes:

1. Passive diapirism occurred when the salt was at or very near the seabed, and the diapir was
supplied with salt expelled from beneath adjacent, downbuilding minibasins (Triassic to
Eocene).

2. Periodic diapir burial (i.e., during the early Miocene) when sediments agigesder than
the diapir crest rose.

3. Active diapirism occurred when the diapir was buried, with diapiric rise driven by

shortening (Paleocene and middle Miocene).

We see evidence for nedrapir deformation in both carbonate and clastic successions. For
example, in the North and South Pierce stocks, active piercement and buoyancy forces create
periodic episodes of topographic relief at the diapir crests, resultihg Ekofisk Formation chalk

slumping and sliding off the crests of the diapikkhoughwe see no evidence for sedediment

slumping in the cored examples from the Chalk, Davison et al. (2000) report this, halite and
anhydrite debrite, and beddipgrdlel fault zones in chalk from the Kyle Field, Central North

Sea, using the presence of these features to argue that the salt was exposed and very near the seabed
during the Late Cretaceous to Palaeocene, and that the associated topographic reliefralas seve

tens to hundreds of meters.

We see corescale evidence for larggcale fracturing, pressure solution, and significant

extensional faulting, which together combine to thin the overburden along the flanks of the South

20



and North Pierce stocks as they rise. For examygebserve numerous interconnected calcite

filled fractures in the Ekofisk Formation, North Pierce Field (Figs, b and)and postulated to

have formed from pressure soluti@irhonRobertson, 1992Fluid transfer in chalk cores is also
present from the Machar and Banff fields (Davison et al., 2000). Intensely fractured intervals, with
several intersecting fracture sets, are also present in the Chalk. These point to several phases of
fracture openingwith wall-r ock sl i vers separati ngRobedsomc k an
1992).We observe multiple threatike fractures at higlangle to bedding, filled by calcite. The

most significant number of higangle open fractures are observed in the Tor Formation from the
23/279 well (i.e., located c. 400 m from the South Pierce stock) ardnvitie Tor and Mackerel
Formation in the deeper cores recovered in the 23228ell (i.e., located only c. 100 m from the

North Pierce stock). These fractures indicdi&t rising salt stretched and thinned the Ekofisk
Formation overburden. Beddimarallel micrestylolite swarms are common and may indicate

smaltscale pressure solution at specific bedding surfaces.

High-angle discordant Neptunian sandstone dyke injections (Eg.) within the Ekofisk
Formation suggest a largely fractured Ekofisk Format®@monRobertson (19923uggest that

the fractures within the Ekofisk Formation were open during the early stages of Maureen
Formation depositionwith these sandstones subsequently injected into the fractures. The sands
within the dyke system have a similar grain size to the overlying Maureen Formation. Past studies
have shown evidence for sand injection in the overlying Maureen Formation duedteaeg

and soft sediment deformation. It is common for such fabric to extend intodanlying Ekofisk
Formation (SimofRobertson 292). These fractures were not formed as a direct response to salt

movementWe propose these fractures occurred following rsessbed lithification of the chalk
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(due to mechanical and chemical compaction of the Ekofisk Formation) and drape folding as the
salt maintained some topographic reliéfe observe stylolites and microstylolite swarms from

core data, evidence for pressure solution, and chemical compaction. These fractures created some
porosity in the Ekofisk Formation, although now cemented by calcite based on observations in the
core dataAlthough rare in our study, there are examples of chalk debrite in cores from other wells

in the Central North Sea (Diaon et al. 2004).

In terms of halokinesigelated deformation in clastominated successions, our study of the
South and North Pierce diapir flanks shows substantial sesrale thinning of strata towards the
diapir flanks, including within the Forties Sandstone MemUait 6 and other units also increase

in dip with increasing proximity to the sadediment interface. In core data, howewee, see
limited evidence for the fracturing and minor faulting in the Forties sandstones. Hoslaugp,

folds and bedding parallddlip surfaces from the core data in mudstone within the Forties
Sandstone Member (Fi§i6d). Some authors have reported extensional slide zone in wells drilled
close to salt diapir margins and slump folds due to lateral compression and internal shearing
(Davison et al., 2000; Cumberpatch et al., 2021). Bedpargllel flexural slip/flow during
halokinetic drape folding results in shear zones (Rowan et al., 2003; 2016; Rowan and Ratliff,
2012).We infer that this style of neatiapir deformation occurs iresponse to a diapir near the
surface, probably during the Paleocene to Miocene peldd. envisage high sediment
accumulation rates will cause positive relief on the salt diapir crest. Faulting and rotation of the

sediments lead to slumping due to the topographic relief.
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Seismicscale composite halokinetic sequences

Nearsurface deformation of sediment next to rising salt diapirs occur in manywdgep
environments, such as the Central Graben, North Sea; Gulf of Mexico and the Central Flinders
Ranges, South Australia (e.g., Hodgson et al. 1988deville& Jackson, 1992; Davison et al.,

2000; Giles & Lawton, 2002; Schul&la, 2003; Rowan et al., 2003; Giles & Rowan, 2003; Kane

et al. 2012 Andrie et al., 2012; Kernen et al., 2012; Giles & Rowan, 2012; Hearon et al., 2014).
Neardiapir sediment deformation and associated changes in stratal thickness occur at two scales:
(1) minibasinscale, due to the development of broad, synclinal foldssfian the entire width of

a minibasin; and (2) diapftank scale, related to a narrow zone of drape folding ainditig of

diapir roof strata during diapir rise. S\kimematic, unconformitypound packages adjacent to
diapir-flanks are known as halokinetic sequences, which stack to form composite halokinetic
sequences. Outcrop and the subsurface data provide sexargdles of halokinetic sequences
(e.g., Giles and Lawton, 2002; Rowan et al., 2003; Giles and Rowan, 2012; Andrie et al., 2012;
Kernen et al., 2012; Carruthers et al., 2013; Hearon et al., 2014, 2015a, 2015b; Harrison and
Jackson, 2014; Saura et al., 202@16; Poprawski et al., 2014, 2016; Rojo et al., 2016; Martin
Martin et al., 2016; Rojo and Escalona, 2018; Coleman et al., 2018; Pichat et al., 2019; Snidero et
al., 2019; Davison and Barreto, 2020; Verg’es et al., 2020; Pichel and Jackson, 2020; Gannawa
Dalton et al., 2020a). The deformation and associated impact on the deposition of CHS is related
to the height and extent of local topographic relief over passive diapirs, which are a result of the
interplay between sedimeatcumulation rate and diagise rate (Giles et al., 2012). Sediment
accumulation rates are a function of lithology and depositional environment. Tabular CHS
typically develop during or after prolonged periods of slow deposition with the formation of

significant topographic relief @ the diapir, resulting in thin roofs, narrow zones of drape folding,
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scarp failure, erosion, and possible common mass wasting. Folding and thinning occur over a
narrow zone within 200 m of the diapir surface. Tapered CHS typically form when the sediment

accumulation rate adjacent to the diapir exceeds the diapirate ger the timescale of a third

order depositional sequence. Thinning and upturn typically occur over a horizontal distance of c.

1 km.

The North Sea Basin offers an excellent opportunity to examine the controls on composite
halokinetic sequence (CHS) developmdnsee seismiscale evidence for tapered composite
halokinetic sequences from strata flanking the North and South Pierce stocks, with the upper and
lower bounding surfaces of Units 5 and 6 gently converging, over a horizontal distance of c. 1 km,
towards tle saltsediment interface. This geometry is indicative of a period when sediment
accumulation rate outpaced the diajse rde, resulting in the buildip of a relatively thick diapir

roof and formation of a relatively wide zone of drape folding. The Forties Sandstone Member sits
within Unit 5, a tapered CHS, with the deepter submarine fan system it defines likely
characterisd by relatively high (compared to hemipelagic and pelagic processes) sediment
accumulation rates. Several authors have demonstrated examples of tapered CHS (e.g., Davison et
al. 2000; Giles et al. 2012; Johnson & Bredeson 1971; Rowan et al. 2003) av&iraj subsurface
examples from deemarine settings. Giles et al. (2012) report tapered CHS inFRdistocene

strata in the Northern Gulf of Mexico, with stratigraphic thinning and upturn occurring ovér 0.5

km. In the Central North Sea, Davison et(@000) report thinning and upturn near the South
Pierce diapir with local angular unconformities at the Top Paleocene reservoir level, consistent

with our observations.
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We observe several onlap surfaces in Units 3 and 4 (sesgaig8 and 1)) which suggests diapirs

were actively rising during this period and indicating that topographic relief partially controlled
sediment pathways. This observation agrees with Davison et al. (2000), who suggest significant
unconformities developed locally e the diapirs during the Palaeocene and middle Miocene.
Reactivation and active rise of diapirs represents periods when the relative upward movement of
the diapir was greater th@ediment accumulation rates. The rapid growth led to significant sea
bed relief, with highkangle onlap above the related unconformities. This observation is consistent

with the tabular CHSve observe below the Mitliocene unconformity.

We observe a gentle convergence of the upper and lower bounding surfaces of units 1 and 2
towards the North and South Pierce diapirs. This seismic stratigraphic relationship suggests a
tapered CHS, which dominated the Pliocérleistocene period suggestititat sedimentation

rates outpaced the salt rise rate, burying the salt.

Control of salt diapirs on deepwater sedimentation

Saltrelated topography influences submarine sedimentary systems in manywateep
environments, such as the Gulf of Mexico, offshore West Africa, the eastern Mediterranean, and
northern Spain (e.g., Posamentier & Kolla, 2003; Gee & Gawthorpe, 2006;8C@aktwright,

2009; Mayall et al., 2010; Kane et al., 2012; Oluboyo et al., 2014; DoJghis et al., 2017,
Rodriguez et al., 2019; Cumberpatch et al., 2021)-c®aéd folds pond, divert, deflect, block, or
confine turbidite systems (Prather et 2898&; Kneller, 2003; Prather, 2003; Smith, 2004; Clark &
Cartwright, 2009). In the Magnolia Field, Gulf of Mexico allochthonous salt controlled the

development of Pleistocene submarine channel systems, which were initially deeply entrenched
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close to the salt, but that progressively avulsed down the lateral slope in response to ongoing diapir
rise (Kane et al. 2012). The exhumed Triassic (Keuper) Bakio Diapir in the B&antabrian

Basin, northern Spain is flanked by deegter carbonate (Amniearliest Albian Urgonian

Group) and siliciclastic (middle AlbidinCenomanian Black Flysch Group) successions. These
successions exhibit unconformibpunded sedimentary wedges that thin towards and upturn
against the diapir. Cumberpatch et al. (20Bdport that the failure of carbonate platforms
developed above the crests of the active Bakio diapir emplaced debrites in the adjacent minibasin,
proximal to the salsediment interface, and generated local topography that also constrained
clasticdominatel, axial depositional systems. Indicators of-ggpositional dynamic topography,

such as debrites, hybrid beds, remobilized strata, and lateral thickness changes over short distances

collectively support an interpretation of halokinetic modulation ofepaeter deposition.

The interaction between sattduced seabed relief in the Central North Sea controlled Paleocene
turbidite sandstone deposition and distribution. For example, the Forties fan system built out
broadly soutkeastwards into the North Sea Central Graben, hgEadpminantly deposited around

and having itghickness and facies distributionentrolled by active salt diapirs, such as North

and South Pierce (Davison et al., 2000; Davison, 2004 and Eldrett et al., 2015). Davison et al.
(2000) report thaChalk thirs from c¢. 1500 m on the flanks t6300 m above the diapir. Our
isochore map of Unit @Fig. 5b) which contains the Forties Sandstone Member, shows substantial
regional thickening basinward from the North and South Pierce diapirs, i.e., from c. 80 ms to 240
ms. A thickening wedge deflects around North Pierce and ponds behind the South Pierce diapir
(Fig. 5b), comparable to findings by Davison et al. (2000), who suggest that the thickening reflects

sediments (sandrone complex) sliding off the salt stocktest. This wedge indicates topographic
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relief on the diapirs' controlled sediment transport pathways by deflecting sediments from its crest
towards the flanks. The wdlbg correlation panel also supports a substantial thickening of the
Forties Sandstone Member basinward (FjgBased on core data analysis from wells drilled close

to the flanks of the diapir$,observe sofsediment deformation and sandstone dyke injection in

the Forties Sandstone (Bigl9%) . Thi s is consistent with Cumbe:]
that hybrid and rewbilized beds may point toward destabilization and slumping of the Forties
sandstone above the growing salt diapirs. In addition, thickness changes support the interpretation

of a Paleocene (Forties fan) system deflected by the topography and struaturakfereated by

the actively growing salt diapirs.

Lateral variations in core facies proportions in the Forties Sandstone Member in 23/223

23/279 and 23/275

Description i In 23/27%5, the Forties Sandstone Member begins with a thirapwgard, very
fine-grained to finegrained sandstone sequence containing numerous interbeds of green, waxy,
angular to swvounded, clastich claystones and minor siltstone. A thickenuqgvard unit
comprising mainly thickbedded sandstones immediately overlies the underlying unit and in
contrast, is clasiree. This zone is, however, rich in dewatering and wedgeape pipes,
predominantly in the lower part of the sandstone, dish structures becoming more common in

the upper sections. Muich and sandlich bands predominate in the uppermost sections. A
thinning upward sequence, capped by a hemipelagic blanket, caps this interval. Facies+1 (thick
bedded sandstones), F2 (thedded sandstones), F4 (hybrid beds) and F5 (slurry beds) dominate

the cored interval of the Forties Sandstone Member.

27



The Forties Sandstone Member is thin in 282400 m away from the South Pierce diapir), with

F2 (thinbedded sandstones) and F5 (slurry beds) dominating the interval. Stratigraphic
organisation is not obvious in this well. A thick unit of claystonel@s&the sandstone. In 23/22a

3, F1 (thickbedded sandstones), F2 (tiniedded sandstones), and F5 (slurry beds) dominate the

cored interval.

Three distinct facies are recognized in the Forties Sandstone Member based on examining cores
obtained in 23/228, which lies east of the North Pierce diapir, and 2&2nd 23/275 which lie

to the NE and E, respectively, of the South Pierce diapifHigiseda anddb). The internal facies
architecture of the Forties Sandstone Member is complex. The pie chart shows a common
occurrence of thickedded, debrite, slurry flows, and mudstone facies in all three wells. An
observation of the facies distributian each well in the piehart highlights the lateral change in
facies character of the gravity flow deposits within a distance {48@nmi 0.8 km) taken along

the strike section of the Forties Sandstone Member fairway. The distribution and thickitness of
sandstone change considerably from well to well with high facies variability predominantly in the
23/279 well, 400 m adjacent to the diapir. The high facies variability between the ZB/@2@h
23/275 wells to the 23/2-B well makes the correlatioretween these three wells subjectié.

20). The sandstone packages in wells 23/22a3 and -Z3¥2dlls are weldeveloped and highly

correlatable but bear little resemblance to the 28/2v&ll.

Interpretation i the facies variability between the three wells (23/32@3/275 and 23/20)

suggests the proximity of 23/Z¥well to the South Pierce salt stock is a key factor. The sands in
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the 2322a3 well comprise massive thick beds with injections and mud clasts, but within approx
0.8 km in the 23279 well, there is a local increase in the thickness and distribution of reworked
sediments and sheared fabric, close to the South Pierce thagimmary, 23/22a3 and 2337

which are on the northastern side of the South Pierce diapir, can be correlated reasonably well,
showing that thickbedded and banded sandstones, debrites, and slurry flows are laterally rather
extensive. However, the fies identified in these wells differ to those in 232 Zvhich islocated

100 m, adjacent to the diapir; here, hemipelagic mudstone (F7) is more common, suggestive of
deposition outside of a channel or lobe. In 2382The Forties Sandstone Member corsgsi
coarseningupwards packages and that are capped by a unit containing thin interbedsgreglark
mudstone. Higkconcentration turbidity currents (F1) are the primary transport mechanism for the
Forties Sandstone Member. The thickly bedded units risuit rapid, en mass deposition from
sandrich flows (Baas, 2011; Mulder & Alexander, 2001; Mutti & Ricci Lucchi, 1978; Stow &
Johansson, 2000; Talling 2012). The numerous green claystone clasts b 2883/7be ripup

clasts derived from the underlying M@en Formation.

The presence/absence and distribution of MTCs in the context above

In light of the correlation above, the core facies in the Forties Sandstone Member 19 ,282¢h
is closest to the diapir, reveals an increased presence of delatedl material and sheared fabric

attributed to remobilization of sediments due to diapir growth and related seabed deformation.

Conclusions

Our interpretation of this legacy 3D time migrated seismic reflection data combined with existing

core data enabled us to use the Pierce field as a natural laboratory to improve our understanding
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of salt diapirism and its control on sedimentology and distribution of-dedgx deposits.This
study further illustrates the value of making legacy data available for training and academic

study.

(1) Evidence for neadiapir deformation in both carbonate and clastic successions, such as,
largescale fracturing, pressure solution, and significant extensional faulting along the
flanks of South and North Pierce stocks, in the Ekofisk Formation are dedoeith drape
folding resulting from salt movement. A predominance of multiple sets of fractures and
calcitecemented fractures in the Ekofisk Formation signify bending related stretching due
to diapiric salt rise. Bedding parallel slip zones and sligltjs are dominant in the Forties
Sandstone Member and signify a destabilizing and rotational relationship of the Forties

sandstone with the growing salt diapirs.

(2) Weidentify three tapered composite halokinetic sequences in Units 6, 5, 2 and two tabular
composite halokinetic sequences in Units 3 & 4 (Miocene and Oligocene aged sediments).
The tapered CHS represent rapid sediraactumulation rate relative to diayise rate.

The tabular CHS represents slow sediment accumulation rates relative taidepate.

(3) The Forties fan system regionally thickens basinwards (broadly-sasttvards) into the
North Sea Central Graben, being predominantly deposited around and having its thickness
and facies distributions controlled by the North and South Pierce diapirsridHyixl
remobilized flows interpreted from core data and lateral thickness changes supports our

interpretation of diapiric salt modification of deegter deposition.
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(4) An integration of core data, petrophysical logs and seismic provides a better understanding

of saltsediment interaction especially in basins where seismic imaging is challenging.
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Figure captions

Figure 1. Location of the study area and bathymetric map of the North Sea showing the Pierce
Field, offshore North Sea (Smith and Sandwell 1997). The Pierce Field is located in blocks 23/22a
and 23/27 of the UK Continental Shelf of the North Sea. An outline @&htame seismic survey

is represented by the green rectangle. Field outlines are coloured green, red and yellow to represent

oil, gas and condensate fields.

Figure 2. Map of the principal structural elements of the Central North Sea, highlighting the

main Jurassic depocentres (modified after Erratt et al. 1999, Charles and Ryzhikov 2015).

Figure 3. Well section window displaying seisric-well tie from well 23/277. Sonic and density
curves are used to generate the Acoustic impedance (Al) and Reflection coefficient (RC) curves.
RC is convolved with the wavelet to generate a synthetic seismogrash isltgompared to the
seismic at the well location. Note position of well markers overlayed on well section window; only
the Early Eocene (Balder Formation), top Danian Ekofisk Formation and Top Forties Sandstone
Member are seismically picked. Mothe high amplitude seismic expression of the top Forties

Sandstone Member.

Figure 4a.3D time-migrated profiles of South and North Pierce salt stocks, East Central
Graben, North Sea. Green lines define folded sequences identified as tapered or tabular CHS
using seismically imaged data. White dashed lines are axial traces of halokildstid/&tical

exaggeration 1.5:1 Seismic data courtesy of PGS.
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Figure 4b. 2D map (2500 ms TWT time slice) illustrating the locations eEV@nd NS oriented

lines displayed in fig. 6a.

Figure 4c. Schematic of a) hook halokinetic sequence, b) wedge halokinetic sequence, c) tabular
composite halokinetic sequence d) tapered composite halokinetic sequence; that illustrates the
different drapefold geometries and degree of angular discordance at timelimgy unconformities.

(Redrawn from Jackson and Hudec, 2017)

Figure 5. Isopach maps for the six key units. a) Unit 6 BCU to Ekofisk, b) Unit 5 Ekofisk to
Balder, c) Unit 4 Balder to Oligocene, d) Unit 3 Oligocene to MMU, e) Unit 2 MMU to

Pleistocene, f) Unit 1 Pleistocene to Seabed.

Figure 6a.Interpreted NS geoseismic section of the South Pierce diapir showing key overburden

interpretation (units-b).

Figure 6b. Map showing a time slice at 3500 ms TWT and positions of seveialaid NS

oriented lines (Figs. 6a, 8 and 10).

Figure 7.Petrophysical log suite from well 23/2D and 23/2-89 summarizing the key formations:

from left to right: GR, gammaay: CALI, caliper; DT, compressional (sonic) velocity; RHOB,

bulk density; NPHI, neutron porosity. (SSTVD). The wells flattened on ttie Eacene (Balder
Formation). The cross section shows the Forties sandstone thickness changes considerably from
23/279 to 23/27%7 and the position of the South Pierce diapir is a controlling factor on the
thickness changes from North to SoutB/2Z-7 shows the thickest sand accumulation of all the

wells.

Figure 8. Interpreted WE geoseismic section of North and South Pierce diapirs showing key

overburden interpretation (unitsg).
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Figure 9a.Petrophysical log suite from well 23/23a23/279 and 23/275 summarizing the key
formations: from left to right: GR, gamnray: CALLI, caliper; DT, compressional (sonic) velocity;
RHOB, bulk density; NPHI, neutron porosity. (SSTVD) Balder, Ekofisk fdlona and the top

Forties Sandstone Member are seismically mapped.

Figure 9b.Pie Chart illustrating facies proportions in the cored interval from well 238223/27

9 and 23/2% in the Forties Sandstone Member.

Figure 10. Interpreted WE geoseismic section of North Pierce diapir showing key overburden

interpretation (units-b).

Figure 11.Petrophysical log suite from well 23/22a23/22a2z and 23228 summarizing the
key formations: from left to right: GR, gammnay: CALI, caliper; DT, compressional (sonic)

velocity; RHOB, bulk density; NPHI, neutron porosity.

Figure 12. Summary of thickbedded sandstones (F1) rapidly deposited from-teagtsity
turbidity currents. The dish structures and dewatering pipes are due to tdepastional escape

of water from the sand.

Figure 13.Summary of thirbedded sandstones (F2)

Figure 14. Summary of banded sandstones (F3)

Figure 15.Summary of hybrid beds (F4)

Figure 16.Summary of slurry beds (F5)

Figure 17.Summary of debrites (F6)
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Figure 18.Summary of deformation in the Tor Formation (23f22a, b) illustrates multiple high
angle fractures and c) illustrates a large fracture zone that might have formed from multiple phases

of fracture opening.

Figure 19. Summary of deformation in the Ekofisk Formation, a) illustrates conformable contact
between Maureen Formation mudstones and chalk, b) shows an irregular subarkosic sandstone
dyke fill and irregular chert nodules. Enlarged photos to the right are takem tine

sedimentological study of well 23/2Z¥(Simon Robertson, 1992).

Figure 20. Lateral variations in facies due to diapir growth illustrating the proportion and

distribution of facies interpreted to indicate remobilisation due to diapir growth.

Table 1. Regional stratigraphy of the Central Graben, North Sea. North Sea stratigraphic
nomenclature based on Knox & Cordey (1992).
Table 2. Summary of sedimentary facies from the Forties Sandstone Member and Ekofisk

Formation, Pierce Field, Central North Sea
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