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Abstract

The North Sea area has been subjected to sigrifrasion and subsequent deposition of
sediments in the basin margin and deeper basis,aespectively, during the late Neogene.
A large amount of Cretaceous-early Quaternary sexisnhave been removed below the
angular unconformity along the west and southweasicof Norway and deposited in the
huge North Sea Fan at the mouth of the Norwegiaan@él. At the same time, a considerable
thickness of early Quaternary-Paleocene sedimemésalgo eroded towards the east in the
central North Sea and subsequently deposited idebper basin areas to the west. This study
seeks to estimate exhumation from compaction agewirial maturity based techniques by
using sonic velocities of shales/carbonates amohité reflectance data in a large number of
boreholes in the central, eastern and northerniN&et. The results indicate no or minor
exhumation in the Central Graben and flanking agras, whereas more than ~1 km
sediments are eroded in the basin margin areasdewae Norwegian coast. More than ~500
m sediments are eroded in the Egersund Basin amd Basin areas. A similarity of
exhumation estimates from the Early CretaceousyBdibcene shales and Late Cretaceous-
Early Paleocene carbonates indicates maximum laoraktime after the Early Miocene in
most of the central and northern North Sea areaseder, the maximum burial throughout
the North Sea Basin may be diachronous. Seismiggarphic analysis indicates maximum

burial sometime during the Oligocene in the Sorga+ifornquist Zone area in the eastern



North Sea. Maximum burial in the Norwegian-Danisdsi varies from Miocene-Pliocene in
eastern parts to early Pleistocene in western,pahtsreas sediments are currently at their
maximum burial in the Central Graben and southaking Graben areas. Restoration of
surface elevations to their original position beftite onset of erosion indicated large
subaerially exposed areas in the Norwegian-DanadirBand along the southwest coast of
Norway. This is also supported by predominantlystalaand/or deltaic environments in the
Norwegian-Danish Basin area during the late Neog€hese subaerially exposed areas may
be linked to the regional tilting and erosion d# tasin margin areas to the east and
progressive basinward migration of deposition anto the west since the Oligocene. The
exhumation had significant effects on the petroleystem in the basin margin areas by
cooling down the source rock. However, the deepaabof sediments may also have
changed the rheological properties of sediments frwre ductile to brittle due to
compaction and diagenetic processes which makes itih@re failure prone during

exhumation leading to hydrocarbon leakage or selairé in case of C@injection.
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1. Introduction

The North Sea is a large sedimentary basin formseadrasult of multiple rift phases
predominantly during the Late Permian-Early Triassid Late Jurassic-Early Cretaceous
(Ziegler, 1975, 1978; Faleide et al., 2010). Thethi®ea Basin is the most prolific
hydrocarbon province of the North Atlantic rift, tduydrocarbon exploration on the North Sea
margin is still very sparse due to a limited numdiiewells drilled with unsuccessful results
and poor understandings of the petroleum systerm@@r et al., 2003). Identification of
elements of a working petroleum system is cru@akticcessful hydrocarbon exploration in
any area (Underdown et al., 2007). A critical aspépetroleum system modelling is an
estimation of eroded overburden for studying thertg of source rock maturation, expulsion
and trapping of hydrocarbons (Doré and Jensen,;198@erdown et al., 2007; Marcussen,
2009). The burial and exhumation histories are atgoial for understanding compaction and
diagenetic processes due to its significant effeotthe source, reservoir and seal rock
properties (Henriksen et al., 2011, Baig et al1&0The passive continental margins of the
North Atlantic region have been subjected to déf¢repisodes of extensive post-Triassic
exhumation. The timing, causes, and magnitudelsesiet exhumation episodes are still
uncertain and debated in the literature, (e.g. b=d., 2002; Anell et al., 2009; Edward,
2011). Many previous workers have highlighted thpartance of exhumation in the North
Sea associated with the mid-Jurassic regional dpwoifithe North Sea and mid-Cenozoic
tectonic activities along the North Sea margingg@#r, 1990a; Japsen, 1993; Faleide et al.,
2002; Japsen et al., 2007). The late Cenozoictuplthe eastern Norwegian North Sea is
estimated to be ~1-2 km from compaction and themralrity data (Jensen and Schmidt,

1993; Japsen, 1999; Japsen and Bidstrup, 199%dapsl., 2008; Japsen et al., 2010).

Many authors have described the source to sinkaakhip for the pre-Quaternary strata

sourced from southern Norway and deposited in #stnbareas (Eidvin et al., 1993; Eidvin et



al., 1998; Rundberg and Eidvin, 2005; Eidvin an$ R1013; Jarsve et al., 2014a). However,
the link between sediments eroded in the nearsdrees and redeposited in the offshore areas
is also an essential factor that should be consitier the later evolution of the North Sea
Basin. Quaternary and pre-Quaternary strata avagir tilted below a distinct angular
unconformity dated to be ~1.1 Myr old, at the bakthe Norwegian Channel along the west
and southwest coast of Norway (Sejrup, 1995). Rale®to early Quaternary strata is also
truncated below the mid-late Quaternary glacialmmedts in the Norwegian-Danish Basin
area and further east in the platform areas (Figl'iis unconformity is interpreted to be
developed as a result of repeated shelf edge gtatsaduring the last ~0.45 Myr, and it may
have reworked the older unconformities (Sejrup.e2805; Nielsen et al., 2008). The timing
of maximum burial depth and uplift/erosion is stitit certain in the North Sea Basin margin
areas. It is also unclear what type of sedimente weesent before the uplift/erosion in these
areas. This requires looking further back in timen&ll as into the areas currently at their
maximum burial depth to delineate the sedimentaxyrenments/processes that were active
during the Quaternary and pre-Quaternary periods@get a detailed burial history for a
better understanding of the hydrocarbon maturagengration, migration and distribution in

the basin margin areas.

In this study, burial and thermal histories aresprged from the analyses of sonic velocity
and vitrinite reflectance data in the Norwegian tR@ea Basin. The objective of the study is
to quantify the amount of exhumation and to ingae the effects of burial and exhumation
on rock properties and source rock maturity. Tine igialso to create a link between the
onshore and offshore geology as well as betweesimgisediments in the basin margin areas
and subsequent deposition in the basin areas.-Paleqressure and paleotemperature are
also modelled to discuss the implications of ugliftd erosion for regional geology and

hydrocarbon exploration.



The magnitude of uplift and erosion is defined iiifledent ways, e.g. gross exhumation and
net exhumation. Therefore, it should be noted ¢batpaction and thermal maturity
techniques used in the current study estimatexietreation which is the difference between
maximum burial depth and present-day burial dep#hspecific unit, whereas gross
exhumation is the sum of net exhumation and this&mé post-exhumation sediments
(Corcoran and Doré, 2005). The magnitude of netigdiion estimated from the
compaction/thermal maturity techniques would beagtputhe gross exhumation if there is no
post-exhumation reburial of the sediments. In @stfnf the thickness of post-exhumation
reburial is more than the gross exhumation, thenpaxtion/thermal maturity techniques will
not estimate any uplift and erosion. Net exhumagistimates are important for predicting
rock properties while gross exhumation estimatesasential for modelling burial and

thermal histories of a basin.

A different nomenclature for the last ~2.6 Myr &ed in the previously published studies.
Gelasian stage (~2.6-1.8 Ma) was part of UppercBte, but in the new time scale, it is now
included in the Pleistocene. Therefore, the age fbaitthe Upper Pliocene documented in the
previously published literature are converted ihi@ currently used geological time scale of

Cohen et al. (2013).

2. Geological setting

The North Sea is a large sedimentary basin coveringle area of northwestern Europe. The
North Sea Basin consists of deep Cretaceous substaghe central areas (e.g. Central
Graben and Viking Graben) flanked by basin marggm$ and platform on either side of
these sub-basin centres (Fig. 2). The North Sem Barsned as a result of multiple rift
phases, particularly during the Permian-Early ®i@aand Late Jurassic-Early Cretaceous

(Ziegler, 1975, 1978). Most of the graben strugunethe central and northern North Sea



developed during the Late Jurassic-Early Cretacatiigy (Gabrielsen et al., 1990; Ziegler,
1990b). The post-rift shift from continuous silistic to mainly chalk deposition occurred
during thermal subsidence in Late Cretaceous tty Paleocene in the central North Sea
(Fig. 1), whereas deposition of siliciclastics ¢oned in the northern North Sea (Surlyk et al.,
2003). The deposition of siliciclastic sedimentsuraed in early Cenozoic in the central
North Sea and continued until Quaternary throughimeifNorth Sea Basin (Fig. 1). The early
Cenozoic basin configuration of the North Sea Bass dominated by enhanced tectonic
subsidence during the Late Paleocene-Eocene. Oireessts of Paleocene-Eocene Rogaland
Group and lower part of Eocene-Early Miocene HaddlGroup were sourced mainly from
the uplifted basin margin areas to the west (etifted Shetland Platform) and from some
local sediment source areas in the western Nord@y{ et al., 2000; Eidvin and Rundberg,
2001; Faleide et al., 2002; Rasmussen, 2004; Rugdimel Eidvin, 2005). The uplift of
southern Norway at the Eocene-Oligocene boundanytesl in a shift from eastward to
westward progradation of sedimentary wedges ircéméral North Sea, whereas major
sediment source areas remained to the west inctttieenn North Sea during this time (Japsen

and Chalmers, 2000; Faleide et al., 2002; Anedl.e2012).

Westward progradation in the central North Seaeastward progradation in the northern
North Sea continued during the Miocene-Pliocenthénupper part of the Eocene-Early
Miocene Hordaland Group and lower part of the Medilliocene-Quaternary Nordland
Group (Brekke, 2000; Faleide et al., 2002; Lgseth ldenriksen, 2005; Eidvin et al., 2014).
The early Quaternary marked a major shift in prdgtion direction in the northern North Sea
when southwestern Norway took over from the Eastl8hd Platform as a major sediment
source area possibly due to deteriorating climadinditions and/or renewed tectonic activity
or combination of both (King, 2016). The early Qaraairy sedimentation in the central and

northern North Sea was dominated by the progradatidnundreds of meters thick clastic



wedges in response to uplift and glacial erosioeasttern source areas (Sejrup et al., 1996;
Eidvin and Rundberg, 2001; Faleide et al., 2008yiai et al., 2014; Baig, 2018). A
significant uplift and erosion along the northerorth Sea basin margin is also indicated by
the strong tilting of the entire Cenozoic succas$ielow the mid-late Quaternary glacial
unconformity (Riis, 1996; Faleide et al., 2002)td_dleogene uplift in the order of 500-1500
m is also well documented in the Skagerrak araasgleand Schmidt, 1992; Japsen et al.,

2007).

Ice sheets appeared to have been building up flmuat®.7 Ma in the areas adjacent to the
North Sea (Eidvin et al., 2000; Kleiven et al., 20Mangerud et al., 2011). The ice initially
flowed southwards along valleys when the majorsiteets developed in Scandinavia and
then, since about 1.1 Ma, continued up along th& w@ast of southern Norway and eroded a
trough, the Norwegian Channel, down to ~700 m degththe Cenozoic and Mesozoic
sedimentary successions (Sejrup, 1995; Sejrup,&20f)3; Baig, 2018). The glacially eroded
sediments were transported by the fast flowing N@ian Channel Ice Stream to the northern
North Sea margin and deposited in the North SeaaFtre mouth of the Norwegian Channel
(Sejrup et al., 1996; Nygard et al., 2005; Nygardle 2007). The Scandinavian and British
ice sheets covered the North Sea area outsidedhedgian Channel on several occasions
during the last ~0.45 Myr, and deposited interbedglaciogenic and fine-grained sediments
(Jansen and Sjgholm, 1991; Sejrup, 1995; Eidval. e000; Sejrup et al., 2000; Stoker et al.,

2005).

3. Material and methods

3.1. Data collection and preparation
Wireline log data from more than 260 exploratiomdimles from Norwegian Petroleum

Directorate and thermal maturity data compiled frggechemical analysis reports from more



than 60 exploration boreholes in the Norwegianagasere utilized in this study (Fig. 2). In
addition to this, check shot data from nearly 3@eholes in the Danish sector compiled from
Nielsen and Japsen (1991) and data along thre-depterted seismic sections in the
Stavanger Platform (Fig. 4 in Riis, 1996) and S®Badin (Fig. 5 in Riis, 1996 and transect-2
in Fig. 2) areas were also utilized to increasa daterage towards the edges of the study
area (Fig. 2). Formation tops, biostratigraphicsag@ttom-hole temperature information,
drilling mud, leak off test and drill stem test @atere gathered from borehole completion and
geochemistry reports. The study area covers diftageological provinces in the Norwegian
and Danish sectors. Different naming conventioesuaged for the Early Cretaceous-Triassic
stratigraphic units in different regions and theref for this reason, all age equivalent
lithostratigraphic units were combined into a sengtoup when analysed in this study, e.g.
formations within the Viking Group in the Viking &ven area and their age equivalent
formations in the Tyne Group in the Central Graeza and Boknfjord Group in the

Norwegian-Danish Basin area were grouped undeYitkiag Group (Fig. 1).

The shales belonging to Early Cretaceous Cromeltl K3roup, Late Cretaceous-Early
Paleocene Shetland Group, Paleocene-Eocene Rodatand, and Eocene-Early Miocene
Hordaland Group were analysed to study the compaeind exhumation processes. The Late
Cretaceous-Early Paleocene Shetland Group carlsometiee central North Sea were also
analysed as an additional constraint, and exhumastimates were also incorporated in the

final results.

All types of borehole data were imported into tledr® software. Erroneous log data due to
poor borehole conditions or casing were removedstMbthe studied boreholes have gamma
ray, sonic, resistivity and caliper logs throughth& borehole sections, whereas bulk density
and neutron porosity logs were available mostlthendeeper parts. Shear wave sonic logs

were available in only a few boreholes (nearly 8€eholes). As a starting point, gamma ray,



bulk density, and neutron porosity logs were usegkbup interval transit time/compressional
velocity data into different electro-facies (e.gnds, shales, and carbonates). Log data filtered

for only shale and carbonate facies were useduftindr analysis.

3.2. Compaction analysis

Sonic velocity from sonic logs is most widely usecstimate exhumation in sedimentary
basins around the world (Hillis, 1995; Corcoran &mwaé, 2005; Mavromatidis and Hillis,
2005; Mavromatidis, 2006; Japsen et al., 2007;elapsal., 2008; Dorr et al., 2012; Tassone
et al., 2014). Sonic velocity in uniform lithologisuch as mudstones/shales is a function of
porosity, and it increases with burial depth in togdatically pressured and normally
compacted sediments (Magara, 1976; Bulat and St&R&7; Hillis, 1995; Menpes and

Hillis, 1995; Corcoran and Doré, 2005). Compactioe to burial is considered to be largely
irreversible, and sedimentary rocks will, therefai@ow anomalously high interval velocity
after exhumation due to over-compaction/over-cadatbn (Bulat and Stoker, 1987; Hillis,

1995; Menpes and Hillis, 1995; Corcoran and Do@&52.

Experimental studies have shown that the evoluigrhysical properties of sediments during
progressive burial depends on the mineralogy axtdre of the sediments (Mondol et al.,
2007; Fawad et al., 2010). Variation in clay mihegg and silt content in mudstones may
play the most significant role in controlling thieysical properties resulting in different
normal compaction depth-trends for different littgies. Higher silt content in mudstones
results in poor sorting that leads to higher sewiocity probably due to more grain-grain
contact (Marion et al., 1992). Therefore, differantmal compaction depth-trends are

required to be established for different lithostyaphic units analysed in this study (Fig. 3).

In order to calculate maximum burial depth from gaation data, it is usually assumed that

sediments are hydrostatically pressured and folommal compaction trends with increasing



burial depth (Hillis, 1995; Menpes and Hillis, 199B6owever, a common problem to
satisfactorily establish normal compaction trergdthe occurrence of overpressure which can
cause under-compaction of sediments and hencedtwity-depth gradients (Japsen, 1998).
Data from any such overpressured intervals wenetbiee excluded from the compaction
analysis. Previous studies show that the Late Ceetss-Early Paleocene carbonates are
highly overpressured (up to 20 MPa) in the Certiaben area (Caillet et al., 1997; Japsen,
1998). Therefore, the areas with a known overpressir>5 MPa were also avoided when
establishing the normal compaction trends in thidys (e.g. overpressured areas shown in the

index map in Fig. 4).

Many authors have described an exponential relstiipribetween interval transit time and
depth, (e.g. Magara, 1976; Heasler and Kharitonb®86; Tassone et al., 2014) similar to

porosity depth equations (Athy, 1930; Sclater ahdsiie, 1980).

DT = (DT, —C)xe b2 + C Eq. 1

where DT is interval transit time through normattynpacted uniform lithology)T, is the
interval transit time at the surface, C is a stuitistant or matrix transit time, 'b" is a
compaction coefficient and Z is the depth belowdeafloor. The linear form of the above

equation was attained by taking the logarithm dhisides.

In(DT — C) = In(DT, — C) — bZ Eq.2

Normal compaction curves through shales were catsgbinto two sets based on observed
velocity-depth relationships which indicate diffetgradients for shallow and deeper burial
depths. The reason for establishing separate naongbaction curves as a function of depth
was that compaction is governed by stress-depemadechanical processes (e.g. grain re-
arrangement) at shallow depth while at deeper deptiperature and time-dependent

chemical compaction (e.g. pressure solution andtzjgeamentation) dominate (Bjgrlykke and



Haeg, 1997). Velocity increases slowly with decregporosity and shows narrow spread
within the mechanical compaction domain (Fig. 3¢)e velocity increases significantly due
to cementation as the temperature reaches to >07@-8A small amount of cement can
stiffen the rock framework and increase the vejosignificantly (Bjgrlykke and Hgeg, 1997;
Bjarlykke, 1999; Storvoll et al., 2005). Anotheas®n was that lithostratigraphic units
currently in the mechanical compaction domain mrference areas are either very thin or
removed in the basin margin areas to the easteidrer; to utilize sonic velocity data
throughout the borehole sections, we need to esteddparate normal compaction curves for
shallow and deeply buried sediments. Many authave lalso used different velocity-depth
trends for shallow and deeply buried intervals ¢&ap 1998; Japsen et al., 2002). As a
starting point to separate the shallow and deeptied sediments, the likely transition zone
between mechanical and chemical compaction wasifigeilnfrom rock physics templates and
bottom hole temperature analyses in the referereasdFig. 2). Cross-plot of bulk
density/porosity versus shear wave velocity or she@dulus (rock stiffness) is a good
approximation for differentiating mechanical anectical compaction zones (Storvoll and
Brevik, 2008). Two separate trends can be idedtifiethe shear modulus and porosity
(derived from density log) cross-plots (Fig. 3a)mare flat line and a steeper line represent
the mechanical and chemical compactions of thersaus, respectively. Shear modulus
changes little in the mechanical compaction zongewdorosity decreases rapidly, whereas
the porosity loss rate is reduced while shear medulcreases rapidly in the chemical
compaction zone. The flatter shear modulus andgityrvends are referred to as depositional
trends controlled by sedimentation (e.g. variatiosorting and clay content), whereas the
steep trends are representative of porosity cdatrdly diagenesis, (e.g. pressure solution and
cementation) (Avseth et al., 2005). A further bazakn of P-wave velocity between 2200

m/s and 2600 m/s in the shear modulus and porosigs-plots emphasizes the velocity



changes from the mechanical to chemical compackionains and helps to identify the P-
wave velocity cut off value between the two doma®oss-plot of shear modulus and
porosity indicates that the P-wave velocity is lges 2400 m/s (126 ps/ft) and more than
2600 m/s (122 ps/ft) in the zones dominated by meclal and chemical compaction,

respectively (Fig. 3a).

The interval transit time (reciprocal of velocityata for the Early Cretaceous-Early Miocene
shales and Late Cretaceous-Early Paleocene cadsonate extracted, logarithmically
transformed and plotted against depth below théoseaThe least square fitting technique
was applied to equation 2 to find different valoésompaction coefficients “b” for different

lithologies in the central and northern North Seg.(Fig. 3b).

The sonic log data were available from a large nemalb reference boreholes in the Central
Graben and south Viking Graben areas (Fig. 2). @hables better control on velocity-depth
relationships in this area compared to the upliBadents Sea area where only a few wells are
drilled in the areas currently at their maximumiéludepth (Henriksen et al., 2011; Baig et
al., 2016). Sonic log data were grouped into shdtwechanical compaction domain
representing sonic velocity less than 2400 m/sdm@ger/chemical compaction domain
representing sonic velocity higher than 2400 m/sefof separate reference compaction
curves were established for the Early Cretaceoul+Eaocene shales and Late Cretaceous-
Early Paleocene carbonates in the central andemortdorth Sea. The sonic data were
physically constrained between the near-surfacesitréime (DT) and matrix transit time
(shift constant C) to establish reference compadatioves through shales in the shallow
regions (Vp <2400 m/s). The compaction coefficidgntwas then estimated by drawing the
best-fit regression lines through the data (Fig. 8mmpaction coefficient "b” was estimated
to be 0.00023 by using the surface and matrix transit times®f fLs/ft and 66 ps/ft,

respectively, for the Eocene-Early Miocene Horddlahales in the central North Sea (Eq. 3).



For Hordaland shales in the northern North Seactingpaction coefficient was also
estimated to be 0.00023nbut by using the surface and matrix transit timies68 i s/ft and

66 us/ft, respectively (Eqg. 4).
DT = 111 % ¢70:00023Z 4 g6 Eq. 3
DT = 102 x ¢~0:00023Z 4 64 Eq 4

Compaction coefficients through deeper regions ¥\8#00 m/s) were obtained by
statistically optimizing the model described foe $hallow regions. In this case matrix values
were kept constant at 60 ps/ft for the Cromer Kaoll Rogaland group shales in the central
and northern North Sea and 56 us/ft for the Shettaroup shales in the northern North Sea.
However, the surface interval transit time valuesexchanged beyond the physically
constrained values to get the highén@lues. This approach resulted in two different
velocity-depth trends to be used for the shallod @eeper regions. Compaction coefficients
*b" for the Paleocene- Eocene Rogaland Group shalesestimated to be 0.00046' iy

using the surface and matrix transit times of 230tjand 60 ps/ft, respectively, in the central
North Sea (Eq. 5) and 0.00042thy using the surface and matrix transit times@# @s/ft

and 60 us/ft, respectively, in the northern Nortla §Eqg. 6). Compaction coefficient "b" for
the Late Cretaceous-Early Paleocene Shetland Gifmalps in the northern North Sea was
estimated to be 0.00059"nby using the surface and matrix transit times3ff @s/ft and 56
us/ft, respectively, in the northern North Sea (Bq.The compaction coefficient "b" for the
Early Cretaceous Cromer Knoll Group shales wasneséid to be 0.00042 hby using the
surface and matrix transit times of 206 ps/ft a@qué/ft, respectively, in both the central and

northern North Sea same as in equation 6.

DT = 210 % ¢~0:00046Z } ¢ Eq 5



DT = 146 * ¢~0:00042Z 4 ¢ Eq 6
DT = 194 * 0000597 4 56 Eq. 7

A similar approach was also used to estimate thgeation coefficient through Shetland
Group carbonates in the central North Sea. The&@tteGroup sediments are penetrated at
deeper than 1000 m depth in boreholes currentlyest maximum burial depth. Therefore,
the normal compaction curve for shallow depths Q0Lth) was adopted from Japsen (2000),
and the compaction coefficient for data points aterthan 1000 mbsf burial depth was
estimated to be 0.00137nby using the surface and matrix transit times@ff @s/ft and

50 us/ft, respectively (Eq. 8).
DT = 210 % e~000137Z 4 50 Eq. 8

The sonic log data were then calibrated with thaldished reference compaction curves, and
an upward deviation from the reference compactionas was estimated graphically or

mathematically as net exhumation (Eg. 9).

1 DT—C
Ea =—=x ln[
DT,—C

5 ]—Zp Eq. 9

WhereEa is the estimated net exhumation ahds the present-day burial depth of the

sampled interval transit timRT under consideration in the borehole.

3.3. Thermal maturity analysis

Subsidence of progressively buried sedimentary$agauses the thermal maturation of the
sediments. Temperature and time are the mostairfictors in the thermal maturation of
organic matter. This temperature and time dependiemescribed by chemical reaction
kinetics, which states that the reaction rate iases exponentially with temperature.

However, once the material undergoing the thermetlimtion is consumed, the reaction rate



slows down with the increasing temperature (Waglé84; Barker, 1989; Burnham and
Sweeney, 1989; Waples, 1994a; Waples, 1994b). timalative effect of increasing
temperature over time is the measure of buriabhysind can be evaluated by integrating the
reaction rate over time (Allen and Allen, 2013).yaifferent indicators of thermal maturity
including organic, geochemical, mineralogical amertnochronometric parameters are in use.
Thermochronological techniques (e.g. apatite fissiack analysis and diffusion of helium
during U-Th decay) are commonly used for assedbimgnaximum paleotemperatures and
timing of thermal events in an area; however, mte reflectance is one of the least expensive
and most widely used organic indicator of thermatumty (Japsen et al., 2007; Green et al.,
2017; Nielsen et al., 2017). The vitrinite refleata is useful over a wide range of maturation
and is particularly useful in the maturation ranfieterest in exploration for hydrocarbons

(Nielsen et al., 2017).

The vitrinite reflectance is directly dependenttemperature and residence time and provides
useful information on the thermal history of thesina(Dow, 1977; Waples, 1980a; Lerche et
al., 1984; Cope, 1986; Mukhopadhyay and Dow, 19BH#. vitrinite reflectance is largely
considered an irreversible parameter (Cope, 198®).reflectance of organic matter
increases with increasing temperature and free#zbsdecreasing temperature, indicating
maximum temperature to which the sediments weresegbto during their burial history
(Waples, 1980a; Middleton, 1982; Archard et al98)9 Analysis of available vitrinite
reflectance data, therefore, can provide an esomatf the amount of missing sedimentary

sections through examination of thermal maturityfipes.

The measured vitrinite reflectance data compiledhfexploration borehole's geochemistry
reports were plotted against depth below seafloat semi-logarithmic scale. The best-fit

regression lines were drawn and extrapolated to-swwéace values of 0.2% (Sweeney and



Burnham, 1990). The difference between the seabe@xirapolated depth at vitrinite

reflectance value of 0.2% was then estimated aapigt/erosion (Fig. 4).

The vitrinite reflectance method was originally idgeed for rank determinations on coals but
later extended to finely disseminated organic nter clastic sediments (Hacquebard and
Donaldson, 1970). This extension, however, intreducertain limitations which is essential
to be aware of when interpreting vitrinite reflauta data obtained from clastic sediments.
Reliable and readily interpreted vitrinite reflante data are relatively rare, poor and even
barren samples are very frequent. This is duentanaber of factors including type of
lithology selected for study, small particle sipepr particle quality, bitumen staining, low
reflecting vitrinite, weathering, lack of vitrinitelifficult identification of vitrinite, reworked
and/or oxidized vitrinite, other macerals with hegheflectivity like inertinite, high pyrite
contents and cavings (Tissot et al., 1987; Mukhbpay, 1992; Mukhopadhyay and Dow,
1994; Suggate, 1998). Therefore, when construttast-fit regression lines, preference (in
order from high to low) was given to the data psiinbm coal samples; kerogen concentrated
conventional core and sidewall core samples; afidrbok samples with a high population of

mean vitrinite reflectance.

It is also vital to consider geothermal gradientlevbonstructing best-fit regression lines
(Waples, 1980b). Vitrinite reflectance is highlysgive to the temperature gradient and
relatively less sensitive to the time spent. Vitemeflectance increases with increasing
geothermal gradient. Therefore similar geothermadiignts are expected to show similar
vitrinite reflectance depth trends. However, theymot be the case if sedimentation or
heating rates are different (Suggate, 1998). Ptafmnheat flow and geothermal gradients
are varying throughout the North Sea Basin, theegf@ther than using an average
geothermal gradient curve for the entire Norwedianth Sea Basin, a series of vitrinite

reflectance versus depth curves were calculategdbas the Sweeney and Burnham (1990)



algorithm for different geothermal gradients byusmsg a continuous burial/subsidence and
constant heating rates of 1 °C/Ma (Fig. 4). Anyrd®in the present-day temperature
gradient from the paleotemperature gradient wilegise to an uncertainty in the exhumation
estimates. For example, a 1 °C/km change in tertyrergradient will give an uncertainty of
+100 m in exhumation estimates. In general, uncegtaegarding exhumation estimates from
vitrinite reflectance data is more than approxiyat200 m due to its semi-logarithmic

relationship with the depth and high sensitivitict@anges in the geothermal gradients.

4. Results

This section summarizes the results from the slogi@nd vitrinite reflectance data and uses
these results to model 1-D isostatic compensatioheolithosphere due to the removal of the
overburden and investigate the paleogeographyecdithas before the onset of uplift and
erosion. The data coverage was generally good st nfdhe Norwegian sector except on the
platform areas (e.g. in the Stavanger Platformtamdia Platform areas in Fig. 2). Therefore,
additional data constraints for better boundaryditoans were added from exhumation
estimates along transect-2 in Fig. 2, and Figurasd5 in Riis (1996). The exhumation along
these sections was estimated by extrapolatingdbm stratigraphy into the basin margin
areas. In addition to available sonic log and mitei reflectance data, exhumation estimates
from interval velocities from check shot data coleghifrom Nielsen and Japsen (1991) were
included for increasing the data density in theiBlasector (Fig. 5a). As stated in the
methodology section, different sets of referenaagaction curves were established for
different lithostratigraphic units. Therefore, tlesulting map presented in Fig. 5a, is thus
arithmetic mean of exhumation estimated from E@ngtaceous -Early Miocene shales and

Late Cretaceous-Early Paleocene chalk penetrategimgle borehole.



4.1. Exhumation estimates from compaction and thermal maturity techniques

Exhumation maps presented in this study are basethserved data but have some
limitations regarding data consistency/availabiéityd choice of methods applied.
Exhumation maps are spatially better constrainech ftompaction technique due to the
availability of sonic log data in a large numbetbofeholes as compared to thermal maturity
data (Fig. 2). However, exhumation maps from batmgaction and thermal maturity
technigues may be somewhat uncertain within theufar Basin, Stavanger Platform and
southern part of Stord Basin area and towards thevébian coast due to poor data coverage
and extrapolation of trends towards the edgeseéthdy area (Fig. 5a-d). Exhumation maps
were computed in Petrel software for both the cartipa and thermal maturity techniques
but since thermal maturity data lacked control in the southeastern part of the study area,
therefore in this part of the study area, contoed for the thermal maturity results were
computed using boundary conditions (towards edfges) the compaction technique results.
In figure 6¢, a difference between exhumation estia® from compaction techniques and
thermal maturity techniques is shown to highlidte tifferences in results from each method.
Also, arithmetic mean of net exhumation from battedets was calculated to minimize over-

and/or under-estimations related to any particdehnnique (Fig. 5d).

The exhumation estimates from compaction technigndshermal maturity techniques
complement each other reasonably well, and thereifice is generally less than £200 m
throughout the study area. The exhumation estinmateghly follow the north-south trend and
increase towards the east (Fig. 5). Sonic velauity vitrinite reflectance analysis suggest that
widespread exhumation has occurred in the basigimareas, towards the east, both in the
Norwegian and Danish sectors. Average net exhumastimates range from minor or no
exhumation in the Central Graben and south Vikimgh®n areas to >1100 m towards the

Norwegian coast.



4.1.1. Central and eastern North Sea

A large number of boreholes are drilled in the CarGraben basin area, and sonic log data
from selected boreholes were used to establishalarompaction curves for different
lithostratigraphic units in the central North Seeaa(Fig. 2). Exhumation estimates from
sonic logs and vitrinite reflectance data indidhta all lithostratigraphic units are currently at
their maximum burial depth within the Central Gralbasin area, whereas exhumation
estimates in the flanking areas (e.g. Jaeren HigrSamvestlandet High in Fig. 2) vary from
no exhumation in western parts to minor exhumad®0 m) in eastern parts (Fig. 5).
Average exhumation estimates within the Ringkgbgmiffigh area are increasing towards
the east and vary from no exhumation in the wegiarhto ~300 m of exhumation in the

eastern part (Fig. 5d).

No deep well is drilled in the Norwegian sectorepica couple of shallow boreholes drilled
within the Norwegian Channel in the northern pathe Sorgenfrei-Tornquist Zone area (e.g.
13/1-U-1 in Fig. 2). Upper Jurassic shales wereeprated directly below the Quaternary
sediments in one of the shallow borehole 13/1-drt sonic velocity data from this borehole
was used to constraint the exhumation estimatearttsithe northern part of the Sorgenfrei-
Tornquist Zone. The sonic velocity data from twésbbre and three onshore boreholes in the
Danish sector were also utilized to map the distitim of net exhumation in this area (Fig.
5a). The vitrinite reflectance data from two borelsan the Danish sector were compiled
from Japsen et al. (2007) (Fig. 2 and Fig. 5b). f@sellts indicate that exhumation
magnitudes are increasing towards the north artd Edsumation estimates from both sonic
velocity and vitrinite reflectance data &®00 m within the Sorgenfrei-Tornquist Zone area,
> 1300 m to the north in the shallow borehole inXloewegian sector areel 800 m in the

Danish sector to the southeast (Fig. 5a-b).



Norwegian-Danish Basin covers a large area botharNorwegian and Danish sectors. Data
coverage is relatively good (Fig. 2). The exhunraBstimates are based on the analysis of
sonic velocity data from nearly 20 boreholes inheaicthe Norwegian and Danish sectors
together with the analysis of vitrinite reflectardzga from 8 and three boreholes,
respectively, in the Norwegian and Danish seciditsinite reflectance data were compiled
from Japsen et al. (2007) in the Danish sector. @igAverage exhumation estimates are
increasing towards north and northeast and vam ffd00 m in the south to ~800 m in the
north and east in the Danish sector (Fig. 5d). Exdition magnitudes are increasing towards
northeast within the Norwegian sector. Average exdion estimates vary from <300 m in

the west and northwest to >800 m towards the &agpt$d).

Data coverage in the Egersund Basin area is godturgation estimates are based on
analyses of sonic log and vitrinite reflectanceadatl8 and 12 boreholes, respectively (Fig.
2). Average exhumation within the Egersund Basughty follows the N-S trend and
increases to the east (Fig. 5d). Average exhumataaes from ~200 m in the west*d600

m in the east. Exhumation increases to the Nornthranghly follows the E-W trend within

the Lista Fault Blocks. Exhumation estimate vafiemn ~500 m in the south to ~700 m in the
north (Fig. 5d). Average exhumation estimated ftmth sonic logs and vitrinite reflectance
data is> 600 m from a single borehole drilled in the StayamPlatform area. The exhumation
estimates along a depth converted seismic geossdttim Riis (1996) were also
incorporated in the Stavanger Platform area toice$he exhumation estimates towards the
edges of the study area (Fig. 5a). The averagenetion map shows that exhumation
estimates are increasing towards north-northeasvarying from ~600 m towards the west
to ~1100 m towards the north in the Stavanger &tatfarea. Exhumation estimates from

sonic log data indicate 800 m of the missing section in a single borektmtated on the



southern flank of the Farsund Basin areaa@@0 m in a borehole located in the Fjerritslev

Trough area (Fig. 5a).

Sonic log data from six boreholes and vitrinitdeefance data from four boreholes were
analysed in the Sele High, Asta Graben, and Lingr&ssion areas (Fig. 2). Average
exhumation estimates are increasing towards therettss area and vary from <200 m
towards west to <400 m towards east in the Selé Higa, no exhumation towards southwest
to > 600 m towards northeast in the Ling Depressi@a and ~400 m to ~900 m in the Asta

Graben area (Fig. 5).
4.1.2. Northern North Sea

The majority of well logs used to establish norm@ipaction curves in the northern North
Sea were located in the south Viking Graben arga #. The results indicate that all
lithostratigraphic units are currently at their nrmadm burial depth in the south Viking
Graben area. Results from sonic log data from p&érlboreholes and vitrinite reflectance

data from six boreholes indicate minor (<100 mhorexhumation in the Utsira High area

(Fig. 5).

The well data coverage is poor towards the southefroll Field in the Stord Basin area
where data from only three exploration borehol@gedron the southwestern margin were
analysed (Fig. 2). Therefore, exhumation estimatedg two depth converted seismic
sections (one from Riis (1996) and the other framatkSeo, transect-2 in Fig. 2) were also
included in the final results to increase the dasmlution in the Horda Platform area.
Analyses of sonic log and vitrinite reflectanceadaind seismic stratigraphy in the area
suggest that significant exhumation must have tgkace in the area. Average exhumation
estimates are increasing from west to east andngafsom <100 m to >700 m in the southern

part and about 200 to 900 m in the northern patth@fStord Basin area (Fig. 5d). Results



from sonic log data from two boreholes and vitenieflectance data from one borehole in the
Patch Bank Ridge area also indicate increasingraahion magnitudes towards the east and

vary from about <100 m in the western parts to ~%0@ the eastern parts (Fig. 5d).

Vitrinite reflectance and sonic log data from gganumber of boreholes were analysed in the
north Viking Graben area (Fig. 2). Results indigataor or no exhumation in the west and
increasing exhumation to the east. The exhumastmates differ significantly for areas
outside and inside the Norwegian Channel in théheon North Sea area. Average
exhumation is usuallg100 m outside the Norwegian Channel but varyinghfedoout 200 m
to> 800 m in the areas within the Norwegian Channig. d). Average exhumation varies
from <100 m to the southwest and up to ~400 m éatbrtheast within the north Viking
Graben area. No to minor exhumation (<200 m) isneged within the Tampen Spur area.
The exhumation estimates vary from <400 m to <80&hnthe sloping terraces towards east

(Fig. 2 & 5d).

4.2. |sostatic responseto erosion and deposition of sediments

Isostatic models suggest that any topographical tegardless of their size, are compensated
locally, and isostasy is achieved either by labgnadrying thickness of a crust of uniform
density (Airy model) or by lateral changes in dgnef a uniform thickness crust (Pratt
model) or by some combination of these factors (gy&001). Isostatic rebound occurs when
a load is added or removed from the crust. Simpfg i8ostasy modelling indicate that
isostatic rebound is mainly a function of isostatienpensation (i) and thickness of load (h
added or eroded from the top of the crust (Eqg. B¢ isostatic compensation is the ratio of
the density of the materigdd) added or eroded from the top of the crust andiémesity of the

mantle pn,) at a depth of compensation (Gilchrist et al.,4)99

Isostatic rebound = ;—C * h, Eq. 10

m



In this study, the airy isostasy model is used Wingcvery often used in basin modelling
programs to calculate isostatic rebound. The oledf the modelling is to estimate the
magnitude of isostatic readjustment resulting ftbearemoval of sediments and/or increased
water/sediment load and the changes in elevatien igbstatic equilibrium is reached. This
would help to configure ground elevation conditidefore the start of erosion. The current
study indicates that more than 1 km sedimentsraded in the North Sea basin margin areas
(Fig. 5) and additional water/sediment load mag &lave influenced isostatic adjustment in
the area (Egs. 11 and 12). Based on analysis kfdanisity logs, the density of the sediments
(psed eroded is varying between about 2.1-2.3 §fienthe area. The density of mantle and
water are assumed to be 3.3 gfand ~1.0 g/cr) respectively. Isostatic uplift due to the
erosion of sediments (Fig. 6a) and isostatic snsie due to increase in the water/sediment
load (Fig. 6b) was calculated using the thickndsraded sediments {hand water depths
(hw), respectively (Egs. 11 and 12). Assuming thadtestic equilibrium is regained in the
area, about 60—70% of the surface elevation redogeniosion may have been restored by

isostatic uplift (Fig. 6a).

Isostatic uplift = p;—e‘i x h, Eq 11
Isostatic subsidence = r;_w * hy, Eq 12

In the modelling it is assumed that sea level wasecto zero before the start of erosion and
that the additional water load may have causedasosubsidence and further lowering of
the surface elevation (Fig. 6b). Assuming thatehemo additional tectonic uplift/subsidence
and isostatic equilibrium is regained, change engtirface elevation of the crust from its
original position before the erosion took placd wé the difference between exhumation

estimates and isostatic rebound (Eq. 13 and Fjg. 6¢



Change in surface elevation = net exhumation - (isostatic uplift - isostatic subsidence) Eq.

13

The map shown in Fig. 6¢ indicates that the maxinchange in surface elevation may have
occurred within the Norwegian Channel along therseast coast of Norway and present-day
surface elevation may be between about 400—70Qver Ithan its original position before the
erosion took place. Similarly, the present-dayatefelevation in the Norwegian-Danish
Basin area may be about 350 m lower than its algosition. The present-day surface
elevation of the crust which is the result of evosof the sediments and isostatic rebound in
the area can be restored to its original positefiofe the erosion took place by Eq. 14 (Fig.

6d).

Paleosurface elevation = total change in elevation + present surface elevation Eq. 14

Restoring the present-day surface elevation totiggnal position before the erosion took
place indicates exposed areas in the Norwegiandbdasin and along the southwest coast
of Norway (Fig. 6d). The map indicates that theWsgian-Danish Basin area may have been
around 200-300 m above sea level before erosidnplame leaving the area exposed to
subaerial processes. Similarly, the map also itlestexposed areas under the Norwegian

Channel and along the southwest coast of Norway.

5. Discussion

This section compares the results from the cusemty with the published work and
discusses the significance of the results in tea.arhe results from different
lithostratigraphic units are also compared to disdhe relevance to the timing of uplift and
erosion. In the last part, the implications of exiation are discussed for predicting the rock
properties and its effects on the seal and sowaeproperties in the central and northern

North Sea.



5.1. Comparison with published studies

Many authors have used compaction and thermal mahased techniques similar to current
study to estimate exhumation along the North SesinBaargin areas particularly during the
1990s (e.g. Ghazi, 1992; Jensen and Schmidt, 188&; 1995; Doré and Jensen, 1996;
Hansen, 1996; Riis, 1996; Japsen, 1998; Huuse,, 2a@23en et al., 2007; Japsen et al., 2008).
The exhumation estimates from the current studyangpared with these previously
published studies. For this purpose, four studiesewgelected, and exhumation maps were
digitized and imported into the Petrel software.olout of these four studies were focused
mainly in the central and eastern North Sea (JeasdrSchmidt (1992), Japsen (1998)),
whereas the other two (Doré and Jensen (1996)(HB6)) give good coverage along entire
offshore Norway. The methodology behind the exhimnanaps of Jensen and Schmidt
(1992) and Japsen (1998) was based on shale/abralaction and vitrinite reflectance
analyses of boreholes similar to the current stilayé and Jensen (1996) also used well data
from approximately 200 boreholes along entire adffehNorway. Their exhumation map was
based on estimates from the well data and graptecahstruction of onshore topography.
The source of the exhumation map of Riis (1996) based on structural reconstruction and

extrapolation of offshore/onshore geology.

All four studies show that exhumation estimatesimeeeasing towards the Norwegian coast,
but exhumation magnitudes may vary between eacly sline boundary between
exhumation and no exhumation areas runs throughitiele of the Norwegian-Danish Basin
in Jensen and Schmidt (1992), Riis (1996) and Jafi€98), whereas through the middle of
the Egersund Basin in Doré and Jensen (1996). dJemseSchmidt (1992), Doré and Jensen
(1996) and Japsen (1998) estimated <500 m, Ri@g)18stimated <300 m of uplift and
erosion in the Egersund Basin area. A significautifttand erosion (> 700 m) is documented

in the Stavanger Platform area by all four studieshe Skagerrak area, Jensen and Schmidt



(1992), Doré and Jensen (1996) and Riis (1996neastid more than 1100 m of uplift and

erosion, whereas Japsen (1998) estimated up tonS@fQuplift in the same area.

The exhumation estimates from the current studyangpared with the published studies
along three depth-converted seismic transectseicehtral and northern North Sea (Fig. 2).
Transect-3 is oriented NE-SW and passes throug@éinéral Graben, Sgrvestlandet High,
Norwegian-Danish Basin, Egersund Basin to the SigeaPlatform. All units are shallowing
up towards NE and truncated below the mid-late @uary unconformity towards the coast
(Fig. 7a). Considerably thick (up to 3000 m) NordiaGroup and Hordaland Group sediments
are present in the Central Graben and are thirtoingrds the coast. The Nordland and
Hordaland Group sediments are completely erodemirbtile mid-late Quaternary
unconformity within the Egersund Basin, and furtteethe east in the Stavanger Platform
area, respectively. All four studies show no exhtimmain the Central Graben or
Sgrvestlandet High areas. Exhumation estimateimereasing towards NE and vary from O-
800 m from Jensen and Schmidt (1992) and Doré ansed (1996), 0-700 m from the

current study, 0-300 m from Riis (1996) and 0-50€@m Japsen (1998) along the transect-3.
Comparison of exhumation estimates along transéwr3 these studies is presented in Table

2.

Seismic transect-2 is also oriented NE-SW and gasseugh south Viking Graben, northern
part of Utsira High and Stord Basin to the @ygarBanlt Complex (Fig. 2). No exhumation
is shown in any of the wells along this transeat,éxhumation is increasing from east of well
26/4-1 towards the coast where Jurassic to earbtépuary strata is truncated below the
angular unconformity at the base of Norwegian Ceéa(fig. 7b). Exhumations estimates
vary from 0-900 m from the current study, 0-100@rom Doré and Jensen (1996) and 0-550

m from Riis (1996).



Seismic transect-1 is oriented WNW-ESE and passesdgh north Viking Graben to the
northern part of Stord Basin (Fig. 2). Exhumatistimates vary from 0-1000 m from the
current study, 0-800 m from Doré and Jensen (1888)0-550 m from Riis (1996) (Fig. 7¢).
The exhumation estimates from the current studyzoré and Jensen (1996) and Riis (1996)
are significantly different along the transect-ar Example, the current study suggests that
more than ~350 m sediments are eroded in wellsB3./@nd 31/2-6, but both Doré and
Jensen (1996) and Riis (1996) maps show no exhametiareas near these wells. Similarly
more than ~900 m sediments are eroded in well 3@t Doré and Jensen (1996) estimated
470 m of exhumation and Riis (1996) estimated aB80tm of exhumation. The results from
the current study are further supported by thenseigata which show that Early Cretaceous
Cromer Knoll Group is partially eroded below thegyalar unconformity, but thick sediments
of Paleocene- Eocene Rogaland Group, Eocene-Eaolyele Hordaland Group are
completely eroded at well 32/2-1 (Fig. 7c). Comgpami of exhumation estimates along

transect-3 is given in Table 3.

Vertical and lateral velocity variation plots thgfuEocene-Early Miocene Hordaland shales,
Paleocene- Eocene Rogaland shales, Late CretaBeolysPaleocene Shetland
shales/carbonates, and Early Cretaceous Cromet gtrades along the three transects are

also included in the Appendix-1.

5.2. Comparison of exhumation estimates from shales and carbonates

Different sets of normal compaction curves establisfor different lithostratigraphic units
were used to estimate exhumation in the basin margias (Fig. 3c). Exhumation estimates
from carbonates and shales in the Shetland Group pasticularly compared with estimates
from shales of the Hordaland and Cromer Knoll gsoimpthe central and northern North Sea
(e.g. Table 1). A strong correlation between exhionaestimates from different stratigraphic

units was observed throughout the study area &ig-he similarity of results from the Early



Cretaceous to Early Miocene sediments suggestsndamum burial may have been reached
sometime after the Early Miocene in most of theasr&igure 1 shows that Lower Quaternary
strata are subcropping below the mid-late Quatgraaconformity in the Egersund Basin and
Ling Depression areas. Furthermore, graphical rtcoction of seismic stratigraphy indicates
that considerable sediments (up to 600 m) must haea deposited during the Early
Quaternary in these areas before these were latdedd below the mid-late Quaternary

unconformity (Baig, 2018).

5.3. Timing of uplift and erosion

5.3.1. Central and eastern North Sea

Cretaceous to Early Quaternary strata are subargp@low mid-late Quaternary glacial
sediments in the Norwegian-Danish Basin area amddlsin margin areas further east (Fig.
1). This unconformity has been developed as atresutpeated shelf edge glaciations of the
area during the last ~0.45 Myr (Cameron et al.,7198nsen and Sjgholm, 1991; Stoker et al.,
1994; Eidvin et al., 2000; Dahlgren et al., 20081 & et al., 2005; Nielsen et al., 2008; Lee
et al., 2012). The results from this study indidhgs about 200 to 1000 m sediments are
eroded below this unconformity (Fig. 1 and Fig.Apatite fission track analysis (AFTA)

data suggested that the North Sea area has beetedfby mainly two major uplift and
erosion episodes during the Cenozoic time. Thepinase of uplift and erosion was linked
with the uplift and erosion of the Scandinavia, @raffected mainly the eastern North Sea
(Rohrman et al., 1995; Riis, 1996; Kyrkjebg et 2000; Faleide et al., 2002; Japsen et al.,
2007). This is indicated by unconformities at tlasdrand top of Oligocene in the eastern
North Sea areas (Japsen et al., 2007). Late Ne@pydgnenation affected the entire
Norwegian Continental Shelf including the North S¢arwegian Sea and Barents Sea (Doré
and Jensen, 1996; Japsen et al., 2007; Anell,2CG)9; Baig et al., 2016). Large thickness of

early Quaternary sediments indicates subsidentteealeep basin areas, whereas regional



unconformities at the base and top of early Quatgrauccession indicate tilting of the
hinterland areas in the central and northern N8géa (Japsen et al., 2007; Baig, 2018). It s,
however, unclear if tilting of the basin marginasded to subsidence in the deep basin areas
or vice versa. The AFTA data indicated that exhuomadf the hinterland areas might have
started ~4 Ma and continued during the regionihgltaking place at the beginning of the

Quaternary period (Rasmussen et al., 2005; Japsén 2007).

It is important to know if tilting of the basin ngan areas also continued in the Miocene-
Pliocene period and to what extent it has affetheddeep basin areas since the uplift and
erosion of mainland southern Norway during the @iegne. Another critical question relates
to whether all the sediments in the basin margéasmwere eroded due to mid-late Quaternary
glacial processes exclusively or if there was awwgien occurred during the Miocene-
Pliocene period. Resolving this matter will helgctmfigure burial and exhumation histories
of the basin margin. For this reason, the sedinmgméord preserved in the deep basin areas
was extended into the basin margin areas. Figgsteo®@s a WSW-ENE oriented seismic
section through two boreholes Inez-1 and Felicilydated about 105 km apart, in the
Norwegian-Danish Basin and Sorgenfrei-Tornquistezareas, respectively. Top of Chalk
Group is marked at 800 mbsf in borehole Inez-14mdbsf in Felicia-1 (Nielsen and Japsen,
1991). Chalk Group sediments are overlaid by HamtiiGroup in Inez-1 and shallowing
towards the east and truncated below mid-late @uaatg sediments in Felicia-1. The Chalk
Group is about 425 m and 600 m thick in Inez-1 Belicia-1 boreholes, respectively. The
thickness of Chalk Group is increasing towardse#figt, and a maximum thickness of about
1100 m is estimated using interval velocity of 3403 somewhere between Inez-1 and
Felicia-1 before it is truncated below the mid-l@eaternary sediments to the east (Fig. 9).
The overlying Oligocene sediments are more thamiah@0 m thick in the Inez-1 and

thinning towards the east in contrary to the Cl@atkup before these are completely eroded



in the Felicia-1. By extending these sequencekd@ast, it showed that the top of Upper
Oligocene strata might be truncating/onlappinglibeer Oligocene strata to the east of Inez-
1 indicating areas of negative accommodation/tagulgy further east in the Sorgenfrei-
Tornquist Zone area (Fig. 9). It indicates that enthran about 800-900 m sediments including
from the lower part of the Hordaland and the upaet of Shetland groups may have been
eroded during the Late Oligocene in Felicia-1 (B@a). A shallow basin existed afterward,
and about 300-500 m sediments may have been degdsier during the Miocene-Pliocene
in the Norwegian-Danish Basin and Sorgenfrei-Torstione areas between the Felicia-1
and Inez-1 boreholes, which were also eroded thteng the late Neogene. This indicates
that the magnitudes of Late Oligocene uplift anmsEm were more than the magnitudes of
uplift and erosion during the late Neogene and tttr@maximum burial may have been
reached before the Late Oligocene in the Sorgemfsenquist Zone area (Fig. 10a). However,
further to the west, for example in Inez-1 well theekness of Miocene-Pleistocene
sediments was large enough to mask effects ofrtsom (if any) of sediments during the
Late Oligocene event in the Norwegian-Danish Bawiicating that maximum burial may
have been reached during the Miocene-Plioceneeanr during Pleistocene (Fig. 10b). The
timing of maximum burial sometime during the Oligoe in the Sorgenfrei-Tornquist Zone
area also correlates closely with the onset oficgaluring 30-20 Ma obtained from AFTA
data in Felicia-1 well by Japsen et al. (2007). &drumation estimates of 900 m for the
Felicia-1 well are also in agreement with the eatas of Japsen et al. (2007) (800-1000 m)
and Jensen and Schmidt (1992) (1000 m). Howevesedeand Schmidt (1992) exhumation
estimates (1000 m) for the Inez-1 well are a thayher than from the current study (620 m)

and Japsen (1998) (655 m).

Further to the northwest of Felicia-1 well, Japseal. (2010) estimated about 500 m of net

exhumation in the Ling Depression area in well 17/3hey proposed that the maximum



burial in this area took place in the early Miocéedore the mid-Miocene hiatus. The current
study also indicates that about 670 m (570 m nletieation +100 m mid-late Quaternary
reburial) sediments have been eroded below thel@angraiconformity. Study of Quaternary
sediment distribution shows that a major early @usry system was prograding to the west-
northwest in this area (Baig, 2018). However, thdyeQuaternary sediments are eroded
below the angular unconformity near the 17/3-1 wR#construction of the seismic
stratigraphy suggests that more than ~600 m oy €arhternary sediments must have been
deposited in this area before these were completelyed below the angular unconformity
indicating the timing of maximum burial most likaly the early Quaternary. The Cenozoic

burial history of sediments at 17/3-1 well locatisrdiscussed in detail in section 5.6.

Same is the case in the Egersund Basin area atidvestern part of the Norwegian-Danish
Basin where analysis of seismic sequences alsoated that significant early Quaternary
sediments have been eroded below the mid-late @aayeunconformity and the maximum
burial may have been reached most likely sometiong the early Quaternary. Study of
seismic sequences also indicates that coastalrasheltaic environments were dominant on
the basin margin areas and migrated to west-nogheging the early Quaternary in the
central North Sea (Baig, 2018). This suggeststtiae is a possibility that sediments on the
basin margin areas to the east were removed aegasited in the adjacent deep basin to the
west-northwest. Removal of sediments from the awelen will cause isostatic uplift of the
ground to achieve isostatic balance. Reconstructignraleo-surface elevation to its original
position before the erosion took place and its canspn to offlap break positions indicates
that the Egersund Basin area and the Norwegiarop#re Norwegian-Danish Basin may
have been subaerially exposed by the end of thg @aaternary (Fig. 11). Late Neogene

uplift and erosion may be diachronous in the eastad central North Sea so that areas to the



east in the Danish part of the Norwegian-DanishrBasy have been subaerially exposed

even earlier about at 4 Ma (Japsen et al., 2007).

5.3.2. Northern North Sea

The timing of uplift and erosion in the northernrfioSea can be rather well constrained from
the pre-Quaternary depositional and subcrop patssmpared to in the central and eastern
North Sea. The pre-Quaternary deposition in théheon North Sea Basin was mainly a
response to sea-level fluctuations during Paleoteiiocene and depositional styles are
characterized by superimposed depocentres andadgtwogradation of sediments in the
Viking Graben area sourced mainly from the Eastl8heé Platform (Faleide et al., 2002;
Anell et al., 2012; Jarsve et al., 2014b). A majoift in sediment source in the northern North
Sea area occurred at the beginning of the earlyegnary when southern Norway took over
from the East Shetland Platform as the main sedismnce area (Anell et al., 2012; King,

2016; Baig, 2018).

Thick wedges of early Quaternary sediments wereslegdl directly above the mid-Miocene
seismic unconformity (MMU) in the Stord Basin aratth Viking Graben areas (Baig, 2018).
This indicates uplift and erosion of southern Noywametime during the late Neogene and
subsequent filling of the newly created accommauasind westward progradation of the
sediments derived from southern Norway. The topspzfrthe early Quaternary prograding
wedges are also eroded below the angular uncortfpanthe base of the Norwegian Channel
indicating that the latest phase of erosion toak@lafter the deposition of the early
Quaternary prograding wedges in the northern N®eh. The oldest till units studied in the
Norwegian Channel suggest glaciogenic growth ohilnge North Sea Fan since at least
about 1.1 Ma implying a glacial environment alohg southwest coast of Norway (Sejrup,

1995). The fast-moving ice streams eroded a trdaggiveen 200 and 600 m deep in the early



Quaternary down to the Cretaceous strata. Thisatels that most of the eroded material
from the onshore and the coastal areas of soutlh@nvay may have been transported along
the Norwegian Channel by subglacial processes apdsited in the huge North Sea Fan at
the mouth of the Norwegian Channel. The resultsiftiois study indicate between 200 and
1100 m of net exhumation below the angular unconifyrin the northern North Sea. The
thickness of post exhumation sediments above tgalanunconformity is about 200 m
which indicate that between 400 to 1400 m of sedisieust have been eroded below the

angular unconformity.

5.4. Shale compaction and paleotemperature

Mechanical compaction in siliciclastic sedimente ¢ the weight of overburden sediments
is dominant at shallow burial depths <2 km and terafure < 70-80 °C. Transformation of
smectite to illite is the most important chemicedqess at temperatures more than 70-80 °C
(Bjorlykke and Hgeg, 1997, Bjarlykke, 1998). Thesperature range is also related to the
onset of quartz cementation in sandstones (Thydteayy, 2010; Thyberg and Jahren, 2011).
Depending on mineralogy and mineral transformatéactions, cementation may have a
significant effect on shale properties and it magrige the shale rheology from more ductile
(softer rock, self-healing low conductivity cracks)the mechanical compaction domain to
more brittle (stronger rock, high conductivity dkagin the chemical compaction domain

(Dewhurst and Jones, 2002).

Average shale velocities observed within the Nordl&roup range from ~1700 to 1900 m/s
in wells 7/1-1, 7/3-1, 8/1-1, 8/3-1, 8/3-2 and 2/2ahereas average shale velocities within the
Hordaland Group range from ~1900 to 2100 m/s insM&B-2, 7/1-1, 7/3-1, 8/1-1, 8/3-1, 8/3-
2, 9/2-2 and 9/3-1 (Fig. 12a-b). The low and narramge of shale velocities observed in the
Nordland and Hordaland groups indicate probablehawg@ical compaction of the sediments.

The analyses of thermal maturity data also inditdaé sediments of the Nordland and



Hordaland groups may have never been buried dempybrto be chemically compacted.
Intermediate range and spread of shale velociz@80—2500 m/s) observed within the
Rogaland Group in blocks 6/3-2, 7/3-1, 8/1-1, 8/8/B-2, 9/2-1, 9/2-2 and 9/3-1, may
indicate the onset of chemical compaction in there¢ North Sea. Average shale velocities
observed within the Cromer Knoll Group range fro2®@ to 3200 m/s in blocks 7/1-1, 7/3-1,
8/1-1, 8/3-1, 8/3-2, 9/2-1, 9/2-2, 9/2-3. 9/2-8-95 and 9/3-1, and within the Viking Group
velocities range from 2500 to 3400 m/s in block& %/ 8/1-1, 8/3-1, 9/2-1, 9/2-2, 9/2-3, 9/2-
5, 9/2-7S and 9/3. The higher and wider range lwfoiges in shales of the Cromer Knoll and

Viking groups indicate dominant chemical compactiéthese sediments (Fig. 12d).

Assuming an average geothermal gradient of ~35MiGrkthe North Sea Basin would
suggest that the onset of chemical compaction dhmedur at burial depths deeper than 2 km
(Bjorlykke, 2014). Transition zones between the meccal and chemical compaction
domains were identified in each borehole basedetwcity-depth, and velocity-porosity
relationships. The onset of chemical compactioargas of minor exhumation (<100 m) or
currently at their maximum burial is mainly obsehed the base of the Hordaland Group or
within the Rogaland Group at > 2 km present-dayabdepths (Fig. 12). Analyses of thermal
maturity and well log data in the basin margin areathe east indicate higher thermal
maturity and geophysical properties (density aridaorty) corresponding to deeper burial
depths and the onset of chemical compaction magda¢ed within the carbonates of the
Shetland Group at present-day burial depths oftlems 1.2 km. The boreholes, currently not
at their maximum burial depth, show significantbyvker present-day temperature within the
transition zones due to the exhumation. For exanie 13 shows an example of present-
day temperature through an exhumed (17/3-1) anghwmeed well (2/7-2). The transition
zone is probably located at 2.3 km in the unexhumeltl and the present-day temperature is

between 70-80 °C at this depth. The likely transitzone is located between 1-1.2 km in the



exhumed well, whereas present-day temperaturessian 60 °C at this depth indicating
colder temperature. Paleotemperatures were deftigadvitrinite reflectance data using the
algorithms given in by Barker and Pawlewicz (19844l (Corcoran and Clayton, 1999) (Egs.
15 & 16). This may help to indicate maximum tempeanmes to which these sediments were
exposed before uplift and erosion (Fig. 13). Thanite reflectance derived temperatures
indicate that sediments at the observed transtiiore may have been exposed to hotter

temperatures (70-80 °C) in the exhumed well.

(InRo+1.68)
0.0124

Tmax = Eq. 15

Tmax = RS Eq 16

0.0096

Bottom hole temperature (BHT) data was acquirechfidorwegian Petroleum Directorate
(2018), and all BHT data is Horner corrected. Forsistency purposes, only those wells are
used for calculating the present-day geothermalignés where total depth (TD) is more than
2 km (Fig. 14a). The onset of chemical compacta@ntified from a combination of velocity-
depth and velocity-porosity relationships was ugethput to map the areal distribution of the
present-day depth at the observed transition bettWeemechanical and chemical
compaction, and its relationship with the preseay-dtmperature at this depth (Fig. 14b). The
depth at which the transition between mechanicdldm@mical compaction occurs, together
with the geothermal gradient, help us to sepanaasavhere shales have ductile rheology
from those where stiffening by quartz cementatiayyield brittle rheology (Fig. 14b). This
has direct implications for seal integrity for €8orage in these areas. The depth of transition
between mechanical and chemical compaction isdireict indicator of the rheology of

shales. Shales are expected to behave more daictiepths shallower than the transition zone

and will behave more brittle at depths deeper thartransition zone (Fig. 14b).



5.5. Implicationsfor seal rock properties

Understanding the rheological changes of seal rizcksportant for both hydrocarbon and
CO, storage/leakage viewpoints (Angeli et al., 2083)mparison of horizontal stresses
obtained from leak off tests in exhumed and nondexdd areas indicates reduced horizontal
stresses in the sediments, which are currentlantbteir maximum burial depth (Fig. 15). It is
of particular interest that the reduction in minimtorizontal stresses is found at deeper
depths (> 1.5 km). The differences seen in mininmamzontal stresses at shallow depths
were much smaller. This may be due to the effect@tased chemical compaction and
brittleness of shales buried to greater depthdtinegun possible fracturing during uplift and
erosion in response to unloading. These obsenstit®o suggest a direct relationship
between brittleness and chemical compaction ofsclélie effect of cementation on the
relationship between horizontal and vertical effecstresses in clays was also observed by
Berre et al. (1995) and Nygard et al. (2004). Thleserved that the ratio between horizontal
and vertical effective stresses is decreased dumimading in cemented clays in contrast to
the typically increased values in uncemented obaiyshales. The decreased ratio between
horizontal and vertical effective stresses will @awportant implications on possible
hydraulic fracturing pressures in cemented sedisienthe study area. When cemented shales
are uplifted and effective vertical stress is dasegl then shales enter into a strength field in
which brittle fracture dominates at lower straimdis. This means that it is easier to
hydraulically fracture cemented shales than shalesh have only been mechanically
compacted to the same vertical stress level (Hosttiral., 1972; Sales, 1993; Nygard et al.,
2004; Kalani et al., 2015). Transient overpressuhales in addition to reduced confining
pressure by unloading may also cause hydraulituiiag. Fracturing and seal failure may
also increase at the boundary between areas efdlitial uplift/subsidence or by later

tectonic activity (Sales, 1993; Kalani et al., 215



High horizontal stresses towards the west and dstrg horizontal stresses to the east
towards the coast in the north Viking Graben areeevalso observed at depths greater than
1.5 km by Grollimund and Zoback (2000). It was ipteted as an effect of the flexural
response of crust to thick ice loading towardsdab&st. Based on the results of analytical and
mathematical modelling of plate flexure they sugg@shat the observed lateral stress
variations are the result of deglaciation superisggoon a regional stress field dominated by
ridge push. However, we suggest that this reductidgiorizontal stresses towards the coast in
the northern North Sea may be related to rheolbglanges of sediments during deeper
burial because if it is only due to the regional lieading and unloading, then its effect should
also be observed at shallow depth. This is not#ise; the reduction in horizontal stress is

only observed at depths greater than 1.5 km.

Results from an anisotropy study of the Upper Jicasrganic-rich shales of Hekkingen
Formation in the Barents Sea (borehole 7125/1-d)2raupne Formation in the North Sea
(borehole 16/8-3S) (Zadeh et al., 2017) show thderaiely high intensity of stress-induced
fractures in the Hekkingen Formation compared éoRhaupne Formation. Mineralogically,
both organic-rich shale formations are rich in kaité and contain smectite and illite. Both
formations have been exposed to temperatures € &0 the past and are chemically
compacted probably related to the smectite t@ilind quartz reaction through illite-smectite
mixed layer minerals that might have increasedtitdeness of the shales in both boreholes
(Zadeh et al., 2017). The Draupne shales in boeeh®i8-3S are nearly at their maximum
burial depth (<100 m uplift) but the Hekkingen s%ain borehole 7125/1-1 are significantly
uplifted (~1300 m) (Baig et al., 2016). Therefaeruced confining pressure by unloading
may have caused the higher intensity of stresseed fractures found in the Barents Sea

Hekkingen shales in borehole 7125/1-1 compareldgd\ibrth Sea Draupne shales in



borehole 16/8-3S. Kalani et al. (2015) also obsgttat microfractures intensity was high in

more compacted Upper Jurassic shales in the EgeBasin.

5.6. Implicationsfor burial and thermal histories

1-D modelling was performed to assess burial aathihal histories in one of the borehole
section (17/3-1) located at the boundary betweerlLthg Depression and Stord Basin (Fig.
2). A minor gas discovery was made in the uppersands of the Middle Jurassic Sandnes
Formation in borehole 17/3-1 (Norwegian Petroleume&orate, 2013). The 1-D burial and
thermal history model was calibrated with the meadwitrinite reflectance and present-day
borehole temperature data by using exhumation atggrfrom the current study (Fig. 16).
The reservoir rocks of Sandnes Formation were digabguring the Middle Jurassic, and the
source rocks of Tau Formation were deposited duhed_ate Jurassic in this area. Both the
Sandnes and Tau formations have experienced ndaritical burial and temperature
histories throughout the basin development indhés and reached to their maximum burial
depth of about 2550 to 2650 mbsf during the latedeae. The area was later uplifted, and
more than about 670 m sediments were eroded béwartgular unconformity before buried

again below ~ 100 m thick sediments of mid-late ®uwary in this area (Fig. 17).

Measured data reflect that pore pressure gradunalfgases from the Top Upper Jurassic and
reaches to 28.37 MPa at the base of the Tau Famathe pore pressure remains within the
range of 24.5 MPa below the Tau Formation (Norwedtatroleum Directorate, 2013).
Petromod 1-D simulation shows minor overpressumdlinonits below the base of the
Shetland Group. The overpressure builds up gragdalvnward, and maximum pore
pressure (28.7 MPa) was detected at the base d&ih&ormation (Fig. 18). The measured
data show pore pressure reversal due to most liyal connectivity of the sediments
below the Tau Formation, but the 1D model considi¢hnat there is no lateral connectivity

and all units are impermeable and hence faile@pbuce the regression. Minor overpressure



(<5 MPa) witnessed today within the Tau Formati@swstablished during the late Pliocene-
early Pleistocene due to rapid burial and highraedtation rates of ~300 to 550 m/Ma, but

equilibrium is still not reached even after thestoa of these sediments (Fig. 18).

The temperature reached to ~70 °C within the TamBton during the Early Cretaceous but
remained constant between 65 °C and 70 °C durmgeixt 30 Myr until the Early Paleocene.
A gradual temperature increase followed duringRhkocene-Early Eocene after which rapid
sedimentation initiated an increase of about 20€3@during the Late Eocene-Early Miocene
resulting in temperatures close to 100 °C. Tempegatthen remained more or less constant
during the mid-Miocene hiatus before it decrease@bt °C during Late Miocene-Pliocene. A
second rapid heating phase initiated during latecPhe-Pleistocene and the maximum
temperature values reached to ~105 °C. This wésafet by a rapid cooling phase until the

present-day values of about 80 °C were reached 1Big

Vitrinite reflectance values within the Tau Forneatremained below 0.53% during the first
120 Myr of the simulated basin development, mathlg to slow sedimentation rates and the
high thermal conductivities of the predominantlybmmnate lithologies. Vitrinite reflectance
values reached the present value of 0.65% duregapid heating phase in the late Pliocene-
early Pleistocene (Fig. 19). The Tau Formation mts®f organic matter of kerogen type Il
and type lll, and mineralogically consists of sntecillite/smectite mixed layers and
kaolinitic clays in borehole samples from the EgadsBasin (Kalani et al., 2014, 2015).
Observed and modelled vitrinite reflectance datiicate that the Tau Formation is
marginally mature (%R <0.65%) and may not have gead large quantities of
hydrocarbons in this area. Although the source aickell location is only marginally

mature, it could be more mature in the deepergdate basin to the southwest and therefore
may explain a minor gas discovery in the Sandnes&ion. The modelling indicates that

the Tau Formation was exposed to a paleotemperataigout 90 °C to 100 °C during the



Oligocene-Pliocene and reached a maximum paleot@&type of about 105 °C for a very
short period of time during the early Pleistocefig.(19). This indicates that the Tau
Formation has spent sufficient time at temperat(if®s100 °C) suitable for the
transformation of smectite to illite and quartz esration in shales (Bjarlykke, 1998). The
smectite to illite transformation may have chantiedrheology of the seal and source rocks
from more ductile to more brittle (Dewhurst anddsing, 2006). Moreover, the brittleness of
shales may have resulted in possible fracturingtdwmloading during the Quaternary and
this fracturing of seal rocks can have significaifiécts on C@storage and/or the leakage of
the hydrocarbons in this area which is also evitigrjockmarks observed in several places

along the Norwegian Channel (Hovland and Judd, 1988

6. Conclusions

Well logs and vitrinite reflectance data from agenumber of boreholes in the Norwegian
and Danish North Sea sectors were analysed istiniy. Exhumation is estimated from
compaction and thermal maturity techniques. Exhionastimates are important to predict
the rheological properties of the reservoir and sEks and modelling the source rock
maturity and evolution of overpressure in the exadrbasins. Main findings from this study

are summarized below:

* The Central Graben and south Viking Graben areasiarently at their maximum
burial depth, whereas no or minor (<100 m) exhuomais estimated on the flanking
highs. Basin margin areas are largely affectechbydte Neogene exhumation
episode, and exhumation estimates are increasivayds east-northeast in the eastern
parts and mainly towards east elsewhere in theysiteh.

* Average exhumation estimates range from ~ 400 @on8@n the Danish sector, from ~

100 to 500 m in the central part and <100 to 306 the northwestern part in the



Norwegian sector. Average exhumation estimates &0 m within the Sorgenfrei-
Tornquist Zone area. Average exhumation in the &get Basin area range from
~200 m in the west to > 600 m in the east. Avemdrimation within the Lista Fault
Blocks area varies from ~500 m in the south to >T0@ the north. Average
exhumation estimates within the Stord Basin ared~t0700 m in the southern part
and ~200 to 900 m in the northern part.

Erosion of sediments may have provoked an isogtigonse in the area and surface
elevations reduced due to the erosion of the sedsmeay have been restored 60—
70% by the isostatic rebound. Restored surfaceaBtes indicate large subaerially
exposed areas before the onset of uplift and erasithe Norwegian-Danish Basin
and along the southwest coast of Norway. Thisss alipported by predominantly
coastal and/or deltaic environments in the Norwedlanish Basin area during the
late Neogene.

Early Quaternary to pre-Quaternary strata is trtetthelow the mid-late Quaternary
unconformity indicating that a large amount of seelnts are removed below this
younger unconformity in the basin margin areas @khe southwest coast of Norway.
The similarity of exhumation estimates from Earkgtaceous -Early Miocene shales
indicates that maximum burial may have taken plata than Early Miocene in most
of the areas. Seismic stratigraphic analyses italiteat the maximum burial may have
been reached sometime during the Oligocene in tihgeBfrei-Tornquist Zone area
and during the Pliocene in the eastern part oNbwvegian-Danish Basin, whereas
sediments reached to their maximum burial durintye€uaternary in the western
part of the Norwegian-Danish Basin. Sediments areeatly at their maximum burial

in the Central Graben area.



» Exhumation has diverse effects on rock propertiessmurce rock maturity. The onset
of quartz cementation/chemical compaction is oketat depth around 2 km, and
present-day temperature at this depth is more7B&i€ in areas of maximum burial
depth (e.g. in the Central Graben and south Vikingben area). The onset of quartz
cementation is observed at shallower present-dathd€<1.4 km) due to exhumation
in the basin margin areas. The rheology of shal®g change from ductile to brittle
when shales are cemented, and the ratio betwe@ohtal and vertical effective
stresses is reduced. Cemented shales can fractweeeasily during unloading under
low strain levels, leading to hydrocarbon leakagseal failure (in case of GO
injection).

* 1-D burial and thermal history modelling resultggest that Upper Jurassic source
rocks of Tau Formation are early hydrocarbon matutbe Ling Depression area.
Maximum paleotemperature was reached during tkeeHibcene-early Pleistocene.
Modelling results also suggest that the minor oregure observed today was
established due to the rapid burial of the sedimduating the late Pliocene-early

Pleistocene.
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Figures Captions

Fig. 1. Subcrop geology map below the angular uforarity. The column to the right shows
simplified Jurassic-Quaternary lithostratigraphytld study area. Modified after Dalland et
al. (1988), Isaksen and Tonstad (1989), Japsen @087), Bjarlykke (2010) Jarsve et al.

(2014b) and Baig (2018).

Fig. 2. Map showing the location of the study amgth structural elements and data available
during this study. Structural elements map is mediafter NPD (2011). Boreholes with data
from only well logs are shown with open diamond bpis, boreholes with data from both
well logs and vitrinite reflectance are shown witled diamond, and open triangles indicate
additional data samples along depth converted seseotions. Black lines mark the three
transects discussed in the text. Red line markajppeoximate eastern boundary of the
reference areas. Boreholes to the west of thisdeynwvere used to establish normal
compaction trends in this study. The broken bloe tharks the boundary of the Norwegian
Channel. ESB, Egersund Basin; FSB, Farsund Ba3inEjérritslev Trough; JH, Jaeren High;
LD, Ling Depression; LFB, Lista Fault Block; MFB,dvhy Firth Basin; PBR, Patch Bank
Ridge; RFH, Ringkabing-Fyn High; SB, Stord BasieH$ Selle High; SH, Sgrvestlandet
High; SP, Stavanger Platform; STZ, Sorgenfrei-TaisgZone; AG, Asta Graben; @FC,

@ygarden Fault Complex.

Fig. 3. The methodology adopted for this studyasdal on compaction analyses. (a) Porosity
versus shear modulus showing two distinct trend=cfranical and chemical compactions)
and velocity variations within each zone. (b) Armewle of interval transit time versus depth
cross-plot to estimate compaction coefficient.gojic velocity versus depth cross-plot
showing normal compaction curves for hydrostatycplessured shales and chalk established

in areas currently at their maximum burial. Higleopressure areas are shown in the index



map in Fig. 4. Normal compaction curves 3-8 coroesito equations 3-8 discussed in the
text. Normal compaction curves for Cretaceous adddgene shales (i, ii) in the
southwestern Barents Sea from Baig et al. (2016 Y@anDanian chalk (iii, iv) in the North
Sea from Japsen (2000) and Japsen (2017) arehaam $or reference. An example of sonic
velocity data from an exhumed well (17/3-1 giverntha index map of Fig. 4) is also shown
for illustration. Vertical arrows are showing thagmitude of exhumation, and horizontal

arrows are showing the velocity variations at thallsw and deeper burial depths.

Fig. 4. Vitrinite reflectance data from exhumed aot-exhumed boreholes are plotted on a
semtlogarithmic scale. The predicted thermal maturityves by assuming a constant

heating rate of 1 °C/Ma and geothermal gradier®0fC/km, 35 °C/km, and 40 °C/km are
also shown for reference from Burnham and Sweeh@§9). Inset map shows the location of
exhumed (17/3-1) and non-exhumed (2/7-2) wellsttogrewith contours of chalk
overpressure (5, 10, 15 MPa) from Japsen (1998 ressure is decreasing outwards. Red
line marks the approximate boundary between exhuanems to the east and non-exhumed

areas to the west.

Fig. 5. Estimated net exhumation maps from, (ajcslogs, (b) vitrinite reflectance data, (c)
difference in exhumation between estimates fromcsand vitrinite reflectance data, and (d)
average exhumation from the two datasets. Souteepdénts used to generate these maps are

also shown for reference.

Fig. 6. Maps based on the 1D isostatic adjustmktiteoarea showing, (a) isostatic uplift of
the area due to removal of sediments, (b) isostatisidence due to loading by
water/sediments, (c) total change in the elevaditer the uplift/erosion and (d) paleo-surface
elevation restored to the onset of uplift and enosBee text for detail explanation of these

maps.



Fig. 7. (a-c) Comparison of exhumation estimateh e published studies along three

depth-converted seismic transects.

Fig. 8. Comparison of net exhumation estimates ffbate Cretaceous-Early Paleocene
Shetland Group carbonates/shales with the net eaxtimmestimates from Eocene-Early.
Miocene Hordaland Group shales, Paleocene-Eocegal&w Group shales and Early.

Cretaceous Cromer Knoll Group shales.

Fig. 9. The lower section shows an illustratiorCenozoic seismic stratigraphy along a
WSW-ENE oriented composite seismic line. Late QGredais to Oligocene strata is truncated
below the latest Oligocene horizon towards eastheast of borehole Inez-1, whereas
Miocene to early Quaternary strata is truncatedwehe mid-late Quaternary unconformity
which also has reworked the latest Oligocene uraramty to the east. Broken lines indicate
projected seismic stratigraphic surfaces. The upeetion shows exhumation magnitudes
along this transect. Chronostratigraphic constsaané from Jarsve et al. (2014a) and Baig

(2018). RFH, Ringkabing-Fyn High; STZ, Sorgenfrairiquist Zone.

Fig. 10. Simplified 1-D burial history of sedimeratis(a) Felicia-1 and (b) Inez-1 well
locations. Burial history diagrams are showingttheng of maximum burial depth and
different events of uplift and erosion at both wedations. Felicie-1 well was affected by
probably two major uplift and erosion events whereeez-1 was affected by mainly a single

event during the Cenozoic. Both wells are showhig 9.

Fig. 11. The approximate position of offlap brettk®ugh the early Quaternary sequence
CSS-8 are overlayed on the paleo-surface elevhagore the onset of erosion. Possible
shorelines can be placed to the east of thesedifi@aks. Solid blue and green lines indicate
the position of offlap breaks at the beginning ofa@rnary (~2.6 Ma) and ~1.2 Ma,

respectively, whereas the broken lines indicate wed northwest migration of the offlap



breaks between ~2.6 and ~1.2 Ma (Baig, 2018). Brdee line along the southwest coast of

Norway marks the outline of the Norwegian Channel.

Fig. 12. (a-f) Velocity data through Cretaceou®tmternary shales in the central North Sea.
Highlighted areas show the likely range of vel@st(2400-2600 m/s) expected at the onset of

chemical compaction.

Fig. 13. Comparison of exhumed (17/3-1) and nondendd (2/7-2) wells, (a) showing
velocity-depth data colour coded with present-agaggerature (TempWhb) and, (b) with
maximum paleotemperature (TempVR) where vitringtidectance data are available. See Fig.

2 for well locations.

Fig. 14. (a) Present-day geothermal gradient megated from Horner-corrected bottom hole
temperature in the study area, and (b) map of bisereed depth of chemical compaction
onset in the background is superimposed with btatéur contours of the present-day
temperature at this transition. Red line marksiinendary between areas currently at their
maximum burial depth to the west and exhumed doeaast. The overlay map shows cooler
temperature (<60 °C) at the observed depth of ayfsgtemical compaction to the east due to

uplift and erosion of the overburden.

Fig. 15. Minimum horizontal stress gradients essaleld from leak off tests data in (a) the
central North Sea, and (b) the northern North $ha.inset map shows the contours of
overpressure (5, 10, 15 MPa) in chalk from Jap$888) superimposed on average
exhumation map. Overpressure and minimum horizatitess are decreasing outwards the

east.

Fig. 16. Calibration of predicted temperature aitdnite reflectance with the measured data

in borehole 17/3-1.



Fig. 17. Burial history curve superimposed withguaémperature at 17/3-1 well location.

Fig. 18. Calibration of measured and predicted poessure in well 17/3-1.

Fig. 19. Thermal maturity evolution and overpressuuilt-up during Cenozoic within the

Tau Formation in well 17/3-1.



Tables

Table 1. Exhumation estimates from compaction teghas through different

lithostratigraphic units and their comparison watthumation estimates from vitrinite

reflectance data. Well locations are given in Rig.

Well Exhumation| Exhumation| Exhumation| Exhumation| Exhumation
from from from Late | from Early | from
Eocene- Paleocene- | Cretaceous- Cretaceous | vitrinite
Early Eocene Early Shales (m) | reflectance
Miocene shales (m) | Paleocene (m)
shales (m) carbonates/s
hales (m)
8/3-2 340 350 290 340 270
8/12-1 80 80 130
9/2-2 550 550 580 480
9/3-1 570 640 670 630
9/8-1 410 490 370 360
9/4-1 330 340 300 280
9/12-1 390 410 460 410 420
10/7-1 670 660 690
11/10-1 550 590 490 590
Inez-1 470 670 510
Felicia-1 970 920 960
17/3-1 540 590 610
17/4-1 220 170 200 170 210
17/9-1 490 510 510 450 460
17/11-1 260 240 240 250 210
17/12-2 340 280 320 270 320
26/4-1 30 50 30 20
31/4-4 120 120 150 130 70
31/6-3 450 860 730 690
35/1-1 90 70 40 80
35/11-6 220 340 370 310
36/1-1 640 860 810
36/7-1 860 910 860
6204/11-2 580 530 510 470




Table 2. Comparison of exhumation estimates alagsect-3 shown in Fig.

Weéll Transect | this Riis Dore & Jensen | Japsen
study | (1996) | Jensen (1996) | (1992) | (1998)
1/5-4 transect-3 ) 0 0 0 0
1/6-4 transect-3 ) 0 0 0 0
1/3-1 transect-3 ) 0 0 0 0
1/3-8 transect-3 ) 0 0 0 0
1/3-3 transect-3 ) 0 0 0 0
2/1-10 transect-3 D 0 0 0 0
8/10-2 transect-3 D 0 0 0 0
9/4-1 transect-3 300 40 0 0 230
9/4-4 transect-3 390 110 0 140 310
9/2-11 transect-3 560 220 430 440 420

Table 3. Comparison of exhumation estimates alangsect-1 shown in Fig. 2.

Well Transect | this Riis Dore &

study | (1996) | Jensen (1996)
34/10-8 | transect-1 D 0 0
34/11-3 | transect-1 30 0 0
31/2-15 | transect-1 360 0 0
31/2-6 transect-1 410 30 0
32/2-1 transect-1 970 390 470
Appendix-1

Fig. 20. Lateral and vertical variations in velastthrough shales and carbonates along the
transect-3 shown in Fig. 2. (a) Average velocitgiattons along the transect through
Hordaland, Rogaland and Cromer Knoll group shates&hetland group carbonates, (b)
vertical variations in velocity through Hordalando@p shales, (c) vertical variations in
velocity through Rogaland Group shales, (d) vertreaiations in velocity through Shetland

Group carbonates and (e) vertical variations inaigf through Cromer Knoll Group shales.

Fig. 21. Lateral and vertical variations in velastthrough shales and carbonates along the

transect-2 shown in Fig. 2. (a) Average velocitsiations along the transect through



Hordaland, Rogaland and Cromer Knoll group shates&hetland group carbonates, (b)
vertical variations in velocity through Hordalando@p shales, (c) vertical variations in
velocity through Rogaland Group shales, (d) vertreaiations in velocity through Shetland
Group shales/carbonates and (e) vertical variaiiorslocity through Cromer Knoll Group

shales.

Fig. 22. Lateral and vertical variations in velgestthrough shales along the transect-1 shown
in Fig. 2. (a) Average velocity variations along tinansect through Hordaland, Rogaland,
Shetland and Cromer Knoll group shales, (b) vdrtiaaations in velocity through Hordaland
Group shales, (c) vertical variations in velochyaugh Rogaland Group shales, (d) vertical
variations in velocity through Shetland Group skalad (e) vertical variations in velocity

through Cromer Knoll Group shales.
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Highlights

» Exhumation estimated from compaction and thermal maturity based techniques

* Maintilting events during the Late Oligocene and | ate Plio-Pleistocene

» Rapid buria during the Quaternary may have contributed to high pore pressuresin the
Central and Viking Graben areas

* Reduced ratio of horizontal and vertical stresses on the basin margin areas

* Thermally immature source rocks on the basin margin areas



