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ABSTRACT

MODELING PERMIAN PETROLEUM SYSTEM OF NETHERLANDS:
HYDROCARBON GENERATION AND MIGRATION

Mert-Gauthier, Esra
M.Sc., Department of Geological Engineering
Supervisor: Assoc. Prof. Dr. Nuretdin Kaymakg

Co-Supervisor: Assist. Prof. Dr. A. Arda Ozacar
September 2010, 76 pages

Groningen Gas Field is located within the southeart of the South Permian Basin in
the northeast Netherlands. Since several wells hlagen producing from the
Carboniferous-Permian Petroleum System, the fieldconsidered as mature for
hydrocarbon exploration. More detailed work is reseey to evaluate further
exploration and development opportunities. Thug)uation of the subsurface has been

carried out as part of the petroleum system corogpising the basin modeling.

In this study, seismic interpretation was performgdising 3-dimensional seismic and
borehole data with Petrel software in order to wsided stratigraphy and structural
settings of the area. PetroMod basin analysis soévinas been used for 1-dimensional
and 2-dimensional basin modeling study by integgatinterpreted geophysical,

geological and geochemical data.

Results show that the most recognized traps wereefd during pre-Zechstein, and the
major generation-migration and accumulation of bgdrbon commenced during
Middle Jurassic and continues to the present tBirece the timing of main hydrocarbon
generation varies spatially and has begun aftgr tommation, both early and late
migration enhances the potential of the porous URumliegend reservoirs. Prospective
hydrocarbon traps may occur in the southwesteriomegpf the basin due to shallower
depth of burial. On the other hand, all local stnal highs that formed as a result of

salt movement create potential traps in the region.

Keywords: Petroleum system, basin modeling, GrainG@as Field, Netherlands
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KUZEYDO U HOLLANDA, PERM YEN PETROL SSTEM MODELLEMES:
H DROKARBON OLU UMU VE GOCU

Mert-Gauthier, Esra
Yuksek Lisans, Jeoloji MUhendisiiBolumu
Tez Yoneticisi: Dog. Dr. Nuretdin Kaymakg
Ortak Tez Yoneticisi: Yrd. Dog. Dr. A. Arda Ozacar

Eylill 2010, 76 sayfa

Groningen Gaz Sahas, Giney Permiyen Havzas 'n megiide, Hollanda’n n
kuzeydo usunda yer almaktad r. Karbonifer-Permiyen Petrsiegni’nden Uretim yapan
bircok kuyu olduu igin, saha hidrokarbon aramac| a¢sndan olgun kabul
edilmektedir. lerideki aramac |k ve Uretim frsatlarn derlendirmek icin daha
ayrntl cal malar yap Imas gerekmektedir. Bu nedenle havzappsistemi konsepti

cercevesinde havza modelleme kullan larakedendirilmi tir.

Bu c¢al mada, 3 boyutlu sismik ve sondaj verileri kullarela Petrel program ile
bolgenin stratigrafi ve yap sal jeolojisini anlamaln sismik yorumlama yap Intr.
Petromod program ile jeofizik, jeoloji ve jeokimyverileri birletirilerek 1 ve 2

boyutlu havza modellemesi yap Irtr.

Sonugclar, kapan mlarn buyuk qgmlu unun Zechstein 6ncesi birimlerde oldunu,
hidrokarbon oluum, gé¢ ve kapanlanmas n n Orta Jura dénemindyp ginimuze
kadar devam ettini gostermektedir. Hidrokarbon olumunun zirve yapt zaman
alansal olarak de iklik gosterdi i icin ve kapan m olwmundan sonraki bir zamana
denk geldii icin, hem erken hem de gec gogler, gozenekliRistiegend rezervuar n n
potansiyelini artt rmtr. Hidrokarbon kapan mlarnn, daha az derin olawvzan n
guneybat s nda olunas muhtemeldir. Der yandan, tuzun hareketi sonucu alu tim

yap sal yukseltiler bolgede kapan m dlirma potansiyeline sahiptir.

Anahtar kelimeler: Petrol sistemi, havza modelle@mningen Gaz Sahas , Hollanda
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CHAPTER 1

INTRODUCTION

1.1 Purpose and Scope

An understanding of the basin evolution and relgetloleum system is essential in
hydrocarbon exploration and exploitation. Petroleaystem starts with deposition of
sedimentary rocks into a basin and continues wiissquent accommodation, burial
and deformation. Basin modeling involves in numahc reconstruction of rock

packages until the hydrocarbon network forms whécthen modeled as petroleum

system (Magoon, 2009).

Quantitative basin analysis and modeling help tdewstand the timing, depth and
extend of hydrocarbon generation and migration,cvtprovide constraints for the
hydrocarbon potential of a basin. In this regan@, aim of this thesis is to evaluate
the petroleum potential of a part of Groningen Gidd located within the southern
part of the South Permian Basin in the northeaghéiands (Figure 1.1) and to

provide a geological model to serve as a guidé¢h®rfuture exploration programs.

The main objectives are:
to investigate the thermal maturation history & #tudy area,
to determine the timing of hydrocarbon generatiod expulsion,
to interpret the hydrocarbon migration and possagieumulations,

to integrate the results with the previous works.

Although numerous exploration and production whbse been drilled, continuous
new discoveries indicate great potential of sigaifit amount of hydrocarbon,
especially gas, yet to be found (Jager and Geld®72 Therefore, this study intends

to provide new insights for future exploration prams in the region.

1
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Figure 1.1.The location and facies distribution of North GamBasin in Northwest
Europe, which comprises North and South Permiamé#sodified from Geluk, 2007).

1.2 Location

Geographically, the study area is located in thetheastern corner of the

Netherlands near its border with Germany. Geoldigice is located at the northern

part of the Groningen High, which is bounded by Hmas Graben to the east, the
Lower Saxony Basin to the south, and the Lauweeeigh to the West (Figure

1.2).
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1.3 Exploration History and Previous Studies

Groningen Field is located in South Permian Basiigure 1.1), which contains
several production wells and must be considerety fulature for hydrocarbon
exploration. The exploration studies have beertestan 1952 in the area. The first
discovery was Slochteren-1 well in 1959. In 196&ilability of new seismic and
facies interpretation led to realize that differprdduction wells in the area had been
producing from the same structure. From 1969 to819Bterpretation of fault
orientations and reservoir depths were perfecteidiwimproved the estimation of
connected hydrocarbon volumes. After 1993, prealictif reservoir properties such
as porosity and net pay from seismic inversion trecgossible with the better
imaging below salt dome (Grotsch and Steenbrink)920 Despite its over
exploration, new opportunities still exist in thiell with the help of advances in

computer and information technology (Geluk, 2007).

There were not a lot of scientific publications abthe region until 2000s since
petroleum companies had not released confidenadh.dHowever, due to new
petroleum laws in the Netherlands and United Kimgdonuch of the data were
disclosed and abundant literature information wareumulated, since then. These
also include online data portals from which wekissnic and company reports

became available digitally such as Netherlandsa@id Gas Portal (www.nlog.nl).

There are hundreds of publications in the liteenalated to geology and petroleum
geology of the Netherlands and the North Sea. Hewethe most important one
within the concern of this thesis include Gautit0(43) who studied the

Carboniferous-Rotliegend Petroleum System. Othelatae publications are

Cornford (1998), Glennie (1998), Gerling et al. ¥28), Van Wees et al. (2000),
Geluk (2007), Jager and Geluk (2007), Kombrink @0GGent et al. (2008) and

Grotcsh and Steenbrink (2009).

Apart from the geology of the study area, the presiworks related to Petroleum
System and Basin Modeling concepts include Magauh Bow (1994), Allen and

Allen (2005), Hantschel and Kaurauf (2009). Theeotimportant works are Tissot et
al. (1987), Burnham and Sweeney (1991), Waples4)l Burrus et al. (1995) and
Archard et al. (1998).



1.4 Available Data and Methodology

Basin modeling is a new research area, arose itatheseventies, and developed
during the late eighties and early nineties witle thngoing improvements in
computing and 3-dimensional visualization. It ismwell established, and widely
used in petroleum exploration (Burrus et al.,, 1998)e objective of the basin
modeling is to reduce risk in exploration by a éetintegration of geological,

geophysical and geochemical data.

The 3-dimensional seismic data with an aerial itfistion of around 400 kfin
SEG-Y format (survey L3nam1988N) and borehole imi@tion from 9 wells (ODP-
1, PBN-1, RDW-1, UHM-1, UHZ-1, USQ1, WRF-1, WSM-hcaZND) in ASCII
and LIS-LAS formats obtained from the Netherlandsa&dd Gas Portal (NLOG)
provided by Geological Survey of Netherlands (TNO-G) (Figure 1.3). A
conceptual model of regional geological history wasstructed during the seismic
interpretation stage together with the utilizatarliterature information. This helped

to understand the depositional, erosional and thkhistory of the study area.
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Figure 1.3.Location of 3D seismic data and boreholes in thdysarea (inline and crossline
interval is 25m).

The study has been conducted in 4 steps:
1) Seismic interpretation aided by formation tops friova borehole data and
literature,
2) 1-Dimensional (1D) Maturity Modeling,
3) 2-Dimensional (2D) Basin Modeling,

4) Validation and evaluation of results.

In summary, the workflow of the study is as belawFigure 1.4.
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Petrel seismic to simulations and PetroMod petraleystems modeling software of

Schlumberger were used for the seismic interpartasind hydrocarbon potential
evaluation purposes.



1.5 Geological Background: Tectonic Setting and Basi&volution

The main controlling events that give rise to petin generation, migration and
accumulation are largely the result from structustatigraphical and sedimentary
processes that took place during geological history
The present-day basin configuration in the studdaaesults from poly-phase Late
Paleozoic to Recent lithospheric deformation (Réglir4). The main tectonic events
that affected the area are:
following the Caledonian orogenies, the Variscangeny resulted in the
formation of Pangea supercontinent during the Raliep
Mesozoic rifting gave way to the break-up of Pangea
Late Cretaceous to Tertiary Alpine inversion restiffrom Africa and Europe
collision,
Oligocene to Recent development of the Rhine Grafignsystem was
developed approximately parallel to the basemeunltSandicative of their

reactivation (Jager, 2007).
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Gondwana-derived Avalonia paleo-continent congguhe basement of the basin in
the study area (Figure 1.1). More than half amafnthe sediments in the South
Permian Basin was deposited over the basementgiilmenperiod of Late Silurian to
Early Permian (Jager, 2007). These rocks are raeshetrated by boreholes because

of high depth of burial, on the other hand, they\&ell-imaged on seismic data.
Carboniferous to Permian

The Carboniferous Limburg Group which includes marto lacustrine Namurian
and coastal-plane and fluvial-plane Westphaliatasssions with coal seams (Figure
1.5), constitutes the main source rocks in therbasd they have little sign of syn-
sedimentary tectonics. There is a small scale ekigal faulting observed
diminishing through the north of Netherlands whire study area is located (Jager,
2007).

During Late Carboniferous to Early Permian, a systef post-orogenic wrench
faults caused differential subsidence and resuletbcal graben formation and
contemporaneous major uplift and erosion. This gaag to the development of
major unconformity in the Early Permian times cdlBase Permian Unconformity
(Gautier, 2003).

A thick succession of fluvial and aeolian sandssoé Rotliegend Group was
deposited unconformably over Paleozoic sedimerttswds followed by thick
evaporitic sequences and interbedded carbonateZeohstein during regional
thermal subsidence (Van Wees et al., 2000) (Figute

A broad epicontinental sag basin, the Northwesin@@rBasin, was formed in Late
Permian. This basin is a part of South Permiannbasich is stretching throughout
northern Europe from Great Britain to Poland. Thelg area is located within the

Northwest German Basin, southern margin of the lsBermian Basin (Figure 1.1).
Triassic to Present-day

The Early Triassic is characterized by rifting whigave way to the break up of
Pangea (Ziegler, 1982; Geluk, 2007; Jager, 200%).tli® end of Triassic the
Zechstein Salt started to move and resulted inhsddtkinesis controlled by thickness

variations of Zechstein in the area. According ke tseismic-based structural
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reconstruction studies of Gent et al. (2008), PanmZechstein evaporates and
carbonates were faulted by the same event as tpeRmtliegend, and no syn-
tectonic deposition is observed during the Latarfran to Middle Triassic. During

post-rift thermal subsidence, Triassic sandstong @ay-siltstone was deposited
conformably over Zechstein Group mostly within tinéni basins bounded by salt

structures (Jager, 2007).

The Groningen Block (i.e. the study area) was irgdft stable since Late Jurassic
when the North Netherlands High was formed andltes$un an unconformity. Due
to this uplift event, the Jurassic, Triassic anzhlly Permian sediments were deeply
truncated (Jager, 2007; Gent et al., 2008; IHS9P00hus, preserved Triassic units
and Lower Cretaceous deposits of the GroningenBhye relatively thin due to

Late Jurassic erosion and non-deposition.

The Upper Cretaceous Chalk Group is one of the mxinsive unit in the region
and consists mainly of carbonates and marls. Durihg Late Cretaceous
(Subhercynian tectonic phase), parts of the chatk®locally eroded (Jager, 2007,
Ziegler, 1982) During Late Cretaceous tectonic compressional events ezkday
collision of Africa-Eurasia, salt structures weiaerally squeezed and strongly
deformed (Baldschuhn et al. (1998), NITG (2000) Geluk, 2007). Although
Laramide inversion (Latest Cretaceous) caused s$etenplift, associated with
truncation, erosion and fault reactivation in thergunding areas, the northwest
corner of the Groningen Block remained relativalghte with only minor regional
uplift (Ziegler, 1982; Gras and Geluk, 1999; Gerdle 2008).

The Cenozoic North Sea Supergroup, deposited frenkEarly Paleocene onwards is
mainly siliciclastic unconformably overlying Upp@retaceous Chalk Group. The
Cenozoic basin evolution was under the effect oin®hGraben Rifting (Van
Adrichem-Boogaert and Kouwe, 1993-1997; Gent e2aD8).
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CHAPTER 2

PETROLUEM SYSTEMS

There are three proven petroleum systems recognizegtie Northwest German
Basin (Figures 2.1):
The Carboniferous—Rotliegend Petroleum System wisckffective in the
study area, that accounts for about 90% of disealbydrocarbons,
The Posidonia—Mesozoic-Paleogene Petroleum Systanist responsible for
over 80% of the oil accumulations in the basin and
The minor Bueckeberg—Upper Jurassic-Lower Cretax&miroleum System
that is responsible for a number of small oil ard gccumulations in the
western part of the basin (IHS, 2009).

The Carboniferous-Rotliegend Petroleum System stssof the thick Upper
Carboniferous Namurian and Westphalian successiuithsabundant coal measures
as source rocks for gas, good Rotliegend sandséssevoirs, and the excellent seal
of the Zechstein evaporates (Gautier, 2003). Insthely area, there are no Jurassic
rocks and sign of any related hydrocarbon systeagef] 2007). The younger
petroleum systems are not present in the study; dhemefore, it is crucial to
determine the timing of generation, migration anduanulation of the Carboniferous
source rock and reservoir quality of Rotliegenaider to evaluate the hydrocarbon

potential of the region.

It has long been known that there is only one suack in Carboniferous and
several potential reservoir intervals both in Caifeyous (Kombrink, 2008) and in
the overburden all of which have been depositegt ait contemporaneously with the
source rock (Figure 2.1). The position and timifigs@al rocks and trap formations

are best fit with the Carboniferous-Rotliegend &letrm System.
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According to the study of Gautier (2003), the ceti moment which indicates
spatially and temporarily the generation-migratemtumulation of most of the
hydrocarbons, is at the Permian-Triassic bound248 (Ma) which is the main

concern of this study (Figure 2.2).
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Figure 2.2.Events chart for the Carboniferous-Rotliegendd®etim System in South
Permian Basin (Gautier, 2003).

Carboniferous-Rotliegend Petroleum System stilldealindiscovered conventional
resources of 22 to 184 million barrels of oil (MMB@nd 3.6 to 14.9 trillion cubic

feet of natural gas (TCFG). Of these amounts, L&FG are predicted in onshore
areas (Gautier, 2003).

In order to understand the petroleum system ofsthdy area, brief descriptions of

petroleum system elements are given in the nexiosec
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2.1 Source Rocks

The principal source rocks of the gas in the staidya are the Upper Carboniferous,
Westphalian coals and carbonaceous shales thastohspward-coarsening deltaic
rocks overlain by fluvial deposits (Figure 1.5) (@ar, 2003; Buggenum and den
Hartog Jager, 2007). The source rock is kerogea liypWestphalian succession has

been separated into units A, B, C and D for the eadasin-wide correlation.

The cumulative thickness of the coal is severad hmeters. They occur mostly in
Westphalian B accounting for about 3 percent of tibtal stratigraphic sequence
which is assumed to be 1000 to 3000 m thick (Lutale 1975). Carbonaceous
shales account for the larger portion (Cornford@8)9 The Westphalian source rock
thickness was locally reduced as a result of EBdymian uplift and erosion. Such
that, Westphalian C and D were totally, WestphaBawas partly eroded around the
study area (Figure 2.3).

High maturity values were measured in the Westphaln some wells on the
Groningen High (Kettel (1983) in Jager, 2007) swsiigg that the source rock was
affected from several heat pulses in this arei. llkely to have occurred as a result
of the main Early Permian erosion, and caused itjie Vitrinite reflectance directly
below the Base Permian Unconformity. Jager (200@ued that the source rock
capacity of coal measures within the Westphaliaocassion was sufficient to

provide hydrocarbon to large Groningen gas fiefdtaithe spill point.

Secondary source rock for gas is basal Namuriaanicgich shales (Gerling et al.,
1999a; Gerling et al., 1999b). In most places tresece rock became overmature
during pre-Kimmerian burial. Thus, Namurian is tgbtito be the source of nitrogen
charge, which is mainly expelled at higher tempeest than hydrocarbon gas (Jager
and Geluk, 2007).
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2.2 Reservoir Rocks

The Upper Rotliegend reservoir interval consist$lwifial (wadi) and aeolian sands
alternation. The sediments were deposited in basamgin alluvial fans whose
surfaces were above the water table. Those samdstmtumulated above the water
table display the best preservation of porosity padneability since diagenesis did
not decrease the reservoir quality as it did owidlusandstones. Accordingly, most
commercial gas accumulations are found in aeoliameddeposits (Glennie, 1998;
Gautier 2003). Average thickness of the UpperiBg¢ind Group in the study area is
283 m based on nearby exploration wells (Figurg. 2.4

U Rinkobin-Fyn High
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Figure 2.4.Facies distribution (a) and isopach map (b) of étgRotliegend Group. CNB:

Central Netherlands Basin; WNB: West Netherlandsi®Ba IJH: Texel-1Jsselmeer High;

MNSH: Mid North Sea High; RFH: Ringkabing-Fyn HigBtudy area is indicated with red
rectangle. Black arrow shows North (adopted fromiGget al., 1999a).
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2.3 Seal Rocks

The main seal rock for the Carboniferous-Permiamoim System is the Zechstein
Group. It comprises minor and four major (Z1 to £¢¥les of evaporite deposition
all of which can be observed in the wells of thedgtarea (Figure 2.5) and most of
which are penetrated by the exploration wells i $kudy area (Figure 2.6). In the
study area, it comprises intercalations of carbmnanhydrite, salt and clay
sequences. The first three evaporite cyclesZgl are bounded by the carbonate
rocks having neritic platform and slope faciesséme areas (e.g. West Netherlands
Basin) these carbonates also constitute reserwoksrtogether with the Rotliegend
Group. In other areas, Zechstein is the seal farlypeall gas accumulations in
Rotliegend reservoirs. Evaporitic deposits withia Rotliegend may also be the seal
for gas in Carboniferous reservoirs (Gautier, 2083)sed on wells in the study area,

average thickness of the Zechstein is 767 m.

S Central Netherlands Main N
Basin basin

Age
Group

ZEUC| Formation

‘ z4 ‘ZS

z3

Late Permian
Zechstein

z2

Z1

[T Claystone [BIN Salt R Limestone Bituminous [/AIIA] Anhydrite Sandstone [ Dolomite

Figure 2.5.Facies distribution and characteristics of ZedhgBroup. The facies in the
study area is indicated with yellow rectangle (GeR007).
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Figure 2.6.Subcrop map below the Zechstein Upper Claystoma&tion showing
distribution of Zechstein cycles (after Geluk 2QZgchstein is absent in yellow areas.
Study area is indicated with blue rectangle. GHbriBrgen High, MNSH: Mid North Sea
High, RO: Rotliegend Group. Black arrow shows North
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2.4 Overburden Rocks

Overburden rocks include Upper Germanic Triassiougrwith 279 m average

thickness. It is unconformably overlain by the Loweretaceous Rijnland Group

with 115 m average thickness. In turn, it is ovierlay Upper Cretaceous Chalk
Group with 780 m average thickness and CenozoithN®ea Supergroup, deposited
from the Early Paleocene onwards and has 735 nageehickness within the study
area. In this study, the Jurassic Altena Groupoisamcountered in the exploration
wells (Figure 2.7). Depth map to the base of ovetbn units is illustrated in Figure

2.8.
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Figure 2.7. Play type and overburden rocks of the study &ed.box indicates the units
present in the study area. Note that Jurassic al@mup is absent in the study area
(modified from Geluk 2007).
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Figure 2.8.Depth to the base of overburden rocks. Greennglgandicates the study area.
Note that it is also equal to the isopach of therburden.

2.5 Trap and Play Types

Nearly 75% of gas has been discoveed in the Rethédtructural Play in Northwest
German Basin (Figure 2.9). The fluvio-aeolian samus reservoirs of Rotliegend
were formed in tilted fault blocks beneath the bueg Zechstein seal during the
Variscan orogeny (Late Carboniferous - Permian @hahich is the main concern

of this study.

Zechstein structural/stratigraphic play is anothgnificant gas play where shelf
margin carbonate reservoir is sealed by evapowi#sn tilted fault blocks (IHS,
2009). Traps also would be provided by permeabiddyriers caused by lithological
discontinuities (Gautier, 2003).
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Figure 2.9.Northwest German Basin, chart showing cumulaiiyeid and gas reserves per
play between 1934 and 2009. Stt: stratigraphic;situctural (IHS, 2009).

Carboniferous stratigraphic and structural playsoahave gas potential where
Carboniferous channel sandstones are overlain liyeBend shales and evaporitic
rocks. Accumulations could exist either in struatwlosures or lithologic boundaries
where gas was entrapped stratigraphically. Carbomis is comparatively
unexplored in the region (Gautier, 2003).
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CHAPTER 3

DATA

This section covers the basic geological data nbthifrom seismic and borehole
data which is required for modeling studies. Sirggsmic interpretation is not the
main objective of this study, brief information aibdhe interpretation procedure and

obtained results are presented in this chapter.

3.1 Seismic Data

The discovery of the Groningen Field initiated atense exploration and production
activity in Netherlands. More than half of on- aoifishore Netherlands is covered
with high quality 3D seismic data. Thanks to eartynmencement of 3D seismic

data acquisition, some of which are already pulhiis, study could be done.

Seismic reflections originate from interfaces betwdayers that show sufficient
density-velocity contrasts. Each seismic layethia subsurface has its own acoustic
impedance. Thacoustic impedances defined as the product dénsityandvelocity

of a rock layer. Formation velocity and density elegh on the mineral composition
and the granular nature of the rock matrix, cent@rtaporosity, fluid content, and
environmental pressure. Depth of burial and geclage also have an effect on
acoustic impedance especially due to lithificatiwacesses that include compaction
and cementation. It is important to remember théfer@nt lithologic units (for
instance a shale and a sand) can have similar tcampedance (density*velocity)
values, depending on the porosity distribution,idfiicontents and degree of
compaction (Veeken, 2007) (Figure 3.1). Therefditaplogy cannot be directly
deduced from the seismic reflection data alone.tRigrreason, picking of horizons
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are based mainly on the geometry of the reflectammd well ties that are mostly

characteristic seismic reflections of major geatagyents.

Figure 3.1.Interval velocity vs. lithology cross plot. Théhologies are overlapping.
Therefore, direct identification from the P-wavdoadties is difficult. Thus, additional
information is necessary for discrimination (Veek2007).

Workflow followed during the data preparation amterpretation of the model by
using Petrel is shown below:
Data loading; introduction of seismic volume anddbmle data,
Picking of seismic horizons using formation topsaafed from well data,
Fault interpretation and generation of fault suefac
Velocity model preparation by using interval vetas,
Time to depth conversion of interpreted horizond fault surfaces,
Choosing representative boreholes and seismic lioelse used for basin

modeling.
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3.2 Seismic Interpretation

Seismic volume in SEG-Y format and wireline logenfr the wells in ASCIl and

LIS-LAS format were loaded to Petrel. Since theelire log data are in depth
domain, and seismic data is in time domain (two-tvayel time (TWT)), using

interval velocities obtained from the borehole setsdata (Table 3.1), the well tops
were converted from depth to time domain in ordematch the formation tops with
the seismic data. Interval velocity is the velocdy a specific layer of rock,

calculated from acoustic logs. The accuracy of ititerval velocity calculations

depends on the thickness of the interval over wiiedy are computed (Veeken,
2007).

Table 3.1.Interval velocities used for the time to depthw@nsion of the seismic volume
(Van Dalfsen et al., 2006).

Age Symbol Formation Interval velocity (m/s)
Tertiary N North Sea Group 1981.3
Late Cretaceous CK Chalk Group 3250.0*
Lower Cretaceous KN Rijnland Group 3053.0
Triassic RN Upper German.ic Tr.ias Group 2550.0
RB Lower Germanic Trias Group 3671.8
Late Permian ZE Zechstein Group 4700.4
Late Permian RO Rotliegend Group 4056.1
Carboniferous DC Limburg Group 4500.0

*3784.3 m/s in the reference data.

Based on formation tops obtained from well data lgadature information verifying
these tops, the main horizons are interpreted.s3igawas not interpreted, since it
was not continuous throughout the study area andmeial for the model. It was
treated with the Lower Cretaceous Rijnland Grougyfe 3.2 and 3.3).
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Figure 3.2.(a-b) Inline 373, (c-d) inline 523, (e-f) inlin®8, raw and interpreted seismic
sections. Note that inline and crossline intereaés25 m.
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Figure 3.3.(a-b) Crossline 645, (c-d) crossline 764, (e-fsstime 1014, raw and interpreted
seismic sections. Note that inline and crossliterimls are 25 m.
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It is observed that major unconformities in thedgtarea have angular character by
which they can be easily distinguished on the seisim Figure 3.6, the Early
Permian unconformity that resulted from Variscano@@ny, Late Jurassic
unconformity that is related to Kimmerian inversidue to the opening of the North
Atlantic and led to the erosion of whole Jurassiktgnha Group) and most of Triassic
units, and Late Cretaceous unconformity betweenCthalk and North Sea Groups

due to the effect of Laramide inversion are shown.

Figure 3.4.Major unconformities in the study area (Abbrevias and location of the
seismic section are same as Figure 3.2).

Although, numerous small-scale faults are encoedtén the seismic data, for the
sake of simplicity and objectives of the study,yomlajor Permian and the faults that
are thought to have effect on the petroleum migratre interpreted. Most of the
Permian faults are oriented NW-SE as seen on Figire
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Figure 3.5.(a) Perspective view of alignments of Permiant&arrow shows North and (b)
a representative cross-section illustrating therer and younger faults. Location of the
seismic section is same as Figures 3.2.

The interval velocity values were also used foretita depth conversion of seismic
data as they were obtained from the sonic logspmxoe Chalk Group (Table 3.1).

Instead of 3784.3 m/s for the Chalk Group, 3250/6 was used in order to have
better fit with the well tops and reflections ore theismic. The interval velocities
depicted in Table 3.1 are representative for wianéa of Netherlands and southern
North Sea Basin. However, in some areas, valuesltaw small differences due to

lateral lithology and/or thickness changes.

The conversion is simply made by using the equation vt wheredistance(depth)

is equal tovelocity multiplied bytime Time in seismic is two-way-time (TWT),
therefore, half of the time value is multiplied itelocity. The time surfaces/grids
(maps created from horizon interpretations) areveded to depth by multiplying
time with half of the interval velocities. Same pedure was just reversed for depth

to time conversion of well tops, as well (Figuré)3.

Having identified some horizons that were significkor understanding the geology
and the prospectivity of the area, the next step wamap them. These maps were
used with the interval velocities of the formatidios establishing velocity model

(Figure 3.7) and then time to depth conversioredgraic volume (Figure 3.8).
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Figure 3.6.(a) Inline 523 and (b) crossline 1014 in time argdtt respectively. Location
and scale of the seismic sections are same aseR3ger
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Figure 3.7.Velocity model maps (a) top Carboniferous, (b) Rugliegend, (c) top Permian,
(d) top Rijnland, (e) top Chalk and (f) top NorteaSGroup. Green arrow shows North.
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Figure 3.8.Time and depth maps of interpreted horizons @@ maps of Top Permian
(top Zechstein), top Rotliegend, and top Carboaifsrand (d-f) depth maps of same
horizons, respectively. Horizontal axes are x5 geagted. Green arrows show North (see
Appendix B, for their higher resolution versions).
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In addition to the Carboniferous and Permian roths,overburden units were also

interpreted. The resultant time and depth mapstawe/n in Figure 3.9.

Figure 3.9. (a-c) Time maps of base Rijnland, Chalk and N&eh Groups and (d-f) their
corresponding depth maps. Arrows show North (sgeeAgix B for their higher resolution
versions).
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CHAPTER 4

1D MATURITY MODELING

4.1 Introduction and Data Processing

The aim of 1D modeling is to determine burial anérinal history of source rock as
well as timing of hydrocarbon generation. The e8abmputs of maturity modeling
is paleo-heat flow that source rock has been stdgeto, quantity and quality of
organic matter in the sediments (total organic @aybmaturity indicators and
hydrogen index) and kinetic equations for the dakion of kerogen conversion to

oil and gas (Burnham and Sweeney, 1991).

In the modeling process, first of all, lithologygeaand thickness of each rock unit are
determined for the software to assign porosity,sigrand permeability of units. If
there is measured porosity, density or permeabdiya, they can be used for
calibration of the assigned data. Lithology detewatibn is very important since it
controls all petrophysical properties including @aution rates, thermal
conductivities and heat capacities. In this stymhgsent day heat-flow is entered to
adjust present day temperature by finding the aabdgp fit between measured and
calculated present-day temperatures as a secopd Bben, paleoheat flow and
geologic events during erosion and non-depositi@riogs are adjusted by
calibrating with thermal indicators (Waples, 1994).

The present-day temperature and reconstructioaropérature history is crucial for
the evaluation of the petroleum potential of a ashce temperature is the most
sensitive parameter in hydrocarbon generation.oR@eperature is not measurable;
therefore, maturity indicators are used for thénestion of this parameter. Maturity

indicators are function of the thermal history thgh complex kinetics, frequently
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influenced by the type of organic matter. Kinetidkerogen decomposition controls

the amount and composition of hydrocarbons geng@tissot et al., 1987).

Several trials are performed during the optimizagiwocess of the model to be as
consistent and correct as possible. In cases wlay mncertainties are present in

the model parameters, sensitivity analysis is peréal.

There are two boreholes chosen for 1D maturity riogleRDW-01 and USQ-01
which are located in the study area. Lithology lué intervals and rock properties

were obtained from these boreholes (Figure 4.1).

The scale of erosion influences the generation,ratimn, and accumulation of
hydrocarbon. Thus, estimating the amount of erosgoessential in the analysis of
hydrocarbon-bearing basins. Amounts of erosion wacquired from borehole
Roode-Til-1 (ROT-1) in the Groningen Gas Field gtder the source rock interval
(Figure 4.1).

5km

Figure 4.1.Map showing the Groningen Gas Field and study. @eeeholes used in the
model are highlighted by circles (IHS, 2009).
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The quality of the simulation is strongly dependent the boundary conditions.
Paleo-water depth (PWD), sediment-water interfasaperature (SWIT) and heat

flow (HF) are the boundary conditions that wereisehe model.

4.2 Inputs of the Model

4.2.1 Geological Data

Rock unit lithology, ages and thickness from botet@Table 4.1), geochemical data

from literature were obtained and input for modglpurpose.

Erosion values have been obtained from a neighpowell ROT-1 by direct

proportion method (Figure A.1 and Table A.1 in Apgx A) where there are
regional unconformities. However, the thicknesCairboniferous source rock and
erosion above this interval is estimated accordmgstratigraphic scheme of the
source rock (Figure 1.5) because this interval maigotally penetrated by any well.
Estimation of source rock thickness is also evaldiainder sensitivity analysis in
Section 5.3.

Table 4.1.Stratigraphic and age data from wells RDW-1 an@QuS(intervals are same as
Figure 3.2, Q stands for Quaternary).

Thickness | Thickness | Age (ma) | Age (ma) .
Inteval | ppw-1 (m) | USQ-1(m) | FROM |  TO Lithology
0 0 152 17 0 Clays, silts, fine- to coarse-graingd
' sands and sandstones
Clays, silts, fine- to coarse-graingd
T_NS 928 959 60 L7 sands and sandstones
UC CH 773 932 08 64 Mainly limestones (chalk), also
- marls and claystones
Argillaceous and marly deposits
LC_KN 81 109 136 98 sandstone beds
Silty claystones, evaporites,
Tr_RB 418 200 245 172 carbonates, sandstones and siltstgnes
P_ZE 854 543 258 245 Evaporites and carbonates
Coarse and fine-grained clastic
P_RO 298 315 264 258 sediments
Fine-grained siliciclastic
¢-bC 1250 1250 318 310 sediments and coal seams
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4.2.2 Geochemical and Thermal Data

The Westphalian source rock has type Il kerogemhi study area. Most of the
geochemical data was obtained from Ruurlo well (RDWvhich cuts Westphalian A

and B in South Limburg area, Lower Saxony Basinld\& al., 1993) (Figure 1.2).

Vitrinite reflectance values were used as matuntyicator to adjust the thermal
history. Vitrinite reflectance ranges between 1.1886 8.44% according to Jurisch
and Kroos (2008), 0.7% and 6.1% according to IH®% and 0.89% and 1.45%
according to Veld et al. (1993) (Table A.2 in ApdenA) in the region. There are
also Netherlands’ maturity maps of Westphalian A@indary showing vitrinite
reflectance values between 1.41% and 1.80% and Qajoniferous showing
vitrinite reflectance values between 1.01% and %.46r the study area (Figures A.2
and A.3 in Appendix A) (NL Oil and Gas Portal, and, 2009).

Average TOC was assumed to be 4% by Veld et a@3[L1Ihe hydrogen index (HI)
of the Westphalian shale ranges between 121 andi2d6iC/g TOC (Veld et al.,
1993) (Table A.2 in Appendix A). In the model, aage HI of 171 mg HC/g TOC
and 4% TOC were used as proposed by Veld et &#3)19

Present-day heat flow and paleo-heat flow valuag wbtained from Verweij (2003)
(Figure A.4 in Appendix A). Vitrinite reflectancealues from Netherlands maturity
maps (Figures A.2 and A.3 in Appendix A) were usedalibrate paleo-heat flow
values (NL Oil and Gas Portal, on-line, 2009).

There are three kinetic models in PetroModsoftward¢he coal source rock, type Il
kerogen of North Sea. The result of each kinetideh@s presented in Section 5.3 as

part of sensitivity analysis.
4.2.3 Boundary Conditions

As mentioned earlier, paleo-water depth (PWD), rmsedi-water interface
temperature (SWIT) and heat flow (HF) are the baupdonditions that were set
(Table 4.2). SWIT is calculated using PetroMod waft, based on Wygrala (1989).
PWD and HF is obtained from Verweij (2003).
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Table 4.2.Boundary conditions.

Age (Ma) | PWD (m) | Age (Ma) | SWIT (C) | Age (Ma) | HF (mW/m?)
318 0 318 25 318 71
258 10 258 24 310 55
245 40 245 25 263 83
139 60 139 23 251 82

90 125 90 22 150 71
60 75 60 20 143 78
0 0 0 7 97 75

75 70
72 62
57 75
0 64

4.3 Calibrations

The porosity calibration was possible since thesrewstudies carried out in well
RDW-1. Measured porosity values of RDW-1 well aradcalated porosity values
show match (Figure 4.2). Since there is no poroddja from the well USQ-1,
porosity calibration was not possible.

Temperature data from two different depths (obthiieom well RDW-1 and
temperature map of Netherlands) were used to athaspresent-day heat flow. 64-
mWi/n? heat flow value was used for the first run. Furthials resulted in 71
mW/n? for RDW-1 and 69 mW/fmfor USQ-1 as the best fit with measured
temperatures (Table 4.2 and Figure 4.3).
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Figure 4.2.Porosity calibration of RDW-1 well.

Figure 4.3.Heat-flow calibration with temperature; (a) befagdibration, (b) after
calibration.
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Since the study area experienced several deformpliases, heat flow is variable in
geological time; showing increase at the timedftihg and decrease in the post-rift
phases expectedly. Several thermal maturity indisagxist that can be used for the
calibration of paleo-heat flow. Since there areyonitrinite reflectance values
obtained from literature, paleo-heat flow has besibrated with the maturity values
from two different depths (Table 4.3). There is Bnuifference between the
calibrated paleo-heat flow values of RDW-1 and UB@ells (Table 4.4 and Figures
4.4 - 4.5).

Table 4.3.Vitrinite reflectance (R values used for calibration (NL Oil and Gas Ploda-

line, 2009).
Depth (m) | Ro (%) | Min Rg (%) | Max Ro (%)
3500 1.6 141 1.8
3000 1.2 1.01 14

Table 4.4.0btained and calibrated paleo-heat flow values(feéij, 2003) (HF: Heat

flow).

Age HF (_)btained RDW-l USQ-l

(Ma) from Ilteratl%re* HF Flnazl HF Flnazl

(mW/m*®) (mW/m*) | (mW/m*)
318 71 93 91
310 55 77 75
263 83 105 103
251 82 104 102
150 71 93 91
143 78 100 98
97 75 97 95
75 70 92 90
72 62 84 82
57 75 97 95
0 64 71 69
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Figure 4.4.Maturity-paleoheat flow match of RDW-1 before affiéiacalibration
respectively.

Figure 4.5. Maturity-paleoheat flow match of USQ-1 before afigr calibration
respectively.
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4.4 Sensitivity Analysis

Sensitivity and uncertainty analysis in basin models necessary to quantify the
value of data, in other words, to quantify theatllity of the model. Uncertainties
exist concerning the geologic concept of a modsl,assumptions and its input
parameters (Wenderbourg and Trabelsi, 2003). The iaito model the closest

possible one to the reality.

In this study, model was run by using differentetin models and source rock
thickness to see the effects on the results and tbesistency with the previous

studies. Sensitivity analysis was only appliedh®well RDW-1.
4.4.1 Kinetic Model Selection

The complex reactions that cause formation of hyaifoon from source rock as a
result of breakdown of the kerogen are controllgddmperature and the activation
energy of the particular reaction. Activation emesgof each reaction, thus the
kinetic model of each kerogen type are establiglad laboratory and field studies
(Allen and Allen, 2005). Therefore, the kinetic nebdelection of the model is very

important for the understanding of the hydrocargeneration and expulsion.

The kinetic models for North Sea and type Il seurocks that can be used in our
study in the software PetroMod software include &heg (1990), Behar et al. (1997)
and Vandenbroucke et al. (1999). These kinetic hsodere all derived from studies
on Jurassic coals of the North Sea. Since, thene isinetic model for Westphalian
source rock in PetroMod software, the model resoiitthree kinetic models were
compared and evaluated. In the Figures 4.6 — gd@pharbon zonation of the source
rock in time as a result of different kinetic mazled shown together with the burial

history of the study area.
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Figure 4.6.Burial history and hydrocarbon zones with kinaeticdel of Ungerer (1990).

Figure 4.7. Burial history and hydrocarbon zones with kinetiodal of Behar et al. (1997).
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Figure 4.8.Burial history and hydrocarbon zones with kineticdel of Vandenbroucke et
al. (1999).

The results of Ungerer's (1990) and Vandenbroudkal.e(1999) kinetic models
show almost same critical moment with little difface in hydrocarbon zonation
(Figures 4.6 & 4.8). Kinetic model of Behar et 61997) shows earlier time of
hydrocarbon generation (Figure 4.7). Since the ¥abdoucke et al. (1999) study is
more recent compared to Ungerer’'s which also gawssistent results with the

previous studies (e.g. Gautier, 2003), it is usetthis study for the modeling.
4.4.2 Source Rock Thickness Selection

Source rock thickness is obtained from the strafigic chart (Figure 1.5). Thickness
of Westphalian A is between 500-1500 m and Wesigha is between 200-600 m

in the chart. Thus, source rock thickness is asdumée changing between 700 m,
to 2100 m with an average of 1250 m. Westphaliaan@ D are not taken into

account because they are eroded in the study Rigparé 2.3).

In order to determine the suitable source rockktiess for the final model, the

minimum, average and maximum thickness values arepared (Figures 4.9 —

4.11).
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Figure 4.9.Burial history and hydrocarbon zones with 700 mree rock thickness.
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Figure 4.10.Burial history and hydrocarbon zones with 12500mrse rock thickness.
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Figure 4.11.Burial history and hydrocarbon zones with 2100omrse rock thickness.

The thickness of the source rock affects the alittoment because of its effect on
temperature. As seen in Figure 4.10, average thgkiof 1250 m is consistent with
the previous studies (e.g. Gautier, 2003). Theeefitris used in this study for the

modeling.

4.5 1D Modeling Results

The model was run with aforementioned kinetic mdateded on Vandenbroucke et
al. (1999) and source rock thickness as 1250m. bdemresults indicate that the
main phase of hydrocarbon generation and expulsan the Westphalian source
rock began 172 Ma and continues until present (€igul12). Results of all trials

show that source rock is in mature to overmatui @oducing gas in present-day.
The maturation is interpreted according to the tkinenodel of Vandenbroucke

which was obtained from Jurassic coal interval iortN Sea as mentioned
previously. As seen on Figures 4.12 & 4.13, théotdc events have more impact on

the nature and timing of hydrocarbon generation.
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Figure 4.12.Burial history and hydrocarbon zones.

North
Atlantic Alpine
Rifting Collision

Figure 4.13.Graph showing time of total generated and expdilettocarbon from RDW-1
well. Note that the main hydrocarbon generatiaofuisng the Jurassic rifting phase and the
main expulsion is during Alpine collision.
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CHAPTER 5

2D BASIN MODELING

5.1 Introduction and Data Processing

The 2D modeling has been carried out to have a mamgrehensive understanding
of the petroleum system in the area. In additioh@omodel results, 2D model gives
results about possible distribution of the hydrboar For this purpose, PetroMod
software applications for data building; PetroBeaildmodel run; Simulator and
display; Viewer 2D have been used. The sequendewtha followed during data

preparation for simulation is as follows (Figuré)s.

Figure 5.1: Data processing sequence in PetroBuilder (PetroMotbrial Version 11,
2009).
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One of the representative cross-sections of themegas chosen for the model and
interpreted horizons and faults in Petrel (ChaB)ehave been loaded as image on
seismic section and digitized in PetroMod softwak#ier assigning the lithology,
age and thickness of the rock units, erosion mbdesl been built and boundary
conditions have been set. Before simulation, fidssible to visualize the 2D burial
history to see the possible inconsistencies andimmatches on the geometry.
Model has been run after setting the calculatiorthow hydrocarbon migration
method and the number and kinds of overlays sudtinasic calibration model(s) in
Simulator. Simulator is the essential interfaceéhef PetroMod software. It simulates
the deposition of each layer from bottom to top esxdompact to obtain present-day
geometry. This approach is called forward modelRgsults have been displayed in
Viewer 2D.

The model run has been carried out several timdd rgaching an acceptable
optimization value showing the geometrical consisyebetween defined input data

and modeled present day section.

5.2 Inputs of the Model

5.2.1 Geophysical, Geological and Geochemical Data

Seismic crossline 1014 was used as the representatiss-section of the area. The
fault and horizon interpretations were digitalize@l gridded in PetroBuilder (Figure
5.2).
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Figure 5.2.Crossline 1014 used for modeling purpose, pre-gmiigrid-based sections
respectively (abbreviations are same as Figure 3.2)

Age assignment of the layers is same as 1D modséotion (Table 4.1).

Faults were defined as sealing. In practice, fadlivities coincide with the time of
erosion. Thus, it was very hard to determine thaatihhn of these activities. It is also
known in the area that there is no hydrocarbon mctation other than in the
Permian carbonates intercalated with Zechsteis sall Rotliegend sandstones. This
can be as a result of either the sealing faulttack of suitable traps above this
section. Presence of salt above these carbonatsRatliegend sandstones is

possibly the main factor preventing the faultsetaki

Facies definition; lithology, age and thicknessha layers were defined same as 1D
model (Table 4.1).

Erosion model was built according to geologicaltdng of the regionat three
boundaries as it was interpreted in 1D model (FiguB). The erosion amounts were

also kept same as 1D model (Figure A.1 and TalleémAppendix A).
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Figure 5.3.Erosion building (Red zigzag lines show unconfaies).

In PetroMod software, it is possible to simulatét saovement in time. However,
since salt is the sealing element of the petroleystem of the region and since it
only shows local diapirism in the area (Figure 3if§) movement was ignored in the

model.

Simulation tool of PetroBuilder was used to previag evolution of the basin for
checking the geometries. Intersections of somezbos and faults were edited by
using this tool. It was also possible to observd awaluate the consistency of the
time of uplifts and subsidence on the simulatioevmw. Erosions are observed from
310 Ma to 258 Ma, 172 Ma to 136 Ma and 72 Ma toM# Other periods are
characterized by the time of deposition and sulbbsieé€Figure 5.4).
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Present -day 60 Ma 72 Ma

97 Ma 136 Ma 172 Ma

245 Ma 258 Ma 310 Ma

Figure 5.4. Simulation preview showing the evolution of theiban time.

Boundary conditions were entered as 1D model (Télde

There are two wells cutting the cross-section usedcalibration of the model by
software; RDW-1 and WSM-1.
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5.2.2 Simulation — Model Run

The selection of the migration method is the mogtartant decision of the model
before simulation for the understanding of the miign trend. Hybrid (Darcy +
Flowpath) method is set in this study as it is adeiin PetroMod, Tutorial Version
11 (2009). This method takes into account caloutatf fluid flow through porous

media, buoyancy driving migration and percolation.

Calibration method and kinetic model were chosenlBs model; Sweeney &
Burnham, 1990 and Vandenbroucke et al., 1999 réspbc

The model was run after setting above mentioneditth@and parameters. The
optimization value as a result of the model run We4036% after five trials.
Optimization value shows geometrical consistencywbeen input and modeled

section if the value is less than 1%.

5.3 2D Model Results

The observed organic thermal maturity measuremaritse study area indicate that
the Westphalian source rock is at a mature to ogma stage as in the case of 1D
model. The maturity of the Westphalian source rnockeases gradually towards the
west due to change in depth of burial. Measureduntatindices show gradual
increase in thermal maturity with depth (Figure)5.Bhere is no other defined
sequence younger than Westphalian that had thébiiap#o expel hydrocarbon in
the study area. However, Namurian intervals (Figuf that has the capability to
produce hydrocarbon was ignored in this study sitlie interval is totally
overmature and known as source of Nitrogen) (N the area (Balen et al., 2000;
Jurisch and Krooss, 2008).

The 2D model predicted that the Upper Rotliegenadstone reservoirs are filled
with gas condensate (Figure 5.5). Condensate fommnen the wet gas yields
accumulation of liquid in reservoir conditions thatchanging into gas in surface
conditions since the pressure drops below dewpBiatvpoint here is equal to the

initial reservoir pressure.
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Figure 5.5.2D model results of hydrocarbon zonation and acdations in geological time.
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Composition of the accumulated hydrocarbon has loaéoulated under subsurface
conditions. As seen in the Figure 5.6, accumuldigid in reservoir conditions
changes into gas when flashed to surface conditiotfse model result. In addition,
the volume of accumulated hydrocarbons were caledlby assuming a lateral 1 km
width of the reservoir in million barrels (MMbbI$dr oil and million cubic meter

(Mm?®) for gas.

Figure 5.6. Accumulations in reservoir and surface conditicespectively.

The gas-oil ratio (GOR) has been used for the ifiesson of the petroleum. GOR
as a result of model is 1350.47/m® which is within the gas condensate interval

according to Table 5.1.
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Table 5.1.Classification of petroleum (Hantschel and Kaugr2009).

Class GOR (m¥m®  Composition

Dry Gas CH + other light gas comp. only
Wet Gas > 10000 mainly GH other light gas comp.
Gas Condensate  570...10000 <12.5mol % G,

Volatile Oil 310...570 12.5...20 mol %¢C

Black Oil <310 >20 mol % &

Model results show that the main phase of hydramanpeneration and expulsion
from the Westphalian source began at 172 Ma antneees until present-day. After
the initiation at 172 Ma, there is also significarhount of expulsion in 64 Ma
(Figure 5.7). The model also predicts that therbgdrbon migration is in short

range vertically in up-dip direction (Figure 5.8).

Figure 5.7.Graph showing total hydrocarbon generated andllexpas a result of 2D
model.
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Present -day 60 Ma

64 Ma 98 Ma

136 Ma 172 Ma

Figure 5.8.Migration pathways and accumulation of hydrocart®ed arrows show the up-
dip migration.
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CHAPTER 6

SUMMARY AND CONCLUSIONS

In this study, the petroleum system of a part aitBdermian Basin is characterized
and modeled. In order to accomplish this, geochaingeophysical and geological
studies are combined which include 3D seismic veluborehole data and literature
information which are used for the reconstructidnth® geological history of the

study area. Thermal maturation history, timing pditocarbon generation, expulsion

and accumulation in the study area are predictad fnodel results.

The models were performed in 1D and 2D. Althoudie, parameters are same in
both models, there are slight differences betwdenresults. Both model results
show that Westphalian source is mature to overreaggcently. The accumulations
in the reservoirs are gas condensate. Main geoaratid expulsion of hydrocarbon
was at 172 Ma and 64 Ma which corresponds to metohic events in the region

and are characterized by uplift and subsidencledratea.

Since the Westphalian source rock are overlain lyid-aeolian sandstone
reservoirs of Upper Rotliegend, migration was assdito be directly from source
into the reservoir. Zechstein salt is the main seak in the basin forming a
convenient trap at the time of accumulation. Itnse¢hat all the necessary elements
of a petroleum system and processes (Figure 6.f8edadn the region tractably and
resulted in the accumulations of hydrocarbons énstitudy area which is being one of

the largest gas field in western Europe.
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Figure 6.1.Petroleum system event chart of the study area.

The results are compatible with the Groningen Gaklfn which most of the wells
are producing gas and gas condensate from the Q&etmus-Rotliegend Petroleum

System.

In summary, most known traps were formed pre-Zethsind critical moment for
the hydrocarbon generation-migration-accumulatioh petroleum commenced
during Middle Jurassic and continues to the pres@he timing of peak of
hydrocarbon generation varies spatially and hasumegjter trap formation. Since
migration trends of hydrocarbon are short range aydrocarbon was migrated
vertically from highly pressured area toward loweessured zones, both early and
late migration enhances the prospectivity of theops Upper Rotliegend reservoirs.
Prospective hydrocarbon traps may occur in thehsaegtern regions of the basin
due to shallower depth of burial. Exploration rigkscrease where the structural
highs are available as a result of Zechstein salteament. The wells that have no
production (but have hydrocarbon shows) within shedy area can be explained by

locally inadequate reservoir quality.
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APPENDIX A

LITERATURE DATA USED IN THE MODEL

Figure A.1. Burial history with maturity evolution of ROT-1
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Table A.1. Erosion amounts from reference well ROT-1 andutated erosions for RDW-1
and USQ-1 wells.

T Thic?(\riz;as%z cut Thickness in Erosion in Thickness | Erosion in | Thickness | Erosion
by Wells Roode-Till-1 | Roode-Till-1 [in RDW-1 | RDW-1 in USQ-1 |in USQ-1
Q 151 ? 0 152
NS 735 800 938 959
UC-CH 780 900 220 (64-60m3) 773 256 932 212
LC-KN 115 50?100 81 109
Tr-RB 279 5020 1250 (172- | 449 150 200 313
136ma)
P-ZE 767 800 854 543
P-RO(U) 277 150 298 315
c-DC 116 1250 1175 (310- | 4559 600 1250 600
264ma)

Table A.2. Vitrinite reflectance (Rm) and hydrogen index (M&§lues from Ruurlo well
(Veld et al., 1993).

Ruurlo (RLO-1), n=39

HI HI
Depth |%Rm | 110 Hcig ooy | PePt |%RM | g Helg Too)
813.80 | 0.96 220 1194.31 | 1.26 178
826.83 | 0.89 187 1212.35| 1.31 171
832.44 | 1.02 193 1213.89 | 1.21 163
852.07 | 1.02 190 1235.53 | 1.29 147
860.23 | 0.99 198 1238.87 | 1.16 184
870.11 | 1.05 184 1260.62 | 1.27 147
888.73 | 1.01 191 1262.43 | 1.26 129
91291 | 1.02 204 1270.15 | 1.33 180
954,71 | 1.11 156 1287.31 | 1.33 154
997.00 | 1.05 181 1293.14 | 1.21 145
999.57 | 0.97 228 1301.67 | 1.32 135
1042.82 | 1.07 195 1309.83 | 1.30 164
1050.46 | 1.05 172 1310.72 | 1.35 154
1055.95 | 1.02 246 1347.59 | 1.37 148
1066.88 | 1.04 190 1372.38 | 1.40 129
1112.68 | 1.18 183 1378.10 | 1.21 144
1116.14 | 1.10 186 1435.81 | 1.41 132
1185.60 | 1.15 190 1454.80 | 1.47 121
1188.52 | 1.09 160 1478.82 | 1.45 129
1192.18 | 1.23 147 Average Hi 171

66



Figure A.2. Maturity map of Westphalian A/B boundary (IHS, 200
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Figure A.3. Maturity map of Top Carboniferous (IHS, 2009).
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Figure A.4. Heat flow history in onshore and offshore Nethadka(Verweij, 2003).
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APPENDIX B

INTERPRETED HORIZONS MAPS

Figure B.1. Map of Top Permian (top Zechstein) in time.
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Figure B.2. Map of Top Permian (top Zechstein) in depth.

Figure B.3. Map of Top Rotliegend in time.

71




Figure B.4.Map of Top Rotliegend in depth .

Figure B.5. Map of Top Carboniferous in time.
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Figure B.6. Map of Top Carboniferous in depth.

Figure B.7.Map of Top Rijnland Group in time.
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Figure B.8. Map of Top Rijnland Group in depth.

Figure B.9. Map of Top Chalk Group in time.
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Figure B.10.Map of Top Chalk Group in depth.

Figure B.11.Map of Top North Sea Group in time.
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Figure B.12.Map of Top North Sea Group in depth.
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