TNO report

TNO-034-UT-2010-0223

Reconstruction of burial history, temperature, source
rock maturity and hydrocarbon generation for the
NCP-2D area, Dutch Offshore

Date December 2012
Author(s) R. Abdul Fattah
J.M. Verweij
N. Witman:
Number of jages 72
Projectname 4DMod
Projectnumber 034.22774/01

All rights reserved.

No part of this publication may be reproduced angidlished by print, photoprint, microfilm

or any other means without the previous writtenseo of TNO.

Princetonlaan 6
P.O. Box 80015
3508 TA Utrecht
The Netherlands

www.tno.nl

T +31 88 866 42 56
F +31 88 866 44 75
info-BenO@tno.nl

In case this report was drafted on instructions rights and obligations of contracting parties

are subject to either the Standard Conditions fseRrch Instructions given to TNO, or the
relevant agreement concluded between the contgagéirties. Submitting the report for

inspection to parties who have a direct interepeisnitted.

© 2012TNO



TNO report [TNO-034-UT-2010-0223 2174

Contents
1 INEFOAUCTION.....eeeeie ettt e e e e e e e s 3
1.1 Mapping of the deep subsurface of the Netherlaffdhae (NCP-2 project)............... 3
1.1.1 Definition of mapping areas in the Netherlands offsore..............ccccccciiiiiiiiiiiinnnnnns 3
1.1.2 Detailed mapping of the Platform areas............cccccviiiiiiiiiii s 3
1.2 Basin modelling in the Platform in the NCP-2D area..............ccccooe i 4
1.2.1 Geological setting of the StUAY @rea..........cccvvviiiiiiiiiiiiii e 7
1.2.2 Petroleum systems in the NCP-2D area..............uuuvvvuriiriimeeieeinieerreieeeeeeeeeseeseeaeeens 8
1.3 Basin modelling of the NCP-2D Area ..........uummmeeeeeeremmmeerreerrreeeererreeereerreeereeeean 9
2 Basin modelling: workflow, input data and boundary conditions................cc......... 10
2.1 Assumptions and conditions underlying the basinefiod) approach........................ 10
2.2 DAtADASE ... e 11
2.3 Basin modelling WOTrKfIOW................veeees e ereeee e 11
24 Input: Present-day gEOMELIY ........eviiiiir e meeene e e e e e e e 12
2.5 1T 01U ol = o] =T 1= R 16
2.6 [0 1S3 o o g1 o] | PP RPP TR 18
2.7 Boundary CONAItIONS ......ccovviiiiiiiiiiii e 18
2.8 Basin modelling: Default set-ups, calibration............cccccoevveiiiiiiis 21
3 Basal Heat Flow modelling: Input parameters and modlling results.................... 23
3.1 SeleCtion OFf WEIIS ... a e 23
3.1.1 Heat flow modelling Well ELO-02..........uuuuiiiiiiiiiiiiiiiiiiiiiiiiieiiiireeeee e seeesseessnenneanneas 24
3.1.2 Heat flow modelling Well KOL-02..........uuuuiiiiiiiiiiiiiiiiiiiiieiiieiieireeeee e seeesssesssesneseneas 28
4 Modelling results: burial history, temperature, maturity .........ccccccevvvvveeiiiiiieenieennn. 31
4.1 LU T 1] (] YRS 31
4.2 Thermal NiStOrY ... e e e e 34
4.3 History of maturity and hydrocarbon generation ... 37
5 DISCUSSION ...ttiiitieei ittt mrmet e e ekt e e e e s ek bbb e et e e e e s s mee e e e s s bbb beeeeeeeenana 42
6 CONCIUSIONS ...ttt ettt e e e e st e e e e e e s smmnne e e s nnbraeeeaaeas 50
7 REFEIEINCES ... . et e e e e e e e e e 53
8 ONAEIEKENING ..o ——————— 58
9 ANNEX <. e et e et e e e e e e e 59
1- Basin modelling parameters, default relations...........cccccvvvvvviiiiiiic e, 61
2- Heat flow modelling ParameEterS........ccceeeeirriiriiiiiiiiiiieiieiieeereeeereerereereeeee s s e e e s e e e ssaasaeanaaas 67
3 - CaliDration QALA...........veieiieei i cmmene et e e rme e e e e e e e e 69
Temperature and vitrinite reflectance data usediat Flow Calibration ............cccoevvvvieeeanes 69

Temperature and vitrinite reflectance data useddtibrating maturity models.................cee 71



TNO report [TNO-034-UT-2010-0223 3/74

1

Introduction

1.1 Mapping of the deep subsurface of the Netherlanddfshore (NCP-2
project)

The detailed mapping of seven offshore areas ohlétleerlands Continental Shelf was
initiated in late 2005 and will be finalised in ZD1t builds on and goes one step
beyond the previous regional mapping of the Ne#imel$ onshore and offshore. In 2004
the publication of the Geological Atlas of the Sutface of the Netherlands — onshore
rounded off the onshore regional mapping projedtafquick and dirty’ offshore
mapping (NCP-1 project) was completed in 2006 (@izthe http://www.nlog.nl; Duin

et al. 2006).

The main aim of the detailed mapping of seven sebsais to present a more
comprehensive model of the subsurface to futurecanent operators in the oil
industry and to governmental and non-governmemgadrasations for, amongst other
things, the spatial planning of the Dutch subsw@wfdte deliverables include:

- 3D geological framework (depth and thickness grids)
- Rock and fluid parameters (petrophysical parameier$, Vr) 3D burial histories
- Petroleum system analysis

All deliverables, such as maps, grids and graps pe downloaded at the
http://www.nlog.nl site. When applicable, reguladates will be made available on the
site.

1.1.1 Definition of mapping areas in the Netherlands offere

Based on consultation with the exploration depantef the oil companies operating
in the Netherlands it was decided to divide thesloffe area into seven sub-areas
(Figure 1). These areas more or less represertstal entities at the Late Jurassic to
Early Cretaceous times (Figure 2). One of theseasehs is the 2D area. Area 2D
includes the Cleaver Bank Platform and parts of $fileerpit Platform, Elbow spit
Platform, Step Graben and the western margin obtiteh Central Graben.

1.1.2 Detailed mapping of the Platform areas

The detailed mapping was focussed on the assesaitrd present-day stratigraphic
and structural framework of the sedimentary filtloé area as well as on the properties
of rocks and fluids it contains, such as reserponosities, pressures, salinities, source
rock maturity, characteristics of oil and gas.
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Figure 1:Major structural elements in the Netherlanalith the location of study area within the
NCP-2D area in the Dutch offshore. The structurdfisgs in the region in the Late Jurassic-
Early Cretaceous (Right).

1.2 Basin modelling in the Platform in the NCP-2D area

The NCP-2D area is dominated by platforms. Theeeashost part of the area borders
the western margins of the Central Graben and tiye Graben. The focus of this study
is on the platforms that dominate the NCP-2D aifeafocus is not the grabens. These
platforms include the Cleaver Bank Platform (CBiyve3pit Platform (SP) and the
Elbow Spit Platform (ESP).

This report presents results of 3D basin modekihthe burial history and the history
of temperature, source rock maturity and timinghgtirocarbon generation in the
offshore Netherlands from 320 Ma to present-day.

The platforms in the area form an important gaglpcong area in the Dutch offshore.
The gas fields are producing from Westphalian apged Rotliegend sandstones and
are charged from Westphalian coal seams and prplasb from pre-Westphalian

source rocks (De Jager & Geluk, 2007; Gerling et1l8B9). There is an increasing
interest in this area and especially in the sousck properties of the Westphalian and
pre-Westphalian units.

Based on geochemical analysis of gas samples,nGeeti al. (1999) suggest a mixed
source for the gases in the study area. The mgajofitthe gas originates from a

sapropelic marine source rock which might be thenll@d&an or Dinantian shales.

Terrestrial source rocks (the Westphalian Coal Messy have also contributed with a
lower degree to the gas accumulations in the area.
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Interest in the Namurian source rock and resewtmaracteristics is increasing because
of the — hitherto largely unknown - Namurian shgdes prospectivity in addition to its
role in explaining the occurrence of locally higltragen content in gas fields in the
area. The nitrogen content of the natural gas achations of the study area varies
from < 10 Mol% to very high values in the gas analations in the Carboniferous
reservoirs (> 80 Mol % in D block). The possiblegor of the nitrogen in the gas
accumulations in North Western Europe has beeresubf extensive studies for more
than 10 years (Gerling et al., 1997; Krooss etl&95, 2005, 2006; Littke et al., 1995;
Mingram et al., 2003, 2005 & Verweij, H., 2008). wever, the sources of the nitrogen
and the migration and accumulation processes #dréat very well understood. The
Namurian is thought to have contributed to a greatelesser extent to the nitrogen
charge of natural gas accumulations in the NethdsldDe Jager and Geluk, 2007). In
general, variations in nitrogen content might blatesl to variations in origin/source
rock types, as well as quality and maturity ofrseurocks (e.g. Kombrink et al., 2009).

The origin of the gas accumulations and the vagialittogen content in the study area
require more investigation into the temperature aradurity evolution as well as the
properties of the source rock units and their gpadriation.

We use basin modelling to reconstruct key elememtd processes important for
evaluating the gas systems. This includes buristohi (sedimentation and erosion
history), basal heat flow history as well as higtof temperature and source rock
maturity. The focus is on the Westphalian and pesiphalian (Namurian and
Dinantian) source rocks.

The results of the TNO mapping program provide & 88 stratigraphic model and

petrophysical properties which can be used in cegleh New boundary conditions are
applied which include new basal heat flow modeld an updated and refined paleo
surface water temperatures and paleo water deptbdel calibration data, such as
temperature and vitrinite reflectance, are usechfan updated in-house database.
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Figure 2: Tectonostratigraphic chart of the Cleagank High.
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1.2.1 Geological setting of the study area

Quirk (1993), De Mulder et al. (2003), TNO-NITG (@0, Duin et al. (2006) and
Wong et al. (2007) and references therein providetailed and extensive overview of
the regional geology and petroleum geology of tlehNrlands and the Cleaver Bank
Platform

The Cleaver Bank and the Silverpit platforms areated in the northern part of the
Dutch continental shelf of the North Sea and extewvel the D, E, K, and western L-
guadrants. The eastern margins of the platformgefired by a complex set of NW-SE
and N-S normal faults underlying the Zechstein .s#atportant phases of the
geodynamic history of the area include the Carleooifs and Saalian phase of uplift
and erosion, Late Permian-Triassic rifting phaséigl, and Late Kimmerian phases of
erosion and rifting, and the Subhercynian and Latarntectonic phases.

During the Early Carboniferous, the whole of thehéelands, including the study area,
was located in the foreland basin of the Variscagen (De Jager, 2007). The NCP-2D
area was affected by late-Variscan post-orogemimmésm in the Late Carboniferous.
This resulted in wrench faulting associated wittrusive and extrusive magmatism
(Ziegler, 1990). Indications for magmatic activitgtrusive) related to this phase have
been reported by Van Bergen & Sissingh (2007).Tdikgse of the Variscan orogeny,
at the Carboniferous-Permian transition, causemegthermal uplift and erosion of a
substantial part of the upper Carboniferous dep@Sialian erosion phase).

The uplift event was followed by thermal relaxatemd regional subsidence in the area.
The subsidence provided accommodation for sedinvetnitsh started to be deposited in
the large E-W trending Southern Permian Basin (Dealbal and Stevenson, 2010; Van
Wees et al.,, 2000). A thick package of eolian #odial sediments (Slochteren
Formation) and desert lake deposits (Silverpit Fdrom) of the Upper Rotliegend
Group was deposited in the Mid Permian. This wélsve@d by the deposition of Late
Permian evaporates, carbonates and clays of tHes#&sc Group in the study area.

The thermal subsidence was locally associatederstiidy area with minor extensional
tectonics during the Early Triassic. Extensionatdsics prevailed in the Late Triassic
and the Early Jurassic.

For long times, the platform areas were a demwsitentre, similar to the Mesozoic
extensional basins. In the Mid Jurassic, the the@eatral North Sea Dome developed
and led to the uplift of much of the Dutch offsharea (Ziegler, 1990a; De Jager,
2007). The uplift is attributed to a doming eveelated to the prevalent extension in
combination with a global fall in sea level. Durivid-Late Jurassic the regional uplift
caused widespread erosion in the platform areahen NCP-2D (Mid and Late
Kimmerian). The uplift varied in magnitude and iropaver the study area. The erosion
removed all evidence of Lower Jurassic and Uppé@sS$ic strata over the study area
(Quirk, 1993) in some places.

In Early Cretaceous times, the eustatic sea l®@sd.rThe area was gradually inundated
and deposition of siliciclastic sediments took pladkegional thermal subsidence
associated with sea level rise prevailed duringelL&retaceous. This lead to the
deposition of the thick Chalk Group in the areaeTpresent thickness of Chalk
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succession varies over the area increasing soutlsvildre relatively thick Cretaceous
formations lay unconformably on the Zechstein fdiores.

Tertiary and Quaternary sediments unconformablerlievehe Chalk. Another
unconformity is observed in the middle of the Cemozsection corresponding to the
base of the Miocene.

1.2.2 Petroleum systems in the NCP-2D area

Figure 3 shows the distribution of the gas fieldghie area. Analysis of gas samples
shows that the produced gas is a mixture of wetdapdyas. The majority of the gas is
generated from marine organic material (could @ Namurian or Dinantian shales).
Westphalian Coal Measures is the source rock ess percentage of the gases in the
reservoirs in the area (Gerling et al., 1999). kenmore, gas samples from the study
area show relatively high content of nitrogen.

The gas is reservoired in the sandstone units efUpper Rotliegend Group and the
Limburg Group. Carboniferous reservoirs are maimlythe Westphalian A and B
(Botney Mbr) and Westphalian C and D (Hospital Gib&m) (Figure. 2).

The fields are concentrated in the Northern K aadtli®ern D and E quadrants at depth
around 3,500 to 4,000 m. Westphalian sandstonéseirCleaver Bank Platform were
deposited by fluvial systems from northern soureewl their reservoir quality
deteriorates toward the south (De Jager and Ge(k7). Rotliegend reservoirs (from
the Slochteren Formation) are located in D and &dgants in the southern sector of the
Cleaver Bank Platform. To the north, the Slochtesandstones shale out into the
Silverpit Formation. In the northern K blocks andjagent areas, the shaly Silverpit
Formation provides a seal for the underlying b&athteren sandstone (De Jager and
Geluk, 2007).

The main seal in the area is the Zechstein evaporiits that cover large parts of the
area. Clays and evaporites of the Silverpit Foromatinter-Westphalian shales and
faults provide sealing as well (De Jager and Get0l7).

The main source rocks in the area are the Coal Mesa®f the Carboniferous Limburg
Group. In addition to the Westphalian Coal Measupes-Westphalian marine deposits
(Namurian and Dinantian) are thought to have cbuted to the gas accumulations.

Gerling et al. (1999) provides an overview of thele®zoic source rocks in the area
which includes the Dinantian, Namurian and Wesfphakediments. The Dinantian
source rock in the study area comprises deltaial bearing sediments of the Farne
Group. The total organic carbon (TOC) in the sedimés between 0.9 — 1.9 % and the
organic matter is of type Ill kerogen (Gerling bt 4999).

The Namurian source rocks in the area have sindkgositional settings as the
Dinantian. It consists of marine and deltaic sedit&nown as the Millstone Grit and
Epen formations. Most of the study area is undert?y Namurian marine shales.
Namurian shales may include good source rockypu tl kerogen (Gerling et al.,
1999).

The coal bearing source rocks of the Westphalianritéaand Klaverbank formations
are of kerogen type lll. The Klaverbank Formatiorihie study area is age equivalent to
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the Ruurlo and Baarlo formations in the southerd aastern offshore and onshore
Netherlands (Van Adrichem Boogaert & Kouwe, 199379

N
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® \Vell used in the study
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Figure 3: Map of the study area showing the disttibn of major gas fields and the
major structural units. The wells used in the stady indicated. Wells used for 1D
extractions used for burial history, temperaturelanaturity analysis are given the red
colour.

1.3 Basin modelling of the NCP-2D area

TNO uses 1D, 2D and 3D basin modelling (Petromodrsien 11, of IES-
Schlumberger) to integrate the wealth of data afmrmation gathered and mapped in
its detailed mapping programme of subareas of oftsshetherlands and to evaluate the
interdependencies of the different processes tffattarocks and fluids during its
geological history. Special attention is paid tmgasses and conditions affecting
hydrocarbon potential. Here we present selectadtsefsom a full 3D reconstruction of
the burial history, and the history of temperatwayrce rock maturity and timing of
hydrocarbon generation for the Carboniferous sowocks in the Platforms from 320
Ma to present-day.
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2 Basin modelling: workflow, input data and boundary
conditions

Basin modelling helps to understand the evolutibthe basin through time. Based on
the input and the initial model (see below), therfation and the evolution of a basin
are simulated. Basin modelling is also used to rmedegous properties of the layers
within the basin, such as porosity, temperaturessure thermal maturity.. etc. For
petroleum system analysis, basin modelling helpanderstand the evolution of the
petroleum systems through time. It is thereforeduseevaluate the prospectivity of the
basin. The history of maturity and hydrocarbon gatien is based on the evolution of
the thermal regime within the basin. This is redate the burial depth of the source
rocks and the thermal gradient within the basinsiBanodelling can also help in
predicting the migration paths and hydrocarbon axdations. For more information
on basin modelling the reader is referred to Hams& Kauerauf (2009), Allen &
Allen (2005) . A simple workflow describing the masteps in basin modelling is
presented below:

1- A litho-stratigraphic model of the basin is intragd. This includes thickness
layers and lithological properties of the maimfiations in the model. This can
also include the faults and their properties.

2- Properties of the main source rock units can hedniced if the purpose is to
evaluate the hydrocarbon generation. This incluttess,Total Organic Carbon
(TOC) content and the Hydrogen index, kerogen tgpe. The kinetics that
describe the generation and transformation of thgamc matter is also
defined.

3- Three main boundary conditions are introduced. &lae: a) basal heat flow
b) paleo water depth (PWD) c) the paleo surfaceemiaterface temperature
(SWIT). These are used to reconstruct the evolutibthe thermal gradient
within the basin at various stages. It also hatpsailculating the burial history
of the various layers within the basin. The basstHlow can be modelled
based on tectonic concepts and the evolution obésa.

4- It is necessary to calibrate the outcome of theehtlmeasured data, such as
temperature, vitrinite reflectance, porosity, pueesetc. For this reason,
introducing calibration data to the model and duationtrolling them is an
essential part of the work flow.

5- The results of the simulation are then comparesheéasured data (calibration
process). Depending on that, model parameters addfied and the simulation
is done again.

2.1 Assumptions and conditions underlying the basin maglling approach

Basin modelling deals with the computation of timaet evolution from an initial
geological model. The modelling requires an inistdte and general assumptions and
boundary conditions to be observed. We now listeggnassumptions and boundary
conditions inherent in basin modelling:
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Geological history:
o the model is laterally constrained: no horizontahpression or
extension of the basin fill is taken into account.
o vertical movement only (no lateral deformation lué sediments
in the model, except for salt movement, if consden the model)
0 salt movement has no direct relation to changegr@ss
0 compaction of the basin fill is vertical
0 compaction is mechanical according to a verticiatifve stress-
based rock property model
History pore water fluids:
0 density of pore water is constant
Thermal history:
o conductive heat flow

The basin modelling scenarios presented here aeglan a geological model without
faults and assumed open fluid flow boundaries diliteon to these general limiting
assumptions and conditions, default set-ups ofrtbdelling package influence
simulation results. Such default set-ups includawerelations between standard
lithologies and properties through compaction apphes, porosity-permeability
relations, thermal models, kinetic models; mixinges lithology. The selection of the
proper set-up is an important part of the basinetiod) workflow.

2.2 Database

The basic data requirements for the 3D modellinglire: present-day geometry
(stratigraphy; property/facies boundaries withiatgraphic units, fault geometries,
water depth); lithological properties (lithologicmposition of each stratigraphic unit
and eroded (part of ) unit and of each facies)ntjfied uninterrupted time-sequence of
events during geological history (3D history of issehtation, uplift and erosion;
estimated thickness of erosion; 3D history of wdegpth, basal heat flow, surface
temperature; timing of salt movement and faultwtgf; calibration data (such as
present-day temperatures, porosities, permeabijljtiessures, vitrinite reflectance
measurements).

The results of the recent detailed mapping of t&&NeD area provided the present-day
stratigraphic and structural framework of the seditary fill. Calibration data
(temperatures, porosities, permeabilities, presswiginite reflectance values) required
for the numerical modelling, are available fromiouse database.

2.3 Basin modelling workflow

The general workflow with respect to the full 3Dslamodelling of the study area
included the following steps:

1- Building 3D geological model. This includes reviegiand editing the input
depth maps for the different formations as wekstsiblishing initial scenarios
for erosion phases;

2- Selection proper Petromod default porosity-depth @orosity-permeability
relations;

3- Running 3D model for reconstructing burial history;
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4- Selection proper thermal conductivity model (usingasured temperature data
and published information on thermal conductivitiése default Sekiguchi
model of Petromod was selected;

5- Generating heat flow boundary conditions basechertectonic evolution of the
area and using the probabilistic modelling took&ftob;

6- Running 3D model for reconstructing the histonhgfirocarbon generation,
using the Pepper and Corvi (1989)_ Type llI-IV Fétin model for the
Carboniferous source rocks and, and final set ofcsrock parameters), in this
scenario no salt movement was introduced;

7- Evaluation simulation results for various scenarios

2.4 Input: Present-day geometry

The initial 3D stratigraphic model consists of &#graphic groups. These include the
Upper North Sea, Lower & Middle North Sea, ChalknRnd, Schieland and Scruff,
Altena, Upper Germanic Trias, Lower Germanic Tead Zechstein groups. New maps
are created and included in the model to achiewere detailed, comprehensive and
realistic model.

A Rotliegend thickness map is created and addétetonodel by interpolating between
present-day thicknesses from wells over the wh@®MeD area (Figure 4). The model
is extended below the Rotliegend Group by addind@aferous layers. The
Carboniferous section comprises five layers, tlep &raben, the Hospital Ground, the
Maurits, the Klaverbank and the Pre-Westphaliabasement, of 2000 m thickness, is
added to the bottom of the section. The modelfisgd with additional maps for the
Upper North Sea Group which is subdivided into & feyers; Quaternary, Pliocene
and Miocene. The final refined and extended 3D rhiodéudes 17 layers plus the
basement (Figure 5, Table 1).
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Figure 4: The wells used for to generate a thickmasp of the Rotliegend and the generated

map.

) o4

Figure 5: Present-day 3D geometrical model of thea®er Bank High.

The Carboniferous section in the model is constdibased on a subcrop map of the

Carboniferous formations (Figure. 6). The subcr@gpiis based on well and
biostratigraphic data (Kombrink et al., 2010). Bhea well data and stratigraphical and

palaeogeographical concepts, depositional thiclaselsave been assigned to the
formations. Depositional thicknesses of 300, 200 200 m are given to the Step
Graben, the Hospital Ground and the Maurits foromatirespectively. The Klaverbank
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Formation is given a depositional thickness thaiegbetween 1500 m in the south to
1000 m in the north of the study area (Figure 7).

% Study area

* Vel

Carboniferous formations

- Farne Grp
- Hospital Ground Fm

- Klaverbank Fm

- Maurits Fmi

- Millstone Grit Fm

- Step Graben Fm

Figure 6: Subcrop map of the Carboniferous formagionthe NCP-2D area
( modified after Kombrink et al., 2010).

The subcrop map shows that in the northern patteoftudy area the Namurian and
Westphalian succession (Millstone Grit Formatioaydbeen eroded. The Dinantian
Farne Group subcrops directly below the top Cafeomiis (Figure 6). The Namurian
and the Dinantian are given depositional thicknes$&00 m and 1000 m respectively.
Both layers are combined in the model in a singyel named the Pre-Westphalian
layer with a total depositional thickness of 1500Two lithofacies are assigned to the
Pre-Westphalian layer in the model. Most of the Wiestphalian is assigned a deep
marine facies which reflects the Namurian faciegshke northern part of the study area,
the Pre-Westphalian layer is assigned a more flavid deltaic facies. This reflects the
facies of the Dinantian Group (Gerling et al., 1988mbrink, 2008).
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Figure 7: Thickness maps of Carboniferous layersS#ep Graben, B: Hospital Ground, C:

Maurits, D: Klaverbank, E: Pre-Westphalian.
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Lithology: The assigned lithology for each of tteydrs is based on the generalized
description of the lithology of that formation-urdts described by Van Adrichem
Boogaert and Kouwe (1993-1997). Facies variatioestaken into account for three
layers; the Rotliegend, the Klaverbank and theWesphalian formations (Figure 8).
Based on well observations, facies maps are créatedlude lateral facies changes for
these formations (Table 1).

Table 1. Layers and assigned lithological compositissed in the model. Note the facies
assigned to the Rotliegend Group, the Kalverbankfation and the Namurian Formation.

Deposition Erosion Age .
Lithology
Layer Age [Ma] [Ma]
From To From To Facies
1 Quaternary 25 0 0 0 75% Shale_25% Sand
2 Pliocene 5.33 25 0 0 50% Shale_50% Sand
3 Miocene 20.1 5.33 0 0 50% Shale_50% Sand
4 g;gﬂ'; and Lower North Sea | 56 o 28 0 0 90% Shale_10% Sand
5 Chalk 99.1 61.7 0 0 100% Chalk
6 Rijnland Group 124 99.1 0 0 75% Shale_25% Silt
7 Schieland Group 153.87 140.7 0 0 75% Shale_25% Silt
8 Altena Group 203.7 173 173 170 75% Shale_25% Silt
9 g‘r’gf; Germanic Trias 2462 | 2037 | 170 165 75% Shale_25% Silt
10 é‘?‘é"f; Germanic Trais 251 2462 | 165 153.87 | 75% Shale_25% Silt
11 Zechstein Group 258 251 0 0 100% Salt
12 Rotliegend Group 263.99 258 0 0
Rotliegend Group- North | 263.99 258 0 0 90% Shale_10% Sand
Rotliegend Group- South | 263.99 258 0 0 95% Shale_5% Sand
Rotliegend Group- Middle | 263.99 258 0 0 80% Shale_50% Salt
13 Step Graben 308.7 307 305 300 50% Shale_50% Sand
14 Hospital Ground 311 308.7 300 290 50% Shale_50% Sand
15 Maurits Formation 312 311 |90 280 30% Shale_15% Sand 5%
16 Klaverbank Formation 315.3 312 80 D70
Klaverbank Formation-North | 315.3 312 280 270 80% Sand_20% Shale
0, 0, 0,
Klaverbank Formation-South | 315.3 312 280 270 43 YShale_25%6Sand_25%
Silt_2% Coal
Pre-Westphalian 326.5 315.3 0 0 60% Shale_40% Sand
Pre-Westphalian-South | o,5 5 | 3155 | o 0 60% Shale_40% Sand
(Namurian)
17 Pre-Westphalian -North [ o,0 o | 3955 [ o 0 50% Shale_50% Sand
(Dinantian)
18 Basement 340 326.5 0 0 Basement
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Figure 8: Facies distribution for the Rotliegendbgp and the Klaverbank Formation.

Source rock properties: The major source rock wafer in the model are the
Carboniferous Coal Measures of the Limburg GrougesE include the Klaverbank and
Maurits coal bearing formations. Both formations defined as source rock of kerogen
type lll. For the Klaverbank Formation, the propestvaried following the lateral facies
distribution in the area. The Pre-Westphalian lagedefined in the model as source
rock with two facies. Two source rock types aregmesd to the this layer to reflect the
two facies. The northern part of the layer, whdre Namurian is eroded and the
Dinantian subcrops, is defined as a source rotypef I1l. The rest of the layer is defied
a source rock type Il which represents the Namuiaares. The original TOC and Hl
values used in the modelling are estimated fromsonmea data from surrounding areas
in our in-house database and published sources @egding et al., 1999; Van Balen et
al., 2000; Pletsche et al., 2010). Source rock gntags of these intervals are shown in
table 2

Thermal properties: The thermal conductivity valder the lithologies were defined
based on a default thermal conductivity model @e&iguchi Model) (PetroMod 11,
IES Schlumberger). The radiogenic heat productocaiculated for the rock matrixes
for each of the lithologies. The calculation of tlagliogenic heat is based on assumed
default concentrations of certain minerals (Uranidrhorium and Potassium) in the
major lithological units. The Rybach equation isdi$o derive the heat production from
the concentrations of the minerals. For mixed liih@es, the heat production for
various lithological components was arithmeticalferaged.

Mechanical Compaction: For all major lithologiesdefault compaction model was
applied. The model is based on the Hydrostatic Attew Model where the porosity
versus depth curve is theoretical curve that assumdwydrostatic pressure and a
uniform lithological column. The solid rock is immpressible. Salt is impermeable (k =
107-16 mD).
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Table 2. Average source rock parameters used forlatmg timing of hydrocarbon generation.

Source rock Kerogentypg TOC Input BNHI input PM
(wt%) (mgHC/gTOC)

Maurits Type llI 4.0 200

Klaverbank-North | Type IlI 1.00 100

Klaverbank-South | Type llI 3.0 100

Pre- Westphalian Type Il 2.0 200

North

(Dinantian)

Pre-Westphalian | Type Il 2.0 200

South

(Namurian)

Pore water/formation water properties: In the mothe pore water is of constant
density that is the density of the water is indejgen of changes in temperature and
salinity. The water is incompressible.

2.6  Erosion Input

The geological evolution of the area includes the main phases of erosion, namely
the Saalian and the Mid-Kimmerian to Late-Kimmeriags well as additional periods of
non-deposition (Table 1). The amount of eroded ritis estimated for each erosional
period using regional and stratigraphic informatfimm well and seismic data.
Carboniferous deposits underwent strong uplift agmbsion during the Latest
Carboniferous and Early Permian (Saalian upliftpdional thicknesses are calculated
based on the subcrop map and the assumed depaksitimknesses (Figures 6).

The platforms in the NCP-2D area were again upliffering the Late Jurassic (Mid—
and Late Kimmerian erosion). The movement causegp derosion and complete
removal of the Lower to Middle Jurassic sedimergsnell as parts of the Triassic
sediments. The eroded thicknesses of the TriagglcJarassic layers are calculated
from assumed uniform depositional thickness. Ddjosll thicknesses are assumed
based on well data and regional stratigraphic tatioms.

The erosion maps of the Altena Group (AT), the UpBermanic Trias Group (RN)
and the Lower Germanic Trias Group (RB), are cated assuming depositional
thicknesses of 200 m, 400 m and 500 m respect{dyre. 9).

Boundary conditions

Paleo water depths: Detailed paleo water depth (PWddues were used in the
modelling. The PWD curve was compiled based omalitee research for some time
intervals as well as detailed investigation by @eobiology department at TNO for
some specific intervals. The paleo water deptheva#iowed to vary in time but were
kept constant over the entire area at a certaia fifigure 10).
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Figure 9: Erosion maps of the main eroded unitshim $tudy area as introduced to the model.
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Figure 10: Detailed Paleo Water Depth curve basedaocombination of published data and
Geobiologic analysis.

Paleo surface temperature: The paleo surface tatuperat the sediment water
interface was calculated with an integrated Petobtaml that takes into account the
paleo water depth and the evolution of ocean serfenperatures through time
depending on paleolatitude of the area. For thdiafgrand Quaternary history of
SWIT's more detailed temperature boundary condstiowere reconstructed.
The temperatures at a certain time are kept conetzer the entire area (Figure 11)
(Verwij at al., 2010).

SW1-Temperature, Well 0102

Dewonian Carhoniferous (retacenls Peleogene lecigne
9 Pern. [ Clsurelen ] | 0 dr [ Lovwer Cretaceous | U0 P Eucene JOL ] M. |
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Figure 11: Detailed Paleo Surface Water Interfacenperature curve based on a combination
of published data and Geobioligic analysis.

Paleo basal heat flow: Basal heat flow was modadlethe area using the in-house
developed 1D tectonic heat flow modelling tool BBtob. The tool uses the
sedimentation, uplift and erosion history for seglells to predict the evolution of the
basal heat flow in that well. PetroProb takes extoount the tectonic evolution of the
basin and requires a user-defined model of thedjthere. Uncertainties in the input
parameters are taken into account during the adlons and as a result the modelled
heat flows are expressed in a probabilistic waye fodels are calibrated to measured
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temperatures and vitrinite reflectance data fromilell and the heat flow model that
gives the best fit is selected (Van Wees et aD920

Based on the stratigraphy of the area, two wellewgelected for heat flow modelling.
Well E10-02 was used to model the heat flow inrtbghern part of the NCP-2D area
and well K01-02 was used to model the heat flowthie southern part of the area
(Figure 12). More details about the modelling theesdd heat flow and the applied
parameters are presented in chapter 3.

o ES

Figure 12: Basal heat flow used in modelling theaaréwo wells were used to calculates the
tectonic heat flow, E10-02 for the northern partlaf01-02 for the southern part.

2.8 Basin modelling: Default set-ups, calibration

The PetroMod programme provides an extensive $uiefault set-ups. Default set-ups
that are used in the simulations concern the flitppland mixed lithology and their
associated default properties. These include tHewuaductivity, radiogenic heat
production, heat capacity as well as default meichhrcompaction equations and
default porosity-permeability relations.

The thermal conductivity values of the lithologiase defined based on a default
thermal conductivity model (the Sekiguchi Modelt®®od 11). The radiogenic heat
production is calculated for the rock matricesdach of the lithologies. For all major
lithologies, a default compaction model is appli€tle compaction model is based on
the Hydrostatic Athy’s law Model where the porosigrsus depth curve is theoretical
curve that assumes a hydrostatic pressure andf@nariithological column (Annex 1
provides more detailed information).

Measured porosities and permeabilities provided lihsis for selecting the proper
compaction and porosity-permeability relations. Blead present day temperature and
vitrinite reflectance data are used to calibrateP and later the 3D input model.
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The maturity modelling is based on the SweeneyBumthham (1990) kinetic model.
The calculations of the transformation ratios foe fissigned source rock intervals are
based on the Pepper and Corvi (1995) TIl and Tydrbcarbon generation kinetics.
The implemented generation kinetics depends orfaties assigned. The Pepper and
Corvi (1995) TII kinetics is used for the southeand central part of the Base
Carboniferous layer (the Namurian facies) The Peppd Corvi (1995) Tlll is used for
the Westphalian formations (Maurits, Klaverbankyl dhe northern part of the Base
Carboniferous layer (the Dinantian facies).

The input geological model is without faults anduases open fluid flow boundaries.
The 3D simulations of temperature and maturity ame assuming hydrostatic
conditions and only conductive heat flow is assumetthie model. Salt movement and,
as a consequence, the thermal effect relatedaceinot considered in the modelling.
The present-day thickness of the Zechstein Formadtiothe platform area does not
indicate strong salt tectonics during the evolutibthe basin.
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3 Basal Heat Flow modelling: Input parameters and
modelling results

Basal heat flow is an essential boundary condit@nmaturity modelling. Usually a
constant heat flow is used as an input where desivajue is assumed for the whole
basin and during the development history of therbd3NO, however, uses a modelling
tool (PetroProb) to calculate the basal heat flased on the tectonic evolution of the
basin. The modelling result is a heat flow modeit tharies over time expressed in a
probabilistic way that takes the uncertaintieshimm inputs into account.

Although PetroProb is able to generate basal featrhaps, single wells are often used
as inputs and the resulting heat flow models atmliys used for the whole modelling
area. For the NCP-2D area however, we use two wellmodel the heat flow in the
area. The areas are then divided into two areastl@ndasal heat flow models are
assigned to each of them.

3.1 Selection of wells

Judging from the stratigraphy of the area, it wasided to model two wells for heat
flow instead of only one. A cross section in theaashows that in southern part of the
area (where well KO1-02 is located) the Chalk Grzughicker than in the northern part
of the area (where well E10-02 is located). Morepwdile the Lower Germanic Trias
Group is totally absent in the southern part ofdhes, its thickness increases towards
the north (Figure 13).

Such a pronounced difference in the stratigraphyéen these areas would have an
important effect on the burial history and the ¢@at subsidence of the areas and thus
on the evolution of the basal heat flow (Figure. I3)e selection of the wells K01-02
and E10-02 was based on several criteria, sucthasdepth of the well, absence of
faults and the availability and the quality of badition data such as measured
temperature and vitrinite reflectance.
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Figure 13: Cross section though the study areanshg the stratigraphical variations that led to
our well selection for heat flow modelling (Top)€eTburial history of the selected wells is shown
(Below).

3.1.1 Heat flow modelling Well E10-02

- Input Data

A more refined and detailed stratigraphy was usedhie 1 D heat flow modelling than
in the 3D maturity modelling. The well penetrates Rotliegend (RO) Group as well as
the Carboniferous and the thicknesses used in theltimg are the observed ones
(Figure 14). As in the 3D modelling, two major eaws phases are introduced, the
Saalian phase which removed the upper part of drbddiferous, and the Mid —Late
Kimmerian phase that eroded the Jurassic and ghelyriassic (Figure 14).
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Depo. | Depo. | Eroded | Eroded

Layer Eﬁ E[?ns]e T?'\n:]k Erg:]ad o P from o Lithology
[Ma] [Ma] [Ma] [Ma]
HUMS 30 343 313 2.5 0.00 Sand/Shale_75
NUOT 343 496 153 5.33 2.58 Sand/Shale_75
NUBA 436 511 15 20,43 14.80 Sand/Shale_75
NM 511 572 61 38.80 30.40 Sand/shale_75
NLFFB 572 506 34 47 20 Shale (typical)_L
NLFFM 606 658 52 47.30 44.70 Shale Marl_50
NLFFY 658 172 514 50.00 47.30 Shale (typical)_L
NLFFT 1172 1186 14 56.50 50.00 Shale/Tuff_50
NLLFC 1185 1224 3 60.50 56,50 Shale (typical)_1
CKGR 1224 1782 558 92.90 61.70 Chalk (typical)
CKTX 1782 1823 41 99.10 92.90 Chalk/Marl_75
KNGLU 1823 1851 = 10480 8.0 Marl_100
KNGLM 1851 1866 14 112.90 104.80 Shale (typical)_1
HNGLL 1865 1873 14 121.80| 11290 Mer/Shale_75
KNNCM 1879 1891 12 124.00 121.80 Marl/shale_75
KNNCK 1891 1927 ES 13000 12430 Mer|/Shale_75
o 1 1954 13200 13000 Mad/Shala
AT-erosion 1954 1954 0 00| 20360 16340 158.00 15400 Marl/Shale_75
RN-erosion 1954 1954 o 900 246.20 203.60 154.00 141.00 Marl/shale_75
RE-erosion 1954 1954 0 100| 24760 247.00| 14L00| 13600 Marl/Shale_75
RBMDL 1954 1969 15 247.80 247.60 Sand/Shale_75
RBMVC 1969 1992 23 243.60 247.80 Shale/Silt/Sand_33/33/34
REMVL 1992 2050 53 24500 248,60 Sandstonz_100
RESHR 2050 2263 213 250.00 249.00 Shale /Silt/Lime_50/25/25
RESHM 2263 2431 163 25L00|  250.00 Shale/Sit_75
ZEUC 2431 2435 5 251.60 251.00 Shale (typical)_1
ZEZR 243 2440 4 25280 25260 SnalefAnhy_75
ZESAL 2440 3552 1112 255.70 252,80 Salt/shale/Dolo_85/10/5
ZEZC 3552 3564 12 28640 25570 Lime/Dalo_75
ZEZ1A 3564 3590 26 257.40 257.20 Anhydrite_100
ZEZIC 3590 3594 4 25750 25740 Limestone_100
ZEZIK 3594 3585 1 258.00 257.80 Shale (typical)_1
ROCLU 3595 3703 108 259.00 258.00 Shale/Silt_50
ROCIE 70, 174 1731 265,00 252,00 ilt/Shals 1 h 0/30/20/20
DC-erosion 3874 3874 o 400 311.00 290,00 290,00 280.00 Silt/Shale fSalt/anhy_30/30/20/20
DCCU 374 3353 7 312.30] 31L00 Shale/Sand/Caal_B0/15/5
DCCKB 3953 4297 344 313.10 312,30 Shale,/Silt/Sand Coal_48/25/25/02
DCCKM 4297 4380 a3 31400  313.10 Shale/Sand/Caal_78/20/2
Basement 4380 4500 120 500.00 314.00 BASEMENT

Figure 14: The stratigraphy and litholgoy used aput for modelling heat flow in well E10-02.
The major erosion phases are indicated in the racthés.

For the 1D heat flow modelling we assumed an eradigger Carboniferous of 400 m.
For the Altena (AT), we assumed an eroded thickmés200 m and for the Upper
Germanic Trias (RN) and Lower Germanic Trias (RB) 9n and 100 m respectively.
The erosion values were chosen so that the modedeatiflow would give the best fit
with the measured values of temperature and \igrir@flectance. The assumed erosion
values at this stage are based on the refined awmdiletli models
on basal heat flow modelling. This means that tledues are subject to more
constraining and refinement later when the 3D nitgtanodel is constructed and when
more wells in the area are used for calibrating3tbenodel (see below).

The paleo water depth values used in heat flow tndeare based on the latest data
available from the TNO Geobiology department in bamation with published data
(Figure 15). The sediment water interface tempeeatSWIT) are also based on the
latest analyses by the Geobiology department ak agepublished data (Figure 13).
These data were derived from surface water interfamperatures that were corrected
for paleo water depths. For heat flow modellinge tBurface Water Interface
Temperature (SWIT) and the Paleo Water Depth (P\tfB) were used as inputs in
PetroProb were slightly modified so that it is detent with the age inputs in
PetroProb. This included using only discrete gretsic time intervals from the details
curves for PWD and SWIT that coincide with the ihpges for the wells.



TNO report [TNO-034-UT-2010-0223 26/74

Pales Water Depth, Well E10.02

100

Depth [m]

200

300

Time [Ma] BIES

SWI-Temperature, Well-E10-02

Temperature [*C]

300 200 100

a
Time [Mal BIES

Figure 15: Paleo water depth values (top) and sedimeater interface temperature (below)
used for heat flow modelling in Well E10-02 in P&mab. The data here are plotted in
PetroMod for illustration purposes.

Other parameters used in PetroProb for heat flowdettiog in this well, such as
decompaction parameters, sediment thermal parasndittosphere parameters, are
shown in Annex 2 .

One of the most important parameters in basalft@atmodelling is the initial tectonic
model that describes the major tectonic eventss rtput defines the major phases of
tectonic stretching and allows the user to quartkié/stretching magnitude for both the
crust (a) as well as the upper mantel (b). Thisval PetroProb to constrain the
inversion of the tectonic subsidence curve whiatkeisved from the backstripped burial
history. A variety of tectonic scenarios can beluded in order to describe the tectonic
history of the basin. The tectonic steps introduceBetroProb to describe this well and
therefore calculate the heat flow are shown in Arihe

Major tectonic activities and events implementedhia model included both uplift and
erosion phases during the Saalian which is defired 290 Ma to 280 Ma, and the
Mid and Late Kimmerian defined from 158 Ma to 13@&.M he first erosion phase was
identified as a thermal uplifting event followed bythermal relaxation that provided
accommodation for the sediments later. This pim#®ught to be related to the Early
Permian regional thermal uplift. Therefore, we a@dapnon-uniform tectonic model
where the sub-crustal lithosphere undergoes moeteking than the crustal lithosphere
which remains stable. This is expressed in PetimR(a) = 1 and (b) = free (see
Annex 2).

For the Mid-Late Kimmerian phase, we chose a simtéatonic model where thermal
doming is assumed. However, the regional tectoetiings that prevailed during Mid
Jurassic forces were different from that dominatedng the Early Permian. The Early
Permian thermal uplift is though not to be assedatith any substantial regional
stretching and the crust did not undergo and nsijetching (Van Wees et al., 2000) .
For this reason the crust’s stretching factor vedsegual to 1. In the Jurassic however,
the general regional setting was extensional amdttibrmal doming was most likely
associated (or immediately followed) by a crustktshing. Based on that, it is
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possible to assume that during the Mid-Late Kimamemevent stretching took place in

the crustal as well as the sub-crustal lithosph8nece thermal uplift dominated and

some volcanism associated with this event wasaiserved we assumed that the sub-
crustal stretching factor was more dominant and thas a higher value. This would be
translated in our modelling as a model where (aptsfree” (varies independently) and

(b) is set to a value that is higher than 1. Theaathge of such a mode is that it counts
for a crustal stretching (extensional settingsival as a thermal uplift and underplating

that results in erosion at the same time.

For the sake of simplicity, we adopted a model whibe crustal stretching (a) is set
constant to 1, and the sub-crustal stretchingtisfi®”. This is expressed in PetroProb

as a) = 1 and (b) = free (see Annex 2). Some tegteta that were carried out to

evaluate and compare different modelling parameteticated that the resulted heat
flow for this case would not vary dramatically whemme extensional component for

the crust is incorporated in the model.

- Modelled Basement Heat Flow Well E10-02

The modelled heat flows were calibrated with terapee and vitrinite reflectance data
(see Annex 3 ). The modelled tectonic heat flowhigrwell is shown in figure 16. The
figure shows a good fit between the observed técsubsidence and the modelled one.
The calibration results of this well using the miteteheat flow are shown in figure 15.
The comparison between the modelled temperaturésviainite reflectance and the
measured data shows a good fit. Further adjustnoentse erosion amounts for even a
better fit can be done on a larger scale when Ehen8del for the whole area is created.
For the purpose of generating heat flow models evesicler this fit is an acceptable one
and the effect of the erosion load will be discdss&en the 3D model is established.
The resulted basal heat flow was used for the whofthern part of the NCP-2D area.
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Figure 16: Basement heat flow modelled in PetroProt ealibrated with measured data (Well
10-02). Both observed and modelled tectonic subs&lare also shown.
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Figure 17: Results of calibration between calcuthfeemperature (Left) and Maturity (Right)
and measured data (Well E10-02).

The modelled heat flow at this well shows two méjeat flow peaks that are associated
with the major erosion phases. Since the erosiasgg are defined in the model as
uplift events associated with thermal uplift, a ondpeat flow peak is observed during
these phases. The heat peak observed at theses hast only related to the amount
of erosion, but also to the depth of the magmatémg the thickness of the underplating
as well as its temperature. In this well, the cal@d present-day heat flow is about 68
mwW/m2, while the highest peak is reached duringMiigt Kimmerian phase when the
heat flow reached a value of around 76 mW/m2.

3.1.2 Heat flow modelling Well KO1-02

- Input Data

A more detailed stratigraphy was used for the 1Bt flew modelling compared with
the one used in the 3D maturity modelling. Both tRetliegend (RO) and the
Carboniferous (DC) are penetrated in the well. fifieknesses used in the modelling
are the observed ones (Figure 16). As in the 3Detflind, two major erosion phases
are introduced, the Saalian phase which removedpper part of the Carboniferous,
and the Mid-Late Kimmerian phase that eroded thasdic and partly the Triassic
(Figure 18).

For the 1D heat flow modelling in this wells we @s®d an eroded Upper
Carboniferous of 400 m. For the Altena (AT), weuasssd 200 m and 900 m and 500 m
for the Upper Germanic Trias (RN) and Lower Gerroalvias (RB) respectively. The
erosion values were chosen so that the modelledflogawould give the best fit with
the measured temperatures and vitrinite reflectafice assumed erosion values at this
stage are based on the refined and detailed magielsasal heat flow modelling. This
means that the values are subject to more conistgaamd refinement later when the 3D
maturity model is constructed and when more wallthe area are used for calibrating
the 3D model (see below).
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Depo. | Depo. | Eraded | Eroded

Layer '[;? E[ar:]a 'rr[ﬁa Er[nmd]ed om Pl o e Lithology
[Ma] Ma] [Ma] [Ma]
NUMS 30 250 220 2.59 0.00 Sand/Shale_s0
NUOT 250 450 200 5.33 2.59 Sand/Shale_s0
HUBA 450 556 106 24.00 5.33 Sand/Shale_50
M 556 636 80 35.40 24,00 SandjShale_50
NLFFB 636 676 40 42.00 37.50 Shale_LOw Radio_Nor_1
NLFFM 676 734 58 50.00 42.00 Shale/Marl_50
NLFFY 734 1281 547 54,00 50.00 Shale_LOw Radio_Ner_1
NLFFT 1281 1304 23 55.10 54.00 Shale_LOw Radio_Nor_1
HLLFC 1304 1356 52 60.50 56.50 Shale_LOw Radio_Nor_1
CKEK. 1356 1405 ES 65.00 60.50 Limestone_100
CKGR 1405 2664 1259 90.40 65.00 Limestone_100
CKTX %664 2709 45 97.00 90.40 LimeMarl_75
KNGLU 2708 2730 21 104.80 99.10 Marl_100
KNGLM 2730 2744 14 112,90 104.80 Shale (typical)_1
KNGLL 2744 2750 5 121.80|  112.80 WMarlfShale_75
KNNC 2750 2874 124 138.60 130.00 shale (typical)_1
\OSE 2574 2852 PP dctone_100
AT-erosion b 2882 i 00| 20350 16340 158.00| 15400 Sandstone_100
RN-grosion 2832 2882 0 900| 24500| 21360 15400 14500 Sandstone_100
RB-grosion 2832 2882 0 S00| 25L00| 24720  145.00( 14000 Sandstone_100
ZECP 2832 2889 7 25250| 25200 Anhy/Shale_S0
ZEZR 2889 2904 15 252.80 252.60 Shalefanhy_75
ZEZH 2904 2937 33 25400 25280 Salt_100
ZEZ3A 2937 2984 47 25410 25400 Anhy/Dolo/Shale_80/10/10
ZEZ3C 2034 2986 2 25430 25410 Dolomite_100
736 2986 287 1 /450 25430 Shale (typical)_1
ZEZIT 2987 2989 2 254.60 254.50 Anhydrite_100
ZEZ2H 2989 3352 354 255.80 254.60 Salt_100
ZEZ2A 3352 3356 3 25570 25550 Anhydrite_100
ZET2C 3356 3365 9 256,40 25570 Lime/Dolo_75
EZIW 3365 3381 16 25740 256.40 Anhydrite_100
EZIC 331 3330 3 25780  257.40 Limestone_100
ZEZIK 3390 3391 o 258.00 257.80 Shale (typical)_1
ROCL 91 3829 239 26750 253,00 hale/Sand 75
DeErosion 3629 3529 i 400 31100| 290.00| 29000 280,00 Shale/Sand_75
DCCU 3629 3852 223 31230 31100 Shale /Sand/Coal_80/15/5
DCCKB 3852 4253 411 31310 31230 Shale/Sit/Sand/Coal_48/25/25/02
DCCKM 4263 4551 288 314.00 313.10 shale/sand/Coal_78/20/2
Basement 4551 5000 449 500.00 314.00 BASEMENT
500.00

Figure 18: The stratigraphy and lithology used aptit for modelling heat flow in well KO1-02.
The major erosion phases are indicated in the rachés.

The paleo water depth values and the sediment vimttenface temperatures (SWIT)
used in heat flow modelling are similar to thosedis the previous well (Figure 15).
Other parameters used in PetroProb for heat flowdettiog in this well, such as
decompaction parameters, sediment thermal parasndittosphere parameters, are
shown in Annex 2 . The tectonic model used for lileat calculation is similar to the
one used in the previous well (see above).

- Modelled Basement Heat Flow Well KO1-02

The modelled heat flows were calibrated to tempeeats well as vitrinite data (see
Annex 3). The modelled tectonic heat flow for higllwis shown in figure 19. The
figure shows a good fit is achieved between theedesl tectonic subsidence and the
modelled one. The calibration results of this weling the modelled heat flow are
shown in figure 19. The comparison between the fexdigemperatures and the
measured data shows a relatively good fit. The fedesitrinite reflectance trend
using this heat flow however results in higher ealthan the measured data. The trend
of the modelled vitrinite reflectance is howevemigar to that of the measured data.
Using different erosion amounts can have effect tha fitting of the vitrinite
reflectance. Different erosion scenarios will becdssed when the 3D maturity model
is calculated and the vitrinite reflectance datd then be compared to the modelled
values. The modelled temperature data show a goedtl the measurements in this
well. The resulted basal heat flow was used fomthele southern part of the NCP-2D
area.
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Figure 19: Basement heat flow modelled in PetroProd ealibrated with measured data at well
K01-02 . Both observed and modelled tectonic subsilare also shown.

Depth [m]

1000

2000

3000

4000

5000

Temperature, Well-K01.02

Temperaturs [*C]
o 50 100 150
L L L

200

==

w
\

L\

MLFFY

CHEK

CHGR

KMNC
ZEZ2T
ZEZ2H

ZEETWY
ROGL

ooy

DCCHE

DCCKM

Depth [m]

1000

2000

3000

4000

5000

Maturity, Well-K0102

Wirinite Reflectance [%Ra]
05 1 15
L L

2253
Ll

HLFFY

N\

CHEK

CHGR

KMNNC

ZEZ2T
TEFZH
TEF2C

ROCL

DCCy

DCCKB

DCCKM

Basement

Figure 20: Results of calibration between calcuthtemperature (left) and maturity (right) and
measured data using the modelled heat flow at welt8® While a good fit is achieved for the
temperature, the vitrinite data seem to be diffitwilfit.

The modelled heat flow at well KO1-02 shows two ondjeat flow peak that are

associated and related to the major erosion phdses.major heat flow peaks are
observed during these thermal uplift phases. Tla¢ eak observed is not only related
to the amount of erosion, but also to the deptthefmagmatic event, the thickness of
the under plating as well as its temperature. is Well, the present day heat flow is
about 55 mW/m2, while the highest peak is reachgthg the Mid Kimmerian phase
when the heat flow reached a value of around 70 m\/

The modelled heat flow in this well is remarkaldyvker than that in well E10-02 in the
northern part of the area (Figure 16). The diffeemnbetween both wells i

s attributed to the differences in the lithostnaghic columns in both wells as well as
the tectonic evolution of both wells.
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4 Modelling results: burial history, temperature, ordy

The simulations of the temperature and heat flostony started with a thermal model
that is based on the default Petromod lithologstesl thermal conductivities

(Sekiguchi model), heat capacities and radiogeeat production. Basal heat flow was
modelled in two wells in the area and was usedo#®in boundary condition (chapter
3). Basin assumptions for the modelling includedozéeat flow across lateral

boundaries, a transient heat flow through the sedisy and the history of sediment
water interface temperatures. Note that Petrommdlations do not take the influence
of fluid flow on thermal conditions in the basirtaraccount.

Present-day temperatures and vitrinite reflectameasurements were available for
calibration purposes (see below).

Data from nine wells are used for calibrating ol fodels (Table 3). The data
(temperature and/or vitrinite reflectance) are carad to the modelled data at the
location of the well in the 3D model. The caliboatidata of some of these wells are
listed in Annex 3.

Table 3: List of wells used for calibrating the 3Dadel.

Surface Surface Bottom-Hole Bottom-Hole B Sia;jt Total Drill True
Well Name ¥-Coordinate ‘¥-Coordinate ¥-Coordinate ‘¥-Coordinate (K;‘:: [;’:} Depth Vertical Depth
[m] [m] [m] [m] mi [m] [m]

D12-04 496579 6033580 496579 6033580 34 3914 3914
D15-03 496215 6019812 496215 6015812 35 4017 4016
E02-02] 523748 6088759 523748 6088759 35 2647 2647
E10-02] 507283 6024417 507283 6024417 41 4386 4386
E13-01-52] 509007 6016047 509007 6016047 47 4277 4266
K01-02| 513888 5973416 513888 5973416 30 4586 4586
K03-02] 549383 5965944 549383 5965544 39 4445 4443
K04-02] 503321 5955721 503321 5955721 27 2580 2580
K04-03 506743 5952035 506743 5952035 41 3980 3980

4.1  Burial history

The burial history, as well as temperature and ritgthistory, in the NCP-2D area are
discussed using representative 1D extractionsef3ih model at the location of three
wells; E10-02 located on the Silverpit Platform,|lw€01-02 located on the Cleaver
Bank Platform, well E02-02 located in the northpamt of the study area and within the
Elbow Spit Platform (ESP; Figure 21).

The burial histories (Figure 22) show two phasesapid subsidence and sedimentation
in the three platforms during the Late Carboniferand Late Permian-Early Triassic (~
270-245 Ma). Two uplift phases are also observeth@nburial history of the wells
during the Early Permian and Mid-Late Jurassic (A0-150 Ma; the Mid-Late
Kimmerian phase). The area remains uplifted duthng Late Jurassic till the Early
Cretaceous and starts to subside gently duringMite Cretaceous. These burial
histories are generally in agreement with thosetloér Dutch Platforms in the offshore
(e.g., De Jager, 2003, 2007; Verweij et al., 2010).

The burial histories show that the area has reanfeedmum burial at present day. The
northern Elbow Spit Platform has undergone lessabithan the rest of the area
(Cleaver Bank Platform and Silverpit Platform; wieb2-02; Figure 8). In the northern
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and central parts of the study area, Carbonifesousce rocks reached a burial depth
during the Mid Jurassic that is close to their presiay burial depth (Figure 22).
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Figure 21: Map of the study area showing the lomatof the wells used in the study and the
major structural units. Wells and 1D extractions difer burial history, temperature and
maturity analysis are given the blue colour. The roaprlies the depth map of the top of the
Basement. Study area is delimited by dashed line.
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Figure 22: The burial history of three 1D extract®rfrom the 3D model. Location of the
extractions is indicated in figure 21
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4.2 Thermal history

Modelled present-day temperatures in the wells @10and K01-02, using the
boundary conditions (Figures 10, 11, 16 & 19), shawgood fit with measured
temperatures (Figure 23). Figure 24 shows the nediéémperature evolution of the
source rock intervals in the location of the tht®eextractions from the 3D simulation.

The simulation shows lower temperatures in thehsornt part of the study area (well
E02-02) compared to well KO1-02 and E10-02 (Figuzd). The model shows two
major heating peaks at well E10-02 and well KO1-DRe first maximum temperature
in the Carboniferous units was reached during tlelyEJurassic (prior to the
Kimmerian uplift phase). The Pre-Westphalian lagached a temperature higher than
200 °C and the temperature of the overlying Carfeomis Klaverbank and Maurits
Formations ranged between 120 °C to 160 °C. Dutirgy Late Jurassic and Early
Cretaceous, the temperatures of the formationsedeed as a result of the Kimmerian
uplift. The second high temperature phase is rehdiepresent-day in the entire
platform area. The present-day temperatures ilNg#raurian peak around 200 °C while
they vary between 130 °C to 170 °C in the Klavekband Maurits Formations (Figure
24).

In well E02-02, the temperature of the Pre-Wesiphdhyer varied between 110 °C to
130 °C during the Late Jurassic-Early Cretaceous arpresent-day. The simulation
results indicate an additional temperature pealnduhe Late Carboniferous. The layer
reached a temperature of around 130 °C prior toSéalian uplift and erosion phase
(Figure 24).

In general, burial histories show a direct relagltip between the burial depth of the
formations and their temperatures. The maximum &ratpres are reached when the
layers are at deepest burial. Hence, modelled maxitemperatures are not related to
the peaks in basal heat flow that occur during Mid-late Kimmerian uplift and
erosion phase (Figures 16, 19). However, duringMiecene time, an increase in the
temperature is observed that is even higher thasept-day temperature. This
coincides with the Miocene increase of surface tmatpire (Figure 11) and the slightly
increasing basal heat flow ( Figures 16, 19).
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4.3 History of maturity and hydrocarbon generation

PetroMod calculates maturity indicators such asnitié reflectance values (according
to Sweeney and Burnham 1990) and transformatiaa. retitrinite reflectance values

are calculated for all stratigraphic units. Thensfarmation ratio is the ratio of

generated petroleum to the original petroleum @dakrnn a source rock. The

transformation ratio provides information on thmitig of hydrocarbon generation and
is calculated for the source rock units. The caldoh of the transformation ratios is
based on the Pepper and Corvi (1995) _TIl andKitiétic model for the Carboniferous
source rocks. Maturity history of the source roiskdirectly controlled and determined
by the history of the thermal regime in the areanggquently, all parameters that
influence the thermal history affect the maturithis includes the heat flow, burial

history, boundary conditions (e.g. paleo surfacenperatures), proximity of salt

structures and the burial history

Modelled present-day maturity, in the form of cédted vitrinite reflectance, at the
location of the wells is presented in figure 25gufe 25 indicates that the modelled
maturity is in a good agreement with measured win& wells covering the High and
the Platform area. Modelled maturity history (viité reflectance) of Carboniferous
source rocks at the location of the three 1D efitras is shown in figure 26. Similar to
the temperature, maturity evolution can be relatethe formation depth and its burial
history. The main maturity pulses occur when thenttions are at their deepest burial
The maturity history indicates that the deepestspaf the assigned source rock units
entered the hydrocarbon generation ranges alreadingd the Carboniferous. The
maturity increased during the Triassic and reachgubak during Early Jurassic and
prior to the Late Kimmerian uplift (~170 Ma). Maximm maturity is reached during
Mid Jurassic in the northern part of the Elbow $dtform (well E02-02). The central
part of the Cleaver Bank Platform (well KO1-02) ahd Silverpit Platform (well E10-
02) reach their maximum maturity at present-dagfFe 26).

A number of variations in the degree of present-dwturity are observed over the
study area ( Figure 27). The Pre-Westphalian imtitehern part of the study area (well
E02-02) appears to be immature. The modelled ntatiani this layer at this location is
0.5 - 1.3 Ro % (Figure 26, 27).

In the central and southern parts (wells E10-02K®t-02), the Pre-Westphalian layer
is currently overmature. The modelled vitriniteleeftance ranges between Ro 1.3- 4 %
(Figure 27). The layer entered the gas window dutime Late Carboniferous. The
deeper parts of the Pre-Westphalian layer reachedovermature window in the
Permian. Maturity increased during the Triassic eeathed the maximum in the Late
Triassic (Figure 26).

Maturity of the Klaverbank Formation varies witlcédion and depth. The Klaverbank
Formation in the Silverpit and the Elbow Spit pdaths is generally in the gas window.
In parts of the Cleaver Bank Platform, the formatioas entered the overmature
window (Figure 27). Most of the Klaverbank layercisrrently in the gas generating
window (Figure 26).
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Figure 25: Modelled present-day vitrinite reflectanin 7 wells in the study area. Location of the
wells is shown in figure 21.

Similar to the Pre-Westphalian layer, the matuofythe Klaverbank increased during
the Late Carboniferous. It entered the generatiomdow during the Triassic. The
maturity simulations show an increase in the matwf the Klaverbank Formation at
the onset of the Paleogene. While the formation gexserating gas, the deepest part
became overmature (Figure 26). The model extragtishow that the Maurits
Formation has entered the hydrocarbon window irnTéntiary. The Maurits Formation
appears to be in the gas generating window ovet afdie study area (Figure 27). The
formation is immature in parts of the Silverpit tRiam.
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of the thee well extractions. The proper Pepper@&w(1995) TllI and TII kinetics are used for
the hydrocarbon generation modelling for the formasio

Figure 28 shows the transformation ratio (TR-All 8b6)the three Carboniferous source
rocks at the location of five 1D extractions (Figw2l). A remarkable difference is

observed in the transformation ratio of the Pre-ealian layer between the northern
part and the rest of the study area. The modetatels that only a small amount of the
transformable organic material is converted to bgdrbons at well E02-02. In all other

wells, however, almost all the organic materiatasverted to hydrocarbons at present-
day (Figure 28). In all of these wells, a jump I transformation ratio took place in

the Late Carboniferous. About 80 % of the organmtemal in the Pre-Westphalian

layer was transformed by the end of the Triassiaxiium transformation of the Pre-

Westphalian is reached at present-day (Figure 28).

The history of transformation ratio of the Klavemka=ormation shows more variations
over the area and in time. Hydrocarbon generatighiwthe Klaverbank Formation
was, in some places, initiated during Early Triassnd reached a first peak in Mid
Jurassic (Figure 28). The magnitude of the transdtion ratio varies significantly. In
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well K04-02, almost 25% of the organic materiathe Klaverbank was transformed by
the Mid Jurassic. This percentage did not exceéd itOthe other wells. Starting from

the Late Cretaceous, the Klaverbank Formation resluhydrocarbon generation with
varying rates depending on the location. The higheo is observed in well KO3-02

on the Cleaver Bank Platform (ca. 60%) and in \Wél-03 in the southern part of the
Silver Pit Platform (ca. 58%; Figure 12). Towara thorth, the transformation ratio is
lower and reaches a value of ca. 15% in well ELOABRIncrease in the transformation
ratio took place during the Miocene. This is appaie all the 1D extractions from the

study area.

According to the model, hydrocarbon generationhi@ Maurits Formation started in
the Late Cretaceous in the whole area and reachmedxamum value at present-day.
Transformation ratio varies over the area withthighest values observed in well KO4-
03 and well KO3-02 (ca. 25%). Similar to the Klawank Formation, the transformation
ratio in the Maurits Formation decreases northwakdsincrease is observed during the
Miocene over the whole area (Figure 28). As witke thtrinite reflectance, the
transformation ratio of the source rocks is detaadiby the temperature evolution of
the formation. The major phases of hydrocarbon iggioa (Late Carboniferous, Early
Mid Jurassic and the Cenozoic) are the phasestrasses an increase in formation
temperature related to deep burial (Figure 28).
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Figure 27: Hydrocarbon generation zones at the tdpthe Carboniferous source rocks at
present-day. The Pepper & Corvi (1995) TIII kinstis used for the Maurits, Kalverbank
formations and the northern part of the Pre-Westj@ml The Pepper & Corvi (1995) TII
kinetics is used for the central and southern paftthe Pre-Westphalian.
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5 Discussion

Simulation of the burial history and the associdiedlory of temperature, source rock
maturity and hydrocarbon generation requires diffieinput data and information. The
latest results of the TNO mapping program is usetha basic geologic and property
input for our basin modelling. In addition to urteénties in the input geologic data, the
input model is based on several assumptions, ctumlemodels and default set-ups..
The selection of the proper set-ups is an imporfgant of the basin modelling
workflow. Default set-ups include relations betwestandard lithologies and various
properties such as compaction parameters, pompsitpeability relations, thermal
models, kinetic models. Conceptual ideas includsdtrelated to the geological history
of the area and the geo-tectonic processes thabtled its evolution.

In addition, there are uncertainties related to dqoelity and the background of the
measurements used for calibrating the model. Bawelling outcome, therefore,
should always be evaluated and considered in thigesof the available inputs and the
related uncertainties as well as the purpose oftilny.

With regard to the geological model, it should balized that the thickness maps and
properties of the Carboniferous units were estithdtem the base Permian subcrop
map and regional information. Especially the thiss lithostratigraphic
interpretations and source rock properties of theeBCarboniferous layer are a major
source of uncertainty. In the simulations we useslcanario where the entire pre-
Westphalian succession, which comprises the Namuma the south and the
subcropped Dinantian in the north, is a sourcé.rdc reality the actual presence,
location and properties of the source horizondheRre-Westphalian in the study area
is as yet largely unknown.

The simulations were run assuming that hydrostatiaitions prevail through geologic
history. The development of overpressure durirg fiurial is — through the process of
disequilibrium compaction — associated with underpaction and associated relatively
high porosity of overpressured units. Current pitiessin reservoir units in the study
area do not show clear evidence of undercompadiorosity directly influences the
bulk thermal conductivity and therefore the tempee and maturity history during
burial. To avoid the development and preservatibnuirealistic high porosities,
especially in the Upper Rotliegend and Carbonifsranits below the impermeable
Zechstein evaporites, we decided to assume hydimstanditions.

The results of the modelling show are in agreenwethh well measurements. The
modelled temperatures in two wells (E10-02, KO1-@hpw a good fit with the

measured values in these wells (Figure 23). Thaufigests that the combination of the
heat flow and the thermal conductivity of the majidhologies are acceptable.

Moreover, a good fit is achieved between modellédnite reflectance and the

measured values in a selection of wells (Figure 25)
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Figure 28: History of transformation ratio of the majGarboniferous source rocks in five 1D
extractions. For the location of the extractions $igure 21.
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Burial histories of the 1D extractions indicatettdaepest burial in most of the area is
at present-day. As mentioned before, an approxitmatial depths of the source rocks
were reached in the northern parts of the study dueing the Jurassic and prior to the
Mid-Late Kimmerian uplift phase (Figure 22). Thesamed erosion thicknesses during
the uplift phase influence the modelled maturity &ffecting the burial depth of
formations during the Jurassic (Figure 9). The madso shows that deep burial is
reached during the Late Carboniferous in the nantpart of the study area (well EO2-
02; Figure 22). Maturity in the north of the stualga is therefore sensitive to the total
erosion during the Saalian event.

As the modelled present-day maturity shows a gaodith the measurements, it is
likely that the total erosion thicknesses are mgtificantly higher than the used values.
In other words, the total thicknesses eroded dutiegKimmerian uplift are not likely
to be higher than the total values used in thisehod

The simulation results show that the Carbonifefousations reach temperature peaks
during periods of deepest burial and not necessaning heat flow peaks (Figure 16,
19 & 24). The burial history, therefore, has a maketermining effect on the
temperatures and maturity of the formations in #resa than the variation in basal heat
flow. The Pre-Westphalian succession in the ceatr@ the south of the study area
started hydrocarbon generation in the Late Carbomifs and Early Permian. It has
reached maximum generation rates in the Triassgu(é 28, 27 & 26). The whole
layer in this part is overmature since the Jurassic

In these locations, the overlying Carboniferousrfations are thicker and have not
completely been eroded during Saalian uplift. The-Westphalian therefore went
through deeper burial during the Mesozoic (Figuf. Z'o the north, the original

thicknesses of the overlaying formations are less the uplift and erosion is more
significant. The Namurian therefore went throughksldurial depth and thus lower
maturity (Figure 26).

The Pre-Westphalian layer in the north is in tHegenerating window (Figure 28). In
the northern part of the Elbow Spit Platform it eps to be immature. The calculated
transformation ratio in well E02-02 is relativelgw indicating very low hydrocarbon
generation rates (immature source rock) (Figure BBis can be explained by the type
of organic material assigned and the applied hyattman generation kinetic model. In
the centre and south of the study area the PrepiNa&n layer is considered to be
uneroded Namurian. It is assigned a Namurian mddnies with organic matter of
kerogen type (I). In the north, where the Namuriareroded, the Pre-Westphalian
layer is attributed the facies of the subcroppedbbiian (Figures 6, 9). A more fluvial
and deltaic facies with organic matter of keroggret(lll) is assigned to this part of the
layer. The Pepper and Corvi (type Il) kinetic ssigned to the Dinantian facies in the
northern part of the Elbow Spit Platform. This fesin relatively low transformation
of the organic matter even when the temperaturth@flayer is in the oil generation
window (Figure 24, 26, 27 & 28).

The Pepper and Corvi (type Il) kinetic is assigtedhe Namurian facies of the Pre-
Westphalian layer. This kinetics obviously has lesuin an overmature state of the
source rock under the prevailing temperatureshiigrdil-prone source rock.
Westphalian source rocks show similar maturity dmistand maturity distribution
patterns. Maturity and transformation ratio simiolat results show that these
formations are generally in the gas generating @hate Westphalian formations
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entered the overmature window in parts of the @e®ank Platform (Figure 27). The
maturity variations over the area are mainly causgdurial history and formation
thicknesses rather than the major tectonic evelmte modelled maturity and
transformation rate can vary within the source rfarknation. For example, the upper
part of the Klaverbank Formation is generally ie tips window, the deeper parts are
overmature. The same is observed for the Mauritsn&ton (Figure 29). This might
explain the origin of gas in the known gas fieldshe area.

The simulated transformation ratios of the Namuri#mows that almost all of the
organic matter was transformed to hydrocarbondbyend of the Triassic. Most of the
generation took place during the Carboniferous #ml Permian. Some gas was
generated from the Namurian during the Triassinc&ithe Triassic, the Namurian is
overmature and very limited amount or no hydrocaghwave been generated.

Most of the generation took place before the déjoosbf the Zechstein, which is a
main seal in the area, in the Late Permian. Thasegare likely to have escaped and
the Zechstein have probably sealed only gasesubig generated during the Triassic.
If the gas in the fields is charged from the Namwuyrithe generated gas (probably in the
Triassic) must have been preserved after generirothe last 200 million years. The
preservation has taken place either before thevgadrapped or after gas accumulation
in the traps. Even though the platforms are knowvibd tectonically relatively quite,
they have been affected by the major tectonic eveee above).

The modelled transformation ratios of the Klavetband Maurits formations show that
hydrocarbon generation took place during the Tert{&igure 28). According to the
model, both Westphalian formations are still pradgchydrocarbons. It is therefore
possible that the generated gases from the Wegtplaak still preserved and thus have
charged the reservoirs. The fields are, therefikely to be charged by gases mostly
generated from Westphalian coal seams. This issnpported by the gas sample
analyses which indicate more wet gases generated rfrarine source rock (Gerling et
al., 1999; NLOG database www.nlog.nl). This contaon regarding the source of the
gas between geochemical analysis and maturity niogleequires further studies.

Nitrogen (N2) is the most abundant non-hydrocanpas component encountered in the
accumulations of natural gases in onshore and afsiNetherlands. In the Dutch
offshore, gas analyses from Rotliegend as well @abdhiferous fields in the K, J, D
and E blocks show relatively high concentrationsndfogen (Figure 30; NLOG
database www.nlog.nl). The possible origin of tiieogen in the gas accumulations in
North Western Europe has been subject of exterstivéies for more than 10 years
(Gerling et al. 1997; Krooss et al. 1995, 2005,&Q0ttke et al. 1995; Mingram et al.
2003, 2005; Verweij, H., 2008). Although the souotenitrogen is still not very well
understood, the organic material in the Westphakaals can be an important
contributor. Ammonium fixed in Namurian shales isother possible source of
nitrogen.

Organic nitrogen is liberated from Westphalian sahlring maturation of the kerogen.
Considering the relatively low maturity, the Klalank and Maurits formations may
still be in the early nitrogen phase which precethesmain gas generating phase (De
Jager & Geluk, 2007). Early nitrogen might thereftwave been generated during the
Cenozoic where the Westphalian started to gengest€Figure 28). It is not likely that
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deeper parts of the Westphalian formations haveredtthe late nitrogen generating
phase. This is because most of the formationstidirin she gas generating window.

Figure 29: Cross section of the modelled maturityp{taransformation ratio (middle) and
temperature (bottom) of the Pre-Westphalian and Wedigm formations. Maturity is dependent
on the depth of the formation. Maturity becomes |lowehe north where the formations become
shallower. The transformation ratio of the Pre-V@gbstlian layer in the north is because of the
assigned facies and type of organic matter (kerdten

Pre-Westphalian formations, on the other handaks® thought to be a possible source
or nitrogen in the gas accumulations. Gerling e¢18199) and De Jager & Geluk (2007)
suggest that gas with the highest nitrogen congegegnerated from the pre-Westphalian
marine shales. Gerling et al. (1999) propose aurexdf marine and terrestrial nitrogen
in the study area.
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Modelled maturity and transformation ratio suggbat Namurian source rocks started
to generate hydrocarbons in the Late Carboniferbls.generation peaked in the Late
Triassic (Figure 28, 26). This phase of gas geineracan be associated with late
nitrogen generation (De Jager & Geluk, 2007). Ksoet al. (2005) suggest that the
organic matter can act as a nitrogen source upntatarity level of 4% Vr. According
to Krooss et al. (1995), late nitrogen is formedhie final stage of gas generation after
methane generation has practically ceased. Expetsmghow that the temperature
required for generating high nitrogen gases froa samples is in the order of 300 °C
(Krooss et al., 1995). This temperature exceeds islreaached in our model. However,
the temperature values reported by Krooss et 8P}l are based on laboratory tests
and can differ from the necessary temperaturesbsigface conditions. Depending on
the temperatures and timing of late nitrogen geirathis might have contributed to
Namurian sourced nitrogen accumulation in the ga®rvoirs. The release of non-
organic nitrogen form shales requires relativelghhtemperatures (200 °C- 250 °C;
Verweij, 2006; Krooss et al., 2006; Mingram et 2D03). Our model indicates that the
Pre-Westphalian layer has reached temperaturesbptds50 °C— 220 °C (Figure 29,
31). These temperatures might have led to the seleé nitrogen from the Namurian
which later accumulated in gas reservoirs.

Figure 30: Variation in nitrogen content in gas acculations in Carboniferous rocks (from
Kombrink et al., 2009)

It is difficult to attribute the nitrogen concertioms in the gas fields to a specific
source. The contribution of Westphalian coal seéasly nitrogen phase) is likely to
be present, but not easy to distinguish from thend\&an nitrogen whether organic (late
nitrogen) or non-organic. More studies are needearder to specify different sources
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of nitrogen in the gas fields. Isotope analysisitfogen can help segregating different
nitrogen groups and identifying their sources (Bgrkt al. 1997; Krooss et al. 1995,
2005, 2006; Littke et al. 1995;, 2005; Verweij, 006, 2008).

The thick Namurian shale in the model can have spatential as a shale gas play.
Given the thickness of the Namurian and the asdigi®C, large amounts of gas are
likely to have been produced. It is difficult fdret gases generated from the deepest
parts of the Namurian to migrate through the thiclipermeable shaly layer. The
generated gas from the Namurian might thereforeapped within the tiny pores of the
thick shaly layer.

There is, however, a lot of uncertainty relatedh® thickness of the Namurian in our
model. The introduced thickness of the Namurianb&sed on assumptions and
conceptual models. Besides, the whole Namurian agaamed as a source rock unit
with uniform distribution of organic carbon (TOGjowever, assuming that the thick
Namurian is a source rock and bale to produce lgadbon is not realistic.
Hydrocarbon producing horizons are likely to betriisited within the formation and
variations of the organic material within the layge more likely. This will influence
the depth of the gas generation within the unit g the chance of gas trapping shale
pores.

In addition to that, whether or not gas has beappied and preserved in the shales (if
generated at all) also very much depends on whathiagpened during uplift and
decrease of pressures. Based on the basin modedingan only say something about
the temperature and maturity history of the foromatiMore studies are required to
investigate the potential of the Namurian for stgde. Such studies will make used of
the maturity and temperature models produced #rtiddel.
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Figure 31: Temperature map at the top of the Carfevous source rocks at present-day.
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6 Conclusions

In this study, recently compiled data from the malatforms in the northwestern part
of the Dutch offshore (Cleaver Bank, Silverpit &ldow Spit Platforms) are used for a
full 3D reconstruction of the burial and temperathistory, source rock maturity and
timing of hydrocarbon generation. The study focusadCarboniferous source rocks.
The thickness distribution of the formations isdzhen a subcrop map of Carboniferous
formations which is derived from well data. Not rhus known about the thickness and
the properties of the Carboniferous formations esyukcially the pre-Westphalian rocks
in the area. The introduced thicknesses and soooteproperties are speculative and
are based on the limited knowledge we have thus far

New boundary condition parameters are used in tdeiting. Basal heat flow is
calculated in two wells in the area based on téctmodels. Newly refined sediment
water interface temperatures (SWIT) are used fduritg and temperature modelling.
A recently updated and refined paleo water depth@Pcurve is implemented in the
simulation.

The 3D modelling results reveal remarkable vametion maturity and hydrocarbon

generation history between the shallowest Westphaland the assumed Pre-
Wesphalian source rocks. Variations in maturityas® observed in each of the source
rock units. The Pre-Westphalian source rocks staimgdrocarbon generation in the

Late Carboniferous and reached its maximum geweratpacity in the Late Triassic.

In the southern and central parts of the study, dreaNamurian has been overmature
since the Late Triassic and Early Jurassic. Imthi¢h, the Pre-Westphalian (Dinantian)
source rocks have not generated any substantialiranod hydrocarbons. The source

rock is considered to be immature. Most of the ggrseration from the Namurian took

place before the deposition of the Zechstein, whdécmain seal in the area, in Late

Permian.

The Westphalian source rocks entered the gas dememsindow during the Early
Jurassic. Maturity increase resumed during the é@glene because of continuous
burial. Most of the Maurits and Klaverbank formatoare in the gas window. The
deeper parts of the formations, however, have edténe overmature window. The
history of transformation ratio indicates that Vpéstlian formations are still generating
hydrocarbons today.

It is likely that this late generation of gas frditre Westphalian source rocks have
contributed to the gas accumulations in the knovetd$. Any contribution from
Namurain source rocks to the charging of gas requihe preservation of Namurian
gases that were generated since the Triassic aliet.ea

The simulation of temperature, maturity and hydrboa generation for the
Carboniferous indicate that there may be diffesgnirces explaining the occurrence of
nitrogen in the gas accumulations in the area.yEmitrogen may have been co-
generated during the Cenozoic phase of gas gemeiatthe Westphalian source rocks.
In addition, the assumed Namurian source rock ezhchigh temperatures and
maturities corresponding to a late stage of nitnogeneration before the Kimmerian
tectonic uplift phase. The temperatures reachedhglihat time and later were also
high enough to allow the release of non-organiogén from Namurian shales.
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Whether or not the Pre-Westphalian is a promisimget for shale gas or basin centred
gas exploration, primarily depend on the assesswofetfite actual presence and depths
of source horizons in the pre-Westphalian in ttafpim areas. This study showed that
the simulated temperature, maturity and hydrocarpeneration history at different
depths in the Namurian unit indicate that major gseration before Kimmerian uplift
will have occurred provided that the source rocks resent. If so, future basin
modelling studies should then focus on the presierveof the generated gas in the
Namurian shales.

Finally, although the simulation results (temperasuand maturity) are consistent with
measured values in wells, there is uncertaintytedldo the model assumptions. The
distribution and thickness of the Carboniferousnfations, and especially the Pre-
Wesphalian succession, is a major source of unogrtia the model. The model can be
improved when more data becomes available
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1- Basin modelling parameters, default relations

Lithology-related properties and relations

61/74

Lihology Model Matrix thermal conductivity
W/m/K
at 20°C at 100°C

Chalk 100 Sekiguchi Model | 2.9 2.62
Salt 100 Sekiguchi Model | 6.5 5.25
Shale 100 Sekiguchi Model | 1.64 1.69
Limestone 100 Sekiguchi Model | 3 2.69
Sandstone 100 Sekiguchi Model | 3.95 3.38
Sand/Shale 75 Sekiguchi Model | 2.66 2.44
Sand/Shale 50 Sekiguchi Model | 2.55 2.36
Shale/Sand 90 Sekiguchi Model | 1.79 1.8
Sand/Shale 90 Sekiguchi Model | 3.62 3.14
Shale/Sand_95 Sekiguchi Model | 1.71 1.74
Sand/Shale 80 Sekiguchi Model | 3.31 2.92
Shale/Salt_80 Sekiguchi Model | 2.16 2.07
Shale/Silt_75 Sekiguchi Model | 1.73 1.76
Shale/Sand_60 Sekiguchi Model | 2.33 2.2
Shale/Sand 75 Sekiguchi Model | 2.04 1.99
Shale/Silt/Sand/Coal 48/25/25/2 | Sekiguchi Model | 2.09 2.02
Shale/Sand/Coal 80/15/5 Sekiguchi Model | 1.72 1.75
Basement Sekiguchi Model | 2.72 2.35
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Radiogenic heat

Lithology Model Uranium | Thorium | Potassium | Porosity | production
ppm ppm % (microw/m”3)
Chalk 100 Rybach equation | 1.9 1.4 0.25 0 0.6
Salt 100 Rybach equation | 0.02 0.01 0.1 0 0.02
Shale 100 Rybach equation | 3.7 12 2.7 0 2.03
Limestone 100 Rybach equation | 1 1 0.2 0 0.35
Sandstone 100 Rybach equation | 1.3 3.5 1.3 0 0.7
Sand/Shale_75 Rybach equation | 0.93 3 0.68 0 0.5
Sand/Shale 50 Rybach equation | 2.5 7.75 2 0 1.37
Shale/Sand 90 Rybach equation | 3.46 11.15 2.56 0 1.9
Sand/Shale 90 Rybach equation | 1.54 4.35 1.44 0 0.84
Shale/Sand_95 Rybach equation | 3.58 11.57 2.63 0 1.97
Sand/Shale 80 Rybach equation | 1.78 5.2 1.58 0 0.97
Shale/Salt_80 Rybach equation | 2.96 9.6 2.18 0 1.63
Shale/Silt_ 75 Rybach equation | 3.28 10.25 2.28 0 1.77
Shale/Sand 60 Rybach equation | 2.74 8.6 2.14 0 1.5
Shale/Sand_75 Rybach equation | 3.1 9.88 2.35 0 1.7
Shale/Silt/Sand/Coal_48/25/25/2 | Rybach equation | 2.63 7.94 1.88 0 1.4
Shale/Sand/Coal _80/15/5 Rybach equation | 3.23 10.28 2.38 0 1.73
Basement Rybach equation | 0 0 0 0 0
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Lithology Model Heat Capacity
Kcal/kg/K
at 20°C | at 100°C
Chalk 100 Waples Model for Rock 0.203 0.23
Salt 100 Waples Model for Rock 0.206 0.24
Shale 100 Waples Model for Rock 0.206 0.24
Limestone 100 Waples Model for Rock 0.2 0.23
Sandstone 100 Waples Model for Rock 0.204 0.24
Sand/Shale 75 Waples Model for Rock 0.185 0.21
Sand/Shale 50 Waples Model for Rock 0.205 0.24
Shale/Sand_90 Waples Model for Rock 0.206 0.24
Sand/Shale 90 Waples Model for Rock 0.204 0.24
Shale/Sand 95 Waples Model for Rock 0.206 0.24
Sand/Shale 80 Waples Model for Rock 0.204 0.24
Shale/Salt_80 Waples Model for Rock 0.206 0.24
Shale/Silt_75 Waples Model for Rock 0.209 0.24
Shale/Sand 60 Waples Model for Rock 0.205 0.24
Shale/Sand 75 Waples Model for Rock 0.205 0.24
Shale/Silt/Sand/Coal_48/25/25/2 | Waples Model for Rock 0.21 0.24
Shale/Sand/Coal_80/15/5 Waples Model for Rock 0.211 0.24
Basement Waples Model for Rock 0.188 0.223
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Lithology Model Initial porosity Minimum porosity Athy's factor
km™
Chalk 100 Athy's Law (Depth) | 0.7 0.01 0.9
Salt 100 Athy's Law (Depth) | 0.01 0.01 0
Shale 100 Athy's Law (Depth) | 0.7 0.01 0.83
Limestone 100 Athy's Law (Depth) | 0.35 0.01 0.01
Sandstone 100 Athy's Law (Depth) | 0.41 0.01 0.31
Sand/Shale 75 Athy's Law (Depth) | 0.49 0.04 0.43
Sand/Shale 50 Athy's Law (Depth) | 0.55 0.01 0.57
Shale/Sand 90 Athy's Law (Depth) | 0.67 0.01 0.78
Sand/Shale 90 Athy's Law (Depth) | 0.44 0.01 0.36
Shale/Sand_95 Athy's Law (Depth) | 0.69 0.01 0.8
Sand/Shale 80 Athy's Law (Depth) | 0.47 0.01 0.41
Shale/Salt 80 Athy's Law (Depth) | 0.56 0.01 0.0769
Shale/Silt_ 75 Athy's Law (Depth) | 0.66 0.01 0.75
Shale/Sand 60 Athy's Law (Depth) | 0.58 0.01 0.62
Shale/Sand_75 Athy's Law (Depth) | 0.63 0.01 0.7
Shale/Silt/Sand/Coal_48/25/25/2 Athy's Law (Depth) | 0.59 0.01 0.61
Shale/Sand/Coal 80/15/5 Athy's Law (Depth) | 0.66 0.01 0.73
Basement Athy's Law (Depth) | 0.05 0.05 0
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Lithology Model Permeability (log mD)
at 1% at 25%
porosity porosity

Chalk_100 Multi-Point Model -6.75 -3.1

Salt 100 Multi-Point Model -16 -16

Shale 100 Multi-Point Model -8.52 -3

Limestone 100 Multi-Point Model -2.44 2.8

Sandstone 100 Multi-Point Model -1.8 3

Sand/Shale 75 Multi-Point Model -5.05 1.85

Sand/Shale 50 Multi-Point Model -5.16 0

Shale/Sand 90 Multi-Point Model -7.85 -2.4

Sand/Shale 90 Multi-Point Model -2.47 2.4

Shale/Sand_95 Multi-Point Model -8.18 -2.7

Sand/Shale_80 Multi-Point Model -3.14 1.8

Shale/Salt 80 Multi-Point Model -10.2 -5.6

Shale/Silt_ 75 Multi-Point Model -7.96 -2.5

Shale/Sand_60 Multi-Point Model -5.83 -0.62

Shale/Sand_75 Multi-Point Model -6.84 -1.5

Shale/Silt/Sand/Coal_48/25/25/2 Multi-Point Model -6.16 -0.96

Shale/Sand/Coal 80/15/5 Multi-Point Model -7.22 -2.04

Basement Multi-Point Model -16 -16
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2- Heat flow modelling parameters

Well E10-02

Decompaction Curve Settings used in PetroProbdat flow analysis

Sediment thermal Parameters used in PetroProle&drflow analysis

Lithosphere Parameters used in PetroProb for lmatanalysis

Tectonic model used in PetroProb for heat flow ysial
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Well KO1-02

Decompaction Curve Settings used in PetroProbdat flow analysis

Sediment thermal Parameters used in PetroProtetdrflow analysis

Lithosphere Parameters used in PetroProb for leatanalysis

Tectonic model used in PetroProb for heat flow ysial
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3 - Calibration data

Temperature and vitrinite reflectance data used forHeat Flow Calibration

Well E10-02

Temperature
Measured Corrected Minimum Maximum _
Depth [m] Temperature | Temperature | Temperature | Quality

[C] [C] [C]

2224 83.63 72.63 94.63 BHT
2234 83.63 72.63 94.63 BHT
3299 102 100 104 DST
3465 114.21 103.21 125.21 BHT
3465 96.95 85.95 107.95 BHT
3466 106.2 95.2 117.2 BHT
3472 106.2 95.2 117.2 BHT
3477 106.2 95.2 117.2 BHT
3506 109.1 107.1 111.1 DST
3697 114 109 119 DST
3958 109.84 98.84 120.84 BHT
3959 106.95 95.95 117.95 BHT
3961 114.21 103.21 125.21 BHT

Vitrinite reflectance

. Maximum
Measured | Value Minimum Value Quality
Depth [m] [%6R0] Value [%R0] [%Ro]
3961 1.25 1.17 1.33 Good
3972 1.3 1.23 1.37 Medium
3999 1.04 0.95 1.13 Medium
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Well KO1-02

Vitrinite reflectance

Minimum | Maximum
Measured | Value Value Value
Depth [m] | [%Ro] [%R0] [%0Ro0] Quality
3746 0.85 0.8 0.9 Medium-Poor
3792 0.89 0.83 0.95 Medium-Poor
3824 1 0.94 1.06 Medium-Poor
3854 0.94 0.88 1 Medium-Poor
3906 0.98 0.91 1.05 Medium-Poor
3950 0.93 0.84 1.02 Medium-Poor
4002 1.06 0.94 1.18 Medium-Poor
4068 1.18 1.09 1.27 Medium-Poor
4102 1.19 1.12 1.26 Medium-Poor
4168 1.17 1.1 1.24 Medium-Poor
4228 1.29 1.21 1.37 Medium-Poor
4278 1.19 1.08 1.3 Medium-Poor
4278 1.28 1.2 1.36 Medium-Poor
4326 1.29 1.19 1.39 Medium-Poor
4388 1.34 1.23 1.45 Medium-Poor
4434 1.34 1.24 1.44 Medium-Poor
4482 1.36 1.25 1.47 Medium-Poor
4504 1.36 1.26 1.46 Medium-Poor
Temperature
Corrected Minimum Maximum
Measured | Temperature | Temperature | Temperatur
Depth [m] | [C] [C] e [C] Quality
3546 135 130 140 DST
3625 125 118 133 DST
1464.84 55 44 66 BHT
2904.47 84 73 95 BHT
2906.46 84 73 95 BHT
3624.27 116 105 127 BHT
3624.28 112 101 123 BHT
3625.27 109 98 120 BHT
3625.77 106 95 117 BHT
3949.84 138 127 149 BHT
4101.02 137 126 148 BHT
4102.42 134 123 145 BHT
4194.15 129 118 140 BHT
4392.98 138 127 149 BHT
4392.99 142 131 153 BHT
4498.87 149 138 160 BHT
4502.87 149 138 160 BHT
4504.87 149 138 160 BHT
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4504.88 149 138 160 BHT
4506.87 146 135 157 BHT
4525.85 147 136 158 BHT
4525.86 146 135 157 BHT

71174

Temperature and vitrinite reflectance data used forcalibrating maturity models

Well KO4-02
Measured [Value Min Ma
Depth [m] [[%Ro0] [%0R0] [[%Ro0] |Quality
3720 0.94 0.93 0.95 Mediun
3729 0.91 0.91 0.91 Poor
3729 0.91 0.91 0.91 Poor
3759 0.83 0.74 0.92 Medium
3759 1.42 1.42 1.42 Poor
3825 0.93 0.93 0.93 Poor
3879 0.89 0.85 0.93 Mediun
3888 0.99 0.99 0.99 Poor
Well
E13-01-S2

Min Max
Measured Depth [Temperature [Temperature [Temperature
[m] [°C] [°C] [°C] Quality
3204 101.68 96.68 106.68 Good
3527 106.45 101.45 111.45 Good
3604 110.23 105.23 115.23 Good
3622 109.4 104.4 114.4 Good
3659 111.95 106.95 116.95 Good
3712 112.45 107.45 117.45 Good
3766 112.95 107.95 117.95 Good
3925 116.68 111.68 121.68 Good
3988 118.07 113.07 123.07 Good
3715 105 98 113 Medium
4016 105 98 113 Medium
2115 66 55 77 Poor
3714 94 83 105 Poor
4015 96 85 107 Poor
4018 108 97 119 Poor
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Well
E13-01-S2
Measured Min Ma
Depth [m] Value [%Ro0] [Y%0Ro0] [%6R0] Quality
1867 0.81 0.6 1.02 Poor
1887 0.99 0.41 1.57 Poor
1967 0.84 0.71 0.97 Medium
2007 0.84 0.77 0.91 Poor
1987 0.66 0.51 0.81 Poor
2357 1.01 0.95 1.07 Good
Well
D15-03
Measured Min Ma
Depth [m] Value [%Ro] [%Ro0] [%R0] Quality
3541 1.13 0.8 1.46 Medium
3585 0.87 0.82 0.92 Medium
3615 0.89 0.83 0.95 Medium
3919 0.9 0.84 0.96 Medium
3620 0.94 0.87 1.01 Medium
3620 0.91 0.83 0.99 Medium
3656 0.81 0.75 0.87 Medium
3663 1.11 0.76 1.46 Medium
3715 0.9 0.84 0.96 Medium
3795 1.02 0.95 1.09 Medium
3905 1.02 0.92 1.12 Medium
3914 1.02 0.9 1.14 Medium
Well
K03-02
Measured Min Ma
Depth [m] Value [%R0] [%0R0] [%0R0]  |Quality
344 0.29 0.23 0.35 Poor
435 0.3 0.25 0.35 Poor
435 0.5 0.45 0.55 Poor
496 0.3 0.27 0.33 Poor
496 0.5 0.45 0.55 Poor
588 0.21 0.2 0.22 Poor
649 0.21 0.18 0.24 Poor
740 0.31 0.27 0.35 Poor
740 0.22 0.2 0.24 Poor
740 0.61 0.52 0.7 Poor
831 0.22 0.2 0.24 Poor
831 0.56 0.56 0.56 Poor
831 0.8 0.8 0.8 Poor
923 0.34 0.24 0.44 Poor
923 0.56 0.55 0.57 Poor
923 0.82 0.7 0.94 Poor
984 0.23 0.23 0.23 Poor
984 0.66 0.66 0.23 Poor
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984 0.8 0.8 0.8 Poor
1075 0.21 0.18 0.24 Poor
1075 0.57 0.56 0 Poor
1167 0.35 0.3 0.4 Poor
1167 0.26 0.24 0.28 Poor
1167 0.69 0.59 0.79 Poor
1228 0.38 0.33 0.43 Poor
1228 0.24 0.2 0.28 Poor
1228 0.64 0.56 0.72 Poor
1319 0.38 0.38 0.38 Poor
1319 0.19 0.18 0.2 Poor
1319 0.28 0.28 0.28 Poor
1319 0.75 0.75 0.75 Poor
1411 0.41 0.36 0.46 Poor
1472 0.39 0.37 0.41 Poor
1472 0.52 0.52 0.52 Poor
1472 0.71 0.68 0.74 Poor
3965 0.95 0.8 1.1 Poor
4038 0.92 0.85 0.99 Poor
4062 0.94 0.84 1.04 Poor
4087 1.06 0.98 1.14 Poor
4087 1.28 1.22 1.34 Poor
4111 0.97 0.92 1.02 Poor
4148 1.02 0.92 1.12 Poor
4184 0.97 0.83 1.11 Poor
4184 0.62 0.53 0.71 Poor
4184 1.43 1.32 1.54 Poor
4184 2.29 2.04 2.54 Poor
4209 1.06 0.91 1.21 Poor
4209 0.74 0.65 0.83 Poor
4209 1.66 1.47 1.85 Poor
4233 1.11 0.95 1.27 Poor
4233 0.81 0.77 0.85 Poor
4233 1.49 1.46 1.52 Poor
4257 1.08 0.98 1.18 Poor
4306 1.25 1.15 1.35 Poor
4331 1.15 1.01 1.29 Poor
4355 1.04 0.95 1.13 Poor
4379 1.19 1.09 1.29 Poor
4404 1.26 1.15 1.37 Poor
4404 1.49 1.45 1.53 Poor
4428 1.13 1 1.26 Poor
4452 1.21 1.08 1.34 Poor
A477 1.3 1.22 1.38 Poor
A477 1.49 1.44 1.54 Poor
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