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1 Executive Summary (restricted)

WP 3.03 of CATO-2 focuses on caprock and fault integrity, namely on the response of the
reservoir-caprock-fault system to injection and storage of CO,. Experimental studies under WP
3.03 (as well as WP 3.02 on Reservoir Behaviour and WP 3.04 on Wellbore Integrity) accordingly
require representative samples of caprocks, reservoir rocks and fault rocks, the last of which
often contain components of the other two. In particular, site-specific experimental studies require
cm- to dm-sized samples of the underground reservoir rocks and their sealing cap rocks. These
studies must address the complex interactions of thermo-mechanical and chemical effects on the
reservoir-seal system that may result from injecting CO, rich fluids.

Obtaining the necessary information and material from specific sites presents a problem of its
own, in that very little actual rock material is available from the earlier drilling operations. However,
detailed information on the rock formations is often present in proprietary reports by the well
operators. The lack of material to make test samples requires alternative sources of equivalent
rocks to be obtained from accessible geological sites such as outcrops on land, or from drilling
operation in similar formations where more samples were taken. Once such material is located it
must be examined and characterized to assess its suitability and equivalence to the actual in situ
material of the target reservoir-seal system. Similarity in mineralogy, grain structure, porosity and
permeability are just a few factors which, ideally, need to match the site specific material
properties.

Unfortunately the natural environment is heterogeneous and lateral variation in geology is the rule
rather than the exception. At UU we have called upon archived material held at NAM (Assen) and
TNO (Zeist) to provide site-specific caprock and reservoir samples, as well as similar materials
from nearby boreholes for comparative study. Attention to date has focused on reservoir and
caprock material from the Bunter sandstone reservoirs and overlying Solling/R6t caprock
formations found in the TAQA P18 field and in the nearby Q16 field. The available samples of
these units have been characterised by means of microstructual, petrographic and X-ray
diffraction analysis and their permeabilities have been measured. Approximately equivalent
material from the Triassic Buntersandstein of Germany has been collected and characterised, for
comparison with P18 and Q16 material, and as a potential source of larger volumes of sample
material. TUD has performed a similar characterisation study of cap rocks from the Carboniferous
and Cretaceous for comparison with onshore underground sites, notably the DSM site in
Carboniferous strata.

The reports of UU and TUD are combined via Parts | and Il of this report to create this deliverable
D06 to WorkPackage 3.03 of CATO-2. Characterisation work on Zechstein anhydrite caprock
used by the UU team in the experimental programme on Rotliegend reservoir topseal integrity
(WP3.03-D-08) has been reported in earlier publications and in D-08.

This document contains proprietary Copying of (parts) of this document is prohibited without
information of CATO 2 Program. prior permission in writing
All rights reserved



Doc.nr: CATO-2-WP3.03-D06
] Version: 2010.09.01

Classification:  Public
Page: 3 of 93

Cap- & Fault rock samples

Distribution List

(this section shows the initial distribution list)

External copies | Internal Copie s

Document Change Record

(this section shows the historical versions, with a short description of the updates)

Version

Nr of pages

Short description of change Pages

Table of Content

1 Executive Summary (restricted)
2 Applicable/Reference documents and Abbreviations ..

2.1  Applicable Documents
2.2 Reference Documents

2.3  Abbreviations
3 General Text
Part 1: UU Contribution
Part 2: TUD Contribution

This document contains proprietary
information of CATO 2 Program.

All rights reserved

Copying of (parts) of this document is prohibited without
prior permission in writing




Doc.nr: CATO-2-WP3.03-D06
[ ] Version: 2010.09.01
Classification: Public

Page: 4 of 93
Cap- & Fault rock samples

2 Applicable/Reference documents and Abbreviations

2.1 Applicable Documents

(Applicable Documents, including their version, are documents that are the “legal” basis to the
work performed)

Title Doc nr Version date

AD-01 Beschikking (Subsidieverlening ET/ED/9078040 | 2009.07.09
CATO-2 programma
verplichtingnummer 1-6843

AD-02 Consortium Agreement CATO-2-CA 2009.09.07
AD-03 Program Plan CATO2-WPO0.A- | 2009.09.29
D.03

2.2 Reference Documents
(Reference Documents are referred to in the document)

Title Doc nr Issue /version | date

2.3 Abbreviations

(this refers to abbreviations used in this document)
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3 General Text

Deliverable WP3.03 D06

Progress report on: Site-representative cap rock and fault rock
samples acquired and characterised.

Part 1. Contribution from Utrecht University

By Colin J. Peach, J. H. P. de Bresser, R. F. M. van de Kroef, A. Mols, B. A. Verbene,
and J. Samuelson

High Pressure and Temperature Laboratory, Utrecht University
31% August 2010.

1. Introduction and aims

1.1. Need for sample material and its characterisat ion

The experimental work which forms the UU contribas to CATO2 workpackage 3.3
and also packages 3.2 & 3.4 all require site-sfgegdological material for testing
purposes. Particular interest is directed at maltezlevant to the hydrocarbon reservoirs
of the near offshore sector P18 of the North Sestwf Rotterdam. These fields (see
Figure 1) are currently under operation by TAQAU&aAramco) and soon to be
depleted, offering an opportunity for future £€orage.

Experimentation, in particular the testing of methal behaviour (faulting, compaction
etc., with and without C&Xluids), requires more material than is directhaigable from
existing cores, recovered during offshore the agabdrilling operations. Alternative
sources of material have therefore been sougistirtiportant that this material is
representative of thia situreservoir and sealing cap rocks. Whilst some rztieom
archived cores in the stores of TNO and NAM hasibeade available, it has been
necessary to search onshore for equivalent gealofgianations to fulfil our
requirements.

The acquisition, characterisation and comparisamaierial from the offshore P18 field
(including nearby wells) with any potential onsherpiivalents forms the primary aim of
this deliverable.

1.2. Specific site of interest and location of rese  rvoir P18
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Figure 1: Near offshore gas fields in
Triassic rocks showing location of the P18
quadrant. The cap rock seal for these

! particular gas fields is the Lower Triassic
/' Limit Solling formation. The extent of the main

L'/\-—»‘. | s glgeshsieln | Buntsandstein Subgroup is shown (purple).
) :

1 % Triassic gas field o . The blue dashed line indicates the “zero
{ { J ¢ == saltline” (modified from de Jager &
N § ; ~% - Geluk, 2007).

Reservoir rocks of Lower Triassic age (Main Buntisdain) form the near offshore P18
gas field in the North Sea — currently operated BQA (Saudi Aramco). The P18 field
is located at the SE corner of the P quadrant oftsfrom the Western Netherlands (see
Figure 1) and has a potential storage capacitpefA Mt (van Egmond et al., 2009).
Wells P18A-05 and P18A-07 have been considere@@rinjection. Core material and
data, taken in the past from the P18-02 and P18dI2together with nearby material
from Q16-04 and Q16-FA101-S wells, forms the b&smi®ur comparisons with
equivalent material from other onshore sources.démhs and geological formations
hosting these gas fields are indicated in Tablénichvserves to show the close similarity
in lithostratigraphy between the near offshoreeafgplds around P18 and the nearby
Q16 fields that share the common sealing formaigniling Fm).
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P18-5-05 P1E-A-07-51 Q1604 Q16-FA-101-51
Fickatt  Bostom Hale Fickaff  Battom Hole Kickott  Battom Hale Fickatr  Bostom Holc
Depth [m) _ Depth (m) Stratigraphic Unit Depth (m) __ Depth {m) Stratigraphic Unit Depth {m} _ Depth [m] Stratigraphic Unit Depth {m] _ Depsh (m) Stratigraphic Unit
o 574 North Sca Supergroup 0 548 Upper Morth Sca Group [ 483 Upper North Ses Group o 476 Upper North Sca Group
974 2250 Ommelanden Formation 543 609 Vessem Member 483 510 Midcle North Sea Groug 476 516 Rupel Formation
2280 2348 Texel Maristone Member 509 862 Dongen Formation 510 751 Lower North Sea Group 516 822 leper Member
2348 2240 Texel Greenzand Member 862 1001 Larden Formation 751 770 Exchisk Formation 522 844 Bazal Dongen Tufine Member
2420 2726 Upper Holland Miarl Member 1001 1863 Ommelanden Formation 770 1407 Ommelanden Formation B2 897 Landen Clay Member
2726 2812 Midcle Holland Claystons Member Sidetrack 1407 1459 Teael Farmation 897 1657 Ommelanden Formation
2812 2324 Holland Greensand Member 1045 Z140 Ommelanden Formation 1459 1510 Tenel Greensand Member 1657 1702 Texel Markstane Member
2924 3064 Lower Holland Marl Member 2140 2203 Texel Markstane Member 1510 1688 Upper Holland Marl Member 1702 1731 Texe| Greensand Member
2064 3231 Whieland Claystone Formation 2203 2310 Texzl Greenzand Member 1668 1759 Micdle Hollard Claystone Membar 1731 1857 Upper Holland Marl Member
3431 3262 Berkel Sandstone Member 2310 2510 Upper Holland Marl Member 1759 1797 Hallznd Greensand Member 1857 1811 Micdle Holland Claystone Member
3462 3548 Berke! Sand-Claystons Member 2510 2617 Middle Halland Claystons Member 1757 1B65 Lower Holland Mar Member 1911 1867 Holland Greensand Member
3545 3618 Rijswijk Member 2617 2740 Holland Greensand Member 1865 2106 licland Claystone Formation 1367 2098 Lower Holland Marl Member
3618 3717 Nisuwerkerk Formation 2740 2887 Lower Holland Marl Member 2106 7158 Berkel Sanc-Claystone Member 2098 2215 De Lier Member
3717 4057 Lower Werkendzm Member 2887 3266 Wlizland Claystone Formation 2158 2169 Rijzwijk Member 2216 2338 E=mhaven Member
057 2487 Azlburg Formation 3366 3289 Berkel Sandstone Member 7169 2350 Werkerdam Farmation 2338 2367 Uszelmonds Sandstone Member
2387 2553 Sieen Formation 3395 3384 Berkel SandClzystone Member 7350 2385 Posidonia Shale Formation 3367 2215 Usselmonde Clayssane Member
4553 4562 Upper Keuper Claystone Member, 3384 3478 Rijn Member 2365 2650 Aalburg Fermatian 2415 2260 Berkel Sandstons Member
4562 2500 Dolomitic Eeuper Member 3478 3758 Alblazseréam Member 2850 2696 Sleen Formation 2480 2267 Berkel Sand-Claystone Member
2600 2510 Red Keuper Claystons Member 3798 4121 Werkendam Farmation 2806 2810 Upper Keuper Claystone Member 2467 2520 Rijzwijk Member
4610 2554 Upper Muschelkalk Member 4121 4109 Pozidonis Shale Formation 2910 2033 Dolomitic Keuper Member 2520 2699 Nizuwerkerk Formation
2654 2567 Middle Muschelkalk Marl Member 4195 4730 Azlburg Formatian 2933 2843 Red Keuper Claystons Member 2650 2715 Posidonia Shale Formation
4667 4581 Muschelkalk Evaporite Member 4730 4783 Sleen Formatian 2343 2562 Upper Muschelkalk Member 2716 3117 Aslburg Formation
4681 4727 Lower Muschelkalk Member 4783 4877 Keuper Formation 2962 2081 Midele Muschelkalk Mard Member 3117 3148 Sleen Formatian
4727 4775 Rt Claystans Member 4877 4044 Muschelkalk Formation 2981 2087 Muschelkzlk Evapaorite Membar 3148 3158 Upper Keuper Claystone Member
4775 4787 Main Rt Evaporite Member 4044 4854 Rt Formation 2987 3039 Lower Muschelkalk Member 3158 3185 Delomitic Keuper Member
4787 4796 Solling Claystone Member 4554 4871 Soling Formation 3039 3064 Riiz Claystone Member 3185 3192 Red Keuper Claystons Member
4796 4300 Basal Solling Sandstane Member 4971 5002 Hardegsen Formation 3064 3071 Salling Claystone Member 3192 3210 Upper Muschelialk Member
2500 2336 Hardegsen Formation 5002 5052 Upper Detfurtn Sangstane Member 3071 3076 Basal Salling Sanéstonc Member 3210 5221 Middie Muschelkalk Mad Member
2836 2918 Upper Detfurth Sancsiane Member 5052 5066 Lower Detfurth Sardstans Member 3076 3136 Hardegzen Formatian 3271 5226 Muschelkalk Evaporite Member
4918 2028 Lower Detfurth Sandstone Member 3136 3162 Detfurth Claystane Member 3226 3271 Lower Muschelkalk Member
4928 5040 Upper Volprichsusen Sandstens Member 3162 3167 Lower Detfurth Sandstens Member 3271 3292 Rt Claystone Member
5040 5123 Lower Volprichausen Sandstone Member 3167 3216 hausen Clay-Siltstone Member 3292 3302 Salling Claystone Member
5123 5230 Rogenstein Member 3216 3276 i NMembs 3502 3304 Basal Solling Sandstone Member
3776 3360 Rogenstein Member 3508 3372 Hardegzen Farmation
3360 3462 Mair Claystons Member 3374 3399 Detfursh Claystons Member
3462 3467 Zechstein Upper Claystans Formatian EEES] 3405 Lower Detfurth Sanestanc Member
3467 3475 73 Fringe Sandstone Member 3405 3451 Volpriehausen Clay-Sittstone Member
3475 3496 22 Fringe Sandstone Member 3451 3508 Lower Volpriehausen Sandstone Member
3406 3508 Z1 Fringe Sandstone Membar 3508 3570 Rogenstein Member
3508 3515 71 Lower Claystone Member 3570 3635 Main Claystons Member
3515 3517 Fringe Coppershale Member 3636 3645 Zechstein Upper Claystone Formation
3517 3525 Skochteren Farmation 3645 3651 23 Fringe Sandstone Member
3525 3714 Hellevoetshuis Formation 3651 3655 Grey Salt Clay Member
3714 3639 Maurits Formatian 3655 3668 73 Fringe Sandstone Member
3668 3685 71 Fringe Sandstone Member
3686 3690 71 Fringe Carbanate Member
3690 3701 Coppershale Member
3701 3705 Slochtaren Formation
3705 38570 Strijen Formation
3970 4023 Hellevoctsluis Formatian
4023 4060 Maurits Formation

Table 1: Lithostratigraphy of wells P18-A-05 and P18-A-@drisidered for CO2 injection), and Q16-04 and Q¥6-F01-S1 (used for cap rock sampling in this stubipte
the common stratigraphy but different depth rangéshe reservoir (Volpriehausen, Detfurth, Hardaggermations) and cap rock (Solling and Ro6t forroas) in the

different wells.
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1.3. Strategy for acquisition of material

Core material, held by TNO (Zeist) includes conatgivals from wells P18-02-A01 (Detfurth
sandstone) and P18-02 (Volpriehausen and Harddggeations) from the upper part of the
reservoir and intervals of core Q16-4 (Solling &t formations) of the cap rock sequences,
was kindly made available for observation and kadisampling. Some petrophysical data and
characterisation was available in the accompanmgpgrts from Amoco Core Analysis
Reports (CAR).

A further set of offshore core material Q16-FA-181{R6t formation) was made available to
us by the NAM at Assen. This material included¢hp rock sequence a little above the
reservoir seal boundary. The lowest part of thegisace is shown in Figure 2 and consists of
dark marly mudstones that are expected to be sitoillhe cap rocks that form the P18
reservoir seal.

Figure 2: A. Cap rock plug-core sample 53 with a diameter afgtly 25 mmB. Complete well core retrieved
from well Q-16-FA-101-S1, displayed at the NAM crgpository in Assen. The dark cores standing uyrig
originating from the R&t formation, were sampledcap rock material for this study.(Deepest mateisabn the
right and up is away from the viewer)

The material obtained from the NAM core store waficent for a few basic petrophysical
and chemical tests but the need for larger samglgtmble for mechanical tests, remained.
Therefore it was necessary to search for onsharvagnt material and a short field
excursion was planned and executed in April 201iBédNorthern German Eifel area where
the Buntsandstein, group of formations, outcropdoessible quarries. The Buntsandstein
formations (Volpriehausen, Detfurth and Hardegska) outcrop there are believed to be
directly correlated with those of the P18 field (&snand Farfan, 1996). These field
observations and samples were used in comparigbrtivd offshore reservoir data and
material to assess their representative status.
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Recently, material was also collected for us byeagues at TU Delft from Eastern Germany
and detailed characterisation of this materiakistyg be performed. Preliminary assessment
shows this to be too coarse grained and permealble & directly equivalent cap rock. The
materials have a similar stratigraphy but differemtirce area for the sediment.

1.4. Characterisation parameters required for CATO2 research

The composition and microstructure of the sam@emiimportant quantity for any
interpretation of C@injection induced changes in the rock materidkelnise, the same
information is required to validate the represemastatus or true equivalence of the onshore-
collected material with respect to timesitu, site specific, rock formations. Basic optical
microscopy and petrographical analysis of samptedéctions was performed together with
X-ray diffraction (XRD) analysis of bulk mineralogyhere required. Particular attention was
given to the characteristics of grain cement andwarhof chemical components likely to

react with CQ rich fluids under the reservoir injection conditso(e.g. carbonate minerals and
other less reactive but potentially useful longent carbonate forming (carbon fixation)
components such as feldspar (see Liteanu, 200%1langx and Spiers, 2009).

In addition to microstructural analysis, the basitrophysical properties such as permeability
and porosity were measured to obtain the fluidspant properties, where not already
available in core analysis reports. This was egigaiecessary for the newly collected
material and cap rocks from the well cores.

2. Actual core material from offshore P18 field

2.1. Geological setting and stratigraphical positio n of material

The gas reservoirs in the P18 field are situatatien_ower Triassic Buntsandstein series.
The geological setting for these highly porous masie sandstones and low permeability
marl/mudstones forming the cap rock is comprehehgidescribed by Geluk, 2007.

2.1.1. Basic geological history

During the Triassic and Jurassic the structurdiraibf the Netherlands progressively
changed from one single, extensive basin, the $outhermian Basin, into a complicated
pattern of smaller, fault-bounded basins and h{gigure 3; Wong, 2007). This change to a
multi-basinal pattern is associated with the deggnation of Pangea (Ziegler, 1990) and
occurred in several extensional phases (Wong, 26{af5legsen (Scythian), Early
Kimmerian, Mid Kimmerian (Aalenian-Callovian/Oxfaesh) and Late Kimmerian
(Kimmeridgian-Ryazanian). The Hardegsen phase anky Kimmerian phase took place
during the Triassic and the Mid and Late Kimmenduases during the Jurassic. The intervals
in between these phases were characterized bynedgtbermal subsidence that is recognized
in the sedimentation pattern. It led to broad, lagfacies patterns, interrupted locally by
halokinesis which became widespread after the Hai@ssic (de Jager, 2007).
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Dutch Central Graben
)

Figure 3: Map of the latest Triassic to Middle Jurassic stral elements in the Netherlands. Dark brown:
structural high, partly subaerial landmass; lightolivn: platform, intermittently flooded; white: bas{Wong,
2007).

2.1.2.  Stratigraphical setting

The Triassic rocks can be subdivided into two gso{ifable 2; Geluk, 2007), thewer
Germanic Trias Group mainly fine-grained clastic deposits with saondstand oolite
intercalations and consisting at the southern basirgin predominantly of sandstones - and
theUpper Germanic Trias Groymn alternation of fine-grained clastics, carbesand
evaporites with subordinate sandstones. The Loveem@nic Trias Group comprises widely
distributed sandstones which form the second nmagbitant hydrocarbon reservoirs in the
Netherlands. They originate from the south, coimagjiprogressively more shales towards the
north and were deposited in fluvial and aeoliatirsgs (de Jager & Geluk, 2007). Producing
fields occur in the east Netherlands, in the WesthBrlands Basin, and in the northern and
western offshore (Figure 1). The top seal of threservoirs is formed in most cases by the
shales of the Upper Germanic Trias Group and wiherdriassic is truncated, by shales of
the Lower Cretaceous (de Jager & Geluk, 2007).
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Lower Germanic Trias Group:

The Lower Germanic Trias Group is divided into tilwever and Main Buntsandstein. The
Lower Buntsandstein formation is composed of aic\aiternation of fine-grained lacustrine
sandstone and clay-siltstones, which form stackeddg-upward sequences (Geluk, 2007).
This formation is overlain by the Main Buntsandstevhich is subdivided into the
Volpriehausen, Detfurth and Hardegsen formatiandisplays a cyclic alternation of (sub-)
arkosic sandstones and clayey siltstones orgaimzedge scale fining upward sequences
(Geluk, 2007). The original distribution and thielss of the Main Buntsandstein Formation
was modified by two phases of erosion (Ames & Fari®96). During the Early Triassic it
was partly eroded and unconformably covered by ttie Triassic (Hardegsen phase). During
this phase four short lived rift pulses occurreel(® & Roéhling, 1999). The next phase of
modification was the Kimmerian, during the Lateahsic and Early Cretaceous. Uplifts
partly or totally denuded some areas and faultksl@é the Triassic sediments (Ames &
Farfan, 1996). This resulted in preservation ofNf&n Buntsandstein only in the central and
western parts of the Broad Fourteens and West NattteBasins (see Figure 1). The Main
Buntsandstein in this area can be subdivided imtostratigraphic provinces according to the
“zero salt line”, an east-west line which broaddyresponds to the southern limit of
underlying Zechstein evaporites. South of this littestratigraphic subdivision of the Main
Buntsandstein is more difficult, as siltstone alaystone beds grade into sandstones (Ames
& Farfan, 1996). However the Main Buntsandstein silhbe subdivided into five members:
the Volpriehausen Sandstone, the Volpriehausen-silsyone, the Detfurth Sandstone, the
Detfurth Claystone and the Hardegsen Sandstondeg Pabin the southern Netherlands and
the UK southern North Sea, the Main Buntsandsteinm@&tion is entirely sandy (Geluk, 2007
on cit. Cameron et al., 1992; Johnson et al., 18@duk et al., 1996). The sandstones are
mainly fluvial in the south and grade northwaraiptedominantly aeolian deposits (Geluk
2007, on cit., Fontaine et al., 1993, Ames & Farfe896). The clay-siltstones are playa-lake
deposits (Figure 4). The Main Buntsandstein reaahtégckness of 350 m offshore the
western Netherlands (Geluk, 2007). Within the Pdgaiat it ranges between 100 and 300 m
and in the P18 field it has a thickness of 100-26(Figure 5A).
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\ J Alluvial p;'ﬁ‘w \i\o‘ lu\ Fennoscandia

Mid North
Sea High

[ Nt ST
Figure 4. Present-day distribution and faC|es map of therMBiintsandstein. Extenswe sandy alluvial plains
bordered a lake which occupied the deepest partiseobasin. The facies shown is approximatelyHer t
Volpriehausen Sandstone. Thick arrows represersticlanflux, thin arrows the approximate orientatiof

fluvial systems. The prevailing wind direction viasn the north-east. Solid lines represent the nstcted
basin outline. Black lines represent active fa(@gluk, 2005).
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Table 2: Stratigraphic subdivision of the Triassic in thetNerlands and adjacent countries (Geluk, 2007).
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Figure5: A) Isopach map (in meters) of the Main Buntsanddteimation.B) Isopach map (in meters) of the
Lower Volpriehausen Sandstone. Abbrevations: BABaB Fourteens Basin; CBH: Cleaverbank High; CNB:
Central Netherlands Basin; CNG: Central North Sealé&n; DFZ: Dowsing Fault Zone; DCG: Dutch Central
Graben; EL: Ems Low; HG: Horn Graben; LBM: LondomaBant Massif; MNFZ: Mid Netherlands Fault Zone;
MNSH: Mid North Sea High; NDFZ: North Dogger Faidlbne; RFH: Ringkgbing-Fyn High; RM: Rhenish
Massif; RVG: Roer Valley Graben; WNB: West NethattaBasin. (Geluk, 2007).

Volpriehausen formation:

This formation forms the base of the Main Buntsagidsgroup (Table 2). Its greatest
thickness, over 200 m, can be found in the Dutcht@eGraben and the Broad Fourteens
Basin. It reaches 100 m in the Ems Low and 150 theérRoer Valley Graben (Geluk, 2007).
The Volpriehausen unconformity - related to thedei activity in the Triassic, locally cuts
several meters through the Lower Buntsandstein &bom As mentioned above the
Volpriehausen can be subdivided in two membersl.theer Volpriehausen Sandstone and
the Volpriehausen Clay-Siltstone. The sandstone leemlisplays marked differences in
thickness (Figure 5B). It varies between 50 andh0fithin the P quadrant offshore the
Netherlands and displays a thickness of approximatto 60 m in the P18 field (Figure 5B).
The sandstone is arkosic, with a quartz-conteghsyi below 50%. It is cemented by high
percentages of calcite and dolomite, especiallisifower part (Geluk, 2007). The second
(clay-siltstone) member consists mainly of lacugtrsiltstones and marls, with subordinate
sandstones which are more fine-grained than thest™Melpriehausen Sandstone and
cemented by dolomite, calcite and ankerite. A nunatbearbonate oolite beds occur (Geluk,
2007). In the southern offshore the siltstones gratb fluvial and eolian sandstones (Ames

and Farfan, 1996). Considerable variations in thesls are observed.
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Detfurth formation:

The Volpriehausen is overlain by the Detfurth Fatiorg which is subdivided into the
Detfurth Sandstone and the Detfurth ClaystonehAtitase, an unconformity cuts into the
Volpriehausen Formation which was induced due d¢totéc activity (Table 2). In the
southern and western offshore areas of the Netiusldnis unconformity is the most
prominent one in the Buntsandstein (Geluk et 81961 Geluk & Rhdling, 1999). The
sandstone member displays a relatively high qugmdirz content (>50%) and is loosely
guartz-cemented (Geluk, 2007). In the basin maagéa, the sandstone is one of the best
hydrocarbon reservoirs in the Main Buntsandsteimfabion. Within the P quadrant it
displays a thickness of 10-30 m and the P18 fipjut@ximately 10-20m (Figure 6). The
Claystone member follows the thickness trend ofLitneer Detfurth Sandstone. It consists of
claystones, with thin intercalations of siltsto@e(uk, 2007). These claystones grade laterally
into aeolian sandstones in the southern offshodeoashore (Ames and Farfan, 1996).

Hardegsen formation:

The Hardegsen Formation forms the top of the MaintBandstein Formation. It is composed
predominantly of siltstones with subordinate, tsemdstone beds (Geluk, 2007). Significant
amounts of sandstone occur only in the basin-mangia. The distribution and thickness of
this formation was strongly modified by pre-Solliagsion, which caused strong thickness
variation. In the Broad Fourteens Basin, the WesthBrlands Basin and the Roer Valley
Graben, the thickness reaches up to 70 m (Geluk7)20

Upper Germanic Trias Group:

The Upper Germanic Trias Groups comprises ther8plRot, Muschelkalk and Keuper
formations (Table 2). The base Solling Unconfornitiyms the base of the group and was
induced by the last tectonic pulse of the Hardegdease (Figure 7; Geluk, 2007). The
thickness of deposition of the RAt, Muschelkalk &eaiper formations is determined by the
Early Kimmerian phase which comprises up to fiva@dric pulses (Table 2; Wolburg, 1967,
Beutler, 1995). This led to two unconformities; thet at the base of the Red Keuper
Claystone (Early Kimmerian |; Table 2) and the setat the base of the Sleen Formation
(Early Kimmerian Il; Table 2). The Solling Formatigonsists of a basal-sandstone, overlain
by a succession of siltstones and claystones (TakBeluk, 2007). This is overlain by the
Ro6t Formation which comprises a lower evaporitid pad an upper part dominated by clay
and siltstones (Table 2; Geluk, 2007). The Ro6t Fdiom is overlain by the Muschelkalk
Formation which is a more marine interval. It coisgs a lower and upper carbonate part and
in between an evaporitic part. The carbonates cismprcyclic alternation of limestones and
marls (Table 2; Geluk, 2007). On top lies the KeUpamation which is marked by
claystones at its base with a low sonic velocitgl(®, 2007). The lower part of the Keuper
Formation comprises reddish and dark-coloured tbags, alternating with thin layers of
dolomite, fine grained sandstone and coal. The laidansists of reddish claystones followed
by anhydrite. The Upper part of the Keuper Fornraitoseparated by the Early Kimmerian |
Unconformity from the underlying Triassic (TableG@eluk, 2007) and comprises variegated
clay and siltstones, light coloured micritic carbtes and dark coloured marls and claystones
(Geluk, 2007).
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MNSH

Figure 6: Isopach map (in metres) of the Lower Detfurth Storis Abbreviations as in Figure 5 (from Geluk,
2007).
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Mid North
Sea High

B rre-Triassic 1 Volpriehausen Fm

|:| Hardegsen Fm
|:] Lower Buntsandstein Fm |:| Detfurth Fm

(I Solling Fm not present
Figure 7. Subcrop map of the Base Solling (= Hardegsen) Wfamity (Geluk, 2007).

=" Fault

As can be seen from Figure 1 and Table 1, the RA&X¥.6 gas fields are capped by the
Solling formation at the base of the Upper Germdmiassic group. The lithology is
predominantly claystone of sufficiently low perméigpto seal the high

porosity/permeability aeolian reservoir sands efltardegsen formation. Further to the East,
the sedimentary basin is continuous but the Sobegpmes progressively sandier and more
permeable so that the onshore reservoirs mustabedsiey higher/younger shale formations

such as the Muschelkalk Fm. This lateral variatitakes the search for onshore equivalents
of the P18 cap rock extremely difficult.

2.2. Description of cores and position of samples

Samples in the form of 25mm diameter plugs weréedrfrom the cores held at TNO (Zeist)
and these were numbereth” or “nb” dependent upon whether the plugs were cored
perpendicular or parallel to bedding, respectivélye remaining core material was returned
to TNO. Core material from NAM (Assen) was plug gé&d in a similar way although
remaining material was retained for further expentation. Such retained material carries
the same sample number as its associated plugithautvsuffix (a or b). The interval depths
and original descriptions of these well cores areudhented in core analysis reports.
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2.2.1.  Core Analysis Reports (CAR); P18-field

At the time of original well drilling ~1989/90, Ceiaboratories - Netherlands Branch - were
requested by Amoco Netherlands Petroleum Compapgrform a series of conventional
core analysis measurements and services on seoeeal from the P18-02 and P18-02-A01
wells in the P quadrant offshore the western Né&hds. The results of these measurements
were presented in two core analysis reports. Beplnts include spectral core gamma,
horizontal permeability - every 25 cm at 800, 250000 and 5300 psi confining pressure
using the CMS 300, Vertical Permeability - evenpéter at 800 psi confining pressure using
CMS 300, Porosity - every 25 cm at 800, 2500, 48 5300 psi confining pressure using
CMS 300 and grain density measurements. The speotr@gamma system is capable of
measuring the natural radioactivity from cores andbles accurate placement of the cored
section within the well bore. CMS 300 - used foribhantal, vertical permeability and

porosity is a core measurement system (model 30@hases an integrated form of the
combined Darcy, Klinkenberg and Forchheimer equatio accurately determine
permeability from >1.48E-11 fi{15 Darcy) to <4.93E-20 f1{0.05 micro-Darcy). The
permeability measurements made also include thesttgdParsons Variation - a measure of
the uniformity of permeability distribution throught a zone and the Lorenz Coefficient - a
value used for describing the permeability distiidru within a zone. Both values can range
from O to 1, with an exactly uniform set of dataing a value of zero.

The permeability, Dykstra-Parson Variation, Lor&wefficient, porosity, mineralogy and
lithology measurements of the different cores mc¢hbre analysis reports have been correlated
- according to their depth with our samples obtaifiem the P18 field (Utrecht University
(UU) samples 1-7), to give an indication of thdiatacteristics (Tables 3-7). These materials
are typical of the upper part of the gas reser&imilarly, samples from the Q16-4 and Q16-
FA-101-S1 cores are represented by UU samplesa@id$epresent cap rock materials.

2.3. Previously known petrophysical data on correla  ted samples
of reservoir rocks

Table 3 gives an overview of the UU reservoir reaknples from the P18 field and their
correlated samples from the core analysis repogsther with their core depths and
formations. The core analysis reports comprise oreasents of three cored intervals. Two
from the P18-02 well (Hardegsen and Volpriehauser)cand one from the P18-02-A01 well
(Detfurth core). The correlated results of the aralysis reports will be discussed per core.

uu

Sample | CAR sample Well Depth Interval (m) | CAR Core depth (m) Formation
la P18-02- 74: 3644,25
1b 74 & 75 AOL 3644.33-3644.52 75: 36445 Detfurth
2a P18-02-
b 59 AOL 3640.50-3640.61 3640,5 Detfurth
3a 2 P18-02- 3626.22-3626.38 3626,25 Detfurth
3b AO01
4b 97 P18-02 3442.53-3442.74 3442,69 Volpriehausen
5b 71 P18-02 3436.00-3436.36 3436,25 Volpriehausen
6b 46 P18-02 3295.00-3295.35 3295,25 Hardegsen
7b 14 P18-02 3287.00-3287.32 3287,25 Hardegsen

Table 3: Overview of the UU reservoir rock samples thatehbeen correlated with CAR report samples.
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2.3.1.  Volpriehausen core

The approximately eight meter long core from th8-B2 well represents a part of the
Volpriehausen formation (3434-3442.85 m). It hg®eosity ranging from 3.1 to 7.4% and
permeability between 9.87E-18 and 1.97E-T5with a median of 3.30E-15mThe core has
a Dykstra-Parsons Variation of 0.478 and a Loreoefftient of 0.614 indicative for the
heterogeneous character of the permeability digioh.

The core analysis measurements of this zone haaredmrelated with the UU samples - 4
and 5 from the P18 field (see Table 7). They shaelatively low porosity and permeability.
The porosity ranges between approximately 4.78866and the permeability ranges from
approximately 2.96E-17 to 1.14E-16 (able 7). The permeability measurement of sample
4 is inaccurate as only one measurement at a ¢ogforessure of 800 psi has been made.
This had been done for a number of samples showmgermeability to speed up the data
output. The correlated mineralogy of both sampéesrs to be similar, with a quartz content
of 67% (Table 8). A description of the lithologiesn be found in Table 5.

2.3.2. Detfurth core

From the P18-02-A01 well a core of approximatelyi@%has been drilled (3626.00-3651.08
m) in the Bunter Sandstone Formation. Accordinth&éocore analysis report, the core consists
of very well cemented grey sandstone, very findine grained and generally very well
laminated. Abundant clay laminations and clay slastcur in the bottom section of the core.
Anhydrite occurs locally abundant in interval 3&&3634.55 m. A homogenous section
occurs between 3637.00 and 3640.30 m, while a ketgrogeneous section occurs between
3642.00 and 3646.75 m. This heterogeneous sectmmwss a high variation in the
permeability data, with a Dykstra-Parson Variatimin0.914 and a Lorenz Coefficient of
0.731. A red, very tight clay-rich section occutgtee bottom of the core between 3650.55
and 3651.08 m (CAR P18-02-A01, 1990). The coreahpsrosity ranging from 2.4 to 15.2%
with a median of 9.5% and a permeability rangingfr1.48E-17 to 3.19E-13 nwith a
median of 3.30E-15 fn

The core analysis measurements of this zone hage berrelated with the samples - 1
through 3 from the P18 field (see Table 6). Sampialls within the heterogeneous section of
the Detfurth core. This makes correlation of thenmability difficult. When samples 1 is
compared with the core photos of the core analysport, permeability and porosity
measurements of CAR sample 74 seem to give a lbeisrsentation of the sample then CAR
sample 75. Although CAR sample 74 does not falhiwithe depth interval. So to be more
precise both results of CAR sample 74 and 75 atediin Table 6. The correlation of sample
2 seems to be just below the homogenous sectiosamgle 3 within the top of the core. The
permeability for the three samples is between 8#BEnd 1.04E-14 fnand the porosity
ranges between 7.4 and 13.5% (table 6). The ctetelaineralogy of the samples seems to
be approximately the same, with 67 to 78% quarée (Fable 8). For a description of the
lithologies of the different samples see Table 5.

2.3.3.  Hardegsen core

A core of approximately 15 m from the P18-02 wahs between 3284 and 3299 m. This has
a porosity ranging from 4.7 to 23.1% with a med@&nl2.7%. The permeability is quite

variable with tight and permeable bands rangintheextremes from 4.84E-17 to 1.18E-11
m? (0.049 to 12000 md). The majority of the zone appeo be moderately permeable. It has
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a Dykstra-Parsons Variation of 0.799 and a Loreaeffitient of 0.742, so the permeability
throughout the core is quite heterogeneous.

The core analysis measurements of this core caorbelated with the samples - 6 and 7 from
the P18 field (Table 7). UU sample 7 (CAR sampl¢ §dows the highest porosity and
permeability. Although, it should be noted that arding to the core analysis report, the
samples directly above show a lower porosity (axpmately two times smaller), the
permeability changes approximately with one ordemagnitude. Also, CAR sample 14 is
reported with a K-berg permeability of 2.96E-1Z (3000 md), however measurements
indicate a higher permeability due to limitatiomsthe CMS-300 software used. The report
indicates that the K-berg permeability at 5.52 Miafining pressure (800 psi) should be
1.22E-11 r (12360 md), which is an order of magnitude higien listed in Table 6. The
correlated mineralogy of both samples is listedTeble 7, which are again alike and
consistent with the samples of the other formati@hough they show a slightly higher
guartz content of 73 to 83%. For a descriptiorheflithologies, see Table 4.
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Lithological Description P18-02 & P18-02-A01 Well
Well e Sal:nU le Ak Al Lithological Description
Formation #p Sample depth (m) 9 P
3644.33-3644.52 Very_ well ce_menteq_ grey sandsto_n_e,
P18-02-A01 1 75 3644.5 medium grained, siliceous/dolomitic and
Detfurth laminated
Very well cemented grey sandstone, fine
74 3644.25 to medium grained, siliceous/dolomitic
and clay laminated
3640.50-3640.61 Very well cemen_ted dark grey
P18-02-A01 2 59 3640.5 sandstone, medium grained,
Detfurth siliceous/dolomitic and clay laminated
3626.22-3626.38 Very well cemented grey sandstone, fine
P18-02-A01 3 2 3626.25 grained, siliceous/dolomitic and clay
Detfurth laminated
3442.53-3442.74
P18-02 4 97 3442 69 Very yvell cementeq grey ;qndstone,
very fine to fine grained, siliceous
Volpriehausen
3436.00-3436.36 i
P18-02 5 71 3436.95 Ver.y well ggmented grey sandstone, fine
grained, siliceous
Volpriehausen
3295.00-3295.35 i i
P18-02 6 46 3295.95 We_II ceme_r_1ted light grey sandstone, fine
grained, siliceous
Hardegsen
3287.00-3287.32 i
P18-02 7 14 3987 25 Moderate cemented Ilght grey
sandstone, coarse grained, siliceous
Hardegsen

Table 4: Overview of the lithological descriptions accorglito the core analysis reports correlated with tiesv
samples from the P18 field (sample 1-7). (CAR P18989 & CAR P18-02-A01,1990)
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CAR = Core Analysis Report. The data below is

Porosity & Permeability data P18-02-A01 Detfurth measured from cores taken in the past.

uU CAR ' N 5 K-berg slip

well Interval (m)/ Sample CAR Core | Conf. pressure | Porosity | K-berg permeability | Gas permeability factor

Formation 4 Sample | depth

(m) PSI MPa % mD m2 mD m2 PSI MPa
3644.33- 800 | 552 | 135 26.8 | 2.64E-14 | 283 |2.8E-14| 2.95 |0.0203
P18-02- 3644.52 L 5 | agags | 2500 | 17.24 | 13 248 |245E-14| 262 |26E-14| 2.88 |0.0199
A0l Detfurth " | 4000 | 2758 | 12.8 23.8 | 235E-14 | 25.1 |25E-14| 2.88 |0.0199
5475 | 37.75 | 12.7 232 | 229E-14 | 245 |2.4E-14| 2.85 |0.0197
800 | 5.52 8.1 0.309 |3.05E-16 | 0.44 |4.3E-16 | 28.95 | 0.1996
44 | 36442 2500 | 1724 | 77 0.198 | 1.95E-16 | 0.288 |2.8E-16 | 30.75 | 0.212
5 4000 | 2758 | 75 0.168 | 1.66E-16 | 0.238 |2.3E-16 | 28.27 |0.1949
5475 | 37.75 | 7.4 0.156 | 1.54E-16 | 0.216 |2.1E-16 | 26.11 | 0.18
3640.50- 800 | 5.52 9.3 129 | 1.27E-14| 14 |1.4E-14| 4.34 |0,0299
P18-02- 3640.61 5 5o | 3sa0s5 | 2500 | 17.24 | 88 115 | 1.13E-14 | 123 |1.2E-14| 3.84 |0.0265
A0l Detfurth | 4000 | 2758 | 8.6 10.9 |1.08E-14 | 11.6 |1.1E-14| 3.53 [0.0243
5475 | 37.75 | 8.4 105 | 1.04E-14 | 112 |1.1E-14| 3.38 |0.0233
3626.22- 800 | 5.52 8.1 0.305 |3.01E-16 | 0.466 |4.6E-16 | 35.64 |0.2457
P18-02- 3626.38 2 , |36262| 2500 | 1724 | 76 0.150 |1,48E-16 | 0.251 |2.5E-16 | 46.19 |0.3185
A0l Detfurth S 4000 | 2758 | 75 0.105 |1.04E-16 | 0.18 |1.8E-16 | 48.33 |0.3332
5475 | 37.75 | 7.4 0.086 | 8.49E-17 | 0.148 | 1.5E-16 | 49.08 | 0.3384

Table 5: Overview of the porosity and permeability datahef P18-02-A01 Well for the Detfurth formation ab&d from the Core Analysis Reports correlated whith new
samples (1-7) from the P18 field (CAR P18-02-A@D0).
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Porosity & Permeability data P18-02
Hardegsen & Volpriehausen

CAR = Core Analysis Report. The data below is

measured from cores taken in the past.

uU CAR K-berg slip
Interval (m)/ CAR Core Conf. pressure | Porosity | K-berg permeability | Gas permeability factor
Well \ Sample
Formation " sample | depth
(m) PSI MPa % mD m2 mD m2 PSI MPa
3442 53-3442.74 800 5.52 4.7 0.03 2.96E-17 | 0.04 | 3.9E-17 | 25.62 |0.1766
P18-02 4 97 3442.69
Volpriehausen
3436.00-3436.36 800 5.52 6.8 0,299 | 2.95E-16 | 0.418 | 4.1E-16 | 27.08 | 0.1867
P18-02 5 71 3436.25 2500 | 17.24 6.3 0.164 | 1.62E-16 | 0.237 | 2.3E-16 | 30.62 | 0.2111
. 4000 | 27.58 6.1 0.129 | 1.27E-16 | 0.184 | 1.8E-16 | 29.18 | 0.2012
Volpriehausen
5300 | 36.54 6 0.116 | 1.14E-16 | 0.164 | 1.6E-16 | 28.63 | 0.1974
3295 00-3295.35 800 5.52 12.3 14.7 1.45E-14 | 16.3 | 1.6E-14 | 5.9 |0.0407
P18-02 6 46 3205.95 2500 | 17.24 12 13.4 1.32E-14 | 14.8 | 1.5E-14 | 5.73 |0.0395
4000 | 27.58 11.8 12.8 1.26E-14 | 14.2 | 1.4E-14 | 5.7 |0.0393
Hardegsen
5300 | 36.54 11.7 12.6 1.24E-14 14 1.4E-14 | 5.68 |0.0392
3287 00-3287 32 800 5.52 231 3000 | 2.96E-12 | 3000 3E-12 0.5 |0.0034
P18-02 7 14 328725 2500 | 17.24 21.6 3000 | 2.96E-12 | 3000 3E-12 2.9 0.02
4000 | 27.58 21 3000 | 2.96E-12 | 3000 3E-12 1.9 |0.0131
Hardegsen
5300 | 36.54 20.7 3000 | 2.96E-12 | 3000 3E-12 0.5 |0.0034

Table 6: Overview of the porosity and permeability datahef P18-02 well for the Hardegsen and Volpriehausemations obtained from the Core Analysis Reports
correlated with the new samples (1-7) from the #al8 (CAR P18-02, 1989).
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Mineralogy CAR = Core Analysis Report. The data below is measured from cores taken in
P18-02 & P18-02-A01 Well the past.
For CAR P18-02-A01, there is distinction between Plag and Alb; for CAR P18-
02 only Plag is mentioned.
uu CAR Core Minerals (wt%)

Well/ Formation Interval (m) Sample # | depth (m) || Qtz | Plag | K-fsp | Alb | Calc | Dol | Chl | clays/mica | Total
P18-02-A01 3644.33-

‘ 1 3644,0 67 - 8 6 - 5 - 14 100
Detfurth 3644,52
P18-02-A01 3640.30-

' 2 3640,0 78 4 2 - - 4 3 9 100
Detfurth 3640,61
P18-02-A01 3626.22-

! 3 3626,0 71 - 14 2 - 3 - 10 100
Detfurth 3626,38
P18-02 3442.53-

' 4 34425 67 5 8 - - 6 - 14 100
Volpriehausen 3442,74
P18-02 3436.00-

y 5 3436,0 67 - 10 - - 9 3 11 100
Volpriehausen 3436,36
P18-02 3295.00-

' 6 3295,0 73 3 7 - - 3 4 10 100
Hardegsen 3295,35
P18-02 3287.00-

7 3287,0 83 - 9 - - 2 - 6 100
Hardegsen 3287,32

Table 7: Overview of the reservoir rock mineralogy of tHEBR2 & P18-02-A01 wells according to the core gs& reports correlated with the new UU sampleg)from
the P18 field (CAR P18-02, 1989 & CAR P18-02-A®@B0).
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2.4. Previously known petrophysical data on correla  ted samples
of cap rocks

Samples 8-15 were taken from cores in the resecapirock sealing formations Solling and
ROt present in well cores Q16-4 and Q16-FA-101F3dure 2 shows the core interval from
which the samples 12-15 were derived. Dark reddiahy-claystone (Solling) is seen passing
into the evaporitic sequence of the Ro6t. It is utufoate that the base of the Solling and top of
the Hardegsen are not present in the cored inteFabdle 8 gives a summary of previously
known data form CAR reports for these samples etated by depth.

Klinkenberg
uu Depth (extrapolated) Gas
Sample Interval Permeability | Permeability | Porosity | Density
#* Well (m) Form. ** (mD) (mD) (%) (glem?)
8a 3056.90-- )
8b Q1l6-4 ~3056.97 Ro6t 0.00045 mD 0.00089 0,2 2.77
9a 3060.78-- "
oh Q16-4 ~3060.87 Rt 0.0004 mD 0.00078 0.3
10a 3065.91-- :
10b Q16-4 ~3065.97 Solling 0,002 mD 0.0061 11 2.73
1la 3066.53-- .
11b Q16-4 ~3066.71 Solling | 0.0092 mD 0.0268 3.9 2.71
12 Q16-
FA-101-| 32921 | Soliing secondary | 3,4 | 2808
12b S1 porosity~
13 Q16-
FA-101- | 3291.2 Solling <0.01 mD 2,1 2.805
13b S1
14 Q16-
FA-101- | 3290.05 Rt 0.08 mD 5.3 2.67
14b s1
Q1l6-
15b FA-101-| 3278.65 Ro6t 0.02 mD 1.8 2.747
S1

Table 8: CAR report data for caprock samples

*) "a" implies the plug is taken perpendicular teetbedding; "b" implies the plug is taken parattelthe
bedding. Without specification implies a large ckuifi original core is still available. For thin séan optical
microscopy we use the 'b' plugs where possible.

**) Klinkenberg permeability measured at £36-38 MPa

2.5. Analyses of cap rock samples using XRD

The results of our ongoing analysis of the minegglof the cap rock in the Q16 oil field,

using X-ray diffraction analysis (XRD), show highyplosillicate (Muscovite) and carbonate
(Dolomite/ Ankerite) content (Table 9). It is inésting to note that the mineralogy of samples
8 and 9, both from the R6t formation in well Q16i84/ery rich in Muscovite (42-45%) with
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more modest amounts of Ankerite (20-29%) whereagpkal3, extracted from the Q16-FA-
101-S1 well, show the reverse, 52.5% Ankerite amg ©7.5% Muscovite. Sample 12 is the
only sample evaluated thus far that lies within $ndling formation, as defined by the
lithostratigraphy (Fig. 1), and it shows signifitigrdifferent mineralogy from the R6t
formation samples, dominated by Dolomite (54%) Bhus$covite (39.7%), with very little
Quartz (3.3%) and Ankerite (3%).

LU sample 1.0, well 1.D. Depth {m) Formation X¥RD Results

Bl BB 016-04 3056.90 - 3056.97 Rét 45.1% - Muscovite - KAly[AlSis04g)[OH);
28.6% - Ankerite - Ca(Fe, Mg, Mn){COz);
26.3% - Quartz - 5i0,
9l &9y 016-04 3060.78 - 3060.87 Rét 42 7% - Muscovite - KAl {AlSis04g){OH);
37.1% - Quartz - 5i0,
20.3% - Ankerite - Ca{Fe,Mg,Mn)(COs);

101 & 104 Q16-04 3065.91 - 3065.97 Solling Mot yet evaluated
111 & 114 016-04 3066.53 - 3066.71 Selling Mot yet evaluated
121 & 124 Q16-FA-101-51 32921 Rot/Solling |54.0% - Dolomite - CaMg(COs);

39.7% - Muscovite - KAl(AlSi;045)(OH);
3.3% - Quartz - 5i0;

3.0% - Ankerite - Ca(Fe, Mg, Mn)(CO5);
131 & 134 | Ql6-FA-101-51 3201,2 Rit 52.5% - Ankerite - Ca{Fe,Mg,Mn}(COs),
30.4% - Quartz - 5i0,

17.1% - Muscovite - KAl {AlSi304g)(OH);

141 & 144 Q16-FA-101-51 3290,05 Rét Mot yet evaluated
15# Q16-FA-101-51 3278,65 Rét Mot yet evaluated
534 016-FA-101-51 3289,75 Rt Mot yet evaluated
554 Q16-FA-101-51 3290,35 Rét Mot yet evaluated
564 Q16-FA-101-51 3290,6 Rét Mot yet evaluated
574 Q16-FA-101-51 32909 Rét Mot yet evaluated
584 Q16-FA-101-51 3291,5 Rot Mot yet evaluated
60 016-FA-101-51 32018 RotfSolling Mot yet evaluated

Table9: Samples used in this study, including XRD datainbd thus far- implies the sample is cored
perpendicular to sedimentary layering. // implies sample is cored parallel to the sedimentary riage
Sample numbers >50 are plug numbers from the CABR&Q16-FA-101-S1 well.

2.6. Microstructural description of samples

This section describes the characterisation of ralogical and textural features, such as
mineral content, cementation, grain dissolutiorcognpaction (pressure solution) and grain
overgrowth seen in the thin sections using optitiaroscopy. These features are important as
they determine the reservoir potential for &@brage. The presence of certain minerals such
as feldspars and micas, are likely to be more ingatd CQ as well as the presence of calcite
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cement which is expected to dissolve as it intsraath CQ, jeopardizing the structure of the
reservoir. The reactions might alter the porogigrmeability and the cementation strength of
the reservoir rock leading to compaction of theeresir or a decrease in porosity and
permeability. On the other hand, dissolving theitalcement could lead to an increased
porosity if the structure holds and possibly ag$istinjection process.

The thin sections were studied under an opticatesmpe in plane and crossed polarized
light at different objective magnifications (2,5mca10x). Of each thin section several
photographs have been made to clarify some ofdieifes observed (Figures 8-18). Table 10
gives an overview of the porosity of the thin ses which was estimated with the line
intercept stereological method, assuming that velper unit volume = area per unit area =
line per unit line. From the core analysis repdrteas become clear that for the Detfurth, the
porosity ranges between 2.4 and 15.2%, the Volatisbn between 3.6 and 7.4% and for the
Hardegsen between 4.7 and 23.1% which seem torsstent with the estimated porosities
of the thin sections from the P18 field.

P18 field
uu

Sample# Formation Porosity (%)*
la Detfurth 15
1b Detfurth 12
2a Detfurth 12
2b Detfurth 10
3a Detfurth 12
3b Detfurth 10
4b Volpriehausen 5
5b Volpriehausen 8
6b Hardegsen 10
7b Hardegsen 25

Table 10: Estimations of porosity made by a line intercepreological method. These porosities compare
favourably with previous data from the CAR.

2.6.1.  Optical microscopy: P18 reservoir rock thin sections

From the Volpriehausen, Detfurth and Hardegsen &ion plugs, a total of ten thin sections
were made - sample 1a through 7b. All thin sectisese made perpendicular to the bedding
without a cover glass. Beforehand, sample 6b andéfb first impregnated with a blue resin
to clarify the porosity. Table 11 gives an overviefithe mineralogical and textural features
observed in each thin section. Below, the ten $lictions will be discussed organized per
formation, starting with the Detfurth.
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P18 field

Mineral content (%)**
uu 7 - N Pressure | Over-
Sample# Formation Grainshape |Grainsize Qtz |Fsp Rock | Calc. solution | growth
frag. | Cem.

fine to

la Detfurth subrounded . 7% |75| 75 10 yes yes
medium
fine to

1b Detfurth subrounded - 70 | 75| 75 15 yes yes
medium
fine to

2a Detfurth subrounded - 70 |75 10 12.5 yes yes
medium
fine to

2b Detfurth subrounded - 75 | 75| 75 10 yes yes
medium
fine to

3a Detfurth subrounded . 7% 75| 75 10 yes yes
medium
fine to

3b Detfurth subrounded . 7% |75| 75 10 yes yes
medium

. fine to

4b Volpriehausen | subrounded . 65 5 20 10 yes yes
medium

5b Volpriehausen | subrounded flne.to 65 5 20 10 yes yes
medium

6b Hardegsen subrounded fine 75-80 | 5 5 10-15 yes yes

7b Hardegsen well-rounded | medium 90 | 25| 25 5 yes yes

Table 11: Overview of the grainshape, grainsize, mineral eatitpressure solution and overgrowth features of
the ten P18-field samples that were analysed uadeoptical microscope. *: fine grained represen254250
um and medium grained 250-50M.**: The mineral content of the thin sections wasghly estimated with the
line per unit line method, assuming: volume pert wadlume = area per unit area = line per unit line.
Abbreviations: qtz; quartz, fsp; feldspar, rockdrarock fragments, calc. cem.; calcite cement.

2.6.2.  Detfurth samples; 1a-3b

Most of the thin sections of this formation disptzgnds which differ in grain size, porosity
and compaction (Figure 8-10). The bands are eitiitera smaller grainsize, higher porosity
and looser compaction or with a larger grain dizeer porosity and tighter compaction. In
some of the thin sections the distinction betwéesé two bands is easier than others. For
example, sample 1a (Figure 8A, B) clearly showddifferent bands as well as sample 1b and
3b (Figure 8C-E and Figure 10E-F). Apart from theding, each thin section displays signs
of calcite cementation, pressure solution - the@ss whereby sediment under load is subject
to selective solution, and overgrowth. The calcgenent shows high order pink and green
interference colours and has a patchy structurgodd example can be observed in Figure 8E.
At many of the contacts between grains, one gragumdergone solution leading to the
penetration of one grain by another (concave-convixs is the first stage of pressure
solution. Where pressure solution is more intetisecontact between the grains become
sutured giving grain contacts an irregular and wstwycture (Figure 10E). Silica dissolved
during the process may be precipitated as cemesy &om grain contact, leading to
destruction (occlusion) of porosity. A good examgi@vergrowth can be observed at the
bottom of Figure 8B. Roughly estimated, the thictiems have a quartz content of
approximately 70-75%, 7.5% Feldspar, 7.5% rockrfragts and 10-15% calcite cement.
Rock fragments, in particular metamorphic rock fnagts, are important contributors to

many detrital sediments. Good examples of theggrfeats can be seen in Figure 10B (the
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darker "dotted" minerals). The Detfurth intervagenerally described as poorly to moderately
sorted, tight and well cemented, despite some figros

i <

Figure 8: Detfurth sstA) Sample 1a, plane polarized light, Bedding lay&sSample 1a, crossed polarized
light, One layer with a smaller grainsize, higherpsity and looser compaction against another layéh a
larger grainsize, lower porosity and tighter compan.(Prominent pores marke®).
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Figure 8: Detfurth sstC) Sample 1b, crossed polarized light. One layer wifer grainsize, higher porosity
and looser compaction between layers with a coagsainsize, lower porosity and tighter compaction.
D) Sample 1b, crossed polarized light, magnificatibthe middle layer in Figure 8C.
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ih:

Figure 9: Detfurth sstA) Sample 2a, crossed polarized light. One layer wisiightly smaller grainsize, higher
porosity and looser compaction and one layer witarger grainsize, lower porosity and tighter consian.
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Figure 9: Detfurth sstB) Sample 2a, crossed polarized light, magnificatibthe layer with higher porosity.
Calcite infill (arrowed)C) Sample 2a, crossed polarized light, magnificatibthe layer with lower porosity.
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Figure 9: Detfurth sstD) Sample 2b, crossed polarized ligh), Sample 2b, crossed polarized light. Tightly
compacted angular quartz.
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IV R SR T e WA
Figure 10: Detfurth sstA) Sample 3a, crossed polarized light, higher poroaitge B) Sample 3a, crossed
polarized light, lower porosity zone.

This document contains proprietary Copying of (parts) of this document is prohibited without
information of CATO 2 Program. prior permission in writing
All rights reserved

33



Doc.nr: CATO-2-WP3.03-D06

{ Version: 2010.09.01
Classification: Public
Page: 34 of 93

Cap- & Fault rock samples

Figure 10: Detfurth sstC) Sample 3a, crossed polarized light, higher poroaitge. Broad arrows indicate
resin filled pores. Narrow arrow indicates calcitementD) Sample 3a, crossed polarized light, lower porosity
zone.
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Figure 10 Detfurth sst E) Sample 3b, crossed polarized light, bandiaSample 3b, crossed polarized light,
tighter band with lower porosity. Indented graimtacts (arrowed) indicative of pressure solution
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2.6.3.  Volpriehausen samples; 4b&5b

In contrast to the Detfurth interval, the thin sma$ of the Volpriehausen are moderately
sorted and display no fine banding (Figures 11&T8E thin sections have a more uniform
structure and therefore a more equally distriby@absity which is relatively low. Both
samples display pressure solution where one gesruhdergone solution leading to the
penetration of one grain by another (Figures 11B8)1Zhe contacts are sutured giving them
an irregular and wavy structure, indicative for arenintense compaction. Figure 11B and
12B also display precipitated cement (caused bgspire solution), overgrowths and calcite
cement. Roughly estimated, both thin sections laagreartz content of approximately 65%,
5% Feldspar, 20% rock fragments and 10% calciteesoém

The Volpriehausen interval is generally describedhaderately sorted, tight and very well
cemented.

o R X = L, 'y 1) . ;

Figure 11: Volpriehausen ssf\) Sample 4b, crossed polarized light. White arrowmsishreas of calcite cement.
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Figure11: Volpriehausen ssB) Sample 4b, crossed polarized light, Calcite ir{fillrowed)

.od”

Figure 12: Volpriehausen ssf\) Sample 5b, crossed polarized ligh), Sample 5b, crossed polarized light,
(Next page)

This document contains proprietary Copying of (parts) of this document is prohibited without
information of CATO 2 Program. prior permission in writing
All rights reserved

37



Doc.nr: CATO-2-WP3.03-D06
Version: 2010.09.01
Classification: Public

Page: 38 of 93
Cap- & Fault rock samples

Figure 12: Volpriehausen ssB) Sample 5b, crossed polarized light, indented geaintacts with quartz
overgrowth Q) and calcite cement infills (arrowed)

2.6.4. Hardegsen samples; 6b&7b

In contrast to the other formations, both thin mext seem to be quite different. Although
comprising a loose fabric of grains sample 7b if-eemented by secondary quartz in the
form of overgrowth on the grains (Figure 14C&D)ngae 6b displays a much higher amount
of calcite cement (Figures 13C&D; 14A&B). Both sdewpdisplay pressure solution where
one grain has undergone dissolution at stresséa gpatacts, leading to the penetration of
one grain by another. The contacts of sample 7imare sutured giving an irregular and
wavy structure, indicative for a more intense coatipa. Roughly estimated, sample 6b has a
guartz content of approximately 75-80%, 5% feldsp& rock fragments and 10-15% calcite
cement and sample 7b a quartz content of 90%, &k#dpar, 2,5% rock fragments and 5%
calcite cement.

The Hardegsen interval is generally described agemately to well sorted, loose to tight and
well cemented with a high porosity consisting mpsfl quartz.
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Figure 13: Hardegsen sstA) Sample 6b, plane polarized light, blue areas arm
polarized light, (same scale bar as A).

¥

pity, B) Sample 6b, crossed
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Figure 13: Hardegsen ssiC) Sample 6b, plane polarized light, blue areas areopity, D) Sample 6b, crossed
polarized light..
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Figure 14: Hardegsen sstA) Sample 7b, plane polarized light, (blue areas awmgopity, quartz cement
overgrowth arrowedB) Sample 7b, crossed polarized light.
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Ie 7b, plane polaﬁzed Ilght showing quartergrowth cement (arrowed).
Blue areas are porosityp) Sample 7b, crossed polarized light, view of sanea ahowing optical continuity of
cement with upper grain.
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2.6.5.

Cap rock samples; 8-15

The samples of cap rock were taken from two corése Q quadrant nearby the P18 wells.

The Q16-4 material in the interval containing th# Bnd Solling Formations is less carbonate

rich and coarser grained (sandier) than the simaerial from Q16-FA-101-S1 where finer
marl-mudstones dominate. Both sets of materialainribow porosity and low permeability
mudstones capable of sealing a reservoir

Sample 8 Sample 9 Sample 10 Sample 11
Core Q16-4 Rot Fm. Rot Fm. Solling Fm. Solling Fm.
Lithology Siltstone Siltstone Siltstone Sandstone
Mineral Content Quartz (25%), | Quartz (25%), | Quartz (20%), | Quartz (20%),
(estimate) calcite (25%), | calcite (25%), | calcite (30%), | calcite (30%),

micas (50%)

micas (50%)

micas (50%)

micas (50%)

Grainsize (estimate) very fine very fine very fine fine grained
grained (5-15 | grained (5-15 | grained (5-15 | (50-300 pum)
um) um) um)

Porosity (estimate) very low very low low porosity very low
porosity porosity porosity

Sorting moderately moderately moderately to | poorly sorted
sorted sorted well sorted

Cement very well very well very well well
cemented cemented by | cemented by | cemented

dolomite dolomite

Table 12: Summary of observations on cap rock samples 8ehd €ore Q16-A
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Sample 12
R6t/Solling Sample 13 Sample 14 Sample 15
Core Q16-FA-101-51 Fm. Solling Fm. R6t Fm. R6t Fm.
Lithology Mudstone Sandstone Sandstone Sandstone
Mineral Content Quartz (10%), | Quartz (30%), | Quartz (40%), | Quartz (50%),

(estimate)

calcite (60%),
micas (30%)

calcite (50%),
micas (20%)

calcite (40%),
micas (20%)

calcite (40%),
micas (10%)

Grainsize (estimate) very fine very fine to fine grained fine grained
grained (1-5 fine grained (25-100 um) (50-300 um)
pm) (10-30 um)

Porosity (estimate) very low low porosity medium low to
porosity porosity medium

porosity

Sorting moderately to | moderately poorly sorted | poorly to
well sorted sorted moderately

sorted

Cement very well well poorly moderately
cemented by | cemented by | cemented cemented
dolomite dolomite

Table 12: Summary of observations on cap rock samples 1f2ehb Core Q16-FA-101_S1.
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Figurel5: A) Photomicrograph of sample 9: silty-mudstone frow Rot Fm. Core Q16-4 Small mica flakes and
some fine carbonate grains with coarser isolatedrtgigrains (crossed polarized ligh):Sample 11; an
impure sandstone from the Solling Fm. Core Q16rdsged polarized light).
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Figure 16: A) crossed polarized micrographs of Sample 12; Marlistone from the Solling Fm.(Q16-FA-101-
S1 core). The higher magnification imag® §hows ubiquitous calcite grains and a few mugsediakes.
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A i 38 f . ¢ e i i
Figure17: A): Crossed polarized micrograph of sample 13, (Sglkm., Q16-FA-101-S1 core) marly-silt
contains at least 50% carbonate (bright colouredigs).B): Crossed polarized micrograph of sample 14, (R6t
Fm., Q16-FA-101-S1 core) impure sandstone withespaftings.
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Figure 18: A) Crossed polarized micrograph of sample 14, (Rét, Epi6-FA-101-S1 core) impure calcite
cemented sandstoiB) Crossed polarized micrograph of sample 15, (R6t, Epi6-FA-101-S1 core) impure
sandstone moderately well cemented by calcite.

This document contains proprietary Copying of (parts) of this document is prohibited without

information of CATO 2 Program. prior permission in writing
All rights reserved

48



Doc.nr: CATO-2-WP3.03-D06
{ Version: 2010.09.01
Classification: Public

Page: 49 of 93
Cap- & Fault rock samples

2.7. New petrophysical measurements

2.7.1. Permeability measurements P18-field samples

The permeability of samples 1-5 of the P18 fieldenbeen measured by the constant-head
flow-through permeability test method, using waldrese measurements were made to see if
they are consistent with the core analysis regoAR) measurements. The constant head
permeability method is a common laboratory testirgghod used to determine the
permeability of granular soils like sands and glseentaining little or no silt and
permeabilities > 18m?. It involves the flow of water through a cylindaicsample under a
constant pressure difference (head). The testigedaout in a permeability cell, or
permeameter, which can apply a confining pressuemsure that the rubber jacket seals
around the cylinder of rock. For the samples 1eésgérmeability was measured at a confining
pressure of 1 MPa (Table 12).

Against expectation, the samples show a relatikslypermeability compared to the
correlated permeability measurements which weresored historically at pressures ranging
between 5 and 37 MPa (Tables 5&6). However ther émrthe measurements is large. This is
probably caused by air bubbles which were trappétimthe cylindrical sample, blocking

the flow of water and influencing the permeabilitgasurements.

The samples were also measured dry with the Argsrtrgnsient step method. This method
involves the transient flow of Argon gas througtyéindrical sample achieved by application
of a sudden step change in pressure differenceseat@ach end of the sample. The logarithm
of pressure decay with time is used to obtain grengability (Peach, 1991)

Constant head H,0 flow-through* Argon transient step**
uu Mean CAR***
Sample# Head K (mz) Best ra2r19e P K (mz) Best ra2r19e K (m?)
(m) K (m®) (MPa) K (m?)
22 | 1,8-10" 15 | 7.2.10%
1.7 | 2.2-10" . 106
la —— 1.8-50-10" L 36 10 —1 34-72-10"°
Detfurth 1.4 2.7-10 0.5 3410
02 | 5.0-10"
22 | 48-10" 15 | 1.7-10%
1.7 | 55.10Y .10
N 1 48-65. 107 ——1-20 10117 54,407
etfurt 14 | 6.5-10 0.5 1.9 10
03 | 52-10"
, 22 | 74-10"° 15 | 18.10%
Detfirth 17 | 81-10" | 74-8.8 10" 1 11.10% | 1.1-1.8-10"
14 | 88-10"° 05 | 1.1.10%
22 | 28-10" 15 | 21.10% -
1.7 | 3.4-10" . 1015
b ffb h —= 2.0-10" 1 3.9 10_15 21-5.0-10"
etfur 1.4 5.2-10 0.5 5.0-10
02 | 20-10"
3a 22 | 2.7-10Y 3.6- 10" 15 15. 101 3.6- 10" -
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Detfurth 1.8 | 25- 10" 1 3.6 10"
1.4 | 29-10" 05 | 36-10"
02 | 3.6-10%
] 22 | 23.10Y 15 4610
De‘t?’furth 17 | 24107 | 23-44-107 | 1 17.10% | 1.6—46. 10"
14 | 4.4-10Y 0.5 1.6 101
4b 22 | 27-107 15 | 6.1-10"
Volprie- 1.7 | 29-10" | 2.7-4.4 .10 1 27-.10Y | 27-6.1-10" -
hausen | 14 | 44-10" 05 | 3.0-10"
22 | 3.2.10Y 1.5 6.8 - 10°
Sb 1.7 | 3.4.10" 1 6.2 - 10
Volprie- = 3.2-9.0- 10" : — 6.2-6.8-107° -
hausen 1.4 4.2-10 0.5 6.3-10
02 | 9.0-10"
6b 14
Hardegsen 1.4-10
7b .12
Hardegsen 3.0-10

Table 12: Permeability data on unreacted cylinders of P18ereoir rock (Table 3). Sample 6b and 7b are taken
from the Core Analysis Report (CAR). * MeasuredMPa confining pressure. ** Measured at 2MPa coimfin

pressure. *** Core Analysis Report.

Clearly for the reservoir materials (Table 12) Degfurth Fm. sandstones offers considerable
permeability and the main reservoir sandstone®tHardegsen is extremely permeable with a
high storage potential.

The cap rock material from cores Q16-4 and Q16-BA-%1 shows that the finer materials
have low permeabilities of ~*8 m* and are capable of sealing the reservoir, seeeTihl
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C Argon transient step* CAR** c Argon transient step CAR*
ap ap
M .
Rock ean Permeability permeability Rock Mean Permeability permeability
2 2
Sample Pressure ( 2) Range (m~) (mz) Sample Pressure ( 2} Range (m~*) (m~2)
(MPa) m (MPa) m
15 9.73x10% 18 15 4.16x10™ 10
8a —1 2.2-9.7x10 12a = 5.0x10 )
1.0 2.15x10 <tx10? 1.0 5.03x10 ?
12b 1.5 -
8b Sample broken T -
. 7.36x10°
— — 13a ——1 1.0-7.4x10™° ;.
9a 15 2.18x10 2.2x10 1.0 1.01x10 <1x10
ob 15 7.75x10"7 2 810" ? 13b 15 4.90x10™® 4.9x10™®
10 ) o 15 1.30x10"
1.5 5.50x10*° 1.5 1.08x10™"
15 4.50x10™"* 18 14a 1.0 4.80x10"° | 4.7-8.9x107°
10a —— 1.0-5.5x10 —
1.0 1.00x10 1.0 4.68x10 e
-18 -18 18 8.0x10
0.5 4.30x10 2x10 0.5 4.93x10
1.5 4.37x10" 1.5 5.35x107°
10b 1.0 3.31x10" | 3.1-4.4x10™" 14b 1.0 2.71x10™ | 2.1-5.4x107¢
0.5 3.13x10°" 0.5 2.10x10™¢
1.5 4.37x10™"° 15 5.40x10™"°
11a 1.0 150108 | 1.5-4.4x10™¢ 15b 1.0 4.11x10% | 4.9-5.4x10"% | 2.0x10"
05 - P 0.5 4.88x10™*
TS T <1x10
. . X.
11b 1.0 2.60x10™® | 1.7-2.7x10™¢ * Measured at 2 MPa confining pressure
0.5 1.70x10°% **Core Analysis Report, for comparison
Comments:

1) For samples 12a and 14a, we assumed that either a leak or an opened crack disturbed the measurement at the highest mean pressure
2) Due to limitations in the software, measurements that lasted >24 hrs could not be processed. These 'data’ are indicated with a bar (™)

3) Sample 8b was broken and couldn't be fixed; samples 9b and 10b were split along a fracture more the less parallel to the sample central axis,
and were fixed with inert super glue.

Table 13: Permeability data on plug cores of cap rock metedetermined by Argon gas transient step
permeametry (to date)

2.8. Discussion of properties regarding CO  , storage

The suitability of a depleted gas reservoir forage of CQ rich fluids is dependent on both
mineral-compositional (chemically sensitive) andigstructural (mechanically sensitive)
features of the host rock. The injection of @h fluids will change the chemical
environment and may also alter the thermo-mechhloading. Clean well cemented quartz
sandstone is less likely to be affected by thisigkan pore fluid. However, the presence of
reactive and more soluble components such as catdgmains (calcite) and cement will be
much more likely to be affected and give rise targfes in porosity, permeability and through
corrosion of cement to changes in mechanical stihefidne presence of less reactive minerals,
such as feldspar, mica or clay, also has an importde in the longer term. Such minerals
can be sources of cations which can react to fomnsblubility carbonate products capable of
fixing CO, via mineralization. These processes are the qotdgm for the research currently
underway by UU and others under the CATO2 framewlaidntification of potential
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reactants in this preliminary study of site speaifiaterials is one of the aims in the
characterization study.

The Hardegsen sandstone reservoir rock examingeiR18 cores is a remarkably clean well
rounded aeolian quartz sand with a quartz cemeahewadence of compaction by pressure
solution (indented grain contacts and quartz owevtis/cement). The colour in the reservoir
cores is white whereas onshore, in the absencgdobbarbons the colour is usually deep red
from iron rich coatings (original sedimentary désgrvironmental patina). This suggests that
some chemical leaching occurs below ground in yfigdcarbon rich (reducing) environment.
The cement remains intact and is probably moreldped underground than observed in
outcrop in the German Eifel. The equivalent santsscare weakly cemented and crumble to
the touch. The simple composition of the main nesieisandstone does not suggest any great
changes will occur during injection of GO he lack of impurities can also be a disadvantage
in that very little opportunity is available for n@ralization and long term fixation of the €O
fluids.

The Detfurth and Volpriehausen sandstones in therveir core are both finer grained and
contain many more impurities. In particular theytbbave extensive calcite cements. This
will be reactive with CQ@rich fluids and their behaviour during injectioraynbe seriously
affected. This is probably not a sealing problerhrbay affect reservoir compaction under
load.

The cap rocks so far investigated are essentiallyanate rich mudstones of the Solling Fm.
and lower R06t. This presence of carbonate (up % B9 volume) will be reactive if exposed
to the CQ rich fluids. The permeability is low and currenthese rocks form a good
hydrocarbon seal but may become modified by disswmiuAbove the Solling Fm., the R6t
formation contains evaporitic sequences with anty@nd dolomite these are not likely to
act as a secondary barrier, since they too contaictive components. The need for more
samples of cap rock to allow mechanical and floickrinteraction experiments is vital. So far
we have not been successful in finding similar matenshore, and the core material is
severely limited.

2.9. Conclusions

Site-specific material from the wells nearest ® @G injection-targeted and TAQA operated,
P18A-05 and P18A-07 wells, has been obtained aachigred as part of this preliminary
characterization. The material is naturally lirdita quantity due to the need to preserve core
in the national archives. The material has alloaeckss to the main rock types expected in
the upper part of the existing gas reservoir inBhatsandstein series. The exact seal
(reservoir sandstone to cap rock mudstone tranyiti@s not available but core from very
near in the sequence was available in the Sollmgdnd overlying Rot. The character of
these materials would certainly constitute a cajx seal. The need for larger volumes of
material led us to search laterally onshore argldtear that due to facies variation in the
Lower Triassic Buntsandstein series the chancendirfg exact equivalent material onshore is
low. Indeed the character of the Solling in thetRern Eifel turned out to be permeable and
even conglomeratic in exposures. The onshore maatemnot be called a “cap rock”, and
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indeed many of the onshore gas reservoirs to tsedEd18 have cap rock seals much higher
in the litostratigraphy (U. Trias - Muschelkalk@ren rocks in the Cretaceous)

We are currently investigating alternative siteslibain an equivalent cap rock.

The reservoir material is less of a problem andhewee suitable material from onshore in
sufficient quantity fro mechanical testing.

The occurrence of large amounts of carbonate ifPit&field cap rock is an important finding
regarding the performance of the Solling cap raK during CQinjection. The material
should be exhaustively tested to assess its pesfacen However, the limitation of material
supply could present a serious problem to achiethiagaim.

3. Representative material from onshore localities
3.1. Geological setting and stratigraphic equivalen ce

3.1.1.  Triassic exposed in the Northern Eifel

The Buntsandstein Formation exposed at the sunficite Eifel region in Germany is
assumed to be correlative and comparable with thg Muntsandstein Formation in the
southern parts of the P quadrant offshore the Metinds (Ames & Farfan, 1996). According
to Ames and Farfan both areas were affected byasigthanges in climatic conditions; fluvial
sedimentation of the lower Main Buntsandstein (Vielpausen) was superceded by
predominantly aeolian deposition of the middle MBuntsandstein (Detfurth and Hardegsen
sandstones). For the purpose of this researchrafgd trip to the Northern Eifel was
organized to sample fresh specimens of the Volptisén, Detfurth and Hardegsen
sandstones, the R6t and Solling claystones andatyse the Hardegsen/Solling contact.
However, the ROt and Solling claystones were nesgnmt in the outcrops visited. Likewise
the Hardegsen/Solling contact proved elusive. Afhiterature research was done (by B.
Verberne) to locate several outcrops which wereeetqal to contain the rocks of interest
(Figure 19).
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Figure 19: An overview of the different sites visited duriing short field trip in the Northern Eifel, Germany
Site 1: Schmidtheim quarry + Schmidtheim, Site 11 Quarry at the Kall railway station, Site 3: "Eme
Kreuz" along the road from Kall to Gemund, Siteqtarry in Mechernich, Site 5: Katzensteine, Katzvey
(Google Earth, 2010).
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3.2. Location of samples

3.2.1. Old quarry at the Kall railway station

This quarry is located just east of the Kall rayvsiation (50°32'15.50"N, 6°33'29.27"E). In

this quarry, the top of the Middle Buntsandsteimposed, i.e. the Hardegsen and/or the
Solling sandstones. The exposure displays the opgstrconglomerate, which is considered

to represent the Solling Formation. The conglonesrabnsist mainly of quartzites of

unknown provenance (FiguB®C). Further, limestone and dolomite pebbles afé0
Carboniferous origin occur, which are considergaidyl for the East-Belgium Paleozoic

(Geluk et al, 1997). Within this sequence of congdoates, sandstone layers of a few meters
occur. The sandstone layers are fine to mediunmgdaihave a slightly reddish colour and
seem to be of fluvial origin (Figure 20B). Higharthe sequence the sandstone layer seems to
get thicker and are more fine-grained (Figure 20D).

3.2.2.  "Eiserne Kreuz" along the road from Kall to Gemuind

The "Eiserne Kreuz" - a military monument is loch#dong the L204/B266 from Kall to
Gemiind (50°32'38.06"N, 6°33'19.56"E). This exposinaws the boundary between the
Middle and Upper Buntsandstein (Solling and Rotnka&tions). The coarse conglomeratic
sediments alternate with sandstones; a NE trandperdtion can be concluded from the
pebble imbrications (Figure 21A&B; Geluk et al. 919.

3.2.3. Quarry in Mechernich

A small quarry located near Peterheide, Mecher(iOR35'11.56"N, 6°38'29.18"E). The
exposed rocks consist of eolian Middle Buntsandstes. the Detfurth and/or the Hardegsen
sandstones. The sequence displays mature sandisyeng of approximately 2 m thick, which
are fine to medium grained and again have a slightldish colour (Figure 22A). It also
consists of some conglomerate layers, with pehtfiemknown provenance and one
sandstone layer of a few meters thick with a higloant of spherical objects which share the
colour of the sandstone beds, (Figure 22B). Thpkergal objects are probably iron
concretions

3.2.4. Katzenstein, Katzvey

A sequence of fine to medium grained sandstonésedfiddle Buntsandstein is exposed
along the L61 from Mechernich to Satzvey (50°3@11IN, 6°41'13.18"E). The exposure
displays peculiar pillar rock formations that at®sgly eroded (Figure 23A&B). The
outcrops comprise a sequence of sandstone layéch display sets of cross-strata, typical
for an aeolian environment.

This document contains proprietary Copying of (parts) of this document is prohibited without
information of CATO 2 Program. prior permission in writing
All rights reserved

55



Doc.nr: CATO-2-WP3.03-D06

Version: 2010.09.01
Classification: Public
Page: 56 of 93

RN L ;. : o ﬂ'\ 1 ; : : B
Figure 20: A) Overview of the old quarry at the Kall railway sta. It shows the uppermost 40 m of the Middle
Buntsandstein comprising a large sequence of congtates with an alternation of sandstone beds foar
scale)B) Zoomed in on the middle of the exposure, showilagge conglomerate layer and a smaller sandstone
layer at the base (person for scale).
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sequence (building for scale).
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Figure 21: A) Conglomerate and
sandstone layers from the Upper
Buntsandstein at the "Eiserne Kreuz"
along the road to Gemiind (bench for
scale).B) Picture which displays the
sandstone and conglomerate
alternation (hammer for scale).
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Figure 22: A) The quarry in Mechernich. It displays a sequenicgandstones with some conglomerate
beds and one sandstone layer with a high amoucddretions (bag for scal®) Close-up of the
sandstone layer with the concretions (lens caystaile).
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Figure 23: A) Picture showing the sequence of fine to mediunmgdhsandstones (person for scal)).
Close-up of the sandstone layers showing a sabgbestrata (lens cap for scale).
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3.3. Preliminary petrophysical measurements

The porosity of the two samples obtained from tbethern Eifel (16E&17E), seem to be
consistent with the porosity measurement from thedelgsen formation. Permeametry
has concentrated on the offshore material so taure measurements will be made as
required and suitable material is selected.

3.4. Microstructural description of samples

Sample 16E has a smaller grainsize (Table 11)pdenmately sorted and is more
cemented giving a tighter structure and lower poydEigure 24 A, B, C &D). Sample
17E has a larger grainsize (Table 11), is wellexbeind less cemented giving a looser
structure and higher porosity (Figure 25A, B, C &D)

Figure 24: A): Sample 16E in plane polarized ligl): Sample 16E, crossed polarized lig)t, Close-up
of grains showing cement overgrowth and grain indgons (blue are is porosityld): Same as C: crossed
polarized light
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D

Figure 25: A): Sample 17E plane polarized light (blue area isqsity),B): same as A but crossed
polarized light,C): close-up of sample 17E in plane polarized lighdvgimg porosity in blue and grain
contacts with less quartz cement than sample D§ESame as C but in crossed polarized light.

3.5. Discussion of equivalence to P18 material

The collection of Buntsandstein material from thertNern Eifel proved useful in
allowing a clear observation of the sedimentaryuiess and facies differences in this
series. The offshore reservoir rocks from the RiBadjacent fields all share a similar
cap rock seal, in the Solling Fm., which consistlow permeability calc-mudstones
(marls) and fine grained marly-silts. This faciéshe Solling Fm. does not persist along
the sedimentary basin as one travels eastwardoégtnthe sedimentary basin is
continuous, there is general coarsening of thersealis towards their source regions.
These also change from the London Brabant Massifesouth, for the P18 field and the
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Rhenish massif to the east for the Northern Eifes unfortunate but the changes
although subtle are more than enough to affecsélaehorizon, so that the onshore gas
fields have cap rock seals much higher in theigtegihy (i.e. Upper Trias Muschelkalk,
etc.). For this reason the Solling of the N Eifiak not provided us with suitable cap rock
equivalent material.

The reservoir sandstones are well representeceitithern Eifel and we were able to
collect material with very similar features to thigshore Hardegsen other than its colour
and oxidation state. The quartz grains and theirec is very similar, in both onshore
and offshore material.

3.6. Conclusions

We have investigated the availability of onshoreieglent material to the P18 reservoir
and cap rock. We have found that good reservoirpatiinle sandstone occurs in the
Northern Eifel at the quarry at Mechernich and hesiéected samples suitable for
mechanical testing. The sandstone is similar tbahthe offshore P18 Hardegsen
formation but the cement is a little less well deped and will probably mean a lower
crushing strength for this material. Chemicalligisimilar.

The need for a good equivalent for the P18 cap reciains and the search for suitable
onshore material continues. If more offshore wellecmaterial becomes available then
of course we will use it in the CATO2 research.

4. General conclusions and next steps

The specific aim of deliverable D06 of WP3.03 is #tquisition, characterization and
mutual comparison of geological materials from ribgervoir-caprock-fault system that
either directly come from the wells considered@®2 injection in the P18 field or come
from elsewhere but can be regarded as equivaléhetomocks encountered in the P18
wells.

Sealing caprocks are claystones from the Uppes3igeSolling formation, and
evaporites and claystones from the R6t formatiasitpmed directly above the Solling.
Reservoir rocks are sandstones and clay-siltstoineswer Triassic age from the so-
called Main Buntsandstein. This unit is subdividethree formations; Volpriehausen,
Detfurth and Hardegsen. Fault rocks can be expéotedntain components of the
reservoir and/or caprocks.
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- Material of all cap rock and reservoir formatioR4.8 and nearby Q16) has been
acquired from core material held by TNO (Zeist) &#M (Assen). Sample
guantities, though, were limited.

- No fault rock material has yet been encounterdgtiercores.

- Fresh specimens of Volpriehousen, Detfurth and efggdn sandstones were
collected in the Eifel region, Germany.

- Microstructural, petrographical and X-ray difframtiof samples has shown that
the material from the Eifel forms a good equival@ntthe P18 reservoir rocks,
providing enough material for future mechanicatites

- No rocks, equivalent to the cap rocks of P18, aposed in the Eifel area; the
trends in facies from the western part of the Nddimels towards the east are such
that the sealing capacity is reduced.

- The Solling and lower R6t cap rocks investigatedessentially carbonate rich
mudstones. They have low porosities and low periiged, confirming their
sealing capacity with respect to hydrocarbons. Hawnehe sealing
characteristics may become modified by dissolutibcalcite related to the
injection of CO2.

- The Hardegsen sandstone reservoir rock is a cleglhyounded aeolian quartz
sand with a quartz cement and evidence for conably pressure solution.
Porosity lies in the range 5-23%, permeability rupgo 3000 mD. Some calcite,
feldspar and rock fragments are present, but thplsicomposition (up to 90%
guartz) of the sandstone does not suggest anydraages will occur during
CO2 injection.

- The Detfurth and Volpriehausen sandstone reseraor$iner grained, contain
lower amounts of quartz (65-75%) and have relagiheyh amounts of calcite
cement (up to 15%). Porosities range 2-15%, peri@adare substantially
lower than in Hardegsen. These reservoir rockseagxpected to be reactive
with CO2 rich fluids, which may affect reservoimgpaction under load as well
as development of faults.

In order to come to a full characterization and panson of relevant rock materials,
more samples of cap rocks are needed. As one oietttesteps, the search for cap rock
equivalent material exposed onshore will be infegthi After obtaining suitable material,
new petrographic analysis as well as permeabil#asarements can be made.

Further, more work is needed in order to locatéable samples of faulted reservoir rock
and caprock.
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Abstract

Rock samples of representative caprocks are collect over the past decades in underground and
open cast coal mines. An inventory on the literature, lab reports and storage records provided
information about majorly Carboniferous and to lesser extent Cretaceous roof rock. These
samples are all of sedimentary origin and representative examples of caprock. The Carboniferous
samples are all from depths over 700 m and by that not affected by (near surface) erosion effects.
However, under in-situ conditions these rocks were under stress. Over the years they became
stress-free and dried out, which caused (micro-) fracking. The major (Carboniferous) part of the
collection can be used for the DSM-storage site. The samples are categorized on their
petrographical and mineralogical properties and representative specimens are analyzed by thin
section, XRD and XRF. For objective results of the mineral content, all XRD/XRF-data have been
used to create a synthetical mineral composition. For a petrological point of view, the samples are
plotted in a series of ternary diagrams. This alternative presentation may help to recognize the
caprock quality of the different sedimentary rocks. Many of the analysis are performed under
earlier research programs within the framework of CO2-ECBM, Coal Fires and In-situ Coal
Combustion.
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Introduction

Characterization of original sedimentary cap rocks and their depositional environments provide
information on common vertical and lateral continuities, rock compositions and rock textures. It
adds to the understanding of its permittivity for CO, as a function of varying mechanical behaviour.
In other words, how does rock change in strength and volume by CO,-charging and which
minerals are representative for the contaminated zones.

For our purposes two types of coal-related roof rock sediments are sampled. Originally these are
studied for an analogous objective, i.e. roof rock behaviour during in-situ coal conversion (Wolf et
al. 1987, 1990, 1995, 1996, 1997, 2006). The samples are gathered from:

1. Westphalian coal and coal associated sediments of Northwest European origin. Most of the
rocks are collected in the former Campina coalmines of Beringen and Zolder (Belgium), at
depths in between 650 m and 950 m. The samples are acquired from fresh coal overburden
rock at working faces and on the fronts of tunnel excavations. In addition, exploration
drillings in Joppe, Lutte-6 and Kemperkoul (the Netherlands) provide cores of coal roof from
depths between 566 m and 1403 m (Pagnier et al. 1996, RGD, 1993).

2. Albian-age coal-related roof rock sediments from Teruel (Spain). They are sampled in the
Corta Barabassa and La Pitara open pit mines at depths of up to 120 m, and from outcrops

in the vicinity of the former El Tremedal coalmine and EC in-situ coal gasification test site.
Sample blocks of at least 1000 cm? are collected and analysed on mineral content and micro-
textures. The results of the original samples are presented in this chapter. The blocks are used
for:

» The visualization of rock textures before and after experiments.

» The preparation of laboratory samples, i.e.; cylindrical cores and grain aggregates.
Stratigraphical columns and geochemical results of the samples are presented in the Appendix.

Rock Samples: Textures and Minerals

The petrographical data of the roof rocks of coal seams is collected from cores, slabs and thin
sections. The distinctive petrography and geochemistry of the thermally and mechanically
undisturbed samples is discussed in the following parts. The mineralogical information and results of
X-ray diffraction (XRD) and X-ray fluorescence (XRF) are collected in the appendices. They are,
among others, used for the determination of the fine grained mineral content, which is difficult to
determine by polarization microscope.

The Carboniferous Samples

Many Carboniferous coal roof rocks are studied in-situ during underground sampling trips in
Beringen and Zolder. The roofs of several Westphalian production fronts and shafts showed a
variety of abrupt to gradational contacts between the coal seam and roof rock. During these visits,
discordant coal-roof contacts were not observed and samples not collected. As an alternative
washouts filled with distributary channel fills, crevasse channels and crevasse splays are
sampled. They also show abrupt contacts, due to a sudden change in depositional conditions.
The sandstones and siltstones in this study represent this situation. Many rock samples in this
study are laminated sediments. Consequently, we use the textural expressions in accordance
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with the “laminite-terminology” suggested by Diessel (1992). As a modification, (Table 1), the
term “clay-laminated” is replaced by “shale-laminated” since diagenesis partly transformed clay
minerals and organic matter into a shaly texture. In addition, diagenetic alterations, such as the
formation of secondary chemical minerals (carbonates, oxides and transformed clay minerals,
feldspar and quartz overgrowth), are mentioned as a part of the general mineral content.

About 120 cores and slabs and 17 thin sections have been characterised for their textures and
associated mineral phases by polarization-, fluorescence-, and binocular microscopy, XRD, XRF,
SEM and were classified into seven different textures in the next sections. The codes of the
Carboniferous samples are associated to the layer numbers in the Campina Basin Stratigraphy
(See appendix). The summarised rock types are illustrated with photos of slabs and thin sections.

Table 1: Classification of the (laminated) Carboniferous san dstone, siltstones and shales,
as used in our experiments (After Diessel, 1992).

Sediment type Description of the content
I Sandstone Sandstone with no or sparse laminites
Il Sandstone/siltstone — Approximately equal proportions of sand/silt and shale (40%
shale-laminite to 60%)
1 Shale-laminated 10% to 40% shale laminae alternate with at least 60%
siltstone sand/silt laminae
\Y Silt-laminated shale 10% to 40% sand/silt laminae interchange with at least 60%
shale laminae
Y Coal-laminated shale 10% to 40% coal laminae alternate with at least 60% shale
laminae.
VI Carbonaceous shale 10% to 40% organic matter not laminated with at least 60%
shale minerals
VI Shale Shale with sparse laminites
Sandstones (1)

Macroscopic structure: Light grey parallel to cross-laminated layering. The cross-bedding shows
fining upward, which ends in top sets of grey-brownish silty to shaly lamina (Figure 1.A). Black
coal streaks are often observed. Massive parts have a vertical homogeneous sand grain
distribution. The width of these massive bands is centimetres or more.

Microscopic description: The grain framework consists of quartz feldspar and muscovite flakes
and is well-sorted with a grain size smaller than 200 um (Figure 1.B). They are compacted with
evidence of fracturing of quartz and feldspar grains. At the contacts the grains show pressure
solution and weathering/leaching. The laminae consist of the clay minerals illite, chlorite, kaolinite
and organic matter. lllite and kaolinite are also abundant present as weathering products of
feldspars and muscovite. Secondary carbonates are present as crystallised calcite cement in
fissures and as ankerite or siderite in the clay rich parts. In two cases, dolomite was recognised
by XRD analysis. Fe-carbonates are abundant as fine-grained aggregates in the vicinity of clay
and organic matter rich zones. Siderite is also present in sub-rounded brown coloured
concretions (Figure 1.B). Dispersed pyrite is present in clay and organic rich zones. Rutile,
tourmaline (schorl) and zircon are recognised in quartz/feldspar-rich areas.
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Mineralogy: Quartz (65-75 %), feldspar (5-10%), muscovite flakes (accessory), chlorite (2-9 %),
illite (4-10 %), kaolinite (3-5 %), summed carbonates (2-35 %), organic matter (4-6 %), accessory
minerals: pyrite, rutile, tourmaline, and zircon.

Sandstone/Siltstone - Shale Laminites (II), Shale Laminated Siltstone (1II) and Silt Laminated
Shale (1V)

RT¥ >

g

~ B

carbonate filled fractures created during burial. B: Thin section, parallel nicols. Detail of cross
laminae with organic matter (om) and clay/organic matter enrichment at the top. Cementation
with secondary clay.

Macroscopic structure: An alternating light grey to grayish-brown irregular or ripple laminated
structure, with higher amounts of clay, dispersed organic matter and siderite aggregates in the
darker grayish-brown parts (Figures 1.A, 2.A). The laminae have a vertical thickness of about two
millimetres or less. Light brown siderite bands (mm to cm width) are frequently present. The
laminae are sub-parallel to the bedding.

Microscopic description: In the grain rich laminae, the quartz and feldspar grains are usually in
zones with a compacted grain framework. Rarely, smaller grains (< 120 um) are also embedded

in a matrix of clay minerals, organic matter and carbonate cement (Figure 2.B). In the grain rich
parts, illite and kaolinite are present as weathering products of feldspars and muscovite. Leaching,
pressure solution and fracturing of the quartz and feldspar grains is common. The grains are well
sorted and usually < 400 um for the sandstones and <60 pm for the siltstones. In the clay laminae,
the principal minerals are illite, chlorite and kaolinite. In addition, small amounts (< 20 vol.%) of
quartz silt and organic matter are present. Grain sizes are normally less than 30 pm, or silt- to
clay-size. Siderite or Fe-calcite nodules and dispersed Fe-calcite are found in both quartz rich

and clay/organic - matter rich zones. Calcite normally fills fractures and fissures. Some accessory
isomorphous pyrite occurs near clay- and organic matter-rich zones. Sparse rutile is found in the
silt-rich parts.
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Mineralogy: Quartz (5-45 %), feldspar (1-10%), chlorite (3-15 %), illite (15-35 %), kaolinite (7-
20 %), summed carbonates (2-35 %), organic matter (1-20 %), accessory minerals: pyrite, rutile.

Coal Laminated Shale or Carbonaceous Shale (V, VI)

Macroscopic structure: An alternating structure of dark brown, grey to black parallel laminations.
The browner parts are siderite-rich bands. The dark grey to black zones contain dispersed
organic matter. Locally silt bands (<0.5 mm) are the complementary element of the laminated
structure.

Microscopic description: The principal minerals are illite, chlorite, kaolinite, quartz and organic
matter. The grains have a very fine silt to clay size (< 6 pm). Minor amounts (< 10 vol.%) of larger,
probably eolian, quartz grains (silt < 25 pum) are present. An indistinct lamina texture is visible

due to the presence of gradually changing amounts of silt, organic matter and siderite. In the

more or less laminated silt rich parts the grains are smaller than silt (Figure 3. A,B). The coal
consists of thin bands of amorphous black-brown matter, sub-parallel to the layering; thickness
usually less than 1 mm. Occasionally, maceral elements such as cell structures are recognised.
Idiomorphous pyrite is present near organic matter rich zones. Sparse rutile is found in the silt-
rich parts.

Mineralogy: Quartz (15-18 %), feldspar (3-5%), chlorite (3-5 %), illite (18-30 %), kaolinite (5-10 %),
summed carbonates (15-17 %), organic matter (20-25 %), accessory minerals: pyrite, rutile.

Shale (VII)

Macroscopic structure: Medium grey to dark brown grey with a faint parallel lamination. The
browner parts are siderite-rich bands. The darker parts contain higher amounts of dispersed
organic matter. Sometimes silt or coal bands (<0.5 mm) are present.

Microscopic description: The principal minerals are illite, chlorite, kaolinite, quartz and organic
matter. The grains have a very fine silt to clay size (< 6 um). Minor amounts (< 10 vol.%) of larger,
probably eolian, quartz grains (silt) are present. A weak lamina texture is recognised caused by
varying amounts of silt, organic matter and siderite (Figure 4.A).

Mineralogy: Quartz (22 %), feldspar (3 %), chlorite (3 %), illite (55 %), kaolinite (5 %), summed

hale lam. sandststone

. sand/siltstone

M1 53-Q1 ~ silt lam. shale L

A
Figure 3: M156. A: Fine sand/silt layer, silt laminated shale and shale in one block (15 cm ribs).
Transitions between laminated silt- and shale dominated parts. B: Thin section, (parallel nicols),
detail of organic matter (om) enriched shale. Rippled laminae of silt (slt) and clay (cl) rich zones.
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carbonates (7 %), organic matter (5 %).

Interpretation
Most of the samples show a gradual alteration in texture, which represents slowly changing

depositional conditions. Depositional transitions from coal through organic shales to shales occur
in back-swamp and lacustrine deposits. Laminated shales and sand/siltstones are also often the
product of flood plains or overbank flood deposits. Our observations are in agreement with

coallens
.f—-ﬂm"-; -

Figure 4. A: F441-2: Thin section, (parallel nicols), Carbonaceous shale with organic matter
(0.m.) and clay rich zones. Locally coal lamina and lenses. B: F441-1: Carbonaceous shale, thin
section (parallel nicols), detail of faint bedding in the organic shale. Mostly organic matter, clay,
siderite (s) and pyrite (p).

extensive descriptions of such sediments by Diessel (1992), Guion (1984) and Merrit (1983). The
organic constituents are coalified into ranks ranging from bituminous coals to semi-anthracites.
The diagenetic process compacted the clay-related sedimentary textures to laminated shale
textures and newly formed minerals. Textures without laminae occur in sandstones, siltstones
and shales.

The Cretaceous Samples
The Cretaceous roof rocks originate from the Teruel province, Spain. The samples are all of
Albian age and obtained at various sites:

e OQutcrops; Mas de Venta Pitarra (claystones) and El Tremedal - Alcoriza (friable sandstones).
To refer to the sample origin, they are coded with “Pit” and “ET”

« Open pit coal mines; Corta Barabassa - Andorra (claystones) and Daymsa - Foz Calanda
(coal shales). The samples are coded by layer number (A3M,T) and “Day” respectively
(Figure 5.A).

* Cores from the exploration well ET2 for the European demonstration test on in-situ coal
conversion, El Tremedal - Alcoriza (sandstones and clayey sandstones).
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The sample sites and rock types are explained in technical reports of the EC-programme by
Novem (Wolf et al., 1996, 1997).

Sandstones

Macroscopic structure: A white homogeneous sand. Layering and some cross-bedding is
observed on outcrops, in log readings of ET1,2 and drilling cores. The cores also show some
dark grey to brown mm-scale laminated parts, which commonly consist of (carbonaceous) clay,
coal streaks and Fe-oxide or pyrite.

Microscopic description: The quartz and feldspar (orthoclase) grains show a loose texture with a
heterogeneous porosity distribution. The thin sections display an immature texture. The grains
are moderately to well sorted, sub-angular and have a low sphericity. The grain size varies from
500 um to 50 um: medium to very fine sand. Fracturing of the quartz and feldspar grains is

e e i N : L e =
Figure 5: A: Corta Barabassa open pit showing the roof rock claystones A3M and A3T. B: Thin
section, (Parallel nicols), detail of the clay matrix containing idiomorphic siderite (carb), organic
matter (om) and pyrite (py).

locally noticed; leaching weathers the feldspars to clay minerals. In the matrix the principal
minerals are primary kaolinite and montmorrilonite (recognised by XRD), some idiomorphic pyrite
and organic matter.

Mineralogy based on microscopy, XRD and XRF: Quartz (54-72 %), feldspar (15-20 %), clay
minerals (5.5-8.5 %), pyrite (0.5-5 %), organic matter (2-20 %), accessory anhydrite, rutile and
Ca-phosphate.

Claystones

Macroscopic structure: Based on the samples from the Corta Barrabassa open pit mine (Figure

5.A), the claystones used in our experiments can macroscopically be divided in two types:

e The T-type, a brownish-grey to red flaser-like heterogeneous claystone, in layers with
thicknesses up to a few meters.
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 The M-type, a greyish-white band with a thickness ranging from 40 cm up to a few metres.

No sedimentary structures were visible in the outcrop.
Cores of the coal overburden, from appraisal drillings near El Tremedal, show vertical alternations
from (sandy) light grey to dark grey and brown laminated claystones. The colour is due to the
presence of coal streaks, Fe-oxide and/or pyrite.

Microscopic description: The principal minerals are mainly illite and kaolinite. Minor amounts of
chlorite and montmorillonite is also evident from XRD. Organic matter and goethite rich zones are
randomly present in the matrix. In both types, grains are embedded in a matrix of clay minerals
(Figure 5.B). The T-type contains disperse fine sand to silty quartz and orthoclase grains. In
addition, dispersed medium sized idiomorphic siderite grains are recognized. The M-type grains
consist of fine-grained quartz and siderite. The euhedral siderite grains range from 100 um to 400
pm in size.

Mineralogy based on microscopy, XRD and XRF: Clay minerals (47-52 %), quartz (26-38 %),
feldspar (15-20 %), carbonate (2-6 %), goethite (1-4 %), organic matter (8-15 %), accessory
rutile and Ca-phosphate.

Geochemical Sample Classification
XRD and XRF Results

Many samples have been analysed with XRD and/or XRF. XRD-data is already used in chapter 3
for the description of the fine grain mineral-content, which is difficult to determine by polarization
microscope. This qualitative approach gives an idea of the mineral content and mineral phases in
relationship to specific sediment/mineral textures. The results can be used in a later stage of this
study to explain thermo-mechanical behaviour. Ternary diagrams provide a good method to
clarify the relationships of specific samples or sample groups to pre-defined end members. In
addition, the XRD and XRF data are a good basis for the reconstruction of artificial bulk rock
compositions. MINCOMP, a semi-normative program has been developed to calculate the pseudo-
normative mineral compositions of the samples (Wolf, 2006).

The Chemical Bulk Composition Defined in Ternary Di  agrams

Determination of the mineral components (XRD) and element oxides (XRF) forms the basis for
the prediction of mechanical and thermal behaviour. Winkler (1979), Cox (1979) and Morse (1981)
describe the use of ACF and A'FK’ ternary diagrams and multi-component systems to define
XRF-bulk compositions of metamorphic mineral assemblages and associated P,T-conditions. The
method was developed by Eskola (1939) for metamorphic rocks and meant exclusively for silica-
mineral phases with an excess of quartz. In a limited way it is also applicable for sediments.
Oxides, sulphides and retrograde - or weathered - mineral phases are neglected or compensated
for in the three defined end members. In addition, SiO, is eliminated, so there is no relationship
with the common component of a clastic sediment, quartz or sand. The XRF-results are obtained
from standard glass melts, which in our case contain Fe,Os;.

"ACF, AKF: A = Al,O3z+Fe,03-Na,0-K,0, C = Ca0-3.3(P,0s), F = MgO+MnO+FeO,
A' = ALO3+Fe,04-(Na,0+K,0+Ca0)?, K = K,0. A+C+F = 100, A'+K+F = 100
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For sediments, the end members of the diagram have to be redefined. A classification into clastic
and non-clastic sedimentary rocks explains the presence of a sand component, a clay component
and carbonates. Mason (1952) proposed three end groups: (SiO,), (Al,O3 + Fe,O3 + H,0) and
(MgO + CaO + COy). In this method soil/rock types such as sandstones, shales, laterites and
limestones are clearly separated. However, the main oxides Na,O and K,O are neglected, so Fe-
rich carbonates (e.g. siderite) and Fe- or Na, K-silicates (e.g. chlorite, albite) are not distinguished
from each other.

The SAK/SAC Graphical Presentation

For sedimentary rocks, that have undergone diagenesis, a combination of the methods of Eskola
(1939) and Mason (1952) avoid the above shortcomings. Two triangles with four groups of
element oxides can provide a classification of the bulk sediments and main minerals present in
sedimentary rocks, such as the Carboniferous and Cretaceous samples of our study. The
following components should be distinguished:

1. Sandstones, sand/shale laminites and shales, according to the clastic sediment division by
Diessel (1992).
* In the sandstones, both quartz and feldspar are to be considered as part of the grain
framework.
e The clay/shale fraction includes the major clay minerals; illite, chlorite, kaolinite and
montmorrilonite. They all contain all some water and/or hydroxyl.
2. The chemical and biogenic sediments.
» Depositional carbonates (calcite and dolomite).
» Diagenetic carbonates (calcite, dolomite, ankerite and siderite).
Hence, the presence of clay minerals is made evident by adding FeO, Na,O and K,O to the
guartz and alumina groups. Therefore, using two triangles, the following end-members groups are

proposed (Figure 6):

S : Si (derived from SiO,)

A : Al (derived from Al,O3)

C: Ca + Fe + Mg + Mn (derived from CaO, FeO, Fe,03, MgO and MnO)

K: K + Na (from K,O and Na,0)

The two triangles are formed by the end members SAC and SAK respectively (Figure 6). The
SAK-triangle is sensitive to the distribution of the different clastic silica minerals. Conversely, the
SAC-triangle exhibits the relationship between clastic silica components (sand, clay) and
chemical sediments (carbonates and oxides). Some silicates, which can hold Na, K, Mg and Fe,
such as chlorite and montmorillonite, are placed in both triangles. This double-triangle method
shows differences with previously mentioned methods.

» The SiO,-component is better emphasized.

* In several silica minerals, such as clay minerals and feldspars, the Si-atoms in the
tetrahedron-octahedron molecule framework are substituted by Al-atoms (a compensation for
the presence or absence of ions in the C- and K-group). The result is a slight shift towards A,
which can be ignored in view of the dominating amount of Si.

+ All measured accessory elements, including the element oxides TiO,, MnO, P,0Os, S and SO,
are not added. They hold less than one weight percent of the bulk composition and are, at
times present, in different amounts available. In addition, they are difficult to relate with the
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Figure 6: Double ternary diagrams SAK and SAC, showing the geochemical relation between the
detected minerals and sand(stone) and clay(stone)/shale as clastic components and carbonates/salts
as non-clastic components. The upper half of the figure is used for lithology definition of the coal-
related sediment rocks in this study.

silicates and carbonates. When present in larger amounts, they represent atypical sediment
types. Hence they are not inserted in this graphical representation of common sediments.

« Organic matter or coal is also ignored in the system, although mentioned by Diessel (1992) in
his discussion on coal-bearing depositional systems. In his work, coal is considered as an
autochthonous or migrated and deposited biogenic component in various sedimentary
environments. Of interest are the coal/sediment contacts and the relationship of seams to the
roof and floor strata. In other words, coal is a separate component, not recognized in
XRD/XRF-measurements and derived from XRF weight loss information (chapter 3).

 Water and carbon(oxides) are also not included. However, all samples are characterised by
both XRD and XRF. The weight lost in the XRF-measurements is a good indicator of the
presence of water, the (C03)2'-part in carbonates and organic matter.

This new representation gives a good illustration on the element shifts between primary clastic
and chemical components, and diagenetic modifications. It improves the comparative
guantification of the relative sedimentary nomenclature, such as "silt- laminated shale".
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Chemical Sample Characterisation and Interpretation.

To characterise the rock overlying the coal on their geochemical heterogeneity, 52 samples have
been analysed on their element composition (See Appendix). A major part of these samples is
also analysed for the major mineral components with XRD. Figure 7 shows the results of the
various coal associated overburden samples.

In both the SAK and SAC diagram the relationship between the sand/sandstone component and
clay/shale component of the Carboniferous and Cretaceous series, is clearly visible as a band.
Both sedimentary rocks, although of different age and origin, fall into the same geochemical zone.
The clastic sediments are grouped mainly in the direction of the S-A line of the diagram. The
sandstones or sands and shales/claystones lie at both ends of this band. Figure 8 also shows
that the white Cretaceous beach barrier sands of the ET-series are contaminated with minor
amounts of kaolinite and occasional pyrite. The laminated sediments are situated in between the
sandstones (ET- and SR150-series) and shales (8670- and O268-series).

The relationship between Si, Al and K+Na, shows a very constant K+Na amount of about 3 to 8
mole% (Figure 7 left). This is the result of a homogenous sediment source combined with a high
mineral maturity in coastal lowland environments. The XRD- and XRF-data show, in accordance
with thin sections, no traces of metamorphic or igneous minerals and low accessory amounts of
rutile, tourmaline, etc.. According to Wenselaer (1996), weathering of syn-sedimentary feldspar
and transformation of the smectite type clays during burial, produce an additional amount of
kaolinite and illite. Since the amount of K, Al and Si remains almost constant during this
transformation, their place in the SAK graph is not changing.

The SAC triangle however, shows a less pronounced relationship between Ca+Fe+Mg+Mn, Si

50

.8 g L1 F

N N
Sample series
Carboniferous Cretaceous
® 441 O A255 v 0268 * 8670 ® Pit
+ B2468 O M156 X 4075 X SR150 AET
O S47 A 3868 = 1676 m A3

[

+ Figure 7: The upper half of a SAK/SAC-diagram, showing the chemical and mineralogical
relationships of Carboniferous and Cretaceous samples of the studied sand(stone),
clay(stone)/shales and carbonates.
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and Al (Figure 7). In the direction of the shale component, a diversion in the S,A-trend toward the
C-component is visible (4075- and A255-samples). Figure 6 shows that the Fe and Mg chlorite,
Fe in the oxides and sulphides and Mg, Fe and Ca in the carbonates cause this phenomenon.
Since siderite and chlorite are the major minerals in the analyzed samples, they increase with the
amount of shale. This diversion toward C is caused by an increase of organic matter in the shale
component of an originally organic mud named Gyttjae (Stach et al., 1982). This organic mud in
swamp lakes has a relatively high pH and acts as an environment of precipitation for bicarbonate
solutions (FeHCO:s), i.e. syngenetic siderite and ankerite. According to Diesel (1992) and Taylor
et al. (1998) epigenetic siderite develops during the early burial phase as a result of Fe-transport
in groundwater and mineralization with the CO, produced during coalification. Wenselaer et al.
(1996, pp. 22) confirms this for the early diagenetic (pre-compaction) phase of the Campina
Carboniferous samples. Some A255 and 02687 samples contain high amounts of siderite in
diagenetic lenses supporting this hypothesis.

The apparent anomaly of some samples from batch 4075 in the SAC diagram, is due to the
presence of secondary, vug-filling, calcite and dolomite. These calcites are very often present in
the coal cleats as well as the coal overburden. The orientation of this cleat and fracture system
often gives an indication of the burial and tectonical history.

Mineral Bulk Compositions Defined in Ternary Diagra  ms

Multi-component systems like ternary diagrams and tetrahedrons are also used to characterise
mineral phases of igneous and metamorphic rocks (Morse 1981, Cox et al. 1979). For sediment
classification based on grain components, the triangular diagrams for sandstones proposed by
Pettijohn et al. (1973), give a reliable semi-quantitative impression of the maturity by
distinguishing sandstones, graywackes and arkoses. However, when the samples include organic
matter, carbonates, oxides and sulphates, all formed by either surface weathering, transport,
chemical cementation, biological decay or diagenesis, multi-component diagrams are needed.
Quantification of textures as discussed in the previous section, is impracticable with a ternary
diagram. A four-component tetrahedron gives no satisfactory result when visualized in 2-D.
However, unfolding a tetrahedron into four ternary diagrams shows the relationship of all
combinations. Each time three out of four end-members are presented. In this way, Pettijohn
(1957) visualized the relationship between clay and the non-clastic components coal/bitumen,
carbonate and silica. The clay in this unfolded tetrahedron formed the end-members to present a
rock nomenclature.

Diagrams with Organic Matter

Organic matter was not included in the ternary diagrams of the previous section. Moreover, the
element oxides only provide mineral associated element information. The clastic and non-clastic
components grain-, clay-, carbonate- and organic matter fractions are not considered as volume
fractions. Using MINCOMP all present mineral phases are quantified in volume percentages (Wolf,
2006). With these results a comparable projection can be created, in order to recognize
relationships between the end-members.

The four triangles of Pettijohn (1957) contain two clastic components; grains and clay/shales, and
two non-clastic components; carbonates and organic matter (Figure 8):

. QF: The clastic grain component, which contains quartz and the feldspars albite, potassium
feldspar and anorthite. The last two feldspars are not present in the studied samples.
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O.M Q.F. o.M

Figure 8: Four ternary diagrams, showing the mineralogical r elations between organic
matter (O.M.) and the end members quartz/feldspar g rains (Q.F.), clay minerals and
carbonates (Carb.). Revised after Pettijohn (1957).

. Clay: Represents the sheet silicates. In the samples of this study the clay minerals illite,
kaolinite, smectites and the micas muscovite and chlorite are included. Chlorite is present in
the Carboniferous samples, while smectites are present in the Cretaceous samples.

. Carb: The carbonates include siderite, calcite, magnesite and dolomite. In MINCOMP,
ankerite is divided in the three end-members.

. O.M.: A combination of dispersed organic matter and thin coal laminae.

The central diagram compares the classical three components: the grain-, clay- and carbonate
fraction. The other three diagrams contain organic matter and two components of the central
diagram. In the diagrams of figure 8, the rock nomenclature used earlier is inserted at the
appropriate places. Other components, like oxides, phosphates, halites and sulphides, are
present as traces less than 1 vol.% in our samples and can be neglected as relevant components.

Mineralogical Characterisation and Interpretation.

Figure 9 shows the spread of 52 Carboniferous and Cretaceous samples, from 14 sample
batches. Different symbols are used for the batches, which are designated by unique codes
mentioned in layer numberings of the stratigraphical systems in the appendix.
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The Clay-QF-Carb.-ternary diagram shows that the samples lie in a clear band following the Clay-
QF line. Four samples show a higher carbonate content; two 4075-samples contain high amounts
of ankerite and dolomite cement, while the A255-sample contains a siderite lens and carbonate
filled cleats, and one O268-sample a relatively increased carbonate content due to a high content
of organic matter.

The clay-QF-O.M. ternary diagram shows a wider band following the Clay-QF line. A minor
increase of organic matter occurs when the shale components in the laminites increase. One
sample of the 0268-series tends towards a coaly shale. The cores of the clean sandstones (A3-
series) contain dispersed organic matter and thin coal bands, which is clearly discernible.

The QF-Carb.-O.M. ternary diagram shows an explicit positive relationship between organic
matter and carbonate. The earlier mentioned ability of organic mud, to precipitate bicarbonate
solutions as syngenetic siderite/ankerite, is clearly recognizable in the thin sections. These
carbonates are dispersed as amorphous aggregates in the zones rich in organic matter.
Epigenetic carbonates are found in fissures and in clay mineral rich zones. The highest carbonate
values are in siderite lenses and cements. Some samples free of carbonate, show highly variable
amounts of organic matter.
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Figure 9: Mineral distributions derived with MINCOMP. Fourt  ernary diagrams, which show
the grain, clay and carbonate relations to organic matter and coal of 14 batches with 52
Carboniferous and Cretaceous samples.

The Clay-Carb.-O.M. ternary diagram shows a less explicit positive relationship between organic
matter and carbonate. The highest carbonate values are in the earlier mentioned siderite lenses
and cements. The clean A3 sandstones are richer in organic matter than the claystone samples.

Conclusive Remarks

The descriptions of most of the thin sections are possible with the laminite classification of
Diessel (1992). Petrographical analysis with polarization microscopy proves to be a useful tool for
the determination of mineral content, original sediment textures and diagenetical alterations of our
samples. However, XRD/XRF-results on the same samples improve the determination of clay
minerals.
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Diagenetical alterations in the Carboniferous samples transformed a part of the original textures.
Chemical changes and mineral transformations altered smectite and feldspars into chlorite and
part of the kaolinite and illite. Fluid transport initiated dissolution and recrystallization of
carbonates. In the presence of organic matter, the formation of amorphous Fe-rich ankerite and
Fe-oxides is observed. Fissures are usually filled with calcite and dolomite. Microscopic texture
characterization shows the presence and content of lamination, cementation and mechanical
effects, such as pressure solution and mineral overgrowth.

The Cretaceous samples have a chemical composition comparable to the Carboniferous samples.
However, their composition primarily consists of hardly mixed end-members of claystone and
sandstone. Intermediate laminated sediments are not available in our sample series. Due to its
shorter burial history at shallower depths, mechanical effects and mineral transformations are
minimal. However, a coal-related chemical precipitation of ankerite is identified in the A3-samples.

The SAK/SAC classifications here proposed depict the chemical variation of the Carboniferous
and Cretaceous samples. Gradual shifts between different sediment end-members, such as clay,
shale, sand(stone)s, greywackes, carbonates and evaporites, are seen. The two sample groups
with different ages and burial histories show in a chemical sense no significant differences. The
Cretaceous sands are very clean when compared to the others. Both the Carboniferous and
Cretaceous samples consist of mature sediments without volcano-clastic or other immature
influences. The graphical representation can be used for both recent sediments and compacted
sediments. A shortcoming is, that the method does not include organic matter as an end member.

This is corrected with a method of Pettijohn (1957) to plot the relationship between clay minerals,
carbonates, silica and non-clastic organic matter, in four ternary diagrams. They show that the
entire sample group consists of a continuous band ranging from an almost clean sandstone,
through laminites, to a shale. The amount of organic matter increases slightly with increasing
amounts of clays. A strong positive correlation is present between organic matter and carbonates.
The carbonates are usually dispersed amorphous aggregates in coal and clay rich zones. As an
exception carbonate cementation is found in some sandstones.

The entire sample set is representative for coal overburden rocks, deposited in coastal lowlands
and flood plains. All samples can be used for cap rock testing. During the experiments, the
sample choice is based on composition, consistency and availability. For this reason sandstones
and laminated sandstones/shales can be obtained from the Carboniferous group, while shales
and claystones can be taken from both the Carboniferous and Cretaceous sample series.

This document contains proprietary Copying of (parts) of this document is prohibited without
information of CATO 2 Program. prior permission in writing
All rights reserved

82



Doc.nr: CATO-2-WP3.03-D06
[ ] Version: 2010.09.01
Classification: Public

Page: 83 of 93
Cap- & Fault rock samples

Literature

Cox, K.G., Bell, J.D., Pankhurst, R.J., 1979, The interpretation of igneous rocks, Ed. George Allen
& Unwin. ISBN 0-04-552015-1 (B)

Diessel, C.F.K., 1992. Coal bearing depositional systems. Springer Verlag Berlin Heidelberg,
ISBN 3-540-52516-5, 720 pages. (B)

Eskola, P., 1939: In Barth, Correns und Eskola, "Die Entstehung der Gesteine", Springer Verlag,
Berlin.

Guion, P.D., 1984. Crevasse splay deposits and roof-rock quality in the Threequarters Seam
(Carboniferous) in the East Midland Coalfield, U.K., In: Sedimentology of Coal and
Coal-bearing Sequences, ed. R.A. Rahmani, R.M. Flores, Blackwell Scientific
Publications, ISBN 0-632-012186-2.

Mason, B., Principles of Geochem|stry, Wiley, New York. Triangle diagram referred to in:
Sedrmentary rocks, 2".ed., Pettijohn, F.J., 1957, pp.106. Harpers Geoscience Series,
Harper & Row, New York.

Merrit, R.D., 1983. Coal Overburden: geological characterization and premine planning. Noyes
Data Corporation, Park Ridge, N.J.,U.S.A., ISBN 0-8155-0964-2

Morse, S.A., 1981, Basalta and phase diagrams, Springer Verlag.

Pagnier, H.J.M., Van Tongeren. P.C.H., 1996. Upper Carboniferous of Borehole ‘de Lutte-6’ and
evolution of the Tubbergen Formation in Eastern and Southeastern Parts of the
Netherlands. Meded. Rijks Geolog. Dienst, vol.55, p. 3 — 30.

Pettijohn, F.J., 1957, Sedimentary rocks, publ. Harper & Row, 2" ed., pp. 361. (B)

Pettijohn, F.J., P.E. Potter, R. Siever, 1973. Sand and sandstone Sprmger Verlag, Berlin.
Referred in: J.T. Greensmith, 1978, Petrology of sedimentary rocks, 6".ed.. pp.66-123,
George Allen & Unwin Ltd, ISBN: 0-04-55e011-9

Stach,E., Mackowsky, M.T., Teichmiller,M., TaonrG H., Chandra,A.D., Teichmiiller,R., 1982,
Stach's Textbook of Coal Petrology, 3%ed., Borntraeger Berlin. 535 pp.

Winkler, H.G.F., 1979: Petrogenesis of sedrmentary rock, 5" ed., pp. chapter 4,5. Springer
Verlag, NY inc., ISBN 0-387-90413-1. ( B)

Wenselaers, P.J.J., Dusar, M., and Tongeren, P.C.H. van, 1996. Steenkoollaag methaan-
gaswinning in het Kempisch kolenbekken, proefproject te Peer. Project report for the
Ministerie van de Vlaamse Gemeenschap, afdeling Natuurlijke Rijkdommen en Energie,
Brussels, Belgium, in Dutch.

Wolf, K-H.A.A., Kihnel, R.A., de Pater, C.J., 1987. Thermal behaviour of country rock in

laboratory experiments; mineralogical and textural aspects. Proc. of the 13th Annual
Underground Coal Gasification Symposium, Laram, Wyoming, DOE/METC-88/6029,
163-173. (A)

Wolf, K-H.A.A., Kihnel, R.A. & Pater, C.J. de, 1987. Laboratory experiments on thermal
behaviour of roof and floor rocks of carboniferous coal seams. In: J.A. Moulijn et al.
(eds.) 1987 International conference on coal science, Elsevier science publishers B.V.,
Amsterdam, 911-914.

Wolf K-H.A.A., de Pater, C.J., 1989, Laboratory tests on Carboniferous overburden rock textural
and mineralogical properties at elevated pressure and temperature., proc, 15" Annual
UCG-symposium, Delft, the Netherlands. pp. 322-334. ISBN 90-6275-566-6. (A)

Wolf, K-H.A.A., de Pater, C.J., 1990. Chemical and Petrophysical Characterization of Coal and
Overburden Rock. Final Report, TU-Delft-Novem, Contract: 20.11-015, 105 pages. (R)

Wolf, K-H.A.A., Hettema, M.H.H.., 1995. Petrophysical and Mineralogical Properties of
Overburden Rock and Coal. NOVEM- Delft University, technical report, 22.1.40/13.11,
april 1995. Part1 (R)

This document contains proprietary Copying of (parts) of this document is prohibited without
information of CATO 2 Program. prior permission in writing
All rights reserved

83



Doc.nr: CATO-2-WP3.03-D06
[ ] Version: 2010.09.01
Classification: Public

Page: 84 of 93
Cap- & Fault rock samples

Wolf, K-H.A.A., Hettema, M.H.H., 1995. Petrophysical and mineralogical properties of overburden
rock and coal. Novem technical report nr 22.1.40/13.11. 121 pages. Part2(R)

Wolf, K-H.A.A., Hettema, M.H.H., November 1996. Thermo-mechanical behaviour and stability of
wall rock during underground coal gasification; El Tremedal Field Test, Phase 1. Final
Report, TU-Delft-Novem, Contract nr: 94/E0767/230110/04/03, 90 pages. (R)

Wolf, K-H.A.A., Hettema, M.H.H., July 1997. Thermo-mechanical behaviour and stability of wall
rock during underground coal gasification; El Tremedal Field Test, Phase 2. Final
Report. TU-Delft-Novem, Contract nr: 94/E0767/230110/04/03, 74 pages.

Wolf, K-H. Underground Coal fires, Geological and Geotechnical Aspects. PhD Thesis, Delft
University of Technology, to be published in 2006.

This document contains proprietary Copying of (parts) of this document is prohibited without
information of CATO 2 Program. prior permission in writing
All rights reserved

84



Doc.nr: CATO-2-WP3.03-D06
[ ] Version: 2010.09.01
Classification: Public

Page: 85 of 93
Cap- & Fault rock samples
Appendices
This document contains proprietary Copying of (parts) of this document is prohibited without
information of CATO 2 Program. prior permission in writing

All rights reserved

85



Catd

Cap- & Fault rock samples

Doc.nr:
Version:
Classification:
Page:

CATO-2-WP3.03-D06

2010.09.01
Public
86 of 93

Comparison of the Basin Stratigraphy of the Collieries of Beringen
and Zolder for Westphalian A and B.

, KS Extract of the original
Beringen Layer No. Zolder compilation by g
- Marine Horizon of Eisden | J.Tricotand R. Claus.
= 37 (Geol. Survey of the
38 T Kempense Steenkool
A 3 Maatschappij, 06.1981)
—_— A2 40
gl |s Lohest 41 J F441-series, 780 m
% 2 Habets 42 |
:.‘-.—‘s - Sauvestre 43 H
= ° SA/9 44 G
%— g Tadot bl 753 F
@ N Jadot ol 45 b E
; g: Ja/3 46 E/2
% = Cavallier 47 E/3 S147-series, 740 m
T S Sous Cav. 48 CB
= sC/1 49 A
47 - 48 50 A/4-AJB SR150-series, 738 m
R Marine Horizon of Quaregnon ]
51 51 1+1
55 55 3 A255-series, 750 m
56 56a/b 4/5 M156-series, 660 m
57 57/56¢ 6/7
57/2 57/2 8/1
58 58 9
59 59 10/11
_ 60 60 13
S' J:‘ 61 61a
AR 52 51b 14
R 63 63 15
S| o 64 64 16
@l | & (66)67 67
S Bl 58 53 = 0268-series, 790 m
= e 70 bl 70a 3868-ser?es, 745 m
=| | € 70 of 70 20 8670-series, 745 m
al |= 71 71alb 23/24
72 72 25
75 75 27 4075-series, 740 m
76 76 31 4076-series, 740 m
76/3 76/3 311 1676-series, 710 m
Tr 77 32
78 78 =
80 80 33/a
81 81 33/b
mis | Marine Horizon of Wasserfall ,
lar\]lflor:: Figure A.1: Campine basin stratigraphy of the Lower and Middle Westphalian. The samples

for experiments are named with code and depth of excavation.




Doc.nr: CATO-2-WP3.03-D06
[ ] Version: 2010.09.01
Classification: Public

Page: 87 of 93
Cap- & Fault rock samples

Table A.1: XRF- Oxide percentages of Carboniferous and Cretaceous samples from Belgium, the Netherlands and Spain.

9 9 é N
50) ® o 0 3 f. 5 &.) 8
Report S| 8| §|8/9 8128 ]s|¢8 8 g |55 Q3
Sample code |number 0 < & = O = = ¥ Z a 7 0 ® = P3| IO
Belgium — Beringen and Zolder
F441-4 8512 52 206 | 28 1083|009 141 0 409 | 04 0 0 0 0 16.6 | 98.82| 17.78
B2468.A 8531 69.2 1592 | 299 | 0.95 | 0.06 | 0.96 0 2.79 | 0.02 0 0 0 0 4 96.89| 7.11
B2468.B 8531 69.5 | 16.05| 3.02 | 0.95 | 0.05 | 0.96 0 2.79 | 0.09 0 0 0 0 4 9741 | 6.59
S47-1 8862 569 | 186 | 7.2 | 0.97 | 0.34 | 1.83 0 3.94 | 0.34 0 0 0 0 8.3 [98.42| 9.88
S47-4 9011 618 | 196 | 8.1 1.1 | 045 | 2.03 | 0.26 | 3.98 | 0.46 | 0.15 0 0 0 1.1 ]99.03| 2.07
S47-5 8862 551|175 | 84 | 0.99 | 0.5 | 2.06 0 3.67 | 04 0 0 0 0 10 ]98.62| 11.38
S47-10.1 8862 54 18.1 | 9.2 | 0.96 | 0.48 | 2.09 0 3.93 | 0.35 0 0 0 0 9.8 [98.91| 10.89
A255-1 8862 60.1 17 6.8 | 0.95 | 0.36 | 1.63 0 3.44 | 0.25 0 0 0 0 8.2 |98.73| 9.47
A255-3 * 8862 227 | 98 | 314 038 | 141 | 3.93 0 1.77 0 0 0 0 0 27 198.39] 28.61
A255-5 8862 626 | 169 | 54 | 097 | 0.26 | 151 0 341 | 0.33 0 0 0 0 7.2 |98.58| 8.62
A255-C 9019 71.5 9 53 | 051064 | 117 | 0.21 | 1.56 | 0.34 | 0.08 0 0 0 8.8 [99.11| 9.69
A255-I 9019 76.2 | 85 42 | 046 | 098 | 099 | 0.18 | 1.46 | 0.36 | 0.08 0 0 0 6 99.41| 6.59
9019&
M156-D X94048 646 | 153 | 53 | 088 | 0.36 | 1.41 | 0.15 | 292 | 048 | 0.1 0 0 0 8 99.5 8.5
9019&
M156-F X94048 57.7 16 82 |1 092 | 05 19 | 0.27 | 3.28 | 0.33 | 0.11 0 0 0 10 |99.21| 10.79
M156-I1 240392NN 55.2 | 184 8 0.91 | 0.43 | 2.02 0 3.75 | 0.17 0 0 0 0 10.2 1 99.08 | 11.12
9019&
M156-M X94048 659 | 149 | 49 1088 | 0.33 | 1.37 | 0.14 | 2.83 | 047 | 0.09 0 0 0 7.4 [99.21| 8.9
M156-Q 240392NN 65.7 | 13.7 | 6.15 | 0.86 | 0.51 | 1.58 0 2.64 | 0.33 0 0 0 0 7.6 |99.07| 8.3
3868-7 8862 496 | 199 | 86 | 092 | 0.3 1.5 0 4.02 | 0.2 0 0 0 0 14.3 199.34 | 14.96
3868-9 8862 492 | 176 | 9.1 | 0.87 | 092 | 1.76 0 3.59 | 0.15 0 0 0 0 15.1 | 98.29] 16.81
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3868-11 8862 524 | 169 | 9.8 | 0.87 | 0.39 | 1.76 0 3.34 | 0.05 0 0 0 0 13.3 198.81 | 14.49
3868-BULK (8862 505|181 | 9.2 0.9 0.5 | 1.66 0 3.65 | 0.13 0 0 0 0 14 198.64| 15.36
0268-0 8512 53 203 | 83 1084 | 041 | 1.66 0 3.76 | 05 0 0 0 0 11 |99.77] 11.23
0268-3 8512 5231202 | 87 1084 | 04 1.7 0 3.76 | 0.9 0 0 0 0 11.1 | 99.9 11.2
0268-4 * 8512 435|144 ] 104 | 0.74 | 0.62 | 1.63 0 2.5 0.7 0 0 0 0 24.2 198.69| 25.51
0268-7 * 8512 35.8 | 15.9 18 054 | 0.89 | 1.61 0 3.1 0.5 0 0 0 0 23.7 |100.04| 23.66
4075-2/1 8512 41.8 | 6.7 6.4 | 042 |13.65]| 6.12 0 0.86 | 0.6 0 0 0 0 22.4 198.95| 23.45
4075-2/2 8512 393 | 74 6.5 | 0.46 | 13.7 | 6.45 0 1.08 | 0.7 0 0 0 0 23 [98.59| 2441
4075-3/1 8512 774 | 9.2 4.2 | 0.62 | 0.51 1 0 1.16 1.6 0 0 0 0 45 ]100.19] 4.31
4075-3/2 8512 758 | 9.7 47 1063 | 04 | 1.12 0 1.31 1.6 0 0 0 0 5 ]100.26| 4.74
4075-3/3 8512 55.3 | 185 3 0.89 | 0.11 | 1.42 0 362 | 03 0 0 0 0 17 |100.14| 16.86
4075-3/verz. |8512 76.6 | 8.8 43 | 059 | 0.68 | 1.04 0 1.11 15 0 0 0 0 4.3 ]98.92| 5.38
1676-4 8862 62.7 17 6.1 | 0.98 | 0.26 | 1.76 0 3.32 | 0.72 0 0 0 0 6.2 [99.04| 7.16
1676-5 8862 589 | 171 | 7.6 1 0.34 | 1.91 0 3.36 | 0.65 0 0 0 0 7.7 19856 | 9.14
1676-7A 8862 623 | 16.2 | 64 | 097 | 029 | 1.75 0 3.16 | 0.77 0 0 0 0 6.9 [98.74| 8.16
8670-I 240392nn 61.7 | 17.3 | 6.23 | 0.93 | 0.29 | 1.652 0 3.25 | 0.24 0 0 0 0 7.8 [99.26| 8.54
8670-R 240392nn 458 | 274 | 3.74 | 1.24 | 0.21 | 1.35 0 494 | 0.2 0 0 0 0 13.9 |98.78 | 15.12
8670-X 240392nn 71.7 12 529 | 0.78 | 0.33 | 1.18 0 1.88 | 0.53 0 0 0 0 5.7 199.39| 6.31
8670W 951103 5251224 | 59 |09 | 027 | 17 0.1 4.7 |1 045 | 0.1 0.1 0 0 10.46 | 99.54 | 10.92
SR150-C- 240392nn
dark 66.8 | 155 | 44 | 091 | 0.28 | 1.3 0 292 | 0.38 0 0 0 0 6.1 |9859| 751
SR150-C- 240392nn
light 75 124 | 3.2 | 0.82 | 0.22 | 0.84 0 211 | 0.87 0 0 0 0 4.1 19956 | 454
SR150-E 240392nn 66 126 | 65 | 0.79 | 0.98 | 1.68 0 2.35 | 0.29 0 0 0 0 7.9 [99.09| 8.81
SR150-H 240392nn 771 | 6.1 | 3.09 | 0.38 | 291 | 1..34 0 0.67 | 0.68 0 0 0 0 7 99.27| 7.73
SR150-1-dark|240392nn 753 | 127 | 244 | 0.82 | 0.3 0.8 0 2.12 | 0.86 0 0 0 0 4 99.34| 4.66
SR150-K 240392nn 64.7 | 18.5 | 3.82 1.1 |10.063| 1.57 0 3.1 0 0 0 0 0 6.6 [99.453| 7.147

Spain — Pitara Outcrop
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Cap- & Fault rock samples
Pit 013 X96007 70 13 5.3 1.04 0.2 04 0.03 |2.46 |0.07 |0.09 |0 011 |0 6.8 99.386(7.414
Pit 014A X96007 65.3 |15.1 |7.2 1.03 |0.22 |0.53 [0.07 |245 |0.07 |0.11 |0 0.13 |0 7.12 199.146(7.974
Pit 014B X96007 60.6 |[14.7 |10 0.95 |0.23 |0.51 |0.02 |2.27 |0.07 1]0.115 |0 0.13 |0 9.8 99.264|10.536
Spain — El Tremedal SST
ET2-01 X94015 873 5.7 1.24 |0.09 |0.04 |0.012 |0 3.06 0.17 |0 0 1.8 0 24 100 2.396
ET2-02 X94015 703 |62 [6.8 ]0.29 |0.18 |0.13 |0.02 |2.42 |0.10 |0.06 |0 5.8 0 13.5 |100 13.502
ET2-03 X94015 78.3 |6.6 0.88 10.21 ]0.03 |0.06 |0 281 10.14 |0.02 |0 0.69 |0 11.0 |100 10.955
ET2-04 X94015 76.7 6.1 146 1023 |0 002 |0 293 1015 |0 0 1.2 0 12.41 |100 12.408
Spain — Corta Barabassa
A3m 9028 59.7 178 5.5 126 |0.78 |0.95 10.04 [2.02 |0 004 |0 0 0 10.1 100 11.91
A3T 9028 50.0 |19.8 9.9 1.28 10.72 14 0.1 294 |0 0.04 |0 0 0 11.6 |100 13.78
Table.A.2: Mincomp-calculations in vol.%, XRD-results at 20C
Bold: mineral detected with XRD and reconstructed with Mincomp; +; XRD- values but no XRF-values. Note: all minerals add to 100 vol.%
Q 2 Q [
= c T =
= g () e ©
£le| 4|53 2 g ® gl g | 8] 2| ¢ £ 3 5
S| E| | E| &g | & ||| B|E|2]|8]| 8% S z =
Sample  |Report a £ 15 E | B § s | 3 S 5 s | 2 £ % £ 5| = | | 2 §
code number s/ ¢]5]2|8ls|lé8lalel&l2]l6l2|8|lal &leld8]FI]5
North-West Europe - Belgium - 'Beringen/Zolder
F441-4 8512 31.16(13.3914.34 0.14 1.84 |23.23 3.09 0.47 22.35
B2468.A 8531 23.36]15.91|3.25 0.10 2.42 |49.72 0.17 0.59 4.47
B2468.B 8531 23.49|16.03|3.26 |0.00 |0.09 2.47 |49.86 0.77 0.59 3.45
S47-1 8862 33.46|10.55|6.28 0.60 6.16 |33.28 2.92 0.61 6.15
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Cap- & Fault rock samples
S47-4 9011 33.20(11.75|6.84 0.44 7.07 (35.84 3.89 0.68 |0.29 0.00
S47-5 8862 31.04|9.29 |7.04 0.88 7.19 |32.31 3.43 0.62 8.22
S47-10.1 |8862 33.65/8.93 |7.23 0.85 8.06 |31.06 3.04 0.61 6.58
A255-1 8862 29.18|11.32|5.58 0.63 5.86 |38.78 2.15 0.60 5.90
A255-3* 8862 16.46(11.52|0.00 2.72 18.01 33.68(12.33 0.26 15.02
A255-5 8862 28.76|11.11}5.14 0.45 4.52 140.91 2.82 0.61 5.69
A255-C 19019 12.88/6.63 |3.90 0.91 4.69 |57.96 2.84 0.31 |0.16 9.72
A255-1 9019 12.3116.53 |3.37 1.53 3.78 |64.46 3.07 0.29 |0.16 4.52
9019 &
M156-D |X94048 |24.59|10.614.80 0.40 4.61 144.19 4.09 0.55 |0.20 5.97
9019 &
M156-F |[X94048 |27.84|9.29 |6.51 0.62 7.36 |37.15 2.84 0.58 |0.22 7.59
240392N
M156-I1 N 31.76(12.02|6.91 0.75 6.83 (32.30 1.46 0.57 7.41
9019 &
M156-M [X94048 |23.80]10.42|4.65 0.37 4.22 145.94 4.00 0.55 |0.18 5.87
240392N
M156-Q |N 22.36/19.24 |5.40 0.89 5.24 147.95 2.83 0.54 5.55
3868-7 8862 33.06|13.94|4.98 0.51 7.45 |24.25 1.67 0.56 13.58
3868-9 8862 29.17|11.33|5.77 1.55 7.70 [26.28 1.23 0.52 16.45
3868-11 |8862 27.79|112.315.91 0.67 8.56 [31.26 0.42 0.54 12.55
3868BUL
K 8862 30.03|12.48|5.51 0.85 7.94 2741 1.08 0.55 14.14
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0268-0 8512 32.00(16.13|5.70 0.72 7.33 [26.82 4.31 0.53 6.45
0268-3 8512 32.04|14.10/5.85 0.71 7.72 |24.69 7.77 0.53 6.60
0268-4* (8512 18.84|9.41 |4.96 0.97 8.33 |20.78 5.34 0.41 30.96
0268-7* (8512 25.4219.96 [5.33 151 16.26(14.16 4.15 0.33 22.87
4075-2/1 |8512 7.36 |4.97 |5.53 12.98 19.53|5.53 |31.48 5.20 0.27 7.16
4075-2/2 |8512 9.22 14.48 |5.51 12.21 20.89/5.61 (27.63 6.05 0.29 8.11
4075-3/1 8512 9.92 [5.65 [3.45 0.90 3.65 |60.90 13.86 0.39 1.27
4075-3/2 |8512 11.21|5.48 |3.87 0.71 4.08 |58.65 13.86 0.40 1.74
4075-3/3 |8512 27.78|12.5214.40 0.17 2.03 |29.00 2.33 0.51 21.26
4075-
3verz. 8512 9.41 |5.35 [3.56 1.19 3.70 |60.43 12.88 0.37 3.11
1676-4 8862 28.54|10.2516.11 0.46 5.18 40.05 6.27 0.62 2.52
1676-5 8862 28.76|10.18|6.60 0.60 6.56 |36.12 5.64 0.63 491
1676-7A |8862 26.9419.23 16.02 0.51 5.43 140.06 6.65 0.61 4.54
8670-I 240392nn |27.71|14.01|5.23 0.51 5.38 40.32 2.07 0.59 4.18
8670-R 240392nn (39.52(24.85|4.36 0.35 2.83 [11.66 1.62 0.73 14.08
8670-X 240392nn (16.08(11.16|4.08 0.58 4.64 |55.91 4.59 0.49 2.47
8670W 951103 [39.29(13.53|5.74 0.22 4,92 |23.58 3.81 0.59 8.08
SR150C
dark 240392nn (24.62(11.741|4.43 0.49 3.65 46.63 3.24 0.57 4.63
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SR150C
light 240392nn |17.96|9.31 |2.89 0.39 2.73 |57.30 7.50 0.52 141
SR150-E [240392nn|19.95|8.86 |5.76 1.72 5.54 |49.80 2.49 0.50 5.37
SR150-H [240392nn|5.58 [4.97 |4.51 5.02 2.33 |66.04 5.74 0.23 5.57
SR150Idrk[240392nn [17.93]10.05|2.73 0.53 1.99 56.92 7.36 0.51 1.98
SR150-K [240392nn |26.32|19.29|5.38 0.11 2.97 |42.66 0.00 0.69 2.58
Netherlands - Kemperkoul
KK1 + + + + +
KK2 + + + + + +
KK3 + + + + + +
Spain — La Pitara Outcrop
Pit 013 X96007(19.53|11.18|1.26 |0.18 |0.00 51.11 0.52 3.31 0.16 |0.61 |0.17 11.97

X96007

Pit 014A X95002(17.54|16.36]1.39 |2.67 42.99 0.00 |1.35 4.46 |0.05 10.01 |0.60 |0.20 12.39
Pit 014B X96007(15.59(16.30|1.28 |2.58 37.75 0.00 |1.31 6.06 |0.05 |0.01 |0.54 |0.22 18.34
Spain — Daymsa mine: Foz Calanda
Day 01 X95002 + + + +
Spain — El Tremedal SST
SST-core
nr.4 X95002 + + + + + + +
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ET2-01 X94015 5.50 0.02 71.69 1.21 |18.56 0.98 [0.09 |0.06 0.06 [1.84
ET2-02 X94015 8.54 0.23 54.19 0.63 [14.18 5.18 |0.21 |0.17 |0.11 |0.05 |16.49
ET2-03 X94015 7.88 0.10 57.28 0.97 |15.65 0.01 |0.62 0.12 |0.04 |0.03 |17.30
ET2-04 X94015 6.27 0.03 55.40 1.06 |16.13 1.04 0.13 |0.21 ]0.03 |19.70
Spain — Corta Barabassa
A3m 9028 |16.73|26.97|3.18 |0.00 |1.25 4.80 |37.74 0.77 |0.08 8.49
A3T 9028 |24.06|23.44|4.63 1.13 0.76 |25.81 0.00 4.08 0.77 10.08 15.24
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