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Sedimentologische reconstructie van het Bekken van de Kempen tijdens het Dinantiaan.

De diepe lagen van het Dinantiasnhet Kempens Bekkezijn tot op hederrelatief weinig

verkend terwijl ze het gros van het potentieedstegenwoordigen voor allerlei
reservoirtoepassingen zoals gasopslag, geothermie en warmteopslag. De heterogeniteit in deze
lagen zorgt voor veel onzekerheid en dus een groot explarsitte. Recent werden nieuwe
gegevens en inzichten vergaard vanuitiggeothermieprojecten, via seismisch onderzoek en
diepboringen. Dezstudie-opdracht beoogde een sedimentologische analyse van het Dinantiaan in
het Kempens Bekken en een paleogeografische bekkenreconstructlajrdien dienen als sturing

bij het 3D geometrisch modelleren van de respectievelijke lagen. Om kruisbestuiving tussen het
structurele modelleerwerk en de sedimentologische reconstructie te bekomen werden ad hoc
overlegmomenten voorzien waarbij inzichten gedeeld edibeussieerd werderDe
onderzoekspdrachtstelde vooropdat alle beschikbare data en wetenschappelijke inzichten
zoveel mogelijk verwerkt en geintegreerd werden met daarbij aanvullend eigen onderzoek met
minstens bijzondere aandacht voor: (i) de mogelijkeveezigheid van evaporieten, (ii) de

overgang van Laat Viseaan (V3c) naar Namuriaan, (iii) de betekenis van breccies@m build
structuren, (iv) integratie van nieuwe data, (v) diktevariaties en (vi) recente biostratigrafische
inzichten.

De studie werd ugevoerd door PanTerra Geoconsultants en werd begeleid door een brede
stuurgroep van sedimentologische experten die telkens waardevolle inpaterzen

aangeleverd hebbetijdens de studie embij de beoordeling van deissentijdse resultaten. Dit
rapport bevat de resultaten van de literatuurstudie, de interpretaties van bestudeerdegjsohe
gegevenshet opzetten van een stratigrafisch kader, de analyses met CycloLog en de correlaties
met de biostratigrafie, het opstellen van bekkbrede correhtie panelenmet aandacht voor
diktetrends, het nagaan van eventuele aanwezigheid van evaporieten en paleosols, de finale
sedimentologische analyse en integratie, en tot slot de paleogeografische bekkenreconstructie
met kaarten per tijdsinterval.

Bijgevaegd bij het eindrapport zijn een reeks sleutelfiguren (correlaties en kaarten bij de
reconstructie), alsook een petrografische beschrijving van slijpplaatjes van de nieuwe boringen te
Beerse.

Dit rapport bevat de mening van de auteur(s) en niet noodziakdie van de Vlaamse Overheid.
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MANAGEMENBAMENVATTING

Delaatstejaren waren de Dinantiaacarbonaaafzettingenin Noordoost Belgiéhet onderwerpvan
verschillende studies die gericht waren ophet ondersteuren van exploratie en
productieactiviteitervoorl | NR ¢ | gédfhierfigr®¥Eze Dinantiaacarbonaaformaties hebben
plaatselijk zeer goede reserveigenschapperHhoge porositeit en hoge permeabiliteitit isten
minste gedeeltelijkhet gevolg van &rst verschijnseler[= grot vorming] in dezecarbonaalagen
Goede reservo@igenschapperin dezecarbonaaafzettingen wareral eerder aangetoondijdens
de ontwikkeling van de ondergrondse gasopslag in Loenhoutdesr de borirg van de
geothermeput MerksplasBeerse. Meer recentbevestigdende resultaten van twee nieuwe
geothermigorojecten in respectievelijk Mol (VITO) en Beerse (Janssen Pharmaceutied)
aarzienlijkegeothermischeotentieel vande Dinantiaancarbonaaafzettingen

Deze hernieuwde belangstelling vate Dinantiaancarbonatenals mogelijke broman aardwarmte
leidde, naasthet uitvoerenvannieuwe seismischmeetcampagne Vlaanderen, ook tot het met

02 YLlzi SNBE KSNEB OGS 84 diye3dssistBgegévens. Behalvaet dezenieuwe
seismische gegevenaerd door het boren van enkele nieuwe geothermigten in het Kempes
Bekkenook veelnieuweinformatie en kennisover de Dinantiaacarbonaaafzettingenverworven

Dit is de eerste, gategreerde studie van zowel de seismiek als de nieuwe en de oude boorputten,
met gebruikmaking vaalle beschikbare biostratigrafische en petrografische gegevens.

Het Vlaams Planbureau voor Omgeving (hierna VPO genoemd) heeft PanTerra Geoconsultants B.V.
(hierna PanTerra genoemdppdracht gegeventot het uitvoeren van een geintegreerde
stratigrafischeen sedimentologische studiep de Dinantiaancarbonaaafzettingenin het Kempens

Bekken Daarbij dienden zowedlle beschikbaregeologischegegevensals de huidigestand van
kennisover deze potentieel belangrijke bron van aardwarrgéglocumenteerd te worden.

De studie werdiitgevoerd doorhet Project Team, bestaande uitastePanTerramedewerkers en
PanTerraAssociatesHet Project Team heeft veel baat gehadan dekennis en adviezewan een
groepgeologischexperts Deze adviesgroep bestond uit vertegenwoordigers van de opdrachtgever

[VPO],de Suurgroep enTechnischeExperts.Tijdens het project zijn met TEAMS een aantal
onderwerpspecifieke workshopalsookinhoudelijke evaluaties van het verrichtte werk geiden.

¢tA2RSyat ARSIS tRlya{ o06SALINBIAy3aISy KSSFi RS { (idzdzZNEN
behaalde resultatemiitgebreidbesproken en becommentarieerd.

Door het projectteam zijn de volgende werkzaamhedégevoerd
9 Literatuuronderzoek (wetenschappelijke artikelen, technische rapporten en oude kaarten)
1 Beoordeling van putgegevens (mud logs, boorgruis piigities en kernbeschrijvingen)
1 Updatevan destratigrafische datset
1 CycloLoganalyse en kalibratie met biostigrafische gegevens (zowel oude als recente
boorputten)
Canstructie van caelatiepanelen van de boorputtean analyse vanliktevariaties
Screeningp de aanwezigheid/an anhydriet en paleosols door middel van-tmlyse van
boorputten
 Sedimentologi OKS 'yl f&8aSs AyOtdzaAAST AYGSNLINBGFGAS
karst en tektonische kenmerken
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1 Paleogeografische reconstructies en kaarten voor belangrijke stratigrafische intervallen

Naast het algemene doel om zoveel mogdigschikbare gegevens en inzichten te integreren in een
samenhangend bekkenmodel, aven voor deze studienog vier specifieke aandachtspunten
geformuleerd

1. Evalueer de mogelijkeanwezigheid van evaporieten in de Dinantiadrettingen

2. Evalueer de érkenning van brecas en buildup structurenop basis van deutgegevens,
endeimplicatiesdaarvanvoor desedimentologische interpretatie.

3. Evalueer de iltte variaties op basis van deputcorrelaties in de context varde
bekkerontwikkeling

4. Evalueer d overgang varhet Laat Viseaan nadnet Namuraan in de context van de
bekkerontwikkeling

Om aan deze doelstellingen te voldoen, werd een grote historische dataset geintegreawtardt
vrijgegevenen/of verworven gegevens Het gebruikvan een nieuwe correlatiechnologie[de

W/ &8 Of 2 2 Jde gebdik rKaakik WBde beschikbarepetrografische en paleontologische
gegevensresulteerde in een herzienstratigrafischeinterpretatie op bekkerschaal Dit nieuwe
correlatianodel voor de Dinantiaamafzettingenis gebaseerd op een uitgebreid overzicht en
integratie van alle beschikbare sedimentologische, stratigrafische en paleontologische gegevens

Hierbijwerd gebruikgemaaktvan deW/ & O fc@rrelgtigisOftware om @ verschillendegegevens
in een sequentiestratigrafisch kader te plaatsen.

De belangrijkste conclusies en aanbevelingen voosgkifiekonderzoeksdoel zijn als volgt:

1. Wat betreft de mogelijke aanwezigheid van evagben in de Dinantiaan
carbonaasfzettingen

Er zijn geen aanwijzingen dat er significante hoeveelheden evaporieten voorkomen in de
Dinantiaan afzettingenBij het beordelen van deze conclusimoet rekening worden
gehouden met de beperkingen van de toegepaste techniek (d.w.z. mepeofysische
analyse van ddoorput logskunnen alleen evaporietlagen dikker dan 45 erat zekerheid
worden geidentificeer. Ook is de beperkte beschikbaarheid vanrepresentatief
monstemateriaal[zoals boorgruis, kernen en slijpplaatjes] de boorputteneen bron van
onzekerheid Op basis van de beschikbare gegevens zijeatiter geen evaporietagen
herkend inde bestudeerde putten. Weliswaar zijn earschillende intervallen geidentificeerd
alsmogelijkevaporiethoudend(bijvoorbeeldop basis varde aanwezighiel van eernindirecte
indicator zoalskwarts pseudomorfen), maar eis geen direct bewijsgevondenvan de
aanwezigheid van eerevaporiemineraal zoals anhydriet Door het ontbreken van
representatieve slijpplaatjegoor sommige gesteentelages hetechter onmogelijk om de
aanwezigheid van sommige mineralen eenduidig te bepdien.omieuw bemonsteren en
beschrijvenvan het beschikbare oude boorgruis en/of kernresiaal uit de mogelijk
evaporietvoerende lagenzou detwijfels over het al dan niet aanwezig zijan evaporietn

in de Dinantiaafagenvan het Kempens Bekkemogelijk kunnerwegnemenen daarmee ook
de robuustheid verhogen van heageinterpreteerde afettingsmilieu tijdens het Dinantiaan.
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pagina5van123



Samengevater zijn geereenduidige aanwijzingen vode oorspronkelijke aanwezigheid van
evaporieten in het Dinantiaan. Het is daarom onwaarschijnligat de vorm en/of
samenstelling vare Dinantiaancarbonaaafzettingenin het Kempens Bekkesignificant
beinvioedwerd door hetoplossen vamorspronkelijk aanwezigevaporietagen.

2. Wat betreft de aanwezigheid vaHuild-upSstructurenen breccie afzettingen

Het voorkomen vanWuild-upQ structuren [= grote, rifachtige biogene structurens

aangegeverop zowel de putcorrelatigpanelenals op de paleogeografische kaarten. Grote,

biogene buildups lijken het meest voor te komen in Tournaisiaan en Moliniaciaan
afzettingen. Op seismische fi@en zijn in het gebied tussen Kessel en boorput DZH26,
geisoleerde buildip structuren duidelijk herkenbaar in verder goed gelaagéettingen

Oostwaartsin het gebiedvan Poederleén het zuiden tot Turnhout ilhet noordengaan die

geisoleerde builups over in verticaalgestapelde buileup structuren. In de Liviaan

afzettingen zijn geen buitdps herkend. Dit hangt mogelijkerwijs samen metm@dasgressie

die begon tijdens het Moliniaaan en die een maximale uitbreiding$a | EA YdzY Cf 22 RA )
{d2NFI OSQ 2F WacC{ Q6 KnhdRondefs@Rabghiaarkf&iiingérzo&S NJ [ A JA |
aargeboordin de Heibaarten Poederlegutten, zijn wel weerbuild-up structuren herkend

Deze bevindingenpassen goed in hetalgemene patroonvan carbonaaafzettingen
OWOIFINDb2YIFGS FFEOG2NARSAQ0 QBly /I NDb22y 2dzRSNR2Y
gekenmerkt doorcarbonaaafzetting in een sedimentatiegebied gekenmerkt door een

meestl vrij vlak topografisch rédf @ WNJ YLIQ Sy WakKSt¥Q ool O2yliAyS

De herkenning van buitdp structuren hielp om specifieke sedimentaire omgevingen beter
te identificeren en te karakteriseren (d.weenkusty | 6 fa@@@metHokaalinter- tot sub-
getijden invloeder). De waagenomenverspreidingvan de buildups wordt echter sterk
beinvioed door degebiedsdekkingnet de beschikbare seismischignen. Nieuwe seismische
opnames ingebieden met eertot nog toe beperkte seismische dekkingen/of slechte
kwaliteit van de seismiekian nieuwe informatie opleveren over de mogelig@nwezigheid
vanbiogenebuild-up structuren in deze regio's.

De in de putten geidentificeerde breccie intervallen zijn op basis van alléhikleare
informatie geclassificeerd alzijnde van tektoniscte, van karstgerelateered of van
sedimentaie oorsprong.De verspreiding van de verschillendsoorten brecces is, in
combinatie meto.a. de aan karstgerelateerde verschijnseleneen belangrijkeindicator
geweest bij de paleogeografische reconstructi?¥an het Kempens BekkenEen adere
belangrijle paleogeografischeandicator is de verspreiding vanslump en conglomeraat
afzettingen In putten die bekken/diepwater facieshebbenaargeboord komenvaakslump
afzettingen voor In putten die ondiep water tot continentale, overgangsafzettingen
aanboordenwerden echterconglomeraten aangetroffenOokin gebiedengekarakteriseerd
door actieve blokbreuken tijdens het Dinantiaan zijn congloraggn aangetroffen.
Bovendien moet er rekening mee worden gehouden dat, indieecciesrelatief recent
gevormd zijn [bijvoorbeeld dodiate breukbewegingeren/of karstificatieen daarom et
beinvloedzijn door intensieve begravingsdiagenese en cementgridg aanwezigheid van
brecceseen positieve invioed kan hebben op de reseredjenschappen (d.w.z. hoge pero
perm waarden) van de onderzochte formatieBaarentegen kunnen zulke breccies ook
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operationeleproblemen veroorzaken tijdens hébren pijvoorbeeldvolledigverlies van de

boora L2 St Ay 3  ® &hioR uitspbeling P dya SERDB 0 2-2 kP . &QINGdezd ¢ | & K
redenen kan het van cruciaal belang zijn den aanwezigheid en verspreiding van zulke
brecciestijdensde verkenningsfaseo goed mogelijk tgoorspellenDaarom is een belangrijk
resultaat van deze studie de identificatie van gebieden metgreterekans op aanwezigheid

van karstverschijnselenwaaronderook brecces.

Om zoveel mogelijNA a e ®&p&rkenbij zowel de exploratie naar geothermie als bij het
boren van productieputtenaor aardwarmte, wordt aanbevolen om eerst betere seismische
gegevens te verwerveid-hoc herbewerking van oude seismische gegevel4NSRR OSa a A y 3 Q¢
en/of nieuwe acquisitievan hetzij 2D of van 3D seismiek(NB: met de nadruk op het
registrerenvan dekarakteristiekaliffracties veroorzaakt door de randen van karettes, als

op specialesignaaverwerking gericht op het behoud vatie karakteristiekediffracties en
gecombineerd met heverbeteren van de continuiteit van reflecties) kunnen helpen om de
aanwezigheid van karstoltes te identificeren voorafgaand aan het borevierder zou de
verwerving varspeciale boorgametingen(i 2 3Sy I I YR Sa QVRENE JBh/ataand
kernmonstersin toekomstige putten de beschikbaarheid vabetrouwbare putgegevens
vergroten Hierdoor zal ook de betrouwbaarheid van de resemoidellen aanzienlijk
verbeteren.

3. Wat betreft de gratigrafische diktgariaties

De stratigrafische dikieerschillentussende putten zijngeévalueerddoor eerst deop putlog

gebaseerde correlatite kalibreren in putten metle meestbetrouwbare biostratigrafische
gegevens\ervolgengdoordie gecalibreerdecorrelatieste extrapoleren naar putten met een

lage biostratigrafische resolutie en vervolgers naar putten zonder biostratigrafische
gegevensHierbijis ook gebruik gemaaktan seismische interpretatieen andere regionale

geofysische gegevensjoor zover die gegeens inzicht verschafta in de tektonische

beinvloeding van de sedimentatie patronen. Hierbiéek dat afgezien vadikteverschillen

die waarschijnlijk verband houden met verschillerhat afzettingsnilieu [bijvoorbeeldeen

Yo deklileRsugyelaagdecarbonaasfzettingen] ookgrote dikteverschillerveroorzaakt door

differentiéle bodemdaling- zelfs met lokal A SRAYSY il ANBE KAl Sy @GWR)
voorkomen in zowel het Tournaisiaanals in het BovenWarnantiaan (MFZ 15). Beide
verschjnselen zijnook herkenbaar op de seismiek. Een belangrijk nieuw resultaat van deze

studie is echter dat grotere symedimentaire breukactiviteit beperktvas tot het MFZ 15

interval. Tot nog toewerd aangenomen dat het hele Warnantiabeinvioedwasdoor syn

sedimentaire breudctiviteit. Verder was ook niet bekend dat het Niféel van het Kempens

Bekken gekenmerkt was door naepositie. Op basis van deze nieuwe inzichten wordt
aanbevolen om de Buw ontwikkelde correlaté SOKY A S{1 @WO2 Nlldelteli A 2y 4+
passen omog nieuw te boren putten enook om de biostratigrafischevaluatievan oude

putten verderuit te breiden Beide benaderingen zijrzeker in in combinatie zeer effectief

gebleken

4. Wat betreftde Laat Viseaan(eind-Dinantiaan) naar Namwanovergang

De op log-gebaseerde correlatieie gekalibreerden géntegreerd is met de biostratigrafie
heeft aangetoonddat het Kemgns Bkkentijdensde overgang Viseaan naar Namuriaek
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beinvioed werd door sysedimentaire breusictiviteit. De synsedimentaire breuken
veroorzaakten differentiélelalingvan delen varde shelf en deze tektonische activiteit viel
waarschijnlijk samen met een grote relatieve zeespiegeldaling. Als gevolg hiervan werd de
configuratie van heKempens Bkken gekenmerkt door een complex patroon van hoge en
lage gebieden Tijdens de overgang van Visea naar Namuriaarwerd hierdoor de
verspreiding van verschillendearbonaatacies sterk beinvioed. In het NWeel van het
bekken verd een groot gebied gekenmerkt door erosie en/of rédzettingvan sediment. D
gebied strekte zich NVZO uit van Hedlart tot Poederleeln dt gebiedvond waarschijnlijk
meteorischekarstificatie plaats tijdens hetate Viseaan/Namuraan waarbij plaatselijkhet
MFZ15 stratigrafische interval volledigé&odeerdwerd (aannemend datlaar ooitVisean-
afzettingen aanwezig waren). Naar het NO toe ging dit gebied raeareen ondie@ zeein
eencontinentaal plat setting Inhet gebied van Beersen in een openondiep watergebied
rond Turnhoutvond verminderde depositigplaats De N en ZGrandenvan ditgebied met
ondiep water afzettingen,werden waarschijnlijljgevormddoor synsedimentaire breuken
Hierdoor is er een abrupt®vergang varhet ondiepe continental plat naar diepwater
condities in het noordenDaarentegenis ereen meer geleidelijke overgang naar het ZO,
resulterend in de ontwikkeling van een overgargareen breed platform met sub-bekkers,
zoals blijkt uit deMIOL-GTFputten. Aan de Z@ant van hetbekkenwerd daarentegen een dik
pakketMFZ 15 (Late Viseaan) tabege Namudansedimenten afgezetDeze bevatten veel
geNBaSRAYSY i SSNRS | HdwSalzéttinged Zodls tdsidditerd Ditlis Ina &
overeenstemmingmet het type afzettingen dat wordt verwacht in eealiep bekken dat
gelegen is naagtencarbmaatplatform datgekenmerkt worddoor zowelintenseerosieals
door tektonischeinstabiliteit door breubewegingen.

Het bovenstaandepaleogeografische kader heefiaarschijnlijktijdens de overgangvan het
Viseaan naar het Namuriaan, dat wil zegggtensde afzetting van d&oereeFormatie(Laat
Viseaan, bovenste MFZ 15) @aSouvréormatie(Vroeg Namuriaan, basis MFZ 160k een
belangrijkerol gespeeld. Bze studiegeeft aandat de GoereeFormatie waarschijnlijk
aanwezigsin eengroot deel van het gebied ten zuidwesten wdangrootste carbonaashelf
(dwzde ondiep water carbonaathelfdie is aangeboordioor o.a. dePoederlee, Turnhout en
Heibaartputten). Naar verwachting zale Goeree Formatie aanwezig Zigmgs de grensan
de ondiep water carbonaashelfen het daamaast gelegemiepwatergebied,en ook in de
lagunaire afzettingen biilalen.

De verwachtte aanwezigheid van d&oeree Brmatie inzowelde omgeving vardalenals
elders inhet Kempes Bekkenis een nieuw resultaat van deze studi@eze interpretatie
wordt ondersteund door deaangetoondeaanwezigheid vade GoereeFormatiein de MOE
putten. Watbetreft de afzetting en verspreiding vaale Souvréd-ormatie geeftdeze studie
ook aan dat deSouvréFormatie waarschijnlijk ooit aanwezig is geweest indrebtste deel
van het Kempes Bekkenzelfs indat deel vande carbonaatshelf dat tijdens de overgang
Viseaan; Namuriaan ster& erosie ondervondd.w.z.rond Poederlee en mogelijk ook in de
put MerksplasBeersg. Dit metuitzondering varhet gebied rondde Heibaart en DZplutten
wat waarschijnlijk eenstructureel hoog wasgekenmerkt door niet-afzetting en/of
droogvallenen erosie.
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In het gebied dat tijdens het MFZ 15 interval droog viel, vond hoogstwaarschijnlijk
meteorischekarstvormingplaats Daardoorzullende Dinantiaan kalkafzettingen irigebied
naar verwachting goede reservoir eigenschappeiben Dit is omfhankelijk vanlatere
breukvorming en/of mogelijke hydrothermale -getivitatie van de meteorische karst
Daardoor vormde regioHeibaartPoederleeBeerseMerkplas een veelbelovende zomeor
de exploratie naar aardwarmtée meest aantrekkelijkoneis naar verwachtinge vinden
langsde noordelijke grensbreuk, wade daar gelegen biogermiild-up waarschijnlijldroog
zal zijngevallen en daardoovermoedelijkverkast zal zijn Hetzelfde geldibok voor de
grenszoneserdernaar het zuideangshet NW-ZO gerienteerdebreuksysteem

Ok inde diepwater brece-facies dieverwacht woreénaanwezig te zijmet ten noorden van

de carbonaatshelf kunnen mogelijkgoedereservoieigenschappernn de tijds-equivalente
afzettingen bewaard zijn. Dit gaatuit van de aanname dat de oorspronkelijk goede
reservoikwaliteit niet vernietigdwerd door diagenese tijdens dR A S1LJS 06 S3IANI OA y 3
OdzNA I f RAFIASYySaraQeod
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EXECUTIVE SUMMARY

In recent years, the Dinantian carbonates in Northern Belgium have beesuttjectof several
studies that focussed on supporting geothermal exploration and production activitieslly, these
Dinantian carbonate formations have very good reservoir proes {.e., high porosity and high
permeability) This idue, at least in part, to the presence of karst featuréise local presence of
very @od reservoir properties as already provedby the historical development of the
underground gas storage at Loenhout and the drilling of the Merkdpéssse geothermal well.
More recently, the results of two new geothermal projects at Mol (VITO)arieerse (Janssen
Pharmaceutica) brought thexplaration potential of the Dinantian geothermaénergycarbonate
playinto the spotlight.

This renewed interest for the Dinantian resource also led to new seismic acquisition campaigns and
vintage seismic reprocessing programmes in Flandersvell aghe new seismic data, each of the
recent geothermal wells drilled in Campine produced new data and insights into the characteristics
of the Dinantian reservoirs. This was complemented by new analytical work focusing on both new
and legacy wells. However, to ddteese new and legacy data had not yet been integratealsingle

study.

The Flemish Planning Bureau for the Environment and Spatial Development (Vlaams Planbureau
voor Omgeving, hereafter referred to as VPO) requested PanTerra Geoconsultants B.\ftefherea
referred to as PanTerra) to carry out an integrated stratigraphic & sedimentological study of the
Dinantian interval across the Campine Badihe studywas tocombine documentation ofall the
available geological datand most recentunderstandingof that data as well as an integrated
interpretation framewaorkfor this importantsubsurfaceaesource.

The study wasexecuted bythe Project Teamcomprising bothPanTerra staff andPanTerra
Associates The Project Tearhenefited highly from the inputs andreviewsby a panel of experts
comyrising representatives ahe Client,as well asmembers ofthe Steering Committeeand the
Technical ContributorsDuring the project, severalledicated workshops and technical review
sessionsvere held using TEAMS. Duithese TEAMS meetinghetSteering Committeeeviewed
andprovidedextensivefeedback orstudy results and progress.

The following work wasarried outby the Project Team:

Literature review (scientific papers, technicaports,and vintage maps)

Well data review (mud logand descriptionof cuttings, thinsectiors,and cores)

Stratigraphy datset update

CycloLog analysis and calibration with biostratigraphic data (bgtrcieand recentvells)

Construction of wll correlation panelsand analysisof thickness variatios

Screeningfor the presence of @hydrite and paleosoilsased on petrophysicalell log

analysis

1 Sedimentological analysis, includingerpretation of potential evaporites, breccias, karst
and tectonic features

9 Paleogeographic reconstructions and maps for key stratigraphic intervals

=A =4 =4 4 -4 4
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Apart from the general goal of integrating as much as postilg@vailable data and insights in a
consistentbasin model, four main research questiomere explicitlyincluded in thestudyscope

1. Evaluate the ptential presence of evaporites in the Dinantian sequence

2. Evaluate the ecognition of breccias and builgh structures from well data, and their
implications for the interpreted sedimentary environment.

3. Evaluate the hickness variationen the basis of the wellorrelationsin the context of the
basin development.

4. Evaluate lhe transition fromthe Late Visean tahe Namurian inthe context of the basin
development.

To address these objectives, a large legacy dstawas integrated with newly released and/or

recently acquired data. The use of a novel correlation technolpgy, i KS y 2 @St W/ & Of
application]integrated with petrographic and paletwiogical dataresulted in a revisebasinwide

correlation modelSpecifically, tlsrevised correlation model for the Dinantian carbonates is based

on a comprehensive review and integration of all available sedimentologitatijgraphic,and
palaeontdogical data in combination with the use of the 'CycloLog' correlation software to place

those data in a sequence stratigraphic framework.

The main conclusions and recommendations for each study objective are as follows:
1. Regarding the possible presenceswiporite in the study area

There isno clear evidencefor the presence of significant thicknesses of evaporites.
Limitations of the applied technique (i,ewell log analysis cawnly reliably identify
evaporite layers thicker than 45 cm) and theailability ofcore/thin section material stuld

be considered whervaluatingthe results.Given these constraintsio clear evidence of
evaporitesbeing presentcan beidentified inthe investigated wells. Several intervals were
identified as potentiall evaporitebearing(or of a proxysuch agjuartz pseudomorphafter
aprecursorevaporite minerd), but no direct evidence difie presence oévaporite minerals
(e.g., anhydrite)was found.However, in some intervals, it was not possible to verify
indeperdently the origin of some minerals because thé lack of representativethin
sections Retrieving andanalysingthe missing legacy materidcuttings / cores / thin
sectionsjor re-sampling ofelevantintervals, could help to clear the remaining doulss to
the possible presence of evaporitic minerals in the area@iigresent- the implications
for the interpreted depositional environment during Dinantian times.

In summary given the paucity of hard evidence indicating the original presence of
evaporites, it is thought to be unlikely that dissolution of evaporites exerted a significant
control on the composition and/or shape of the bafiihsediments.

2. Regarding the presence of builgh structures

The presence of buildup structuress highlidnted inthe correlationpanels and mapped in
the paleogeographic reconstructions. The presence of such bioconstructions seems more
prevalent in Tournaisian to Moliniacian times, where beddgdrvalswith isolated build
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ups were recognized on seismic Bnén an area ranging from Kessel to well DZH26,
transitioning Eastward to vertically stacked builgs in the area ranging from Poederlee in
the South to Turnhout furtheto the North. Buildup structures appear to be abseintthe
Livianinterval, possiblybecause of transgressive evethat started during théMoliniacian,
andwhichculminaedin a maximum flooding surfage W a @t¢h@lfase of the LiviaBuild

up structures were identified again in the lower Warnantian interwddich weredrilled by

the Heibaart and Poederlee well®verall, these findings fit wellithin the framework of
Carboniferous carbonate factories dominated by ramp to shelf geometries and the
recognition of buildup structures helped to better identify and characterigpecific
sedimentary environments (i.gnner ramp environment or inteto subtidal environmental
conditions). However, the obsezd distributionof build-up structuress strongly influenced

by currently available seismic coverage. Acquiring new seidata in areas with currently
limited and/orpoor-quality seismic coverage may provide new information on the possible
distribution of buildup structures in these regions.

Regarding the recognition of brecciasing all available informatiothe identified breccia
intervals were classified asf either tectonic, karstrelated, or depositional origin The
presence and type of sedimentary breccia and keskited deposits wre key inputs fothe
Dinantian paleogeographic reconstructisrof the Campine Ban. In particular, slump
related brecciadepositswere recognized in wells penetrating basinal/deep water facies,
while conglomerates were recognized in wells penetrating shallow water to continental
deposits. Conglomeratesere also observeth areas affected by Dinantian block faulting
Brecciatedintervalsthat formed relatively recenthffor example due tgost-depositional
faulting and/or late karstificatiorandtherefore not affectedby intensive burial diagenesis
and cementatioih, typically positively impact reservoir properties.€., give rise tohigh
poroperm values) However,such brecciatedhigh poropermintervals mayalso pose
operational risks during drilling (i,eotal mud-losses and/or wasbuts). For these reasons,
understanding theorigin of the different types obrecciaand predicting theirpossible
presenceprior to drilling is importantin this sense,mimportantresult of this studyisthe
identification of areas thamay havea higher chance of hosting karst features, including
breccias.To further derisk future geothermalexploration and productiomctivities inthe
studyarea, adhoc reprocessing of legacy seismic data and/or eévand/or 3D seisnic
acquisition (NB: both with emphasis wnagingthe tell-tale diffractions caused by the edges
of karst cavitieswith processingexplicitlyaimed at preservinghose acousticdiffractions,

as well as enhancing continuity afousticreflections)could help to identify the presence
of karst cavities prior to drillingvioreover, acquisitiorof additional borehole image log
(BHI) data and/or comein future wells would increase the availability of wetlased
reservoir data. This in turn would help to ingwe the reliability of the resulting reservoir
models

3. Stratigraphic thickness variations

Thickness variatiornisetween wells were interpreted by first calibrating the welllogsed
correlation in wells with highesolutionbiostratigraphc data, and then extrapolating #t
correlation to wellswith only low resolution or evenno biostratigrapic data. Additional
input from local seismic interpretation and otheegional geophysical data was also
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incorporated, where this information provided insights into possible tectonic cantal
carbonatedeposition. As a result, it appesathat apart from variations likelyinked to
differences in depositional environmerje.g., abiogeric W 6 ddklL{®susa layered
carbonate] major thickness differencegartly even due to local nondeposition [i.e,
disconformities] occurred during Tournaisiaas well as duringipper Warrmantian times
(MFZ 15). Bothypes of thickness variationare supported by seismigcale evidence.
However, the restriction of the interval of higher sgadimentary faults activity tonlythe
MFZ 15nterval, is a novel result of this study. In the pasie entire Warnantian wakeld
to be significantlyaffected by fault activity andnareaof non-deposition in the NW part of
the basin was notecognisedBased on this newbservation, itis recommended to also
apply the developed correlatiotools andworkflow to any future wells and tofurther
expand tle biostratigraphicanalysisof legacy wellsas both tools proved to be very
effective, particularly when applied in combination.

4. Conceningthe Late Visean (enDinantian) to Namurian transition

The Cyclologbased well log correlation as calibrated and integrated with the
biostratigraphy showsthat during that interval, the Campirgasin was also affected by the
activity of symsedimenary faults. These sysedimentary faults caused differential
subsidence of parts of the carbonate shelf, and this tectonic activity was likely simultaneous
with a major relative sedevel drop. As a result, theampine Bsin was characterized by a
complex pattern of structurally high and low areas that influenceabth the type and
preservationof carbonatedepositsthat formed during the Visean to Namurian transition.

In the NW part of the basjm large area characterized by erosion &/or rbeposition was
present- this area extended NVBE from Heibaart to Poederlee. This area was likely affected
by a late Visean/early Namurian karstification event that locally eroded the MEZ
stratigraphic interval entirely assuming thatVisean deposits were originally present).
Toward the NE, this area passed to a shallow shelfatineof reduced deposition in the
Beerse area, and intashallow water area around Turnhout. The N and SE margins of this
shallow watershelf were likely brdered by syrsedimentary faults, causing a very rapid
transition from shelf to deep water conditions in the North, and a more gradual transition
toward the SE, allowing the development of a broad inner platform telmgin transition,
documented also biMOL-GT wells. The SE side of the basin, in contrast, saw the deposition
of a thick pile of MFZ 15 (late Visean) to early Namurian sedim@isse aregich in
reworked intervalge.g, massflow deposits such as turbiditesyhich is consistenwith the

type of depositdo be expected in a basinextto a carbonateplatform that experiened
severe erosion and instabiligue tofault activity.

The paleogeographic framework described abhquebably also influenced the deposition
of the formations at thevisean toNamuriantransition, namely the Goereddte Visean,
uppermost MFZ 15) and Souvrgafly Namurian, base MFZ 16). In particular, this study
suggests that the Goerd®rmationmaybe present in mchof the area SoutiWest of the
main shallow water lself (.e., the shelf penetrated bye.g.,the Poederlee, Turnhout and
Heibaart wells) The Goeree Formation shouttierefore be expectedo occurin the
platform to subbasin transition to deep water areandin the shallow water to restricted
lagoon around Halerhelikely presencef the GoereeFormation in the Halen area arits
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probableextension irto a broader part of the Campirigasin is a novel result of this study
This is in facsupported by the dexiption of the presence of Goerd®rmationin the MOL
wells. Regarding the deposition of the Souvré, this study suggests that it mayhbesve
presentin most of the Campine Basin, even in part of the previously exposed shelf(i.e.
the Poederlee angbossibly also in Merksplas 1 wellhat isexcept forthe area around the
Heibaart and DZH wellsrhich was probablya structural high characterized by emersion
and/or nondeposition.

The areas that were exposed during MEZtime were most likely impaet by meteoric
karstification Consequentlythe Dinantian carbonates in that area are expected to have
acquired good reservoir poroperm characteristi€his is independent of subsequent fault
activity and/or subsequent hydrothermal-ativation of the neteoric karst. This makes the
area around HeibaartPoederleeBeerseMerkplas a promising targefor geothermal
exploration. A zone along the northern boundary fault is thought to be the most promising.
In that zone a buildip structure is present. This lbdiup wasmost likely exposed during
lowstand making it prone to meteoric karstification. The same is likely to hold further to
the south along the NVBE oriented fault system.

If not destroyedby deep burial diagenesigood reservoir propertiesn time-equivalent
deepwater deposits could also potentially be mervedin the breccia facies thaslikely to
be occurjust north of the structural high That isalongside the NWSE bounding fauthat
controled the northern margn of the Dinantiancarbonate shelfThis assumes that the
originally good reservoir quality of those breccias has not been destroyelbdyy burial
diagenesis.

i i
paginal4van123



TABLEOFCONTENTS

1 [ a1 oo [0 o i o] o NPT PPP P PPPPPPI 17
11 Objectives 17
1.2 Analytical Work 18
1.3 Project stakeholders 18
2 L€T=To] (oo [or=1IRS]=1 1] oo TR PP PP PP PRI 20
3 MethodS 8N DALA.........cccoiiiiiiiiiiii it 24
3.1 Literature review (scientific papers, technical reports and vintage maps) 24
3.2 Well data review (mud logs, cuttings, thin section and core descriptions) 24
3.3 Well log analysis: Anhydrite and Paleosoils 27
3.4 Welllog based correlation (CycloLog) 27
35 Integration with new and legadyiostratigraphy data 36
3.6 Seismic data 40
3.7 Paleogeographic reconstructions 41
4 [0 1C=Tq o] =1 r= Ui o] o FO PP R PP PPTPPPPPPPPPPRPPRP 49
4.1 Stratigraphy dataset update 49
4.2 CycloLog analysis and calibration with Biostratigraphy 52
4.3 Correlation sections and thickness variation analysis 58
4.4 Well log analysis: Anhydrite and Paleosoils 75
4.5 Sedimentology 83
4.6 Paleogeographic reconstructions 94
5 Conclusions and RECOMMENTALIONS.........cooiiiriiiiiee i 104
5.1 Potential presence of evaporites in the Dinantian sequence 104
5.2 Recognition of breccias and builgh structures from well data, and their implications for the interpreted
sedimentary environment. 104
5.3 Thickness variations resulting from the basin analysis and correlations 105
5.4 The transition from late Visean to Namurian in connection with location in the basin. 106
6 BIDIIOGIAPNY. ... 108
7 Y o] 0= o [ PP PP PPPPPR P 112
7.1 INPEFA Breaks 112
7.2 Seismic 117
7.3 Glossary 121
I T T ] M

paginal5van123



8 [ 1o [ 1T (=TT

8.1 Well panels

8.2 Correlation panel (all wells, for each time interval)

8.3 Correlation panel (all wells, exploded view of Cretaceous erosional surface)
8.4 Correlation panel (Namurian)

8.5 Paleogeographic maps

8.6 Thin section descriptions from Beerse wells by Rudy Swennen

8.7 Interpretation tables

T
paginal6van123

M

123
123
123
123
123
123
123



1 INTRODUCTION

In recent years, the Dinantian carbonates in Northern Belgium have been the target of several
studies that focussed on supporting geothermal exploration and production activities. These
Dinantian carbonate formations havecally very good reservoir properties (high porosity and high
permeability) due, at least in part, to the presence of karst features. Good reservoir properties were
already proved through the historical development of the underground gas storage at Ludearith

the drilling of the MerksplaBeersegeothermal well More recently, the results of two new
geothermalprojectsat Mol (VITO) and Beerse (Janssen Phasuticg brought the potential of the
Dinantian carbonate play for geothermal energy exploratioder the spotlight.

Across the border in the Netherlands, the Dinantian formations were the focus of exploration for oll

YR 3l & RdzZNAYy3I GKS Wyna | ydeashpecénkyeaksyhowd\etiieK 2y & K 2
Dinantianhasalso been targetedbr geothermal energy production (e five geothermal wells near
Venlo,namely CALGTO1 to 05). Regional studies were realized in the context of the Ultra Deep
Geothermal Energy research led by EBN and sponsored by the Dutch Ministry of Economic Affairs.
Meanwhilethis new and ongoing Dutch SCAN programme aims togikevarious geothermal plays,

including the Dinantian carbonates. This programme consist of new dedicated seismic acquisition,
vintage seismic reprocessing, together with a series of futwdiahted geothermal exploration

wells.

This renewed interest for the Dinantian resource also led to new seismic acquisition campaigns and
vintage seismic reprocessing programmes in Flanders. Beyond the new seismic data, each of the
recent geothermal wés drilled inCampineproduced new data and insights into the characteristics

of the Dinantian reservoirs. This was complemented by new analytical work focusing on both new
and legacy wells. Howeveg datethese new and legacy data had not yet been inded.

The Flemish Planning Bureau for the Environment and Spatial Developfvilrams Planbureau
voor Omgevinghereafter referred to as VPO) requested PanTerra Geoconsultants B.V. (hereafter
referred to as PanTerra) to carry out an integrated stratigraphic & sedimentological study of the
Dinantian interval across th€ampineBasin, in order to document the curredata and state of
knowledge, as well as provide an integrated interpretation framework of this important resource.

1.1 OBJECTIVES

Main goal of the study was to provide a sedimentological reconstruction of the basin during the
Dinantian and define the concepts that could steer future work in the area, like a 3D modelling of
the Dinantian interval. Moreovel/ PO identified four main s2arch questions for this study:

1. Potential presence of evaporites in the Dinantian sequence
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2. Recognition of breccias and builgh structures from well data, and their implications
for the interpreted sedimentary environment.

3. Thickness variations resultingpin the basin analysis and correlations

4. The transition from Late Visean to Namurian in connection with location in the basin.

1.2 ANALYTICAL WORK

In order to properly address the research questions, the following work was realized:

Literature review (scieniif papers, technical reports and vintage maps)

Well data review (mud logs, cuttings, thin section and core descriptions)

Stratigraphy dataset update

CycloLog analysis and calibration with biostratigraphic data (both legacy and recent

studies)

Correlation sctions and thickness variation analysis

Anhydrite and paleosoils screening through well log analysis

1 Sedimentological analysis, including interpretation of potential evaporites, breccias, karst
and tectonic features

9 Paleogeographic reconstructions and redpr key stratigraphic intervals

= =4 =4 =

= =4

1.3 PROJECT STAKEHOLDERS

The study was realized with the contributions of the Project Team, composed of PanTerra staff and
associates, and benefited by the inputs and reviews of an extensive panel of experts composed of
the Qient, Steering Committee and Technical Contribu(@iablel).

Tablel: Project stakeholders (*, until July 2022).

Organization

Client Helga Ferket VPO Client Focal Point

Michiel Dusar Belgisch Geologische DieﬂlSteering Committee Member
Philippe Muchez  |KU Leuven Steering Committee Member
Jef Deckers VITO Steering Committee Member
Bernd Rombaut VITO Steering Committee Member
Maxime Latinis Fluxys Steering Committee Member
Johanna van Daele|VPO Steering Committee Member
Jan van Roo VPO Steering Committee Member
Stijn Bos HITA Steering Committee Member
Rudy Swennen KU Leuven Project Mentor

Evert van de Graaf [PanTerra consultant Technical advice, analysis and implementation supp
Philip Drijkoningen [PanTerra consultant Communication in Belgium

Project Team Francesco Vinci PanTerra Geologist and implementation
Angela Pascarella |PanTerra Petrophysicist

Jerome Amory PanTerra Project Manager

Coen Leo* PanTerra Project Manager and implementation
Technical Contributors| Xz Elge=} ConsultHance Biostratigrapher

Steering Committee
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The Steering Committee provided peer review feedback on work performed by the Project Team,
with extensive sessions during dedicated workshops and technical review sessions. Their
suggestions and contributions are much appreciated, as they significantly iegptbe quality of

the work done.
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2 GEOLOGICAL SETTING

The study area is part of théampine(or CampineBrabant) Basin, a Variscan foreland basin with a

NW-SE orientation extending from the northern flank of the Lon@yabant Massif nortieastward

up to the (ZandvooMaasbommeKrefeld High complex in the Netherlands and Germany (Bless
et al, 1983; Harings, 2014¥igurel). An updated review of the geology of the area is presented by
van der Voet et al. (2020), partly summarised in the follovegtiors.

In the West theCampineBasin extends into the North Sea towards the UK (Total E&P UK, 2007),
while in the East it extends into Germany (the Niederrheinische Bucht) where it is bordered by the
Midi thrust fault (Bless et al., 1983). The southern, naéstern and possibly northern edges of the
CampineBrabant Basin were occupied by carbonate platforms during the Lower Carboniferous
(Kombrink et al., 2008; Geluk et al., 2007), particularly during the Viseail@ntaisianstages,

also known as the Dingian series among European geologists.

7°00'E
|

- 52°20'N

- 52°00'N

- 51°40'N

-51°20'N

- 51°00'N

\ﬂm 30 km

Figurel Map of the Campind®rabant Basin, with well locations that penetrated Lower Carboniferous carbonates (black
dots) and the possible outlines of the carbonate ramp/shelf (dashed lilae and blue fill). From van der Voet et al.
(2020) and references therein.

- 50°40°'N

From a structural point of view, th@ampineBasin is characterized by block faulting, dominated by
synsedimentary normal faults with a NNBSE orientationF{gure 2), that caused large lateral
differences in the thickness of the Visean sequence in northern Belgium (Bless et alMl6Bé&z

et al., 1987bMuchez and Langenaeker, 199Bargenaeker, 2000; Bos and Laenen, 2017; SCAN,
2019a). This pattern was further fragmented by eastst oriented crosfaults (Langenaeker,
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2000). Furthermore, an eastest-oriented listric normal fault, the Hoogstraten fault, developed in
the northern partof the Belgian CampirBrabant Basin along the BelgitNetherlands border due
to N-S extension during the Middle Devonian to Early Carboniferous. Thisdipging growth fault
downrthrusted the Lower Carboniferous sequence (Vandenberghe, M8dhez and_.angenaeker,
1993;Langenaeker, 200@eckers et al., 2019

A
Skm .*'%1!

Figure2 Sructural map of theCampineBasin(G3Dv3.1 model, Deckers et al., 2019). In black base Carboniferous fault
lines, in green distribution of Dinantian carbonates in the area (from DOV pettal, dov.viaanderen.be

The Lower Carboniferous Dinantian carbonates believed to have formed in a ramp or shelf
environment carbonates, (Reijmer et al., 2017; SQAN%, 2019b).The latest update of Dinantian
lithostratigraphy was realized by LaendR000; Figure 3), and from oldest to youngest the
formations can be summarized as follows:

1 The Bosscheveld Formation, consisting of sandstones, siltstones, claystones, and
limestones, is a transition from Devonian siliciclastic deposits to the Lower Carboniferous
Wolenkalk Grouglt is found only in the southastern part of the CampinBrabart Basin.

1 The dark claystones of the Porfgcole Formation form the base of the Kolenkalk Group
which are overlain by dolostones of the Vesder Formation from the Tournaisian to lower
Moliniacian stages.

1 The massive limestones of the Steerfjernhout Formation conformably overlie the
dolostones and are covered by bioclastic wadkegrainstones of the Velp Formation.
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1 TheKolenkalkGroup continues with the Loenhout Formation, consisting of fossiliferous
mudstones, bieand lithoclastic wackeo grainstores and boundstones, locally
intercalated with clayich layers.

1 The Kolenkalk Group is disconformably overlain by the Souvré Formation, consisting of
thin-bedded chertbearing limestones, dolostones, and claystones.

In the Netherlands, the Lower Carboniferous carbonates are represented by the Zeeland
Formation or Carboniferous Limestone Group (Van Adrichem Boogaert and Kouwel 9983
further subdivided into three members:

1 The Beveland Member of Tournaisian tolgarisean age, which includes dolostones with
interbedded limestone, siltstone, and claystone.

1 The Schouwen Member of early to late Visean age, known for its-fix$slimestones.

1 The Goeree Member of late Visean age, composed of partially silicifiedini@stones.

CHRONOSTRATIGRAPHY LITHOSTRATIGRAPHY CAMPINE-BRABANT BASIN
N S NORTHERN BELGIUM SOUTHERN
L & & FS F
-5‘ c;"&&% v}'”%i\% R “' 5"5@“ Western sub-basin Eastern sub-basin Visé-Puth trough Visé region MEIHERLANDS
s & S P il

B B B R R T )
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Figure3 Chrone and lithostratigraphic subdivision of the Lower Carboniferous carbonates in the CaBwaihant Basin
in northern Belgium (Laenen, 2003) and the southern Netherlands (Van Adrichem Boogaertiare] K2031997).
Modified after van der Voet et al. (2020).

Near the LondofBrabant Massif a stratigraphic gap was identified between the upfiszan
carbonates and the lower Namurian shales (Graulich, 1962; Bouckaert, 1967). An angular
unconformity at tre base of Namurian deposits onlapping onto the Visean, especially at the flanks
of the Heibaart and Poederlee highs, was reported by Dreesen et al. (1987). This gap is believed to
have resulted from the Sudetic orogenic movements in combination with @nfglbbal sea level
(Bouckaert, 1967). This hiatus coincides with a paleokarst level, which has been recognized in some
parts of the Campin®rabant Basin (Vandenberghe et al., 1986; Dreesen et al., Td83neteoric
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karst development, caused by theeptwise sea level drop, is most evident at the local highs that
were exhumed. For example, in the area of the Heibaart and Poederlee highs, the karstification has
according to Dusar et al. (2015jcised up to 200m into the underlying rockehe karstified
limestones in Heibaart have been used as a reservoir for gas storage by Fluxys sinGs k8&imic

data from the Campine BasiDreesen et al(1987) identified various collapstructuresthat most

likely resulted from the dissolution 6the underlying carbonates. In their paleokarst model, the
karstification affecting the uppermost é&@n limestones, was influenced by the infiltration of
meteoric water along faults and joints, leading to dissolution and the formation of collapse
structures at deeper levels. During the early Namurian, the karst topography was drowned due to
a major transgression (Bouckaert, 1967). Despite this flooding, dissolution of the carbonates
continued as a result afontinuedgroundwater circulation during the Maurian, leading to further
collapse breccias (Dreesen et al., 19Bluchez et al., 1994aAnother period of potential paleo
karstification is linked to uplift and emergence during the CretaceGtetaceousage karstification

of Dinantian carbonates ifor instanceclearly evident in outcrop in the \éan type area.The
question of whether hypogenic karstification also impacted the Lower Carboniferous carbonates in
the CampineBrabant Basin remains a topic of debate (SCAN, 2019b).
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3 METHODS AND DATA

3.1 LITERAURE REVIEW (SCIENTIFIC PAPERS, TECHNICAL REPORT
AND VINTAGE MAPS)

An extensive literature review comprising published scientific papers, as well as unpublished
technical reports and vintage maps, was performed prior to and in parallel with the technical
execution of the study. This review of legacy data in combination with the technical advice and
comments provided by members of the Steering Committee, ensured that the interpretations of the
present study take into account all the available evidence ci@teduring previous studies of the
Dinantian interval in th&€ampineBasin.

A full list of literature sources used for the present study is presented in Ch@agtBibliography.

3.2 WELL DATA REVIEW (MUD LOGS, CUTTINGS, THIN SECTION
AND CORE DESCRIPTIONS)

Well data covering the Dinantian of th@ampineBasin were reviewed to assess information
availabiliy and quality. Wells with an adequate dataset (e.g. dath setscomprising as a minimum
a GR log and/or biostratigraphy data) were included in the gl correlation and thickness
variation analysis.

A few wells lacking in log data but located ity k#eas weralsoincludedin the study, thesewere
used mainhjin the paleogeographic maps reconstructions.

In addition several wells drilled ithe Dutchparts of theCampineBasin were also included in the
study. These well data were recently reviewed in a major review study by TNO and EBN (SCAN,
2019b), and can be accessed on the Dutch geological survey portal NLOG (www.nlog.nl).

Access to proprietary information for tHgelgian wells was granted by the Operators, while access
to public domain data was facilitated by VPO, when not freely available on the DOV portal
(www.dov.vlaanderen.be)

A full list of wells included in the study and the data available for these wellegented inTable2
and their geographic positions are shown on a mapigure4.
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Table2 Wells used in the study and related data available for Dinantian interval.

Well name (this study)

Well name (DOV) Well name (BGD, Year

GR SGRSonic Density Neutron Resistivity PEF Cuttings Core

BEERSE-GT-01 NA NA 2020 |Yes |No |Yes |No No Yes No |Yes No
BEERSE-GT-01a NA NA 2020 |[Yes [No |Yes |No No Yes No |Yes No
BEERSE-GT-02 NA NA 2020 |Yes |No |Yes |Yes No Yes No |Yes No
Booischot kb24d59e-B160 BGD059e0146 |1963 |No No |[No |No No No No |Yes Yes
DZH1 (Heibaart) kb8d7e-B219 BGDO007e0196 |1977 |Yes |No |Yes |Yes Yes Yes No |Yes Yes
DZH18 kb8d16e-B168 BGD016e0178 [1992 |Yes |No |Yes |Yes Yes Yes Yes |Yes No
DZH26 BGD016E0229 016e0229 1994 |Yes |Yes|Yes |Yes Yes Yes Yes |Yes No
DZP1 (Poederlee) KOEN-B181 BGD030W0371 [1984 |Yes |Yes|Yes |Yes Yes Yes Yes |Yes Yes
GEVERIK-01 NA NA 1986 |Yes |[No |Yes |Yes Yes Yes No |Yes Yes
HALEN (KB-131) kb25d76e-B246 BGD076e0243 |1962 |Yes |[No [No |[No No Yes No |Yes Yes
Heibaart 1bis kb8d7e-B216 BGDO007e0178 |1962 |Yes [No [No |No No Yes No |Yes No
HEUGEM-01-S1 NA NA 1981 |Yes |No |Yes |No No Yes No |Yes Yes
KASTANJELAAN-02 NA NA 1981 |Yes |No |Yes |No No No No |Yes Yes
Kessel kb16d44w-B16 BGD044w0011 |1902 |No No |[No |No No No No |Yes Yes
KORTGENE-01 NA NA 1982 |Yes |No |Yes |Yes Yes Yes No |Yes Yes
LOKSBERGEN kb25d76w-B285 BGD76w0273 1960 |No No |[No |No No No No |Yes Yes
MERKPLAS 1 kb8d17w-B312 BGDO017w0265 |1987 |Yes |Yes|Yes |Yes Yes Yes Yes |Yes No
MOL-GT-01-S1 B/1-102786 NA 2016 |Yes |Yes|Yes |Yes Yes Yes Yes |Yes Yes
MOL-GT-02 B/1-102785 NA 2016 [Yes [No |Yes |Yes Yes Yes Yes |Yes No
MOL-GT-03-S1 B/1-102784 NA 2018 |Yes |Yes|Yes |Yes Yes Yes Yes |Yes No
Rillaar kb24d75e-B321 BGD75e0317 1961 |Partly [No |[No |No No No No |Yes No
's Gravenvoeren (B3175)vgmperceel4-B3175/BGD108W0361 (1987 |Yes |No |[No |No No Yes No |Yes Yes
THM-2002 NA NA 1986 |Partly [INo |[No |No No Partly No |Yes No
TURNHOUT-1 kb8d17e-B272 BGD017E0225 [1952 |Partly [No [No [No No Partly No |Yes Yes
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Figure4d Map showing Dinantian wells included and not included in the present sRldgk line is Belgium / Netherlands
/ Germanyborder.
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3.3 WELL LOG ANALYSIS: ANHYDRITE AND PALEOSOILS

Screening for the possible presence of Anhydrites and Paleosoils was cautiddraugh a
qualitative analysis of selected well logs.

The main diagnostic criterion for the presence of Anhydrites is its high density, typically 2.98 g/cm
associated with a high volumetric cross section (U), typically of 15 barfhgitiathe volumetic

cross section, U, is the product of the photoelectric factor, PEF, and density RHO® the tool
resolution, the typical anhydrite responses can only be identified on wireline |@gsaifhydrite

layer isthicker than the vertical resolution ohe density log, which is 18 inches (oret). If the
anhydritelayer sthinner than the vertical resolution of the density log, they will cause an increase
of density but the typical anhydrite density will not be record@d.a result, the presence ofitmer
layers (<45 cm) cannot be completely excluded, even in absence of anomaighsignsityvalues.

The first step when screening for the presence of anhydrite is to identify intervals with density higher
than the density of the expected main lithokpgFor this study, the observed density should
therefore be higher than calcite (2.71 g/énandor of dolomite (2.84 g/cr?). Thereforea graphical
cut-off of RHOB > 2.85 g/Giwas applied to the log plots. Once the higher density intervals are
identified, other data, such assolumetric crosssection, mud logs and cores (if available) are
analysed to establish theauseof the observedhigh density.

All the wells with a density log (RHOB) of adequate quality were screened for anhydrite, but no
clear evidence oits presencewasfound (seeSectiord.4.1for detailsof the interpretation).

The logs used for paleosoil screening were the spectral GammdS&dy) the Caliper and the
Density. The diagnostic criteria are based on the notion that paleosoils are often characterized by
an apparent very high porosity caused by large washouts in combination with a high Thorium
content. The underlying assumptions bgithat: 1) paleosoil deposits are mechanically weak and
hence susceptible to wasbuts, and 2) that poorly soluble Thorium is relatively enriched in highly
leached soils. Intervals with those characteristics were flagged as potential paleldstalshatonly

a paleosoil layer thicker than theertical resolution of the SGRwhich is24 inches (about 60 cm),

can be identified with this approacfihinners layers may have an impact on the log signal but not
be fully resolved.

A day-type comparison of the high Th intervals with the Dinantian paleosoils described in literature
(SCAN, 2019hyas performed using th&-Th crossplot.

Only selected wéd indicated by the steering committee, namely MGEO1-S1 and MOIGT03-S1,
were screened for paleosoils. Results of the analysis suggests that these intervals of abnormally high
Th are probably not related to paleosoils (ssectiord.4.2for detailsof the interpretation).

3.4 WELLLOG BASED CORRELATION (CYCLOLOG)

For this study, twenty wells were correlated with the help of CycloLog® software and the INPEFA®
methodology. The correlation methods used in this study have been developed and practiced over
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several years (Nio et al., 2005; De Jong et al., 2007). By highlighting and extracting normally very
subtle vertical trend patterns from routine wireline log datiaese methods allow the development
of a framework of neasynchronous correlation surfaces.

This section of the report introduces the methods used and the principles underpinning them.
Project specific results are presented and discussed in settion

Briefly, the approach comprises two key elements:

1. A faciessensitive log; normally the GR, is transformed into a spectral trend (or INPEFA)

curve, whichshows alonghole changes in the waverm properties of the data. This method is

analogous to the edgenhancement algorithms routinely used in phdtbage enhancement. The

a2Fl06I NB dzaSR FT2NJ GKA& A& tFye¢SNNFQa LINELINRASGE NE

2. The GlobaCyclostratigraphy model of Perimutter and Matthews (1990) and Perlmutter et
al. (1998) is then applied to the interpretation of this otherwise unmodified information.

The spectral trend/INPEFA transform method is described in Nio et al., (2005). Thelgsiacd
practice of CycloLog interpretation methods are described in more detail in Nio(20@6),in the
context ofClimate Stratigraphy.

3.4.1 The Spectral Trend or INPEFA Transform

The log spectrafi NEY R (G NJ yaT2NY NBTSNNESR thdi dvelopinentdbE bt 9 C! Q
software for the analysis of cyclicity in wireline logs. The rationale to search for such cyclicity arises

from the Global Cyclostratigraphic model (summarized below), which predicts that the character of

a vertical lithofacies successiois to a large extent controlled by cyclical climate changes
OWaAfl y120AG0K OO0t A0Ale&aQqQued

The spectral trend approach treats a wireline log as a composite -feane with properties of
wavelength, amplitude and phase that vary alehgle. As such, it cabe analysed using the
methods of spectral analysis; the mathematical method used in CycloLog is Maximum Entropy
Spectral Analysis (MESA).

To examine changes in the wafgem properties of the data, MESA computes a Prediction Error

Filter, a mathematical nael of the data, with which the actual data are compared, not all at once

but using a sliding window of (usually) 10 metres (30 feet) in length. The resulting PEFA function
represents the errors arising from using the mathematical model to predict thevdéii@from one

window to the next. It is thus an expression of the continuity (or otherwise) of the spectral {wave

form) properties of the data. The spectral trend curve is then the integral of the PEFA values (INPEFA

= Integrated PEFA). It shows the cuative error in predicting from model to data as the sliding

window is moved up the log from bottom to top. This is analogous to the -edgancement

algorithms routinely used in photé Y 23S Sy Kl yOSYSyd® LG A& AYLRNII )
enhancemer® | LSOOG 2F GKS /@0ft2f23 YSGK2RY (GKS &lLJs
information, it enhances contrast in vertical log sequences and thereby makes it easier to identify
changes in vertical trends. For a more detailed account, see Nio et al, (2005).
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Before describing the analysis and interpretation of the INPEFA curve, we turn back to the global
cyclostratigraphic model, to establish what it is that we are looking for in the spectral trend curves.

3.4.2 Global Cyclostratigraphy

The global cyclostratigraphimodel of Perlmutter et al. (1990, 1998) was developed as a tool to help

predict vertical lithofacies successions. The model assumes that global climate is largely controlled

08 OKIy3aSa Ay O9IFNIKQa 2NDBAGET LI NX WBGsStheB = G KN
Milankovitch model of orbitaliforced climate change. In turn these orbitalyrced changes in

climate are an important control on the accumulation of sedimentary sequences. This is through the
combined effect of climate on both sea leveldeon sediment supply.

Global Cyclostratigraphy is based on the following key principles:

1 Milankovitch theory predicts climate change with periodicities on the order 6ftd@.0°
years. Depositional processes at those at time scales can be expectedetcolgaizable in
basin fill sequences and consequently also in wireline log data.

1 The range of climatic variation generated by orbitddlsced insolation change depends on
latitude and is therefore predictable. Climate can vary from warmer to cooleroarfcim
arid to humid over a typical climatic cycle.

1 Lithofacies succession is controlled by climate succession, operating through the variables
of weathering and erosion, sediment transport, degel (or basdevel), and depositional
environment.

! &/ t Kk ¥uccéssion over geological timeriappable andi & | Fdzy Ot A2y 2F 3If :
(Perimutter et al, 1998). Patterns of lithofacies succession are broadly similar within any
one climatic belt.

1 Climatic succession controls depositional rates as wditradacies. Through its influence
on energy conditions and bagevel, it will also control the balance between deposition,
non-deposition and erosion within the basin. Therefaitee vertical pattern of hiatuses and
erosion surfaces will to a significaniegree also reflect climate cyclicity. Albeit that
variations in the rates of subsidence and uplift (I.e., tectonic effects that vary spatially within
a basin and/or over geological time) will also leave an imprint on the stratigraphic character
of a baan fill.

Assuming that tectonic effects are recognizable and sgmntifiable, the vertical stratigraphic
succession in a basin is primarily related to climatic change, albeit in the form of a filtered and
incomplete record.

Because climate change is@ntrol on stratigraphy that is external to the basin, it is predicted that
the pattern of vertical lithofacies change (including any hiatuses and erosion surfaces) will be
broadly similar, at least within any latitueelated climatic belt.
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Vertical sucessions within a basin are what is in fact sampled by wireline logs. Therefore, an
analytical tool that looks at the patterns of vertical change (and is also sensitive to breaks in the
succession) can potentially reveal the pattern imposed on the depasitsystem by the successive
changes in climate. The INPEFA curve of the GR log is just such a tool.

The following diagram summarizes the main principles of climate stratigraphy.

P-ISuccession of Climatic Phasesl

Orbital Variationgp™——— -
== humid ]
Insolation [sub-humid]
1 l[“ l[ N i '“ iH |I ’“ -------------- -~
Al IV ‘ ) ¥ I ” |
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e | | ———
T el | Sedimentary Rock
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by Facies-Sensitive R Spectral Trend Attribute Climate-Driven Changes
Logs (GR) Curve (INPEFA) )
T — M Bounding Surfaces Therefore
fam—————1 Near-Synchronous
e

M Intervening Stratigraphic
Packages Therefore Genetic

Spectral Trend Analysis Plus
Climate Stratigraphic Concept
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Figure5 Principles of climate stratigraphy
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3.4.3 A Note on the Role of Tectonic Processes

Given the emphasis on climate as a key control on the character of a stratigraphic succession, it
might be assumed that this ignores the effects of tectonics. Tectonic processes are, however, not
disregarded in this approach. The effects of climate chamgthe lithofacies successierand the

link with wireline logs are in the 10,000s to 100,000s years part of the tispectrum. Tectonic
processes generally act on much a longer tgnale than insolatiowlriven climatic changes, so in
terms of their efect on stratigraphy, climateriven patterns can be considered as superimposed on
tectonically controlled patterns that are of longer duration. The resolution of CycloLog analysis
allows to capture both signals, not only the shorter term variations, nikedy to have a primarily
climatic control (e.qg. vertical lithofacies variations expressed by changes and patterns of the INPEFA
curves), but also the longer term variations, likely caused by tectonic activity (e.g. an overall increase
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in sedimentgrainske in a given area and/or regional to local changes in length of INPEFA trends due
to synsedimentary faults activity).

3.4.4 CycloLog Analysis INPEFA log curve and interpretation

The workflow applied for the correlation is showrFigure6.

1-Data Scan

Handover of essential Project-framing / start-meeting
Datasets QC'd Data overview

and corrected Identify used assumptions

2-Wireline data Ioadl

Loading of key wireline Well location
data Corrected data
Current integrated strat. tops

3-CycloLog Analysis l

Generate curves and INPEFA
Correlate based on INPEFA . clovion

4-Reporting l
Concise Stratigraphic Discussion & Conclusion
reporting Correlation panels

CycloLog Stratigraphy Tops

Figure6 Workflow applied for the correlation.

The INPEFA transform of a faesemsitive log reveals the vertical pattern of aledmge change
through the ¢ratigraphic succession. It also highlights the discontinuities (hiatuses and/or
unconformities) in the succession. The global cyclostratigraphic model gives us reason to expect that
vertical lithofacies change, being under external (climatic) control,ulshchave similar
characteristics wherever we sample it within a given latitudinal climatic belt.

If the INPEFA curves of faceensitive logs in different wells indicate likely equivalent points in the
stratigraphy, and/or equivalent segments of the sugsien, there is a sound basis to interpret these
features as being most probably synchronous from well to well. INPEFA curves otfadiive
logs can therefore be used to generate correlations with genetic and hence time significance.

The INPEFA cunig calculated with as input the GR curve (INPEFA_GR). The INPEFA curves are
displayed in a wide track in order to emphasize the trends that they reveal. The INPEFA is calculated
on large and smaller scales, by doing this the different curves displayaadfiy in the correlation

and stratigraphic subdivision.
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3.4.5 TurningPoints, Bounding Surfacemnd Stratigraphic Packages

Intervals of positive (lefto right) and negative (righio-left) trends in the INPEFA curve are
separated by turningpoints and thesare (also) the most important features of the INPEFA curve
that should be identified and named. In order to keep the terminology neutral, the following
terminology is used ifigure?.

1 A positive turningpoint is a point at which the trend (in an upward direction) changes from
negative to positive (clockwise).

1 A negative turningpoint is a point at which the trend (in an upward direction) changes from
positive to negéve (anticlockwise).

In lithological terms, in sections of carbonates alternating with sandy and/or shaly lithologies:

1 A positive turningpoint in the INPEFA curve of a GR log usually marks the end of-aosand
carbonateprone trend, and the beginningf a shaleprone trend.

1 A negative turningpoint usually marks the end of a shaling trend, and the beginning of
a sand or carbonateprone trend.

However, one cannot make a definitive judgement about the stratigraphic importance and relative
position of trends and turningoints without considering the question of whether they can be
correlated between wells:

1 If a positive turningpoint is also identifiable in other wells, such a trend change can be
regarded as marking a correlatable surfaadnich is called a Positive Bounding Surface
(PBS).

1 Similarly, if a negative turnifgoint is identifiable in other wells, such a trend change is
recognized as a Negative Bounding Surface (NBS).
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PEFA INPEFA

INPEFA Observations INPEFA (Gamma Ray)
% CURVE

< Interpretation

«
< “%— Reol Surfaces

— INPEFA negative trend =>Decreasing values,
‘decrease shale’

:|« INPEFA negative turning ™ Surface/
2= point =’ Break
— INPEFA positive trend =>Increasing values,

‘increase shale’

INPEFA positive turning
point

Figure 7 Example of an INPEf3R arve from CycloLog, the observations and the terminology used, and a likely
interpretation with respect to shale content.

3.4.6 Correlation INPEFA_GR Cunassl thickness variation analysis

Although the analysis and correlation of INPEFA_GR curves idaigeadegree a matter of
experience, some general principles are important to note.

First, it is important to realize that the wasferm properties can only be analysed for sections that
have been preserved. The INPEFA GR will be identical for differdist ifveand only if- the
preserved sections are identical. Practically speaking, this only occurs rarely. The interpretation of
INPEFA_GR curves, therefore, focuses on identifying equivalent breaks and trends rather than on
finding identical patterns.

The analysis and interpretation of the spectral trend curves is done in several iterative steps:

1. A firstpass analysis and interpretation focus on identifying the major breaks and
stratigraphic packages in the total study interval. INPEFA_GR curves gdnevatethe
total study interval are used in this step {called longterm INPEFA_GR curves; shown in
black on the well composites) They show relatively little detail; only the major tupoings
and trends are obvious.

2. Next, INPEFA _GR curves are geteel over shorter intervals (scalled shoriterm
INPEFA_GR curves; shown in various colours on the well composite panels, see for example
Figure21to Figure28), to enhance the character of the trend curve. Usually, these intervals

e M
pagina33van123



are chosen to cover sections in the study wells that are thought to be {tiewgivalent. If

the intervals chosen are indeed equivalent, the INPEFA_GR curves will show improved
resemblance, and correlations will become more obvious. Several passes of such an analysis
and interpretation, using shoterm INPEFA_GR curves over varyimgrvals, may be
necessary to identify the major correlatable events. These, then become the apcimis

in the correlations.

3. In subsequent steps, detail is added to the interpretations, and high#ggr events and
packages are identified, by using BFA_GR curves generated over still shorter intervals.
These should show yet more character and thus facilitate detailed interpretations between
earlier identified loweyorder stratigraphic boundaries.

Factors that must be considered while interpretind?BNFA_GR curves include the following.

1 Sediment coarseness (i.e. graize). Climatalriven changes in a depositional system are
likely to be synchronous at a basinal scale. Breaks and trends cEtjoealent sediment
packages with different lithofaciesntent will be similar in the INPEFA_GR curve, but not
necessarily identical. For example, a negative bounding surface may have very high
amplitude if it is overlain by a very thick, clean sand, but lower amplitude if it is overlain by
laterally equivalenfiner-grained deposits. Careful analysis and interpretation will reveal the
corresponding trends and breaks. Generally speaking, the shorter the interval of analysis,
the closer the similarities of the breaks and trends of tieggiivalent units.

i Hiatuses. Hiatuses occur in the geological record at all scales: from short duration hiatuses
due to fluvial scouring to long hiatuses (e.g. disconformities and unconformities) due to
uplift and erosion. Hiatuses will be represented by breaks in the si@wve properties of a
study interval and, hence, in the INPEFA_GR curve. Their presence often is only revealed
after careful study and comparison of shorter interval INPEFA_GR curves.

1 Accommodation. Areal \ariations in accommodatiorspace will result, ultimately in
differences in preserved section. Wells located along the basin margin where there was less
accommodation space, will show less preserved section than wells in the centre of the basin
where there was more accommodation space.

Generally speaking, the learder stratigraphic bounding surfaces and stratigraphic packages are

identified and correlated in the INPEFA_GR curves with a high level of confidence. Often this is

I OKAS@PSR 08 -MAQX Sy #:4J 21T SiNg/Somhined vatiCgengial\geologichAlld S & =
knowledge of the study section. At this scale of resolution, biostratigraphic and seismic data, if
available, will provide constraints on the interpretations. The identification of highder

bounding surfaces and paclesyin the individual wells usually presents no problems. Their
correlation from welito-well, however, may not always be straightforward, due to the presence of
fAGK2FF OASa G NR I GA 2vral OKyARKIZNJ 2KFA | L{indragecitionpadant | QIdaNIINS
equivalent turningpoints and trends- has to be carefully tempered by considerations of the
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geological implications of one interpretation versus another. Note that the resolution of seismic
and biostratigraphic data is rarely high enough to providestraints at this level of detail.

In this study the numbering convention increases from base to top, and is used for correlation
purposes. Note that the numbering systesmota directindication ofhierarchical significance

Once ready, theCycloLog @#ised correlation was used to highlight thickness changes of the
investigated stratigraphic interval$hicknesses were calculated from TVD depth valtieoverall
correction for the dipping of layers was applied, ass ttypeinformation wasavailable for a few
wells only.Therefore some uncertainty should be considered when thickness values are compared.
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3.5 INTEGRATION WITH NEW AND LEGACY BIOSTRATIGRAPHY
DATA
The wells included in this study are mostly legacy wells, some of which were dslledg ago as

MPNHIE gAGK &a2YS 2F GKS (S@& ¢ Sdertully, wRiNletthteSriRostA y (G K S
recent well drilled in 2020T@ble2).
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Figue 8 Comparison of the Poty et al. (2006) zonation with previous zonal schemes. Modified from Poty et 3
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(1976), but since that time the foraminiferal biozonation of the Dinantian and the stratigraphy of

the Campinearea wererevised several times. The latestheme was published by Poty et al. (2006;

Figue 8) and that review subdivided the Dinantiario 16 Mississippian Foraminiferal Zones (MFZ).

Following the schemefdoty et al. (2006), the stratigraphy of some of the key wells oCtdi@pine

Basin was revised by Hance and Poty (in progréksy). review was conducted in parallel withe

present study, and their results have been incorporated in @orrelations and well panels as

AGNF GAINF LIKAO O2fdzyya yIFYSR W. A2a0GNF 0A3INI LIKE acC

However, not all of the investigated wells have been reviewed yet, and as a consequence the legacy
biostratigraphy data can refer to different stratigraphic schemes, depgndn the year and author
of the studyTable3.

Table3 Litho- and/or biostratigraphic sources for the wells included in the present studie that for BeerseGTF0la
both a lithostratigraphic classification from VPO and preliminary biostratigraphy indications from Hance and Poty are
listed.

Well Litho-/ Biostratigraphy source Year
BEERSET01 This study 2023
BEERSET0la This study Hance & Poty 2023/ (Preliminary)
BEERSET02 This study 2023
Booischot Hance & Poty 2022
DZH1 (Heibaart) Hance 2022
DZH18 NA NA
DZH26 NA NA
DZP1 (Poederlee) Hance 2022
GVKO1 MathesSchmidt 2000
Halen (KBL31) Hance & Poty 2022
Heibaart 1bis Dusar 1999
HEUGEM1-S1 SCAN review 2019b
KASTANJELAAR SCAN review 2019
Kessel Muchez et al. 1987b
KTGO1 SCAN review 2019b
Loksbergen Bless et al. 1976
Merkplas 1 Dusar 2001
MOL-GT01-S1 Hance 2020
MOL-GTF02 NA NA
MOL-GTF03-S1 NA NA
Rillaar Bless et al. 1976
Y-Gravenvoeren (B3175) Dusar 1997
THM2002 NA NA
Turnhoutl Hance & Poty 2022
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To overcome this issue and allow a direct comparison of the stratigraphy of the wells, to each well
LI ySt g+a IRRSR Iy WLYGSNILINBGSR aC%Q &a0NI GAINI LI
stratigraphic data into MFZ zones (see well panels in@et¢and Enclosure8.2and8.3). Bic and

lithostratigraphic schemes used to convert legacy information into MFZ zonstana inFigue 8
andFigure9.

T i
pagina38van123



D Z
L= g o
@
|3 &
Y w REGIONALE =] 'ﬁ
= ¢l BIOZONES © =
w
w w w | o - g
= 0] L Ll =
| x| | o o - - =
>lw| | 2| 2] P—re =
n| o|lw|on| o K -
=
m
£ 5
=) o)
£ o
ps]
=
2| &
© o
0
%3
. = oW
gk |3 z |8
g o e |-
oFr--- =
= @ S @
o '
336.0 - 15 =| 1
o ™ =]
el slEHe& =] © S
g | 2| 9O= T g =
=S| 3] _
< - -
339.4 @
- g V3a
c = T
sl 8| 5|8 = | &4
] o | x| O E S =
2| 2| 8 5 =
= 5 T E ©
3428 [= % o
= b =18 3 =
z 1< [}
z| 2 S o ' c -
5l a = <t >
us50 | O | & = 8
o wm o
z18) |8 ;
S| @ =
= [+ s Q - x
= B < =
@
= Q
O v
349.5 — a2
350.0 = — . 8
)
351.0 <32
o (S
L c
(] < e}
g Tz |
T T 8 — £
ey [1+)
g o o R
c 5] | -
(]
S c | & 22
P . Q -
356.8 ‘® )
€ o ] ol o 2
= = o] W c o |
2 3 2| 8 3 & | F o
m
. e 3
g 05 ¢
@ - ! 3
= o 5 &
E © P ~— IU?
I = (&) o - -'}\i‘ - &
@ Q & =
O &'5' =
g™ sulcata
3625 ~ Sroaan o praesulcata @ |
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in the Campinearea. Modified from Laenen (2003).
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3.6 SEISMIC DATA

Several 2D seismic lines were made available by ¥hdr by industry partners, to allow a
comparison of welbased interpretations with seismic information. The available seismic lines are
listed in Table 4 and their location is displayed ifrigure 10. Seismic lines with preliminary
interpretation from VITO are displayed in Appendi&

Table4 2D seismic lines available for the study.

Survey Line Year
Oostmalle 1981 | 8101 1981
Oostmalle 1981 | 8106 1981
Oostmalle 1981 | 8108 1981
Oostmalle 1981 | 8109 1981
Oostmalle 1981 | 8111 1981

Furthermore, input about seismic facies and their interpretation were provided by VITSdsden
3.7), based on the results of an ongoing seismic interpretation study carried out in parallel with this
work.

Legend

Available 2D seismic lines (this study)
Existing 2D seismic lines

0 40 km

Figurel0Map of the study area showing existing 2D seismic lines. In green 2D lines available for yhérsuthmes in
black Black line is Belgium / Netherlands border.
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3.7 PALEOGEOGRAPHIC RECONSTRUCTIONS

The new stratigraphic correlatiandthickness variatio analysis andedimentology interpretation
resulting fromthe presentstudy were integrated with legacy regional information and with the
preliminary results of a new seismic interpretation study realized by VITO (in progress). The
integration of these dferent datasets enabled a regionstale interpretation and preparation of
updated paleogeographic reconstructions of theéampine Basin and its evolution. These
paleogeographic reconstructions are summarized into five distinct maps capturing the key time
intervals.

The following regional data, interpretations and conceptual models were incorporated:

1 Regional fault and thickness maps for the Namurian and Dinantian interval from the
G3Dv3.1 modelHigurell andFigurel?) data accessible on DOV portal
(www.dov.vlaanderen.be

1 Bouguer gravity anomalies maps ($6igurel3for an example), data accessible on DOV
portal (vww.dov.vlaanderen.bpe

1 Paleogeographic reconstrions of theCampineBasin during Dinantian times published
by Muchez et al. (1987b, s€dgurel4) andMuchez and Langenaeker (1993).

9 Facies distribution maps féine Dinantian in the Netherlands and Belgiurigurel5 and
Figurel6; SCAN, 2019b).

I Seismic facies interpretation from VITRgurel?)
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Figurell Thickness map of Namurian interval and fault traces at Base Namurian (Source: G3Dv3.1 model). Black line is
Belgium / Netherlands border.
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Figurel2 Thickness map of Dinantian interval and fault traces at Top Dinantian (S@BB&3.1 model). Black line is
Belgium / Netherlands border.
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Figurel3 Bouguer gravity map (residual gravity, 5k) of @@mpinearea (Source: DOV portal). Black line is Belgium /
Netherlands border.
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Figureld Palaeogeographical reconstructions by Muchez et al. (1987b). A) Early Moliniacian; B) Late Moliniacian; C)
Livian; D) Early Warnantian.
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Figurel5 Facies map of the reconstructed distribution of carbonate platforms asihs during the Tournaisian (From

SCAN, 2019b).
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Figurel6 Facies map of the reconstructed distribution of the carbonate platforms and basins during the Visean
(Moliniacianto Livian interval, and Warnantian; from SCAN, 2019b).
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M Poederlee depocenter

Figurel7 Inputs on Tournaisian depositional environments based on seismic facies interpretation byhdlifir(ary
results, ongoing studyBlack line is Belgium / Netherlands border.
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4 INTERPRETATION

4.1 STRATIGRAPBAXTASET UPDATE

A critical step for the execution of the present study was to update the legacy Ehd/or
biostratigraphic data, (se®ection3.5for details), ih line with the latest scheme of Poty et al. (2006).
This allowed a preliminary, direct comparison and correlation of the stratigraphy of different wells
(Table5 and Table6).

Note that some uncertainties and limitations are inherentthis approach. Lithostratigraphic
classifications are not necessarily constrained by thdlfosatent of the formations (and therefore

by their relative ages), so dwc biostratigraphic studies would be required for a more precise
attribution of MFZ to legacy stratigraphic descriptionthout that, correlations based on similarity

of stratigaphic intervals, independent on their timing could, a concrete inskarbonate shelf
settings. On the other handiostratigraphy is not always able to identifigviouslithostratigraphic
boundaries.The transition from ondiostratigraphic zone to another often occurs across intervals

of variable thickness, whose identification and resolution depends on various factors, such as fossils
content and sampling interval, for example.

Nevertheless, this update of the stratigraphy allowed to have a consistent stratigraphic classification
throughout theCampineBasin, which was essential for the following step of the study. As illustrated
in nextSectiors @.2and4.3), the integration and calibration of the MFZ with welgs refined and
improved the resoltion of the correlations.

More in detail, Table5 and Table6 show MFZ intervals in MD (m) for each well included in the study.
Where MFZ are not directly attributedn the basis o& dedicated biostratigraphy studgut instead
interpreted according tdhe schemes presented iBection3.5, the well name is flagged with a
symbol (*). When the resolution of the information does not allow to define distinct Mieze MFZ

have been grouped together. Uncertain or absent depth boundaries are indicated with a question
mark (?). For wells Beer§&F01 and Beers&T01a, characterized by a complexlt structure that

likely includes stratigraphic repetitions, repeatedarvals are omitted. In particular, for Beer&F

01, the interval between the Kasterlee fault and the following fault zone is not indicated in the table.
For Beersé5T-01a the interval repeated below the Kasterlee fault is not indicated (refer to well
panels for details, Enclosul).
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4.2 CYCLOLOG ANALYSIS AND CALIBRATION WITH
BIOSTRATIGRAPHY

Following the methodology described$®ction3.4, GR logs of study wells were transformietb a
spectral trend (INPEFA) curve and analyzed to identify the main tupoimgs (Breaks), acting as
bounding surfaces of distinct, correlatable stratigraphic packages.

The INPEFBased stratigraphic analysis and correlation of the wells was caltbrasitd the results

of the latest biostratigraphic analysis (Hance and Poty, 2022). Well HéB81)was used as the

main calibration poind A y 2 (i KSNJ ¢ 2 NR dbécauseit haskhe megiicemp@&hersBd t Q0
and upto-date data coverage in termef GR log, biostratigraphy and completeness of the
penetrated Dinantian stratigraphic sectigRigurel8). As a second calibratigooint, wellMOL-GTF

01-S1 Figurel9) was used, which also has a good dataset, albeit only for the Visean interval (Upper
Dinantian).

Within the investigated interval, five couples of imdreaks were recognizeddble7). They have

been numbered) to 2.15 inincreasingorder from base to topA few more breaks were picked to
assist higher resolution correlations or help visualizing thickness variations, but since their presence
is very local and resolution too high, they have not been calibrated together with the main breaks.
A full list of ptked breaks is provided in Appendid.

A few uncertainties about the age calibration of the breaks apply to the oldest part of the section.
For example, Break 0, which corresponds to the base of the Dinantian sequence, is not reached by
wells with good biostratigraphic control but its age is assumed to be Hast{&dse MFZd)ecause

it corresponds tahe base of PondQ! N2 f S C2 N élls fle2WOL-GFg3-St, KSDB.6 &
Similarly,Break 0.1 does not have a very good biostratigraphic control. Its age is assumed to be
Ivorian, because in the Halen well it is picked a few meters below MFZ 7.

On the other hand, in intervals like the upp&farnantian (MFZ 15), the resolution of the INPEFA
allows to picld different breaks and therefore define quite clearly the base,,mmberand toppart

of MFZ 15, going beyond the resolution of biostratigraphynust behighlighted thatthe very top

part of Warnantian represented by Break 2.1Is presentlocaly only and isnot constrained by
biostratigrphy. However, lithostratigraphic description ofwell MOLGT01-S1 &ows that it
correlates well with theransition from Goeree to Sougformations(Figurel9), and therefore it is
likely toindicate where present, the top of Warnantian (Top Dinantiahlso Break 2.15, despite

the lack of biostratigraphic data covering the interval, appears to be quite well constrained by
lithostratigraphy. It corresponds ined to the mid to upper part of the Chokier formation, dated

as MFZ 16 by Poty et al. (2006).

Furthermore, it is important to highlight thélhe INPEFdasedcorrelation calibrated with updated
biostratigraphyin some key wellsallows to propose an MHzsed stratigraphic subdivision
extendingto the wellsthat haveGR logs but lackn upto-date biostratigraphic analysis.

i i
pagina52van123



HALEN (KB-131)

Dol

D-NPEFA_GR
Brown D-
INPEFA_GR Green
D-NPEFA_GR Red
D-INPEFA_GR
E Purple E
£ _DANEEFA GRPurgle £ H ez
2 o 1 § 2 -] @ A
o D4MPEFA_GR Red 2 = z £
aci u 1|1 2 | & E 2 +
i colgHg or | mpcraon | Caveracrone | B | ST - HERR: $
- ul 1
_ | coweracmeew &gl
o 1o zoofo 1o 1o 1)0 12 JEF o 1o o 1
] ﬁ 215 [
b —— r
60 | g - E 600.00
] = _— 21 L
] = L
4 I =" L
650 C? ) - 650.00
70 3 L 70000
] ? [
7% 3 2 | [ 75000
] F g [
800 | 12 I 800.00
850 — ) I 85000
4 1.15 |
900 - F 0000
11 r
950 | N I W L I 85000
5 19
] g [
] 4 [
1000 — - 5 e 1000.00
] = [
1050 — E 1050.00
1 02 F
1100 —4—‘ L 110000
1150 - gﬁ L 115000
] 01 L
1200 ==|==== =lE E 1200.00
] = [
4 K] a L
1250 g @ - 1250.00
] g [
1300 - I 130000

Sedimentology, Evaporites, Karst

= Fault

=== Fault {uncertain)

B Fault rone

Limestone Cretaceous

Shallow water to ¢ deposits with lian (€

Reworked limestone Namurian (Carboniferous)
Open marine limestone Danantian {Carboniferous)

Fault zone [uncértain)

Mud-supported imestone
Grain-supported shallow water imestone

Boundstone inter-(subtidal
Boundstone distal mound

dan -~ Dinantian (Car

Fractured zone

Moliniacian - Dinantian (Carboniferous)
Tournaisian — Dinantian (Carboniferous)
Devonian

Marl/Marly limestone

Garsoneroe T
Dolostone/Dolomitized limestone —— Break

Silicified carbonate === Break [uncertain)

Sandstone ™~ Break, erosional surface
Breccia/Conglomerate o™ Break, erosional surface (uncertain)
Possible Karst

Karst

Possible Evaporite {or proxy)

Evaparite (or proxy}

Figurel8 Well panel Halen (kB31) High resolution image iBnclosure8.1. See
Glossaryn Appendix7.3for meaning of abbreviationgsed.
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Figurel9 Well panel MOIGT03-S1 High resolution image in Enclosi8el. See Glossary in Appendix3for meaning of
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Table7 Calibration ofINPEFA breaksgith ForamniferaZones

Series (NW Europ:Stage (NW Europ Sub-stage (Belgium) Foram Zone Break
Namurian Arnsbergian (Mid-Top Chocki|Top MFZ16 2.15
Top Warnantian (locally) Top MFZ15 (locally) 21
Top Warnantian Top MFZ15 2
Warnantian MFZ15 1.3
) Warnantian Base MFZ15/ Top MFZ414 1.2
Visean
Warnantian MFZ13 11
Dinantian Base Warnantian/Livian Base MFZ13/MFZ12 1
Moliniacian MFZ 11 0.3
Moliniacian/Top Ivorian Base MFZ11/Top MFZ§ 0.2
Tournaisian |lvorian Base MFZ7 0.1
Hastarian Base MFZ2 0
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4.2.1 Sequence stratigraphic interpretation of the log trends

In terms of sequence stratigraphy, the INPEFA log can indicate, together with facies stacking
patterns, the key maximum flooding surfaces (MA#) sequence boundaries (SB), from which the
fundamental TransgressiMgegressive patterns can be deduced (Qayyum & Smith, 2014). As a
result, the INPEFA log can be used as a proxy for sea level fluctuations. In particular, positive breaks
usually mark theend of a carbonatgrone trend and the beginning of a shadeone trend, while

the negative breaks mark the end of shale prdrends. This implies that positive breaks can be
considered to represent sequence boundaries (SB), while negative breaks candigered to
indicate flooding or maximum flooding surfaces (MFS).

Under these assumptions, picked breaks are a valuable tool for thickness variation analysis. The
interval between two positive breaks (SBs), especially if corresponding $bddaries,can be

used to estimate the thickness of a stratigraphic interval. Also, flattening cross sections on the
negative breaks (MFSs), can be used to estimate the giafsmgraphic relief at time of the previous

SB and therefore give clues on differences immerof accommodation space availability and
variations at different well locations.

In order to illustrate the mairmransgressivRkegressive trends recorded in the basam INPEFA
synthetic curve was realized @imnterpreted as proxy for sekevel changesn the Campine Basin
during Dinantian timegFigure20). The curve is mainly based on tiPEFA signal of MQlells,
because of the good quality dheir logsand the completeness of theection andshows Highstand
System Tracts (HST) and Transgressive System Tracts (TST) separated by INPEHfédkeakse
interpreted n terms of sequence stratigraphic surfaces 488MFS.

FiveTransgressivdregressive cyclesere interpreted in thestudied intervd named from base to
top A to EEach cyclés bounded by SBs and contains a Mk8omparisorof the extracted cycles
with the globalPaleozoicsealevel changes curve ¢fag and Schutter (2008) was not attempted,
because its applicability to the Campir@asin wasalready questioned by Poty(2016) who
highlightedthat their cycles are based @m Englandection thathas been incorrectly incorpated
into the global curveTherefore, the comparison was made with Bigorder sequence stratigraphic
cyclesof Hance et al(2001) based on Belgian stions andtheir calibration with MFzublishedby
Poty et al. (2006 Main observations areeported below.

Cycle A (Break 1 0.2) covers the entire Tournaisian interv@ihe biostratigraphic control of this
cycle is relatively poortherefore correlation of the base (Break 0) is uncertdint is likely to
coincide with he base ofCycle 2, because they both correspondthe base2 ¥ t 2y i RQ! NO?2
Formation (see also Poty2016) MFS of Cycle A (Break 0.1) falls within the Cycle 4, didhadary
between MFZ6 and MFZ&s per the calibration with biostratigraphy describia previous gction
(4.2). TopGycleA/ base Cycle BBreak 0.2)s not strongly constrained Wyiostratigraphy, therefore
could correspondboth to top Cycle 4 or top CycledFS of Cycle B (Break 0.3) falls withmupper
part of Cycles, corresponding to the MFZ1Top Cycle Bbase Cycle (Break 1) could correspond
either to base Cycl® or base Cycle 9, due to the resolution dfiostratigraphic calibration.MFS
of Cycle C (Break 1.1) falls  within the lower mart of Cycle 9, corresponding to the MFZ I8p
CycleC /base Cyd D(Break 1.2Js well constrained blgiostratigraphy andorrespors to top Cycle
9. MFS of CyclB (Break 1.3) falls withi@ycle 10. Top Cycle D / basel€Eis well constrainedby
biostratigraphy and corresponds top Cycle 10A furtherchange irthe dip of the syntheticurve
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for cycle E is marked Ipyesence oBreak 2.1, a feature present only in some of the wastidpoorly
constrained bybiostratigraphc data. The break can b&terpreted as correspondingo the
boundary between Goeree anSlouvré formations (see alstigurel9), possibly representing the
transition from Warnantian (Dinantian) to Pendleian (Namurian, top MFZ15 see also
lithostratigraphic description from LaeneB003. This breaks likelyrelated to higher frequency
cycles (i. e. @or 5" order, sb inFigure20) and has a local expression only. However, duésto
relevance in terms ofedimentology and lithostratigraphy, was included into the scheme and
sequenceanalsistoo. MFSof Cycle E (Break 2.1fa)ls within the uppermost part of Cycle 11. Top
of Cycle bhas noterm of reference in the Poty et al. (2006) scheme.

About the compaisonof 3 order cycles of Hance et a2001) andNPEFA cycles,dan ke noticed

a good matchbetween thesequence stratigraphic surfaces identified with conventional workflow
(Hance et al., 2001) and PRFAmethod, particularly for SBéndicating that INPEFA breaks are
meaningful surfaces also in terms of sequemst&tigraphic interpretation. Regarding theycle
correlation and duration, aery goodmatch between the two interpretations is observed the
Warnantian intervalwith INPEFA cycles corresponding'tam8der cyclegi. e. Cycl®with Cyclel0
and possibly also Cyclewith Cycle9), while inthe lower part, INPEFA cyclesrrespond to group

of two or more 3 order cycles (i. e. Cycla and Cyle B). Differencesbetween the two
interpretations can be dugo different typeand resolutionof data, with resilts from Hance et al.
(2001) based on outcrogections while the resultsom this study are based on well logs aided by
calibration with biostratigraphy,and purpose of the analysisThe scope of the presented
interpretation was to identify meaningfigtratigraphic surfaces for a basscale correlation, more
than performing asequence and/or cyclostratigraphic study. Finally, must be considered that
sequence stratigraphic analysssan exercise thahvolvesa high level of interpretation, therefore

is not an uncommon that different authors propose a different interpretatéven for the same
dataset.Neverthelessour results alsosuggests that INPEFA curve tanused toproperly identify

3 order cycles in th€ampine Basjrand that the method could bsuccessfullyapplied in future,
dedicated sequence stratigraphic stad.
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INPEFA syntheticcurve:
proxy for sea-levelchanges
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Figure20 Synthetic INPEFA cer(blueline), proxy for sedevel changes the Campine Basin during Dinantian tim€he
curve shows Highstand System Tracts (HST) and Transgressive System Tracte@aied by INPEFA breakSigure
shows alsotheir interpretation in terms of sequence stratigraphic surfaces (Sequence Bound&®and sh and
Maximum Flooding SurfaceMFS) groupinginto Cycles (from A to E9nd correlation with the @ order sequence
stratigraphic cycle§from 1 to 11) of Hance et al. (20043% presented in the scheme of Poty et al. (20@)id lines are
confident correlations, dashed lines aracertain.Foraminifera zones (MFZ) are from Petyal. (2006)

4.3 CORRELATION SECTIONS AND THICKNESS VARIATION
ANALYSIS

Overall, 20 wells were correlated throughout the study area. A bagie correlation panel which
includes all 20 available wells, isadable in Enclosur@.2.
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To facilitate the visualization and discussion of thickness variations at different stratigraphic
intervals, a selection of representativeells was made and presented with two correlation panels,
one with a N orientation and one with a NY¥SE orientation.

Results and interpretation of thickness variations per each selected stratigraphic interval, are
discussed in the followingectiors.

4.3.1 Tournaisian (MF2to 8)

The basal interval of the Dinantian, identified by Break 0 (base) and Break 0.2 (top) IbiPERA
curve. Only a few of the study wells reached this interval, so the available data have some
limitations. For example, no biostratigry data are available for wells Heibaart 1bis and M8
03-S1.

In terms of INEPFA trendgalysis, thé ournaisiarinterval can be divided in twparts lower (from
Break 0 to 0.1) and upper (from Break 0.1 to) B2st exampl®f the INPEFA charactisrprovided

by well MOLGT03-S1(Figure21landFigure22). From base to toghe lower intervals characterized

by an overallnegative trend(curve shifting fronright to left) with a first negative turning point
(curve turning fronright to left) corresponding to thdranstion fromthet 2 y i RQ! ND2f S Of
to the Vesder limestone/doloston&.henegative trend continues until the top of the §ker, where

in correspondence ad package characterized by higher GR valliksly abecause of higher clay
content) showsa pronounced positiveurn (curve turning from lgfto right), shortlyafter followed

by anegative turn(Break 0.1) occur# similarcurve character ishown byKastanjelaar02 (KSE02)

well (Figure22). The upper par{from Break 0.1 to 0)ds characterized by ateady negative trend
without major fluctuation, until the positive turning poindentified as Break 0.2 occurs, rkang
GKS SyYyR 27T | -piood idrvdl Qnd Ghie KdyiBiryhy of &elatively more clayrich
interval. Similar trend is recognized also in Halen whiitjire21), despite the fact that identification

of Break 0.%here is uncertain, as thtNPEFA signal might have been disturbed by the presence of
fracture and breccia levels.

Thickness variations are discussed below:

The SN section consists of wells Halen and M&EO3-S1 and shows similar thicknesses, with >259
m recorded in Halen and 297 m in MGIF03-S1 Figure21). However, well Halen has not reached
the base Tournaisian, therefore the measured thickness represents a minimum value only.

The NWSEsection consists of wells Heibaart 1bis, MGEO3-S1 and KS02 (Figure22). Major
thickness variations are recorded throughout the section, goingnfra completely absent
Tournaisian interval in Heibaart 1 bis, to a thickness of 297 m in-GMEA3-S1 followed by a
thickness reduction in K&I2, where only 63 m of Tournaisian were recorded. The absence of
Tournaisiardeposits in Heibaart is likely due the fact that the well was drilledt the crestof a

local high thatprevented the deposition and/or preservation ofournaisiansedimens. This
interpretation is supported by seismic data, that suggests the presence of such a high in the area.
Regardinghe reduced thickness of Tournaisian interval in-BSUNPEFAurve analysis indicates
that thickness and character of the lower part of the interval (Break 0 to 0.1) is similar to what is
observed in MOIGT03-S1. On the other hand, the upper portidBréak 0.1 to 0.2), that represents
most of the deposits in MGLseems almost completely absent in K@L The causes of this
difference may not be disentangled using well data only. It could be due to condensed
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sedimentation in a deeper depositional erosiment, or to the presence of faults removing part of
the stratigraphic interval and/or to karst activity that may have dissolved part of the deposits. Finally,
the overall changes in thickness, from Heibaart to-8&Imay be related to the activity oféiNNW

SSE faults crossing and structuring @empineBasin, so far reported by literature for the Visean
interval only. Integrating this observation with detailed seismic data may help to better understand
the overall basin structure during Tournaisiaméis.

4.3.2 Moliniacian (MFZ 9 to 11)

The lower part of the Visean (Upper Dinantian), identified by Break 0.2 (base) and Break 0.3 (top)
on the INPEFA curve. Only a few of the study wells reached the base of this interval, so the available
data have some limitatns. For example, no biostratigraphy data are available for wells Heibaart
1bis and MOIGT03-S1.

In terms of INEPFA trends analysis, khainiacianintervalis characterized from base to top by a
positive(left to right shift) to negative (right to lefthift) trend transitionculminatingwith the Break
0.3 and several higher frequency fluctuations (spikes) along the whole int&ueh a character is
well recognizable ithe log signature oHalen and MOIGT03-S1 wellqFigure21) and could be
interpreted asthe result of a transition fronshalier to more clean carbonateblote that the
character shown biog ofwell Heibaartl bis Figure22) is slightly differentshowing only a negative
trend followed by Brak 0.3 (tentatively iterpreted around 1350 m TVD). Tluisuld indicate that
the lowermost partof the interval is missing (positive trend observed in Halen and-R®B03-S1)
and/or being an effect of the possiblarst/fault zone present in Heibaart 1bis, that could have
caused a local alteration of the INPEFA log signal.

Thickness variations are discussed below:

The SN section consists of wells Halen and M®EO03-S1 and shows similar thicknesses, with 94 m
recorded in Halen and 110 m in M@T03-S1 Figure21). For well Halen, the top of the interval
may correspond with a fault, so the measured thickness repgesent a minimum value only. Also,
note that MFZ 9 and 10 are missing in the well. On the other hand, alseGW0&S1 stratigraphic
thickness may have been altered by a fault located at about 3700 m dépt. (

The NWSE section consists of wells b#art 1bis, MOIGT03-S1 and Kastanjelag®? (KSI02)
(Figure22). No major thickness differences are recorded between wells Heibaart 1 bis andBFOL
03-S1. The original stratigraphic thickness may have been however altered by a possible fault zone
and/or karst interval affecting the whole interval in Heibaart 1bis and by a fault located at about
3700 m depth TWD) in MOLGT03-S1. The 133 m of thickae recorded in K12 is likely to be a
minimum value only, as the top of the preserved Moliniacian coincides with the-@sstaceous
unconformity. Note also that GR log is present only in part of the interval, preventing a complete
INPEFAased analysis.

4.3.3 Livian (MFZ 12)
Interval identified by Break 0.3 (base) and Break 1 (top) ohNR&-Acurve.

In terms of INEPFA trends analytheg, Livian interval is characterized from base to toabggative
(right to left shift) trenderminatingwith Breakl, asshown bywell MOL-GT01-S1land DZH1Kigure
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23 and Figure24). Thi break is one of the most prominerfeatures in the log signal dhe
investigated wells.

Thickness variations are discussed below:

The SN section consists of wells Halen and M®EO1-S1 and shows a major thickness variation,
with ~8 m recorded in Halen and 74 m in MGEQ1-S1 Figure23). For well Halen, INPEFA curve
analysis suggests a thickness of about 4 m. However, since biostratigraphy points to a minimum
thickness of 8 m for MFZ 12 and théPEFAs close to its resolutiotimit for such a thin interval,
biostratigraphybased thickness was adopted for the Livian in Halen. Also, note that for this interval
thin sectionreports indicate the presence of a polygenetic bre¢@ia-worked sedimentys whereas
seismic datandicatea possible fault. Therefore, the reduced thickness may represent a very local
value only.This observation is supported also by thecknessanalysis of the Transgressive System
Tract (TST9verlyingthe Livian intervalandthereforedeveloped duing the loweMWarnantian(from
Breakl, base to Break 1.1top; seeFigure23), that shows similar thickness value for the two wells
about 27m in Halen anglm in MOL-GT01-S1, and suggests thatcommodation space available

at the end of Livian was similar the two areas.

The NWSE section consists of wells DZH1 (Heibaart 1),-GMEI1-S1 and GeveriRl (GVKL)
(Figure24). No major thickness differences were observed between DZH1 and@#01-S1 ,with
the Livian intervameasuimg 79 m and 74 m respectively. e SE part of thetudy area, there are
no wells that cover the entire Livian interval. In the correlation paredl GVKO1is displayedwhich
may have reached the top Livian, but the exact position of the boundary is uncertain. A review of
the biostratigraphic materiahailable for the well may help to better constrain the position of the
main stratigraphic boundarie¥hickness analysis of the T&€rlying the Livian interval (developed
from Break 1 to Break 1.Fjgure24) showssimilarvaluesfor wells DZH1 (27m) and M@T-01-S1
(21m) and aossible thicknesmcrease in Geveri@l(87m), suggesting that at the end of Liviha
area around GeverikO1 could have been already characterized karger availability of
accommodation space, feature compatible with a deeper water setting.

Regarding the stratigraphic interpretation of DZHt can be noticed that in this case the
biostratigraphic information is not completely honoured. However, considering the available
information, the correlation as picked seems the best possible interpretation. The biostratigraphic
interpretation is baed on thin section material from the Conil collection, recently revised by Hance
(personal communication). The interpretation is indicating MF&118 depth of 1273 m, but the
NELR2NI faz2z YSydizya GKFG GKSNBE HEANKE WRRIzaKE (2 0 K
indication is based on higher abundance of sdaram species. Considering these uncertainties, for

the correlation of this interval was given more weight to the INPEFA curve analysis and to lithological
evidence (e.g. Break 1 corresms to a lithoclastich level, potential indicator of a sequence

boundary) than to the biostratigraphic indications.

4.3.4 lower Warnantian (MFZ 13 to 14)
Interval identified by Break 1 (base) and Break 1.2 (top) ohNR&EFAurve.
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In terms of INEPFA trendsalysis, the lower Warnantian interval is characterized from base to top
by a negative trendright to left shift)terminating witha positiveturning point(Break 12), as shown
by well MOEGTO01-S1 Halenand Geveril01 (GVKO1)in Figure25 and Figure26. The character of
the log in welHeibaart 1 DZH]) is slighly different, with the overall negative trend interruptely
two turning pointsalreadybefore reaching Break 1.Zhis is likely related tthe alternation of
boundstones and bioclastic pafigrainstonesoccurring in thatnterval andmust be highlighted that
an urcalibrated interpretation of the INEPF#g mayresult in picking Break 1.2 at a different, deeper
depth (for example, in correspondence of the current break 1.H&)wever, the biostratigraphic
review performed by Hance (2022, personal communication) for well DZH1 shatibe interval

is no younger than FMZ 14. Thereforesince according to theatibration exercise of INEPFA log
discussed in Secticgh2Break 1.2 corresponds top MFZ 14, the current interpretation is believed
to be the most likely.

Thickness variations are discussed below:

The SN section consists of wells Halen and M®EQ1-S1 andshows a major thickness variation,
with a stratigraphic thickness recorded in Halen (175 m) that is more than double of what recorded
in MOLGT03-S1 (83 m, se€igure25). The thickness analysis of the Transgressive System Tract
(TST) overlying the lower Warnantian interval, atiabrefore developed during the upper
Warnantian (from Break.2, base, to Break 3, top; Figure25) shows no major differences between

the two wells(57m in Halen and 60m in M&@&T-01-S1, respectively)This result suggests that
accommodatbn space available at the endlofver Warnantianwas similar in the two areas

The NWSE section consists of wells DZH1, MBH01-S1 and GVR1 (Figure 26). Thickness
differences were observed between the three wells, with DZH1 recording 141 mGWOL-S1
recording 83 m and GMKL recording 150 m. Note that this interval may be even thicker in@yK
as the base of the interval (Break 1) may haw¢ been reachedThickness analysis of the TST
overlying thdower Warnantian intervadhows a decreasing trend from SE to NW @fimrecorded

in GVKO1,60m recorded in MOIGT01-S1 anddm in DZH1, highlightirtpat at the end of the lower
Warnantianmarked differences in availability accommodation spaceere presentacross the
basin. In particular, his would suggest a deeper depositional setting for ®¥kand no
deposition/exposure in the DZH1 area.

Accordng to Muchez et al. (1987h), the thickness (and facies) variations observed into this interval
can be explained by sysedimentary fault activity. This caused strong subsidence in the Heibaart
area, allowing the development of reef mounds in a shelf sgitas well as irin the Halen area,
where a thick sequence of carbonates was deposited under alternating open marine and restricted
conditions. Particularly in the Halen area, deposition may have been controlled by tHeENfaLIt
system located North ahe well Figurel?). In contrast to higher subsidence areas, the reduced
thickness in MOIGT01-S1 well may represent the result of slow subsidenamijlarly to what
observed irthe Turnhout well.

4.3.5 upper Warnantianand transition to Namurian MFZ 15)

Upper Warnantiarintervalisidentified by Break 1.2 (base) and Break(fop), on theINPEFA&urve.
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In terms of INEPFA trends analysis, the upfMarnantian intervaktarts, from base to topwith a
positivetrend (left to right shift), from Break 1.2 to Bredk3, followed by anegativetrend (right to
left shift) culminating witha positive turning point (Break 2As shown byvells Halen andMOL-GT
01-S1 Figure27), Break 2 is one of the most prominent featudisplayedby the INPEFA log curve
and represents a major change in sedimentatioarking the transition fronthe massive, shallow
water carbonatesof the Loenhout formation tp where presentthe turbiditic limestones and
claystonesof the Goereeformation (see alsahe lithostratigraphic scheme dfaenen, 2003)The
curve continues with a gentlgositive shift until Break 2.1, corresponding tetGoeredo Souvré
transition (top Warnantianto Namuriantransition), where a further positive turning poirgtarts a
sharp paitive trend distinctive of this base Namurianterval, culminatingnto a negative turning
point (Break 2.15)The INPEFA logharacter of tlis interval is similaalsoin Geverik01 (GVKO1,
Figure28), but note that the position of Break 2 boundary is not based onlNREFA only, but also
on the presence ofeworked faciesstarting froma depth of about 130 TVD, followed bynud-
/wackegone to claystone facieBom a depth of about 1130m TVPgssiblycorresponding to the
Loenhout to Goeree transitioilso, note that the gentle positive trend observieetween Break 2
and Break 2.1 (Goeree formation) is much thicker in well-G\ks dicussed in next paragraphs.

It must be highlightedhat, as described abové#je transitionfrom the Loenhout to the Goeree to

the Souvré formationgan beeasily recognized with the analysis of INPEF# tbgspite the subtle
variations shownby conventional logs (i.e. GR logjtis @n help identifying the presence of
transitional facies@oeree and Souvré), critical for a better understanding of the paleogeography of
the Campine Basin at the Dinantisd@murian transition also when little or no lithological
informationis availablefor a certain wellln particular the presence athe Goereeformation inthe

MOL wellsareaand, as suggested by the INPER#alysisjn Halen too, is aovel observation In

fact, according to the review of Laenen (200B)vasnot found outside theVisé troughTentative
reconstructions of their distribution ardiscussedn the section dedicated to paleogeography.J).

Thickness variations are discussed below:

The SN section consists of wells Halen and M®E01-S1 and shows a relatively uniform thickness,

with 180m recorded in Halefil44 m from Loenhout an86 m fom Goeredormations and209m

in MOLGT01-S1 (63 m from Loenhout andl6 m from Goeree formationsee Figure27). The
thickness analysis of the Transgressive System Tract (TST) overlying the upper Warnantian interval
(from Break 2, base, to Bre&kl5 top) shows a thickness increase from Halééng, of which 41

from Namurianformationg to MOLGTF01-S1 (124m of which 77 from Namurian formatiops
suggestinghat more accommaodation space was available at the end of the upper Warnaarichn

lower Namurianin the MOLGT-01-S1 areacompared to the more prximal Halen area.

The NWSE section consists of wells DZH1 (Heibaart 1);GME1-S1 and GMK (Figure28). Major
thickness differences were observed well DZH1, where no MFZ 15 was deposited and/or
preservedas compared tavellsMOL-GT01-S1, recordin@09m of thicknes163 m from Loenhout
and 46 m from Goeree formationsggnd well GVK1, recordingd94 m of thickness(195 m from
Loenhout and299 m from Goeree formations Thickness analysis of the TST overlying the upper
Warnantian interval shows markeddecreasing trend from SE to NW wg88m (of which 89 from
Namurian formations)recorded in GVi1, 124 m (of which 74 from Namurian formations)
recorded in MOIGT01-S1 andB1m (entirely from Namurian formationsin DZH1, highlightintpat
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largedifferences in availability of accommodation spaeere still present at thend of theupper
Warnantian and that theywere mostly filledwith the deposition of the Goeree formatiorn
particular GVK)1area could correspond to a deeper setting, MGEOL could correspothto a sub
basin transition setting and DZHo shallow water to exposed area.

The absence of MFZ 16 DZH1 and nearby wells is indicative of a high area were little or no
deposition occurred and/or possible sedimentary deposits were not preserved. Also well&TAOL
01-S1 and GVR1 give indication of a structurally controlled séaor relief shelf. Inded, the
interval from Break 2 to 2,1shows thickness differences in the order of hundreds of meters, a
magnitude of variations that can be explained by the presence e$sglimentary fault activity from

the end of the upper Warnantigrand particularlyduring the deposition of the Goeree formation
Presence of sysedimentary faults affecting th&arnantiandeposits was already documented
during the interpretation of seismic profiles (Reijmer et al., 2017), but this study indicates that their
activity can be tied to a specific part of th&/arnantianinterval, mainlythe upper (MFZ 15).

i i
pagina64van123



=
[
-1
5
2
o
&
z 8
o 3 ~ S a
=2 a £ E
= - 2 N 3 &
L A
L) L1 1
o 2 @ - = = ® o @ = a @ - =
= whao g o2 5 & 8 & o8 8 B 2 =g 3 2§ o2 %z 2 o408 I %
z o iP5 B 8 £ B OB OE OB OB OZ § 08 0§ 0§ § § 8§ § § ¢ & § 8§
; - 1 1 1 Il I I 1 | 1 1 I I | ! ! 1 i I I | | 1 Il i
o oy
g .
o -
; sapodeny
o = T T
% ABofoRIRS . -Js\ﬂ N 813 "y 187, 15 uln“n '\ﬂfllz'l. ’I.:.‘I:: 1‘3 18s
e il Te . il Al PN
= = TR = =
- v ] = 3 Bl
U? g__ uEequeUIq
8 £§02 e T4 ‘!'=' ! H’ﬂ.
0 *TBE2 § ¥ H "
— |8sEks & N F ¢ i ; M M
O 55558 5 § 5 g ! s/}
d gaaa & o § & 2 :
i EEER R ;
dda=e 4 ° :
= R
«
2
b
=
&
5
B |
£e
32 1. Lo
T T T T T T T T T T T T T T T T T T T T T T T T
(W) Lado 8 2 8 2 g 2 8 8 8
o E3;;%2§3§§§§§§§'5§.§E§§g=:#
c =
2 . . = =
~ . [=} =
; . N ™ 0
=
w) udeg sssssssassgggga
o 5 % ® @ § # § § 8 & & £ ®§ @ §
v"l“ll Il 1 1 1 alasas gl 1o1..1 1 | P |
o | |
sapooen3 :
) o | 8110
ABojowsaupas FTTRES [T T3 Auies 15 | onoa l0ans 1o
= is, i
sauaz e i Sif) Eroasg 261y
- N E— — s | 1 ;
fny vazan| S| & ™ b i 2 M a 3]
m Z!“
‘T Aydeibipapsong
Q Audestoens uvenueuq o
< N
EN N T
E 5?35 B § |
(=t 1 L
2 |EEREd o o !
F9583 g i b | l
T & #za | 3 3 2 M | I
=4 2la8la 3 o | |
. | I ]
5
L I i
o] ‘\“ | —___’M
£
S
L] S (roo
o | b ]
33 | Is
e e e e e
2
v o een o §§§§§§§§§§§?§:§‘
[ N )
T T
i = 2
& [<)] Te] 58
oT = o~ e
2% 32 A E
$Ew 3
aE 32
onz
v
“m
5
£
k]
[
£ N
H 5
] |5 3 i :
i B B 3 = g £
: IEINELE 3 2 s HEHEB K
: REHAEE 2. |E il HEEE g
i £ BEHEHEE &3 =g §: HERRE :
£ : HHEHEEH HEHEHREE H
= 5|z|£|E|8|3|% HEIEIEEIREL 8
N HEHEERE HHEEEE f
3 BEHEEEIE HEEEEHFMHE &
3 B UEN D BENN B |

Figure21 SN oriented correlation panel of wells Halen and MGEO3-S1. In green and red are respectively highlighte
the Tourndsianand Moliniacian intervaldn black bold aréndicatedmeasuredhickness(m, TVDandinterpreted
depositional environmentThe correlation panel is hung on break 0.3. Inset map shows position of well locations (red
stars) and of correlation panel (blue lin&ee Glossary in Appendi3for meaning of abbreviations used.
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Figure23 SN oriented correlation panel of wells Halen and MGEO1-S1. In green and red are respectively highlig
the Livian and following TST intervdisblack bold are indicated measured thickness (m, TVD) and interpreted
depositional environmentCorreldion panel is hung on break 1.1. Inset map shows position of well locations (red

and of correlation panel (blue line3ee Glossary in Appendi3for meanig of abbreviations used.
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