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RWKeU UQLYeUVLW\.
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ABSTRACT

TKe ORZeU Ecca GURXS RI WKe KaURR BaVLQ, PRVW QRWabO\ WKe WKLWeKLOO FRUPaWLRQ LV

beOLeYed WR KRVW VKaOe JaV. TKe LQLWLaO e[SORUaWLRQ IRU RLO aQd JaV LQ WKe KaURR BaVLQ ZaV

XQdeUWaNeQ b\ WKe SRXWKeUQ OLO E[SORUaWLRQ CRUSRUaWLRQ (PW\. LWd.) (SOEKOR) LQ WKe

1960V, WR SURYe/dLVSURYe WKe e[LVWeQce RI ecRQRPLc RccXUUeQceV RI RLO LQ SRXWK AIULca.

SLQce WKeQ, RQO\ OLPLWed VWXdLeV KaYe beeQ caUULed RXW RQ WKe JaV SURdXcWLRQ SRWeQWLaO RI

WKe baVLQ.

3D UeVeUYRLU PRdeOOLQJ KaV becRPe a IXQdaPeQWaO WRRO LQ WKe OLIec\cOe RI K\dURcaUbRQ

SOa\V. IW KaV IRUPed WKe baVLV RI XQdeUVWaQdLQJ UeVeUYRLU KeWeURJeQeLW\, YROXPeWULc

caOcXOaWLRQV RI K\dURcaUbRQV aQd ILeOd deYeORSPeQW SOaQQLQJ. TKLV VWXd\ aSSOLeV 3D

GeRceOOXOaU UeVeUYRLU PRdeOOLQJ caUULed RXW LQ ScKOXPbeUJeU¶V PeWUeO� SRIWZaUe WR WKUee

bRUeKROeV dULOOed b\ SOEKOR LQ WKe KaURR BaVLQ RI SRXWK AIULca, WR aQaO\Ve WKe

UeVeUYRLU SRWeQWLaO. TZR LQWeUYaOV (TRS Ecca GURXS WR TRS WKLWeKLOO FRUPaWLRQ, aQd

WKLWeKLOO aQd PULQce AObeUW FRUPaWLRQV) ZeUe VeOecWed IRU WKLV VWXd\. UVLQJ UecRYeU\

IacWRUV RI 30%, 75%, aQd 90%, QeZ UeVRXUce eVWLPaWeV RI WKe WZR KRUL]RQV aUe

SUeVeQWed, QaPeO\ 43 - 128 TcI (aYeUaJe 107 TcI) aQd 13 - 40 TcI (aYeUaJe 33 TcI),

UeVSecWLYeO\. TKLV VWXd\ caQ be XVed aV a baVLV IRU IXWXUe LPSURYePeQWV RI WKe

PRdeOOLQJ ZRUNIORZ LI QeZ daWa becRPe aYaLOabOe LQ WKe baVLQ.

Ke\ZordV: KaURR BaVLQ, WKLWeKLOO FRUPaWLRQ, 3D UeVeUYRLU PRdeOOLQJ
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DEDICATION

TR NNZeWVLPR,

the SplendoXr of God¶s glor\

3



ACKNOWLEDGEMENTS

I ZRXOd OLNe WR e[SUeVV P\ deeSeVW JUaWLWXde WR P\ VXSeUYLVRUV, DU NNa]L aQd DU

ScKeLbeU-EQVOLQ. WLWKRXW \RX, WKLV MRXUQe\ ZRXOd QRW KaYe beeQ ZKaW LW KaV beeQ.

PURI NNa]L, WKaQN \RX IRU aOZa\V KeOSLQJ ZLWK ZKaW ZaV Qeeded IRU WKLV UeVeaUcK,

eQVXULQJ WKaW I aOZa\V Kad ZKaW I Qeeded aQd IRU \RXU eQcRXUaJePeQW WR aLP IRU beWWeU.

YRXU KeaUW LV UeaOO\ aSSUecLaWed.

TR DU ScKeLbeU-EQVOLQ, LW KaV beeQ a deOLJKW ZRUNLQJ ZLWK \RX. TKaQN \RX VR PXcK IRU

JLYLQJ RI \RXU WLPe, UeVRXUceV aQd NQRZOedJe.

I WKaQN WKe PeWUROeXP AJeQc\ SRXWK AIULca IRU acceVV WR WKe SOEKOR bRUeKROe daWa.

SeaQ JRKQVRQ aQd SeOZ\Q AdaPV aUe WKaQNed JUeaWO\ IRU WKeLU JXLdaQce aQd

aVVLVWaQce.

I ZRXOd aOVR OLNe WR e[WeQd PaQ\ WKaQNV WR PURI MXVa MaQ]L RI WKe SeLVPLc ReVeaUcK

CeQWUe, ScKRRO RI GeRVcLeQceV IRU RSeQLQJ WKe dRRUV WR WKe ceQWUe IRU Pe WR XVe WKeLU

UeVRXUceV ZKeQ I Qeeded WR.

NaWKL, WKaQN \RX IRU \RXU QeYeU-eQdLQJ VXSSRUW aQd ZRUdV RI eQcRXUaJePeQW dXULQJ WKe

WLPeV ZKeQ I WKRXJKW I cRXOd QR ORQJeU caUU\ RQ ZLWK WKLV UeVeaUcK.

GORU\ be WR WKe RLVeQ KLQJ, QRZ aQd IRUeYeU!
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NomenclaWXre

GaV IniWiall\ In place (GIIP) - UeIeUV WR aQ eVWLPaWe RI WKe WRWaO aPRXQW RI JaV WKaW LV
cRQWaLQed/WUaSSed ZLWKLQ VKaOe URcN.

Technicall\ RecoYerable ReVerYeV (TRR) - UeIeUV WR WKe eVWLPaWed aPRXQW RI VKaOe JaV WKaW
PLJKW be WecKQLcaOO\ UecRYeUed LI WKeUe aUe QR cRQVWUaLQWV RQ SURdXcWLRQ, VXcK aV ecRQRPLcV.
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CHAPTER ONE

INTRODUCTION

1.1 BACKGROUND AND MOTIVATION

SKaOe JaV UeVeUYRLUV KaYe UeVKaSed WKe JORbaO eQeUJ\ PaUNeW RYeU WKe \eaUV RZLQJ QRW

RQO\ WR WKe LQcUeaVe LQ JORbaO eQeUJ\ dePaQd aQd decOLQLQJ eQeUJ\ VRXUceV bXW aOVR WR

WKe LPSURYed eIILcLeQc\ LQ dULOOLQJ aQd SURdXcWLRQ RI WKe UeVRXUceV. TKLV KaV beeQ

bURXJKW abRXW b\ WKe aSSOLcaWLRQ RI IUacWXUaO VWLPXOaWLRQ WecKQRORJ\, ZKLcK KaV JUeaWO\

LQcUeaVed WKe abLOLW\ WR SURILWabO\ SURdXce VKaOe JaV (MRKaJKeJK, 2011; MRKaJKeJK eW

aO., 2012; U.S. EQeUJ\ IQIRUPaWLRQ (EIA), 2011; WaQJ aQd CaUU, 2013). WLWK LQcUeaVLQJ

LQdXVWULaOL]aWLRQ, QRW RQO\ LQ SRXWK AIULca bXW JORbaOO\ aV ZeOO, WKe Qeed WR e[SORLW WKeVe

VKaOe JaV UeVeUYRLUV becRPeV SeUWLQeQW. TKe ZRUOd KaV VeeQ a UaSLd LQcUeaVe LQ VKaOe

JaV SURdXcWLRQ LQ CKLQa aQd APeULca, WKRXJK QRW LQ RWKeU cRXQWULeV, VSecLILcaOO\ SRXWK

AIULca. TKLV VWXd\ XVeV 3D GeRceOOXOaU MRdeOOLQJ WR eYaOXaWe WKe VKaOe JaV SRWeQWLaO RI

WKe KaURR BaVLQ RI SRXWK AIULca. TKLV aOORZed IRU UeVeUYe eVWLPaWeV WR be Pade, ZKLcK

KaV aQ LPSacW RQ WKe SURdXcWLRQ RI WKe K\dURcaUbRQ SOa\.

SKaOe URcNV aUe ILQe-JUaLQed, JeQeUaOO\ daUN cRORXUed aQd RUJaQLc-ULcK VedLPeQWaU\

URcNV. IQ a SeWUROeXP V\VWeP WKeUe aUe IRXU baVLc UeTXLUePeQWV WR be PeW IRU WKe

VXbVXUIace accXPXOaWLRQ RI K\dURcaUbRQ UeVeUYeV L.e (1) VRXUce URcN/V; (2) PLJUaWLRQ

SaWKZa\ aZa\ IURP WKe VRXUce URcN; (3) UeVeUYRLUV LQWR ZKLcK WKe e[SeOOed K\dURcaUbRQV

PLJUaWe; aQd (4) a WUaSSLQJ PecKaQLVP (ASOLQ, 2000; CSIR, 2016; SeOOe\, 1998). DXULQJ

WKe PaWXUaWLRQ RI WKe RUJaQLc PaWWeU cRQWaLQed LQ VKaOe URcNV, QaWXUaO JaV (WeUPed VKaOe

JaV) LV JeQeUaWed (CKeUe eW aO., 2017; de KRcN eW aO., 2017). SKaOe URcNV aUe WeUPed

XQcRQYeQWLRQaO aV WKe JaV JeQeUaWed LV UeWaLQed ZLWKLQ WKe VKaOe ZKLcK acWV aV WKe

VRXUce URcN, UeVeUYRLU, VeaO aQd WUaS (WRSaUa, 2018; WULJKW eW aO., 2015). TKe

cOaVVLILcaWLRQ RI XQcRQYeQWLRQaO UeVeUYeV LV QRW VLPSO\ UeVWULcWed WR JeRORJ\, bXW IacWRUV

VXcK aV WKe cRVW WR deYeORS WKe UeVeUYe SOa\ a VLJQLILcaQW UROe (CSIR, 2016).
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SKaOe JaV LV QaWXUaO JaV WKaW cRQVLVWV PaLQO\ RI PeWKaQe (PeWKaQe LV WKe SULPaU\

cRPSRQeQW LQ WKe JaV, W\SLcaOO\ 80% RU PRUe ZLWK RWKeU VPaOOeU TXaQWLWLeV RI JaV) WKaW LV

WUaSSed LQ IRUPaWLRQV RI ORZ SeUPeabLOLW\ aQd ORZ SRURVLW\. TKe JaV LQ WKe VKaOe

IRUPaWLRQV IORZV RXW dXULQJ WKe aSSOLcaWLRQ RI K\dUaXOLc IUacWXULQJ. SKaOe JaV LV

JeQeUaWed IURP RUJaQLc PaWWeU aQd VWRUed LQ VKaOe VRXUce URcNV LQ dLIIeUeQW Za\V

(FigXre 1.1): (1) SULPaULO\ aV adVRUbed RQ WKe VXUIace RI cOa\V aQd RUJaQLcV; (2)

dLVVROYed LQ WKe NeURJeQ RU bLWXPeQ; (3) aQd aV IUee JaV LQ SRUe VSaceV RU ZLWKLQ WKe

IUacWXUe QeWZRUN (CKeUe eW aO., 2017; CSIR, 2016; DaKaJKL aQd MRKaJKeJK, 2011; de

KRcN eW aO., 2017; JaUYLe eW aO., 2007; MXQWeQdaP-BRV eW aO., 2009; ZKaQJ eW aO., 2018).

FigXre 1.1. SWorage formV of Vhale gaV in Vhale VoXrce rockV (modified afWer

Zhang eW al., 2018).

TKe SURceVV RI adVRUSWLRQ SOa\V a VLJQLILcaQW UROe LQ WKe deWeUPLQaWLRQ RI WKe ILQaO

SURdXcW LQ WKe SeWUROeXP V\VWeP (PeSSeU, 1991). AccRUdLQJO\, deVRUbed JaV (UeIeUV WR

WKe JaV WKaW LV UeOeaVed IURP WKe VXUIace RI WKe JUaLQV ZKeQ WKe SUeVVXUe cKaQJeV,

eLWKeU LQcUeaVLQJ RU decUeaVLQJ) caQ SURbabO\ be LJQRUed ZKeQ dRLQJ WKe LQLWLaO

SeUIRUPaQce eYaOXaWLRQ RI WKe ZeOO, aV LW XVXaOO\ RQO\ addV abRXW 5-15% RI WKe XOWLPaWe

JaV UecRYeUed. TKe aPRXQW RI JaV WKaW LV IRXQd LQ SOace LV LQIOXeQced, aPRQJVW RWKeU

WKLQJV, b\ WKe deJUee RI WKeUPaO PaWXUaWLRQ RI WKe RUJaQLc PaWWeU LQ WKe URcNV. IQ WKe

KaURR BaVLQ RI SRXWK AIULca, WKe deJUee RI WKeUPaO PaWXUaWLRQ LV VaLd WR be KLJKeU dXe
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WR WKe WecWRQLc eYeQWV WKaW Oed WR WKe ePSOacePeQW RI LJQeRXV LQWUXVLRQV (CKeUe eW aO.,

2017).

UQcRQYeQWLRQaO V\VWePV aOVR deSeQd KLJKO\ RQ IUacWXUe SeUPeabLOLW\ RI WKe URcNV, ZKLcK

Pa\ be QaWXUaO RU VWLPXOaWed IRU SURdXcWLRQ (JaUYLe eW aO., 2007). NaWXUaO IUacWXUeV SOa\ a

VLJQLILcaQW UROe LQ JaV SURdXcWLRQ aV WKe\ aUe WKe SULPaU\ cRQdXLW RI SeUPeabLOLW\ LQ WKe

UeVeUYRLU. TKe IUacWXUeV aUe LQIOXeQced b\ RUJaQLc PaWWeU decRPSRVLWLRQ aQd/RU WecWRQLc

SURceVVeV (JaUYLe eW aO., 2007). TKe VXcceVV RI K\dUaXOLc IUacWXULQJ LV JUeaWO\ LQcUeaVed

ZKeQ LW LQWeUVecWV WKe e[LVWLQJ QaWXUaO IUacWXUeV LQ WKe VKaOe.

IW LV cRPPRQO\ a cKaOOeQJe WR PaS WKe e[WeQW aQd dLVWULbXWLRQ RI WKeVe IUacWXUeV, eYeQ

ZLWK adYaQced WecKQLTXeV ( MRKaJKeJK, 2011; MRKaJKeJK eW aO., 2012). TKeUe LV aOVR a

OeYeO RI XQceUWaLQW\ LQ PaWUL[ SeUPeabLOLW\ aQd cRPSOe[LW\ RI IUacWXUeV, PaNLQJ LW dLIILcXOW

WR PRdeO SURdXcWLRQ LQ XQcRQYeQWLRQaO JaV UeVeUYRLUV (DaKaJKL aQd MRKaJKeJK, 2011).

TKe PaLQ cKaOOeQJe eQcRXQWeUed ZLWK WKe SURdXcWLRQ RI XQcRQYeQWLRQaO UeVeUYRLUV LV WKe

YeU\ VPaOO SRUe VL]e, aQd YeU\ ORZ PaWUL[ SeUPeabLOLW\ RI WKe VRXUce URcN (Labed,

O\eQe\LQ aQd OOX\ePL, 2018; LLMXQ eW aO., 2019). H\dUaXOLc IUacWXULQJ RI WKe URcN

becRPeV QeceVVaU\ WR RbWaLQ cRPPeUcLaO aPRXQWV RI JaV b\ LQcUeaVLQJ WKe

SeUPeabLOLW\ RI WKe PaWUL[ (SXQMa\, KXPaU, aQd JaLQ, 2014). TKLV LV dRQe LQ RUdeU WR

eQKaQce WKe IORZ RI K\dURcaUbRQV IURP WKe URcNV. TKe SURceVV W\SLcaOO\ LQYROYeV dULOOLQJ

YeUWLcaO aQd KRUL]RQWaO VecWLRQV WKURXJK ZKLcK KLJKO\ SUeVVXUed IOXLd LV SXPSed LQWR WKe

WaUJeW IRUPaWLRQ (FigXre 1.2). TKe IUacWXUeV aUe XVXaOO\ NeSW RSeQ b\ VaQd SaUWLcOeV WKaW

aUe LQcRUSRUaWed LQWR WKe IOXLd (CSIR, 2016; USGS, 2019; YeZ, 2017). TKe VXcceVV RI

K\dUaXOLc IUacWXULQJ LV JUeaWO\ LQcUeaVed ZKeQ LW LQWeUVecWV WKe e[LVWLQJ QaWXUaO IUacWXUeV

LQ WKe VKaOe.
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FigXre 1.2. Image VhoZing Whe proceVV of h\draXlic fracWXring and Whe

propagaWion of indXced fracWXreV (modified afWer MoWherearWhneZV.com, 2012).

EQeUJ\ cRPSaQLeV LQYeVW PRQe\ LQ e[SORULQJ aQd deYeORSLQJ WKeVe UeVeUYRLUV, WKeUeIRUe

a JRRd XQdeUVWaQdLQJ RI WKe JeRORJ\ aQd WUaQVSRUW cKaUacWeULVWLcV RI VKaOe JaV LV

LPSRUWaQW LQ WKe deYeORSPeQW RI WKe UeVeUYRLU aQd LQ LPSURYLQJ WKe eIILcLeQc\ aW ZKLcK

WKe JaV LV e[WUacWed. AV a UeVXOW, aQ XQdeUVWaQdLQJ RI KRZ WKe JaV IORZV ZLWKLQ WKeVe

UeVeUYRLUV LV SaUaPRXQW IRU WKe VXcceVVIXO deYeORSPeQW aQd e[WUacWLRQ RI WKe JaV.

CRPSUeKeQVLYe JeRORJLcaO aQd JeRSK\VLcaO VWXdLeV KaYe beeQ XQdeUWaNeQ LQ WKe KaURR

RYeU WKe \eaUV WR eYaOXaWe WKe LJQeRXV LQWUXVLRQV LQ WKe baVLQ. TKe RccXUUeQce RI WKeVe

LQWUXVLRQV, PaLQO\ dROeULWe d\NeV aQd VLOOV, LQ WKe PaMRU SURVSecWLYe aUea Qeed WR be

WaNeQ LQWR cRQVLdeUaWLRQ LQ aQ\ IXWXUe deYeORSPeQW aQd VWXd\ SOaQV. TKe aLP RI WKLV

VWXd\ LV WR LQcRUSRUaWe WKRVe VWXdLeV aQd WKeLU ILQdLQJV WR eVWLPaWe WKe aPRXQW RI JaV LQ

SOace aOVR cRQVLdeULQJ cKaQJLQJ YaULabOeV. TR eYaOXaWe WKe IeaVLbLOLW\ RI WKe ecRQRPLc

SURdXcWLRQ RI VKaOe JaV, LW LV LPSRUWaQW WKaW PRdeOOLQJ RI WKe UeVeUYRLU be XQdeUWaNeQ.
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SWXdLeV RQ WKe PRdeOOLQJ RI JaV IORZ LQ XQcRQYeQWLRQaO UeVeUYRLUV KaYe beeQ cRQdXcWed

LQ NRUWK APeULca aQd CKLQa. TKLV VWXd\ ZLOO IRcXV RQ JaV UeVeUYe eVWLPaWeV LQ a SRXWK

AIULcaQ cRQWe[W b\ eVWabOLVKLQJ a VWaWLc 3D JeRORJLcaO PRdeO aQd a d\QaPLc UeVeUYRLU

PRdeO ZLWK VLPXOaWLRQ.

1.2 AIM AND OBJECTIVES OF STUDY

TKe aLP RI WKLV VWXd\ ZaV WR cUeaWe a VWaWLc aQd d\QaPLc JeRORJLcaO PRdeO SRSXOaWed

ZLWK bRUeKROe aQd cRUe daWa. TKe VWaWLc PRdeO LQ WKLV VWXd\ UeIeUV WR WKe ULJLd, YLVXaO 3D

PRdeO, aQd WKe d\QaPLc PRdeO UeIeUV WR WKe VWaWLc 3D PRdeO aV LW cKaQJeV RYeU WLPe

ZLWK cKaQJLQJ SaUaPeWeUV. TKLV ZaV dRQe VR WKaW a cXVWRPL]ed ZRUNIORZ WKaW caQ be

aSSOLed WR VLPLOaU VceQaULRV caQ be eVWabOLVKed. TKe PRdeO ZaV XVed WR dR a UeVeUYe

eVWLPaWe aQaO\VLV RI VKaOe JaV LQ WKe KaURR BaVLQ ZKLcK ZaV WKeQ cRPSaUed WR UeVXOWV

SXbOLVKed b\ RWKeU ZRUNeUV. TKe UeVXOWV RbWaLQed IURP WKe YROXPeWULc aQaO\VLV KaYe aQ

LPSacW RQ WKe SRVVLbOe K\dURcaUbRQ e[SORUaWLRQ aQd deYeORSPeQW RI VKaOe JaV LQ WKe

KaURR BaVLQ. TKe UeVeaUcK aLP ZaV acKLeYed LQ WKe RbMecWLYeV YL]:

Ɣ EVWabOLVKLQJ a JeRORJLcaO PRdeO aQd UXQQLQJ UeVeUYRLU VLPXOaWLRQV

XVLQJ ScKOXPbeUJeU¶V PeWUeO� VRIWZaUe;

Ɣ SWXd\LQJ WKe eIIecW RI cKaQJLQJ UeVeUYRLU YaULabOeV (SRURVLW\ aQd

JaV VaWXUaWLRQ) RQ JaV YROXPeV XVLQJ WKe eVWabOLVKed PRdeO;

Ɣ DeWeUPLQLQJ WKe GaV IQLWLaOO\ IQ POace (GIIP) aQd WecKQLcaOO\ UecRYeUabOe UeVeUYeV

(TRR); aQd

Ɣ VaOLdaWLQJ WKe eVWabOLVKed PRdeO aQd eVWLPaWeV XVLQJ SXbOLVKed daWa IURP WKe

OLWeUaWXUe.
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1.3 REPORT STRUCTURE

TKLV UeSRUW LV dLYLded LQWR ILYe cKaSWeUV. ChapWer 1 KLJKOLJKWV WKe IXQdaPeQWaOV RI VKaOe

JaV aQd WKe RbMecWLYeV RI WKe VWXd\. ChapWer 2 SUeVeQWV WKe KLVWRU\ RI e[SORUaWLRQ LQ WKe

KaURR BaVLQ aQd JORbaO SaUaPeWeUV XVed LQ WKe aVVeVVPeQW RI K\dURcaUbRQ SOa\V. TKLV

cKaSWeU aOVR SURYLdeV a UeYLeZ RI WKe WKeRU\ RI 3D GeRceOOXOaU PRdeOOLQJ. ChapWer 3

deVcULbeV WKe PeWKRdRORJ\ aQd ZRUNIORZ XVed WR caUU\ RXW WKLV VWXd\. TKe UeVXOWV RI WKe

VWXd\ aUe SUeVeQWed LQ ChapWer 4, ZKLcK aOVR LQcOXdeV WKe cRPSaULVRQ WR SUeYLRXV

aVVeVVPeQW VWXdLeV LQ WKe KaURR BaVLQ, aQd dLVcXVVLRQ RI WKe UeVXOWV. TKe cRQcOXVLRQV

WKeUeRI aUe VXPPaULVed LQ ChapWer 5. TKLV cKaSWeU aOVR LQcOXdeV WKe UecRPPeQdaWLRQV

IRU IXUWKeU VWXdLeV.
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CHAPTER TWO

LITERATURE REVIEW

2.1 THE HISTORY OF EXPLORATION IN THE KAROO

TKe MaLQ KaURR baVLQ RI SRXWK AIULca LV a OaUJe eURVLRQaO UePQaQW WKaW cRYeUV QeaUO\

WZR-WKLUdV RI WKe SRXWK AIULcaQ OaQd VXUIace aQd UecRUdV a YaVW UaQJe RI deSRVLWLRQaO

eQYLURQPeQWV WKaW VSaQ RYeU a ceQWXU\ (JRKQVRQ eW aO., 1996; SPLWK, 1990). IWV

VWUaWLJUaSK\ aQd deYeORSPeQW LV a ZeOO-NQRZQ VXbMecW RI UeVeaUcK cRQdXcWed b\ VeYeUaO

ZRUNeUV RYeU WKe \eaUV, ZKLcK LV QRW RI dLVcXVVLRQ LQ WKLV VWXd\. TKe e[WeQVLYe QeWZRUN

RI dROeULWe LQWUXVLRQV RccXUULQJ aW YaULRXV ORcaWLRQV LQ WKe VXcceVVLRQ LV SaUW RI WKLV

VWUaWLJUaSK\ (FigXre 2.1).

FigXre 2.1. Map VhoZing Whe Karoo BaVin of SoXWh Africa, ZiWh igneoXV inWrXVionV

(modified afWer AarneV, PodladchikoY and NeXmann, 2008).
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TKe ORZeU Ecca GURXS RI WKe KaURR BaVLQ, PRVWO\ WKe WKLWeKLOO FRUPaWLRQ LV beOLeYed WR

KaYe WKe SRWeQWLaO WR beaU VKaOe JaV aW 211 TcI (CKeUe eW aO., 2017; De KRcN eW aO., 2017;

GeeO eW aO., 2013; U.S EIA, 2013). TKLV SULPaULO\ XVeV WKe WKLcNQeVV RI WKe IRUPaWLRQ aQd

WRWaO RUJaQLc cRQWeQW (TOC) RI WKe VKaOe, baVed RQ JORbaO beQcKPaUNV VXcK aV WKe

MaUceOOXV VKaOe aQd BaUQeWW VKaOe.

TKe ILUVW VWXdLeV RQ K\dURcaUbRQV ZeUe cRQdXcWed LQ WKe 1960V - 1970V b\ WKe WKeQ

SRXWKeUQ OLO E[SORUaWLRQ CRUSRUaWLRQ (SOEKOR) (QRZ PeWURSA) aQd ZeUe OaWeU

abaQdRQed ZLWK WKe SeUceSWLRQ WKaW WKe SRWeQWLaO IRU WKe deYeORSPeQW RI WKe JaV SOa\V

ZaV ORZ (PeWURSA, 2012). WLWK WKe adYaQcePeQW LQ dULOOLQJ WecKQRORJ\ aQd WKe JURZWK

VSXUW LQ JORbaO VKaOe JaV deYeORSPeQW, WKe KaURR BaVLQ RQce aJaLQ becaPe a WaUJeW IRU

e[SORUaWLRQ.

BaVed RQ WKe aYaLOabOe daWa, LW LV beOLeYed WKaW WKeUe LV a SRWeQWLaO IRU VKaOe JaV

RccXUUeQce. TKe WKLWeKLOO FRUPaWLRQ LV RI SaUWLcXOaU LQWeUeVW becaXVe RI WKe RUJaQLc-ULcK,

WKeUPaOO\ PaWXUe VKaOeV WKaW PaNe XS WKLV IRUPaWLRQ (U.S. EQeUJ\ IQIRUPaWLRQ

AdPLQLVWUaWLRQ (EIA), 2011). TKeUe aUe KRZeYeU cRPSOe[LWLeV VXUURXQdLQJ WKLV JaV SOa\,

LQcOXdLQJ WKaW WKe KaURR BaVLQ LV a cRPSOe[ VWUXcWXUaO aUea aV LW KaV beeQ aIIecWed b\

WKe CaSe RURJeQ\ aQd WKe ePSOacePeQW RI LJQeRXV bRdLeV (DUaNeQVbeUJ OaYaV aQd

dROeULWe VLOOV aQd d\NeV) aIWeU baVLQ cORVXUe (CSIR, 2016; de KRcN eW aO., 2017;

ScKeLbeU-EQVOLQ, Webb aQd EbbLQJ, 2014).

SLQce WKe LQLWLaO dLVcRYeU\ aQd e[SORUaWLRQ, IXUWKeU VWXdLeV KaYe beeQ caUULed RXW. TKe

aLP ZaV WR dePRQVWUaWe ZKeWKeU WKe VKaOe cRQWaLQV JaV RU ZKeWKeU LW KaV beeQ

WKeUPaOO\ PaWXUed be\RQd a SRLQW RI UecRYeU\. TKeVe VWXdLeV KaYe VKRZQ WKaW WKe LQLWLaO

ILQdLQJV aQd SUeOLPLQaU\ VWXdLeV WKaW eVWLPaWe WKe UecRYeUabOe JaV aPRXQWV WR be LQ WKe

UaQJeV RI 30 WR 500 WULOOLRQ cXbLc IeeW (TcI) KaYe beeQ LQIOaWed. TKe UeceQW VWXdLeV RQ WKe

KaURR BaVLQ UeSRUW WKaW WKe acWXaO aYaLOabOe JaV LV ORZeU, O\LQJ ZLWKLQ WKe UaQJeV RI 10 WR

172 TcI ZLWK WKe SRWeQWLaO RI 13 TcI beLQJ UeaOLVWLc (AaUQeV eW aO., 2011; CKeUe eW aO.,

2017; CROe, 2014; DecNeU, 2011; DecNeU aQd MaURW, 2012; de KRcN eW aO., 2017; GeeO eW

aO., 2013; GeeO eW aO., 2015; KXXVNUaa eW aO., 2011; NROWe eW aO., 2019; PeWURSA, 2012).
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2.2 HYDROCARBON RESERVE ANALYSIS

2.2.1 LiWhological, PeWroph\Vical, and Geochemical parameWerV

WKeQ eYaOXaWLQJ VKaOe JaV SOa\V, LW LV LPSRUWaQW WR WaNe LQWR accRXQW WKe SeWURSK\VLcaO

SURSeUWLeV WKaW Pa\ aIIecW WKe WUaQVSRUW aQd JaV VWRUaJe caSacLW\ (NROWe eW aO., 2019).

TKe eVWLPaWLRQ RI JaV IORZ UaWeV caQ WKeQ be dRQe ZLWK WKe LQWeJUaWLRQ RI WKe WRWaO

JeQeUaWLRQ SRWeQWLaO aQd WKLcNQeVV RI WKe VRXUce URcN, aQd WKe QaWXUaO aQd LQdXced

IUacWXUe QeWZRUN (JaUYLe eW aO., 2007).

TKeUe aUe YaULRXV JORbaO SaUaPeWeUV aQd cULWeULa ZKLcK KaYe beeQ deYeORSed WR

deWeUPLQe WKe SRWeQWLaO RI a baVLQ WR SURdXce K\dURcaUbRQV. IW LV XQdeUVWRRd WKaW WKe

VXLWabLOLW\ RI WKe VKaOe IRU VKaOe JaV e[WUacWLRQ deSeQdV RQ PXOWLSOe SaUaPeWeUV, ZKLcK

LQcOXde aPRQJVW RWKeUV WKe RUJaQLc PaWWeU WKaW PaNeV XS WKe URcN. TKeVe SaUaPeWeUV

aUe bULeIO\ dLVcXVVed beORZ aV WKe\ SOa\(ed) a VLJQLILcaQW UROe LQ WKe K\dURcaUbRQ

SRWeQWLaO VWXdLeV RI WKe KaURR BaVLQ (BaL\eJXQKL eW aO., 2019; CKeUe eW aO., 2017; CROe,

2012; de KRcN eW aO., 2017; JaUYLe eW aO., 2007; JaUYLe, 2012; MXQWeQdaP-BRV eW aO.,

2009; NROWe eW aO., 2019; ScKZaU]NRSI, 1992; SWe\O, YaQ TRQdeU aQd CKeYaOOLeU, 2012).

TKeVe SaUaPeWeUV aUe LPSRUWaQW IRU baVLQ aQaO\VLV ZKLcK cKaUacWeUL]eV WKe deSWK aQd

WKLcNQeVV RI WKe VRXUce URcNV, aV ZeOO aV WKeLU eQYLURQPeQW RI deSRVLWLRQ aQd WKe

SUeVVXUe aQd WKeUPaO KLVWRU\.

Ɣ PoroViW\ and permeabiliW\

PRURVLW\ LV a PeaVXUe RI ePSW\ VSaceV LQ WKe URcN ZKLcK caQ be RccXSLed ZLWK

RLO, JaV, RU ZaWeU. PeUPeabLOLW\ LV WKe abLOLW\ RI WKe IOXLdV WR IORZ ZLWKLQ WKe URcN.

TKeVe WZR SaUaPeWeUV SOa\ aQ LPSRUWaQW UROe LQ aQ\ K\dURcaUbRQ SOa\. TKe

IaYRXUabOe YaOXeV aUe beWZeeQ 4 aQd 7%, aQd <0.001 PD IRU SRURVLW\ aQd

SeUPeabLOLW\, UeVSecWLYeO\. TKe SRURVLW\ YaOXeV LQ WKe KaURR BaVLQ aUe beWZeeQ 0

aQd 4%, ZKLOVW SeUPeabLOLW\ LV 0 PD (RRZVeOO aQd de SZaUdW, 1976).
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Ɣ Kerogen W\pe

KeURJeQ LV LQVROXbOe QaWXUaOO\ RccXUULQJ RUJaQLc PaWWeU ZKLcK IRUPV dXULQJ WKe

bXULaO aQd KeaWLQJ RI RUJaQLc VKaOe. WKeQ cRQWLQXaOO\ bXULed aQd KeaWed WR

VXLWabOe deSWKV aQd WePSeUaWXUe, WKe NeURJeQ UeOeaVeV K\dURcaUbRQV. TKe

LQLWLaWLRQ RI WKe PaWXUaWLRQ RI NeURJeQ WR RLO RccXUV aW WePSeUaWXUeV RI 100-150
0C, ZKLcK cRUUeVSRQd WR deSWKV RI 3-4 NP. A YaULeW\ RI RUJaQLc PaWeULaOV PaNe XS

NeURJeQ, ZKLcK LQcOXde aOJae, ZRRd, aQd SROOeQ.

T\Se I NeURJeQ cRQVLVWV PaLQO\ RI aOJae aQd LV KLJKO\ OLNeO\ WR SURdXce RLO. T\Se II

cRQVLVWV RI PL[ed WeUUeVWULaO aQd PaULQe RUJaQLc PaWWeU aQd LV OLNeO\ WR JeQeUaWe

bRWK RLO aQd JaV. T\Se III cRQVLVWV RI ZRRd\ WeUUeVWULaO RUJaQLc PaWWeU WKaW W\SLcaOO\

JeQeUaWeV JaV. T\Se IV LV XVXaOO\ QRW RI LQWeUeVW aV LW KaV QR caSacLW\ WR JeQeUaWe

K\dURcaUbRQV. TKe dLIIeUeQW W\SeV RI NeURJeQ KaYe YaU\LQJ aPRXQWV RI K\dURJeQ

UeOaWLYe WR caUbRQ aQd R[\JeQ. TKLV LV WKe cRQWUROOLQJ IacWRU IRU RLO YeUVXV JaV

UaWLRV.

TKe W\Se RI NeURJeQ WKeQ deWeUPLQeV WKe W\Se RI K\dURcaUbRQ aQd WKe JaV

RccXUUeQce SURSeUWLeV. FURP JORbaO UeIeUeQceV WR VKaOe JaV SOa\V LQ WKe USA aQd

CaQada, W\Se II NeURJeQ LV WKe PLQLPXP IaYRXUabOe IRU WKe SOa\V. TKe CROOLQJKaP

aQd WKLWeKLOO FRUPaWLRQV KaYe beeQ RbVeUYed WR be W\Se II VedLPeQWV ZKLOe WKe

PULQce AObeUW FRUPaWLRQ LV PaLQO\ W\Se III (GeeO, 2013).

Ɣ Organic richneVV (ToWal Organic Carbon (TOC))

IW SURYLdeV a Za\ WR TXaQWLWaWLYeO\ eVWLPaWe WKe YROXPe RI K\dURcaUbRQV WKaW caQ

be JeQeUaWed b\ WKe VRXUce URcN deSeQdLQJ RQ WKe NeURJeQ W\Se. IW aOVR cRQWUROV

WKe YROXPe RI adVRUbed JaV LQ WKe URcN. TKe YaOXe QeedV WR be aW OeaVW 1%, ZLWK

>2% cRQVLdeUed WR be a UeaVRQabO\ JRRd VRXUce URcN. FURP YaULRXV VaPSOeV,

TOC YaOXeV LQ WKe KaURR baVLQ aUe aW aQ aYeUaJe RI 4.5%, ZLWK a PLQLPXP RI

<0.5% (CRXQcLO IRU GeRVcLeQce, 2016; GeeO eW aO., 2013; RRZVeOO aQd de SZaUdW,

1976). IQcUeaVLQJ TOC cRUUeOaWeV ZLWK LQcUeaVLQJ aPRXQWV RI adVRUbed aQd IUee
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JaV. IW becRPeV a cKaOOeQJe WR deWeUPLQe RULJLQaO YaOXeV LQ aUeaV ZKeUe \RX

KaYe KLJK WKeUPaO PaWXULW\ RI WKe VRXUce URcNV.

Ɣ Thermal maWXriW\: YiWriniWe reflecWance and organic maWWer conYerVion

VLWULQLWe UeIOecWaQce LV WKe PRVW cRPPRQO\ XVed SaUaPeWeU WR deWeUPLQe WKe

WKeUPaO PaWXULW\ RI a VRXUce URcN, ZLWK IaYRXUabOe YaOXeV UaQJLQJ IURP a1.25% WR

2.5%. TKLV LQ WXUQ SURYLdeV aQ LQdLcaWLRQ RI TPa[, ZKLcK LV WKe Pa[LPXP

WePSeUaWXUe WKaW ZaV UeacKed b\ WKe VRXUce URcN. TKe WKeUPaO PaWXULW\ becRPeV

IXOO\ XVeIXO ZKeQ LW LV dLUecWO\ UeOaWed WR WKe deJUee RI RUJaQLc PaWWeU cRQYeUVLRQ,

ZKLcK eYeQWXaOO\ UeOaWeV WR WKe SUeVeUYaWLRQ RI K\dURcaUbRQV.

TKe deJUee WR ZKLcK NeURJeQ LV cRQYeUWed caQ be deWeUPLQed b\ caOcXOaWLQJ WKe

NeURJeQ WUaQVIRUPaWLRQ UaWLR. IW becRPeV YLWaO WKaW WKe PaWXULW\ OLeV ZLWKLQ WKe JaV

ZLQdRZ. TKe JaV ZLQdRZ LV deILQed b\ YLWULQLWe UeIOecWaQce YaOXeV beWZeeQ 2 aQd

5%, ZLWK YaOXeV >3.5% cRQVLdeUed WR be RYeUPaWXUe IRU WKe ecRQRPLc UecRYeU\ RI

JaV. FRU WKe KaURR, LW LV aQ aYeUaJe RI 4%, ZLWK a PLQLPXP RI 1% (de KRcN eW aO.,

2017; GeeO eW aO., 2013).

Ɣ Mineralog\

TKLV SaUaPeWeU becRPeV aQ LPSRUWaQW IacWRU LQ WLJKW VKaOe V\VWePV ZKeUe

VWLPXOaWLRQ LV UeTXLUed. HLJK bULWWOeQeVV ZKLcK LV LQIOXeQced b\ WKe PLQeUaORJ\, LV

dLUecWO\ UeOaWed WR JUeaWeU aPRXQWV RI JaV IORZ dXULQJ IUacWXUaO VWLPXOaWLRQ.

FRUPaWLRQV ZLWK KLJK VLOLca (TXaUW]LWLc PLQeUaOV) cRQWeQW JUeaWeU WKaQ 30%

becRPe IaYRXUabOe dXe WR WKe bULWWOe QaWXUe RI WKe PLQeUaO. FURP PLQeUaORJLcaO

aQaO\VeV LQ WKe KaURR, WKe TXaUW] cRQWeQW LV ZLWKLQ WKe UaQJeV RI 18-31%

(BaL\eJXQKL eW aO., 2019).

Ɣ KXbler Inde[ (IlliWe Cr\VWalliniW\ Inde[)

TKe KXbOeU LQde[ UeOaWeV WR WKe deJUee RI PeWaPRUSKLVP RI YeU\ ORZ JUade

PeWaPRUSKRVed VedLPeQWaU\ URcNV. TKLV aOORZV WKe deVLJQaWLRQ RI PeWaPRUSKLc
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IacLeV aQd LQIeUeQce RI WKe WePSeUaWXUe aW ZKLcK WKe URcN IRUPed. KXbOeU LQde[

YaOXeV LQ WKe KaURR baVLQ aUe VaLd WR UeYeaO a QRUWK WR VRXWK LQcUeaVe RI bXULaO

PaWXULW\, ZKLcK caQ be aWWULbXWed WR WKe IROdLQJ LQ WKe CaSe FROd BeOW. LRZeU

YaOXeV (a2.5 - 3) PaUNLQJ WKe RQVeW RI PeWaPRUSKLc cRQdLWLRQV aUe RbVeUYed LQ

WKe VRXWK, cRUUeOaWLQJ ZLWK WKe WKeRU\ WKaW WKe dROeULWe LQWUXVLRQV ZLOO KaYe

PeWaPRUSKRVed WKe VedLPeQWV.

Ɣ Rock-EYal p\rol\ViV and H\drogen Inde[

TKe SaUaPeWeU LV XVed WR TXaQWLI\ WKe UeOaWLYe K\dURJeQ cRQWeQW LQ WKe RUJaQLc

PaWWeU aQd WKe WKeUPaO PaWXULW\ WKeUeRI. IW LV XVed aV aQ LQdLcaWRU RI WKe

K\dURcaUbRQ JeQeUaWLYe caSacLW\ RI WKe NeURJeQ LQ WKe VRXUce URcN. H\dURJeQ

LQde[ YaOXeV LQ WKe KaURR baVLQ aUe YeU\ ORZ VXJJeVWLQJ ORZ SURdXcWLRQ SRWeQWLaO

cXUUeQWO\.

IQ WKLV VWXd\ Ze ZLOO caUU\ RXW a VLPSOe VWXd\ WKaW IRcXVeV RQ WKe SRURVLW\ RI WKe baVLQ LQ

WKe VeOecWed ZeOOV.

2.2.2 ReVerYoir modelling

3D GeRceOOXOaU PRdeOOLQg

ReVeUYRLU PRdeOOLQJ LQWeJUaWeV PXOWLdLVcLSOLQaU\ daWa aQd JeRORJLcaO NQRZOedJe WR

cUeaWe a URbXVW UeSUeVeQWaWLRQ RI WKe VXbVXUIace (DXbUXOe, 1998; OORR aQd XLe, 2018).

TKe daWa Pa\ LQcOXde JeRORJLcaO PaSV, VWUXcWXUaO aQd VeLVPLc daWa, aQd bRUeKROeV.

MRdeO SUecLVLRQ LQcUeaVeV aV PRUe daWa aUe LQcRUSRUaWed, JLYLQJ a cOeaU aQd deWaLOed

SLcWXUe RI a UeVeUYRLU (MRVaYeO aQd MXVeNLZa, 2016; MaULQRYVNa, 2017).

TKe VSaWLaO YaULabLOLW\ RI daWa acURVV WKe UeVeUYRLU QeedV WR be cRQVLdeUed ZKeQ bXLOdLQJ

WKe PRdeO. TKLV LV ZKeUe JeRVWaWLVWLcaO daWa SOa\V a PaMRU UROe, PaLQWaLQLQJ a SUacWLcaO

UeSUeVeQWaWLRQ RI WKe UeVeUYRLU (DXbUXOe, 1998; PUR.aUcJLV.cRP, 2019). BXLOdLQJ 3D

JeRceOOXOaU PRdeOV XVLQJ JeRVWaWLVWLcV aOORZV RQe WR VLPXOaWe aQ LQILQLWe QXPbeU RI
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dLIIeUeQW UeaOL]aWLRQV (RU RbVeUYaWLRQV). TKeUe LV a Qeed WR caSWXUe WKe eVVeQce RI WKaW

UeVeUYRLU ZKLOe aOVR PaLQWaLQLQJ WKe LQWeJULW\ RI WKe daWa, ZKLcK JeRVWaWLVWLcV addUeVVeV.

3D JeRceOOXOaU PRdeOV KaYe SUeYLRXVO\ beeQ XVed WR SeUIRUP aQ accXUaWe aVVeVVPeQW

aQd/RU caOcXOaWLRQ RI K\dURcaUbRQ SOa\V, XSRQ ZKLcK VRXQd deYeORSPeQW VWUaWeJLeV aQd

deVLJQV KaYe beeQ Pade (KaP eW aO., 2014; SaLNLa, INXNX aQd SaUNaU, 2017). TKLV WaNeV

LQWR accRXQW WKe ULVNV aQd XQceUWaLQW\ aVVeVVPeQWV WR ZKLcK WKe VWRcKaVWLc QaWXUe

(UaQdRP SURbabLOLWLeV) RI 3D PRdeOOLQJ OeQdV LWVeOI (EO SaadL, 2015).

TKe VWUXcWXUe RI a JeRceOOXOaU PRdeO LV VXcK WKaW WKe 3D JULd cRQVLVWV RI a OaWWLce ZKRVe

YaOXeV aUe deILQed b\ WKe XVeU, WR ZKLcK YaULRXV UeVeUYRLU aQd/RU SeWURSK\VLcaO

SURSeUWLeV caQ be aVVLJQed. A VLPSOe JULd VKRXOd be XVed WR IacLOLWaWe WKe cRPSXWaWLRQ RI

d\QaPLc VLPXOaWLRQV aQd WR UedXce WKe cRPSOe[LW\ RI WKe PRdeO (ZaNUeYVN\, 2011).

ScKOXPbeUJeU¶V PeWUeO � VRIWZaUe aOORZV RQe WR cUeaWe a PRdeO aQd VLPXOaWe SURdXcWLRQ

b\ WaNLQJ LQWR cRQVLdeUaWLRQ WKe VWUXcWXUaO, SeWURSK\VLcaO aQd VWUaWLJUaSKLc SURSeUWLeV RI

WKe UeVeUYRLU. IW e[WUacWV aQd LQWeJUaWeV aV PXcK daWa aV SRVVLbOe IURP YaULRXV VRXUceV,

JLYLQJ cRQQecWLYLW\ ZLWKLQ WKe UeVeUYRLU. TKe SURSeUWLeV XVed LQ WKe PRdeOOLQJ, LQcOXdLQJ

URcN aQd IOXLd SURSeUWLeV L.e. SRURVLW\ aQd SeUPeabLOLW\, aUe caSWXUed ZLWKLQ WKeVe

dRPaLQV LQVWead RI beLQJ PRdeOOed aV VWaQd-aORQe.

MRdeOV aUe RQO\ aV JRRd aV WKe daWa XVed WR cRQVWUaLQ WKeP, aQd WKe decLVLRQV RI WKe

PRdeOOeU. TKeVe VKRXOd be decLVLRQV WKaW aUe JeRORJLcaOO\ VRXQd aQd deIeQdabOe ZLWKLQ

a UeaVRQabOe OLPLW. TKe XVe RI RQe VeW RI daWa WKXV VXbMecWV WKe PRdeO WR a bLaV, aQd

eOLPLQaWeV UeaOLVWLc JeRORJLc VWUXcWXUe aQd KeWeURJeQeLW\. IW LV UecRPPeQded WKaW PRUe

WKaQ RQe daWaVeW be XVed WR UedXce bLaV (EO SaadL, 2015; OOVRQ, Q.d.), WKLV LQcOXdeV

VWUXcWXUaO, VWUaWLJUaSKLc, aQd SeWURSK\VLcaO daWa. A QXPbeU RI SURbabOe VceQaULRV WKaW

WaNe LQWR accRXQW WKe YaULRXV daWa aUe cUeaWed b\ WKe XVeU LQ RUdeU WR KRQRXU WKe daWa

aQd eOLPLQaWe bLaV.

TKLV VWXd\ XVeV VWUaWLJUaSKLc aQd SeWURSK\VLcaO daWa, aQd KaV e[cOXded VWUXcWXUaO daWa.

TKe JeRORJLc VWUXcWXUe RI WKe PRdeO LV WKXV VXbMecWed WR bLaV. TKe bLaV ZLOO RQO\ KaYe
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LPSOLcaWLRQV ZKeQ UXQQLQJ VKaOe JaV SURdXcWLRQ IRUecaVWV, ZKLcK LV QRW LQ WKe VcRSe RI

WKe VWXd\.

SSaWLaO VaULabLOLW\: VaULRgUaPV, KULgLQg aQd SLPXOaWLRQ

WKLOe PRdeOOLQJ SeWURSK\VLcaO SURSeUWLeV (SRURVLW\, SeUPeabLOLW\ aQd VaWXUaWLRQ) LQ WKLV

VWXd\, cRPSaULVRQ ZaV Pade beWZeeQ KULJLQJ aQd cRQdLWLRQaO VLPXOaWLRQ WR cKRRVe WKe

beVW RQe accRUdLQJ WR WKe YaULRJUaPV SURdXced IURP WKe ORJV LQ WKe PeWUeO� VRIWZaUe.

SeTXeQWLaO GaXVVLaQ VLPXOaWLRQ ZaV cKRVeQ WR be WKe beVW UeSUeVeQWaWLYe IRU WKe

SRURVLW\ dLVWULbXWLRQ.

SSaWLaO YaULabLOLW\ aQd cRUUeOaWLRQ LQ daWa VeWV SOa\V TXLWe a VLJQLILcaQW UROe LQ PRdeOOLQJ

aV WKe\ add WR WKe adeTXac\ RI WKe UeVXOWLQJ daWa WKaW LV XVed. GeQeUaOO\, daWa YaOXeV

WKaW aUe cORVeU LQ VSace beaU a KLJK OLNeOLKRRd RI VLPLOaULW\ WKaQ daWa WKaW aUe IXUWKeU

aSaUW. TKLV LV ZKeUe WKe XVe RI YaULRJUaPV cRPeV LQ, WR PeaVXUe aQd deVcULbe WKe

VSaWLaO cRUUeOaWLRQ RI WKe daWa VeWV VXcK aV SRURVLW\ aQd SeUPeabLOLW\ (CaeUV, 2005).

VaULRJUaPV dLVSOa\ YaULabLOLW\ beWZeeQ daWa SRLQWV aV a IXQcWLRQ RI dLVWaQce. FUeTXeQWO\

WKe e[SeULPeQWaO YaULRJUaP LV XVed aV a PRde RI aQaO\VLV RI WKe VSaWLaO cRYaULaQce RI a

daWa VeW. TKe cKaUacWeULVWLcV WKaW aUe aQaO\Ved LQ WKe YaULRJUaP aUe NQRZQ aV nXgget,

sill aQd range (FigXre 2.2) ZKLcK aUe eVWLPaWed b\ WKe ILWWLQJ RI a WKeRUeWLcaO YaULRJUaP

PRdeO (MlOLcNe eW aO., 2018).
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FigXre 2.2. The morpholog\ of a WheoreWical Yariogram, VhoZing Whe nXggeW, Vill,

and range.

TKe YaULRJUaP beJLQV aW WKe RULJLQ RU VRPeWLPeV aW aQRWKeU YaOXe abRYe WKe RULJLQ

(WeUPed QXJJeW eIIecW) aQd UeacKeV a SOaWeaX. TKe RULJLQ RI WKe YaULRJUaP aQd LWV

beKaYLRXU aW WKaW SRLQW LV LPSRUWaQW aQd VKRZV KRZ WKe daWa YaULeV VSaWLaOO\ RYeU VKRUW

dLVWaQceV. TKLV ZLOO VKRZ \RX ZKeWKeU cKaQJe RccXUV UaSLdO\ aW VKRUW dLVWaQceV RU RYeU

OaUJe dLVWaQceV (EO SaadL, 2015).

TKe range RI WKe YaULRJUaP LV WKe dLVWaQce IURP WKe RULJLQ WR ZKeUe LW LQWeUVecWV WKe

VWaWLRQaU\ SRLQW (aORQJ WKe [-a[LV) RU IOaWWeQV RXW, aW ZKLcK YaULabLOLW\ beWZeeQ daWa SaLUV

LV cRQVWaQW. TKLV JLYeV WKe aYeUaJe dLVWaQce RI cRUUeOaWLRQ IRU a deWeUPLQed SURSeUW\ LQ a

VSecLILc dLUecWLRQ. TKe YaOXe aW ZKLcK WKe VWaWLRQaU\ SRLQW LV UeacKed LV WKe sill, ZKLcK

UeSUeVeQWV WKe RYeUaOO VWaWLVWLcaO YaULaQce RI WKe YaULabOe (WKLV LV WKe \-YaOXe

cRUUeVSRQdLQJ WR WKe range).
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T\pes of Yariogram models

TKe PRVW IUeTXeQWO\ XVed YaULRJUaP PRdeOV LQ JeRVWaWLVWLcV aUe (CaeUV, 2005; MlOLcNe

eW aO., 2018) (FigXre 2.3):

Ɣ SSKeULcaO

TKLV LV WKe PRVW cRPPRQO\ XVed PRdeO. IW LV a ORZ UaQJe YaULRJUaP WKaW aVVXPeV

WKaW cRUUeOaWLRQV aUe eTXaO WR ]eUR aW aOO VLJQLILcaQW OaUJe dLVWaQceV.

Ɣ E[SRQeQWLaO

DeVcULbe cRUUeOaWLRQ OeQJWKV RYeU ORQJeU dLVWaQceV, ZKeUe VSaWLaO aXWRcRUUeOaWLRQ

decUeaVeV ZLWK LQcUeaVLQJ dLVWaQce. IUUeJXOaUO\ SaWWeUQed daWa VeWV caQ be ILWWed

beWWeU ZLWK WKLV PRdeO. UQOLNe WKe VSKeULcaO PRdeO, LW aVVXPeV WKaW cRUUeOaWLRQV

QeYeU YaQLVK eYeQ aW VLJQLILcaQWO\ OaUJe dLVWaQceV.

Ɣ GaXVVLaQ

NRUPaO SURbabLOLW\ dLVWULbXWLRQ cXUYeV aUe XVed LQ WKLV PRdeO. TKe PRdeO LV XVed

ZKeQ \RX KaYe cRQWLQXRXV daWa VeWV, PaNLQJ LW XVeIXO ZKeQ \RX KaYe aWWULbXWeV

WKaW aUe VLPLOaU RYeU VKRUW dLVWaQceV.
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FigXre 2.3. The Whree moVW freqXenWl\ XVed WheoreWical YariogramV in

geoVWaWiVWicV: Vpherical (A), e[ponenWial (B), and GaXVVian (C).

VaULRJUaPV aUe XVed aV WKe PaLQ LQSXW LQ WKe SURceVV RI KULJLQJ. KULJLQJ PeWKRdV aLP WR

OLPLW WKe dLIIeUeQce LQ WKe eVWLPaWed YaOXe aQd WKe WUXe YaOXe, aQd ZKeQ e[SaQded

PaWKePaWLcaOO\ caQ be e[SUeVVed aV aQ RUdeU RI OLQeaU eTXaWLRQV WKaW UeOaWe WKe

YaULaQceV IRU aOO SRLQWV RI daWa (CaeUV, 2005; EO SaadL, 2015). TKe KULJLQJ PeWKRd WULeV

WR UedXce WKe SURbabOe eUURU WKaW Pa\ UeVXOW IURP a OacN RI JeRORJLcaO UeaOLW\ aQd

KeWeURJeQeLW\. IW VKRXOd KRZeYeU be XVed ZLWK caXWLRQ eVSecLaOO\ LQ caVeV ZKeUe WKe

SURSeUW\ LQ TXeVWLRQ VKRZV KLJK deJUeeV RI YaULabLOLW\. TKe UeVXOW Pa\ be WRR VPRRWK RU

KRPRJeQRXV, ZKLcK LV e[SeULeQced ZKeQ RQO\ XVLQJ OUdLQaU\ KULJLQJ (ZKLcK LV a IRUP RI

KULJLQJ) WR PRdeO (EO SaadL, 2015).

NXgget Effect

TKe nXgget LV WeUPed WR be LQ eIIecW ZKeQ WKe YaULaQce dReV QRW JR WKURXJK WKe RULJLQ RI

WKe SORW (FigXre 2.2). TKLV LQdLcaWeV WKaW WKe daWa VKRZ VRPe YaULabLOLW\ eYeQ aW YeU\

cORVe dLVWaQceV, VRPeWLPeV eYeQ aW ]eUR. TKLV caQ be XVed WR dePRQVWUaWe WKe PaUJLQ
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RI eUURU LQ WKe daWa RU WKe aSSaUeQW dLVcRQWLQXLW\ aW WKe RULJLQ ZKLcK caQ be LQWeUSUeWed

aV WKe QRLVe LQ WKe daWa (CaeUV, 2005; CaPaQa aQd DeXWVcK, 2019; CKaPbeUV, YaUXV

aQd HLUd, 2000). TKLV LV aQ LQdLcaWLRQ RI PeaVXUePeQW eUURUV ZKLcK caQ be UePRYed b\

aSSO\LQJ WKe QXJJeW WR WKe YaULRJUaP.

KULgLQg

KULJLQJ LV a JULddLQJ PeWKRd ZKLcK XVeV eVWLPaWLRQ WR cUeaWe a PRdeO IURP VcaWWeUed

daWa VeWV ZLWK ]-YaOXeV. TKe PeWKRd LV baVed RQ WKe aVVXPSWLRQV WKaW: (1) aQ XQNQRZQ

SRLQW YaOXe caQ be eVWLPaWed IURP WKe YaOXeV RI QeLJKbRXULQJ SRLQWV eYeQ WKRXJK WKe

XQNQRZQ SRLQW LV QRW QeceVVaULO\ deSeQdeQW RQ WKe RWKeU NQRZQ YaOXeV, aQd (2)

YaULabLOLW\ LQ WKe ]-YaOXeV aUe a IXQcWLRQ RI dLVWaQce aQd dLUecWLRQ, ZKeUe OeVV YaULabLOLW\

LV RbVeUYed LQ SRLQWV WKaW aUe cORVe WRJeWKeU WKaQ SRLQWV IXUWKeU aSaUW. WLWK dLUecWLRQ,

SRLQWV WKaW OLe aORQJ WKe VaPe beaULQJ ZLOO VKRZ OeVV YaULabLOLW\ WKaQ SRLQWV ORcaWed aORQJ

dLIIeUeQW beaULQJV (CKaPbeUV, YaUXV aQd HLUd, 2000; OOLYeU aQd WebVWeU, 1990). IW LV

NQRZQ WR WKeQ bULQJ RXW dLUecWLRQaO LQIOXeQceV LQ \RXU daWa, PaNLQJ LW XVeIXO ZKeQ WKeUe

LV dLUecWLRQaO bLaV LQ WKe daWa.

OUdLQaU\ KULgLQg

OUdLQaU\ NULJLQJ LV WKe PRVW cRPPRQO\ XVed PeWKRd LQ JeRVWaWLVWLcV, ILUVW IRUPaOO\

deVcULbed b\ MaWKeURQ, G. IW PaNeV XVe RI a NQRZQ YaULRJUaP WR deVcULbe VSaWLaO

YaULabLOLW\ aW a SRLQW, b\ XVLQJ NQRZQ daWa IURP QeLJKbRXULQJ SRLQWV WR WKe RQe beLQJ

eVWLPaWed (KLWaQLdLV, 1997; MaWKeURQ, 1963; WacNeUQaJeO, 1995). TKe cRQceUQ ZLWK

RUdLQaU\ NULJLQJ LV ZKeWKeU LW LV UeaVRQabOe WR aVVXPe a cRQVWaQW PeaQ acURVV WKe ILeOd

RI daWa SRLQWV. TKLV PaNeV LW VXLWabOe WR XVe ZLWK daWa WKaW KaYe aQ RbVeUYed WUeQd

(AbdeVVaWWaU, DLPLWUL\ aQd MeVVaRXd, 2019; KXPaU AdKLNaU\, MXWWLO aQd GRNKaQ YLOPa],

2016).

CRQdLWLRQaO SLPXOaWLRQ

CRQdLWLRQaO VLPXOaWLRQ LV a SRSXOaU PeWKRd LQ WKe SeWUROeXP LQdXVWU\ IRU WKe

cKaUacWeUL]aWLRQ RI UeVeUYRLUV ZLWK a deJUee RI KeWeURJeQeLW\. WKLOe KULJLQJ RQO\
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caSWXUeV VSaWLaO cRQWLQXLW\, cRQdLWLRQaO VLPXOaWLRQ UeIOecWV bRWK cRQWLQXLW\ aQd YaULabLOLW\

RI WKe aWWULbXWeV b\ cUeaWLQJ PXOWLSOe UeaOL]aWLRQV (CKaPbeUV, YaUXV aQd HLUd, 2000;

EUVR\ aQd Y�QVeO, 2006; WacNeUQaJeO, 2013). SWaWLVWLcV WKaW aUe QRW UeOaWed WR WKe daWa

OLQeaUO\ caQ WKeQ be cRPSXWed. GaXVVLaQ cRQdLWLRQaO VLPXOaWLRQ LV aQ aSSURacK WKaW

VLPXOaWeV UeaOL]aWLRQV RI a UaQdRP GaXVVLaQ IXQcWLRQ ZLWK a NQRZQ cRYaULaQce IXQcWLRQ

C(h) (SKaIeU, 2006; WacNeUQaJeO, 2013). IW SURYLdeV a beWWeU UeSUeVeQWaWLRQ RI ORcaO

KeWeURJeQeLW\ WKaW Pa\ be ORVW LQ KULJLQJ, eVSecLaOO\ OUdLQaU\ KULJLQJ.

SLPXOaWLRQV aUe cRQVLdeUed WR be cRQdLWLRQaOO\ VLPXOaWed LI LW KaV PaQaJed WR KRQRXU WKe

RULJLQaO daWa aQd UeSURdXce WKe VaPe VSaWLaO cKaUacWeULVWLcV aV WKe RULJLQaO daWa (EUVR\

aQd Y�QVeO, 2006). TKLV PeWKRd LV SUeIeUUed aV LW caQ JLYe PRUe accXUaWe UeVXOWV WKaQ

PeWKRdV RI LQWeUSROaWLRQ.

2.2.3 InWegraWed modelling approach

WKeQ cUeaWLQJ a 3D JeRORJLcaO PRdeO, JeRSK\VLcaO aQd aYaLOabOe JeRORJLcaO daWa aUe

LQcRUSRUaWed LQ RUdeU WR cUeaWe a JeRceOOXOaU JULd aQd VWUXcWXUaO IUaPeZRUN RI WKe

UeVeUYRLU. A dLVWULbXWLRQ RI OLWKRIacLeV ZLWKLQ WKe UeVeUYRLU Oa\eUV LV WKeQ JeQeUaWed IURP

ZeOO ORJ daWa. FROORZLQJ WKLV, UeVeUYRLU SeWURSK\VLcaO SURSeUWLeV, ZKLcK LQcOXde SRURVLW\

aQd SeUPeabLOLW\ (aVVXPed WR be QeJOLJLbOe LQ WKLV VWXd\) aUe SRSXOaWed LQWR WKe

OLWKRIacLeV PRdeO WR cUeaWe a VSaWLaO dLVWULbXWLRQ PRdeO. ReVeUYRLU IOXLd IORZ SULQcLSOeV aUe

aSSOLed aQd VROYed QXPeULcaOO\ LQ RUdeU WR cUeaWe a d\QaPLc PRdeO (VLPXOaWLRQ) RI JaV LQ

SOace aQd WecKQLcaOO\ UecRYeUabOe JaV (MRKaJKeJK eW aO., 2012; SaLNLa, INXNX aQd

SaUNaU, 2017). TKLV LV deVcULbed LQ WKeVe VWeSV (SaLNLa, INXNX aQd SaUNaU, 2017):

SWeS 1: 3D GeRceOOXOaU MRdeOOLQJ

TKeUe LV a ZLde UaQJe RI PaWKePaWLcaO aOJRULWKPV aQd PeWKRdV WKaW aUe XVed LQ cUeaWLQJ

3D baVLQ PRdeOV, bXW RQO\ WZR cRPPRQ aOJRULWKPV aUe XVed IRU WKe VcRSe RI WKLV VWXd\.

TKe aOJRULWKPV aUe SeTXeQWLaO GaXVVLaQ SLPXOaWLRQ (SGS) aQd POXULJaXVVLaQ

SLPXOaWLRQ (PGS). SGS LQ cRPSaULVRQ WR WKe KULJLQJ PeWKRd, SURYLdeV a PRUe accXUaWe

3D PRdeO ZKLcK NeeSV WKe VSaWLaO YaULaWLRQ LQ VaPSOeV. PGS LV aSSOLed ZKeUe \RX KaYe
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cRPSOe[ JeRORJLcaO VeTXeQceV UaWKeU WKaQ a VLPSOe VeTXeQce. TKLV aSSURacK XVeV

UaQdRP ILeOdV WR deILQe OLWKRORJLcaO IacLeV, aQd LW aOORZV WKe LQWeJUaWLRQ RI a JeRORJLcaO

cRQceSW LQWR a VWRcKaVWLc PaWKePaWLcaO PRdeO ZKLOe PaLQWaLQLQJ a PaQaJeabOe 3D JULd

(MaULeWKR] eW aO., 2009). DXe WR WKe VLPSOe QaWXUe RI WKLV VWXdLeV¶ daWaVeW, SGS ZaV

XVed.

SWeS 2: 3D BaVLQ aQd ReVeUYRLU MRdeOOLQJ

OQce a VXLWabOe aOJRULWKP LV cKRVeQ, baVLQ PRdeOOLQJ cRPPeQceV. TKe SXUSRVe RI baVLQ

PRdeOOLQJ LV WR UecRQVWUXcW WKe JeRORJLc KLVWRU\ RI WKe baVLQ aQd WR eVWabOLVK WKe

SeWURSK\VLcaO SURSeUWLeV RI WKe UeVeUYRLU. B\ UecRQVWUXcWLQJ WKe KLVWRU\ RI WKe baVLQ

WKURXJK WLPe, WePSeUaWXUe, aQd bXULaO cRQdLWLRQV WKaW aIIecW VRXUce URcN PaWXUaWLRQ aQd

K\dURcaUbRQ SRWeQWLaO caQ be beWWeU XQdeUVWRRd.

SWeS 3: IQWeJUaWLRQ

ReVXOWV RI WKe JeRceOOXOaU aQd baVLQ PRdeOOLQJ aUe LQcRUSRUaWed LQ WKLV VWeS, WR cUeaWe a

d\QaPLc PRdeO. PURdXcWLRQ daWa, ZKeUe aYaLOabOe, aUe WKeQ XVed WR caOLbUaWe WKe PRdeO

LQ VXcK a Za\ WKaW LW LV aV cORVe WR WKe acWXaO UeVeUYRLU aV SRVVLbOe (MRKaJKeJK eW aO.,

2012). A JRRd KLVWRU\-PaWcKed PRdeO LV RQe WKaW WaNeV LQWR cRQVLdeUaWLRQ VRXQd

JeRORJLcaO LQWeUSUeWaWLRQ aQd YaOLd e[SOaQaWLRQV IRU WKe PRdeO (KaP eW aO., 2014). IQ WKLV

VWXd\, e[LVWLQJ OLWeUaWXUe UeVeUYe eVWLPaWeV aUe XVed aV UeIeUeQce IRU KLVWRU\ PaWcKLQJ aV

QR SURdXcWLRQ RI VKaOe JaV LQ WKe KaURR BaVLQ KaV cRPPeQced (CKeUe eW aO., 2017;

CROe, 2014; DecNeU aQd MaURW, 2012; de KRcN eW aO., 2017; GeeO eW aO., 2015).
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CHAPTER THREE

RESEARCH METHODOLOGY

INTRODUCTION

TR cRPSOeWe WKLV UeSRUW, KLVWRULc daWa WKaW ZeUe cROOecWed b\ SOEKOR LQ WKe LQLWLaO

e[SORUaWLRQ SURceVV ZeUe XVed, aQd VXbVeTXeQW SXbOLVKed daWa UeOaWed WR WKe VWXd\.

TKe bRUeKROeV ZeUe cKRVeQ IRU WKLV VWXd\ becaXVe WKe\ ZeUe RbVeUYed WR KaYe JaV

RccXUUeQce. TKeVe bRUeKROeV aUe QRZ aUcKLYed aW WKe CRXQcLO IRU GeRVcLeQce (CGS)

cRUe OLbUaU\ LQ DRQNeUKReN, PUeWRULa.

3.1 LIMITATIONS TO THE STUDY

TKLV VWXd\ PaLQO\ XVed WKe KLVWRULcaO SOEKOR daWa aQd dReV QRW SURYLde QeZ daWa

UeOaWed WR WKe KaURR BaVLQ. IW RQO\ VeeNV WR eVWLPaWe WKe K\dURcaUbRQ SRWeQWLaO RI WKe

baVLQ baVed RQ WKe cXUUeQWO\ aYaLOabOe daWa.

UQWLO QeZ daWa cRPe WR OLJKW, WKLV VWXd\ KaV XVed aQ aUea WKaW LV NQRZQ WR IaOO ZLWKLQ WKe

deVLJQaWed VZeeW VSRW, aV ZeOO aV aQ aUea UeSUeVeQWaWLYe RI WKe dROeULWe LQWUXVLRQ

UeOaWLRQVKLSV WR SURYLde cRQcOXVLRQV WKaW caQ WKeQ be e[WUaSROaWed acURVV WKe baVLQ. IW

QeedV WR be acNQRZOedJed, KRZeYeU, WKaW WKLV Pa\ QRW be VXIILcLeQW eQRXJK WR accRXQW

IRU WKe acWXaO WKeUPaO eIIecW WKaW WKe dROeULWeV Kad RQ WKe JaV.
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3.2 DATA COLLECTION AND PREPARATION

TKe PaLQ daWa VeWV WKaW ZeUe XVed LQ WKLV VWXd\ aUe SUeVeQWed beORZ.

Ɣ DeeS bRUeKROeV dULOOed b\ SOEKOR: TKUee bRUeKROeV, CR1/68, VR1/66, aQd

SC3/67 ZeUe XVed LQ WKLV VWXd\. A VXPPaU\ RI WKe ORcaWLRQV RI WKe bRUeKROeV LV

SUeVeQWed LQ Table 3.1. GeRSK\VLcaO ORJV ZeUe SURYLded b\ PeWUROeXP AJeQc\

SRXWK AIULca (PASA). TKeVe ORJV LQcOXde JaPPa-Ua\, caOLSeU, WRWaO JaV, VRQLc aQd

QeXWURQ-deQVLW\ ORJV.

Ɣ BRUeKROe WRSV (FRUPaWLRQV) LQIRUPaWLRQ ZaV JaWKeUed IURP daWa SXbOLVKed b\

RRZVeOO aQd de SZaUdW (1976). TKe VXUIaceV XVed LQ WKLV VWXd\ aUe (FigXre 3.1):

> TRS RI WKe Ecca GURXS

> TRS RI WKe WKLWeKLOO FRUPaWLRQ

> TRS RI WKe DZ\Na GURXS

Ɣ PeWURSK\VLcaO daWa VXcK aV SRURVLW\ ZaV deULYed IURP OLWeUaWXUe (RRZVeOO aQd de

SZaUdW, 1976).

TKe KRUL]RQV ZeUe VeOecWed WR cRQVWUaLQ WKe PRdeO WR SOaceV ZKeUe K\dURcaUbRQ

RccXUUeQce LV PRVW OLNeO\. TKe TRS DZ\Na KeOSed OLPLW WKe RccXUUeQce/eQd RI WKe Ecca

GURXS.

32



FigXre 3.1 SWraWigraphic log VhoZing VXrfaceV XVed in WhiV VWXd\ (modified

afWer HerberW and CompWon, 2007).
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Table 3.1. Borehole localiWieV and meaVXred depWh Wo Wop of Whe Ecca GroXp,

WhiWehill FormaWion, and DZ\ka GroXp (depWhV from RoZVell and de SZardW,

(1976)).

BOREHOLE LAT/LONG

CRRUdLQaWeV

UTM

CRRUdLQaWeV

MeaVXUed

DeSWK WR

WRS RI Ecca

GURXS

(P)

MeaVXUed

DeSWK WR

WRS RI

WKLWeKLOO

FRUPaWLRQ

(P)

MeaVXUed

DeSWK WR

WRS RI

DZ\Na

GURXS

(P)

CR1/68 LaW:

32�29'9.24"S

Long:

25� 0'28.08"E

X: 312895.8

Y: 6404006

2137 3671 3781

VR1/66 LaW:

32�13'29.28"S

Long:

24�12'42.48"E

X: 237316.8

Y: 6431178

1300 2679 2778

SC3/67 LaW:

32�46'26.76"S

Long:

24�17'54.60"E

X: 248955

Y: 6370511

2289 3972 4539
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3.3 3D GEOLOGICAL MODELLING AND VOLUME ANALYSIS

3.3.1 SXmmar\ of WorkfloZ

TKe beORZ IORZcKaUW (FigXre 3.2) JLYeV a VXPPaU\ RI WKe ZRUNIORZ WKaW ZaV XVed WR

cRPSOeWe WKLV VWXd\.

Ɣ TKe UeOeYaQW daWa ZeUe cROOecWed aQd SUeSaUed IRU LQSXW LQWR PeWUeO�. TKLV

LQcOXdeV bRUeKROe daWa aQd bRUeKROe ORJV. SeLVPLc LQWeUSUeWaWLRQV ZeUe QRW XVed

IRU WKLV VWXd\ aV WKe KRUL]RQV ZeUe aOUead\ NQRZQ IURP WKe SK\VLcaO cRUe

LQWeUSUeWaWLRQV;

Ɣ FaXOWV LQ WKe cKRVeQ VWXd\ aUea ZeUe QRW PRdeOOed, VR WKe bXLOdLQJ RI WKe PRdeO

beJaQ ZLWK WKe deILQLWLRQ RI a JeRceOOXOaU JULd;

Ɣ A VWUaWLJUaSKLc PRdeO ZaV bXLOW baVed RQ WKe KRUL]RQV (IRUPaWLRQ WRSV) aQd WKe

]RQe deILQLWLRQV. TKLV IRUPed WKe IUaPeZRUN LQWR ZKLcK aOO WKe RWKeU UePaLQLQJ

SURSeUWLeV aQd PRdeOOLQJ ZaV dRQe;

Ɣ A IacLeV PRdeO baVed RQ cRUe-ORJ deILQed IacLeV ZaV eVWabOLVKed;

Ɣ A SRURVLW\ PRdeO ZaV cUeaWed aQd SRSXOaWed accRUdLQJO\ LQWR WKe deILQed IacLeV.

PeUPeabLOLW\ ZaV WaNeQ aV QeJOLJLbOe;

Ɣ VROXPeWULc caOcXOaWLRQV ZeUe dRQe IRU JaV accXPXOaWLRQV RQO\, XVLQJ JaV

VaWXUaWLRQV aV WKe ILeOd LV NQRZQ WR KaYe RQO\ WKe RccXUUeQce RI JaV. TKeVe ZeUe

cRPSaUed ZLWK SUeYLRXV VWXdLeV LQ RWKeU aUeaV, aQd aOVR ZLWK cRQYeQWLRQaO

PeWKRdV RI K\dURcaUbRQ YROXPeWULc caOcXOaWLRQV ZKLcK aUe LQcOXded LQ a OaWeU

VecWLRQ;

Ɣ TKe ZRUNIORZ LV SUeVeQWed LQ a OLQeaU IaVKLRQ IRU WKe SXUSRVe RI RUdeU, bXW LQ

UeaOLW\ WKe PRdeOOLQJ VWeSV UeTXLUe UeSeWLWLRQV beIRUe a ILQaO RXWcRPe caQ be

decLded XSRQ.
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FigXre 3.2. SXmmar\ of Whe ZorkfloZ XVed in WhiV VWXd\.

DeWaLOed UeSRUWV RI WKe VWaWLc aQd d\QaPLc PRdeOOLQJ VWaJeV LV SUeVeQWed LQ WKe IROORZLQJ

VeJPeQW 3.3.2.
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3.3.2 Modelling and VolXmeWric Anal\ViV WorkfloZ

SWUaWLgUaSKLc MRdeOOLQg

TKe cRQVWUaLQWV RI WKe PRdeO ZeUe WKe bRUeKROeV, IRUPaWLRQ WRSV, aQd IacLeV deWeUPLQed

IURP bRUeKROe ORJ daWa aQd cRUe daWa. TKLV VWeS LV e[SOaLQed XVLQJ WKe WeUPLQRORJLeV aV

WKe\ aUe LQ WKe PeWUeO� VRIWZaUe.

BeIRUe PRdeOOLQJ, WKe KRUL]RQV aQd bRXQdaULeV KaYe WR be deILQed WR cUeaWe a VWUXcWXUaO

IUaPeZRUN. IQ WKLV SaUWLcXOaU caVe, LW ZaV WKe ILUVW VWeS aV QR IaXOWV ZeUe LQcOXded LQ WKe

PRdeO IRU WKe VWXd\ aUea. TKe bRXQdaULeV RI WKe PRdeO XSRQ ZKLcK WKe 3D IUaPeZRUN

ZaV eVWabOLVKed ZaV JULdded XVLQJ WKe GaXVVLaQ JULddLQJ PeWKRd. FRU KRUL]RQ

PRdeOOLQJ WKe TRS Ecca GURXS - TRS WKLWeKLOO FRUPaWLRQ, TRS Ecca GURXS - TRS DZ\Na

GURXS, TRS Ecca GURXS - BaVePeQW ZeUe PRdeOOed aV cRQIRUPabOe KRUL]RQV, XVLQJ ZeOO

WRSV LQ RUdeU WR KRQRXU bRUeKROe daWa. TKe WKLcNQeVVeV RI WKe dLIIeUeQW IRUPaWLRQV

PaNLQJ XS WKe LRZeU Ecca GURXS aUe JeQeUaOO\ QRW dLIIeUeQWLabOe XVLQJ bRUeKROe ORJV

aORQe, ZKLcK LV ZK\ WKe KRUL]RQV ZeUe QRW VSOLW IXUWKeU be\RQd ZKaW LV SUeVeQWed.

OQce WKe KRUL]RQV ZeUe eVWabOLVKed, WKe\ ZeUe dLYLded LQWR ]RQeV. TKe WRWaO RI WKe

]RQeV ZaV WKUee, UeSUeVeQWaWLYe RI WKe aUea beWZeeQ (1) TRS Ecca GURXS WR TRS

WKLWeKLOO FRUPaWLRQ, (2) WKLWeKLOO aQd PULQce AObeUW FRUPaWLRQV, aQd (3) TRS DZ\Na

GURXS, aQd BaVePeQW. TKe ]RQeV ZeUe WKeQ dLYLded LQWR Oa\eUV XVLQJ µIROORZ WKe WRS¶

PeWKRd, WR PaNe cRPSXWaWLRQV eaVLeU (FigXre 3.3). TKe µIROORZ WKe WRS¶ PeWKRd dLYLdeV

WKe KRUL]RQV LQWR Oa\eUV IROORZLQJ WKe KRUL]RQ WKaW LV aW WKe WRS RI WKe ]RQe, ZKLOe

UePaLQLQJ cRQIRUPabOe WR WKe baVe RI WKe ]RQe. OQO\ WKe TRS Ecca GURXS WR TRS

WKLWeKLOO FRUPaWLRQ, aQd WKLWeKLOO aQd PULQce AObeUW FRUPaWLRQV ZeUe Oa\eUed, ZLWK 10

aQd 5 Oa\eUV, UeVSecWLYeO\. TKe UePaLQLQJ ]RQe ZaV e[cOXded becaXVe LW OLeV be\RQd WKe

aUea RI LQWeUeVW.
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PeWURSK\VLcaO PRdeOOLQg

PRURVLW\ aQd WRWaO JaV VaWXUaWLRQV ZeUe WKe SeWURSK\VLcaO SURSeUWLeV PRdeOOed. TKe 3D

JULd ZaV SRSXOaWed ZLWK WKe YaOXeV baVed RQ bRUeKROe daWa IRU SRURVLW\ (Table 3.2), aQd

bRUeKROe ORJV IRU WRWaO JaV VaWXUaWLRQV.

Table 3.2. PoroViW\ YalXeV according Wo meaVXred depWh XVed in Whe modelling

(from RoZVell and de SZardW, 1976).

CR
1/68

MeaVXUed
DeSWK
(P)

PRURVLW\
(%)

VR
1/66

MeaVXUed
DeSWK
(P)

PRURVLW\
(%)

SC
3/67

MeaVXUed
DeSWK
(P)

PRURVLW\
(%)

3002                0.01
3500                0.01
3670               0.02
3752               0.08
3825              0.114
3904              0.156
4000              0.182
4290              0.195

800                    1
950                  1.22
1156                1.34
1203                1.46
1548                 1.5
1623                1.88
2100                1.97
2200                1.99
2500                2.01
3300                 2.3

3852                0.4
3872                0.6
3900                0.72
3961                0.9
4900                1.22
5288                1.3
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LRg USVcaOLQg

TKe SURceVV RI XSVcaOLQJ ORJV aYeUaJeV WKe VaPSOe daWa IURP WKe SURceVVed ORJV WKaW

ZeUe SXW LQ WKe PRdeO. TKe RULJLQaO SRURVLW\ aQd WRWaO JaV ORJV aUe LQWULQVLcaOO\ ILQe

VcaOed, ZKLOe XSVcaOLQJ PaNeV WKeP cRaUVeU WR eQabOe TXLcNeU cRPSXWLQJ WLPe. TKe

SRURVLW\ ORJ aQd WRWaO JaV ORJV ZeUe aULWKPeWLcaOO\ aYeUaJed. MXOWLSOe XSVcaOLQJ

LWeUaWLRQV RI WKe ORJV ZeUe cRPSXWed, cRPbLQLQJ WKe LQdLYLdXaO ORJV XQWLO a VXLWabOe UeVXOW

UeSUeVeQWaWLYe RI WKe RULJLQaO daWa aQd WKe VWXd\ aUea ZaV UeacKed (FigXre 3.4a,

FigXre 3.4b).

FigXre 3.4A. 3D model VhoZing XpVcaled poroViW\ log. ColoXr indicaWorV: pXrple

indicaWeV areaV ZiWh poroViW\ YalXeV of 0.0 - 0.05%, blXe indicaWeV areaV ZiWh

poroViW\ YalXeV of 0.1%, and red indicaWeV areaV ZiWh poroViW\ YalXeV of 0.5%.
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FigXre 3.4B. 3D model VhoZing XpVcaled WoWal gaV log. ColoXr indicaWorV: pXrple

indicaWeV areaV ZiWh gaV VaWXraWion YalXeV of 0.0 - 0.1, blXe indicaWeV areaV ZiWh

gaV VaWXraWion YalXeV of 0.2 - 0.4, green indicaWeV areaV ZiWh gaV VaWXraWion YalXeV

of 0.5 - 0.7, and red indicaWeV areaV ZiWh gaV VaWXraWion YalXeV of 1.

FacLeV MRdeOOLQg

TKe LPSRUWaQce RI a IacLeV PRdeO LV WR SUeVeUYe WKe JeRORJ\ RI WKe 3D PRdeO. TKe

IacLeV ZeUe SRSXOaWed XVLQJ WKe aQaO\VLV RI ORJV b\ LLQRO eW aO. (2016) (FigXre 3.5(A)).

TKe\ ZeUe WKeQ XSVcaOed XVLQJ WKe µPRVW RI¶ aYeUaJLQJ PeWKRd, ZKLcK VeOecWV WKe PRVW

UeSUeVeQWaWLYe daWa YaOXe IRU eacK ceOO LQ WKe PRdeO (FigXre 3.5(B)).
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FigXre 3.5. (A) DiVWribXWed facieV from borehole daWa; (B) 3D model of Whe

XpVcaled facieV.
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TKe UeVeaUcK aSSURacK XVed IRU WKLV VWXd\ ZaV WR SRSXOaWe WKe eVWabOLVKed 3D PRdeO

ZLWK VWUaWLJUaSKLc aQd SRURVLW\ daWa, ZKLcK aOORZed IRU d\QaPLc VLPXOaWLRQ (RI ZKLcK WKe

UeVXOWV aUe dLVcXVVed LQ WKe Qe[W cKaSWeU) WR eVWLPaWe VKaOe JaV aPRXQWV.
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CHAPTER FOUR
RESULTS AND DISCUSSION

IQ WKLV VecWLRQ, Ze VLPXOaWe WKe JaV LQLWLaOO\ LQ SOace IRU WKe USSeU Ecca GURXS (WRS RI

Ecca GURXS WR WRS RI WKLWeKLOO FRUPaWLRQ) aQd ORZeU Ecca GURXS (WKLWeKLOO FRUPaWLRQ

aQd PULQce AObeUW FRUPaWLRQ), aQd WKe WecKQLcaOO\ UecRYeUabOe UeVeUYeV. TKeVe UeVXOWV

aUe WKeQ YaOLdaWed PaQXaOO\ XVLQJ aQ eTXaWLRQ WR caOcXOaWe JaV LQLWLaOO\ LQ SOace aQd

WecKQLcaOO\ UecRYeUabOe UeVeUYeV.

4.1 RESULTS

4.1.1 SimXlaWion ReVXlWV

TKLV VecWLRQ RXWOLQeV WKe JaV LQLWLaOO\ LQ SOace aQd WKe WecKQLcaOO\ UecRYeUabOe UeVeUYeV

UeVXOWV acTXLUed IURP SeTXeQWLaO GaXVVLaQ SLPXOaWLRQ (SGS) WKaW ZaV aSSOLed WR WKe 3D

PRdeO XVLQJ PeWUeO� VRIWZaUe. TKe JaV LQLWLaOO\ LQ SOace aQd WKe WecKQLcaOO\ UecRYeUabOe

UeVeUYeV ZeUe VLPXOaWed IRU WKe XSSeU Ecca aQd WKe ORZeU Ecca GURXS.

TKe SRURVLW\ YaOXeV XVed aUe IURP RRZVeOO aQd de SZaUdW (1976), aQd ZeUe deWeUPLQed

IURP KLVWRULcaO bRUeKROe cRUeV. TKe IRUPaWLRQ YROXPe IacWRU (BJ) YaOXeV ZeUe VRXUced

IURP caOcXOaWLRQV Pade b\ CKeUe eW aO. (2017) IRU bRUeKROeV CR1/68 aQd VR1/66. TKe

WKLUd IRUPaWLRQ YROXPe IacWRU YaOXe XVed LV aQ aYeUaJe IURP WKe WZR bRUeKROeV becaXVe

bRUeKROe SC3/67 ZaV QRW LQcOXded LQ WKeLU VWXd\. DLIIeUeQW SURbabOe VceQaULRV (XVLQJ

dLIIeUeQW SRURVLW\, JaV VaWXUaWLRQ aQd UecRYeU\ IacWRU) ZeUe WKeQ cKRVeQ XVLQJ YaOXeV

UeSUeVeQWaWLYe RI ZKaW LV SXbOLVKed IRU WKe KaURR BaVLQ.

Table 4.1, Table 4.2, and Table 4.3 beORZ VXPPaUL]e WKe UeVeUYRLU SaUaPeWeUV WKaW

ZeUeUeVSecWLYeO\ XVed LQ WKe VLPXOaWLRQ, WKe YROXPeWULc JaV LQLWLaOO\ LQ SOace, aQd

WecKQLcaOO\ UecRYeUabOe UeVeUYeV UeVXOWV caOcXOaWed IRU WKe LQdLYLdXaO KRUL]RQV XVLQJ

UecRYeU\ IacWRUV RI 30, 75 aQd 90%. TKeVe UecRYeU\ IacWRUV UeSUeVeQW WKeRUeWLcaO

ORZeVW, aYeUaJe aQd KLJKeVW SRVVLbLOLW\ RI UecRYeULQJ WKe VKaOe JaV.
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Table 4.1. ReVerYoir parameWerV XVed in VimXlaWion for Whe hori]onV Wop Ecca

GroXp Wo Wop WhiWehill FormaWion, and WhiWehill and Prince AlberW FormaWionV,

and Whe reVXlWV of Whe gaV iniWiall\ in place eVWimaWeV.

Hori]on Scenario 1.

PoroViW\

(%)

2.

FormaWion

YolXme facWor for

gaV aW iniWial

reVerYoir

condiWionV

3.

GaV

VaWXraWion

(Sg (1-SZ))

GaV

iniWiall\ in

place

(Tcf)

AYerage

gaV

iniWiall\

in place

(Tcf)

TRS Ecca

GS WR WRS

WKLWeKLOO

FP

SceQaULR 1

SceQaULR 2

SceQaULR 3

0.095

0.856

1.667

0.00496

0.00705

0.006005*

0.1

0.5

0.9

3.03

96.08

395.4

164.8

WKLWeKLOO

aQd

PULQce

AObeUW

FPV

SceQaULR 1

SceQaULR 2

SceQaULR 3

0.095

0.856

1.667

0.00378

0.00453

0.004155*

0.4

0.75

0.9

3.22

45.36

115.56

54.7

1 from logs and core (RoZsell and de SZardt, 1976); 2 calcXlated b\ Chere et al.,

(2017); 3 from probable scenarios (Sg = 1-SZ).

*YalXes are an aYerage of the tZo YalXes aboYe it.
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Table 4.2. ReVXlWV from VimXlaWion for Whe Wechnicall\ recoYerable reVerYeV

eVWimaWeV for Wop Ecca GroXp Wo Wop WhiWehill FormaWion XVing Yariable gaV

VaWXraWionV and recoYer\ facWor.

SCENARIO RF = 30% RF = 75% RF = 90%

Scenario 1

PoroViW\ = 0.095
Bg = 0.00496
Sg = 0.1

0.9 TcI 2.3 TcI 2.7 TcI

Scenario 2

PoroViW\ = 0.856
Bg = 0.00705
Sg = 0.5

28.8 TcI 72.1 TcI 86.5 TcI

Scenario 3

PoroViW\ = 1.667
Bg = 0.006005
Sg = 0.9

118.6 TcI 296.6 TcI 355.9 TcI
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Table 4.3. ReVXlWV from VimXlaWion for Whe Wechnicall\ recoYerable reVerYeV

eVWimaWeV for WhiWehill and Prince AlberW FormaWionV XVing Yariable gaV

VaWXraWionV and recoYer\ facWor.

SCENARIO RF = 30% RF = 75% RF = 90%

Scenario 1

PoroViW\ = 0.095
Bg = 0.00378
Sg = 0.4

0.9 TcI 2.4 TcI 2.9 TcI

Scenario 2

PoroViW\ = 0.856
Bg = 0.00453
Sg = 0.75

13.6 TcI 34.0 TcI 40.8 TcI

Scenario 3

PoroViW\ = 1.667
Bg = 0.004155
Sg = 0.9

34.7 TcI 86.7 TcI 104.0 TcI
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4.1.2 ValidaWion of ReVXlWV

GaV IQLWLaOO\ IQ POace EVWLPaWeV

TKe UeVXOWV RI WKe VLPXOaWLRQ ZeUe YaOLdaWed b\ XVLQJ WKe APeULcaQ AVVRcLaWLRQ RI

PeWUROeXP GeRORJLVWV (AAPG) YROXPeWULc caOcXOaWLRQ IRUPXOa:

𝐺 ࡧ  43560 𝐴ࡣ ℎ ࡣ ф ഉ1ࡡ𝑆ՠഊ
𝐵𝑔

ZKeUe:

Ɣ G LV OULJLQaO GaV IQ POace (OGIP)

Ɣ 43560 LV WKe cRQYeUVLRQ IacWRU IURP acUe-IeeW WR IeeW3

Ɣ A LV WKe aUea RI WKe UeVeUYRLU PeaVXUed IURP PaS, LQ acUeV. TKe aUea cRYeUed b\

WKe bRUeKROeV ZaV acTXLUed IURP GRRJOe EaUWK (FigXre 3.3).

Ɣ K LV WKe KeLJKW RU WKLcNQeVV RI Sa\ ]RQe IURP bRUeKROe daWa LQ IeeW

Ɣ ɮ LV SRURVLW\ IURP ORJ aQd cRUe daWa

Ɣ 1-SZ LV WKe JaV VaWXUaWLRQ IURP UeIeUeQce daWa

Ɣ BJ LV WKe IRUPaWLRQ YROXPe IacWRU IRU JaV aW LQLWLaO UeVeUYRLU cRQdLWLRQV

TKLV ZaV aSSOLed WR WKe WZR KRUL]RQV RI LQWeUeVW, TRS Ecca GURXS WR TRS WKLWeKLOO

FRUPaWLRQ, aQd  WKLWeKLOO aQd PULQce AObeUW FRUPaWLRQV.

Table 4.4 beORZ VXPPaUL]eV WKe UeVeUYRLU SaUaPeWeUV aQd caOcXOaWed JaV LQLWLaOO\ LQ

SOace WKaW ZeUe XVed LQ WKe YaOLdaWLRQ RI WKe VLPXOaWLRQ UeVXOWV.
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Table 4.4. ReVerYoir parameWerV XVed in Whe calcXlaWion of gaV iniWiall\ in place for

Whe hori]onV Wop Ecca GroXp Wo Wop WhiWehill FormaWion, and WhiWehill and Prince

AlberW FormaWionV.

Hori]on Area

(acreV)

ThickneVV

of ]one

(m)

PoroViW\

(%)

FormaWion

YolXme

facWor

GaV

VaWXra-

Wion

GaV

iniWiall\

in place

(Tcf)

AYerage

gaV

iniWiall\

in place

(Tcf)

TRS Ecca WR

WRS

WKLWeKLOO

526 042 1532.0* 0.095

0.856

1.667

0.00496

0.00705

0.006005

0.1

0.5

0.9

2.21

69.92

287.8

119.9

WKLWeKLOO

aQd PULQce

AObeUW

FRUPaWLRQV

526 042 258.66* 0.095

0.856

1.667

0.00378

0.00453

0.004155

0.4

0.75

0.9

1.95

27.49

70.05

33.2

*calcXlated aYerage thickness across the three boreholes (CR1/68, VR1/66 and

SC3/67), from borehole depths in TabOe 3.1.

TecKQLcaOO\ RecRYeUabOe ReVeUYeV EVWLPaWeV

FURP WKe YaOXeV RI WKe GIIP LQ Table 4.4, TRR eVWLPaWeV ZeUe YaOLdaWed XVLQJ AAPG
IRUPXOa:

𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑎𝑏𝑙𝑒 𝐺𝑎𝑠 ࡧ 𝐺𝐼𝐼𝑃 ࡣ 𝑅𝐹
ZKeUe:

RF LV WKe SURbabOe UecRYeU\ IacWRU XVLQJ WKe ORZeVW eVWLPaWe (30%) WR WKe KLJKeVW
UecRYeU\ RI JaV (90%).
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Table 4.5 aQd Table 4.6 beORZ JLYe a VXPPaU\ RI WKe UeVXOWV RI WKe WecKQLcaOO\

UecRYeUabOe UeVeUYe aULVLQJ IURP WKe YaOLdaWLRQ RI WKe VLPXOaWed UeVXOWV ZLWK XQcKaQJed

UeVeUYRLU SaUaPeWeUV.

Table 4.5. Technicall\ recoYerable reVerYeV eVWimaWeV for Wop Ecca GroXp Wo Wop

WhiWehill FormaWion XVing gaV iniWiall\ in place deWermined from AAPG formXla

and Yariable gaV VaWXraWionV and recoYer\ facWorV.

SCENARIO RF = 30% RF = 75% RF = 90%

Scenario 1

PoroViW\ = 0.095
Bg = 0.00496
Sg = 0.1

0.7 TcI 1.7 TcI 2.0 TcI

Scenario 2

PoroViW\ = 0.856
Bg = 0.00705
Sg = 0.5

20.9 TcI 52.4 TcI 62.9 TcI

Scenario 3

PoroViW\ = 1.667
Bg = 0.006005
Sg = 0.9

86.3 TcI 215.9 TcI 259.0 TcI
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Table 4.6. Technicall\ recoYerable reVerYeV eVWimaWeV for WhiWehill and Prince

AlberW FormaWionV XVing gaV iniWiall\ in place deWermined from AAPG formXla and

Yariable gaV VaWXraWionV and recoYer\ facWorV.

SCENARIO RF = 30% RF = 75% RF = 90%

Scenario 1

PoroViW\ = 0.095
Bg = 0.00378
Sg = 0.4

0.6 TcI 1.5 TcI 1.8 TcI

Scenario 2

PoroViW\ = 0.856
Bg = 0.00453
Sg = 0.75

8.2 TcI 20.6 TcI 24.7 TcI

Scenario 3

PoroViW\ = 1.667
Bg = 0.004155
Sg = 0.9

21.0 TcI 52.5 TcI 63.0 TcI
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4.1.3 CompariVon of ReVXlWV

IQ WKLV VecWLRQ, WKe VLPXOaWed aQd caOcXOaWed UeVXOWV aUe YLVXaOO\ cRPSaUed WR aQaO\Ve

WKe PaUJLQ RI eUURU. TKe VLPXOaWed YeUVXV caOcXOaWed JaV LQLWLaOO\ LQ SOace, aQd

WecKQLcaOO\ UecRYeUabOe UeVeUYeV UeVXOWV IRU WRS Ecca GURXS WR WKe WRS WKLWeKLOO

FRUPaWLRQ aUe SUeVeQWed LQ FigXre 4.1. TKe VLPXOaWed YeUVXV caOcXOaWed JaV LQLWLaOO\ LQ

SOace, aQd WecKQLcaOO\ UecRYeUabOe UeVeUYeV UeVXOWV IRU WKe WKLWeKLOO aQd PULQce AObeUW

FRUPaWLRQV aUe SUeVeQWed LQ FigXre 4.2.

IQ FigXre 4.1 (TRS Ecca GURXS WR WRS WKLWeKLOO FRUPaWLRQ) WKe VLPXOaWLRQ UeVXOWV aUe

27% KLJKeU WKaQ WKe caOcXOaWed UeVXOWV IRU WKe 3 VceQaULRV, IRU WKe JaV LQLWLaOO\ LQ SOace

aQd eIIecWLYeO\, WKe WecKQLcaOO\ UecRYeUabOe UeVeUYeV. IQ FigXre 4.2 (WKLWeKLOO aQd PULQce

AObeUW FRUPaWLRQV) WKe VLPXOaWLRQ UeVXOWV aUe 39% KLJKeU WKaQ WKe caOcXOaWed UeVXOWV IRU

aOO 3 VceQaULRV, IRU JaV LQLWLaOO\ LQ SOace aQd eIIecWLYeO\, WKe WecKQLcaOO\ UecRYeUabOe

UeVeUYeV TKLV Pa\ be becaXVe WKe PRdeO WaNeV LQWR accRXQW RWKeU IacWRUV WKaW WKe

IRUPXOa dReV QRW, LQcOXdLQJ OLWKRORJLcaO daWa. TKe JUeaWeVW dLIIeUeQce, beLQJ 39%

beWZeeQ WKe VLPXOaWed aQd caOcXOaWed YaOXeV LV RbVeUYed LQ WKe WKLWeKLOO aQd PULQce

AObeUW FRUPaWLRQV WKaQ LQ WKe WRS Ecca GURXS WR WKe WRS WKLWeKLOO FRUPaWLRQ. TKe

aPRXQW RI UecRYeUabOe JaV LV dLUecWO\ SURSRUWLRQaO WR WKe UecRYeU\ IacWRU. TKLV caQ be

VeeQ LQ WKe WecKQLcaOO\ UecRYeUabOe UeVeUYeV JUaSKV ZKeUe WKe eVWLPaWeV aUe ORZeVW aW

30% aQd KLJKeVW aW 90% UecRYeU\ IacWRU. IQcUeaVLQJ JaV VaWXUaWLRQ aQd SRURVLW\ aUe

e[SecWed WR SOa\ a UROe LQ KLJKeU SURSRUWLRQV RI e[WUacWed/eVWLPaWed JaV aQd WKLV LV WUXe

LQ WKLV VWXd\ WRR (Vee Appendi[ 2).
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Top Ecca GroXp Wo Wop WhiWehill FormaWion

FigXre 4.1. A: SimXlaWed YV. calcXlaWed gaV iniWiall\ in place and; B: SimXlaWed YV.

calcXlaWed Wechnicall\ recoYerable reVerYeV reVXlWV for Whe Wop Ecca GroXp Wo Wop

WhiWehill FormaWion. GIIP iV gaV originall\ in place, TRR iV Wechnicall\ recoYerable

reVerYeV, and RF iV Whe recoYer\ facWor.
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WhiWehill and Prince AlberW FormaWionV

FigXre 4.2. A: SimXlaWed YV. calcXlaWed gaV iniWiall\ in place and; B: SimXlaWed YV.

calcXlaWed Wechnicall\ recoYerable reVerYeV reVXlWV for Whe WhiWehill and Prince

AlberW FormaWionV. GIIP iV gaV originall\ in place, TRR iV Wechnicall\ recoYerable

reVerYeV, and RF iV Whe recoYer\ facWor.
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AYeUaged VLPXOaWed aQd caOcXOaWed UeVXOWV

TKe ILQaO eVWLPaWeV aUe aQ aYeUaJe RI WKe VLPXOaWed aQd caOcXOaWed UeVXOWV, aW UecRYeU\

IacWRUV RI 30, 75 aQd 90% aV VeeQ LQ FigXre 4.3.

FigXre 4.3. The aYeraged VimXlaWed and calcXlaWed Wechnicall\ recoYerable

reVerYeV reVXlWV for Whe Wop Ecca GroXp Wo Wop WhiWehill FormaWion, and WhiWehill

and Prince AlberW FormaWionV. TRR iV Wechnicall\ recoYerable reVerYeV, and RF iV

Whe recoYer\ facWor.

55



CRPSaULVRQ ZLWK e[LVWLQg OLWeUaWXUe UeVXOWV

IQ WKLV VecWLRQ, WKe UeVXOWV RI WKLV cXUUeQW VWXd\ aUe cRPSaUed ZLWK SUeYLRXVO\ SXbOLVKed

UeSRUWV IRU WKe aVVeVVPeQW RI WKe SRWeQWLaO RI WKe KaURR BaVLQ. TKeVe VWXdLeV XVed

dLIIeUeQW aVVeVVPeQW PeWKRdV IURP WKLV VWXd\. IW VKRXOd be QRWed WKaW WKe VLPXOaWLRQ

PeWKRd XVed LQ WKLV VWXd\ KaV QeYeU beeQ aSSOLed WR WKe KaURR BaVLQ bXW KaV beeQ

XVed LQ RWKeU baVLQV, eYeQ WKe BUedaVdRUS ZKLcK LV RII WKe VRXWKeUQ cRaVW RI SRXWK

AIULca (EO SaadL, 2015).

AV VKRZQ LQ FigXre 4.4 aQd FigXre 4.5, WKe aYeUaJe TRR UeVXOWV aVVXPLQJ a UecRYeU\

IacWRU RI 30% IRU WKe USSeU Ecca PaWcK WKe UeVXOWV RI CKeUe eW aO. (2017). AW KLJKeU

UecRYeU\ IacWRUV (75 aQd 90%), WKe UeVXOWV IRU WKe USSeU Ecca dR QRW PaWcK. TKe UeVXOWV

IRU WKe WKLWeKLOO aQd PULQce AObeUW FRUPaWLRQV aOVR PaWcK WKRVe IURP CKeUe eW aO.,

(2017), GeeO eW aO., (2015), aQd de KRcN eW aO., (2017). HRZeYeU, aV VKRZQ LQ FigXre

4.6, WKe aYeUaJed YaOXeV IRU WKe WKLWeKLOO aQd PULQce AObeUW FRUPaWLRQV dR QRW ILW WKe

UeVXOWV RI DecNeU aQd MaURW (2012), aQd CROe (2014). TKLV cRXOd be dXe WR WKe YaULabOe

µVZeeW VSRW¶, aV ZeOO aV WR WKe PeWKRdV RI LQYeVWLJaWLRQ aSSOLed.
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FigXre 4.4. CompariVon of aYeraged Wechnicall\ recoYerable reVerYeV (TRR)

reVXlWV ZiWh WhoVe from Chere eW al. (2017) for Whe Upper and LoZer Ecca GroXp.
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FigXre 4.5. CompariVon of aYeraged Wechnicall\ recoYerable reVerYeV (TRR)

reVXlWV ZiWh WhoVe from (A) Geel eW al. (2015) and (B) de Kock eW al. (2017) for Whe

LoZer Ecca GroXp.
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FigXre 4.6. CompariVon of aYeraged Wechnicall\ recoYerable reVerYeV (TRR)

reVXlWV ZiWh WhoVe from (A) Cole (2014), and (B) Decker and MaroW (2012) for Whe

LoZer Ecca GroXp.
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4.2 SUMMARY OF DISCUSSION

TKLV UeSRUW LV a ORcaO aVVeVVPeQW VWXd\ RI WKe USSeU Ecca (TRS Ecca WR WRS WKLWeKLOO

FRUPaWLRQ) aQd LRZeU Ecca (WKLWeKLOO aQd PULQce AObeUW FRUPaWLRQV) LQ WKe

VRXWKeaVWeUQ KaURR. AOO WKe UeVXOWV aUe baVed RQ WKe PeWKRdRORJLeV deVcULbed LQ

CKaSWeU 3 aQd 4.

TKe RbMecWLYeV RI WKLV VWXd\ ZeUe WR eVWabOLVK a JeRORJLcaO PRdeO aQd WR UXQ VLPXOaWLRQV

XVLQJ PeWUeO� VRIWZaUe. BaVed RQ WKLV PRdeO, WKe eIIecW RI cKaQJLQJ UeVeUYRLU

SaUaPeWeUV (L.e SRURVLW\ aQd JaV VaWXUaWLRQ) ZaV VWXdLed. FXUWKeUPRUe, aVVXPLQJ

UecRYeU\ IacWRUV RI 30, 75 aQd 90%, Ze eVWLPaWed WKe JaV LQLWLaOO\ LQ SOace (GIIP) aQd

WecKQLcaOO\ UecRYeUabOe UeVeUYeV (TRR). TKeVe UeVXOWV ZeUe YaOLdaWed b\ WKe SUeYLRXV

UeVXOWV RI CKeUe eW aO. (2017), GeeO eW aO. (2015), aQd de KRcN eW aO. (2017). TKe

OLPLWaWLRQV RI RXU UeVXOWV aUe WKaW WKe\ dR QRW WaNe LQWR cRQVLdeUaWLRQ WKe TXaQWLILed

ORcaOLVed WKeUPaO eIIecW WKaW WKe dROeULWeV PLJKW KaYe Kad RQ WKe JaV. SWXdLeV KaYe

VKRZQ WKaW WKeUe LV a SRVVLbOe eIIecW WKaW WKe dROeULWeV KaYe Kad bXW WKLV KaV aOVR QRW

beeQ TXaQWLILed (CKeUe eW aO., 2017; de KRcN eW aO., 2017; GeeO eW aO., 2015). We

KRZeYeU IeeO WKaW a UecRYeU\ IacWRU RI 30% LV UeaVRQabOe JLYeQ WKe ecRQRPLc

LPSOLcaWLRQV WKe dROeULWeV cRXOd SRVe RQ WKe e[WUacWLRQ RI WKe JaV, aQd WKe eQYLURQPeQWaO

SUecaXWLRQV VXUURXQdLQJ WKe SURdXcWLRQ RI VKaOe JaV LQ WKe KaURR BaVLQ.
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CHAPTER FIVE

CONCLUSIONS AND RECOMMENDATIONS

5.1 CONCLUSIONS

TKe 3D GeRceOOXOaU MRdeOOLQJ ZRUNIORZ ZaV XVed WR eVWLPaWe K\dURcaUbRQ YROXPeWULcV

ZLWK cKaQJLQJ SaUaPeWeUV aQd WaNLQJ LQWR cRQVLdeUaWLRQ RWKeU IacWRUV VXcK aV IacLeV

cKaQJeV. TKe RbMecWLYeV RI WKLV UeVeaUcK ZeUe IXOILOOed aQd WKXV WKe WecKQLcaOO\

UecRYeUabOe UeVeUYeV (TRR) eVWLPaWeV RI WKLV VWXd\ aUe 43 TcI - 128 TcI (ZLWK aQ aYeUaJe

RI 107 TcI) IRU WKe USSeU Ecca GURXS (WRS Ecca GURXS WR WRS WKLWeKLOO FRUPaWLRQ), aQd

13 TcI - 40 TcI (ZLWK aQ aYeUaJe RI 33 TcI) IRU WKLWeKLOO aQd PULQce AObeUW FRUPaWLRQV.

TKeVe eVWLPaWeV WaNe LQWR cRQVLdeUaWLRQ WKe YaULabOe UecRYeU\ IacWRUV (30, 75 aQd 90%)

IRU SURdXcWLRQ.

WKeQ cRPSaULQJ WKe UeVXOWV RI WKLV VWXd\ ZLWK SUeYLRXV VWXdLeV, WKe eVWLPaWeV caQ be

cRQVLdeUed WR IaOO ZLWKLQ WKe UaQJeV RI WKRVe VWXdLeV. TKe UeVXOWV aUe PRVW cRQVLVWeQW

ZLWK WKe ZRUN RI GeeO eW aO., (2015), CKeUe eW aO., (2017) aQd de KRcN eW aO., (2017). AOO

WKeVe eVWLPaWeV LQdLcaWe WKaW WKe KaURR BaVLQ LV aQ ecRQRPLc WaUJeW RI VKaOe JaV.

IW LV QRW UecRPPeQded WKaW WKe eVWLPaWeV RI WKLV VWXd\ be e[WUaSROaWed acURVV WKe ZKROe

baVLQ aV WKeUe LV QR VXSSRUWLQJ daWa WR VKRZ WKaW WKe VWXd\ aUea LV UeSUeVeQWaWLYe RI WKe

baVLQ. AccRUdLQJO\, WKLV VWXd\ caQ be UeJaUded aV a baVLV IRU IXWXUe LPSURYePeQWV aQd

eQULcKPeQW RI WKe PRdeOOLQJ ZRUNIORZ.

5.2 RECOMMENDATIONS

TKe VSaUVeQeVV RI daWa LQ WKe baVLQ PaNeV LW dLIILcXOW WR cRQdXcW UeOLabOe aQaO\VeV aQd

cRQcOXVLRQV. A VLJQLILcaQW LPSURYePeQW RI WKe eVWLPaWeV caQ be RbVeUYed LI XQceUWaLQW\

LV UedXced, b\ Ue-e[aPLQLQJ WKe daWa cXUUeQWO\ aYaLOabOe LQ RUdeU WR RbWaLQ beWWeU

cRQVWUaLQWV RQ deSWK, WKLcNQeVV, WRWaO RUJaQLc cRQWeQW (TOC), SRURVLW\, PaWXULW\, JaV

VaWXUaWLRQ, aQd UeVeUYRLU WePSeUaWXUe aQd SUeVVXUe RI VKaOe IRUPaWLRQV VXcK aV CKeUe

eW aO., (2017). NeZ daWa LV aOVR Qeeded, L.e deeS bRUeKROeV, aQd VeLVPLc VXUYe\V, VR
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WKaW IXUWKeU aQaO\VeV aQd eVWLPaWeV caQ be dRQe ZLWK PRUe cRQILdeQce. TKe LQIRUPaWLRQ

ZLOO KeOS LQcUeaVe WKe VXcceVV RI WKe SOa\ aQd aOVR decUeaVe WKe UaQJe RI XQceUWaLQW\ LQ

WKe eVWLPaWeV. TKe QeZO\ JaWKeUed LQIRUPaWLRQ cRXOd eaVLO\ be UXQ WKURXJK WKe

ZRUNIORZ/PeWKRdRORJ\ XVed LQ WKLV VWXd\ WR XSdaWe WKe eVWLPaWeV RI JaV LQLWLaOO\ LQ SOace

(GIIP) aQd WecKQLcaOO\ UecRYeUabOe UeVeUYeV (TRR).
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APPENDICES

APPENDIX I

CalcXlaWionV for Top Ecca GroXp Wo Top WhiWehill FormaWion, and WhiWehill and

Prince AlberW FormaWionV XVing Whe AAPG YolXmeWric calcXlaWion formXla.

1. TRS Ecca GURXS WR TRS WKLWeKLOO FRUPaWLRQ

SCENARIO 1

𝐺 ࡧ ഉ0.1ഊ 0.00095 ࡣ 5026.25 ࡣ042 526ࡣ 43560 
0.00496

= 2.206[1012 ScI

= 2.21 TcI

SCENARIO 2

𝐺 ࡧ ഉ0.5ഊ 0.00856 ࡣ 5026.25 ࡣ042 526ࡣ 43560 
0.00705

= 6.992[1013 ScI

= 69.92 TcI

SCENARIO 3

𝐺 ࡧ ഉ0.9ഊ 0.01667 ࡣ 5026.25 ࡣ042 526ࡣ 43560 
0.006005
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= 2.878[1014 ScI

= 287.8 TcI

2. WKLWeKLOO aQd PULQce AObeUW FRUPaWLRQV

SCENARIO 1

𝐺 ࡧ ഉ0.4ഊ 0.00095 ࡣ 846.62 ࡣ042 526ࡣ 43560 
0.00378

= 1.950[1012 ScI

= 1.95 TcI

SCENARIO 2

𝐺 ࡧ ഉ0.75ഊ 0.00856 ࡣ 846.62 ࡣ042 526ࡣ 43560 
0.00453

= 2.749[1013 ScI

= 27.49 TcI

SCENARIO 3

𝐺 ࡧ ഉ0.9ഊ 0.01667 ࡣ 846.62 ࡣ042 526ࡣ 43560 
0.004155

= 7.0049[1013 ScI
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= 70.05 TcI

APPENDIX II

Changing gaV VaWXraWionV

TRS Ecca GURXS WR TRS WKLWeKLOO FRUPaWLRQ

SCENARIO 1

𝐺 ࡧ ഉ0.1ഊ 0.00095 ࡣ 5026.25 ࡣ042 526ࡣ 43560 
0.00496

= 2.206[1012 ScI

= 2.21 TcI

𝐺 ࡧ ഉ0.5ഊ 0.00095 ࡣ 5026.25 ࡣ042 526ࡣ 43560 
0.00496

= 1.103[1013 ScI

= 11.03 TcI

𝐺 ࡧ ഉ0.9ഊ 0.00095 ࡣ 5026.25 ࡣ042 526ࡣ 43560 
0.00496

= 1.985[1013 ScI

= 19.85 TcI
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TRS Ecca GURXS WR TRS WKLWeKLOO FRUPaWLRQ

SCENARIO 1

𝐺 ࡧ ഉ0.1ഊ 0.00095 ࡣ 5026.25 ࡣ042 526ࡣ 43560 
0.00496

= 2.206[1012 ScI

=2.21 TcI

𝐺 ࡧ ഉ0.1ഊ 0.00856 ࡣ 5026.25 ࡣ042 526ࡣ 43560 
0.00496

= 1.988[1013 ScI

= 19.88 TcI

𝐺 ࡧ ഉ0.1ഊ 0.01667 ࡣ 5026.25 ࡣ042 526ࡣ 43560 
0.00496

= 3.871[1013 ScI

= 38.71 TcI
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