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:ret.:lCeIDUS 3D correspc)n(img UU"',lU"~"" maps 
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20: Detailed view 
(i) The cluster oflPoc:krnlar~:s 
onset 
thickness variations 

near-surface coIUal)Se:d 
the gases leaking; 

The crater is 

converted model prc.dUiced 
Kulilimann et 

treIldulg fault 

23: Simlphtl~;:d 
bet'wel.::n 0 and 360 Ma. 

showirlg c~llcu.latt:d v:aria:tiOlls of sea flocJr temper'atu.res (Ul" .... ·" 1., 

sub~ndeltlCe) to pre~;ent 

26 and observed 
I1 and K-H1. The best fit 

temlper'ature and A­
All ..... Jl" lllodlelling are shown. Note 

the mismatch in tellnpt~ra1turces in vitlr1nite n:t1ectance K-Hl between the best 
10catlonB fit and ,..,h~~P1"111Prl .JV,",'VUI to 4500m. The 

shown on 21. 

d) 
K-Hl after im]:)rmrem.ent 

and 

localtions A 

is no h .. +h<,,. 

CenOlnaltlian/l 'urcmi~m source rocks is the least mature and the Hauterivian source is the most 
mature. 
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organi!;;ms or bIOlogical proces:ses. 

on 

assumes IlUl1U"-IHJW veJlocltH~s 

meters. 

I1vldrc)carb()ns or water IV~In()l1r\ 

to mll~al:mg 

MlgraltIon is "i"'''lA''rI 

ms,oluble Se(lnrLentary £lolro<>n,£> matter. 

I to gen.era"te 

II malnI1Le source m<:ltelial can gellerate 

\)1.1£,,",,111,, tt~rn~stJial source m,ltel:1al ,------.'.1 gemerates gas, 
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I. INTROJ)uenON 

1.1. Scientit1c q neslions: problems lind objccli.-es 

S~dnl1~ntary basins ofl~shorl' paSSl\T continl-"tal margins are JX)tl'ntial h ydm"arbon 

stor~hou""s ",here liqlLid and gas<x'us hydro"3rhons a"cumulak in r"s~rvoirs huri~d a"wss 

these margins. One gasCl.'u<; hydrocnrbon commonly found in most ,edimcntary bnsins, is 

methane (C"H,). In many pla.::es. hydrocarbons leak fmm such accumulations or migrati('n 

path",ays lead dir"dly to th" baslTl suda,,~_ \figrating hydrocarhons sepamte into oil and gas 

phases UJXlII decreasing tCffip"J"atur" and pr"ssure, and gas phas"" containing mostly mdhan" 

dominat~ at the shallow~st levels. In many cascs, such as wdl de~crib~d along Ihc contin~-"Ial 

shelfof."ol"v,ay (Urendl. 2005; S'Cllscn ~t aL 2003; llunz d a1.. 2005: Ma.zirmi ct al.. 20(6). 

III th~ Black S~a (Dimitrov. 2002) and the Sea ofOklK,,,k (C"ran~ll'n et aL 1994), methane 

~S"3p"S ocross Ih" Sl'a Iloor via mrhonatoo ga~ ~~"ps and mlLd vokal1oes, into th~ exosrh~r~ 

(i.e. the combined hydrosphcre and atmosphere) where it evcntually oxidize, to form C02 

(c,g. Kcnnett ct al.. 2002: Etiopc and Klusman 2002 and Judd ct al.. 2002 : Figure I). If large 

rate~ of methane leakage o""ur, the \olumes released may then contribute significantly to 

Figure t: Sr>urces ~nd patlmays of geologjc~l mdha[\~ t"·lodifLed atlcr Judd d "I" 2()(l2). 
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CllInatt:. 1V1etJlaIlIe is most ablmdant hyclro(;art)on 

htH:me et stora~:e al1W ()r e~;Cal)e can 

more potent as a gn~enholLlse (Wl.lebl)les et 

sources me1tharle blldg'ct are dynlaIlllC aplJ1ear at 

) proposles a 

wflO~:e source is "lIllS:SInlg" lmtlalance app,ears to 

TPI <.tpr! to geologIc elnlS:SlOllS 01t mlcth,me Sl.!1;m:rtc:mt aIllounts mc;:th,me are 

reh~as{:d naturailly into 

ScllootbnLlgl1~e et Mc:Fl'w::rin et 

are to 

SVf:llSf:n et L.;u.',,", .. "", et 

5 (S\'en:sen et 

et are increased aCldlfilcation ocean a sudden carl)on 
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1,2 The Stud) Area anti the Orange Ra,in 

I he OrJng,' li~sm is loc.lh.'tI otI,hor~ the ",uth-w~~t jacml; ~onllnellt~1 margin of South 

Aliica_ II h,~~ an area "filppro"matdy 130 lIIXI km l (Palon el al .. 2(07). It ,s boundllllio I"~ 

"orth alltl ,,,uth by lh~ \Val,"", Ritlge and hy the Agl,lhos·I 'Jlkland Thcturc Zone. re,pectivdy 

(hgurc 2). The hasm ha, llL""n fil ktl by s~dimc"h; tran,po"cd hy the OIl fallt" and Or,1I1 ge 

Rl\'Cr drJI1l~ge sy,tems (Figu,", 2). TIle sedimellt, rungc In age Ii-om til(' 'v1e,""zojc ttl Recent 

(G=artl & Smith .. 191\2: Dingle ct aL. 19S3: :'Iilunt,"!,'h 1993: lirown et al .. 1995). 

0< 5' 10' 15< 20< 
- -

·20' 

Fig"rc 2: t\ phy>iogT"phic map with th~ f,lLperimrosed isopach m~r' (TWT ofhed lhiclness) 'howing 
the Oranf!e Ba,in. It i, localed Qthhore wulheOI i\fn<:a bctl'-cen lhe W~lvi, ridge III the nonh "'xl the 
·\gulhas-l'alklanJ Tmnsfofm LOll" ill the ,ooth 1 mooified from Kuhlmann er al.. (20 I Oll_ r~plQrat io n 
bkx:h I·c\ (red line,) arc ,hown. The st"ely area ~(JWr' e.~ploratlOn Block 2 of the Omng" Ba,ill 

4 
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Chronostratigraphy Seqoonce stratigraphy D,fferent studies 
f-I --"-C-'-t---

r~ .. , 2001 
(%'g".1 

Kuhtm~nn 
2QlO 

Brown el "I 1995 

e" 
rift 

Pre_Jura=-: 

[ll] = - -boolC<liil Vdca!lCS Cooglornerate SandstQ'le Sitstone Claystone 
H~~ 

" 
, 

Up""r '" 

, 
" Lower 

• SoIxceRock 
Int""''' 

& thO. 
Study 
(UnitS) 

figure ."I: Chronostratig:raphk and sequence chart tor the Ornnl'e Bn,in showinj!The major 'eismo_ 
stratigraphic units and their boundmg UlIConformitie, according to different author, (i.e. Brown et at. 
19<JS. serann~ and /\.J1ka .. 2005; de Vera at ~L 2010; Paton eI ~L 2007: Kuhlmann el aL 2010). 

6 
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S~"ml' g"' chl"'n ' ~. 
and ... eps 

•• ,"",," r~., 

- .~."". 

....... " '''''' ,,,, 
\\ "".', '"'' ........... ~ 
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G •• X' 
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RI fTE D 
CONTI NENTAL CRUS T 
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-¢- G., ~""~" 
COT ,",,_<0', C< ,.' < 

<MIo< " .. , .... 

~ <-'._ .. Y.,. 
SOR'. ~:i.!",.''''O 

KIT C'.~_ .. ,~,.-, __ 0 

f'igure 4a: (;~n"mJ;.\ffi c()mp()~;I~ <lml'gmph,c CI'OS~ ,\oXI,nn Ik Oranl?" Ra<i~ with 110.: main 
p.:ll'Okum ~lcl1"'''I,\ liil'hliglil.xi (I;-om BlVa(i "I "J.. 2(06). 

reflectors (Figure 4~ : JungsJager J 9'19: Broad el aI., 20(6). The immedi~lcJ} 0\ ~Tlymg 

sedil1l~ntary suce~ssions <:onsist of deposits of Upper J ura'si<: and Lower Cretaceous 

silidda,ti<:. lacustri n~ sediment infills "ith \ pkani<: intrusi0lls. 

"j he lacustrine deposits are fo llo\\ ed b) tnnsitional wwer Cr~taceous siliciclastic deposits 

that show a deepening-up sequence from t1miaJ rcd ~'Ils to dcltaic tkposits (Uernrd & 

Smith. I 91\2), Full mari ne oonditions set in dUl;n g the BalTern ian-Aptian (BA-AP) in reslXlIlse 

I" the initiation of the n1din drift phase of th~ South Atlautic opening. 

The oldest proven and highest quality source J\l<:k ]nter.-al comprises the Sj "-rift L'pper 

Haute';; ian lacust,ine deposits (HA), foulld within the grabens and half grabens (J un gslager 

1999: Figure, 3 and 4aj , This 'm'r~e rock is oil-pron~, "ith.l TOC of more than 10~,'" and HI 

of more than 600 mg He'g TOC (E-orton d "I , I 'Xl3: M"ntmgh. 1 993), Another sourc~ rod, 

int~rval oompris~s the highe~t quahty of source rocks of Ba'T~mJan (BA 1 to Aptian (A I') age~ 

(FiglLr~ 3) that appear to he reglOnally de\ dopod within the hJsin. This s~qllene~ "as 

p~netrated by DSDP 361 (De~p Sea Drillmg project drilling hole 361 : Figure 4hl and shows 
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thut this source ro .. ;k is up to 300 m thick withlOC \alu~s lip to 25% (Herbm et aI., Inn 

This ,Ource rock con-esponds to u major lithofucie5 change from restricted marine to open 

marine conditions. This ""luence I, oyeriai n by 1501lln tilick 1.; pper Cretaceous IX,st -rift 

sediments (l03 My). "om;,ting of day or daystone lithology, deposited basinwanl on the 

outer margill (Paton ct aI., 200~J, 

Within the post rift Late Cretaceous su"eeswm another "",Tee nJ<:k lnter',ul has !men 

idelltified (Muntingh 1993; Van der Spuy e\ aL. 2003 J. rhi; mtcr\al mrresponds to an 

lLppelmost Ccnomallia,,-Turonian (C E-TC) maximum flooding ev~nt that was identified in 

th~ AKI \\dl (Figur~ 4h) Thi, interval is c>.pe<.-'tcd to be oil prone down dip to 'he west (Van 

der Spuy d aL, 20(3). 

Fi!'l're 4b: Orange llas inloc~ti"n Inap ,ho"jn~ ",.me ot the loc~tit>ll.> of "elb u>cJ in Ihi:; ("flee Palon 
ct ~l" :(07). 
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an ettl.cient d€~tac~hrnlent 

TU.fOlruan source 

as JungslaLger 

caJTIe:d out a 

.l ..... ~UUll1(lIHH et 

conlstnJch~d a Arman source 

is therm()gemc gas 

pf()xilm:al areas, 

10c:atf:d on not mature en()UIl~h to eXlllallll 

outer malrgln 2 at water det:,ths VTl1lh::t"m et 

not ext)10l~e 

volcanoc::s are assOCllatf:a 

on new apatite nSSlon 

was greate:st 

is COIISll;;tellt 

occurrence gas hv,draltes sedllm1ent:ary seCluencc::s can 

as a tlo·tt01n S:imlllatmg ReJtlec:tor 

hUllldt"ed meters 

it 

(K()dflgO et COllltrols on hVliT::t1rp ti:mrlatilon are not 

10 
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hv(irates can occur uTith""t a 

mapp(:a a h,,(ir"'1~p pre~;enlce near 

no was de1tec1ted area dunng or t<>1"th"'r to 

can 

sel::pl:Lge structures n,t'A~'P e:nd··ml::mbelrs are "",,'tnT"''' 

Selep~lge <>f't,,,,'r'\, is detmed as """,,1-n"''''' is On!~OlIlg le:ak,lge 

sur1:ace sedime:nts. Sec::pa1?;e is 

detine:d as "na,ssj've" ,,,,I-,,,,,,.i-nr',, to ne,lf-:surta(:e 

secllmlents is or abs,ent. Re:search 

at sedlme:nt-'wat,er mter1:ace IS cOITlmo,nly attributed to 

Kenstlen~en et et 

seatio()r 1l110UlnOS can 

nrc'::In·iC'. ItLOUInOS or mo'un(ls tOlrm(~a 

recoglllS(:d on 

as 

at 
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Sealhl< Ir mounds ha' c hem dcsLTihcd along many ~ontincnt~l margin' of ~ll comi ntOls 1 n 3 

\" ariet y 0 r (cc'lOnic seUln~s I Fi~ure 5 ~). For cxample, mud, okanoes in lht: cast lvkdileT1'all can 

Ridge (Bll "cm'c accrdwnrlry ~~)mpkx) occur in rl subdudion cm mlllmcnL whilsl thc mud 

\"()k~noes mIlle lilac\;; Sca occur in a hack-arc ba,m Cn\'irollTllCnl (Dimllrov 2002). Lxamplcs 

alc:-Iflg: p~s"\e m~rg:ms Me <:mhonaTc mOWl(j, formed by organtSIIl> 111.11 ingesl melhane and 

produce carbonat" und hy preclpllalion or ~uthi gemc carlwnah."_ at w~tcr depths from 100 to 

3 SOm off l\ on. d, (lI<wland & Th(\msen. 1997) and the Porcupinc Ba'lIl onshore I rdand 

(Naelh el "I.. 2()()S). 

" 

1-26 COWlll'le. ",nit subael'1.1 mud ,01"",,,,,, 

• Subml"n. "".ro ond or mud vole.n",," 
.-. \1.", g..,.l,wn,t pro'mce, 

f. • 

Figure 5a: Global geogmphical dislnbulion or polenllal geologic roclilaoc l1JIi"JOn sile,. Jfud 
m/canoe·.>, I-Italy, 2-Alhania, J-Romania, 4-Uhaine. 5-Rn"i~ (Ca'l';an. S~khalin). h­
Goorgia. 7 ALerbaijan. 8 T urkmcnislan, 9-· Iran, 10---· Pakistan, Il-hxtia (I'unjab, Assam, 
Andamatl and Nicobat lolands). 12-flunna, 13--Chitla. 14----Japan (HoklaiJo). 15 - Taiwan. II>­
Malaysia, 1 7-11xlom;,ia (Sumatra "iava, Kalimant~u, Sulawesi, rim",), I X-"eve (,llinea, 1 9-
''''' 7ealand, 20-USA (Alaska). 21 Mcxico.22 I'LTU,23 Eeuador,24 Colombia. 25 
\- enewela 26--Trinidad. ,-Ifaill gcol,,~,.n"'/ arCa.' (includes lhe high-CO, areas fmm J ,,-,,in atld 
flames. 1980); a Russia, b- Japan. ~ Eastern China. J Himalaya. e Jhe I'hilippines, f -
Indonesia, g-New 7eaiatld, h--------Catlada, i-l'rHlcd StH1CS.,i-\1c,ico. k-----{'e'Hral America vokame 
lx:ll,l Andean ",kanic belt, m-The Canbocan, u-JcdaJKL o----Northt:l11 Europe, )}--EaQL'Il1 
1'."1"01>1:. 'I-hal),. t-Soulhern :'vIeditemmcHn. s-- East Africa rifl (afier Eliopc and Kul,m.1n .. 2(02). 

II is frcqumtl y di lTicull t(\ di<lingUl sh, hased on only SL; smlC rdlcdion data, whether the 

sCHf100r mound, rcpr"sent hard-carbonal" accumulahon<. so/\ free-venling gu,"" mud 

mounds. donnant \ents or hydrale mounds (Kaluza & Doyle .. 19%). The shapes oflhe 

mounds m~y vary from flat lopped. round. to smooth and irregular (1loybnd & Thomscn .• 

" 
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1997; M Jlk,,\ ~OOO)_ Faults ma:.- hc sccn rootl"] helow til esc ll1l'unJs (e.g. Figure 5b : \' iola et 

,d .• ~O(5). StUti,CS of suhmarinc m uJ voieallo"s ovcr tlw last tiecadc hay c II1~Tea8cd Jue to th~ 

Wldc lise of "de-~can ... mar anti Ih~ inCTLas~J a~~ura~y of thc po~;tiolljllg of hot\om ..ampl er' 

(\lllko\" 2()(Xl). 

::'~':'::::::::::::::::::::::::::::::::::;:~::~:::::::::::::::::::::::::::::'~"~ ou " 

'00 

f'i!;urc Sb: Sci"lIIc ,celLon of an illl~rprcIC'] mu,] vole,m" in the Orange 13m,in. ,hawing f"uit> r(){)tc'd 
ixlow th" mound (from Viola "" at, 2(Xl)_ 

\1ud volcanoes arc lopographieal features wilh suh-cir~ular slru~lures up to several 

kilom ctres in diameter. elevated abo\"c the surrounding seafloor. tarmed [rom cmi,~ion of 

urgillaccous matcriul (Fib'Ure 5b: 13en-Avraham ct aL 2002: Viola el al.. 20(5). Thcy are also 

ofinter~~ll() hio-g:~ol()g:ical studies as thcy repre_'e11lIoculized anomalous biological acth'ily 

(Kalun & Doyle.. 1996; Riding ~OO~; He al aL 20(7). 

The overflowing mass of mud in mud volcanoes on the surface compriscs a fluid mixture of 

methune-ellriched mud alld mud-breCCH' (Dlmitro\ 2002)_ Mud volcanoes most rrobnblj 

origll1alc in ar~as wi III hI gh sedim~ntatlon rates of tine-grained sedi m ellis (e.g. muds), rise of 

fluidized mud along faults and Iraclures (more common). or as a rcwll Ofraplti mL.,-loutilllg 

mass of mud on the surfacc due 10 rapid sedimentation. accreling or overlhru~ling I Milko,· 

13 
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~ ,guru 6: . \ st'ismic pwfi I" acwss an "pp"r M ioc~ne lur\",lilic ,"hannel in Augob Ra,in nIlS I'wfile 
,llu>1rnte' tile cio'e telation'hip hetwe~n an acti\e '" pockmark" a, depres,"011 on (he "",1tloor and an 
llnJerlymg S~LSlllLL clumllty "j h., hfl'k~n r<"<1 lmc> mark the ,hapc of tht; dllInocy (Gay 21)()(i) 

Fig-ure 7: Random and a I ign<:<.1 (no]H,,,,,I,,rn) podmarb on lhe ,ea 1100t (, ,~,,·ing direction" from 1he 
west I, ofhhore Gallon j n wmer depth, ranging from 540 III to 1 ~60 III (blue colours ""h"me <le~'P 
wakr, ted cuk •• ", in<li"ate "hall<mer) (froTTl Pilcher ~OO7). NOle lhal lhe randoTTl p<-,"kmatl:; are foulltl 
in the deere" pm' of the "ater and the aiJgned pockmatk> are associated with slumr fauiling along the 
"eer slopes at the continental e<lge 

15 
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(jns \ enting: ma} not al ways reach 1 he sea fl"or. Gns ml g:r~tion CHn he halted by lmperrnenblc 

slratig:mphic sC'lucnce, ('"seals") or huried hy rnu,s lllmemeni deposit, a, gnl\ Ily ,liJn 

(Kalu£a & Doyle I CJ-9!i). Suhsea lllounJ, lll~y also ]( ,rm a hltlg~ III the OH:ri ying topography 

if thc fluid~ conUnltC t("l 3cewnulatc under the seal (e.g. Figmc B). 

-1. ... "-< • • .. , 

I •. • 

rigure R' rkq)-l()w ,ub·boll()rl1 profile ,h(>wlT'g possihle g"' ~"lmpI",d (. bulge') irl a bL!1"icd lond'htk 
nnit '>lIthe crontinental ,Icope ~fthe (iulf ~f MexIco (aher Kalnza &. Doyle. I Y96) 

16 
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2. I>ATAB.-\S[ AJ' I) 1\1 [TlIOI)OLOGY 

rln, ,t udy in"ot- c; thc an~l y,is 0 f a Img~ ~ D tim~-m igrat~d '~lSmi~-rdl~~tion d,l1aset 

co\'eri IIg from (hc ~hclf (0 the ~bys,~l pbm of (h~ ex ploratlOn Blo<;k ::' m lh~ Orang~ Bas]l1 

B"sed on seismic identi fication and seismic stf<ltigraph y tc~hniq LOC'. (hc main ,c"m,~ 

'~'l1l'->J1~~'. kctonic ,tru<:tures and g"s es~ape features ha\'e been Identified. mapped. and 

da"ltlcd. Thc ob;cr\ ~(lOn' fonn th~ baS! s for hasin m odd, of hy,hocaroon gcn~J"tion and 

m i grat ,on i II the hasin. More than 30D 20 s<;isuu~-rei1<"'C(io" prol,l..,. togdhL"T" ith dat~ from 

10 horehole, loc"kd on the explor"tion Rlock 2 were prm'ided b) PetroSA (Figure \.I). The 

length oflhe se,smic profiles T;mges from about 12 km 10 around 125 km. They rull parallel 

r·strikc") and perpcndicular r·dip·') (olh~ ~ontinentul maTgin. TIle spacing b.etw~en the 

seismic lines \aries from o.s km to 16 km. 

Fil'un: 9: The "xplor:uioll Block 2 (,d block) "'Ih the 2[) seismic grid (coloured lines) analy>ed in 
this study. Abo "ho" n a[t' well' (block dOl,). The black bold lines mark til<: fig-lire, referred to in th" 
siudy, r'or location of Block 2, see Figure 2. 

17 
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Figurt, 10 dcpi~ts a no", diagram wuh Ihe llWIJl methodological steps folJow~xI III thi~ work 

The sei,rni" reflcetion dnta was aualy"ed with J'etreJ(><' Interrrd~ti()11 soft,,'are (Vm-,;ion 

200').1) l'f~chlulnberger As a first step. the 2D SeN1llC dCit" and the horeh(>k data whi~h 

jl1c1ooe the Il'gS al1d check shot~. were IOlKk-d into the program. The main lectolli~ stntctures 

and seisrn ic ",ilc~tors w ere then identili"'] and mapped. Two-way travel time ( rW'I) and 

ISopach map' "I'the h"TizollS mapf'l-'<I were al"" J:!enemted. Any gas leabge feMures 

Identified on thc seismic were ela-si fled accordi ng to the) r a,.sociatir'" t" 'trudural OT 

stratlgraphlC elemcnt' ano theIr gennal d"tributirm a~ms' the ba,lll. Finally, the mlcrpretcd 

TWT honwns "ne conHTtcd 10 depth usin)! the ~he~hhoh (lilllC-depth pairs) from the 

horeholes, 

Unce the geomdry of the ha,in was constrained, ~ secol1d phase, including th" hasill 

111("ldlll1g "fhasin Cvolulwn, "a, peTlimned u,illg Ihe commercial software I'dromod 'Y, 

(V""ioll 10) Ii'om Schlulllocrger, This ,o[[ware simulates the burial and thtormal evolution pf 

a given b~siu. induding hydrocarhOI1 generatiOI1 'lnJ migr"tiOI1 processe, through lim", Tp 

accompli_h this. ~ ftorrto~~ntatjve 220 km.lOl1g NE-SW n:gional transed aLTPSS Ih~ basin was 

selected and lrnp<:mcd into Peirollt(,,!. Thc wdls provide cOTl>lraims 0., sequence>; age. 

Iitlwl"llY, pabl-wawr depths, t"rnpcratuTC and matuTity (vitrlmte reflectancc) for model 

calibration, Once a thelmally calibrated model was ohtmned, linal (]uid Ilow and gas 

migration model, were constructed. The r~sul ts "ere then compared to and calibrated with the 

leakage rcmllr~s ohseryed on the seismic section. 

~el'>JIll. tn{crprrt.hon 

Ok",,,, ",0",,,,,,,,. ' ... " .... 
,."",,'" 

".~. l 
\\ oil ""'.-""_ " " ..... 

,"",' ,,,,-, ~"'''' 

Ba.in J\lolklling 
(1'",,,,,,," lOI 

"""",,21> "",,,,,I .. 

dept. 

Figure 10: fi(1W chal1 disria,iTlg p",c~dure" applied in Ihi, ~udy. 
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11 ~"r.: I I ("""'IX' , jl e <.ej,miC line , Il()win ~ I h ~ ",",111 1(k"ll ti~ ... 1 'c l,m,e UllIts (( 1·( ~ . 1'1 T~ I and their bo",xi mg >11 line"'" ( s:e I<""C hon '(1 n!<j T llC TTI"i" 
<I r,,~1 "" II ~1 ~TTI,,"t ~ o f 1 he D",in are, \ II an oxl\: n' 1"".11 dn"~, ,n" K!cnl, lied", the p"'''''"t·d ~ v ,",)nt, nt nt .. l <hcll"hrcak/"p)",," , 10)"'" l"i," i":l .tCrI>cd b .. shalln\\'-
d I PP"'I! "","ml I "tl'lC 1;",11> " ,xl (,i) " C01ll1"""" "~11 d~n,,"n on tk conli n",,, ,,1 I,',,",".r ' ~'I"'" ,i"'lloualcd hy landward dirrll'_~ ]"1 I'l C 111",,1 lilu it- . (l .OC"(lOn of 
II", C"1l11X"il,". I,,,,, IS ,h~"'n J n ri ~ur~ 'I " """ , ~,' lilt fUi I I"r Info, ","I Loo I 
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th~n ,hi ned hack Pabeo~cn~ - 1\ eogl'n~. Not only tlw ,bilts 1\1 th~ locati on of tlw ri V'-'T mouth 

eHn lead to the dwp m sedimenLlIi,'n. De Wit d at, (2000) proposed that spallal d"lTl~es lTl 

th~ dTal nagc nd or south","l A tiica is al~o wnlwlled by lan'heapc denudahon and wnhnental 

uplift. This is consistent wnh work hy Dmglc cI aL (1%3). Tinker et HI , (2008) and 

Kuhllna~n d ~I., (2010) tbat IlIlplythcre w~s a rapid decrease in siJiciel~stlc depo,,(~ li~~ cd 10 

a decrcas~ in terrigenous input ~nd thc c<"ssation of d tf'ferl..,ti~l crust~l ,uh"'knce durin~ the 

Ccno/.oie. TIns is also eOllleiJml with" he"n thc climate at the end 01 the Crdaccou, 

expeneneed onsct of ~--ooling OIl a global sc3k (d~ Wit ct aL 2()()0; Ruddlll1llll 20 I 0) ~nd 

Increased desiccation .ince Eo<'<'ne (Tanbrd a~d Rog~rs 1<)89). iurthermore, thermal 

modellin~ ha,cd on new aplltite fi~SlO~·lrack anal;.-')' ~cros. th~ Circat F.scarpnlc~t of the wc,t 

<A)ast "r ~(,uthcm A tiic~ pass) Vl' maT~in con/,mlS that greater tectonic activity n"CUITc"d "hen 

high elevatIOn topogmpb) formed during th~ CrdH~wu' than in the CeJ\nzo,e (Kouno, d al. 

~()(J9). Tbus there is genet:ll agreement has<-xJ on a >'Midy of data tbat C~nozoie denudation 

~nd erosion rale~ were c"nSl<kr~hly lower than in 1 be Crdu.ce<>us. In SUlnlnJI)'. the Cretaceous 

m"~u-,e'lU"'K'~ t'l<,k plac~ during pcrio<b of hi ~h ",dim ~ntati{)n linked to hi ~b discharge rak, 

01 the Omng~ Ri,er Hnd TapJd cm,tal suj,,,denct' (Dinglt' el aL 19HJ; Tinker et aI., 2()()g; 

Kuhlmann C! al., 20 I 0). The Cenozoi,' meg~-scquenc~ look plHee at periods of low 

,,,,lilnt'nt~tlon r~tes (])i~gle ct a1.. 1<)83: Dingle ~t)(1 t lendey., 1984; de Wit et al.. 2(){)(): 

Kuhlmann et aI., 20 I 0 I. although s ... ilmentation mtes ha, e mCITaseU agam 'lightl y ~ll1~e the 

Mioce~e rl~ble 1). 

..lh 

n " .< " 
C' D 

C' , 
c, , 
co " 112M' ·].'Atl 
c, <.< 

11'\I'_OA11_ 

T"bk 1: Cakul"kJ ",xlimcntatioll rako (in mdn, p<:r million y~ar rll''Mal at 'pccif1c times on the 
difterent seismic units. ITII ~ Inner T~rtiil('Y llori/.()tL Tl'e table ,hows a near 1 ()·ti-.td decreilse in 
seUlmentat,on rate betw~en Cr~taC~(1US to Cenozoic, folI()w~d by an increase from 1.3 111.-' Ma to ~. ~ 
tn .. Ma "round 14 \1a 
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J.2 hlrntifkatioll, classifkation and clislributioll of chimlle~, 

A g,r~~t d~al of featufes a,soeialoo with past or active natuml hydrocarbon kakag~ wcrc 

identliied wilhm Ifle 'limy arca. Th"~e fl:atures are both oTlthe sealloor, as po;;kmarks Or 

mounds, and wlthm the straligrJphl<: column. as s~ismlc chlmlley~ or bUried pockmarks. 

'\ddilionall y. sc' ~ral seismIC anomah~s ch aracterislic of gJS preser>ee (I.e. t>nght ann flat 

slX'b. ~"i,mic blankin!':) "",'c mcnlilioo. D'11C11ding On th"r controllmg fa,·I(1I"'. the "h,mncys 

are classified into two m~in eategorJe~ (II ,tratigmphicall y-conlmllcd ( sa-c) and (2) 

stTlLdumlly-coTltrolled (s-c) (Figme 14). The most prom; nent gas chimn eys were mapped (113 

: Figure 15a-h) and /\ppcndl ~ 1 summal;scs their cl ass; ficalion, I '>cation (bJth}onetry), Jnd 

dimensions. The ratio of s-c Yer"I, ~-ac chimney~ is estimated close 10 2:5 (70%, of anomalies 

li'om Appendix I Jre SJ-c). which suggest a strong stratigraphic control on natllral gas leakage 

in thc hasin. TIle chimncys either leak up to the seafloor t~nn inatin g as pockmarks ("active 

leakage") Of arc scaled within the 'vfiocenc (14 Ma) scquence. where they teml inate in paleo­

pockmarks. Burial of the gas chimncys was duc to bUl;al dUl;ng slumping cau~cd by the OTlSci 

oFthe lk'llguelJ C~l'rent Jround the \1iddle Mioccne (\Vcigclt aTld linzdmann-l\ebm., 2004) 

. ThIS cun-<'Tlt wa' responsible for the major depositionJI changes Slich as slumping. subm arine 

erosions. and contoul;le depOSits along the western part. orthe African mJrgin (Seranne Jnd 

A belg,n~. I '),)<J: W cigdt and OIlLcim,mn-'\Je~11., 2004. S6raTlne and Anb,. 200S). 

\CTI\'[ 

STR \TU--;RAPlrI(' 
( Or\TROLl.IW 

"h "'" " old '" '" , 1'1"-" '<h"'f 
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,h.' ,·ar"" ',· '.""'- 1""""" of cor 
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CO'" I ~Ol LI>Il 
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W bot _.w ",,,J. r corn"" "c", 
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r ,~U'" 15a' The oolh\"me1ry 01 Ihe <1u.l) an:a. ,henHG!:' lhe dl~rihulIOl' " f 'hr...: da-. .. "r n"J"" ga' 
~himtl"~s Kknllficd 10 tl:ls " ",1\ • PU'1'I .. , "lr.m~"'rhl<· c.'1l1 r<.lkd chiDlIItry-"S. (...dl ~lnJ~lUI'3I <'("I1,..,llcd 
,'b'lWl<"-" :md (~"yl r.a1w d"mn~~'~. Not" tha! th" ,:;truclurJII, «')I1Uo[,,,.1 cillmn .. '" ule conli"nl. ,,, 
Ihe 11«" l>a';h ~"d ~!~,:"C,\ . Ioro.os. "hile (/'" <lral , ~pI1l<;~1l\'~"lIImllai ch'rn!l~;" d"nJillUI~ 1m, 
mid<.lk "ud up",,' ,J",lf The I('C.I;"11 (ofa g,"ot (X)'la~chllnl"')' I. trurktxl b,' ~ blR~k ~U.1~ (The 
C\'mr<"'!~ rc),'iOll"] ""i,m'~ SClllnn &:rioted In Figu", 11 is ~!x''''n a. a !>ok1 hl~d. hn~) 
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I l~LJ"~ I _'h, .1) "Le\\' ,h(l"" n)( I h" progr"J"Il()l\ "r \h,' coni Lt\~t\Tal1\\~r)(;lI S;Tl,~ ,'\lb'''Tl (I_L\t II N"tc' tlt,~ Tit,' 'l,u,1 LJn, II y "",,1 r. ,11 • .1 c h""",,} i (,.cd I are "<'nfined 
\v 11", e'(~ni'"",, 1 <i,'''"'lll ,,[ tl", . 1,,1'''' \\,)" 1M Ill,' ,t, ~ II Y"'l'h",,, II y-cf'nt rvl lcd dll m Il"\'< I T'uq'l~ I "'" "0" r.,,,,d 10 II", ml<ldlc and upper <helt I tmTO Pet",1 "" Ii ",;1'\'). 

!'It.; ~n"" I".'lllt' tf' til<: N.->tlh. 
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3.2. I . Strll r tllra ll~ -ro,uroli f d l!as r hinllw~ ' 

Th .... 'IruClurally-~onlroll .... d h-e) ehnnn<.""y, are alilocaled on th" exl<.""n""nal domain and 

appcM to origmalc upward> ofthl' listriC normal bult, (rigur<' ISa-b ~nd 161. To th~ ix:sl of 

my knnwkdge. the exi~tcnce (,ftlws~ soc g~~ le~kage f~ature' in the dl.-qx'r parts of tile !-t<l"n, 

" hne rr~s~lll-day adi, ~ hydrocarbon g~n~'l"'1ti( m muy b~ prc,cnL h'l' not !-teen rep<!lt~d 

bd·orc. 

r 'gur .... 1(" Acti\e structllr::tlly-""nt"~led chimney marred in the "<!ler margm ofthe Orange Ra,in. 
The chiIlln~y ,,>caled m about 0.1 >L'C (T\"'T) bdow Ilk> sea >urfac<."". bdow a fbi se"IllIC atl<.'Illaly 
",<lie.1i iw l,ff ... :v gas (n ... 1()C~1 i<Jn, <,e~ I ig:ure 9) 

SOC ch imn~y' are tilUml " ,thin antidlllc- ~r~'I' In Ih~ hanging wall ofnomlal bult> (Figure 

161. as mounds ~nd e'l:tensional-f~ult dusters. The faults commonly converge at depth v.ithin 

~ major SW dipping nonnal fault (Viola et aL 2005: see Figure 17). 

Aboul half of Ill .... ' -c dl l mn~ys are scal .... d wi thi n the MlOcen .... sequence, helow Ihe Inn .... r 

Tertiary hon.wn (Figure 17). \Vhen the chimneys were huried. this has shm otflh~ gas 

leaking to the atmosphere. This means a d~crease in rates of methane leakage at that time, 

wh'ch in turn then conui buies less to the E'Irth' s greenhouse ga> budget in the ~tmosphere. 

32 
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Thi~ may even may bave contributed to the '\Jeogene global cooling. if this e,ent integrated 

o\'~r th~ ~ntin: South Amcan continental margin. but bctt~r qu"ntiti~~lion is 'wed~d to yenfy 

this (e.g. Rmldiman 2010). 

lhosc chimncys thai rcach thc SCa noor tcrminatc eithcr in pockmaIl<s or in seanoor mounds. 

These laner h~\e up 10 1500 m in diameter and heights bet"ecn 10-50 m (Figure 17). Ben­

Avraham ~t ai., (2002) have ~lso mapped th",,~ seafloor mounds and reported ey"lenc~ of 

BSR. During tilis study. no BSR was detectcd, This study indicatcs that s-c chimneys are 

linked to extensional faults and roll o,cr antwlines within the cxtensional zonc (l'igure 17). 

whieh suggc~ts th~t these chimncys havc been triggcrcd by gravitational collapse. This 

observ"tioll also allows the identification of the source rock from v.-bich the gases migrated ~s 

tl", gaws that migrat~ up-dip th~ bulls ar~ ti:d hy source rocks otTenomanmn Turonian ag~ 

This aSp"d "ill be discuss~d in m(1r~ ddaii th~ tilliowing ~hapkr. 

O\f'r 

\bjor ~W diIP'P~'~· ":':"' __ "::~ ___ ____ _ 
normal fault ,. 

~ 
.~ km 

FIgure 17: Vi~w or a structumlly-controllnl chimney locmcd aoove antichne-crc,wl r"ultillg that 
Icrminal~\ in a \~alloor mound. The ga", llligralc up Ih~ r"ult, 10 lhe expo,ed mound formed from 
em issioll of argJ Il"ceous mater; ~l. 1 \\'0 N E dipPlllg "Ol~ ugme fault, con""'!,,,, m ocpth " itll," " 
nllOJor SW Jipping nonnal fault (hlock Ix>IJ lille,), 1 he f"ults arc indi,,"ted with "crows, NOIe Ihat Ihe 
chimney has antJ1h~{ic fault, and {he roll--o\'~1' \{mc{ores {hat merg" in {~d~collcm<.-w 7on~ (for 
loc"lion. sec Figure 91. 
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3.2.2. Slr>lti~nphirall)-cu"troll"d ~a, rhim",,), 

L~rlier studies in Blocks 3 ~"d 4 (Figure I) oftlw Ornng~ Basi" ,e,~akd tlw prcscnc~ of 

str~tigr~pll1cally,col1trolle,j (sa· c) g~s ehimn.·ys on the shelf and upper sl()pe. in wmer depths 

up to 500m (Kuhlm~nl1 L'I ul.. 2010). This study ,flows that 111 Block ~. the 'a-c ehmlnn's arc 

l110~tly locm~d on th~ middle and upper ~hdfln water depth' up to 500m (Figure 15a-b), The 

gaseous hydrocarbons :lpp.:ar to migmk "fn:ely" through tlll; scdim~ntary column. s"g:l'!~sl1ng 

th~t the height of the gas eCllumn 0\ ercollles the capillary l're:ssurc of cap rocks (e.g. K~luz~ & 

Doyk.. j 9%). Th~ ~hi111n~}" app~a, to h~ mostly ,dated to the pr~sence of str.mgraphic 

on laps and pinch-olLIS wi thin th~ Aptian sCl.j lLen~~. dlSplaymg no r~btionshi p to the 

surrounding laults or strueturnl clements (rigure 18). It seems that the seal rock is broken ~t 

th~s~ strmigraphic kature» that appear to facilitate the up\urd gas migration. When the gases 

ar~ expdlcd at the seafloor, th~y cr~ate pockmarh (bd\\Ten I O()-400 111 in diamd~r). 

Elsewhere they arc trapped within the sediments close to the sea nom amI :Ire detected as 

seismic bright spots (Figure I ~). 

Figure 1 8: Act;,'e ,tmtigmph;cally-conlrollcd chimrlC)"' ~Io.-'g the m;oJdle margin or the Omn)!e Ba,in. 
,Ole ho" free gases mig'a!e through the 'edimentary column from the Artian layer (13Atl) arid the 
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h~ure 19: GianI , .. hull",':) 

IU'1umalin:,o: in a c(>lI~rse 
craler ,,1-mMe IhJn 71.m III 
d~"lTlet~r, -"ole lhe IJTemt 
briJ.<hl '[><"" ,n th~ l""'~r 
I<-"Cljon. of lhe "himnev need 
the ahsencc or II",-mal 
"..;~nic --puJJ4'''·n~· -llle 
red "-IlIllTl: Tl:I-'~U . he 
detailed, lew " r n ... ~r_,Y'Ia.." 
<'<'Ibp>ed c"~l .. dm"n In 
I-igure 20 r(lf lr.,.-~\)on_ ii<.'-' 

F;~"n: 9 
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Start of Migration 

~ Sea Floor with 
cl uOlers of 
por;:km.,ks 

-----. M'G'o lk>n rcA ~"ses 
ir>d"",te<1 byatrows 

,,"' ____ Cont inued collapse and 
(Iii) burial (T1) 

~:_0:_:_~ Thi~kn"s'~f 
" ~. s"",me<1ts In 

cent...-

End of collapse and 
~~~~ continued burial (T2) 

1.2 km 

Figun: 20: H) Dcwikd view of n neal-<u rtacc 
collap",J craler. b) S.:hcrnmic 11l1':'1,,,'I"lio,, 
"f col]~p", (i) TIle dU,ln ofjX>ckm,,,-k, are 
nC"led by the ga,e, lc~ll ng to Ihc surfaCe!. 
(ii) G", migr:,lioll and ons"", of cbmllley 
formatLo n dnri ng col1 ap ~. (iii) The crain is 
buried by ""erlying ,edimen!s en). The 
Ihicl.nc:;., ,~ri ~li('lm ofT] ;lIllie,tlc l loa( Ihe 
,,,,hment, we", del""ited during tl", dllmney 
co llap"-,, (n) Dcpo;iuon l>f snlimmb (I2) 
ovcrlying Tl, ,Wtin g- al 14 M~_ marks the end 
of the cojbps.e. 12 h", umform tlm'lne" 

)7 
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3.3. llol~ill modellillj! of composite seismic line 

3.3.] I"p"t 

The wmpositc ,elSmlC line pmdllcl~l dlliing the fir,t part ofth~ 'hldy (Figure 1]) "a, depth 

converted (Flgure 21) to enahk 2-D pdrolcum sysk""m moddling. Th" "as don~ hy 

transform i ng mterpret<,,J TW r h' )rizons 10 a scale of depth using the cileehhots (time-depth 

pairs) from the ooreooles The depth·con'erted tl""nsect is -220 km long "nd-II km deep. 

NF 
'" 

--. 
Figure 21: Deplh ""n,·crtcrl model pw<.luo.:etl by Ihe com!,,'>ite sei>mic lml' (><:e Figure 11) with [Hcie, 
definiTion (e_g. Kuhlmann el aI., 20 I 0) lor each unit. Source mcks are 'h<mn in )(fey (>ee legend). In 
Hd,lition. H Slo trendmg limit (bold black zipag line) is dl>plHyed and the Ih= deplll extractions from 
well. (yellow ,erlicalline» are shown at the proximal (A). middle (B) and di,l"lloc",iorn. (Ooflhe 
basin at 9.320m, 1 82.2JOm. and 1 9X.662 m di'tances, respo.;ctively_ Legend names cannot be corrected 
be"au,e Ihe soHware 1> nOI "vailHble 

In a fin'l slep. horizon, were digitizoo in Petmmod using a bll"'ap ofth~ depth ~oml'l1oo 

tran,eel. The honzons were Ihen gridded using a conslanl grid spacing of735 m. In Ihl' 

manner, a lin! series of c\T"n IS "ere delined (X'fiod of deJXlsi lion helween t" 0 horizons) "nd 

funher refined hy including periods of erosion in the Hg..-: definition tHble (T"h1..-: 2). The 

~\ ents "ere assigned sed imelltary facies th at include the definition of lithology and. "here 

n.'<.juired. s"urc~ mck prop~>r(ies (Tabk J: Flgure n). Ddkrent lithologic properti"" \\'~r~ 
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"ssig~ed 10 the i~dlqduJI ,eyuellc~, according (0 the chrollo'tr~(igr~plll~ uml !;c'luullce ~hart' 

for the Orange Ha>l~ (I:igure J). '1 able J ,h""" TOC" and HI \ alue~ of the ,ource ro~l..s. as 

",ell us the reu~tlon purumders inp!l1 valucs (expre"cd a, klfietlC,) u~ed for ha'lfi modelling. 

Sourc~ ro~k properties HI nnd TCX' "ere tuken from the literature (l"abk 4: Bray d al .. 1995: 

.'v1Ullllfigh 1993: JUllgslngLT 1999: Bl'~-A,ruham et ul., 2002: Van der Spuy 200.,: I'Ulon et al. 

2007 and 2(){)S; K!lhlmann " '11., 2010) 

- ~ :"""'0' ,~- ,-, ,~~, "~ T_ S,,,,, 'u ,' ... '~ ">"" ~- "0<" "'''0' 

~ .... ,-- ~-'<'M'-'" 
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'''''-' " ." ~o~ ,- lO"" 10 OJ)) .-
''''"'-' "Er]" ""'"'' "o:;w "'JC ,,- ,0,-
,''',_, ,,- om ,- ,- ,,- ., ..... ,'>, ,,~ .om .. " ,- ,,- .. 
'"U' .- .".,.., OOm ,- ,,- " ,~".- ;. 

"'''-~ , 
, Of. ,,]OJ ,,0'" orn" ,-

10 "'''' ~,-",",,-
,. ... -~-, .. " .ow CCOO: a.OJ» WOOl' "",~4,·. ·_ • 
"'''-~ , 

, JOHITfi .. ,,'" , rIUJ ",J:JO 
10 "'''' "",.,4,,--... 

1.1AT_- '01."'''' lOaOOJl oon ,= ,,- ~,-.,~-. . ~. "" "" ",,"'" 0- ,- " [(00 .-'JAT_' 'OJ._ '''',,-, '-COW '.O]OJ ,,= ~-<'w-.. 

"', ..... " "'-OXD ~= ,- a.oxu 'o~ '" 'M~~' ., m ».J1 ,,,w-r ""'l' ,~ 
" [(00 -" ' 11l.OXD 

'" 5[(( ,- J 0]» ,,- '" H~"~~, 
""1' UI 00IlI ,,,mr ,= '''>1 " [(00 ~'-' -""'" 

bble 2: l'ar:UllcteT> ll>ed for modelling, .. _g_ th .. dem,i!ion age of c,1ch hori/."n I flro" n el al .. 1995). 
thcir cm,jon 8gC~ (K uhlmann d aI., 2010). a" "dl '" E,e,e> definition, (Kuhlmann <'! al.. 2010) of the 
20 modd lhe age, of e~ch hori,on "crc dcrivcd from the chronology tahle oftoc Ononge 1>",111 (>ee 
Figure 2). 

, • , 
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500J'Ce 'oc" 'OC ~ , 

019 HCl9 

Co,,,.,,,,,,,,,, - C,. ~ 
T"~,,,,.,, 5 r, 

Monno Lower U" 100-200 
Apt",,, 

{2%) 
{S't.) 

~ '''''' '''''''''' '" ~ El;or",""" 

Syn rin .0, (T<>al.' 
'oc",',ino ~ ~ 

"'1'""",10 1 ()'.\ -o oc,,1<lio, 
"f U",.., 
1 ""'e", .. "ol -

Hk:k o"", Lacot'd Oo,. r ... ""," 

,~ PASAwd A " T ""e,'"'' 0'']'' 
w," 9'" rror'" 
~\,," ,lI pc,,,,,, 
further on,,rorc 

T 11 • .-.:1 ' II ",.ed 

,~ ,,"c, borehole " N<n t< on port oj Go, ond 01 WUfCO 

00"' ... ecy rco',,", ' 

I~O_SO mj AA_1 onJ K-A2" Bkd 2 Typ< II 
1140mj 

500,,", W ... , of C<ope S ..... , DSDP Oof b_t _ 
361 p'''''e 

Type" 

InOfO than 10 I\aII g.-ob.,,. 50<,'" oJ _,b • ., 00 P'_ 
6O{M) 9"fi~c,Sf,..""".J1""'" 

Type 1 

P'e ... """ Stuc,", 

B .. , _A"oh.m e,.1 )[(l? 

e,.,. '" iii 19'1B, Po"", " 
aI:>em .',o?1'.OM 
"->-1",.. ,,003 
y"" d<f Spcy 2003 

6<>,. " "......-" e< 01 2002_ 
Ilroy et ol l998 
J""","",J'!< 1 """, P,lOO d 
.. 2oo! onJ?OO8 
y., co .. s,-:.. .... 2003 

B<o-A",,,,,,,"", '" 2002, 
J " n lI" I>ogor 1 \l'1~, Ku h " , "'" 
2010, p,.on •• , 1 ? 007 "'" 
2~, Yr.n J" Sf:<J ... 200~, 

Bath1 et al lWJ. _ -
A'.,,",m 0' >12002 
JeI"J>'"'P NH Kuno"ann 
2010, f.tJ "''"~ 1003, 
Polan .... NJ7 & ,008 

fable 4, '1 ()C. HI, thickn~". locatIOn "fwdl, and nh,"p,-alL<lll> of each ,,)ur~e "",h accorcimg to 

dilT~r~nl aUlhor" 

Kinetic parameters were used (0 describe the rate of reaction for con. ersion of kerog(:n (0 oil 

and gas a"suming primar)' and secondary cra,:king readions, Reaction parameters in this 

,tudy were adopted from P~pp~r and Cor'li (1995a, 19'J5b) and P~pper and Dodd (1995) and 

werc a,signed to the four ro~k Sour~~ intcrval> from the olde,t to th~ young~'t, oflhc 

I Iml(Cri\ ian, Tran ,itional Barremian, low~r Aptian and C crlomanimliTuronian age, ha,oo on 

tile source roek facIes in kerogen Types 1. 11 and III (Table 4). 

Th~ boundary conditions detin~ th~ hasic ~nergeti~ nmdilions t"r recon,lruClion or the 

!cmp~ratur~ and burial history oflhc study ar~a_ The,e houndary nmditions are: PWD (Paleo 

Water Dep(h): swn (Surface Water Interface Telllpem!ur~): and Hf (Hea! flow) evolulwll 

(hrough geologic (ime, 'I he Petromod soft",are offers an automatic (001 to ealculme and ,et 

th~ SKll tr~nd which dIsplays a simplitied graph of the sea floor lemperaturea{ each time 

step ovCr Ihc past 360 millJon year, (figure 23 , Wygrala ln9). 

The heat flow trend can he input manually loy graphically editing a trend (Figure 24). The heat 

flow i, hased on (hat published by I'aton et al.. (2007) and the heat flow scenarios were 
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J.3.2 Therm'llmodel 

To calibrilte the palt.'O heat tlo". vitn nile rdleli,nlce and tt.~npen'ture diltil I'or wells K -H I il nd 

A-II Ii-olll Block -' (Figure 2) "Cn; uscd as cahbration pOlnts lilr l1loJel prcdictlOns_ The,,, 

data arc bJs.'d on th.' kmctics ror, ltnmtc lll~tur"tion of S .... ccn~y anJ Burnham (I 'NO). l\" 

wel l·diltil lor Illock 2 was J\ailablc. Thc location ji.'r depth e~traction lorthcrmal calibration 

"as chosen "t I.OCiltioll II I Fi!,.'lJre 21). Till' locilti\\n ",as dlOsen bccause it (hrect ly foll<.\w, 

the 570 m bathymetr} COtlt('ur lin" that Imh throngh th" .... elllocatlons K-HI and A-II III 

Block 3 (Figllre II 

~lode l calibr~t l"n was Jch Lc"ed using the ~bl"c ddcnnlncd hcat flow hIStory in conjunCTion 

"ith lllcreusillg thc tcmporJ I il nd ,tnlti !,.'raphic rc,n lntion of the model Ca lihration or the 

nriglnalllwJd "a, not accurate occau,~ the matnrity and tL1np<-'ratllre, reflcction~ pl,\tt~d fin 

"ell A-I I and K-lIl did not match tbe best fit lines (sec Figllre' 26 lor the mismatch). An 

()h,",,)u~ IlllSmiltch is seen at depths of3000 m to 4500 m, 

a) I'cmpcr>lur~ (;"'ph Ii" Well, AI · ] dnd 1( ·11] 
The ilH'-,rrri",,] cnrw i, tlw red ]il1~ 

·' .... '~'I·q ,. 
.- - ---\ -- "" 

"" 

+\ ,w 

H\ 
\ ''''-'" 

i 
, ! 

b) ""n Oll.o (ir>ph Ii" Wd], 111 · ] ,,,,d 1( ·11 1 

The Ih""",ic"t ."un" " Itl<' block ]i1le 

, " 

-., , 
1 • m 

,,_ -L ________ ~ 

''''-'' , .... _'" 
" . 

I'igurc 26 a·b: Predict"'d ~Tl<1 ohscrvcd (~) tcml'eralllIC and (h) vilrinitc rcllcrtancc plotlcd reo- wcll, A­
I I and K -t t 1. The best fLl lines for vitriLli!e rdkClallc" Jeri,'ed from kinetic rnoJelling are ,hown N('I!e 
tll<; nllSmakh in iempcrmurn j')f well A-II and in "itrimt" rcllcetanct f()f wdl K· H I b<;lw~"n the b<;,t 
tit 1;11" nnJ obseneJ dam at depths -,{)()(]m to 4S{)(]m. n'e Wal'hs "'cre coniilrncte.J allocaTio" n 
shown '~l Figure 21. 
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Calibration was improved through matching the observed variations of temperature and 

vitrinite reflectance plotted for well A-I! and K-Hl. Further improvement (see Figure 27) was 

obtained by additional modifications, i.e. through adding several more stratigraphic 

subdivisions and improving the facies variability according to the chronostratigraphic chart 

(Figure 3), and creating a more heterogeneous model of higher resolution (Figure 21). 

The results ofthe seismic analysis combined with 2D basin modelling allows one to address 

the potential existence of active petroleum systems in the basin. Figure 28 shows the 

calculated transformation ratio (TR) that the individual source rocks have reached in the 

studied sections. TR represents the degree oftransformation of kerogen to hydrocarbons 

expressed as a percentage (%). TR depends on the kinetics assigned to the respective source 

rocks as well as the time/temperature evolution as reconstructed in the basin model. Results 

reveal a significant lateral variation in the degree of kerogen conversion along the section 

studied. The entire Hauterivian, Barremian and Aptian source intervals have a TR in excess of 

98%, a maturity that indicates almost complete kerogen conversion at these horizons at 

present time. The youngest source interval of Cenomanian/Turonian age has a TR ranging 

from 88% in the distal sectors ofthe basin to 5% in the proximal sectors ofthe basin. This 

sequence is essentially immature in the proximal part of the basin. 

Figure 29 shows the reconstructed present day maturity across the studied section. Colour 

shadings correspond roughly to maturities representing general stages of kerogen conversion, 

i.e. the oil and gas windows. Most of the older source intervals (Hauterivian, Barremian and 

Aptian) lie in the dry gas to wet gas window. This indicates that most of the kerogens from 

the older source intervals have been transformed. Otherwise, most of the Cenomanian -

Turonian source interval lies in the oil window. The deepest part of the same source interval 

can be assumed to be in the late-oil to wet-gas region. 
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rigur~ 2~: 2[) model of the degt"'e of hnlgcn con ,·cThio" (T mn,ru,malll11l Ralio) in lhc lJITS<.lll Jay 
cHlso-"",llOn. 1 h~ hO(lzontal ax;, i" the I~Ll!!th of)lmfil~ (nO km). The leli ax;, ,how, the doel~h of 
prolH~ ( 1 11m), a nd The nghl a,,! JdJll~at~s the n~lll'" or 'Inl lib'l1tpblC hOJl'«'I", 
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O IES 

rigur~ 29: lD mudd ofth~ ,-itrinite values for the present day of ,mdy ~re~ cro>, sect ion n'e boriLonlal 
a~i, "the leng,th of pl'Ofile (220 kIll). lh~ Idl a~i, shows llw J~pth ofprufile (11 km), and the right axis 
delineates the llmnes of stratigraphic horiltln~_ 
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The thermal evolution of the basin can be expressed in terms of vitrinite reflectance and 

transformation ratio, and burial history. The evolution of vitrinite reflectance (i.e. maturity) of 

all four source rocks (Figure 30) was extracted from the model for locations A, B, and C 

shown in Figure 21. In the proximal part of the basin (Location A), the Hauterivian source 

rock has the highest vitrinite reflectance values at around 1.4 % Ro. The Cenomanian/ 

Turonian source rock is least mature at around 0.4% Ro. All source rocks start to mature in 

the early Cretaceous and reach maximum maturity in the late Cretaceous. 

The middle part of the basin (Location B) has the highest vitrinite reflectance values, reaching 

up to 3% Ro. All four source rocks mature faster and within a shorter time span than the early 

Cretaceous at Location A. The Cenomanian/Turonian interval is again the least mature source 

rock. The distal part of the basin (Location C) is similar to the middle part (Location B), 

except that it has a lower vitrinite reflectance range reaching up to 2% Ro. 

The transformation ratios over time for the four source rocks, at all locations, are displayed in 

Figure 31. Only at location A is the Cenomanian/Turonian source rock transformation ratio O. 

This can also be seen in Figure 28, where the transformation ratio value is relatively low in 

the proximal basin for the younger source rocks. 

Burial time-slices extracted from the 2D basin model allow a visualisation of the burial 

history, including erosional effects during the basin development. Rates of subsidence are 

highest during the Cretaceous, and decrease significantly in the Cenozoic. The results at 

locations A, Band C (Figure 32) show that subsidence was continuous from the Lower 

Cretaceous to the Upper Cretaceous, at which point maximum burial temperatures were 

reached. At locations Band C, burial is more or less continuous throughout the Cretaceous, 

but then slows down or essentially halts, during the early Cenozoic; thereafter burial increases 

again. These plots are similar to those recorded in the south of the Orange Basin (Paton et aI., 

2007; Kuhlmann et at, 2010). Paton et aI. (2007) mention that at the end ofthe Cretaceous, 

aggradation with erosion in middle and inner shelf occurred, followed by deposition 

(prograding wedge) shifting across the shelfbreak and significant sediment volumes (Tinker 

et aI., 2008) prograding into the deep basin. 
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",,,chm,,: " ll"'X "Hum m,\ uri! y ,[ I h~ I'te Cr~l""e(lU'. afie, which there is no fut1her matlLration. J he 
,enomaniall'T uconi"n ,ourc~ meb is tl", Ie,,'" malure and the lIaute.-iviml source rocks is Ill" 1110,1 
mUlur\:, 
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legend, bille-cold, rni-wJIm). Jb~ huri"1 hmc''Y is a simpk okp!i' wr,u, tllll~ plo! in Ihai dep""ilOll 
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3.3.3. Recon,1 ruction or B~siJl E, "JlltioJl 

Th" r"~()nstnlctnl hasin de\eiopment dunng the Cretaeeou, i~ shown in Figure ."l."l. B,."in 

de' doprnent hepn in the Uppcr J ura,sie anJ Lown Cretac<;c,llls wh~n siliciclastic. i:ocu'1Ilne 

setiirncnls .Hld \ (lkallle 11l~lertal 1,,-,.1 lilkJ-llp a einnpkx oj" gralx,-..", anJ hall~~rahens (Fi gurc 

.\"1aL Figure 33h sh"ws the fint mnj,'r <.ei.rlllc Crctaceous Unit I that followed was tiq"K.'Sl1cJ 

mC,lstiy in the prnxllnal side of the hasin. '11'e same appi ie' for sei&m ic C reta=.'u~ L n it 2 

(F,),'11[<: 33cl. Th",~c dep.-"ilion,i\ ~\'~llb ~.\.plalll th.; hl1-'11 SubSI(kn~-.; rak ,11 location A :;ituilt~d 

ill the l'WX 111",1 1'_)11 of the ha~i JI (Fi gure 321· The delw .sitional ~tyle i ~ ckarly that of 

"ggl 'oldnhon. as Wi" alre"d) suggcsl"'\ hy Pal(~1 Cl ai, (201l? J lor the "outhem 1',,11 "I' Ihe 

Oranl'c Bn"n. 

In co"tr;'~t tn the .lgr,tdatipnaJ d~p"sition of the Cretac<:ou~ Units 1 il"d 1. Crctac~ous Sei&'l1ic 

I J ,,,I "1 I F1 gun' Yld) J,spluys "pltll,n',JJall0nul tend"',,e),. with Ihe Ihieke,,1 I~ ,rtlOn" encmm teTe<! 

otT th" Crctae{:olls shelf brcak (:rl't,l('C",," L: n ,Is -1 01<lJ ~ ~ Is" d,ows I he ,,~me 1'"\1"",, 'is lim! 

3. The CcnozOlc Units I il"d 1 (Figure ."l.le) also show dcpositi,'n (protJad!Jl~ CenozoIc 

wedg<:l tkn has shifted acro&~ the shclfJ:.rc,tI" so thai ~igmtkanl volumes prograded Into thc 

deep ha~m (P~ton d aI., 2007). 

., 

-

I'ig.urc 33 a-e' Graphs ,ho" ing. roconstrucled e"olul1On of Ihe ho'i"'~) From synril1 10 C"relaccl .... ' 
horizon (,At I. h) ])~r"siti'~l of CO"t""~c," unit I. 
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[)Cf'O,it;lln "r C ""oLO,c umlS. Legend name, cannot be col'l'~ct",1 hccUI!'c the Sllf\ w~rc " n04 ,,,-ailablc. 
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3.3.4. Fluid Migration model 

Petroleum generation and migration modelling was performed in order to attempt to 

reproduce the observed gas leakage pathways in the basin. Reproduction of observed leakage 

sites would imply first that the basin-wide migration dynamics are being correctly described. 

Additionally, it would provide insights on petroleum migration dynamics and the location of 

the fluid source kitchen areas. 

Flow modelling was performed assuming invasion percolation (Carruthers and de Lind van 

Wijngaarden 2000: Figure 34) as the preferred migration method. This assumes that flow 

through focused pathways occurs in the model as a function of the capillary entry pressure 

field in sedimentary systems. In other words, invasion percolation techniques assume that at 

the timescales of secondary petroleum migration hydrocarbon flow is overwhelmingly 

controlled by the balance between gravity (or buoyancy) and capillary forces. Viscous forces, 

which are taken into account in the Darcy equation, (see below) are negligible. Invasion 

percolation migration occurs only when fluids are generated and enter the secondary 

migration space. At this point fluids migrate in the sedimentary system as a function of 

hydrocarbon column height and capillary entry pressure until a final balance is reached. In 

this process time plays no role. 

Another fluid flow modelling technique is based on using the full Darcy flow equation 

(Schneider 2003). This assumes that fluid-flow velocities are mainly a function of sediment 

permeability, fluid viscosity and the pressure gradient (Schneider 2003), and thus describe the 

timing of flow processes. The difference between the two flow techniques is that the Darcy 

based technique (Schneider 2003) suggests that all movable fluid will continue to move 

towards the top layer with time even after the fluid injection has stopped (buoyancy 

controlled, no perfect seal). On the other hand, Invasion Percolation modelling suggests that 

fluid movement will cease after fluid supply has stopped. 

Flow path modelling is an additional fluid flow simulation technique that is based on the 

buoyancy as the principal driving force in hydrocarbon migration in carrier systems. Fluid 

flow in such carriers is modelled as a purely geometric problem (Hantschel et aI., 2000). It 

assumes that the entire system is flow conductive and covered by a seal. Despite being a very 

rapid and high resolution approach, it is only applicable to carriers and is inadequate for the 
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simulation of pervasive flow of fluids through low permeability sequences (Hantschel et aI., 

2000). 

In my present study, invasion percolation was preferred for the modelling of fluid flow 

because it is more effective in creating a simpler migration model and because of significantly 

reduced computing time. 

The resulting migration model reproduces at least two primary processes responsible for gas 

leakage across the basin (Figure 34). The first is petroleum migration that occurs in the lower 

shelf, where there is significant faulting. The second is in the middle and upper shelf, where 

the leakage is associated with vertical migration of free gas, despite apparent absence of 

significant faulting. 

Hydrocarbons from the older marine source rocks of the Lower Aptian and Barremian age 

clearly migrate up-dip beneath the seals towards the proximal end of the basin. In the 

migration model (Figure 34a), the locations ofthe predicted hydrocarbon accumulations 

coincide with bright spots already identified in the seismic profiles (Figure 34b). After the 

gases have migrated to the proximal part of the basin, they subsequently leak to the sea floor 

in response to a change in the overlying lithologies (e.g. from siltstone to sandstone; Figure 

34a). 

Hydrocarbons migrating to the shelfbreak and to the distal part of the basin are fed by 

younger source rocks of Cenomanian/Turonian age. No hydrocarbons from the younger 

source rocks are found to leak from the proximal part of the basin. This is most likely due to 

the comparatively low maturity ofthe younger Cenomanian/Turonian source rock in this area 

(Figure 29). To predict the position of other leakage sites, a 3D modelling approach is 

required. 
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3.3.5. Source Rock Kinetics 

The Petro Report software (from Petromod) is a useful tool for estimating hydrocarbon 

generation, cracking and expulsion of the petroleum systems in the Orange Basin. However 

one mismatch produced through the Petro Report software is that it predicts, in total, more oil 

than gas leaking from the source rock system (2727 and 681.7 Mtons, respectively). In reality 

however more gas than oil should be leaking to the sea floor. This disprepancy may be due to 

the reaction parameters (e.g. Model 1 ; Figure 34) chosen in models that only differentiate 

between two phases, oil and gas (e.g. Pepper and Corvi, 1995a, 1995b, Pepper and Dodd, 

1995). To create a more realistic petroleum flow system model, a second simulation model 

(Model 2 : Figure 35) was tested by changing the kinetic parameters of Model 1 based on 

Pepper and Corvi (1995) to compositional kinetic models (Table 5), that are based on the 

PhaseKinetic technique described by di Primio and Horsfield (2006). The applied 

compositional kinetics models allow the correct reproduction of hydrocarbon compositional 

evolution as a function of primary and secondary cracking as wen as the correct simulation of 

hydrocarbon phase behaviour during migration and leakage. 

rocks 

SR Cenomanian 

SRAptian 

SR Barremian 

Kinetics for Model 1 (kerogen­

oil and gas) 

Pepper&Corvi(l995LTIl(B) 

Pepper&Corvi(1995LTII-S(A) 

Pepper&Corvi(l995LTIIIH(DE) 

Kinetics for Model 2 (compositional 

for phase separation) 

Botneheia Svalbard Til Crack - --

Botneheia Svalbard Tn Crack - --

Handil mahakamDelta TIll Crack - - -
-------_._.-----'---_._--------'._-------_._--_._._--

SR Hauterivian Pepper&Corvi(l995L TI(C) Toarican ParisBasin TI Crack 

Table 5: Kinetic parameters assigned for different kerogen types in the source rocks of Models 1 & 2. 

Although, results of migration Modell (Figure 34) and Model 2 (Figure 35) both accurately 

produce the spatial associations of the identified gas chimneys in the TWT seismic sections, 

the migration paths in Model 2 (Figure 35) are simpler and, unlike Model 1, shows migration 

of gases in the deeper sectors of the basin from the Cenomanian/Turonian source rocks and in 

addition, shows ongoing expulsion of hydrocarbons from the Aptian source rocks. These 

deep-sourced gases migrate from the mature source (kitchen) interval of Cenomanian! 

Turonian age with a TR ranging up to 88% in the distal sectors of the basin (Figure 34). 

The results show that whilst the thermal histories between Model 1 and 2 are similar, the 

hydrocarbon mass balance and the resulting migration models differ. Model 1 shows that 
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more of the products migrate subvertically, towards the surface than sub-horizontally (1962.2 

and 967.4 Mtons, respectively). These results also indicate that the fluids are 24 - 25 times 

more likely to flow out ofthe Orange Basin than to be preserved within it as calculated from 

the Petro Report tables. The Petro Report for Model 2 indicates that the fluids also flow 

subvertically upwards, but only marginally more so than subhorizontially (1519.2 to 1370.9 

Mtons, respectively). The fluids are also 24 times more likely to flow out than to be 

accumulated within the basin. The differences are largely due to the physical properties of the 

oil and gas phases modelled (Le. density), which are probably more realistic for the full 

compositional modeL 

Figure 36 shows the modelled hydrocarbon fluids outflow from the models as a function of 

time. As discussed above, the difference between the two models is due to the different 

kinetic schemes applied and their control on the timing and extent of hydrocarbon generation 

from the source rocks. 
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Figure 35, MIgration paths and degree of kerogen WllwrSlOn (Tmnsformation R"lio) for Model 2. The 
dOll~d hI,,", ,how Ih~ nngration path, (~"'se,~rnl alld I iqul<ls-gn:en). 1l,~ c(}luur rangn ,n Ihe ,uurce 
rock interval, repr~sent tlk I mn,forntation Ratios (s"" legend). 
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3.3.5.1 Best Fit Model 

In the final analyses, it is worth summarizing which model best fits the petroleum systems of 

the Orange Basin, bearing in mind, that both models can be improved by increasing data input 

from the seismic data (e.g. facies constraints). Model 1 and 2 look very similar. Both of the 

migration models accurately produce the spatial associations of the identified gas chimneys in 

the TWT seismic sections (Figure 34). However, the migration paths in Model 2 (Figure 35) 

are simpler and, unlike Model 1, it shows migration of gases in the deep sections of the basin. 

These gases migrate from the mature source interval of Cenomanian/Turonian age with a TR 

ranging from 88% in the distal sectors of the basin (Figure 28). Since Model 2 makes more 

predictions consistent with what is observed in the seismic data, this is the preferred final 

model. 

4. CONCLUSIONS AND PERSPECTIVES 

Despite an apparent lack of hydrocarbon accumulations in the Orange Basin, gas chimneys 

and gas leakage features are frequently observed. Important questions that arise in this study 

are: Where do the thermogenic fluids and gases come from? How and when were they 

generated? What controls their migration; and where do they migrate to? Observations of gas 

chimneys and gas leakage features in the Block 2 area described here significantly expand 

what is known from previous work in the southern part of the basin (Ben A vraham et aI., 

2002; Viola et aI., 2005; Paton et ai., 2007 and 2008; Kuhlmann et ai., 2010). Through 

detailed seismic interpretation and analysis of the evolution of the northern part of the Orange 

Basin, this work has provided clues about what the controlling factors are for gas mobility 

leakage out of the basin. Moreover, 2D petroleum modelling has provided, for the first time, 

more clarity on the timing of gas generation, migration and sequestration dynamics; and it has 

revealed the maturation history for the west-east transect across the basin. 

The major findings from this work can be summarized as foHows: 

• 113 gas leakage indicators were identified as chimneys on the middle shelf and lower 

shelf of Block 2. The gas chimneys are classified into two main categories: 

stratigraphically-controlled and structurally-controlled. The structurally-controlled 

chimneys are mainly located in the extensional domain and originate along the normal 
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