
J 

J 

,1 

MINERAL DIAGENESIS AND POROSITY EVOLUTION IN . 
THE HIBERNIA OIL FIELD, 

JURASSIC-CRETACEOUS JEANNç DI,ARC RI~T GRABEN, 

EASTERN GRAND BANKS OF NEWFOUNDLAND, CANAD~ 

by 

Iftikhar A. Abid 

-. 
Department of Geolagical' Sciences 

o' 1 ~ 
McGill University, Montreal 

Il 

Quebec, Canada 

. , 

A thesis submitted ta t~e 

1 
'. 

1 

l, 

Faculty of Graduate Studies and Research 

in partial fulfillment of the requirements 

for the degree of Master of Sciel'lce 

CS) 1988, J. A. Abid 

, .. 
.. ' 

'. 



) 

, 
Mineral diagenesis and porosity evolution, Hibernia field, Grand Banks 

,< 

.. 

, , ., 



\ 

• 

ABSTRACT 

Reservoir sandstones and interbedded shales of the 

Hibernia oil Field (1000 to 5000 m subsurface depths) were 

investigated to evaluate the effects of burlai diagenesis on 

reservoir porosity with increasing depth. 

~ Major early to later diagenetic sequences in sandstones are 

summarized as: thin chlorite rims, sider.ite, quartz, early 

pyrite, early ferroan calcite, quartz, dissolution (dominantly 

of calcite) and generation of secondary porosity, minor grain 

fracturing, late ferroan calcite/late ferroan dolomite, late 

quartz, kaolinite, late pyrite and migration of hydrocarbons. 

Late ferroan dolomite with curved cleavages and sweeping 

extjnction resembles saddle dolomite (common in carbonates) and 

has not previously been reported from sandstones. The increase 

in illite, the decrease in kaolinite, the decrease in the 

percent of smectite in mi~ed-layers IlS, and the disappearance 

of discrete smectite with depth are important mineralogical 

changes observed in shales of the Hibernia and West Ben Nevis 

fields. The distribution of calcite cements, quartz overgrowths 

and late ferroan dolomite, ar.d secondary porosity suggests a 

significant influence of interbedded shales on sandstone 

diagenesis. 

Porosity in the fine-grained, loosely packcd diagenetically 

immature Hauterivian-Albian Avalon Sandstone (2100-2660 m) is 

mainly primary. The fraction of the total porosity which is 

secondary in origin increases gradually with depth from 20% in 

the Avalon Sandstone to >80% in the diagenetically mature 
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Tl.thonian Hibernia Sandstone (3480-4100 m). Aggressive pore ,,c 

fluids required for dissolution âre inferred (though"unproven) 
, 

\- to have been provided by multiple complex reactions in organic-

l' .. 

matter rich Kimmeridgian shales and shales interbedded in the 

reservoir sandstones of the Jeanne dr Arc Basin. 
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" / RESUME 

Les grès r~servoirs et les schistes argileux interlités du 

champ Hibernia (de 1,000 à 5,000 m de profondeur en subsurface) 

furent utilisés po~r évaluer les effets de la diagénèse, lors de 

l'enfou.Lssement, sur la porosité de la roche réservoir et ce en 

fonction de la profondeur. 

Les séquences majeures de la diagénèse précoce et de la 

diagénèse tardive dans les grès se résument à: de minces 

couches de chlorite, sidérite, quartz, pyrite précoce, calcite 

ferrifère précoce, dissolution (surtout la calcite), et la 

formation d'une porosité secondaire, fracturation mineure des 

grains, calcite ferrifère/dolomite ferrifère tardives) quartz 

tardif, kaolinite, pyrite 'tardive et la migration 

d' hydrocarbures. La dolomite ferrifère tardive a des clivages 

recourbés et une extinction ondulante qui ressemblent à ceux de 

la dolomite en forme de selle (commune dans les carbonates) mais 

qui n'a jamais été décrite précedemment dans les grès. 

L'augmentation en illite, les diminutions en kaolinite et du 

pourcentage en smectite des feuillets mixtes IlS, ainsi que la 

disparition de la smectite individuelle avec la profondeur sont 

autant de modifications minéralogiques importantes qui sont 

observées dans les shales de~ champs Hibernia et West Ben Nevis. 

La distribution des ciments dp. calcite, de quartz d r épitaxie et 

de dolomite ferri~ère tardive, et d'une porosité secondaire 

suggèrent que les schistes argileux interlités ont eu une inf-

luence significative lors de la diagénèse des grès. 

La porosité du grè's AVillon (2,100-2,600 m), d'âge Hauteri-
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vien-Albien, a grains fins et immature, peu consolidé lors de la 

diagénèse, est en majeure partie d'origine primaire. La fraction 

de la porosité totale qui est d'origine secondaire augmente 

graduellement avec la profondeur, de 20 % dans le grès Avalon 

jusqu'à plus de 80 % dans le grès Hibernia (3,480-4,100 m), 

d'age Tithonien, devenu mature lors de la diagénèse. Il est 

considéré qu'une dissolution par des fluides acides dans les 
~ 

pores de la roche est requise (quoique non-prouvée) et fut 

provoquée par des réactions complexes et multiples dans les 

schistes argileux Kimméridgien riches en matières organiques et 

dans les schistes argileux interlités avec les grès réservoirs 

du bassin Jeanne d'Arc. 
J 
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CHAPTER l 

INTRODUCTION 

The Hibernia Oil Field is located in the Jeanne d'ArC\ 

Basin of the eastern Grand Banks, 315 km east of st.' 

John's, Newfoundland, Canada (Fig. 1.1). It was the first 

major oil discovery in 1979 after more than a decade of 

exploration along the Canadian East Coast. A preliminary 

estimate indicates that there are more than 1.8 billion 
1 

barrels of recovcrable oil and 1.6 trillion cubic feet of 

associated natural gas in the Hibernia and adjacent oil 

fields (Moneley, 1986). The entrapment of hydrocarbons 

occurred in a roI lover anticline confined to the western 
, ; 
periphery of the northern Jeanne d'Arc Basin. Reservoir 

rocks are mainly Lower Cretaceous fine te medium grained 

quartz-rich sandstones of the Missisauga Formation. The 

organic-matter rich Kimmeridgian shales (with up to 8 wt % 

total organic carbon content) of the Mic Mac Formation are 

mature enough at their present burial depth (>4000 m) to be 

the main source for hydrocarbons in the Hibernia field 

(Creaney and Allison, 1987). 

1. 1 OBJECTIVES 

Sandstones are the main reservoir rocks for hydrocarbons 

in the Hibernia field. Reservoir quality (porosity and 

permeabil i ty) of deeply buried sandstones are quite 

a variable because of differences in compaction, cementation, 

l 
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and dissolution processes. An understanding of the nature 

and extent of these processes is necessary to predict 

reservoir quality and production potential. The major 

objectives of this investigation are ta: 

(1) determine the mineralogical composition of sandstones in 

different reservoir zones; 

(2) de scribe and quantify .authigenic sandstone mineraIs 

and ta establish paragenetic sequences; 

(3) document the mineralogy of interbedded shales" and 

assess the effect of burial on shale diagenesisi 
\ 

(4) / present resul ts of a detailed petrographie study of 

porosity development and distribution in the Hibernia 

field including quantitàtive estimates and texturaI 

character istics of the different porosity types, and 

their relationship to compaction, cementation, and 

dissolution processes with increasing buriai depth; 

(5) determine the possibfe role of shale diagenesis for 

precipitation and dissolution of sandstone mineraIs, 

both framework grains and cements, and to trace the 

sources of the cements. 

1.2 METHODS OF STUDY 

About 450 m of drill-core (Fig. 1.2 and 1.3) from 5 wells 

,of the Hibernia Field (B-08, B-27, 0-35, K-18, and C-96i 
\ 

:tanging from 1700 to 4500 m) were examined during the 

summers of 1985 and 1986 at Mobil's Core Storage Centre in 

Calgary and at Canadian ail and Gas Land Administration's 

(COGLA'S) Core storage in Dartmouth, Ha~ifax. AlI cores were 

2 
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Fig. 1.1 Mesozoic-Cenozoic sedimentary basins along the Canadian 
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Fig. 1. 2 Location of the Hibernia oil' Field and the different 
wells studied. Contours: depths to basement in kllometres 
Cafter Geol. Survey Canada, 1977). 
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logged, recording bed thickness, sediment~ry structures, 

occurrence of fossils, calcite-rich zones, 

features, and sample locations (Appendix 1) . 

dissolution 

1 
1 

More than 70 sandstone and 20 shale core samples were 

collected at selected locations. Fourty weIl-cutting shale 

samples were also collected from - the B-08 

(Hibernia), and B-75 (West Ben Nevis) wells. 

numbered by subsurface depth. Carbonate-rich 

and 
(> 

B-27 

Samples are 

sandstone 

zones which alternate with porous zones were sampled more 

closely. AlI sand stone samples were impr~gnated with blue-

dyed epoxy prior to the preparation of uncovered thin 

sections. Impregnation with blue-dyed epoxy is the standard 

method now applied in the oil industry and elswhere for easy 

-recognition and classification of pore,spaces. Thin sections 

were subsequently stained for carbonates (calcite, ferroan-

calcite, dolomite, and ferroan-dolomite). Part of each thin 

section was stained with a mixture of Alizarin-Red and K-

ferricyanide and the rest, with Alizarin-Red only, following 

the procedure outlined by Dickson (1965). In addition, 

numerous stained thin sections were made available for study 

by Hobil oil, Toronto. TexturaI relationships observed under 

the microscope were used to establish paragenetic sequences 

of cementing mineraIs. Criteria of Schmidt and McDonald 

(1979b), Shanmugam (1985), and Burley and Kantorowicz (1986) 

were applied to differentiate primary from secondary 

porosity. On average five hundred points were counted per 

thin section and secondary pores were classified into 

different genetic classes. , 
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l About 40 weIl-cutting shale samples from three wells (B-

08, B-27, Hibernia; and B-75, West Ben Nevis), spanning a 

subsurface depth from 1000 to 4500 m were analysed by X-

ray diffractometry (XRD). Twenty sandstone samples were 

examined under a JSM-T300 sca~ning electron microscope (SEM) 

with an energy dispersive spectrometer (EDS). Disintegrated 

and ultrasonically cleaned quartz grains from"8 samples 

were also studied under the SEM. Twenty three shale samples 

were analysed for total carbon and organic carbon content 

with a Leco gravimetry method. Twenty-four sand stone samples 

we~~alyzed for. carbon and oxygen isotopes using a 
"-

~micrbsa~c~nique (analyses performed 

at th~versity of Michigan). 

by D. Dettman 

1. 3 PREVIOOS WORK 

Hydrocarbon exploration along the East Coast of Canada 

began in 1966 (Amoco Imperial Tors Cove D-52 weIl). Howeve\,... _ ~ J 

apart from small oil shows in wells on Sable Island in 1971, 

no major oil pool was discovered until 1979. This was 

mainly due to the limited understanding of the nature and 

distribution of source rocks, basin configuration, and 

maturation levels in the different basins. However, during 

these 12 years of exploration, extensive data sets about the 

stratigraphy, structure, sourC"e rock geochemistry and 

geodynamic evo1ution of Canada's East Coast offshore area 

were acquired (Sherwin, 1973; Amoco and Imperial, 1973; 

Upshaw et al. , 1974; Jansa and Wade, 1975; Williams and 
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Brideaux, 1975; Jansa et al., 1976; Bujak et al., 1977a,bi 

Purcell et al., 1979; Swift and Williams, 1980; and Rashid et 

al., 1980). 

The first detailed geological history of the East Coast 

was published by Sherwin (1973). On the Scotian Shelf 

stratigraphie nomenclature for Mesozoic and Cenozoic sediments 

was proposed by McIver (1972). This nomenclature was 

extended, with little modification, to the Grand Banks by 

Amoco and Imperial (1973) and Jansa and Wade (1975). Results 

of organic matter studies (Bujak et al., 

al., 1979; and Swift and Williams, 1980) 

Jurassic shales of the Grand Bank5 are 

1977a,b; Purcell et 

indicate that Upper 

locally rich in oi1-

prone organic matter (Type II kerogen) and mature enough to 

generate hydrocarbons, whereas Jurassic sha1es of the Scotian 

Shelf are rich in terrestrial organic matter (Type III 

kerogen) and are gas-prone at their present buriai depths 

(Powell, 1982). The clay mineralogy of shales was not given 

due attention during previous maturation studies. 

The first paper on the Hibernia discovery in 1979 was 

published by Arthur et al. (1982). Since then, more than 10 

papers have been published covering almost every aspect of 

the geology of Grand Banks, except buriai djagenesis. six of 

these papers focus on the Jeanne d'Arc Basin where aIl 

major oil discoveries have becn made 50 for. 

Benteau and Sheppard (1982), and Handyside and Chipman 

(1983) worked on petrophysical and reservoir simulation 

studies in the Hibernia field. Depositional environments of 

reservoir sandstones are briefly mentioned ln these 

8 



J publications. Powell (1985) outlined the implications of 

paleogeography on the distribution of organic matter in the 

source rocks of the various basins and explaine~ the 

paucity of organic matter e.g. in the South Jeanne d'Arc 

Basin. Creaney and Allison (1987) constructed a maturation 

map for the Kimmridgian shale in the ,Jeanne d'Arc Basin. 

However, their data are based only on 5 wells. Meneley 

(1986) and Grant et al. ( 1986) published up-to--date 

summaries about the petroleum gcology of the East Coast of 

Canada, providing numerous cross-sections through different 

hydrocarbon-beilr inCj scdimentary basins. The structural and 

geodynamic ~vol ntion of t..hose har; i nr; i~: covcreLl in t'Wo 

recent pap01.::" hy T<lnkani ancl Wel!;jnJ~ (19H7 r ,m<l in prer;:;). 

Thir; :-:;hort ~;ummLlry of pr0vjous il.Tork reveèllL; that: many 

aspects of thü gl'ology 01. tlw Bibern:", oi 1 FJnid hilV(! becn 

studied [;ys temaLi cally in thf' pdst C',,<cept. tllP cl i aqent!~; i s of 

the rescrvo ir rocJ<'!3 and th01 r ilssociated ~;hall~G. It i~3 the 

first attempt to document the buriai diagenesis in the cntire 

stratigra~lic intûrval of the I1iberniù oil Field which 

conta ins oil·-bearing reservoir rocks from the Upper Jurassic 

to the top of the Lower Cretaceous (Fig. 1.1). Clearly, the 

diagenetic study initiated by the present project has been 

overdue. 

9 



CHAPTER n: 

GEOLOGICAL BETTING, STRATIGRAPHY AND RESERVOIR ROCKS 

2.1 STRUCTURE AND GEOTECTONIC ENVIRONNENT 

2.1.1 Grand Banks 

The cant. H1ent d l marq in (~f Eastern Canada i5 underlain by 

a series of north and northeast trcndinq MAnozoic-Cenozoic 

sedimentnry bùnins (Fig. l . 1) • 

half-grab0n ntr'-1ctllr('~ initiatRd durjr;q diflercnt, I1cf,07.0jC 

crustdl exten:::on ,\nd rittinrJ ('pl~;()d0'; ilm;c;c'iaLpd wiLh tllP 

openinq of th, (M(.::Mi 1 1 i "n, 1'JH7; 

Tankard clnd WI: 1. i nl, r î n pl f~';:;) . 

],iltf 

coast ut North ;' J:le t'i (;<1 eXi.(' nck<l on1 y up tu the present ,J 0i1nn(~ 

spreadinq (Jï5 Mil, KI itqonl ilnd S(:houtcn, 19U(j) which extenùr>ù 

northwi1rd up ta the sout:h of thc~ Gr<1nd h,lnks, wher p l élt:era l 

movernent Wi1n i'lccornmodi1ted alonq the Ncwfoundland Fr(H..::ture 

Zone (NF,~, Fig. ~2.1, trom 'l'ùnki\rd and WEtsüü" 1'387). ln the 

Grand Banks, howevnr, Tate Triansic rifttng lastnd only ~bout 

25 Ma and was aborted without the creation oi oecanie crust 

(Tankard and Wel~ünk, in pres;;). A shift in the sprcadlng 

centre and plate reorganizntion oecurr~d durinq Callovian 

time (Klitgord and Schouten, 1986) with the onset of renewed 

extension in the present Jeanne d'Arc Basin. This second 

phase of rifting lasted for a longer perioo of time (about 

10 
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50 Ma), until sea floor spreading separated the Grand Banks 

from the Galicla Bank of the Iberian Peninsula. Separation 

of the lberian Peninsula terminated thls episode of rifting 

(Masson and Miles 1984, 1986). Subsequently, Late Cretaceous 

extensional tectonics dominated Ln the Orphan Basin of the 

northcastern Grand Banks (Fig. 2.1) until the beginning of 

separation of Labrador from Greenlill1d by Lnbrador sea-floor 

spreadinq 8U my ago (Srivastava, 1978). 

Al onq Hw Ea ~~ t 

~ . 
" . 

niffercnt rifting 

ext cn!>l on wcre 

.. . '. L(>n'; i :1 11 il 1 r·' l'l',) i : .. ~ (r J ci • ') • 1 ) . 

~;1.y J e~, of 

basin 

1987) . 

Grand Bi) P lc~;. 'Hw n':wfonnd l.lnd ,""':nd CL:: r 1 ir- c; ibbr: Fract.ure 

Zones sepilrate> t:he Gr(lnd Banks from th·~ Scut iiln E>!wl1 in the 

south and the Labrador :;}wl f in +-hn nc;:-th. The Grand Banks 

are ful'thec dividcd into a ::3outhern, central, <lnci northeast.ern 

zones respectively, by relatively 5m311 tr<lnsfer faults 

(Fig. 2.1). The amount of extension in the central Grand Banks 

was twice that in the southcrn Grand Banks. As a result the 

basins in the central Grand Banks are considerably deeper. 

The Jeanne d'Arc Basin, for example, is about 16 km deep. 

1he brittlc upper crust in the central Grand Banks failed 

du-:-ing the extension process (from the Callovian to the 

Apt~an) a10ng a low angle detachment fault which gently dips 

ta the west (Fig. 2.2). Most normal faults in the brittle 

11 



Fig. 2.1 Sedimentary basins of the Grand Banks 

from the scotian and Labrador shelves 

Newfoundland and Charlie Gibbs fracture 

separated 

by the 

zones, 

\ 

respectively. Division of the Grand Banks into southern 

(S), central (C), and northern (N) zones is by first­

order transfer (or strike-slip) faults (from Tankard and 

Welsink, 1987). 

\ 
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zone terminate a10ng this detachment. Below the Jeanne d'Arc 

Basin the detachment ls inferred to occur at about 26km depth 

where the Murre Fault soles out into it. Below Flemish Cap, 

it has risen ta 15 to 17 YJn subsurface depth (Fig. 2.2; 

Tankard and WelGi:lk, 19(7). 

The northeast trending baSins in the Grand Banks are 

parallel t,c the tectono-st.ratigraphic f!l(>ment:s of the 

Appalachian orogen ûxposed onchore Nnwfoundland. It appoars 

that the underlying ba~(>menl linoamnnt.s i~ the Gran~ Banks. 

inheritüd from } !-otC'rozo ic and P"l pozu 1 '~ U· ~'i ,ord sm r haVf? 

infl uencNI tht! :'':' j f'nti11' ion of M!-'~J)7.oi(~ ,i ft grabens during 

the rit. tiller of P,l :,rjf'd t (~rill1t' ,,1 ,\ l , . 191Hi) • 

2.1.2 

The Jeanne d'Arc DaGin oi the central Grand Banks is a 

relatiwüy 

important 

(Fig. 2.3). 

result of 

narrow northward plunging trough where ,\11 

hydrocarLon discoveries thus fal have boen made 

'l'he present configuration of the ba~;:in 1::' the 

twc major periods ()f rifting (Late-'Prlassic and 

Callovian to Aptlan) and post-rifting thermal [3Ubsidence. 'l'he 

western side of the Jeanne d'Arc Basin in mainly bounded by 

the norlheast trending listric-typn HUTre fault, which 

strikp.s parallel to the axis of the basin (Fig. 2.4). The 

eastern side of the basin is bounded by steep normal faults 

(Fig. 2.4). These northeast trending basin-boundary faults 

are intersected by a set of northwest trending oblique 

transfer taults (F~g. 2.3). Transfer faults separate adjacent 

14 
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Fig. 2.2 Late Callovian extension along a westward dipping 

law-angle crustal detachment, showing the Murre-fault as an 

antithetic fault. Most normal faults in the brittle zone 

terminate along the detachment surface (from Tankard and 

Welsink, in press) . 
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Fig. 2.3 In the central Grand Banks differential extension 

of the Jeanne d'Arc Basin is accomodated along transfer 

faults, causing the irregular funnel-shaped geometry of 

the basin. Hydrocarbon fields of the Jeanne d'Arc 

Basin, including in the Hibernia Oil field, are 

indicated (fram Tankard 

1. Spoonbill 

2. Cormorant 

3. Murre 

4. Egret 

5. Terra Nova 

6. Hebron 

7. Rankin 

8~ Ben Nevis 

9. s. Mara 

10. Hibernia P-15 

11- Nautilus 

12. Mercury 

13. Adolphus 

14. s. Tempest 
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areas subjected to differential amounts of extension. The 

amount of extension associated with the Jeanne d'Arc Basin 

increases toward the northeast across a series of transfer 

faults. and is responsible for the present funnel-shaped 

geometry of the basin (Fig. 2.3). Some of these transfer 

faults 

to the 

were react~vated lateron in a normal sence dipping 

northeast a~d rurther deepening the Jeanne d'Arc 

Basin (Tankard and Welsink, 1987). 

A schematic cross-section section of the North Jeanne 

d'Arc Basin reveals the following four segments (Fig. 2.4): 

• (1) a stable shelf (Bonavista Platform in the west) 

cbntaining a relatively thin cover of cretaceous-Tertiary 

sediments which unconformably overlie the Precambrian-

Carnbrian basementi (2) a highly faulted hinge zone, 

separated from the stable shelf by the Murre Fault. Active 

subsidence along this growth fault resulted in the thick 

reservoir facies of the Avalon and Hibernia Sandstones along 

the western side of the hinge zone; (3) further eastward, 

the northward plunging Jeanne d'Arc Basin contains an about 

16 km J:hick sedimentary sequence which, at places, is 

intruded.by salt diapirs; and (4) the Central Ridge, a tilted 

fault block, where erosion and non-deposition are· '. 

responsible for a very thin cover of Upper Jurassic and, 
/ 

Lower Cretaceous sediments (Terra Nova, Hebron drill holes). / 
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Fig. 2.4 A northeast-southwest cross-section section of the 
~ 

Jeanne d'Arc Basin showing the following four segments: (1) 

stable shelf (Bonavista Platform) (2) Hinge zone, (3 ) Central 

Jeanne d'Arc Basin, and (4) Central Ridge. Relative strike- ~ 
slip movement along the two transfer faults is indicated as 

away from (A) and toward (T) the viewer. See Figure 2.3 for 

the location of the section. (from Tankard &;Welsink, 1987). 
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2.1.3 Hibernia structure 

The Hibernia oil field is situated in the western hinge 

zone of the Jeanne d'Arc Basin, just south of the southeast 

trending Nautilus transbasin fault (Fig. 2.3). The oil 

field is associated with a large north-northeast trending 

roI lover Hibernia anticline structure (Fig. 2.5) bounded on 

the west by a major listric growth fault (Murre Fault; Fig. 

2.5). Figure 2.6 shows schematic cross-section through the 

Hibernia field. The Hibernia structure is dissected into a 

number of separate blocks by small transfer faul ts (Arthur 

et al., 1982). Most of these faults have served as a conduit 

for fluid migration. until now only one sealing fault has been 

found between the Murre G-55A and Hibernia 0-35 wells (Fig. 

2.5). oil field distribution in the Jeanne d'Arc Basin is 

closely related to transbasional faults which appear ta be an 

important contralling factor both for trap formation, and 

hydrocarbon migration and accumulation (Fig. 2.7). 

2.2 REGIONAL STRATIGRAPHY 

The following information on the general stratigraphy of 

the Jeanne d'Arc Basin is summarized mainly from Jansa and 

Wade (1975); Jansa et al. (1976); Barss et al. (1979); 

Gradstein and Williams (1981); Arthur et al. (1982); Grant et 

al. (1986); and Tankard 'and Welsink (1987). The stratigraphie 
l' 

nomenclature used by Grant et al. (1986) was adopted for 

the present study (Fig. 2.8). 
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Fig. 2.5 

Cretaceous 

'­,.,.-
• 1 

Time sei smic structure map on the Lower 

limestone marker illustrating the basic 

structural configuration of the Hibernia anticline. 

Contour interval is 100 msec (from Arthur et al., 1982) 

Fig. 2.6 Geological cross-sectio~ of the Hibernia oil 

Field showing apparent rollov~ structure into the 

listric normal Murre Fault. In the Hibernia field, the 
1 

Hibernia and Avalon sandstones are the major reservoir 

intervals. See Figure 2.5 for location of the section 

(after Benteau and Sheppard, 1982). 
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a 

JEANNE D'ARC BASIN OILFIELDS 

_ .... _s. TEMPEST 

o 30km 
b 

Fig. 2.7 In the Jeanne d'Arc Basin, the location of ail 

fields are closely associated with transfer faults. These 

faults appear to be an important controlling factor for 

hydrocarbon migration and accumulation (from Tankard and 

Welsink, in press) . 

/ 
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Eurydice Formation 

The oldest Mesozoic sediments encountered by drilling in 

the Jeanne d'Arc Basin (Murre G-67 well) arc 60 feet thick 

continental red beds of the Eurydice Formation. They 

unconformably overlie metasedimentary rocks ~f Middle or Late 

Devonian age. The terrestial red beds record a Late 

Triassic episode of rifting and basin subsidence on the Grand 

Banks (Jansa and Wade, 1975; and Jansa et al., 1976). ln the 

G-67 weIl, an approximately three mater thick layer of 

conglomerate at the base of the sequence j s followed by -:=.hick 

dark rcddish-brown silty shales. The upper part of the red 

bed soquence i~ anhydritic. 

accumlliated under arid 

These rt:.:d Lcd~7 drc continental 

cl imatil: conditjonG. (~pper 

anhydritlc bcds mily have formed ln il cont ineni:al sabJcha f or 

coastal sabkha environrnent, as no marine focsi ls wcre found in 

this' formation. Based on stratigraphie position, a Late 

Tria5sic age i5 suggested for these sediments (Jansa and 

Wade, 1975). 

2.2.2 Argo Formation 

The red beds of Late Trlassic age 

evaporites of the Argo Formation. 

underlie 

The Argo 

wi de-spread 

Formation 

comprises of thick salt deposits under the Scotian Shelf 

(Mclver, 1972 and Emery et al., 1970). Salt deposition was 

episodic as evidenced by thin argillaceous and sandy zcnes 

within the massive salt sequence (Grant et al., 1986). This 

formation was not encountered in the Jeanne d'Arc Basin, but 
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AGE 

Fig. 2.8 

FORMATIONS GENERALIZED TE TONIe T RY 
LlTHOSTRATIGRAPHY .C • HIS 0 

POST 
RIFT 

J SUBS IDENCE 
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1 

or 

of_ 

of-

Generalized stratigraphy and tectonic history of 

the Jeanne d'Arc Basin (modified after Grant et al., 1986 : 

and Tankard and Welsink, 1987) 
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thin salt beds at the base of the Iroquois carbonates (in the 

Murre G-67 weIl) probably belong to this formation. 

Diapjric structures revealed on deep seismic-reflection 

profiles may also indicate the presence of Argo salt in the 

Jeanne d'Arc Basin. The Argo salt basin is part of a Late 

Tria~sic ta Early Jurassic salt basin Bystem, which developed 

on the periphery of th(~ western extension of the Tethyan Sea 

(Jansa and Wade, 1975). 

2.2.3 Iroquois Form~tion and Whale Unit 

The Early and Middle Jurassj~ wcrc ~imes characteriscd 

by • 1 rcqlono-< tr<1n;;gn~ss ion (s} 

which gradually transfoJIDe(] t.he Grand Bnnks jnto (ln 

epicontlnent;:ll 50", (Tank;:lrd dnd We:ls::.nk. 1987). 'l'he Iroquois 

Formation anrj Whal e unit record t..hi f> progressive change te 

normal, open marine conditions. The lower part of the 

Iroquois Formation consists of 1agoona1 and tidnl-flat, 

microcrystalline dolomite that 15 yeJlowish brown and 

occasionally contains anhydrite. The upper" part of the 

Iroquois Formation is made up of oolitjc and skeletal 

limestones. In the G-67 weIl (South Jeanne d'Arc Basin) the 

Iroquois Formation aies directIy on the red beds of the 

Eurydice Formation. 'l'he lower shale f and upper carbonate and 

shale facies of the Whale Unit were deposited in neritic 

and subtidal environmonts, respectively (Jansa and Wade, 

1975) . 
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1 Mie Mac Formation and Jeanne d' Arc Member 

The Mie Mac is the oldest formation (Callovian to 

Tithonian) drilled in the Hibernia oil field. It has been 

divided inta a Lower and an Upper zone. The Lower Zone 

consists of limestone, organic matter-rich shales, siltstone 

and sandstones, representing localized carbonate banks and 

shallow marine environments. 1t marks the transition between 

the preccdinq cpeiric-sca basin and the Late Kimmeridgian 

flood of synrift clastic sediments. Intnrbedd~d oil-pronA 

organic m~tter-rjch chalos of Kimmcridqidn age form the 

principal hydrncarbon ~0urce-ro~ks in the J~ann~ d' Arc Basin 

(Swift ~nd \I/'illiam, 3980). lt ls probable th:-tt t ransfer 

\ faults of the Callovian rift stage have enhanced basin 

isolation [orming sou:,ce rock dcpoccnt-res (Tankard and 

Welsink, 1987). 

The~'(~eanne d'Arc Member represents the Upper Zone of 
\ 

the Mie Mac Formation (Late Kimmeridgian to Tithonian), and 

comprises of conglomerate, sand~tone and shale beds of fluvial 

origine ~ate Jurassic ritting and brittle failure of the 

crust generated a rugged relief which contributed a source 

of coarse clastics to the western margin of the Jeanne d' Arc 

Basin. Along the Central Ridge, which dips gently to west, the 

Jeanne d'Arc Member consists of interbedded mudstone and 

sandstone facies (e.g. Hebron 1-13) 
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c 2.2.5 Missisauga Formation and Avalon Sandstone 

Throughout the Hibernia Field, the Upper Jurasnic and 

Lower Cretaceous Miss isauga Forrnatj on and Avalon Mûmber 

represent a thick sequence of clastic rocks, mainly sandstones 

and shales with little lirnestone int~r bccts. This major 

chanqe in sen i rnm1t a tian t 0 a cl as t:i c- domi na t üd 

Banks. M()~>t of the dp1 ri ta] m,j tpr 1. ~ J 

erosioll of 

(i.e. tfl~~ , 1 llll! L f tpd 

and Wade, 19ï"» of Uw .1c:anno IJ' AIC T,[win t'f':;pPCL1V(~ly; and 

/(1' 
3) west_ward tilted and llpliftcd Central Rià(JP bIQck[;. 'L'he 

detrita 1 mater ial W<iC tran~;ported northward and dapas itûd ln 

deltdic and rnarine-deltaic cnvironments (Arthur et al., 1 q82; 

Brown, 1985; and Tankard and Wclsink. 19H7). Dur i ng Aptinn 

time the "Avalon Uplift" area was further elevated and deeply 
/ 

denudatcd. The Aptian uplift i5 interpreted as j sost,ati c 

rebound which renulted from partial unloading of the 

lithosph0ric plate late in the extensional phases (Tankard 

and Welsink, 1987). The reason for t~e pre-Aptian Avalon 

uplift i5 not clear. 

'fhe main reservoir rocks of the Hil::ernia Field (Hibelii'-ia, 

"B" and Avalon Sandstones) occur in this stratigraphie 

sequence. Because of their signiflcance as hydrocarbon 

reservoirs, these rock~' will be discussed separately in 
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a section 2.3 below. 

2.2.6 Dawson canyon Formation 

Above the Mid-Crctaceous unconformity (or "breakup" 

unconformi ty 1 Fig. 2.7) the Dawson Canyon and Banquereau 

Formations reprcsent a post-rift sedimentation record. During 

this timn thermal subsidence and relatively shallow shelf 

seas dominatcd the Grand Banks. 

The Dawson Fo-:-mnti or. i5 sandwiched betwcer. the Mid-

CretaceOUfl cretacc0us-Tertiary uncan forroi tics and 

represent.-:.; a Lx am;qrr>.ssi VP. !lIa ri ne sequAnce. These undeformed 

sedimenLs consint mainly of shales and 1 imestones (i .e. Petrel 

Limeston~) with minor siltstone and sandstoncs. In the Grand 

Banks, the microcrystalline Petrel Limestone represents \' 

outer-sllel! environments (swift et al. 1 1975) and serves as a 

good regional seismic marker. Only a few faul ts wi th small 

displacements extend upward beyond the Petrel Limestone. 

Above the Petrel Limestone, the l ight to medium grey 

mudstone facies of the Dawson Canyon Formation ls calcareous 

and frequently burrowed. It cantains pelecypods, gastropods, 

ammonites and foraminiferal tests. During the Santonian 

stage, thin intercalatcd sandstane beds appear in this 

shale-dominated sequence. In the axial portion of the basin, 

.' time-equivalent rocks include outer neritic chalks and 

l~mestones of the Wyandot Formation (Grant et al., ~986). 
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2.2.7 

The 

overlies 

, \ 
\ 

\ , 

Banquereau Formation 
\ 

\ 

Tertiary Banquereau 

the Upper Cretaceous 

• 

Formation unconformably 
• 1 

sedlments. It consists 

predominantly of marine shale and siltstone with minor 

sandstone, deposited in the course of a major transgression 

(Gradstein and Williams, 1981). Its lower part represents a 

deep marine environment which changed to shallow during 

Oligocene time. Further up in the stratigraphie co]urnn, 

parts of the Grand Banks rnay have been exposed subaerially 

during Middle to Late Miocene time (Grant et al. 1986). 

2.3 RESERVOIR ROCKS AND THEIR DEPOSITIONAL ENVIRONMENTS 

2.3.1 Jeanne d' Arc Membor 

The Jeanne d'Arc Member of the Mic Mac Formation ls the 

oldest reservoir rock encountered in the Hibernia Field. It 

is of Tithonian (Arthur et al., 1982) or Kirnmeridgian age 

(Grant et al., 1986) and shows abnormally high formation 

pressure (above 10,000 psi) in many Hibernia wells (0-35, B-

08, K-18, and P-15) (Grant et al., 1986). 

The Jeanne d'Arc Member was deposited by fault 

controlled strearns flowing longitudinally and transversely 

generating small fan-deltas in the Jeanne d'Arc Basin 

(Tankard and Welsink, 1987). In the Hibernia oil field, this 

member was deposited by transversely flowing strearns along 

the Nautilus Fault. It comprises of rnatrix-supported and 

clast-supported conglomerate, sandstones, and mudstone. In 
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the 0-35 weIl, conglomerate (> 1 m thick) and sandstone beds 

/ \ «0.5 m thick) generally show sharp contacts. Here the 
i 

y 

conglomerates consist of pebbles and cobbtes of limestone, 

schist, quartzite and shale which float in a poorly sorted 

coarse sandstone matrix. Interbedded coarse grained 

sandstones are poorly sorted and cross-bedded. These 

sandstones commonly show broken carbonaceous laminae. In the 

Hibernia Field, this member contains small amounts of oil 

(Mene1ey, 1986). 

2.3.2. Hibernia Bandstone of Missisauga Formation 

The Hibernia Sandstone of the Missisauga Formation is one 

of' t.~le two major reservoir horizons in the Hibernia, area. It 
" 

has an average thickness of 200 metres, and occurs between 

3475 and 4180 m subsurface depth in different wells. It is 

thickest in the western part of the Hibernia structure and 

thins out northward (in Hibernia K-18» and eastward (Fig. 

2.5) . 

Brown (1985) subdivided the Hibernia Sandstone into a 

Lower and an Upper Zone. 'l'he Lower Zone consists of 

thick-bedded (up to 13 m) , medium-to coarse-grained, 

crossbedded quartz arenite interbedded with siltstone and 

shales. The sandstone units display both fining-and 

coarsening-upward sequences. The Upper Zone is characterized 

by relatively thin « 2 m) medium- to fine-grained sand stones 

interbedded with si1tstones and mudstones. The sandstone/shale 

ratio is high in the Lower Zone as compared to the Upper 
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Zone. Siderite nodules (2-3 cm long) are common in the 

interbedded shales and siltstones. Reworked carbonaceous 

material is also common in the Hibernia Sandstone. Brown 

(1985) interpreted the lower part of the Hibernia Sandstone as 

distributary channel deposits of a deltaic plain, whereas the 

Upper Zone of the Hibernia Sandstone was assigned to a 

shallow deltaic-front environment. 

2.3.3 B" Bandstone o~ Missisauqa Formation 

The "B" Sandstone member of the Missisauga Formation,' 

about 152 m thick, is present between the Hibernia and Avalon 

Sandstones. It consists of fine to very fine, locally 

calcareous sandstones. Interbedded shale and siltstones are 

c~mmonly burrowed. The "B" S.J.nd~tone represents marginal 

marine environments (Meneley, 1986} > This sandstone does not 

cont3in significant amounts of hydrocarbons. 

Avalon Sandstone 

The Lower Cretaceous (Hauterivian to Albian) Avalon 

Sandstone is a very fine to fine-grained, weIl sorted quartz 

arenite with variable amounts of calcite cement and fossil 

tragments. Fossil-rich zoneé are more common in the B-27 and 

0-35 wells than in the B-08 weIl. Many of the fossil 

fragments (i.e. pelecypods, ostracodes, brachiopods, and 

foraminfera) show imbricated stacking along bedding planes. 

The interbedd~d thin siltstones and shales are commonly 

burrowed. Reworked shale pebbles (measuring an average 4.5 x 

2.5 cm) along erosional surfaces are particularly common .in 
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,the B-27 weIl. Siderite nodules in the siltstone and shale 

( 
\ 

beds are less abundant than in the "B" Sandstone and Hibernia 

Sandstone. 

The Avalon Sandstone represents the uppermost reservoir 

horizon in the Hibernia area. As a resul t of rapid 

subsidence along a fault block and proximity of the sediment 

source, the Avalon Sandstone attained considerable thickness 
\ 

(790 m in the G-55A weIl, Fig. 2.5). This sand stone thins 

out toward the east (313 m in 0-35) and north (16 m in 'I?:"'08) 

in the Hibernia structure. 

Benteau and Sheppard (1982), Handyside and Chipman (1983) .-, 

and McMillan (1982) considered the Avalon Sandstone as a 

shallow- water shoreline deposit. Meneley (1986) int:erpreted 

it as complex assemblage of 

lagoonal' facies. 

.. 
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\ CHAPTER III 

8?~1)STO~E PETROGRAPHY AND DIAGENESIS 

3.1 SANDSTONE PETROGRAPHY 

3.1.1 Introduction 

Thin sections of more than 168 sandstone samples from 

the Hibernia Field (for sample locations see Appendix I) 

were studied under the petrographie and scanning electron 

microscope. Thirty six thin sections were point-counted for 

different components (i.e. framework grains, authigenic 

minarals, matrix and porosity types). Samples have been 

selected ~or thin section analysis if, after megascopic 
,/ 

inspect~on, they appeared interesting from the diagenetic 

point 0 view. Based on these 36 analyses, the average 

sand stone composition is Q87.9 Y3.6 R8 . 5 • Following the 

classificat"on of Folk (1974), most of the sandstones fall in 

the fields f sublitharenite to quartz arenite (Table 3.1 and 
) 

The Fig.3.1). Fi ~~m~les plot in the subarkosic field. 

majorityc, of the ~ clasts probably: represents rip-up 

clasts that were redeposited in deltaic environments (Brown, 

1985) . If these clasts are 
\ 

excluded, the samples are 

mineralogieally mature and nearly aIl would be classified as 

quartzarenite. The detrital constituents of the sandstones 

are described below. 

3.1. 2 Quartz 

Quartz is the most abundant mineraI (average 87.9%) in 

aIl samples, ranging from 78% to 99% of the framework grains. 
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Table 3.1 Percent QFR; Qp Qun ~ modes, and percent 

total detrital and authigenic mineraIs, and porosity 

for the Avalon, "B", Hibernia Sandstones, and Jeanne 

d'Arc Member. 

ABBREVIATIONS 

AUT = Authigenic minreals 

DET = Detrital constituents of sandstones 

F = Feldspar 

POR = Porosity 

Q = Quartz 

Qm = Monocrystalline, non-undulose quartz 

Qp = Polycrystalline quartz 

Qun = Undulose quartz 

R = Rock fragments 
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% Framework % Quartz Types % Whole Rock Volume 
__ Grains 

Depth (m) Q F R Qp Qun Qm DET AUT POR 

(A) AVALON 8AHDSTONE 

2184.6 77.7 5.3 17.0 4.0 6.8 89.2 79.3 8.2 12.5 

2185.8 75.8· 5.9 18: 3 1.8 2.2 96.0 84.4 6.4 9.2 

2190.3 85.6 6.8 7.6 3.3 12.5 84.2 85.8 8.0 6.2 

2190.8 87 _ 1 7.5 5.4 4.5 6.2 89.3 85.3 5.5 9.2 

2197.5 B8.7 3.3 8.0 4.0 4.1 91. 9 77.9 4.1 18.0 

2197.9 81.6 8.6 9.8 3.5 3.4 93.1 68.6 31. 4 0.0 ... 

2197.9* 87.3 4.9 7.8 2.3 4.7 93.0 82.2 7.6 10.2 

2571. 5 85.8 3.4 10.8 3.3 4.0 92.7 70.6 29.4 0.0 

2578.8 83.9 2.4 13.6 2.5 8.3 89.2 75.6 3.2 21.2 

2659.6 89.8 3.7 6.5 6.0 7.1 86.9 76.4 12.2 11.4 

2661.1 131. 5 6.5 12.0 3.8 5.7 90.8 69.7 30.3 0.0 

Av 84.1 5.3 10.6 3.5 5.9 90.6 77.8 13.3 8.9 

(B) uB" SANDSTONE 

3174.9 92.0 4.8 3.2 3.5 3.8 92.7 67.6 32.4 0.0 

3178.0 89.6 0.8 9.5 9.4 5.5 85.1 79.2 8.2 12.6 

3179.1 92.9 2.6 4.5 9.0 8.5 82.5 75.0 14.2 10.8 

3180.3 81. 7 8.5 9.8 7.4 7.0 85.6 73.7 26.3 0.0 

3185.9 89.8 7.0 3.2 1.5 5.6 92.9 66.5 23.8 9.7 

313'1.5 82.7 6.4 10.9 8.0 6.1 85.9 78.3 12.1 9.6 

Av 88.1 ~.O 6.9 6.5 6.1 87.4 73.4 19.5 7.1 

e 
" 
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(C) HIBERNIA 8AND8TONE 

3481.3 89.7 2.9 7.4 10.7 6.5 82.8 79.4 11. 7 8.9 

3482.6 93.9 3.3 2.8 9.8 7.4 82.8 80.6 7.3 12.1 

3483.4 93.3 1.9 4.8 9.5 8.6 81. 9 81. 0 12.7 6.3 

3555.1 96.8 1.2 2.0 5.1 4.9 90.0 85.9 1.6 12.5 

3606.2 98.3 0.0 1.7 14.7 12.0 73.3 95.0 1.6 3.4 

3619.4 88.6 6.4 5.0 8.0 7.7 84.3 76.2 11.0 12.8 

3622.4 97.8 0.0 2.2 7.] 1.7 91.2 87.8 2.4 9.8 

3624.2 86.5 9.7 3.8 6.2 10.4 83.4 79.3 13.0 7.7 

3845.8 96.3 1.2 2.5 2.1 4.7 93.2 79.5 9.8 10.7 

3846.5 98.2 0.0 1.8 4.6 2.1 93.3 76.6 4.2 19.2 

3849.7 95.6 0.5 3.9 5.2 1.9 92.9 71.9 9.2 16.9 

3850.3 98.1 0.5 1.4 6.9 2.2 90.9 73.3 4.8 21.9 

3850.7 98.6 0.0 1.4 7.4 6.9 85.7 72.7 2.3 25.0 

3854.5 96.9 0.0 3.1 6.5 1.6 91. 9 80.4 7.0 12.6 

3860.8 85.0 5.1 9.9 5.0 7.7 87.3 52.3 47.7 0.0 

3879.0 98.4 0.3 1.3 7.1 2.5 90.4 73.0 11.0 16.0 

3895.2 99.2 0.3 0.5 7.0 2.7 90.3 84.9 0.9 14.2 

Av 94.8 1.9 3.3 7.2 5.4 87.4 78.3 9.3 12.4 

(D) JEANNE D' ARC HEMBER 

4533.5 89.6 3.0 7.4 7.1 6.5 86.4 85.7 14.3 0.0 

4534.0 79.3 1.4 19.3 13.2 6.6 80.2 77.0 23.0 0.0 

Av 84.5 2.2 13.3 10.2 6.5 83.3 81.3 18.7 0.0 
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• Avalon Sandstone Q 
• 'B' Sandstone 

Â Hlbernla Sandstone 
\ , 

* Jeanne d'Arc Member 

'.> 

F R 
Fig. 3.1 Classification of reservoir sandstones based on major framework 

components (classification scheme of Folk, 1974). 
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-1 Monocrystalline quartz is dominant (averaging 87.2%) over 

polycrystalline quartz (averaging 6.8%). Only 6.0% of the 

o 
monocrystalline quartz shows undulose extinction (more than 5 

rotation for complete grain extinctton). Polycrystalline 

quartz is more abundant in the Hibernia Sandstone (7.2%) than 

in the Avalon Sandstone (3.5%). Quartz grains are moderately 

to weIl sorted; however, sorne samples show poor sorting. 

Generally, quartz grains are subrounded to subangular. 

Roundness increases with stratigraphie depth. At 2100-2600 

m depth, the quartz grains are loosely packed having point 

contacts (Plate 3A) • with increasing depth (>3100 m) , long 

concavo-convcx and sutured contacts become more common 

(Plate 3B, 3e, and 3D) • In' most of the samples, a few 

quartz grains with zircon inclusions (25-90 um) have been 

noted. Occasionally, inclu~ions of apatite, pyrite, muscovite, 

biotite (average 20 to 40 um) and, rarely of chlorite and 

sillimanitc, are also present in quartz grains. 

A triangular plot of monocrystalline, monocrystalline 

undulose, and polycrystalline quartz (Basu et al., 1975) 

indicates a plutonic source for most of these quartz grains 

(Fig. 3.2). However, "water" - clear monocrystall ine quartz 

with straight extinction, straight crystal faces and rare 

negative inclusions may indicate a minor contribution from 

volcanic rocks. The presence of elongated and crenulated 

crystals with deep sutured grain boundaries in 

pol y,-::rystall ine quartz aggregates probably indicates a 

metamorphic source. A minor proportion of the quartz grains 

has been recycled or reworked. R~ycling is indicated by the 
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Polycrystalline quartz 

Non-

Medium to High 
grade 

. Metamorphic 

undulose quartz 

Low grade 
Metamorphic 

Undulose 

quartz 

Fig. 3.2 Plots of quartz varieties from the sandstones of the Hibernia 

Oi1 Field on a quartz provenance diagram (after Basu et al., 1975). 

\ 

\ 

\ 
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occurrence of quartz overgrowth on rounded quartz grains that 

contained a first generation overgrowth. Reworking is 

assumed for grains with broken ca]careous micrite 

envelopes. 

3 • 1.3 Feldspar 

Detrital feldspar content ranges from 0 

total framework grains with a mean of 3.5%. 

the domInant feldspar. Microcline i8 rarcly 

grains conta in calcareous micrite envelopcs. 

to 9.7% of the 

Plagioclase is 

present. Few 

In sorne thin 

sections, feldspar cxceeds rock fragments in abundance. Most 

of the feldspar grains show signs of diagenetic alteration 

and dissolution which will be discussed in section 5.3.4. 

The Avalon Sandstone~ in which little or no dissolution 

has occurred, has an average 5.3% feldspar compared to 1.9% 

in the Hibernia Sandstone. This decrease in feldspar with 

increasing stratigraphic depth could be the result of: (1) 

dissolution: (2) 

source rocks; or 

increasing grain size; (3) change in the 

(4) a combination of aIl of these. 

Rock Fragments 

Rock fragments follow quartz in order of abundance and 

constitute an average 8.5% of the framework grains, ranging 

from 0.5 to 18.3%. These fragments are dominantly sedimentary 

in origin and include chert, shale, sandstone, siltstone, and 

limestone, along with negligible amounts of metamorphic, 

volcanic 

average, 

Sandstone 

and igneous fragments. 

more rock fragments 

(3.3%). Rather 
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classification, the rock fragments were grouped into four 

categories based on mineralogy and diagenetic behaviour, 

Le. ductile, siliceous, carbonate (non-biogenic), and fossil 

fragments. 
i 

3.1.4.1 Ductile Rock Fragments 

Ducti le rock fragments range from 0 to 5.7%, with an 

averaqe 1.3% o[ t.he total racle volume. They include rip-up 

mud clasts, ~;;ha le f raqment.s ilnd, very rarely, phyll i te grai mi. 

Among thcsf!, mud -clast::: are mo.st. ùbundant, and are 

distinguished from shale cli1r.ts by bcing Jess consolidated. 

The amount of sil tin mud-clasts is variable. Shale 

fragments are composed of well~'oricnted clay mineraIs, having 

aggregate birefringence. Their degree of de[ormation 

increases with increasing burial depth which results in their 

being squeezed between detrital grains. This leads to 

porosity reduction in sand stones with depth. In many depth 

intervals, carbonaceous wisps are also abundant in the shale 

clasts. 

3.1.4.2 Siliceous Rock Fragments 

Th is class co'mprises chert grains, sandstone-siltstone, 

schist (Plat~ lA and lB), siliceous shale, volcanic and other 

igneous rock fragments. Of these, only chert and sandstone-

siltstone are more common. Chert fragments are mostly weIl 

rounded, varying from trace amounts to 5.3 % with an 

average 1.5% of the total rock volume and are present in 

aIl samples studied. Sandstone-siltstone fragments average 
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1. 3% . 

Most of the chert grains consist of microcrystalline 

quartz. A few of them contain fibrous, radiating chalcedony 

which appears to be replacing volcanic rock fragments. 

Replacement~ of chert by calcite, 1ate dolomite and ear1y 

pyrite has been noted in many samples. Some of these chert 

grains comprise both microcrysta11ine and coarsely crysta11ine 

aggregates. In such cases, the coarse1y cr}·sta11ine part is 

re1ative1y fresh and free of inclusions and appears to be the 

drusy, pore-fjlling part of a chert grain. 

3.1~4.3 Carbonate Rock Fragments 

Carbonate rock fragments (exc1uding fossi1 fragments) 

range from 0 ta 8.2%, with an average of 1.5% of the total 

rock volume. They are re1atively common in the Avalon (1.3%) 

and "B" Sandstones (0.9 %) and less abundant in the Hibernia 

Sandstone (0.3%). Most of these fragments consist of 

ca1citic micrite, microspar, and sparry calcite. Ferroan 

carbonate and dolomite are minor. Eight different types of 

carbonate-rich fragmen~s were recognized: (1) sparry calcite 

with some quartz grains; (2) sparry calcite with si1t-size 

quartz grains; (3) micritic calcite; (4) sparry calcite; (5) 
. 

comp1ex carbonate fragments that conta in ooids, fossi1s, 

micritic and sparry fragments, and micrite coated quartz 

grains; i (6) fine grained dolomite (or siderite) with a few 
J 

quartz i grains; (7) ooids and micritic calcite fragments 

1 • 
cenlented wlth tabular and drusy calcite crystals, and (8) 

ooids. Some sandstone beds (e.g. at 2576-2580.5 m, B-27) 
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conta in abundant limestone fragments (up to 10%). These 

limestone fragments are of uniform size, weIl rounded and a 

few of them conta in broken fossi1 fragments. 

3.1.4.4 Fossil Fragments 

On average, fossil fragments constitute only 1.2% of the 

total rock volume. Among them, fragments of pelecypods, 

gastropods, ostracodes and, less frequently, foraminfera have 

been noted. Small amounts of fossil fragments are present in 

many samples. In fossil-rich zones they may contribute up to 

27% to the total framework grains (Plate le). These fragments 

are relati vely conunon in the Avalon Sandstone, but less 

common in the Hibernia Sandstone. A few large fossil 

fragments r.ontain holes caused by boring organisms. These 

holes are partly filled with calcite cement (Plate 10) • 

3.1.5 Heavy MineraIs 

Heavy mineraIs range from trace amounts to 6.7%, 

averaging 1.2% of the framework grains. In order of 

abundance, they include pyrite, tourmaline, zircon, epidote, 

hornblende, pyroxene, fluorapatite (?) and garnet. 

Pyrite occurs as an interstitial mineraI. It is also 
\ 

found in calci te cement, in organic matter and as a 

replacement of chert, shale matrix, dolomite cement and 

fossil fragments. In sorne samples, pyrite is abundant along 

. ." . 
depos~t~onal lam~nae. Tourmaline (40 to 150 um) and zircon 

(40 um) are generally anhedral to subhedral in the Avalon 

Sandstone and subrounded to rounded in the liB" and Hibernia 

Sandstones. Fluorapatite is are only present in the Avalon 
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PLATE 1 
Photoqraphs showinq rock and fossil fragments. 

(A) schist fragment containing quartz, chlorite and other 

arq illaceous material. This example shows advanced 

mecnanical compact ion between the rigid framework 

grains. The porosity around the schist fragment is 

completely occluded. The bedding direction is north-

south. Jeanne d'Arc Member, 0-35, 4534.82 m. Plane-

polarized 1ight. Scale bar: 100 um. 

( C) Calcite cemented sandstone rock fragment containing , 

quartz, micrite 
, 

coated quartz grains and other , , 
: 
1 

carbonate fragmen~s. Note differences in the type and 

size of the clasts) within the rock fragment and in the 
1 

host sandstpne itse1f. The ho st sandstone is cemented 

with ferroah dolomite. Jeanne d'Arc Member, 0-35, 

4534.82 m. P1ane-polarized light. Scale bar: 100 um. 

(C) Drill-core of a fine-grained, oil-stained thick 

sand stone showing fossil-rich zone (mostly pelecypods 

and ostracods). Inspite of abundant fossil fragments 

the sandstone displays no calcite cementation. 

Bedding is sub-horizontal. Avalon Sandstone, 0-35, 

2196.67m. Scale bar in cm. 

(0) Large (1.5 cm) mollusk shel1 fragment perforated by 

boring organism. The resultant pores (H) are partly 

filled by ferroan calcite cement. Note marginal 

pressure solution contacts between fossi1 fragment and 

framework quartz 

Avalon Sandstone, 
light. Scale bar: 

grains. 
i 
1 
1B-27, 

500 ume 

Bedding plane is vertical. 

2582.49 m. plane-polarized 
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and "B" Sandstone"s. 

3.1.45 Hatrb: 

Matrix ranges from trace amounts to 11.''5% and averages 

3.8% of the bulk rock volume. In this study, the term matrix 

refers to aIl detrital particles less than 0.03 mm in 

diameter. It also includes other s~aIl rock fragments that 

have been crushed by compact ion between the grains and whose 

composition has not been identified in detail. These are 

generally referred to as pseudo-matrix. 

, 

,. 
1 ... 
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3.2 SANDSTONE DIAGENESIS 

3.2.1 Introduction 

AlI diagenetic processes (mechanical compaction, 

dissolutièn, alteration, precipi tation, and 

recrystallization) that sediments undergo from the timé of 

deposition until metamorphism can significantly modify the 

reservoir porosity and permeability. Therefore, it is 

important to understand the timing and extent of diagenetic 

processes in order to predict porosity distribution in 

reservoir sandstones. This section presents detailed 

observations and quantification of mechanical and chemical 

compaction as weIl as precipitation of authigenic mineraIs 

in the reservoir sandstones uf the Hibernia field. The 

paragenetic sequences of diagenetic events are established 

using conventional texturaI relationships visible in thin 

sections (summarized in Figure 3.8). Dissolution and porosity 

related features are covered in Chapter 5. 

3.2.2 Mechanical compaction 

Mechanical compaction involves re-arrangement and 

rotation of grains, breakage of brittle components and 

deformation of ductile grains. The degree of compaction is 

chiefly dependent on the types framework components and 

depth of burial (in case where compaction is not inhibited by 

cementation and/or formation 'of over-pressure). The' net 

effect 

which 

of these processes is the reduction of bulk volume, 

is accompanied by porosity {eduction 
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pore fluids. Figure 3.3 shows pre-cement porosity and the 

total present porosity versus frequency. The me an pre-cement 

porosity is 23% and the present me an porosity is 10 %. If we 

consider 40% a typical value for original porosity in sands 

at the time of deposition, then around 17% porosity were 

lost due to mechanical compact Ion and introduction of 

\detrital matrix prior to cementation. Of the remaining 23%, 

13% were lost due to cementation, leaving an average 10% 

of present porosity in thin sections. 

3.2.2.1 Bloturbation 

Bioturbation is one of the first processes affecting 

mechanical compaction. The burrowing activity of benthonic 

organisms causes mixing of originally distinct sand and mud 

layers. Two processes reduce intergranular porosity in 

freshly deposited sands: (1) bioturbation disturbs the 

original sand grain orientation and adds fine-grained matrix 

(Plate 2A, 2B, and 2C)i (2) as a result of bioturbation, 
~ 

fine-grained, thin sand stone layers in thick silty shale beds 

are disintegrated into irregular patches (Plate 2D). Pyrite 

is commonly associated with bioturbated zones. As compared 

to other wells, the Hibernia Sandstone of the 8-27 ~ell 

shows extensive bioturbation. 

3.2.2.2 Avalon Sandstone In the Avalon Sandstone, 
~ 

mechanical compact ion is relatively minore This is indicated 

by grain-tc-grain contact relationships and low packing 

density (Plate 3A). Quartz grains have pressure lsolution 
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Fig. 3.3 Frequency distribution of pre-cement and present 

porosity in sandstones of the Hibernia oil field. 
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PLATE 2 

Effects of bioturbation in thin section 
samples. 

and drill-core 

(A) spotty distribution of clay material caused by 

bioturbation which introduced mud into sand layer. In the 

field of view, the loss of sandstone porosity (upper half 

of the photograph) is largely due to this process. Note 

euhedral pyrite crystal in the centre of photographe 

Hibernia Sandstone, C-96, 3919.30 m. Plane-polarized 

light. Scale bar: 100 ume 

(B) Mud-clasts (arrow 1) scattered in fine-grained sandstone 

as a result of bioturbation. Note large mud-lined, sand-

filled burrow in the la ft-centre of photograph (arrow 2). 

Small sand-filled burrow structures (arrow 3) are probably , 
the casts of chondrites. Small amounts of reworked 

carbonaceous material are also present (arrow 4) • 

Hibernia Sandstone, B-27, 3862.42 m. Scale bar in cm. 

(C) Extensively burrowed fine-grained sandstone. Avalon 

Sandstone, 0-35, 2187.21 m. Scale bar in cm. 

(0) Thin, • fine-grained sand layers al ternating with mud 

layers were broken and mixed-up. The central part of 

the photograph shows nearly vertical burrows (arrows a 

and b) • Arrow (c) : small mud-filled, sand-lined 

terebellina (?). In the lower part of the photograph, sorne 

of the disturbance might be due to the presence of rip-

up clasts. Hibernia Sandstone, B-27, 3885.15 m. (Scale 

bar in cm.) 
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PLATE 3 

Mechanical compaction in different reservoir sandstones of the 
Hibernia field. 

(A) A loosely packed fÎne-grained sandstone with large fossil 

fragments (mainly pelecypods). The quartz grains have 

point contacts among one anotheri however, with fossil 

fragments they forro pressure solution contacts. The 

intergranular porosity is interpreted mainly as primary. 

Bedding direction sub-horizontal. Avalon Sandstone, 0-

35, 2185.8 m. Plane-polarized light. Scale bar: 500 Uffi. 

(B) Moderately compacted sand stone showing concavo-convex 

contacts between different frarnework grains. Note the 

presence of pyrite in the lower part of photograph. Out of 

9.7% of thin-section porosity, 5.3% (54% of total porosity) 

in this sample is secondary. "B" Sandstone, 0-35, 3185.90 

m. Plane-polarized light. SCê-Je bar: 500 um. 

(C) Advanced compact ion indicated by pressu~e solution seams 

(stylolite, arrow) and concavo-convex grain-contacts. 

Bedding direction vertical. Hibernia Sandstone, B-08, 

3606.18 m. Plane-polarized light. Scale bar: 100 um. 

(0) As a result of advanced m~chnnical compaction the deepest 

reservoir sandstones of the Hibernia field show reduced 

intergranular porosity with long concavo-convex contacts 

among different framework grains (arrow). This sample is 

çemented with terroan dolomite. Bedding direction vertical. 

Jeanne d'Arc Member, 0-35, 4534.82 m Plane-polarized 

light. Scale bar: 500 uni. 
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contacts on1y with sorne fossi1 and limestone fragments. As a 

result of the low level of mechanical compaction, the presence 

of sedimentary rock fragments (average 10.6%) does not have 

a major effect . in reducing porosity. Sandstones from this 

zone conta in a high percentage of calcite cement ranging 

from 25% to 30% (in the tight sandstones). with 40% 

origil,al porosity a minimum of 10 to 15% porosity was lost 

'" by mechanical compaction prior to calcite cementation. 

Calcite precipitation therefore occurred relatively early in 

the diagenctic history of the Avalon Sandstone. 

3.2.2.3 "B" 'Sandstone significant porosity changes due to 

mechanical compaction occur between 2500 to 3000 m depth. 

Above 2500 m, sandstones show a fair degree of compact ion. 

Below 3000 m, the effect of overburden i5 manifested by 

the development of long concavo-convex grain contacts 

(Plate 3B), flowage of argillaceous grains around quartz 

grains, and fracturing of quartz grains. Some of these 

fractures were developed following calcite dissolution (see 

Chapter 5). Many of the fractured grains were subsequently 

healed by calcite, dolomite or pyrite. 

3.2.2.4 Hibernia Sandstone Mcchanical compact ion in 

the Hibernia Sandstone is advanced, particularly in horizons 

which escaped early cementation (e. g. by quartz overgrowth, 

calcite and siderite cementation, etc. ) . stylolitic 

structures have been observed in a few samples (Plate 3C). In 

sorne thin sections, quartz grains are floating in calcite 

cement indicating early cementation. Most of the early 

55 



~-, 

calcite cement, however, was later dissolved, resulting 

either in framework grain fracturing (due ta subsequent 

compaction) or in a loosely packed fabric. 

3.2.2.5 Jeanne d'Arc Member Only a limited number of 

samples were available from the Jeanne d'Arc member. These 

indicate an advanced level of compaction (Plate 3D). 

Advanced pressure solution contacts of quartz grains with 

schist and limestonc fragments are common. 

3.2.3 Chemical Diagenesis 

Precipitation of authigenic mineraIs and dissolutionj 

alteration of sandstone constituents are major effects of 

chemical diagenesis. Sev~ral factors may control chemical 

diagenesis, i.e. initial composition and depositional 

environments; pore fluid composition and degree of fluid 

circulation; temperaturejpressure gradients; rate of burial; 

and sandstonejshale ratio. 

In the Hibernia Field, ten authigenic mineraIs were 

identified comprising 1.6 ta 47.7% (average 15.2 %) of the 

bulk volume. Only six of them (quartz, calcit~f dolomite, 

kaolinite, siderite, and pyrite) are cornmonly present (Table 

3.2) and are described below. 

3.2.3. l Siderite l>recipi ta'tion 

In general, siderite is a minor authigenic mineraI. 

However, locally it may amount up ta 31.8%. It is one of the 

earliest cement phases. 

during the formation of 

Siderite precipitation continued 

early quartz overgrowths (Plate 5D) . 
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Table 3.2 Detrital and authigenic mineraIs and porosity (in 

percent) of bulk rock volume for different reservoir 

sandstones. 

ABBREV:IATIONS 

CAL = Calcite 

CRF = Chert rock fragments! 

DOL = Dolomite 

F = Feldspar 

FOS = Fossils 

HM = Heavy mineraIs (including opaques) 

LRF = Limestone rock fragments 

MIRF = Metamorphic and igneous rock fragments 

MXT == Matrix 

PY == Pyrite 

Q == Quartz 

QOV == Quartz overgrowth 

SHRF = Shale rock fragments 

SID = siderite 

SRF = Sandstonejsiltstone rock fragments 

TOTqb= Total porosity 

VRF. = Volcanic rock fragmen~s 
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% DETRITAl % AUTHIGENIC MINERAlS 

\ Oepth (a) Q F SRF SHRF CRF lRF FOS MIRF VRF MXT HM QOV CAL DOL CLAY py sm Tory;) 

\ (A) AVALON SANDSTONE 
:nU.6 55.3 J.7 2.5 1.2 2.6 

US5.! 43.9 J, 1.2 1.6 21.4 

2aO.3 59.8 LJ 0.3 J.1 0.2 

~.6 1 6 0.4 

2~97.5 6~.4 2.2 1..0 3'.1 0.4 0.8 B.O 

2197.9 59.1 J.6 1..4 1.5 1.0 0.6 

2197.9* 70.5 3.0 1.1 3.2 0.1 0.4 

2571.5 61.0 2.4 2.2 5.0 Tr 

2578.8 62.3 1.8 1..4 0.4 Tr 8.2 0.4 0.2 

2659.6 60 7 2.4 1.1 1.4 1. 2 0.5 'I"r 0.7 

2661.1 5 •• 7 4.4 1.2 1.7 ~.1 2.1 O.J 0.6 

Av 58.9 J J 1.7 2.7 1.0 1.3 J.2 0.2 

(B) "B" SANDSTONE 
317~.9 56.0 J.5 0.5 1.4 0.5 

J178.0 67.0 0.6 1.6 0.2 5.3 0.0 0.8 

3179.1 65.3 1.6 0.5 0.1 fi 0.1 

3180.3 57.9 6.0 0.2 0.4 1.5 2.0 

3185.9 57.2 4.5 0.4 1.2 0.4 

31J1.5 61.2 4.7 1.6 l 6 2.9 1.9 

Av 60. B 3.5 0.7 0.5 2.3 0.9 0.4 0.4 

(C) HIBERNIA SANDSTONE 
H81.3 67.4 2.1 Q.9 2.1 1.7 0.2 

3482.6 71. 9 2 6 0.3 1 0 O.B 

H83 4 67 .5 1.4 0.6 1.0 1.0 

J555.1 61. 5 1.0 0.6 0.6 0.4 

J606.2 79. a O.J 0.8 0.2 

3619.4 6J 6 4.5 1.3 0.5 1.4 0.1 o l 

3622 4 85. J 0.2 1.7 

3624.2 7 4 0.9 0.9 0.2 

J8~5.a 74.0 0.9 O.J 0.3 1.3 

3U6.5 75.1 0.4 1.0 

3849.75 69.8 0.4 0.6 1.0 1.3 

3850.3 70.2 0.4 0.2 0.4 0.4 

3150.7 71.5 0.6 o .• 

1854.5 76.6 1.2 0.4 

J860.8 36.2 ;1.1 0.4 
Or 

l.8 7.6 

3879.0 71.1 0.2 0.4 0.6 

38J5.2 BJ.3 0.2 0.4 

4.0 

2,4 l 6 

11 S 5.1 l.5 4.5 

10.8 6.7 2.0 3.5 

10 2.7 

1.0 0.4 0.6 30.2 0.6 

1. a 2.2 5.4 0.5 1.6 

,. r 1.0 18.4 

0.7 01. l.2 0.4 0.6 

7.8 0.6 9.8 1.7 0.7 

0.5 O ... 28.9 

'1'r J.9 1.6 2.9 8.4 0.0 2.0 

O.S 0.8 31.6 

0.2 

5.1 

loS 

0-3 

Tr 

1-4 

2..! 

2.7 J.4 Q.7 1.4 

0.1 5.0 

1.. 

1.4 

2.3 

Tr 1.8 

0.5 4.1 

l 7 

, 9 

1.6 

1J.6 

'I"r 4.5 

o 6 

1.7 

2.1 

o 7 

1.5 

0.2 

2.2 

0.4 

0.7 

1.0 

'.8 J.1 0.3 1.0 

2.7 2J.2 0.4 

2.J, 

0 .. 

l 3 

a a 
o :2. 

1 1 

o .z. 

1.4 

4.7 

11.4 

5.8 

10.4 

1.6 

9.0 

1.2 

1.+ 11.2 

o , 8.4 

o , 4.2 

o 1 

o 2. 4.3 

Tr 2.0 

Tr 2.9 

'I"r 2.1 

0.9 

2.4 

10.6 3.5 0.7 

Tr O.l 

0.3 1.0 0.2 

'l"r 0: 

0.6 

1.2 

O.l 1.5 

1.4 

0.3 0.2 

o J 

15.9 

Av 0.4 a 9 0.3 0.5 0.1 = 2.7 o ~ 4.9 1.0 0.1 0.5 0.5 

(0) JEANNE D' ARC MEMBER 
4S33. !I 0.5 1.1 J.5 0.2 10.1 4.5 J.J 3.1 

fl14.0 51.' 1.0 4.2 :/.0 2.' 4.0 o •• 1.0 :1.4 Tr 2.9 19.5 0.6 

s ••• 1.' 2.:1 '.7 0.5 0.5 Tr l.I O.~ 2.2 3.1 11.4 La 0.0 
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Five different types of siderite were Qbserved (Plates 4 and' 

5): (i) "Wheatseed" siderite, whicn consists of lenticular 

prystals with a wheat seed shape and an average length of 
. 

about 40 um (Plate 4A)~ Sometimes "wheatseed" siderite 

shows a radiating pattern in the pores.' Some worm-tubes (?) 

were filled with early siderite which protected them from 

collapse. (ii) Small euhedraljsubhedral siderite crystals (35 

um), replacing early ferroan calcite cement (Plate ~B, e.g. 

at 2560 m in the B-27 weIl). (iii) Spherulitic siderite 

occasionally contains pyrite ,in the centr~ part 

or occurs as grain-rimming cement (Plate :5 and 

(Plate 4D) 

SB). (iv) 

Dense siderite-rich laminae occur in fine-grained sandstones 

(Plate 4C). These siderite-rich sandstones generally occur 

immediately above shale beds (e.g. at 3854.45 and 3910.45 m, 

in B-27) • (V) siderite nodules are commonly present in 

the siltstone-shale facies (Plate 5C). Type 1 to 3 are usually 

<10% of the bulk rock volume while Type 4 and 5 are commonly 

associated with shale beds. 

3 • 2 • 3 .2 Quartz Overgrowth 

Quartz overgrowth represents 'the second most abundant 

type of cement in the Hibernia reservoir sandstones, ranging 

from trace amounts to 11.2%, with an average 3~7% of the 

total rock volume. In the Avalon Sandstone, quartz 

overgrowth is of m'inor importance (2.9%) • However, in the 

"B" and Hibernia Sandstones, quartz overgrowths become more 

abundant with depthi about 28% of the sandstone samples 

contain significant amdÙnts (>8 %) of quartz cement (Fig. 
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PLATE'4 

"'C. 

Photomlcroqraphs of different types ot authiqenic siderite. 
'"1 

(A) "Wheatseed" siderite crystals (arrow) filling major 

part of available pore space. ~Avalon Sandstone, 0-35,' 

2190.81 m. Plane-polarized 1ight. Scale bar: 500 ume 

(B) Siderite (S) crysta1s (40 to 60 um long) replacing 

early ferroan calcite cernent (C). Quartz grains 

(bo~tom 1eft) are partly replaced by ca1cit~ cernent 

(arrow) • Avalon Sandstone B-27, 2562.8 m. Plane-

polarized light. Scale bar: 50 ume 
, 

(C) A siderite-ri ch zone with fine-grained 
'7 

quartz. Such 

zonls are usua11y preséht above dark gray 

Note extensive corrosion of quartz grains by 

siderite. Hibernia Sandstone, B-27, 3910.45 m. 

Plane-polarized 1ight. Scale bar: 100 ume 

(D) Spheruli tic siderite (S) containing pyrite (P) in the 

centre. This type of siderite is rare. Hibernia 

Sandstone, B-27, 3895.19 m. P1ane-po1arized light. 

Scale bar: 50. ume 

. , ' 
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PLATE 5 

Different types o~ siderite in thin sections and 
drill-core samples (continued). 

(A) Authigenic siderite forming grain rimming cement 

(arrows) around quartz grain. Hibernia Sandstone, 'B-

27, 3854.45 m. plane-polarized light. Scale bar: 100 

um. 

(B) Same as above, crossed nicols. 

{Cl Drill-core of siltstone/shale facies containing 

siderite nodules (arr6ws). Bedding direction sub-

horizontal. Hibernia Sandstone, K-18, 3882.35 m. 

Scale bar in cm. 

(0) Small crystals of siderite (arrow) encircling outline 

of detrital quartz grains. ,Precipitation of siderite 

occurred mostly prior to the formation of quartz 

overgrowth but sorne continued to graVi during quartz 

precipitation. Hibernia Sandstone, B-27, 3854.45 m • 
.. c 

Plane-polarized light. Scale bar: 100 um. . 
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3.4) • 

Many episodes of quartz cementation have occurred 

throughout the diagenetic history of the reservoir sandstones 

in the Hibernia field. It is, therefore, difficult to 

estimate the depth of quartz precipitation as the present 

depth of a diagenetic feature does not necessariIy indicate 

its depth of formation. The quartz cements can be grouped 

into four categories: 

(1) Chalcedony cement and opal-C'r (?); 

(2) Discontinuous (euhedraIjsubhedral) quartz overgrowths; 

(3) Early to middle stage quartz overgrowths (0 to 3000 m) ; 

and 

(4) Late stage quartz overrgrowths (below 3000 m). 

3.2.3.2.1 Chalcedony Cement and Opal-CT (1) 

Chalcedony c~ment, Opal-~T (?) and interstitial drusy 

quartz has been observed in one sandstone sample (1685 m; c-

96) .r Most of the intergranular pores in this sample are 
, 

fi/lIed with opal-CT (? ) (> 25%) wrich is partly 

recrystallized into chalcedony cement and drusy quartz. 

Chalcedony is characterized by radial fibrous crystals fillipg 

pores up to 170 um in size (Plate 18). 

3.2.3.2.2 Discontinuous (euhedral/subhedral) 
Quartz overgrowth 

The types of quartz vary from small prisms ta fully 

developed continuous overgrowths surrounding the entire grain 

(Plate 6A, 6D, and 7D) -. However, sorne quartz grains show two 

or more discontinuous small overgrowths 
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Fig. 3.4 Silica cement versus burial depth in the 

sandstones of the Hibernia field. 
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euhedraljsubhedral quartz prisms (Plate 6C) • Lack 

sufficient si~ica in the pore fluids is most likely the cause 

of incomplete quartz overgrowth. 

3.2.3.2.3 Early to Middle stage Quartz Overqrowths 
(0 to 3000 m) 

Petrographie observations indicate that minor quartz 

overgrowths occurred before early , ferroan calcite cement. 

Early quartz overgrowths have aiso been reported by other 

workers (Sibley and Blatt, 1976; Lindquist" 1977; Tillman and 

Almon, 1979) . Where early ferroan calcite did not 

precipitate and the pore water supplied sufficient arnounts of 

silicon, precipitation of quartz continued to the point 

where an interlocking masaic af quartz cements developed, 

drastically reducing intergranular porasity (Plate 7C) • 

Early to middle stage (from 0 ta 3000m depth) quartz cement 

is carrodè~ and partia11y replaced by calcite and dolomite. 
1 

Where these carbonate cements have been dissolved, corroded 

quartz overgrowths are used as a criterion to recognize 

secondary porosity (see Chapter 5). 

3.2.3.2.4 Late Quartz Overgrowth (below 3000 m) 

In contra st to early quartz overgrowths, late quartz 

overgrowths are not affected by corrosion (Plate 7D) • l'he 

substantial size and distinct shape of these overgrowths 

suggest (but do not p~ove) a possible late origine 

Authigenic kaolinite occurs only below 3100 ID. Kaolinite ", 

engulfed in quartz overgrowths provides another piece of 

evidence for late quartz overgrowth. Quartz overgrowths may 
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PLATE 6 

Photomicrographs showing syntaxidl quartz overgrowths. 

(A) Medium-grained \sandstone 
\\ 

showing broad syntaxial 

quartz overgrowths \. (OV) . Pressure solution is not an 

imlnediate source of silica in this case. Hibernia 

Sandstone, B-08, 3481.28 m. Plane-polarized light. 

Scale bar: 100 ume 

(B) scanning electron micrograph showing advanced quartz 

overgrowths and their interpenetrations. Hibernia 

Sandstone, B-08, 3483.43 m. Scale bar: 10 ume 

(C) Quartz grain displaying domain overgrowth, i.e. several 

individual subhedraljeuhedral quartz crystals merged to 

forro a continuous overgrowth (aV). Hibernia Sandstone, 

B-27, 3850.27 m. Plane-polarized light. Scale bar: 50 

um. 

(0) Advanced qudrtz overgrowths (OV) showing compromise 

and "sutured" boundaries between the secondary quartz 

of different grains. In this sample, boundaries 

between detrital grains and quartz overgrowths are not 

always visible t and therefore quartz overgrowths may 

be misinterpreted as a pressure solution contacts. 

Hibernia Sandstone, B-08 ' .... 3480.83 m. Crossed 

nicols. Scale bar: 50'- um. 
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PLATE 7 

Byntaxial quartz overgrowths (continued) and secondary 
porosity 

(A) Absence of silica cementation inspite of availability 

of pores and the absence of clay coatings. Porosity 

(P) in this sample is majnly secondary in origin. 

Hibernia Sandstone, B-27, 3850. 65 m. Plane-polarized 

light. Scale bar: 500 um. 
. 

(B) Intergranular pore space almost completely filled by 

fibrous chalcedony cement. Late Cretaceous sandstone, 

C-96, 1670.50 m. Crossed nicols. Scale bar: 50 um. 

(C) Interlocking mosaic of quartz overgrowths almost 

completely filling aIl available pores. Note thin clay 

rims (arrows) separatjng detrital quartz grains from 

authigenic silica. Hibernia Sandstone, B-08, 3480.83 

ID. Crossed nicols. Scale bar: 50 um. 

(0) Quartz grains with pressure solution contacts (arrows 

1) and associated late quartz overgrowttis (arrow 2) . 
Cl 

Hibernia Sandstone, C-96, 3927.20 m. Plane-polarized 

light. Scale bar: 100 um. 
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extend into adjacent pores of secondary origin although such 

a quartz is not common. Minor amounts of quartz overgrowths 

next to pressure solution contacts also appear to indicate a 

late stage of this cement phase (Plate 7D). 

Most of the samples having significant (>8%) quartz 

cement are from depths below 3000 m. Petrographie evidence 

shows that this increase in quartz cernent is mostly not due 

to pressure solution in the immediate host sediments. Many 

samples show advanced quartz overgrowths without any 

aecompanying pressure solution effects (Plate 6A, 6D). On the 

other hand, many coarser and deeper sandstones do not display 

any significant quartz overgrowths, in spite of low matrix 

contents, absence of clay coatings, evidence of pressure 

solution (concavo-convex contacts), and availability of pore 

space. In the B-27 weIl, medium-grained, matrix-free porous 

Hibernia Sandstone shows only small amounts of quartz 

overgrowth. These sandstone samples show evidence for 

significant secondary porosity. It seems that early calcite 

cementation prevented quartz overgrowths from forrning. When 

the calcite cement was dissolved later on, silica-rich pore 

fluids were not available (Plate 7A). 

3.2.3.3 Feldspar overgrowths 

Feldspar overgrowth~ (upto 20 um thick) forro a very 

minor authigenic phase. The overgrowth is distinct from the 

detrital grains due to the lack of inclusions and alteration 

features (Plate IDA). 
( , 

. 
) 
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3.2.3.4 clay Kinerals 

Microscopie and SEM/EDS studies indicate the presence of 

minor amounts of authigenic clay mineraIs (kaol ini te, 

chlorite, illite and/or mixed-Iayer illite/smectite) in 

several sandstone samples. 

oceur as grain coat'ings, 

These authigenic phyllosilicates 

platelets, as weIl as fibrous 

crystals. 

3.2.3.4.1 Kaolinite 

The amount 0 f authigen}c ,kaDlinite 

in a very f~ samples, 

is generally less 

than 1%; however, it' may amount up 

to 6%. It occurs as small "booklets", several microns in 

size, which form a mesh-work in secondary and primary pores 

(Plate 8B, 8C and 9D). commonly it occupies only a portion 

of the pores as evidenced by the preserred intercrystalline 

porosity between the kaolinite flakes ( Plate 8B) . 

Occasionally, however, kaolinite completely occludes porosity 

(Plate 8A, 8C). Kaolinite occurs commonly in sand stones 

below 3000m subsurface depth, whereas above 3000 m it was not 

observed. Kaolinlte is absent from samples which are 

compietely cemented by carbonate cebments. It is one of the 

late cements (post-feldspar dissolution) and cornmonly 

occupies oversized, irregular and elongated pores. 

3 .. 2.3.4.2 ChIc ..:ite 

:r+inor amounts of chlorite were observed in the Avalon 

and "B" Sandstones. This mineraI is rarely present in the 

Hibernia Sandstone and Jeanne d'Arc Member. Chlorite occurs 

bath as a thin grain coatings and as fibrous crysta~lites 
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PLATE 8 

Authiqenic kaolinite in the reservoir sandstones. 

(A) 

(B) 

(C) 

(0) 

Large (50 um) pore-filling crystals of kaolinite (K~ • 

Hibernia Saridstone, B~O'f}': 3619.412 m. Crossed 
) 

f 
nicols. Scale bar: 50 ume { 

Authigenic booklets af kaolinite (arrow 1) , p'artly 

filling an elongated secondary pore. Note corroded and 

irregular autfine af quartz grains (arrow 2) which were 
\ 

probably replaced by carbonate cement that itself 

was dissolved later on (see al~ Plate 26D). Hibernia 

Sandstane, B-27,\ 3849.75 ID. Plane-polarized ligh~. 
\ 

Scale-. bar: 50 ume 

Authigenic kaolinite (K) completely filling· an 

intergranular elongated por~. Hibernia Sandstane, B-

08, 3555.09 m. érossed nicols. Scale bar: 50 ume 

Scanning .electron photomicrograph showing weIl 

develaped authigenic kaalinite crystals which occur as 

face-ta-face stacks of pseudohexagonal platelets. Note 

two irregular elongated pores. The left-hand pore 

(filleà with kaolinite) still shows the existence of 

micropores betweén the detrital grain boundaries and 

the pore-filling, and within the pore filling itself. 

Hibernia Sandstone, B-08, 3483.42 m. Scale bar: 10 

UIl'. 
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around framework ,gtains ~ Radiating fibrous chlorite cement is 
" . 

rare (Plate 9A, 9B). MEst of the âuthigenic ch~àrite is' 
.... " 

pale green 'to yellow-green., In the aibernia Sandstone, 

chlorite inclusions in polycrystalline 
o ,- " 

quartz· . grains are. 
". . , 

p~rtly dissolved. . This dissolution of 'chlorite may he 

eitlier in-situ (by acidic pore fluids, see section 6.3 ) or 

may h~ve occurred durlng ~ediment transport. The presence 

of chlorite can inhibit the formation of quartz overgrowth 

and can also drastically reduce the permeability. In the 

reservoir sandstones of the Hibernia field, the effect of 

chlorite on later formation of quartz overgrowths seems 

negligible. 

I11ite and/or I11ite/Smectite (I/S) ~(?) 

Illite is recogni'Zed under the SEM by its 

characteristic morphology (bridging pore space between 
. . 

detrital grains) and identified with the help of an 'energy 

dispersive spectrometer (EDS, Plate lOB) . In a very few 

samples, substantial âm~unts (2 to 5%) of illite andjor I/S 

(1) oceur forming rims of uniform thickness around available 

pores (Plate ge , ). The amount of authigenic illite decreases 

away from sandstone-shale contacts (i.e. at 2600.64 m, in 

the B-27 weIl) and, in general, is negligihle. 

3.2.3.5 Dead oi1 

Dead oil or hydrocarbon residues are diagenetic products 

which constitute pore-filling materials. They have been 

observed 

filling 

in a few samples,_ either as a grain coatings oro pore. 

material (Plate lOC). 
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Authiqenic clay minerals. 

(A) Interqranular space completely filled by 

CB) 

(C) 

radiatinq 
\ 

chlorite fibrou~ ~ale-qreen authiqenic 

cement. Hibernia Sandstone, B~08; 3483.42 m. Plàne­

polarized ligh~Cale bar: 50 ~m.' 
Same as above Wi~ crosse~'Picdls. ~ , ' 

/ . 
A coarse-grain~ sandstone showinq . two authigenic 

phases, Le,. / ,fa in coatinq with illi.te/smectite (I/S; 
.,-/ 

,? k .. arrow), and, aolln~te (K). The. quartz overgrowth 

(seems to be reworked) is followed by mixed-layer Ils 

(or illite) rims around the available pores. The 
.f 

remaininq pore space was-partly to completely ·filled 

by kaolinite. Hibernia Sandstone, C-96, 3908.3 m. 

Plane-polarized light~· Scale bar: 50 ume , 

(0) Interqranular pore . space completely filled with 

authiqenic kaolinite. SEM photo~icrograph. Jeanne d' 

Arc M~mber, 0-35, 4532.48 m. Scale bar: 10 ume 
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. , PLATE 10 fJ( 1 

Authiqenio feldspar, 
hydrocarbollS. 

. illite, ~ and pyrite ,toqëther vith residual 

(A) Small f~ldsp~r overgrowth (arrow) '" on a plagioclase 

grain. The altered 'detrital plagioclase appears turbid 

while the overgrowth is fresh (arrow). Hibernia 

Sandstone, B-27, 3849.75 m. Plane-polârized light. 

Scale bar: 50 ume 

(B) Scanning electron mic'rograph of' authigenic il~ite 
'-. 

flakes (arrow) on quartz oVéréjrowths~'" The illite 

partly bridges the pore space between different grains; 

Jeanne d' A~c Merober, 0-35,' 4533.47 m. ~cale bar: ,10 

ume 

'" (C) A pore lined with hydrocarbons (H) indicat~nq oil 

emplacement prior to the dissolution of a carbonate 

rock fr~gment. Small crystals o,f pyrite de by 

arrows. "OB" Sandstone, 0-35, 3176.80' m P.lane-

pOlarized.light. Scale bar: 50 ume 
~ 

(D) Early calcite-cemented' sands~one containing abundant 

euhedral pyrite crystals. Th~ pyrite ~as .precipita~ed 

b,e'fore early ferroan calçite cement. "B" Sandstone, 0-: 

35, 3~74.94 m. Plane-polarized light. Scale bar: 100 
o 

ume 
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'" from ,calcite dissblut,ion (rock ftagm~nts and fossils) are 

',j: 

p~rtly 
J '[ 

filled by hydrocarbon residues. In su ch pores, the 
-' . 

" , pre~ence 
. 

of authigenic dolomite in theOpore centre possibly."~ 

suggests. dolomite precipitation after hydrocarbon migration .. 

Pyrit~ Precipitation 

} , 

, .f.' slIlall amount of pyrite is commonly present in 1) early 

'calcite. cement (Plate 100), 2} 'fossil fra9!Dents,! and 3) 

siderite nodules. It qommonly occurs as clusters with , 

crystals ) of ' 
1 

um diameter. Framboidal pyrite to 80 20 

(BrO~, 1985) --is less common in the sandstones of t)le Hibernia , 

1 
'" 

. 3.·2:3.'.2 Lata Pyrite 

. , . Late pyrit4! oocurs both as irregular patches and 
y . 

euhedral crystals (averaging 40 um in size) ip iotergranular 

'pores and fractures. The best example ~f late pyrite. was 

observed in the Hibernia Sandstone (at 3892 m in the B-27 

weIl). The part of the sandstone which is completely cemented 

by ferroan-c'àlci te is pyrite-free while a porous zone, 

~nly a centimeter away, contains substantial amounts of 

pyrite (Fig. 3. 5)"'~ Quartz grain-surfaces studied under SEM 

from the pyr~te-containing porous sandstone zone suggest 
~ 

that it was once cemented with calcite. This relationship 

suqgests precipitation of pyrite after the precipitation 

and dissolution of ferroan-calcite. The presence of late 

pyrite has also . been substantiated by weIl-core 

examination, where late fracture-filling pyrite was 
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Fi • 3.5 '(a) : Summary' of lithOIOgy\ and petrographie 

-, 

" 

; n 
from (a) a 5 m long \drill-~~re of the 

. ,\ 
observations 

Hibernia Sandstone (B-27). (b) Drill-core Ph~tOgr~~h at_ 

1389~.25 m (marked in Fig. 3.5a). showin~ c01tact 

'between calcite-rich (tiqht-sandstone, upper zone) and 

!calcite-free zones (lower part) (c) Phàtomic~bgraPh of },::,. 
1 

ithe same contact. Note presence of pyrite crystals 
, 

only,in, the lower part of. the photogtapn. The 
1 

1 (arrow) 

1 upper half is completely calcite 

1 bedding direction is horizontal .. 

cemented. 

" 

The 

l, " 

1 

, - ' \ 

1 , 

1 
1 

1 
, 1 
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_ DEPTH (m) LITHOLOGY CORE OBSERVATIONS 

(0) Ttght-sandstone 

, ,/ 
f- 3892 [ •. , .. '-'1~iB 

( b) '.' , . Sharp. contact between porous . :.: '. '. : .::. A and n~n'porous sandstonp. 

~ _"': ~ (Al Of 1 stafned porous sand-

~ 3894 

~ 3896 

~ 

1-.-
• _., il" 
-....;. 

- -, -. '-. · ., 
• • · . . . . . . . . . · , . . . . . .. . . · . . . .. 
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, stone. 

Non-bfoturbated and ffnely 
lamfnated shales fnterbedded 
wfth sfTtstone. 

Ffne-grafned sandstone wfth 
some mudclasts. 

Pyrite lenses • 

Dark gray sfltstone and 
sandstone. 

• Sample 1 ocati on 

a 

,) 

DIAGENETIC FEATURES 

(B) Completely, cemented wtth 
early ferroan calcfte. No pyrite 
was observed. 

(A' Framework grains are more 
compacted than 1n (8). I2S 
secondary porosfty. Substantfal 
amounts of pyrite are o~served.· 

~ 

Remnants of ferroan calcite 
cement showing dissolution 
features. Abundant pyrite 
crystals. 

Pyrt te crysta 1,s are conmon 

1 
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observed. 

/ 
3.2.3.7 . calcite cementation 

Calcite cement varies in ab~ndance from 0 to 31.6%. 

Microscopie observations show abundant ferroan calcite cement 

~oqether with minor iron-free calcite. c ~hin s~ction staininq 

and "texturaI ~elationships' reveal the presence of three 

typéS of calcite cements" i.e. iron-free calcite, early 

ferroan calcite, and late ferroan calcite. 

,-
3.2.3 .1.1 Irbn-freé Calei te Cement _. (Type 1) 

~ 

Iron-free calcite cement is usually'present near foesil 

and limestone fragments~ which séem an immed!ate source 

and/or nucleus for it. In few a samples (i.e. at 2578 m in 

thé B-27 weIl) syntexial calcite dvergrowths on 

l!mestone/fossil fragments was also observed. v ~ is not -a 

common cement and was only observed in a few samples. 

Early 

fOllowing 
q 

carbonate 

Early Ferroan calcite cement (Type 2) 
\ . 

ferroan-~alcite (with var~able amounts of iron) 

early qu~rtz overqrowthsJ,.is' thf:!. most 'important 
\ . 

cement in' 'these sandstones. It fills the pores 

completely and usually forms poik!lotopic' cements (Plate 

11B, 

less 

27A) • It also occurs as 

commonly, as'qranular and 

sparry calcite crystals and, 

pr~smatic/crystals on micritic 
1 

. l:Lmestone fragments (Plate 11D). Early fibrous' carbonate 

cement, precipitated around "-'--sil fragments, was also 

observed but is rar~ (Plate 11A). ferroan calcite cement 

replaces quartz, feldspar, fragments, and 
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PLATE 11 
~\ 

BàrlY calait. oements. - ,. 

(A) ~arly.' fibrous- (f) carbo~ate cement (araqoni te?) 

grçwing more or'less pe~endicular to margin of fos~il 
, 

fragment (FR). Avalon Sandstone, 0-35, 2197.90 m. 

Plane-polarized light. Scale bar: 50 ume 

(B) Extensive poikilotopic calcite precipitated a~ 
(/ 

shallow burial depth as indicated by framework grains~ 

floating in the cement. Note ïrreqular qz:ain 

boundaries (arrow) of quartz grains 

calcite. Hibernia Sandstone, B-08,! 

Crossed nicols. Scale bar: 500 ume 
o 

-

replaced by 

3491. 36 m. 

1 , 

(C) Fossil fragment (serpulid worm tUbe)\ broken due to 
-

mechanical compact.ipn before ear~y calcite (arrow)_ 

cementation. Avalon Sandstone, 0-35, 2197.90 m. 

Plane-polarized light. Scale bar: 500 um. 

(0) Small grànular crystals of calcite (Bathurst, 1958) or 

orthospar (Wolf and Conolly, 1965) rimming (arrow i) 

-' 

detrital calcite- grain. Large prismatic crystals 

(arrow 2) continued to grow from the,rim crystals into . -
the pores between the détrital quartz grains (Q). 

Avalon Sandstone, 

Scale bar: 50 ume 

B-27, -2578.84 m. Crossed nicols. 

\ 
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matrix. ReplaceI,llent cf ".:plaqioclase oceurs 

along albite"twin pl>anes. Grain ,margin 

co;rosion by~arly ferroan calcite is common, whereas partial 

~~ complet~ repla~em~nt of detrital grains is less 'fraquent. 

Grains with a thick, clay coating are generally not affected by 

porrosion. In a few samples, e~rly ferfoan'calcite ce~ent is 
< 

partly replaced by euhedra~ siderite (1) crystals (35 ~). 

Barly precipitation < of type 2 calcite cement is 

indicated by the 100se packing of the 'e~closed grains 

(Plate 11B" 27A), high (>25%) minus-cement porosity (present 

porosity plus authigenic cement, inc1uding replacement of host 
'> 

grains) 

silica 

and lack o~ other cements except minor siderite, 
'i> 

and clay minera~ coatings. ' As a result of early 
, 

cementation, physica1 compaction was arrested. primary pore ~ 
." 

spac.es' were comp~etely fil1ed by calcite. . Although 

calcite cementation can occur at or near the surface, 

petr~graphic evidence . (i.e. minus cement porosity and 
-, fractured grains healed with calcite) 

~ 
suggests that in the' 

Hibernia area early ~ferroan-calcite cementation .::.. occurred 

-af~ s~me ~urial (Plate lle). 

Sandstones which are completely cemented by early 

ferroan calcite (tight-sandstone zo!].es) "are quite common in 

the Avalon and "B'" Sandstones, but less abunaant in the 

Hibernia Sandstone. Thin . sections covering the contact of 
1 

tig~t and porous zones indicate both precipitation (Plate 
~ 

12) and di~solution (Plate 13) contacts. In the 'Avalon 
~ 

sa~dstone of the 1 B-27 and B-08 ',wells, such contaots 

c0lJl!l0nly show cÙssolution features, ." whereas in the .. 0-35 
( "> 
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PLATE 12 

Contact bat.aeD the calcite-cemented and calcite-fr •• 
SODe. 

(A) Sharp contact (arrow) between calcite-rich (lower) and 

calcite-free zones. The calei te-free zone i5 oil 
~, 

stained. The lower part (calcite cemented) has no 

visible porosity. Avalon Sandstone,; 0-35, 2197.90 

m. Scale bar in cm. 

(B) Photomicroqraph from contact of the two zones (upper 

porous and lower cemented) ln Plate 1.2A. The 

~ncemented porous sandstones conta in clay eoatinq which 

are ''l not present in cemented sandstones. This, clay 

coatinq at places may give an impression of secondary 

porosity. Detailed petrographie study at this 
, 

stratiqraphie interval shows mainly primary 

intergranular porosi ty.·~ Avalon Sandstone 0-35, 
~ 0 

21~7.90 m. Plane-polarized light. Scale par: 100 um • 

(C) Close-up of Plate 12B (area outlined by rectanqular) 

showing calcite crystal (C) face ~nting towards an 

open pore'(p). This probably indicate~ a precipitation 
" 

contact rather than a dissolution boundary. Avalon 

Sandstone, 0-35, 2197.90 m. Plane-polarized light. 

~j~ Scale bar: 50 um. 
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PLATE 13-

DisàolutioD contact between caleita-rieh and calcite­
fr.a zones. 

(A) Within a thick (> 4 m) quartz-rich sandstone a 

(B) 

~ ""-
dissol ution contact (arrow) 'occurs between the 

calci te-cemented (upper) and calcite-free (lower 

porQus) zones. Bedding sub-horizontal. Avalon 

Sandstone, B-27, 2578.90 m. Scale bar in cm. 

Pl}qtomicroqraph of dissolution contact of calcite 

cement (Plate 13A). sandstone in the upper half of 

the field of. view is completely cemented wit~ early 

ferro~n calcite (stained) while in the lower part 

calcite is partly dissolved generating secondary 

porosity (arrow). Avalon Sandstone, B-27, 2578.90 m. 

Plane-polarized light. Scale bar: 100 ume 

,CC) Fine-grained sand stone with abundant fossil fragments 

(gastropods) which are partly dissolved 

moldic pores (arrows) . Avalon Sandstone, 

2580.85 m. Scale bar in cm. 
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weIl, these contacts have not been affected by dissolution. 

The B-27 and 8-08 wells are located basinward, from the 0- , 
~ l· \ 

35 weIl. Detailed weIl-core and m~croscopic studies of the , 

Avalon Sandstone (0-35, B-27, C-96, and K-l8 wells) reveal 

that these tight-sandstone are the result of localized early 
, -' + \ 

calcite cementation rather than partial dissolution of 

completely cemented sandstones. 

Lata Ji'erroan Calei te Cement (Typa 3 ) 
~, 

Compared t6 the early ferroan-êal~ite, late ferroan-

calcite cement ,is less common. It includes "three types: ,(1) 

pervasive sparry calcite, completely filling aIl reduced 

intergranular pore~paces. This type was precipitated after 

significant compac~ion (Plate 14A) with a minus cement 

porosityof <15% (i.e. in the K~i8 weIl at 3865 ml. "(2) 

Small patches of sparry calcite precipitated between reçluced 

intergranular pores (Plate 14B) or as overgrowth ~n partly 
, 

dissolved carbonate fragments. (3) Calcite which dissolved at 

the site - ~f pressure solution contacts and was 

reprecipitated on nearby calcite grains in. stress free ~reas. 

These calcite overgrowths, whlch are in optical continuity 

with' the host calc1te, are iren rich (Le. 
. 

in the 0-35 at 

4534.82 m). 

• 
3.2.3.8 rraeture-Filling Ferroan Calcite cement 

Fracture-filling calcite cement has been observeq 

]throughQut the_studied stratigraphie section. It is common 

in rocks below the. Avalon Sandstone. Both grain fractures 

(within a single grain) and rock fractures (passing through 
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PLATE 14 

Lata ferroan oalcite cement and fracture filliD9 
caloite. 

~' . 
., .... ~ . , 

(A) Relatively late ferroan calcite cement (TypJ! 3 )~ 

precipitated after considerable compaction. Note concavo-
.. 

convex grain contacts and corroded quartz grain margins 

(arrow) • Hibernia 'Sandstone, B-27, 3905.00 m. Plan-

polarized light. Scale bar: 50 ume 

(B) Patches ot -late sparry calcite cements (pink). Quartz' grains 

facing 

corroded 

irregular ~ores of s~condary or;gin 
~ -. 

are 
\ 

at their margins (arrow 1) whereas in the 

generally 

reduced 

intergranular prfmary (1) pores they are not corroded (arrow 

2) • 'l:he relatively large pores (lower centre) were 

probably formed by dissolution, of carbonate cement and/or-

framework grains. Hibernia SanQstone, B-08, . 3482.63 m. 
-

Plane-polar!.zed light. Scale bar: 5,00 ume 

(C) Completely shatterad quartz gra~n filled ~ith ,calcite 
" 

cement (C). Hibernia Sandstone, B-08, 3496.47 m',Plane-

polarized light. Scale bar: 50 ume 

(0) Fracture filling ferroan calcite 'cement subsequently 

replaced by a few crystals of unknown mineral , (arrow) • 

, Intergranular brownish siderite represents the earliest 

cement obRerved in this sandstone.' Note Fe-poor calcite at ,,' 
• 

the top. Hibernia Sandstone, K-18, 3860.32. Plane- -

polarized ljght. Scal~ bar: 50 ume 
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different g~ains includi~g matrix and cement) have' beert 

observed. Some of the qua~tz grains, are partly fractured 

while Qth~rs are completely shattered and filled with ferroàn 

calcite (Plate 14C). In a number of samples , fr~cture-filled 

ferroan calcite was subsequently replaced by crystals qt an 

unidentifiable mineraI. (Plate 140). 

3.2.3.9 Dolom! te Cementation' 

.~, 

1 '. 
The amount of dolomite cement ranges from 0% to more 

than 30%. It was observed in the "B" and Hibernia Sandstones 

and in the Jeanne d' Arc.Member but dèes not oceur in the 

Avalon Sandstone. Four different 'types qf dolomite have beenl· 

distinguished: J 

(1) ,Non-ferroan dolomite: 

(2) Early f~rroan dolomite; 

,(3) Late ferroan dolomite: and 

(4) Replacement dolomite. 

3.2.3.9.1 Non-Ferroan DOlomite (Type 1) 

as 

In a ~ery few samples n9~-ferroan dolomite cement pccurs 
~~, ~"IÎ-

patches' of sparry tioiomite between detrital grains. 

Volumetrically this cement phase is not important., 

3.2.3.9.2 Early Ferroan Dolomit~ (Type 2) 

Early ferroan dolomite c~ment was found in a few samples 

from a thick (18 m) fine-grained sandstone unit between 3856 

and 3S74 m in the B-27 wel+ which contains abundant orgahic,­

'1Ilatte.r fragments. The ferroan nature of the dolomite is 

reveal'ed by staining'. This dolomite ls present in thln zones 
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.. 
(le~S 1 thàn_ 1 m ,thic~) ~here it occludes aIl available 

spaces and has impeded futher compaction (Plate 15A). 

occurs as sparry and granular crystals \ 
rang~ng , 

pore 

It 

from 

approximately 30 to 200um (average 50um). In contrast to 

late dolomite, it- does - not show sweeping' extinction and 

curved cleavage, Detrita1 quart~ grains, which are replaced 

'by this dolomite, show irregular grain ~ boundaries. Fossil-

like fragments present in these sandstone samples are 

completely 

dolomite 

dolomitized .. 
," 

is indicated 

Early precipitation of this 

by the very loose packing of 

framework grains (minus cement porosity > 30%; e.g. at 3862 

m, B-27), and the lack of quart~ ov~rgro~hs or other 

cements • 

. 
3.2.3.9.3 

Late 

'.-

Lata Ferroan Dol.Qmi-t-e- (Typa 3) 
(' 

ferro an dolomite occurs as' large graoula~ 

crystals (Plate 15B) , patches of sparry dolomite (Plate ,15~ 
rhombs (up to 70~~) as weIl as individual -~uhedral/s~bhedral 

" ... 
usually pointing toward pore spaces .(Plate 150). It 

qenerally shows sweepinq _ extinction, rarely with curved 

eleav~qe planes, and resembles "saddle dolomite" described in 

the literature (Plate 16A). Saddle -dolomite is commonly 

reported 

. carbonates 

1980; and 

as a late cement in deeply buried (>2000 m) 

(Radke and Mathis, 1980i Mattes and, Mountjoy, 

Machel,.- 1987) -and appe.rs to have formed at 
i 

temperatures between 60 Oc to 150 iOc. A low-temperature 

(naar 25 ~C) origin of saddle dolomite has been suggested 

by Assereto and Folk (1980) and Morrow et al. (1986). In the 
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Dolomite cament in the Bibernia 

... 
(A) Fine-qrained sandstone comple cementedl, by ferroan 

dolomite (bl.ue) precipfta before '\siqnific~nt -
, ! 

'compaction. Some 1 quartz are replaced iby 
1 

dolomite: Hibernia Sandstone, B-27, 3862.0 ~. Plane-

po~arized light. Scale bar: 10 ume 

(B) Large granular crystals of lat dolomite (D) • 

In this sample, framework are e~~ensively 

teplaced by ferroan dolomite. anne d' Arc Member, 0-

35, 4534.0 m. cro;sed nicols. 
1 

1 

(C) Late sparry dolomite (0) in r~ed 
\ 

intergranular pores after jcon iderable compaction 

(arrow 1) and quartz overgro ths (arrow 2). Section. 

with Alizarin-Red onl!y. Il "s~ndstone, 0-35, 
1 

1 

185.90 m. Crossed nicols. Scale :'50 ume 

(0) ~uhedral ferroan dolomite crystal (0) occùpying bobh 

p~tmary as weIl as secondary pores (SP). The-'secondary 
\ . 

pore (SP) wa~ generated by dissolution of a carbonate 

fra9l!lent is still whose ~ peripheral rim (arrow) 
\ present. Note presence of quartz overgrowth (av) in the 

~ upper part of photograph. ~'B" Sandstone, 0-35,~ 

·~183. 7 m. Plane-polarized light. Scale bar: 50 
1 

um. 

, . 

1. 
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. PLATE 16 

Dolomite cement. (continu.d). 

CA) Late, saddle-shaped, ferroan dolomite (D) with 

curved cleavages (arrow) and sweeping.extinction (dark 

area). Lower framework grain shows quartz overgrowth. 

Jeanne d'Arc Member, 

~icols. Scale bar: 50 ume 

0-35, 4534.82 m. Crossed 

(B) Fractured feldspar grain (F) partly filled by sparry 

dolomite (D). In 'the Hibernia field, fractured 

feldsp~r. grains are only observed below 3000"m depth. 

This suggest that late dolomite ~recipitation occurred 
, 

at relatlvely great, depth (below 2600 ml. "B" 

Sandstone, 0-35, 3~85.90 m. Crossed nicols. Scale bar: 

50 ume 1 

(C) SecondarY porosity formed due to 

0/ a calcl te (C) rock fragI1!ent 
, , 

partial dissolution 

and subsequent~y 

occluded by late dolomite (D) cement and hydrocarbon 

lining. liB" Sandstone, 0-35, 3182.82 m. Plane-
1 

, polariz,ed light. Scale bar: 50 ume 

'('0) l:n this section, one of the two secondary pores (SP) 

caused by dissolution of detrital grains was filled 

.' by late dolomite cement (0). These secondary pores 

(both open and ceménted) are lined with hydrocarbons 

(black) .' "B" Sandstone, 0-35, 3176.00 m. Plane-

polarized light. Scale bar: 100 um •. 

. \ 
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HiSernia field, late fèrroan-dolomite (ipcluding saddle­

shapéd dolomite) appears to have precipitated at moderate to 
1 

deep burial levels (below 2600 m) after significant 
-

c~mpact~on and dissolution of calcite (Plate 16B, 16C). Figure 

" 3.6 shows a schematic diagenetic history of sand~tone 

containing l~te dolomite. Several lines of evidence indicate 

that late dolomite was precipitated after dissolution of 
-1 

carbonates: 

( i) presence of ferroan dolomite in oversized and irreqular ,. ., 
, 

(Plate 17A) secondary ,pores including 

(PLate 160) f 

moldic pores 
1 

(ii) uncorroded smooth crystal faces of late ferroan 

dolomite pointing toward secondarY pores '(Plate 150, 

17B); anc~ 

(iii) partly dissolved n~rby early ferroan calcite cement 

and calcite rock fragments. 

In one sample, a moldic pore lined with heavy oil • D 
1S 

filled with dolomite suggesting its precipitation 

hydrocarbon migrati~n (Plate 16D). 

aft~1;' 

- Late ferroan dolomite was not found in the Avalon 

Sandstone. However, it is fre~ently present, in the deeper' 
\ 

reservoirs (liB" and Hibernia Sandstones, and Jeanne d'Arc 

Member). Compared to the B-Oa and B-27 wells, late ferroan 

dolomite is most abundêlnd in the 0-35 (tlB" Sandstone) and K-
I 

18 (Hibernia Sandstone) wells. In the C-96 weIl, ferroan 

dol~ite was not observed . 
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Fig. 3.6 

< Q 

Mechanical compaction 
continued and grain 
fracturfng (e2). 
Porosity (e2) • 151,-

Reconstruction 

40S poros1ty 

Mechanical compaction. 
Mfnor early quartz 

'overgrowths. Po rosit y 
about 30F. 

Early calcite' cêment.tiOn. 
Minus-cement porosity 
25-301. 

Dissolution of calcite. 
Secondary porosity (d2). 

HYDROCARBONS 
Porosfty (f2) • BS. 
Dolomfte cementa 51. 

l, 

of diagenetie 

f2 

history 

petrographie , relationships ~indicatin9' 

from 

the 

precipitation of late dolomite after the dissolution 

of early calcite . 

... 
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PLATE 17 

Dolomite cameut (coutinuad). 

~, 

CA) Late dolomite (0) cement partly fil·l:i,lr(J an elonqated 

pore (P) at qreater depth. Jeanne d' Arc Member 0-

35, 4534.82 m. Plane-polarized light. Scale bar: 50 ume 

(B) Dolomite crystal (0) partly fillinq a large secondary 

pore. Note uncorroded crystal face of dolomite. "S" 

, Sandstone, 0-35, 3185.90 m. Plane-polarized light. 

Scale bar: 50 ume 

(C) Euhedral to subhedral dolomite (0) crystals replacing 

clay matrix.' Jeanne d' Arc Member, 0-35, 4534.82 m. 

Plane-polarized light. Scale bar: 100 ume 
(0) Dolomite rhomb in' shale clast. Jeanne d' Arc,Member, 

0-35, 4533.47"m. Crossed nicols. Scale bar: 50 ume 

" 
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3.2.3.9.. Rep~acement DOlomite (Typa 4) 
'! 

Two types of replacement dolomite were obse~ed: (1) 

euhedral to sUbhedral dolomite rhombs (up to 85um) replacinq 
~ 

shale matrix (PIa1:-e 17C, 170) and hav inq formed in 

stylolite-like structures; and (2) smali dolomite rhombs 
V 

(40 um) replacing early ferroan calcite cements. Some of the 

samples were not stained with potassium fierricyanide, 

therefore, it is not known whether the dolomite is ferroan. 

3.2.3.10 Isotope Analyses~180 andj13c) 
on Carbonate Cements 

3.2.3.10.1 Analytical Procedure 

For isotopie analysis polished slab~, opposite to the 

stained thin sections used in the petrographic u study, were 

examined under a reflected light microscope. In this way 

particular carbonate phases could be located for the pu~ose 
(' l . 

of sampling for isotopie analysis. Samples with abundant 
, 

detrial carbonate fragments were excluded from analyses. 
110 

Micro-samples (0.2 to 0.5 milliqrams powder) were 

extracted at the University of Michigan from polished slabs 

using a microscope-mounted drlll bit of 20 micron to 500 

micron diameter. The micro-samples were roasted in vacuum 

at 380 Oc for.one hour. samples were then reacted with 

-ar.hydrous phosphoric acid ât 55 Oc for approxmately 10 

minutes for calcite ~nd about one hour for dolomite. This 

was done ",in an on-line gaSj extraction system connected to an 

inlet of a VG 602 E ratio mass spectrometer. AIl analyses 

were converted ta POB and corrected for 1'0 as described by 
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,Craig (1957) • Precision was monitored by daily analysis of 

NBS standared-20 and was maintained at a level better than 

0.1 permil for both carbon and oxygen (Gonzalez and Lehmann, 

19S5). 

'3.2.3,10.2 Resulta 

From 24 sandstone samples, five different types of 

carbonate cements were analysed for 13c/12c and 180/160 • T~ 

isotopie data of these cments are summarized in Table 3.,3 

and p10tted in Figure ,'3.7. The results are givèn in the 

delta-notation, ,where 

~ 13C/12C _sample 
($13C = 

------------------~-------------------------------

/ 
-----~ . 

x1000 

\ 

~3C/12C 

and in analogous .fashion for, 1S0/160 . The ;eference standard 

used is POB for both~13C and 81So vlues. 

( 1) 

Each carbonate cement plots-in a~ifferent field: 
'-, 

ferroan calcite cement shows a large variation in 

(-4.3 to -S.6 %.: mean -6.66 ~.) and&13C values (+ 

2.1 __ to '-5.S ~.: mean -1.6). 

(2) The isotopie data on late ferroan,calcite cement cluster 

more closely and qive the lightest isotop'ic values: 

1)13 "" ~1S0 u C values mean'~ -10.9 \. (-7.5 to - 12.3 ~.) and ~ 

mean -S.S %. (-6.9 to -9.5 %.). The averageô13c value of 

Iate calcite (-10.9 %.) is -9.2 %. lighter than the 

average813c of early c'alcite (-1. 6 %.): 
l " 

(3) Early ferroan dolomite was analysed in only three 
" 

sandstone samples . > ~The results show only minor 

isotopie variations. The average81So value ls -3.1 \. 
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Table 3.3 Isotopie analyses (41.80 an51'13C) of carbonate 

cements. 

UJRBVl:ATIOIl8 

CAL: Calcite 

CRF: Sampl~ containinq carbonate fragments 

FCAL:- Ferroan calcite 

FDOL: 

GR: 

POI:-

SE: 

SRL: 

, . 
" 

Ferroan ~olomite 

Granular crystals 

Poikilotopic' texture 

sweepinq extinction 

siderite rich laminae 
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Well No Re.ervoir -. Sub.erfaoe 8180 I13e 

Sand.ton.. Depth Ca) (PDB) (PDB) 

'II 
1.) JlULY CALCI'f1I CDD'1' 

0-35 Avalon Sst. 2147;7 -6.07 +2.15 

0-35 "B" Sato 31S0.2 -S.38 -0.65 
• 

K-18 3135.6 -5.02 -0.-94 

~ 
K-18 3144.2 -4.33 +0.0'1 

K-18 ,Hibernia S.t.3S14.0 -6.83 -3.23 

K-14 3S61.7 -S.08 -3.33 

IC-14 3S72.2 -6.08 -1.31 

k-1~ 3932.5 -S.56 -5.89 

-
Kean ,-6.66 -1.64 

, 

B) LaD cu.cID CDIIJI'l' 

B-27 Hibernia Sato 3885.4 -9.53 -9.140 .-, .. rr, 

8-27 3892.3 -9.20'<';;;" ;+2. t3 
~:- '.\ . ..e'-....... 

-B-27 
' '.1 

\1, ~j;ll~ 3892.4 -9.24 -12.22 • 
8-27 3893.6 -9.03 -12.30 

8-27 3905.0 -9.21 -11.22 

8-27 3906.0 -8.85 -11.68 

C-96 3939.1 -6.92 -7.~O 

Mean -8.85 -10.\12 

C) .uLY ~LOIII'1'B CBXJIJIIr 

8-27 Hiberpia Sato 3858.5 -3.62 -3.86 

8-27 3858.7 ... 3.20 -4.30 

• 
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petroqraphic 
Features 

FCAL, POI 

CAL, CRF 

FCAL, CRF 

FCAL 

FCAL, POl 

FCAL, POI 

FCAL 

FCAL 

FCAL 

FCAL 

FCAL 

FCAL 

FCAL, POI 

FCAL 

FCAL 

FDOL, GR 

FDOL, GR 

_~ .F"~i'-· ~,,:fT: "~"),~'i~ 

'~ l 



;;-. t-~\. ~. Il 

,-

8-27- _j- ,3862.0 -2.51 "2.38 FOOL, GR .. 
Mén -3.11 -3.51 

D) LlD DOr.oan 

B-08 Hib.mia S8 . 348' .6 -9.11 -6.18 FOOL . 
Q-35 J. d'Arc 453 .4 -6.31 -4.55 FOOL, SE .. 
0-35 453 .8 -6.52 -4.45 FOOL, SE 

Mean -7.31 -5.06 

.) 8IDBJllU 

8-27 Hibernia"s8t. 3885.8 -6.49 -5.65 SRL ~' 

8-27 3910.4 -3.90 -10.20 SRL ,y 

X-18 3,860.3 -5.22 -7.13 SRL 

- -5.20 -7.66 

\', 

/ 
\. -

'\ 

.... / .... 

1 

; 
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0 Early calcite • Late calcite 

1f Early dolomite • Late dolomite 

Il Siderite 

Average of Avalon Ss (from Hutcheon et al., 1985) @ 
Average of early calcite cement ~ 

-

~ .... --

Fig. 3.7 Carbon and oxygen isotope values for the 

carbonate cements 
• 

from the re~ervoir sandstones of the 

Hibernia field. 
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(2.5 to 3.6 t.) which is 4.2 t. heavier than that of late 

ferroan dolomite cement. The' average 81.3 C for early 

ferroan dolomite is -3.5 (-2.4 to -4.3 t~). 

(4) . -~e lat,e dolomite sh9WS a mean313c value of -5.0 t. (-

4.4 to -6.2 t.) and a mean 8180 of -7.3 t. {-6.3 to -9.1 

(5) Three samples were analysed from thin siderite-rich 
18 -laminae. SideriteS 0 values range from -3.9 to -6.4 ,_ 

(average -5~2 t.) with a large range' of813c / values from 
( 

-5.~ to -10.2 t. (mean -7.6). 

(For discussion and interpretations of data see Chapter 6). 

3.3 ~ COMPARISON OP BIBERNIA FIELD AND THE U.S. GULF COAST 
f 

Diagenesis of the Gulf Coast reservoir sand stones has 

been particularly weIl documented (Loucks et al ~ 1977 , 1979, 
f 

! 
1984; Franks and Forester, 1984: Land and" Milliken, 1981; 

i . 

Land, 1984; Lundegard et al., 1984; Millik~n et al., (1985) anc;i 
/ - \ / . . 

is often taken as a standard for
o 

the cOiPar1son with other 

petroleun provinces. These Tertiary 1. sandstones (mainly 

Wilcox and Frio Formations) generally eprese~t deltaic and 

nearshore coastal-complex environments (Lindquist, 1977). 

There are some similarities in the diagenesis of the Gulf 
, f 

Co~st and the 'Hibernia Field, which a're: 
1 . .'1, 

(1) Carbonate cements ar~ volumetr1cally iruportant~in both 

the Gulf Coast and the Hibernia Field. 

(2) Authiqenic late ferroan dolomite was observed near or 

below 3000 m depth in bath areas. 

è3)a018 of calcite decreases with increasing buriai depth. ' 
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(4) Feldspar dissolution is minor (or absent) at shallow depth 

in both areas. -However, at greater depth (>3000 

. -------o.-case of the Hibernia Field, about 2500 m in the 

Coas~) feldspar is partly to completely dissolved; 

m in! 

Gulf l 

(5) Precipitation of kaolinite in secondary pores oceurs at 

deeper levels, below,the dissolution depth. 

(6) In the Gulf Coast, ,the top of the overpressure zo~e 

corresponds to a region ~ft· weIl developed' secondary 

porosity. In the Hibernia Field, the Hibernia Sandstone 
, 

with well developed secondary porosity also lies above a 

generally overpressured Kimmridgian shale (Grant et al., 

1986): 
\ t ~ 1 

The~è are ~ome dissimilarities in the diagenesis between 

the Gulf Coast and the Hibernia Field. These are: 

(1) In the Gulf Coast, quartz overgrowths appear to be 

llmited to intermediate bur\al depths (Loucks et al., 

1984). Contrary to this, in the Hibernia Field quartz 
-

overgrowth appears to be progressive and continued 

during different stages of diagenesis. 

(2) The dissolution of feldspars cqntributes significantly 

to secondary porosity development in thè deep zones of 

the Gulf Coast. This dissolution has resulted in large 

amounts of kaolinite cement. Feldspar occurrence and' 

dissolùtion in the Hibernia Field is minor (average 2.5 

t ~f the bulk rock volume) and, probably for that reason, 

. kaolinite is only a minor'authigenic mineraI • 

(3) precipitation of late pyrite {following dissolution of 
c 
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carbonates) was not reported from the Gulf Coast 

reservoir sandstones in contrast to Hibernia field~ 

3. .. SEQUENCB 01' DIAGENETIC EVENTS IN THB JlIBBRNIA l'IB~ 

The sequence of diagenetic events in the Hibernia Oil 

Field, deduced from texturaI relationships, is summarized in 

Fig. 3.8 and briefly discussed below. AlI diagenetic features 

do not occur in aIl samples. It is difficul t toO place texturaI 

relationship in an absolute time or burial depth framework as 
/ 

the present depths of various diagenetic features do not 

-necessary indicate their depth of origine 
t!J, 

The chemical diagenes.is of these sandstones commenced 

l. with the precipitation of minor chlorite coatinq and siderite 

precipitation. This was ~followed by the formatiom of an early 

quartz overg,rowth. However, local precipitation of siderite 

continued during this early quartz growth. Early quàrtz 

overgrowth was followed-by an extensive early ferroan calcite 

cementation (type 2) when 10 % to 15 % of the initial poros,ity 

was already reduced by mechanical compaction. M-inor amounts 

of pyrite were also precipitated during or b!i!fore early 

calcite cementation. Where early calcite did pqt precipitated 

and pore water supplied sufficient· amounts of silica, 

precipi tation of silica continued ,reducinq significant 

amounts of porosity. 

A major phase of dissolution (of calcite, rock fragments, 
~ 

feldspar, , and matrix) and develo~ent of ~econda~ porosity 
-

occurred below 3200 m. Minor compaqtion,' late fe'txoa~ calcite 

,cement, 
. , 

grain fracturing and late quartz:. ov~rgrowths ocqurJ;'ed 
o 
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Paragenetle sequences of diag,?netle events 
-

Phoses (fis fed in order Eorly Diagenesis (fI500m) Incr.osing Bose of Middle Oiogenesish3600m) 
of fint appearance) ~ Ils with ) 79%5) .. 

o (l/S with (20%S) , burial depth 
- ~ 

o, -'" 

Hfo.dule.1 C •• p.etln - ---
2 Clay coahll,of fr ..... rlltral" 1--ilcldl.g .. ri, fi~rOUl c ..... , 
3-Sidmh --- c 

4-Etrl, ,urh OVtrlrt.t~ --
H.rly pyrift -- - --,--- ;.. 

6-Earl, Fe-C.lelte " ? - - , , 
~ 

1- Earl, Fe - d.Jo.lf • 0- -- ? , 
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Fig- 3.8 Schematic diagram .showing ·paragenetic sequences-of 

diagenetic events. stages and relative labundance of 

diagenetic even~s are indicated by length and width of bars 

respectively. 
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after this 

kaolinite and 

porosity etihancing event. 

la~e ferroan-dolo~ite in 

as in remaining primary pores occurred 

This was followed by lata-pyrite 

migration of hydrocarbons. 
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SBALE HINERALOGY AND DIAGEHBSIS 

4.1 INTRODUCTION AND OBJECTIVES 

It is not possible to study sandstone diàqènesis in an 
'" 

intérlayered sandstone/shale sequence without studying shale 

diagenesis because shales are considered to make available 
/" 

__ various cations, acidic pore fluid~, as weIl as interlayer-

water of clay mineraIs, capable of explaininq various 

cementation and dissolution processes in nearby sandstones. 

It is, therefore, siqnificant ~ investigate mineraloqical 

changes in the interbedded shales while_studying sandstone 

diagenesis. The ~pecific purpose of this Chapter is to: 
< 

(1) Identify _ mineralogical changes in the shales of tpe 

Hibernia and West Ben Nevis fields; 

(2) Evaluate the e(fects of diaqenesis (and 

weatherinq/depositional environments) on the 

of shales with increasing burial depth; 

. 
mineralogy 

(3) Estimate the'percent of illite in mixed-Iayer I/S; 

(·4) Measure the !llite crystallilility (IC) on different size 
\ 

t fractions to assess . how other fâctors (besides 

diaqenesis) may affect lC during early and middle 
\ 

diagenesis. 

SAKPLING AND KATERI-AL STUDIED 

sixt Y subsurface samples were collected from shale cores 

and well-cuttinqs of three wells, B-08 and B-27 in Hibernia, 

and B-75 in West Ben Nevis. From well-cuttings, composite 
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samples comprising 20 to 50 m stratigraphie intervals were 

prepared to obtain samples of sufficient 'size. The well-

cu~tings were sieved on a 
, 'j, 

12 mesh sieve (1.7 mm), thor~uqhly 

washed to remove drillinq mud, and then air dried. Sandstone 

and silestone fragments were hand-picked and rëmoved. The 

shale samples cover a subsurface-depth ranging from 1000 to 

4900 m with corresponding temperatures ranging from 40 to 

120 oc. 

4.3 ANAL~ICAL METBODS 

From aIl samples the <2 um size fraction was separated 

by centrifuging, and pipetted onto'a glass slide and air 

dried. - Samples were run on a Siemens X-ray diffractometer 
~,~ 

(type D-500) using a Cu KOC radiation source set at 20 mA and 
~ 1 

40 XV with an aperture of the divergence and scatter slits of 

Both qlycolated and non-qlycolated slides wer~ prepared . 
of each sample, which were scanned from 20 to 330 28. A 

number of selected samples were scanned after Hel and heat 

·treatments (at 300 and 550 Oc for half an hour). Bulk shale 

samples, 2-16 um, and <0.4 um size fractrons were also 

analysed for selected samples from various subsùrface-depths. 

The proportion of illite layers in the Ils mixed-Iayers 

was estimated according to the method of Reynolds and Hower 

(1970) • For this purpose, <0.4 um size fraction was 

'concentrated by centrifuging and scanned after, glycolation 

from 150 to 1So , 29 at 1/20 29/min. Following Reynolds and 

Hower (1970) 

Most suitable 

has been used as, the 

combined'" \ diffraction maximum to measure the 
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percent illite in I/S mixed-layers. This peak 'is, least 
d 

affected by: (i) domain (crystallite) size distrib~tion, (ii) 

the proportion of detrital ill~te, and (iii) type and degree 

of ordering in I/S mixed-layers .. 

Semi-quantitative estimates (Biscays," 1965) of the 

weight percent of smectite, iiiite (plus mixed-layer I/S) , 

and kaolinite (plus chlorite), in the <2 um fraction of 

samples from the B-08 (Hibernia), and B-75 (West Ben 
1 

Nevis) 

wells are reported in' Table 4.1. Due to the low 

concentration of chlorite, it was not possible'to resoive 

chlorite from kaolinite using the kaàlinit~-chlorite doublet 

at 3.si. 

.. • .t MlNERALOGY OP 'l'HB DULIC SBALE 

X-ray diffractometry of 16 b~k shale samples, ranginq 

from 1000 to 4900 m sub-surface depth, indicates the presence 

of quartz, clay mineraIs (illite, kaolinite, I/S mixed-layer 

minerals, smectite and chlorite) and calcite with minor 

amounts ot. opax-CT, plagioclase, and K-feldspar. Trace 

amounts of pyrite, siderite and dolomite are also noted in a 

few samples. 

With inc~easing burial depth the following mineralogical 

changes were observed. Most of the samples above 3S00m 

contain calcite. However, below this depth calcite is 

absent in most of the samples. Plagioclase is more abundant 

than K-feldspar with K-feldspar disappearing below 3600 m 
-

(Fig~ 4.1). Trace amounts of opal-CT were noted in samples 
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Fig. 4.1 X-ray diffractograms of semi~randomly oriented bulk 

shale samples. 1= illitei Q= quartz: K= kaolinite; ~= 

plagioclase K= potassium feldspar: Cal= calcite. 
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Table 4.1 Semi-quantitative estimates of clay minerals (<<2 ~) 

using the method o'f Biscays (1965). 

No Well Depth Illite Smectite Kaolinite 
, ' 

Cm) (+ I/S) (+minor chlorite) 

1 B-75 1030 49.0 5.3 45.7 

2 B-75 1460 38.6 19.7 41. 7 
, ) 

3 B-08 1540 36.7 15.6 47.7 

4 B-75 1635 68.8 12.9 18.3 
.. 

5 B-08 1750 29.7 70.3 Tr --

6 B-08 11-80 32.8 63;3 3.-9 

7 B-08 1840 38.0 32.3 29.7 

8 8-08 1900 24.0 18.0 58. G-
o. 

9 8-08 1930 17.0- 12.0 71.0 
~ 

10 8-08 2115 54.0 0.0 46.0 

11 8,-08 2673 7P4.7 0.0 25.3 
.( 

12 B-08 3015 68.2 0.0 31.8 

13 B-08 3130 61.6 0.0 38.4 
::..~'t. 

"-
14 B-08 3250 68.7 0.0 31. 3-

1 1~ B-08 334Q 69.4 0.0 30.6 

- 16 B-08 3460 62.0 - 0.0 38.0 

J 

17 B-08 36.07 71.9 0.,0 28.1 

, la B-08 3700 62.2 0.0 34.8 

19 B-08 3820 78.3 0.0 21.7 

20 B-08 3910 86.6 0.0 13.4 

21 B":'08 4000 85.0 0.0 15.0 

22 B-08 4120 79.1 0.0 20.9 

23 B-08 4210 80.1 0.6 19.9 

e 24 , B-08 4420 79.0 0.0 21.0 

11.9 



shallower than 2700 m. Only one sample (1455 m) has abundant 

opal-CT ',displaying a doublet 

4.2) • 

o 
at 4.25A and 

Q 

4.05A 

4.5 CLAY KlNERALOGY OP TD <2 pm SIZI J'RACTION 

4.5.1 Kaolinite 

Kaolinite was identified by a first-order 
o 

(Fig. 

basal 

reflection near 7.1 A and corresponding higher-order 

refleçtions (Fig. 4.3). It was differentiated from'chlorite by 

Hel treatment and by heating at 550 0 C for 1/2 hour. Except. 

for a few samples, kaolinite ls pr~sent throug~out the wells 

B-08, B-27 (Hibernia) and B-75 (W~st Ben Nevis). samples 

Wh~êh do not contain kaolinite are from an unconformity near 

the Cretaceous/Tertiary boundary. In gen~ral, below 3500 m 

kaolinite decreases with increasing burial depth. Kaolinite 

pe~ks show a fairly good crystallinity, however, with depth 

(bt::low 3600 m) these peaks becom somewhat broader (Table 4.2 

and Fig. 4.4). 

4 • 5 • 2 smecti te 

Discrete smectite was found only in samples buried less 

than 2000 m, a depth which corresponds to temperature of less 

than about 60 oc'' in the subsurface of the Hibernia Oil 

Field. Above 1500 m, discrete smectite contains little (or no) 

mixed-layers I/S. However, between 1500 and 2100 m a 

greater proportion of Ils mixed-layer clays with high 

smectite contents appears. This is indicated by the 

presence of a saddle (or jagged tail) on the low-angle side of 
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Fig. 4.3 X-ray diffractograms of the <2.0 um fraction of 
.~ , 

selected samples showing the effects of increased huriai 

depth on minerals present. All samples run after 

glycolation at 40°C for 24 hours. I= illite; I/S= 

mixed-layer illite/smectite; ~h= chlorite • 
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Fig. 4.4 Crystallinity of kaolinite ( areajheiqht of -0-01 

peak). The amounts of kaolinite decreases with~increasin9 

burial depth. 

...25 

, 

- . 

? . 



) 

, , .f 

- 1) • '\ .. 

the qlycol~ted '~~~~iteA~7A peak, a ~eature characteristic ,~f 

randomly, interstrài::l~.ieci I/S clay mirierals with a high 
\~à" • ' 

propo~ion ~of êmeetite. Below 210d m smeetite' oceurs only . , 

interstratified with illite. 

4.5.3 Interstratified Illi te/Smecti te " 

b Interstratified I/S' is pre ,sent in aIl sal1l~es below 1500 

m. The 1/5 ,. mixed-layers is eonfirmed by the"" 

asymmetry 
o 

10A p,eak. There i5 a deorease in 
-

layers in '1/5 mixed-Iarers from an average 
\ ' 

S to <1.0% S from 1000 "to 5000)11 with the most rapi~.1"~ 
" 

decrease (to <35% S) oecurring above 2500 m' subsurface depth 

(Fig. 4.5r. 
The mixed-Iayered 1/5 'is,~ .. randomly interstratified ab ove 

2500 m. Below 25~,() m, where illite exceeds 65% _- in the mixed­

layers, I/S is regula~~y, interstrat~fied; as indicated ~y~ 

. 0 0 0 

the low angle plateau between lIA and I3.SA (from 2500 m to , 
<> , 0, 0 

3600 m depth) and a small'peak between 12.6A and 13.6A 

\ . below 3600 m sub-sur~ace according to srod6n (19~1 and 1984). 

5.5.4 1l1ite 

Discrete illite 'was found in ,aIl samples of the <2 um" 
-

s!ze-fraction and generally constitutes a major part -._of the 

clay fraction. Shale samples close to the cretaceous-Tertiary 

unconformity contain only smaii amounts of illite. Illite 

was identified by a first order basal reflection, .a-ç. 

ëlf?proximately 
o ' 

10 A and corresponding higher-order reflections 

at 
o o. 

5.0A and 3.3A (F1g. 

2000 m 
~ 

averages 40%. 

" 

4.3). The amount of !llite above 

Upon glyeolation" a shat}> illite peak 
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o 
at 10A ls separated from the broad smectite and Ils 

ref1ections. with increasing relative buriai -.depth .' ;~he , ~ 

am~nt of i11ite in~~êas,es and below 36~OIli/it averages 
p, 0 // 

80%. 

with increasing depth the 10A glyeolated peak becomes more 

asymmetricai towards lower ~ngles. The peak position aiso 
• o 

moves slightIy toward higher d-spacings (from 10.3A upto 
o 

10.7A) • . ' 
Heat' treatment at 3000 C collapses the swelling 

o 
layers to about 10A (Fig. 4.6). This is also reflected by an 

increase in the intensity of the (001) illite peak. 

Cblorite 

Small amounts of éhlorite 
. 

are identified in most of the 
~ 

. samples by weak (001) ,and (003) basal reflections at 
o 

14.71A 
o 

and 4.71A respectively (Fig. 4.3) • The stro~9 basal 

reflec;:tions at 
o 

'-.lA 
o .. . and 3. SA cOl.ncl.de Wl \:h the kaolinite 

peaks. Howèver,' .kaolinite disappears upon heating'at 550 oc. 

/ - 1 The amount of crhlori te relative to other clay mineraIs 
. . 

increases b@low 2000 m and deereases below 3600 m depth.. In' 
'\ 

a few sampl~st- the chlorite peak expands upon <Jlycolation from 
.0 . 0 

oc, 14.21\ to 14.9A, and, when heated up to.550 con tracts to a . ! t 

mtii~~~t ' , 0 
'" 13'.8A. 

" .. 
Thi~ suggests the presence of minor al1fàùnts of expandable .. ' 

, 
chiorite phases (i.e. chlorite/smect~~ed-layerS). It is 

~ 

interesting to note ~hat ~pe greatest amount of chlorite' 

oceurs in sampIeeWhiCh show better 111ite crysta11inity 
. 

(i.e. around 2500 m,' 'depth) • A. 'decrease in chlorite 

conceptration below 3600 m corresponds to an overall 

decrease of iiiite crystallinity. Below a depth of 3600 m 
• 
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Fiq. 4.6 X-ray diffractoqrams of clay «2.0 " um) fraction 
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sandstèmes exhibit high amounts of secondary porosity with 

chlorite occur~ing as inclusions of polycrystalline quartz 

grains, showing signs of dissolution (see section 6.3.5). 

'\ " • 6 ILLITE CRYSTALLINITY 

Illite crystallinity (IC), which is the width of the 

(OOl) illite peak at half height expressed as °629 ' (Kubler, 

1967), was measured for shale samples from three wells (B-08, 

B-27, and B-75, Fig. 4.7). 

~-Illite crystallinity has been used by Kubler (1967), 

and Foscolos and Stott (1975) and other workers as a 

diagenetic indicator. This indieator is most valuable at thè 

late stages of diagenesis o~ the early stages of 
-

metamorphism. However, it may also be useful during the middle 

stages of diagenesis if other diageneti~ indicators (such 

as percent smectite in I/S, and presence or absence of 

discrete 

comparison 

for 

ColUmbia. 

smectite and kaolinite) are aIse measured for 

at the same time, as Foscolos and stott (1975) 

Lower Cretaceous shales of northeastern British 

During middle diagenesis, IC depends on a large 

numbér of factors including lithology of shales (e.g. organic 

" matter content) , t~ansportation and weathering history, 

porosity and permeability, pore fluid composition, presence 

of mixed-Iayers (i.e. I/S), and poorly crystalline fine-

grained authigenic iIIite. These factors may give rise to 
1 

anomalous values of IC, therefore, IC alone may not reflect 

the true degree of diagenesis. Cases of anomalous IC/ depth 
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trends have been reported by Héroux et al. (1981) and Hiscott 

(1984) in the Labrador-Shelf (Gilbert E-53 and Skolp E-07 

wel~s) and Baffin Shelf (Hekja 0-71 weIl) where IC values 

inerease slightly with increasing buriai depth. Hutcheon et 
• 

al. (1980) als,o noted a reverse trend of IC in the 

Rootenay Formation in southeast British Columbia and 

-southwest Alberta. Slmilar anomalous trends of IC ",are 
_. 

observed in the Hibernia and West Ben Nevis fields of the 

Avalon sub-basin (Fig.~)4.7). Below 280Œ m depth, an overall 

in IC values (i.e. a decrease in crystallinity) is 

in the B-08 and B-75"wells. ,­, 
In the B-27 weIl, a 

jump in IC values (from 0.8 to 1.3 0626) oeeurs near 
. 

m at the top of the Hibernia Sandstone. However, IC 

slightIy improves at deeper levels. The increase in IC 

(or a decrease in erystallinity) is the reverse of 

would be expected with increasing burial depth and 

temperature. Possible causes, for this anomalous trend fall 
1 . 

1 l.nto two groups: 

(A)' Source-rock and/or environment related controls (1 and 2, ... 
see below): 

(1) Prog'ressive addition of more poorly crystalline 

detrital illite at the time of deposition. 

(2) A change in the sou~ environment causing a higher 

precentage 

, , 
of mixed-layer I/S (and/or smectite) 

being supplied during the early stages of deposition, 
• 

followed by a decreasing supply of the mixed-Iayered 

I/S" (and/or s~ectite) phase. 

,(B) Dlagenetic and structural controis (3 to 7, see below): 

132 
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(3) A geothermal anomaly at the level of the Avalon 

Sandstone which decayed downward. 

(4) Juxtaposition or superposition of fault blocks of 

different maturity. 

(5) Increase in the amount of fine-grained authigenic 

illite with lower IC. 

(6) Lack of potassium in th~ pore fluids. 

(7) Increase in organic matter content. 

If the observed trends was caused by the first mechanism 

t~en coarser fractions (2-16 um), which are expected to be 

dominated by detrital illite, should also give a similar ICI 

trend (broadening of 001 illite peaks with depth). This 

possibility is dismissed because no such variation is 

observed in the coarser fraction (2-16 um) (Fig.4.8). 

An increase in IC values with increasing burial depth, 

noted by Héroux et al. (1981), and Hiscott (1984), has been 
. 

interpreted as the result of progressive addition of fine-' 

grained authlgenic illite. Hutcheon et al., (1980) reported a 

similar trend of IC (broadening of the 
o . 

10A peak w1th ,depth) 

using the 2-6 um size fraction of shales and sandstones from /~-

the Kootenay Formation. They also examine~ the fabrics of 

illite under the SEM and noted that althougl1 on XRD 

traces the IC decreases (inc4ease in peak width), the 

m~rphological crystallinity (crystal size and shape) of illite 

improves with increasing depth. On this basis, they concluded 

that the width of the 
o 

10A peak reflects a probably 
. '\ 

combination of""detrital (better x-ray crystallinity) and fine-
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Fig. 4.7 Illite crystallinity «2.0 um) versus burial 

depth for three wells from the Jeanne d'Arc Basin.' 

stratigraphie boundaries and depositional 

environlnents are also given for B-08, B-27 ,(Hi~ernia). 

For B-75 such data is unavailable. 

, ' 

\ 
1) 
Î 

• 
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grained authigenic and/or recrystallized detrital illite 

(poorer x-ray crystallinity). These authors, however, did not 

analyse the shape and behavior of the 
o 

lOA illi te peak 

with increasing burial depth. If poorly crystalline a,uthigenic 

illite is the cause of widening of the peak, then this 

i.e. it should widening should be more or less s 

affect buth flanks of a peak. i t was observed 1 

however, tha t 
•• 0 

wJ.denJ.ng of lOA is mainly due to 

the opening of Icw-angle fIa~~ of iiiite peak 

and that with increasing depth the position aiso moves 

towards a higher d-spacing (from lO~3 
o 

pto lO.7A). This 

suggests that widening of tne illite peak might be due to an 

increase in the amounts of mixed-layer I/S with depth. The 

finest size-fraction of shales domim~.ntly consists of 

smectite and mixe,d-Iayered I/S. The le values measured on 

different size ~Factions (2-16 um, <2 um, and <0.4 um) 

indicate that the le " gets poorer with decreasing grain-size 

(Fig. 4.8). This downward increase in mixed-Iayer I/S may 

thus be the result of higher a~ounts of I/S (and/or 

smectite) supplied during the early stages of deposition in 

the basin. 

The pro cesses of illitization aiso depend upon 

temperature. Higher tempe ratures enhance the transformation 

of smectite to illite through the formation of mixed-layer 

I/S with increasing proportions of illite. Although a paleo-

geothermal anomaly can not be ruled out, the weIl 

temperatures do not show any geothermal anomalies at present. 
\ 

An abrupt . changes in IC. may result from faulting which 

136 

\ 



• 
km 
1 

2 

3 

4 

5 

< O.4Wl < 2.0UTl 2-16 JJJT1 

0.5 1.5 2.5 0.5 1.5 ~' 0.5 1.5 

(~29) (~29) (~2e) 

1 

\ 

Fig. 4.8 Illite crystallinity versus burial depth for <0.4 

um, <2.0 um and 2-16 um size fraction from selected 

samples. 
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disrupts a stratigraphie sequence and juxtapposes or 

~superposes fault blocks of different maturity. 

lnd B-75 wells, a progressive decrease in IC 

In the B-08 

over a depth 

interval of about 2 km seems to preclude faulting as a major 

cause having affected the IC. Small jumps in IC values 

near 2600 m and 3800 m in the B-27 weIl, however, might be 

explained by a thrust faul t. 
1 

However, thrusting does not 

seem likely in the Jeanne d' Arc Basin because it exhlbits 

an extensional tectonic style with numerous growth faults 

(Tankard and Welsink, 1987). 

Besides temperature, the availability of potassium and 

the organic matter content of the sediments are considered to 

be ' important factors influen,cing the smectite to illite 

transformation. Pore water 'data, presently available from the 

Canadian ail and Gas Land Administration (COGIA) , are 

inadeaquate to assess whether or not . the availability of 

potassium was a controll!ng factor for the observed IC 

trend. Only 3 water samples are available from the B-08 

and B-27 wells. In the B-08 weIl, the potassium content is 

low (6 romole/l at 3900 m) • However, in the B-27 weIl 

unusually high potassium concentrations (1636 romole/l at 

3300m and 1634 romole/l at 3950 m) are reported. The 

dissolution of ,underlying early Jurassic (Argo Formation) 

evaporites (i.e. sylvite) could be the source of this high 

potassium content. Sylvite, however, usually occurs with 

halite. Sodium content in these two pore water samples is 

(470 mmol~~~ sea water) much lower than would be expected 

if dissolution of evaporites had contributed significant 
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amounts of potassium. No authigenic halite was observed in 

sandstones during this study. Although the source of the 

elevated potassium content is difficult to constrain from 

the limited data available, its high levels, howeve~; do not 

any significant improvement in 1 seem to have caused 

.~. Dissolution of feldspars in interbedded sandstones r-

the IC. 

and the 

i disappearanc~ of a small K-feldspar peak from the bulk shale 

samples were observed near 3600 m (Fig. 4.1) • This 

together with the available pore water data (three samples) 

suggests that the unavailability of potassium is not the 

cause of a reverse trend in the Ie. 

Organic-matter rich black shales are known to show 

poorer crystalltnity than organic-matter poor red' and green 

shales (Ogunyomi et al., 1980). In order to investigate a 

possible relationship between the observed Ie trends and 

orgarHc matter, the organic carbon content of 22 selected 

shale samples was analysed. (Fig.4.9 and Appendix 2). The 

amounts of organic carbon vary from 0.2 to 2.5 wt% and show 

some positive correlation with' the observed Ie trends. 

~articularly in the B-27 weIl, there is an excellent 

positive correlation between the organic carbon and IC 

values. A jump in the le values from 0.8 to 3° . 1. 620 l.n the B-

27 weIl corresponds with an increase of organic carbon 

content. similarly, a small jump in Ie near 2600 m also 

corresponds with an increase of organic matter (Fig. 4.9). 

In the B-08 weIl, some positive correlation is noted below 

3600 m, however, above this level there is no correlation. 
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Fig . . 4.9- Weiqht percent of organic carbon (~org) and 

-illite crYstallinity «2. O!"um fraction) versus burial 

depth. 
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~In the B-75 weIl, the number of samples analysed (2) is 

in$uftici~t to establish a ç:orrelation. This study, 

ther!!fore, appears to confirm the well-known effect of 

organic matter in delayinq an improvement in IC during burial-

. diagenesis. 

The reversed trend of IC with burial depth, observed in 
) .. 

the present s~udy , may be due to several causes: . (i) ." " 

inoreased- organic-matter content; (ii) a higller percentaqe 

of mixed-lafer" Ils (and/~r smecti~s~lied duripg ~he 
early stages of ~ep~sition. \ Th~~ects ,Of other factors 

(e.g. authiqenic illite) need further evaluation. The use 

of IC as an indicatoJ; of maturation in organi'c matter-rich 
, u 

source rocks, 'therefore, requires considerable caution' 

particuIarIy during the middle (and pro~~bly also the .Iate) 

stages of diagenesis. 

4.7 J)ISCUSSION AND StJHMARY 

of 

The i~rease in illite, the 

smecti\e in 'mixed-Iayered IlS, 

decrease in tbe percentage 

the decrease in kaolinite " 

and the disa~pearan~e&of discrete s~ectite are " important 
i 

mineralogical changes observed in shales of---"the Hibernia 

and West Ben Nevis fields. 

In the Hi~e:t;nia .. r and West ~; Nevis areas, a maj or Middle 

Cretaceous 

Above the 

unconformity 

unconformity, 

is encountered near 22~ m ~epth. 

the sediments ar~nly shales 

. which were deposited in sll.aJ.tIow tc::P"deep marine environments 

(Swift et al., 1975)~ The av~rage'mineralogical composition ;f 
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these shales is 40 weight % 

- smèctite and 35 weight % 

illite (plus IlS), 
\ 

kaolinite (plus minor 

25 weight % 

chlorite) • 

Below the Middle Cretaceous unconformity, shales.-- interbedded 

with sândstones were deposited in marine ta deltaic to ~luvial­

environments. They conta in predominantly illite (;~ and , 

kaolinite (25%). AIl samples above l500m subsurface .depth 

show the 
- 0 
17A peak upon glycolation which disappears near 

2000 m depth and sho~s a shoulder toward 
. '\. 

higher d-spacing.-

This reveals that above the unconformity, the di~appearance 

of discrete smectite and a decrease in the smectite content 

of mixed-layer Ils (from 75% to 45%) are the results: of 

diagenesis. Freed l198l) also observed tbat significant 

__ changes in the shales '(,i. e. transformation of smectite to 

illit~ in mixed-Iayer IlS) of the Hidalgo County, Texas begin 
f1'J 0 

at temperatures between 58 to 69 C. 

Shale sampies ~~ediately below the unconformity (near 
/ 

2500 m) show high amounts of il!~te ,with a rela~fvely sharp 
. - ~ol illite peak. The mixed-~_ayer I/S content is .=.- smaller 

than in deeper samples. A rapid èhange below 

unconfèrmity' (higher amounts of illite with a sharp 

peak) appears to be related to ,a change in 

the 
o 

lOA 

the 

depositional enviro~ment and/or in provenance. This change is 

difficult to explain~ solely by diagenetic ,rproce~ses. From 
, 

2500 m to 4900 m the am ou nt of i'llite increases and kaalinite 

decreases. These variations, mos,t likely represent 
, 

d~àgenetic changes, i.e. the conversion of smectite in Ils 

mixed layer clays into illite • 

The conversion of 'smecti te 
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[IlS is the most widely recognized effect of burial diagè~esis 

(Dunoyer de"~egonzac, 1'70; Perry and Hower, 1970; Fqscolos 

and Kodama, 1974; and Hower et al., 1976). This conversion 

involves an increase in net negative layer charge _ of the 

expenpable layers either due ta tetrahedral substitution of 

A13~ for 5i4: or by sUbstitution of Fe2+, Mg2+ for A13~ in 

the octahedral layer. The excess negativ~ layer charge can be . , 

balanced by incorporation o~ K+ in , interlayer positions. 
-

These substitutions involves a significant change ln the 

chemical composition of the 2:1 layers Ca gain of interlayer 

potassium: increasing substitution 'of aluminum for silica in 

the tetrahedral layers; 10ss of megnes1umi s11ica; and 

probably reduction of iron). '-Such comp~sitional changes lead 

Hower et al. (1976) and Boles and Franks ('1979) to ,suggest 

,two different reaction mechanisms for the transformatio~ of 

smectite to illite in mixed-layer Ils clay mineraIs: 

(1) The first meehanism assumes that the origi_oal 
l ' 

smectite lay~rs rémain intact and that the change to 

illite iJlvolves ionie sUb?titution of AlJ+ for Si4+ 

in the tetrahedral sheet resultinq in a-net increase 

in negative charge which ts balaneed by addition of 
1> ,+ 

t "",K ,to interlayer position (Hower et al., 1~76). The 
4-

overall reaction" is: 

k-fèldspar + smeetite ----> illite ~ ~artz 

Hower et al. (1976) suggested that the source of 

alumimum and potassium is K-feldspar ,in shales which 

dissolves with depth~ 
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(2) T~e second reaction is based on the assumption of A1
3+ 

conservation and reqpires only the addition of K+ 
J 

(Boles and Franks, /1979). According to this reaction 

some of the brigi~al smectite layers in Ils mixed-
1 

layer are decomposed to suppl Y Ai3+ releasing also 

some th t · ( . 2+.4+ o er ca l.ons l.. e Mg Sl. Boles and 

Franks (1979) also stated that aluminous smectite 

layers are preferentially converted to illite, leaving 

behind the more iron- and magnesium-rich smectite 

layers. These smectite layers are transfered to illite 

du~ing late diagenesis releasing iron and magnesium to 

Rore fluids. 
" 

The number of new illite layers in the 

Ils mixed-Iayers is smaller than the original number of 

smectite -layers. Some workers (Eberl and Hower, 1976; 

Eberl, 1978a 1978b; and Lahann and Roberson, 1980) 

provided experimental support for this model by 

convertinq ---smecti te into mixed-Iayer Ils in the 

. absence of an external source of Al. The overall 

reaction can be written as: 

K+ + smectite ----> illite + quartz + H+. 

More recently, the use of transmission and analytical 

electron' microscopy (TEM/AEM) have lead to some advancés 

in the understanding of the illitization proces~ although 

some of concl~sions are still controversial. Ahn and peacor 

( 1986) (using TEM/AEM) studied shale cuttings from the Case 

Western Reserve University (CWRU) Gulf Coast 6 weIl. Hower 

et: al., 1976 had used shale samples from the same weIl. 

They suggest that the" conversion of smecti~e into illite 
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does not necessarily require mixed-layer 1/5 as an 

intermediate phase and that illite formation appeared to have 

started with the growth of small pockets of illite layers 
\ 

, within subparalle1 layers of smectite. Be11's (1986) TEM/AEM 

" 

study of drill cuttings from the COST 1 weIl, (east of South 

Padre Island Texas), however, , suggests the presence of 

interstratified illite smectite layers as originally proposed 

by Reynolds and Hower (1970). According to ~his author, the 
-

replacement of smectite 1ayers by illite appears to have been 

the principal transformation mechanism. In tpis context, it 

is interesting to note that the conversion of smectite to 

illite by ~ny of the proposed mechanisms releases a variety 

f ' .4+ 2+ 2+ 2+ 1 . o component~ (S~ , Mg , Fe , and Ca ) to the pore f u~ds 
,. 

which may "then become available for cementation in nearby 

sandstones. ~ Î 

'" Significant kaolinite amounts of are present in almost 
~ 

all~-samples . However, this mineraI is absent in a few 
~ 

samples near the 'cr~taceous-Tertiary unconformity (near 1800 m 

in the 
~'­

,t " 
B-08 weIl anq 1500 m in the B-27 

\, 

, 
weIl) . The abrupt 

disappearance of kaolinite in ~his interval most likely 

reflects a change in depositional environments and/or 

source or pore fluids compositions. Kaolinite (plUS minor 

chlorite) decrease from an average of 35 wt.% (above 2000 

m) to about 20 wt.% below 3950 ID (Table 4.1). This change in 

kaolinite May be due to: (1) differential transportation and 
, 

sedimentation, and/or (2) diagenetic degradation and 

transformation cf kaolinite to fllite or chlori:te. 
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DifferentiaI sedimentation is an unlikely cause for the 

following reason. Kaolinite is generally a coarser-grained 

clay mineraI and should increase in abundance with the 

transition" from marine toward marine-deltaic to fluial 
-17," 

environments that occurred in the Hibernia area with 

increasing geologic age during Cretaceous time (provided 

that the source area and the climate remained the same). 

As subsurface tempe ratures an~ ionic strength of the 

pore fluids increase, kaolinite is tranformed to other clay 

mineraIs (Dunoyer de Segonzac, 1970; Foscolos and Powell, 

1980). The observed increase in kaolinite crystallinity 

values (decrease of crystallinity, area/hight ratio; Schultz, 

1964) with"depth may be indirect evidence for 

degradation of 'kaolinite at temperatures 

a diagenetic 

above 90oC. 

Progressive destruction of kaolinite during burial diagenesis 

b 
. 0 may egln near 80 C (Dunoyer De Segonzac, 1970) and largely 

depends upon the pore-fluid compositions. Kaolinite may be 

converted to illite if the [K+]j[H+] ratio in pore fluids is 

high (Hemley, 1959), or may forro authigenic chlorite with 

the addition of Mg2+ and Fe2+ supplied by the breakdown of 

smectite layers (Boles and Franks, 1979). As mentioned 

earlier, chlorite decreases with increasing burial depth. 

This may be due to highly acidic pore waters (originating from 

the thermal decarboxylation of organic matter) which would 

"have precluded chlorite precipitation and/or have caused , 

dissolution of sorne of the detrital chlorite. The Mg2+ 

Fe2+ ions released from smectite and detrital chlorite 

then have been exported into nearby sandstone beds and 
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\ 
been used in the 

\ 

precipitation 
\ 

of ferroan-dolomite, 

" ferroan-calciJte and late pyrite obse!'Ved in ,many sandstone 

samples (see Chapters 3 and 6). 

1 

. 
, ~ 

In summary, this,study indicates the following mineralogical 

variations in shales with increasing borial d~pth. 

(1) The amount of illite incre,ases from approximately 40% 

(above 2000 m) to approximately 80% (below 3600 m) • 

(2) oiscrete smectite (displaying the 17~ peak 

glycolation) is only present above 2000 m. 

upon 
\ 

\' 

(3) Smectite in interstratified I/S decreases from 75% to less 
\ 

than l'S% from 1000 to 5000 m subsurface depth. 

'(4) Kaolinite (plus minor chlorite) decreases from an average 

35% (above 2000 m) to 20% below 3950 m. 'Its 

crystallinity , (area/height ratio) decreases with depth 

and probably indicate~~)degradation of kaolinite. 

(5) Ch10rite is present in small amou~ts and decreases below 
-

3600m. 

(6) An increase in illite 

the Avalon Sandstone is 

crystaIlini~ values (IC) below , 

probably dJ~ jto an increase in 

organic matter content and percent mixed-Iayer I/S 

(and/or smectite) at that levels due to vari~tions in 

composition of the sediment sÛPPlied to the basin. 

(7) In the bulk shale samples, K-fe,ldspar disappears below 

36pOm depth. Below 3500 m, calcite is ?bsent in most 

samples. 

~/ .. 
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CBAPTBR V 

B~FBCTS 01 DIAGENESIS ON POROSITY ~OLUTION 

, ( 
5.1 INTRODUCTION AND OBJECTivES 

The relationship of diagenesis to development and 

preservation of porosity in sedimentary rocks, particularly 

.the origin of secondary porosity, has beaome a topic of major 

debate and concern for petroleum geologists. Evidence for 

the occurrence of secondary porosity in sandstones was first 

published in North America by Schmidt et al. (1977) ; 

Lindquist (1977); Hayes, 1979; and Schmidt and McDonald (1979 

a~b), although it was first reported in USSR (Proshlyakov, 

1960; Chepikovet al., 1961). The recognition of secondary 

porosity is significant because exploration for hydrocarbon 

reservoirs can be extended to much greater depths in 

sandstones that contain secondary porosity than it cou1d be 

in sandstones orily co~aining primary porosity (if not 

overpressured) . The objectives of this chapter are to: 

(1) recognize and describe the' different types of porosity in 

reservoir sandstones; , 

(2) quantify these porosity type5 in dlfferent sandstone 

units; 

(3) assess the effect of diagenesis (cementation, 

- dissolution,' and recem~ntation) on reservoir quality; 

(4) compare observed diagenetic sequences ~~d evolution of 

secondary porosity with other quartz-rich sandstones from 

different sedimentary basins; and .' .. 1 

/ 

" 'f~~;' i 
" 
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possible primary contraIs on sandstone 

and porosity modification. 

-~ 
5.2 PRlMARY POROSI~Y TYPES 

~ 
primary por'es form during deposition and may remain 

open for sorne -time during mechanical compact ion as long as no 

intergranular cernent is introduced. Prirnary porosity is 

recognized by: (1) regular intergranular pores; (2) lack of 

oversized and elongated pores; (3) hornogeneous compaction; (4) 

lack of grain margin corrosion and presence o~ uncorroded 

quartz overgrowths. prirnary porosity is dominant in the 

Avalon Sandstone ~Table 5.1). However, wi th increasing 

depth, secondary porosity develops. Secondary porosity is 

sometimes, difficult to differentiate from primary porosity 

if both occur in t~e same thin section. Two types of primary 

porosity are recognized, intergranular and intraparticle 

porosity. 

5.2.1 Interg~anular Porosity 

Intergranular pores are areas between detrital )grains 

which remain unceménted (Plate 18A, 18B, and 180) • This is 

the dominant type of primary po~osity. In the Avalùn and 

"B" Sandstones much of the intergranular porosity was 

destroyed by early calcite cementation. 

5.2.2 Intraparticle Porosity 

Intraparticle porosity (mainly in fossil fragments) is 

observed in fossil-rich zones. It ls a common porosity type 
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Table 5.1 Point-count analyses of selected samples show~nq 0 

1 

~ . . \ 
distribution of primary and secondary poros~t~e\. 

Skcondary porosity is fprther. classified into four 
,Il 

qenetic classss. 

oc = Dissolution of cement 

OFG = Dissolution of Framework Grains 

ORC 

F 

pp 

SP 

TOL.P 

= Dissolution of Replacive Cements 

="Fract~poroiity 

= primary P~ity ~ 

= Secondary po~àsity 
p \ 
~ '\ 

= Totai th~n rectl~n porosity 

1 . \ 
\ ~-

1 

r \ . 

":\ ,.' '\" ,..,~,,~ 
_,,)'.J- ~, 

.. f' ~_1 
! 
1 
1 

" 

1 
1 

"1 
1 
1 

\ 

\, 

1 
1 

;cr. 

~. 

1 

\ 

" 
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~ Oepth (m) Tol.P sP- pp DC OFM ORC F 

( _~~~.f(A) AVALOB SANDSTONB 
\ 

2184.6 12.5 1.8 10.9 1.8 

2185.8 9-.2 1.2 8.0 1.2 

2190.3 6.2 0.2 6.0 0.2 --' 
2190.8 9.2 0.8 8.4 0.8 

2197.5 18.0 3.8 14.2 3.2 0.4 0.2" --
~/ 

" 2197.9* 10.2 1.6 8.6 1.6 

/ 2578.8 21.2 6.0 15.2 3.2 2.8 

265!L6 ll.4 5.4 6.0 3.4 2.0 

AV} 12.2 2.6 9.6 1.9 0.7 ," 

~ 

-(B) liB" SAlmS'l'ONB . 

3178.0 12.6 10.2 2.4 6.4 2.6 1.2 

3179.1 10.8 6.7 4._7 3.0 1.6 1.5 

3185.9 9.7 5.3 4.4 4.0 0.5 0.8 

3131. 5 9.6 5.0 4.6 
-----

Av. 10.7 6.7 4.0 

(C) BZBBRRZA SARDSTOBB 

3481.3 8.9 
--~ 

4.1 4.8 2.6 1.2 0.3 

""'" 3482.6 12.1 8.0 4.1 4.2 2.9 0.8 0.1 
./ 

., 

D 

3483.4 6.3 3.6 2.7 1.2 .0.8 1~6 --, .( 
l. 

3555.1 12.5 8.9 3.6 4.8 3.5 0.6 '-
/ 

3606.2 3.4 1.8 1.6 0.1 1.7 0.0 
.' 

• 3619.4 12.8 ~ 4.4 4.3 3.0 1.0 0.1 
.-

3622.4 9.8 6.9 2.9 5.5 1.0 0.4 
ol\.;r~ 
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PLATE 18 ' 

P;iàary porosity, and geopetal structure. 

CA) Intergranular primary __ porosi ty in a fine-grained 

sandstone. 
. 

The lower half of photograph (stained red) 

is completely cemented with ferroan calcite. In the 
r 

parous pat~, framework grains are coated with thin cla~ 

rims whereas the rims are abse~t in the lower cemented 

zone. Compared to lo~erocemented part, the porous part 
~ 

is slightly more compacted. Note uncorroded 
" 

! 

poikilotopic calcite crystal facing pore space. Avalon 

Sandstone, 0-35" 2197.90 m. Plane-polarized light. 

Scale bar: 500 ume 

(B) Intergranular primary porosity (blue) in a loosely 

compacted sandstone. Note pressure"solution contacts 

(arrow) -between fossi~ fragment and quartz grains. 

Bedding direction sub-hor~zontal. Avalon Sandstone, 

0-35, 2191.50 m. Plane-polarized light. Scale bal;: 500 

ume 

(C) Geopetal structure in serpulid worm tube preserved due' 

to early calcite cementation (C). The bedding 

direction is northsouth. Avalon Sandstone, 0 .. 35, 

2185:60 m. Plane-polarized light. Scale bar: 500 ume , . 
(0) Reduced intergranular primary p~rosity (bIue) in one 

,-
of the deeper reservoir sandstones of th~ Hibernia 

Field showing sub-triangular pores 

uncorroded framework grain margins. 

(P) with b 

Hibeinia 

Sandstone; C-96, 3928.60 m. Plane-polarized light. 

Scale.bar: 100 ume 
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in the Avalon Sandstone, but !ts overall 
• 1 

-total ,porosity i~ètot significant. A few intrapa~ic1e pores 

1 'of primary oriqin were partia11y filled with 
" -"" 

""'-

sediments and ~thf.m ceilented by sparry calcite (Plate ,1SC) • 

''t- "'\ 

5.3 SECONDARY POROS:I'l'Y TYPES 

All pore spaces which developed after depdsition as °a 
CD , 

resul t" t?f. diaqenètic processes are r~ferrèd to as secondary 

po~es. , At intermediate depth 
, ' 

levels '-secondary porosi ty 

increases~ ~i th s~sqrfàce depth and may amount to as much as 
-

iSl.-of bhe bulk volume in the Hibernia Sandstone (Table 5.1). 
( 0 r , 

Thé 'development~f secondary porosity may either recover lost, 
- --II 

P7im~~ . ,~~rosity':oor generate new porosity. AcCOrdingl~_ there 

are tw~1~~iègorieS ~f-l secondary po~ôsity: _ (1)/ restored- ~ 
• ,primary ,P0:;OSity th;ot was lost by cementation but ~e,< 

recovere4 wlien the cements were 4issol ved. This proce~~s -_ . 
., , 

,not add any ,new.porosity to the porosity present at the time 
,,,,,- ~ 

of' deposJtibn/ cementation. 
1-) • 

(2) Secondary porosity formed 
,-

by the dissolution 
~j 

of framework grains and/or dissolution 
" . of 

'0 . 

r~?lac~ve, cements, - which creates ~new po~osity, that was 
'1 ' 

origip~~ly not present. 
, c 

I~terq~anular Porosity 
> 

~ost of tbe secondary porosit~ is interqran~lar'and 
~ 0' • a result of dissoaution of pore-fl.l11nq and 

was . 
1 

, 1 

formed as 
.l,.' 

replacive 
1 

-, . ) 

cements (p~ate 21C). - Regular inte~gran~lar pores of 

secondary 
\ 

origin which mimic primary pores were observed in\ 
, '-, 

m,any sapdstone 

. , 
s~mples, (ro.Ill tthe Avalon and liB" 
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~nla~ged intergranular pores of secondary origin are common 

in the Hiberni.a/ Sands.tone. These pore spaces can he 

recognized by highly corroded detrital grain '" boundaries and 

their elongated shapes. 

,5.3.2 Holdic and vug~ Porosity \ 

Grain molds , are pôres which show 
" 

outl~es characteristic 

Môlaic pores form by of their precursor framework grains. 

partial to complete dissolution of former framework 

constl tuents (e. 9 • chert, ~eldspar; shale clasts,' fossils and 

other carbonate fragments) , many of which are now 

unrecognizable. Moldic porosity was obse~ed in aIl reservoir 
-

sandstones (Plate 19A, 19B, 1ge, 19D', and 23D). It was also 

noticetl ~esoscopically d~ring drill-core investigation as 
. ~ 

p~rtly dissolved fossils, (e. g., gastropods and pelecypods at • 

2581 m in B~27; see section 3.2.10.2). The size of indiviqual , , 

moldic or vuggy pores depen?s on~the size Qf the oissolved 

,original consti tuents .. 

• 
' •. $,3.3 '" Oversized 'Pores Inelud1ng 

. . Distributed.porosit y 
,/ . 

Oversized pores, are those 

and - l:rregularly 

whose size exceeds _J:he 

fti,meter of adj acent 

<iehmidt 'and MCDonald, 

grains by.a factor of at least 2 

1~7~b!\ They are commonly obser;ired in 

thé' "B" and Hibernia Sandstones (Plate 20A, 20B, 210,. and 
. , 

o 27D). Gener~lly, these pores are formed through dissolution 
. . 

of large carbonate fragments, chert fragments, mud clasts a~d . 
'intérgraDul-ar calcareous matr.ix. 

<' ,'-
Choquette and Pray ( 1979) 

refer to this type of porosity as Iffenestrate porosity". , 
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PLATE 19 

Holdic porosity in different reservoir sandstones. 

(A) Large elongated moldic poreo (MP) deve10ped by th~ 

dissolution of shell':_ fragment (probab1y pelecypod) • 

Micrite lining of shell fragment dissolved at places,' and 
~ 

partly broken and susvende~ within the pore. Ferroan calcite 

cement (stai~ed blue, fc) als~ dissolved at a few places:. 

(arrow). This sample contains substantial amounts of mud-

c1ast (brownfsh). Avalon Sandstone, B-27, 255~. 25 m. 
b 

Plane-polarized. light. Scale bar: 100 ume 

(B) A moldic pore (MP), lined with oil-stained dark calcite 

(arrow), produced py dissolution of a framework g~in (most 

1iJtely carbonate). " Anothe~ moldic pore (left side) was 
" 

subsequently filled by late ferroan dolomite (0). In the 
" .. . 

upper-right corne~~ __ a carbonat~ rock fragment is partly 

dissolved. "B" Sandstone, 0-35, 3183.70. m. Plane-

pq1arized light. Sial~ bar: 50 ume 

{Cl Moderately compacted sandstone"showing isolated mo1dic 

pores ;(arrows) of't,secqndary origine Nature of the dissolved 

materia1 is unknown. Hibernia Sandst9De, B-08, 3606.18 m. 

P1ane-polarized light. Sca1e bar: 500 ume 
c/IT 

(0) Large moldic pore formed by dissolution of a carbonate rock 

fragment. Prismatiç:: crystals grown on the disso1ved 

fragment are less affected by dissolution and partly 
, 

preserved. Note variation of colour, of calcite crystals -

as a function of varying Fe-content. Avalon Sandstone, B-
r.\, 

27, 2578.84 m~ Plane-polarized1light. Scale bar: 50 ume 
\ 
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PLATE 20 

o~~rsized and eloDqat~d pores. (scalê bar: 500 um.,.) 

(A) Two oversizèd in'terconnected pores 1 (P). Compare _ 

degree of mechanical compact ion in the left and right 

sides of the photographe Quartz overgrowth observed o~ 
-

a few detrital grains indicates corroded ,and replaced 

grain margins (arrows). Hibernia Sandstone, B-08, 

3482.'6J m. Plane-polarized light. 

_ (B) Oversized pores and variable degree of compact ion 

",JcQmpare arrows a and b) betwe~~ different framework 

grains. Hibernia Sandstone, C~96, 3923.50 m. Plane-

polarized light. 
1., • 

(C) Large calcite fragment (incompletely sta1ned), deformed 

between rigid quartz grains, is partly dissolved 

forming secondary porosity. "B" Sandstone 0-35, 

3183.70 m. Plane-polarized light. 

(0) In , a well-compacted sa!ldstone, ,large elongat,ed pores 

s~gg~st seco~ary origin . after significant com~action. 

Hibernia S~dstone, B-08, 3706.18 m: Plane-polarized 

light. 
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concentratlon- of smailer dissolution-pores in patches or 

individual Iayers may also produce oversized pores. Elongated 
, 

(Plate 20C, 20D) and irregularly distributed pores (Plate 21A, 

21B, 21C) originated from dissolution of large fossil 

fragments and removal of irregularly distributed cements 

and/or replacive cements. D 

5.3.4 Intra-constituent Pores 

Intraconstituent pores were formed by partial leaching 

~ithin the following types of constituents: chert, feldspar 
() 

grains, calcareous fossils, limestone rock fragments, and 

shale clasts (Plate 22A, 22B, 22C, 220). This type of 

porosity is present in aIl reservoirs of the Hibernia field; 

however, it is most cornrnon in the "B" and Hibernia 

Sandstones. 

,;: 
5.3.5. Fracture Porosity 

Fracture porosity • is observed in many samples but is . 
volurnetrically insignificant. It is common in the "B" and 

Hibernia Sandstones and ~arely' observed in the Avalon 
~, 

Sandstone. Most of the fractures are confined to individual 
1" 

grains (e.g. quartz grains, fossil fragments, Plate 23A) , but 

some of thèm pass through ad,jcir.ent grains, 
'. ' 

including cement 

and matrix (rock fractures and joints). Rbck fractures were 

also observed in the Hibernia Sandstone during core 

examination (Plate 23B); A few fractures are cemented with 

calcite and dolomite cements or with late 

Although 
1 

development 

fractures no not significantly contribut~ 

of porosity, they may significantly 
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PLATE 21 

1 

Irreqularly distributed 
bar: 500 WIl.) 

secondary porosity. (Scale. 

(A) Irregularly distributed secondary pores (bIue) • The 

lower part of the photographe indicates reduced . , 
intergranular porosity due to mechanical compaction. 

The middle' part exhibits a loose fabric of framework 

grains with large secandary pores. Hibernia Sandstone, 

K-18, 3841.47 m. Plane-polarized light. 

(B) Irregular . and elongated pores (P) of secondary 
'" 

origine In the lower right corner, porosity is , 

completely eliminated by mechanical .compaction and 

minor silica cementa~ion, while the rest of the 

photograph shows enlarged intergranular porosity. 

Hibernia Sandstone, C-96, 3929.80 m. plane-polarized 

light. 

_te) Highly irregular shape of pores (P) as weIl as of 

quartz grains. The porosity is the result of 

dissolution of framework grains, calcite cements and 

replacive cements. Hibernia Sandstone, B-27, 3850.65 

E. Plane-polarized light. 

(0) Large irregular secondary pore .. 
// 

Note' quartz overgrowth 
\ .... "-

on framework grains with thick clay coating. Hibernia 

Sandstone,- B-08, 3619.00 m. Plane-polarized light. 
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PLATE 22 

Intra-constituent porosity in the tib~nia' reservoir 
sandstonas: 

CA) Partial dissolution of a feldspar grain. Hibernia 

Sandstone, B-27, 3849.75 m. Plane-polarized l·iqht. 

Scale bare 50 ume 

(B) Advanced dissolution of feldspar grain (F) causing 

secondary porosity (SP) • Quartz overgrowt~ pro duces 

)well developed crystal faces. Hibernia Sandstone, B-
o 

08, 3481.28 m. Plane-polarized light. Scale bar: 50 ume 

(~) C~ert grain almost completely dissolved except at the , 
Hibernia Sandstone, B-27, 3850.27 m. Plane-

polarized light. Scale bar: 100 ume 

(D) Dissolution of a shale clast and surrounding calcite 
, 1 

cement enhancing sandstone porosity. "B" Isandstone, '0-

Plane-polarized l' ht i Scale bar; I~O 
1

9
·1 . 
1 i 

35, 3176.00 m. 

i ! 
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reservoir permeability. 

5.3.6 Shrinkage P6rosity 
t 

Shrinkage porosity was observed in a very few samp,les. 

For example, a.thin rim of op~n pore space {reveale1 by blue7 

dyed epoXY)j' around a brownish fluo:t;'apatite (COlloPhtne.). ~rain 

indicates shrinkage porosity (Plate 23C). Sorne observed 

fractures in qlaucenite qrains may alse resutt fram 

shrinkage. 1 

5.4 .DIAGENETIC CONTROL ON RESERVOIR PROPERT~ES 
1 

The effects of diagenesis (cementation, dissolution and 

recementation) on sandstone porosity will be discussed below 

for indLvidual reservoirs. Table 5.2 summarizes avera~e core 

porosities in hydrocarbon bearing zones in the Hibernia oil 

Field. 

Avalon Sandstone 

In the Avalon·Sandstone, the depositional environment 

has exerted significant control on subsequent diagenesis. 

The Ava19n Sandstone consists mainly of fine-grained sandstone 

1 which was depo~ited in shallow water shoreline environments 

(Benteau and Sheppard, 1982). In places, both sandstones and 

interb~dded shales are rich in limestone and fossil 

fragments. These re~dily available carbonate constituants 

may have served as an important source for early calcite 

cementation due to pressure solution (Plate 18B) in the Avalon 
(J 

d 

Sandstone of the Hibernia Field. 

1 ... 67 
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PLATE 23 

Praotur., .~riDkaqe, and intraoonstituent porosity. 

(A) Intragranular-- fracture porosity (arrow) 
a produced by 

mechanical compaction after quartz ,.;S?verqrowth. Note 

that isolated porias become interconnected -by these . 
fractures. Hibernia Sandstone l 8-27, 3850.,21 m. Plane-

. . 
polarized light. Scale bar: 50'um. 

(B) Drill-core photograph displayinq numerous normal 

faults wit~ small displacements.. kibernia Sandsëone, 

8-27, 3818.6 m. Scale bar in cm • 
. 

(C) Thin -pore 0 space (arrow) alS'ound a 

fluorapatite (collophane)", grain 
! 

shrinkage 

.p~rosity. Avalôn Sandstone, 0-35, 2190.81 m. Plane­

l?olarized H.ght. Scale bar: 50 um. 

(D) Rhomb-shaP4d molds' (M) , 

suggesting the presence of a 

which was leached after 

Sandstone, B-27, 2555.25 

Scale bar: 50 ume 

~-

.. 

in P a silicified - ooid~ 

m. 

, 
1 

, 
former parbonate 

, 
silicification. 

Plane':polarized 

~--~ 

.' , 
'. 

'~ 

phase 

Avalon 

light. 
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Table 5-2 SUJIIlIIary ot average cora porositias . in hydrocarbon 

!)earing zones with net pay zones in the Hiba:rnia area (data 

trom McMillan, 1982 and Handyside a~d Chipman, 1983). 

Res~rvoir Gross interval Net Pay Average 1 Hydl':'ocarbon bearing ~' 
Zone tested (m) (m) core.. r..I0ne

! 

Avalon 2422-244;3 

"B" Sst 

Hibernia- 3752-3898 

D 
Jeanne d' 4142-4159 
Arc Mem!)er (, 

17.1 

53.3 

18.3 

porosity P-15 0-35 8-08 G-55A K-18 

18.0 oil oil. oil water oil 

water water gas water oil 

18.3 oill water oil,l" water oil 
water gas 

l.0 .13 ,oil water oill water oil 
gas 

--------~-----------------------------------------------------~----* well not-:tudied 

" 

\ 

, . 
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5 .... 1.1 porosity Loss by cementation 

The most important cemeJ;)tinc;r mineraI in ,the Avalon 

Sandstone is early ferrban calcite (8.4%). Porosity reduction 

by other authigenic min~rals (quartz overgrowths, sfderite, . ' 
chlorite ànd pyrite), is comparatlvely less important Ca 

total average of 4.9%). Thin chlorite coatings are common to 

the Avalon Sandstone and may reduce reservoir permeability. 

Dolomite and kaolinite were not'observed. 

The early calcite cementation, which affects zones less 

than 1.5 m thick, complete.ly occludes available porosity 
~. , . 

("tight- sandstone") . About 20% of the Avalon Sandstone 

drill-core (based on 5 wells studied) are completely cemented 

by calcite (Table 5.3). The tight-sandstone zones are abundant 

in wells B-27 and C-96, where 22% and 40% respectively of 

the sandstone~core~ are completely cemented by early 

calcite. The early calcite cementation ·has interrupted 

further mechanical compact ion and precipitation of other 
~ 

cements which makes these sandston~'excellent candidates for 

secondary porosity development at deeper levels. 

5.4.1.2 For.mat~on ot Sécondary porosity 

Although the porosity of~ the Avalon Sandstone is 

mainly primary in origin, sorne secondary porosi ty (an 

average of 2.6%) has been observed. Some calcite cements~ as 

weIl as fossil and limestone fragments are partly dissolved 

(Fig. 5.1). This dissal ution event was followed by the 

migration of hydrocarbons which stopped furtper dissolution 

(Plate 24A). In a few tossil fragments (i.e.pelecypods), the 
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Table 5.3 Distribution of -tiqhtly cemented zones (by calcité ,with 
, . 

minor dolomite) in different reservoir horizons in the Hibernia 

field (data based on drill cores from the B-08, 0-35, B-27, X-18, 

_and C-96 wells). 

Jeanne d'Arc Total Well 
No 

Ayalon "B'" Sandstone Ribemia 
Sandstone Sand.tone Membar tiqht- ss~. 

Total Total Total Total Total Total Total Total 
sst. tiqht sst. tiqht ss1:.. tiqht sst. tiqht 
core sst. core sst. core sst. core sato 

(m) (m) (m) (m) (m) (m) (m) 

0-35 10.0 1.5 7.0 3.2 2.9 0.3 5.0 

B-27 22.0 5.0 32.5 .2.0 7.0 

X-l8 6.0 0.0 9.7 1.7 41.0 2.5 4.2 

C-96 '9.0 3.6 42.0 0.8 4.4 

B-08 3.2 0.4 6.2 0.2 17.0 0.0 0.6 

Total 50.2 '10.5 22.9 5.1 132.' 5.3 2.9 0.3 21.2 
-, 

\ 
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Fig. 5.1 Thin section and drill-core observations fram a 17 m thic section 
of the Avalon <$andstone in the B-27 well. Most of the porous hydrocar­

'bon be~ri"g zones,-which alternate with,~alcite'·ce~ented ~ones (tight-_-~ 
J • sandstone) show dissolution features. 

.. Tight~sandstone 

,.... Fossil-rich zone 

~ Cross bedding 
--~ ' . 
." Mud cl asts 

• Location of samples 
îf 

.' 
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DEPTH (_) LITHOlOGY 

\ 

CORE nR<",v'aTl ... , 

$h.rp cont.ct btt_ porous 
(.bo.t) .nd tI ght-Undstont 
(flclng bllck ..... ). 

Tlght-undstont wlth round.d 
... d-chsts. 
Sh'TII contact. 

011 sUlnld' Slndstont .. !th 
• ~d.nd fou Il tr.gtIIM:s. 

Gradàlà btàdlng. 

Grey sh.ll. 

~ 

) 

C.lc .... ous ~hllt .ltlrn.ttng 
wlth flnl-gralnld s.ndstont. 

, 

OIAGEllETIC FEATURES 

C0IIP1,tely è_nted by .... rly 
ftrro.n calcfte Ftw sJdt.rit' 
crysuls are also prel.nt~ 

/ 

H.lnll prllllry porosfty (lB!) • 

Prllllry poroslty. 

Evlde.ce .If ulc1tt dlssolutfon. 

Holdlc pores wtth partI y 
dlll.hO<! carbanat. fraglllnts. 

StCond.ry 'pores present. 

FosslI fr'!I"'Ints .re p.rtly S .. PlU. 13C. 
dlssolvld. 1 

Porous .nd oll-stalnld SlMll ... unu of c.lcltl c_nt. 
Slndstonl wlth 10-15S poroslty. 

FIUIl-rlch sh.lt • 

•• ".' ........ , ... non-catCIAGUS 
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dissolution ~s' restricted ta 

" 

, . . 

, , 

,. 

a particùlar ·l'ayer in the-ir' wall 
'f 

, 
structure, pro~ably a former aragonite~?) layer. Some 

.' 

~ossils are partl~ r~crystailized"and subsequently l' dissoived 
1 .'," --... ~ 

a;long ,"- cleavage plane~ in th'~ l;"ecrys~allized part (Pl~te 1 

24B),. In a few s~mpIes, .. micritic Iimestone fragments are 
", 

'partly to completely dissolved. \ "Dogtooth" calcite crystals 

which'grew on them, howeyer" are still present' (Plate ~9D). 
-'-. "-

In the vicinity of contacts with shale beds, 'a limitèd number' 
::, 

pf sampI es with' high seco~dary porosity (~P ta 20% by 

volume) has been observed.. This secondary porosity mimf.cs 
l " 

primary porosity and can' easily be overlooked. Dissolution 

is more widespread 'in the Avalon sandstone of,wells B-27 and 
, . 

à-08 than in weIl '0-35. Lack of significant chemical' 

compaètion ,(pressur~. ~Qlu~ion) and abundance of 
, . 

porosity classify Avalon Sandst9ne as immature. 
'. 

Recementation and porosity Destruction 
\ . . 

After this minor di~s'olution pulse no r~ceme'ntation . 
.\. \ 

, > 
occurred in the Avaloh Sandstone, with one exception. In one 

Il 
saÏllple, 'a ,small number of secondary ,pores that· developed by' 

" 

dissolution' of micritic limestone fragments ~were subsequently 

recemented, in part, with ferroan-calcite' cement. 

5 ..... 2 "B,,'Sandstone 

5.4.2.1 porositI Loss ~y Cementation 1 
/ 

, / 
/ 

/ 
1 

The only available drill-cores of the "B" ,s/ndstone 

are from the 0-35 and'K-18 wells. This reservoi~ ,~andston~ 
1 

/ 

has an'average porosity of 10.7% (excluding tight-sandstone 
1 

1 
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PLATE'24 \ 

'\ 
"'-1fJ \ 

Ph~t~mia~9qr.phs ahowin9_4issolution feature •• 
v • 

(A) Parti~l dissolution of recry.stalli~ed fo~sil fragment. 

The undissolved remaining tlart is surrounded by 
! I~ '..,~~"\; _..> ... 

hYdrOCarbori~ (arrow). Avalon Sandstone, 0-35, 2185.60 

~; Pla~e-po~~ized light. Scale bar: 500 ume 

(B) partly recryst'àllized fossil fr'agment (lower left) with 

microporo~f~Y (blue) due to irregular dissolution. 

the recrystailized part, the foss.il-wall structure has 
1 

been oblitera~ed\ Th~, arrows.. indicate u~corrOded 

crystal faces of \ calcite. Avalon Sandstone, 0"'35, 

2185.80 'm. Plane-pola~Jzed light. 'Scale bar: 500 ume 

(C) Partial 0 dissolution of '-calcitè cement (C) and 
1 

formation of secondary porosity (SP). ,"B" Sandstone; 0-
o 1 

35, :3179.09 m. ,Plari~-:"polarized light. Scale bar: 100 

ume 

(0) Partial dissolution of carbonate ,rock fragments 
. 

generating irregular' secondary pores .. ' The presences of 

hydrocarbon, has stained the remaining materiai ~lack • 

liB" Sandstone, . 0-35, 3185'.90 m. plane-polarized 

light. Scale bar: 500 ume 

,. 
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zones) • out of 16.7 ~,of~~vailable sandstone core, 4.~ m 

are completel~ cemented with early ferroan calcite (Table 

5.3) • This cement is more abundant in the 0-35 well than in 

the K-18 well. In the 0-35 well, 45,.7% of the available 

sandstone cores ~re completely ~emented by calcite, compared 

to 17.5% in~he K-18 well (Table 5.3). This difference may be 
~, 

due to the fa ct that sandstone beds are thicker in the K-18 • 
/},I 

than-:' in the 0-35 well. In many of the horizons where no 

early calcite cement was precipitated,,- moderate compact ion 

together with quart~: overgrowths reduced 

poro~,ity considerably (Plate ,,' 7C) • In the 
,~ 

l ..... {""~::. 

"B" 'Sandstone s~ows less silica cementation 

the quartz gr~ins are coated by'a thin 

layer (approximately 25um thick). J'The' 
..... 

inhibited quartz growth. 

5.4.2.2 Formation or Secondary Porosity, 

the original 

K-18 well, the 

becausel most of 

micritic calcite 

calcite layer 

Dissolution of calcite cement (Plate 24C) , and 

carbonate fragments (Plate 240 and 270) has contributed a 

significant amount of porosity in the "B" Sandstone. ;In the 

0-35 well, about 62% of the total porosity is interpreted as 

secondary porosity! Most of it oceurs immediately above 

shal.e beds. In contrast 
j' 

to the 0 0-35 weIl, the "B" 
Sândstone of the K-18 weIl shows only minor dis~o~ution.' 

porosity in K-18 is' dominantly primary. Diagehetically "B" 

',SaQdstone is .semi-mature. 

5.4.2.3 Recementation and Poros~ty Destruction 

The porosity which developed as a result of dissolution 
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(of cal~!te cement, "and framework gr~ins) together with the 

remaining primary porosity was locally reduced by late 

cements (fer~oan dolomite, ferroan calcite, and kaolinite). 

The late ferroan dolomite is an important cement which -

precipitated after the dissolution event. It was observed in 

aIl porous sandstones of weIl 0-35 where an average of 

4.2% porosity (ranging from trace amounts to 2(:L 3%) was lost 

due to this cement. Minor amoÛhts of porosity are lost to 

late ferroan'calcite cement. Porosity reduction by kaolinite 

is negligible; The common presence of ferroan dolomite and, 

at places highly fractured quartz grains in the 0-35 weIl 

may indicate a fault zone at the "B" Sandstbne interval that 

might have served as a conduit for the circulation of 

acidic fluids. Later on, the fluids may also hâve 

provided the cations (i.e. Mg2+) necessary for dolomite 

formation. An east-west-cross-section of the Hibernia ail 

Fild showS a fault passing through the "B" Sandstone at the 

location of the 0-35 weIl (Fig. 2.6). 

5.4.3 Biber~ia Sandstone 

The Hibernia Sandstone is the main reservoir zone in the 

Hib~rnia ail Field. As point'ed out in Chapter 2, i t was 

deposited in a fluvial-deltaic environment. The average core 

porosity is 18.3% (Ta~le 5.2) and the average thin section 

poros,ity 13%. The most important diagenetic features in the 

Hibernia Sandstone include: the precipitation and dissolution 

of carbonate cements, and the dissolution of framework 

grains. These processes have markedly influenced the 
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porosity of. the Hibernia ·Sandstone. 

5.4.3.1 por~sity Loss br cementation 
.('1 
\ -

Early ferroan calc~te cement has filled 'siqnificant 
. . 

Thi~ cementation i:lt pore space in the Hibernia Sandstone. 

shallow depth bas played an ,important role in preventinq 
'''~' 

1 

permai'lEmt poros-;i-ty loss ~y quartz overgrowth and mechaniOal 

compactio:p. At pr~sent , calcite-rich sandstones areé:not .. 
common, but Most of them do conta in remnahts of calcite 

cements with numerous features indicativè -of 
..... 

-~orosity. Excluding calcite-rich zones (which comprise 4~, of 

studied sandstone cores), the Hibernia Sandstone 

presently contains 1% calcite cement. ,Late ferroan calcite 
1 

cement has completely filled available pores at a few 

levels (i.e. at 3905.5 and 3906 m in B-27; 3939.0 m in c-

96), but total porosity loss by this cement is not 

signi'flcant. ,. 

The porosity loss by silica cementation averages 4.9% 
.' 

in the Hibernia Sandstone. About one third of the samples show 

more than 8% silica cement. Sandstone samples with hiqh 

secondary~porosity generally co~tain less silica cement (Plate 

21C) • This May reflect the fact that early calcite 

cementation prevented intense silica cementation. Samples 

).acking early calcite cementation generally contain more 

quartz overgrowths (i.e. at 3625.00 m in B-08; at 3860.80 m 

in K-18) or show advanced 
1 "\ 

compact ion causinq 
"f . ~ 

permanent 
, " .,., '1 

destruction of much of their poros'ity. In two samples (at 

38S5.8 in the B-27,well), primary porosity was completely 
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occludéd by intergranula~ precipition of s~der~te., However, 

volumetrically, - such saildstonès -are negli~ible. Pyrite, 

generally a minor authîgenic mineraI, 

ava~lable porosity. 

locally may reduoe aIl 
\ 

5.t.3.2 Formation of Secondary porosity 

The Hibernia Sandstone shows a s!gnificant amount (80% 

of.total porosity) of secondary porosity (Fig. 5.2). In B-

27, the average thin section porosity is 17% (ranging from 

10.7 to 25%) and more than 90% of it is interpr~ted as 

~econdary. , Characteristic features of seeondary porosity 
• 

ob~erved in many samples of the Hibernia Sandstone inelude 

(see Plates 19,20, 21, and 22): (i) extensive grain margin 

corrosion; (ii) 

quartz grains' by 

pitting and formation -of 

d~~solution~f replaeive 

embayments in 

cements (some 

'" embayments" however, may have _ been present' at the time of 

deposition); (iii) inhomoqeneous framework packing (e.g. at 

3816.80 and 3841.47 m in K-18) and irreqular porosi ty 
--

distribution: (iv) remnants of- carbonate cements: Cv) 

oversized and moldic pores; and (vi) elongated pores and grain 

fracturing. 

Many thiek sandstones (6 to 15 m) were -not eompletely 
-

cemented by early calcite and exhibit different porosity 

t~pes (Plate 25). Where calette cementation did not oceur, 

either 
J 

(1) silica cementation took 
c 

place reducing 

ingnificant amounts of primary porosity (Plate 25E), or (2) 

mechanical compact ion and squeezing of shale clasts into 

primary p-ores eliminated most ___ of the c:; primary _, porosity 
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burial, Hibernia oil Field. In the Hibernia Sandstone 

more than 80 % porosity is interpreted as secontiary. 
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PLATE 25 

porosity types in. thick sandstone beds from the Bibernia 
Sandston •• 

\ 
(Scale bar: 1000 ua. ) 

~ 

Photomicrographs showing: (A) the presence of calcite 

rich zone; (B) secondary·porosity wi'th remnants of calcite 
-

cement; (C) irreqularly distributed secondary porosity. 

-Note lack of quartz overgrowths and corroded grain-margins; 

(0) oversized secondary pores; (E) reduced intergran~lar 

pores mainly of primary origin ~ith large amounts of 

silica cement. .Compare intergranular porosity types and 

silica cement in (0) and (E). 

) 
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.irreversibly. sandstone samples, which escaped this porosit~ 
-

destruction still contain some primary porosity with 

variable amounts of secondary porosity resulting from the 

dissolution of framework grains and shale clasts; As pointed 

out earlier, thin sandstone beds «3 m), on the other hand, 

were qenerally completely cemented by an early calôite which 

prevented mechanical compact ion and other irreversible 

cementation. Later in the diagenetic history, the calcite 

cement was dissol ved and MOst o'f the original porosity 

recovered. For example, in the B-27 well, Many medium-

grained sandstone beds are lèsS than 3 m thick.o These beds 

show a high propo~tion of secondary porosity (90 % of the 

total porosity). Diagenetically Hibernia is a, mature Sandstone 

(abundant secondary po~osity and chemical compaction). 

The sandstone drill-cores examined from the Hibernia 

Sandstone conta in only 4.0% calcite-rich zones (tight-

zones), as compared to 20% in the Avalon Sandstone. One 

miqht argue that a significant portion of the Hibernia 

sandstofe throughout its diagenetic history May never have 

been cemented with èarbonates. This is unlikely, however, 

in view of the fact that 48% of the thin sections studied 
. 

from this zone still conta in calcite remnants and a 

" variety of other 

porosity (Plate 26). 

features characteristic' of 
\ 

secondary 

Thus, it is assumed that.a-significant 
- . 

proporti.on of the porosity (80%, based on selected studied 

samples) in the Hlbernia Sandstone is secondary in origine 
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PLATE 26 

Remnants of ~alcite cements and replacement of quar~z 
overgrowths in th. Bl~ernia Sandstone. 

(A) Scanning el~ctronmicrçgraph showing partial dissolution 

of quartz overgrowth (QOV). -~issolut~on associatéd 

with preci~itation of replacive calcite which was 
--

dissolved later on. These groved and etched quartz 

grains (Q) are from a porous zone in the Hibernia 

Sandstone and suggest that it was once cemented with 

calcite. Hibernia Sandstone, C-96, 3892.35 m. Scale 

bar: 10 ume 
û \ 

,. 
(B) Partial dissolution of pore-filling ,carbonate'~ement. 

(thin section not stained) forrning secondary porosity 
, 

(SP) • Hibernia s~dstone, C-96, 3935.79 m. Plane-

polarized light. Scale bar: 100 ume 

(C) Scanning' electron photornicrograph of a quartz grain 

showing partial dissolution of quartz overgrowths (QOV) • , 

as in Plate 26A. Irtegular pores produced by 

dissolution of replacive calc~te are partly filled by 
- . 

Iate aûthiqenic kaolinite (arrow). See aiso Plate 8A. 
~ 

\ 

Hibernia Sandstone., C-96, 3892.3:5 ltl .. Scale bar:· 10 

ume 

(0) Sandstone wtth high percentage of secondary porosity 

(SP), and remnants of ferroan c~lcite (rm, stained 

dark blue). ./Hibernia sandstone, C-96, 3908.30 m~-' 

Plane-polarized light. Scale bar: 50 urne 

.... 
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5.4.3.3 Recementation and porosity Destructi~n 

A stage (or stages)' of recementation occurre~ after 

dissolution. This involved precipitation of kaolinite, quartz 

overgrowths, pyrite and minor amounts o~ ferroan-dolomite in 

recognizable secondéiry po~es. Generally,. the porosity . loss 

due to these cements is small (1 to 2%). However, locally 

as much as 10% porosity has been destroyed by post-dissolution 

cements. Trace-amounts, of kaolinite have been observed in 

numerous samples. Very few samples conta in as mu ch as 6% 

kaolinite (e.g. at 3906 m, in the C-96 weIl). porosity loss 

by late quartz overgrowth is neglig.i,bl.e., Late pyrite. is 

noted ~n the B-27 weIl. In most of the samples pyrite amounts 
, 

to less than 1%, however, at p~aces it completly occludes aIl 

available pore space. 

Jeanne d'Arc Member 

Drill-coref from the Jeanne d'Arc Member were : only 
~ 

from weIl 0-35 and consist of alternating 
. 

sandstone and conglomera~e beds. Thin sections from the 

available core indicate very low porosities « 5.0%). 

Advanced mechanical compaction together with fe~roan-dolomite 

cement" quartz overgrowths and defortned shale ,clasts have 

occluded most of the porosity. 
, 

In' summary, diagenetic processes play a, signif.icant role in to 
1- • l': 

mOdifying sandstone porosity. In the'Hibernia Oil Field, 
'. " . 'éalci'te and quartz cementation alone, beside mechanical 

compact.ion, are Jij.)te most important processes to reduce 
" 

primary porosity 
\ .. 

(9.5 % of total rock volume). 
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~ncreasing burial depth the porosity reduction is partly 
\ 

offset "by dissolution of carbonates and detrital material 

(Fig. 5.2A and 5.2C). Depth,versus porosity plot from the 
'i' 

Scotian Shelf '~lso shows a offset in porosiey reduction trend 

with increasing burial depth (Fig. 5.3 ;Schmidt and Mcdinald, 

1979). In Figure 5.4 the secondary porosity from different 

basins is plotted as percentage ·of total porosity and compared 
... r ~ 

wit~ the pres~nt data. The comparison shows that secondary 

porosity is the dominant type of porosity in many reservoir 

sandstones worldwide (Shanmugam, 1985). 

-' 

5.S DIAGENETIC SEQUENCES AND SECONDARY POROSXTY 

; 
Diagenetic sequences 6bserved in the Hibernia Field 

(discussed in Ch. 3) are summarized and compared with other 

quartz-rich sandstones from marine-deltaic, environments 

(Table 5 !.-4) • Paragenetic sequences of authigenic minerals 

associated with secondary porosity, are similar for oil 

fields of very'different regions and ages. Franks ànd Forster 

(1984) have first noted these simllarities in diagenetic 

sequences. Pre-dissolution quartz overgrowth and early 

calcite (less commonly early ferro.an-calcite) are 
, 

volumetrically the most important cements ,in all cases 

(Table 5.4). Pre-dissolution authigenic chlorite,' illite, , 

pyrite, and sideri te ar!3 usually volumetrically less 

o~ important. Ferroan-carbonates aijà kaolinite are important 

post-dissolution miner~ls. Dissolution of early calcite 
/ 

cement and feldspar, rock fragments, and siderite---is the 
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MOBIL·TEXACO CITNALTA 1-59 
PRESENT DEPTH (SC.PTlAN SHELF) 

M M ~~----~~--~~--~~--~~~----~~ 
METERS ~. 

2 

1 ----
4 

6 

2 ----

3 ----10 

12 

4 - ---

PERCENT 
POROS'rrY 

TEMP. ·F 

TEMP. ·C 

30 

" 100 

38 \ 

20 

200 

93 

10 

300 

149 

(-' ~ 
~ 

lM - li: 
MATURE ~ 

o 
400 

204 

Fig. 5.3 Depth versus porosity plot fram the Scotian Shelf. Note 
a change in the porosity reduction trend where by secondary 

- porosit:y becomes a major porosity type (fram -Schmidt- and 
:.;: 1 

McDona 1 d. 1979b). 

190 

" . 

., , 



• < 

e' 

-
, 

. 

'. 

1 
1 
1 

1 

Q 

, . 
SECONDARY POROSITY'IN RESERVOIR SANQSTONES 

- » 

SECONDARV POROSITY AS 

RESERVOIR SANDSTONES 
PERCENT AGE OF TOTAL POROSITY 

(VISUAL ESTIMATION) 
0 10 20 30 40 50 60 

Avalon Ss - , 
, ~ 

"B" Ss: , ~ 0 
• --

Hlbernla ~ , • !a 

PUENTE (Callfomia) ~ 

1- -(LATE MIOCENE) 

FRia (Texas) ' .. ; , 

COLJGOCENE) - !a 
, . -

CARDIUM (Alberta) 
(LATE CRETACEOUS) 

\ 

PARSONS (MackenzIe Delta) 
(EARL Y CRETACEOUS) 1-

.... 

BRENT (North Sea) 
(MIDDLE JURASSIC) • 

~ 

BERYL (North Ses) -
(EARLY TO MIDDLE JURASSIC) 

MIe MAC (Scotian Shelf) 
1- -(JURAS SIC) , 

STATFJORD (North Sea) 1 !a 
(LRE TRIASSIC TO EARlY .JJRASSIC) 

SADLEROCHIT (Alaska) '1-
(PERMIAN TO TRIASSIC) , - --
ROTLIEGENDES (North Sea) i- Q 

(PERMIAN) -
OLD FORT ISLAND 

. (CAMBRIAN) 
(N.W. Territories) 

~ ,tt 

-
\ .. 

, 

, ., 

.Fig. 5.4 Percent age 

sandstones from 

of secondary porosi ty' ". in rèservoir 
- .' ~~-"'""~~ 

various oi~ fields (modffied after 

Shanmugam, 1985). '. 

. -, ... -
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Ollgocene ;::ocene Pennsylvanian l.,Jurasslc U. Jurassic 
Fl"fo. Ni Icox. Gray, Taylor, Horph,let, 

Gulf COalot Gulf Coast Texas loulsiana Mississippi 

Calctte Chlorfte-rims Pyrf te 
~ 

lI1fte 

Feldsp~r 
overgr ..,thS 

Quartz Quartz Quartz Quartz Quartz 
oYergrowths overgrowths overgrowths ov~rgr°ll(ths overgrotlths 

Calcite Calctte Calcite Calctte Calcite 
" l' 

Disso 1 ut 1 on D1ssolutfoll Dissolutfon Dissolution Df,ssolut1on 
Kaolfnfte Kaolinfte Fe-carbonates Il It te Pyrite 

1111 te 
Smectlte 

Fe-carbonates Fe-carbonates KaoJfnfte 0010lIl1 te 
I1Ute 
Quartz 
overgrowths 

..r> 

, 1 -
6 

i 
7 8 

l.Cretaceous Trlass1c Heogenll 
Hosston, hhhak, Sunna. 

Mississippi N.Alaska Senga1 

Calctte Chlortte 

Sidertte 
Calefte 

Quartz Quartz Quartz 
overgrowths overgrowths overgrowths 
Fe-dolomite 

Sfderlte Fe-calcite , 

Dfssolutfon Dissolution Dfssolutlon 

Kaol1ntte Kaal1nHe Kaollnite 

Fe-calcft~ 

Pyrite 
Bari te 
Sphalertte 

9 
E.Juras.sic 

TrOIIs1 \ 
N.NoI'Way 

Quartz 
overgrowths' 

Calcite 

Dissolut10n 

Kaolinfte 

Fe-calcite 

et 

10 

This Stooy 

Ch 1 orfte- riats 

Siderite 

Quartz 
overgrowths 
Pyrite 

Fe-calcite 
Fe-dolOllfte 

Quartz 
overgrowths 

Dissolution 
Kaoltnfte 
Late calcite 

Fe-dol omf te 
PyrIte 

Hydrocarbon 
Mlgration{?} 

, 

(1) taucks et al. (19nh (2) Stan ton (1977); (3) land and Dutton (1918)3 (4) TrOjan (1985); (5) McBrlde (1981); (6) Ffelder et al.(1985>1 
(7) Dutton (1911); (8) Imam and Shaw (1987). (9) Riches et al. (1986). 

\~ 
l ' 

Table 5.4 Paragenetic sequences and dissolution event in quartz-rich sandstones from different 
~ 

sedimentary basins. Note difference in suites of authigenic minerals above and below the 

dissolution event (modified fram Franks and Forester 5 1984). 
~ 
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most important feature common to aIl sandstones listed in 

Table 5.4. The-resulting secondary porosity forms at the 

base of the middle stage of diagenesis (3000-4000 m, 

depending upon geothermal l gradient and' pore water 

composition) "" This zone of major dissolution and well 

developed secondary porosity corresponds to a weIl temperature 

of above 80 oC. In qeneral, this interval is weIl within the 

liquid window of h?drocarbongeneration. The importance of 

organic matter maturation in dissolution and post-dissolution 

cementation will be.discussed in Chapter 6. 

5.& BYDROCARBON MIGRATION AND PRESERVATION OP SECONDARY 
POROSITY 

It is a weIl estab1ished fact of oil exploration which 

also emerges from this study that the relative timing between­

secondary porosity generation and hydrocarbon migration is 

crucial for the occurrence of hydrocarbon .reservoirs. If 

the time interval between the generation of secondary porosity 

and hydrocarbon migration was long, then cementation and 

compaction may have severely reduced the newly generated 

porosity. For example, some oil-fi1led samples of the 

Hibernia Sandstone show a verY 100se packing of framework 

grains, which resembles that of the Avalon Sandstone. Such 
-

samples indicate. pervasive dissolution of an early calcite 
't-

cement. This, in turn, suggests that calcite (and other) 

'dissolution was f61lowed shortly afterwards by hydrocarbon 
1 

miqration. In a i~w' samples grain fracturing May have 

occurred after thl dissolution of calcite "cement. The 

" 
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preservation of secondary porosity by méans of overpressuring 

ls less likely in the Hibernia Sandstone. In the Hibernia area 

the top of the overpressured zone generally occurs at,or near 

the top of the Kimmeridgian ~ shale, that J.s· below the 

Hibernia Sandstone (Grant et al., 1986). 

5.7 PRlMARY CONTROLS ON DIAGEN~IS AND SANDSTONB POROSITY 

5.7.1 position of Sandstone in Sedimentary Basin and Thickness 
of Interbedded Shales 

Sandstone beds in different parts of a sedimentary basin 

may undergo a somewhat different diagenetic history, 

depending on the amounts and composition of pore fluid 

available for diagenetic reactions. This point may be 

elaborated on by comparing marginal Avalon Sandstone, _ 

rapidly subsided along a growth fault (i.e. Ava*on Sandstone 

in 0-35 weIl) 1 with basinal Avalon Sandstone (i.e. ~-27 ~nd 
"-

C-96 wells). In contrast to the marginal sandstone (0-35-

weIl), dissolution of early calcite cement is more common in 
" 

the B-27 and C-96 wells. The more extensive dissolution in 

these wells may have been controlled, in part, - ~y the 

presence of large volume of interbedded shales which would 

provides greater amounts of fluids for cementation and 

dissoll~tion processes. Since aIl wells investigated in the' 

present study are not widely spaced «5 km).1 therefore, this 

aspect nee1s a further investigation on a regional scale in 

the Jeanne d'Arc Basin' 

5.7.2 Thickness,of Sandstone Beds 

The thickness of sandstone beds plays an important role 

during diagenesi~. In 
) 

thickness varies from a 

the Hibernia Field, . sandstone 
, 

few centimeters to more than 14 m. 

194 

; 



1 

\ 
\ 

WeIl, developed thick sandstone beds~Hibernia Sandstone, c-

96) were not completely cemented by an early calcite' 

cement and generally show advanced mechanical compaction 

compared to thiner sand stone beds. Relatively thin 

sandstones, on the other hand, were completely calcite 

cemented during early diagenesis an4 subsequent dissolution 

of calcite cements and framework grains recovered most of 

their primary porosity (up to 80% in the Hibernia Sandstone 

of the 8-27 weIl). 

5.7.3 Grain Size, 
f 

Grain size variation has an important. effect on. 

diagenesis. As result of variable initial 
~ . 

and a poros1ty 

perm~9bility (due to grain-size variation and detrital clay 

content) the extent and typ~ of dfag,enesis may vary even on 

the thin~section scale (qiagene~ic ~catter). For example- in 

sample 3178.4 of the 0-35 weIl, early calcite cementation 

has occluded aIl pores in a clay-free coarser part of the 

thin section. Due to the finer grain size and greater 

abundance of detrital clay, porosity and 'permeability 

were low in the remainder of the section. Consequently, 

calcite was precipitated in this part. 

the porous zone had been filled 

\ After aIl pores 

with calcite, the 

fluid 
1 

subsequently moved through the less porous zone 

, 
no 

in 

pore 

and 

precipitated minor silica (about 3%) and ferroan dolomite 

cement (about 2%) • Thus considerable diagenetic variation, 
, 

even on a microscopie scale, can be explained by "initial 

'ze and clay control on porosity and permeability. 
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5.7.4 Geothermal Gradient (or Subsurt_ce Temperature) 
! 

Temperature is a major controllinq factor on diagenesis . 

and hence porosJ,ty and permeability of sandstone reservoirs 

(Galloway, 1974). The initiation of diagenetic reactions in 

a sedimentary basin (e.g. transformation and precipitation of 

clay mineraIs, orqanic matter maturation and related 
1 

qenerat:ion of acidic fluids) are largely controlled lly 
< 

temperature. In 16 southern Californiua oil fields Dixon and 

Kirkland °(1985) found a stronq positive correlation" between 

the thermal gradient (which ranged from 2.9 to 4.0 0 C / 100 

m) and the porosity decline gradient (which ranged from 1.1 ." 

to 5.8% ,/100 m). Similarly, a small change in the qeothermal 

gradient (0.47 °C/100 m) from lower toward upper Texas in the 

Frio Formation of the Gulf Coast causes a change in the· mean 

porosity from 18 to 0 27% at 3000 m depth (Loucks et al'., 1984). 

The present geothermal gradient in the Hibernia field is 

2.4 °C/100m. The geothermal gradient from other fi~lds of 

the Jeanne d' Arc.Basin is not available. On a regional 

scale, the geothermal gradient may be variable in 

Jeanne d'Arc Basin. Thus it would be important 

establish the variation in geothe?=Illal gradients 

predicting reservoi.&:" porosi ty " in the Jeanne d' Arc Basin 

a regional scale. 
,-

5.9 SUMKARY 

Different reservoir ~ones in the H!bernia Field 

the 

to 

for 

! 

on 
1 

1 

1 

1 

1 
show 

distinct diagenetic features and porosity modification w!th 

increasfng , buriai depth ... Some important features obser,ved 
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are: 

(l~ Porosity in the fine-grained, loosely packed Avalon 

Sandstone is jIla'inly primary • 
. 

(2) precipitation of ~arly ferro an calcite cement is the 

most porosity-destructive authigenic mineraI in 

these sandstones. This cementation phase has completely 

filled up to more than 20% of the sandstone core from 

the Avalon Sandstone. .,. 
(3) An average 2% porosity in the Avalon Sandstone was 

lost by quartz overgrowths. Parosity loss due ta other 

cements (siderite, authigenic clay mïnerals) averages 

2.9%. In this sandstone· no dolomite or kaolinite 

were observed. 

(4) A few sample~ frQm the Avalon Sandtone show secondary 
"', 

porosity (average 2.6%) • Acidic pore water for 

dissolution (of calcite cement and rock fragments) was 

prE!sumably derived from adjacent shales. Minor 

dissolution of carbonate rock fragments, prior to early 

ferroan calcite cement, "rnay have occurred by 11leteoric 
-. 

J waters invading the reservoir during the Mid-

Cretaceous hiatus' (Hutcheon et al., 1985). 

(5) Fine-qrained, moderately compacted liB" Sandstone 

exhibits 10.6% thin section porosity on fP average 

(excluding éompletely cemented sandstones) • 
. 

(6) A large portion of the "Bn Sandstone (23% of the 

sandstone core studied) is completely cemented with 

early calcite. In the remaining porous sandstone, 

" , 
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v) 
quartz oOvergrowths (4.7%) and late ferroan dolomite 

(3.6%) are other importa~t "authigenic minerals. 

Reduction of porosity by late ferroan calcite and 
. 

kaolinite is not significant in the liB" Sands"tone. 

(7) On average 7% porosity in the liB" Sandstorie of the 0-

35 well ls secondàry which originated mainly by 

dissolution of early calcite cement and carbonate 

fragmehts. 

(8) The "presence of high secondary porosity near the 

sandston~-shale contacts probably indicates that acidic 
• 

fluids for dissolution were provldec; by adjacent shales. 

(9) The medium-to coarse-grained Hibernia Sandstone shows 

on average 13.1% thin-section porosi ty.-

(10) Out of 132.5 m sandstone core from the Hibernia 

Sandstone, only 4.0% are 'completel'y cemented wi th 
• 

'<;alcite. However, it appears that during early 

diagenesis a significant portion of the Hibernia 

Sandstone was completely cemented with calcite which was 

later dissol,ved. 

( 11) Quartz overgrowths reduce on average 4 • 9 % poros i ty 

(ranging from 1 to 11%) 'ln the Hibern!a Sandstone. 
Gr 

Siderite, late ferroan" dolomite, kaolinite, and late 

py~ite cause a combined porosity reduction of about 

1%. 
f 

(12) Secondary porosity formed by the dissolution of caloite 

is dominant in thin sandstone beds which were completely 

cemented during their ea~ly diagenetic history. 

(13) Thick sandstone beds were partly cemented with calcite. 

198 

\ 

\ 



• 

The lower part of thick sandstone beds is usually 

coarse-grained- and contains a lot of shale-clast and 

chert fragments. Due to the high initial porosity, 

large amounts of fluid passed through these 

sandstones causing dissolution of chert fragments and 

shale clasts. The upper parts of 

generally 

porosity. 

still 
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ClIAPrBR VI 

.. 
SOURCB 01' JOJOR AUTBIGENIC KINBRALS UID ORIGI." QI' 

-
SBCONDARY PORoSITY:~DISCUSSIO. ANo·~XNTBRPRBTATIONS . 

6.1 INTRODUCTION 

The diagenésis ~of sandstones and its effec~s on 

reservoir porosi ty have been disc;:ussed in Chapte~s 3 and 5, 

r~spectively. Mineraiogicai v.ariations in the interbedded~ 

shales 'undergoing buriai' diagenesis were deait with in 

Chapter 4. Using various observations obtained during thi~ 

study the sources of authigenic mineraIs and the origin of 

secondary porosity i~ sandstone can now be discussed 
v" and 

their relationship with shale diagenesis as a function of 

buriai depth be evaluated. 

6.2 DISCUSSION AND SOURCE O~ HAJQR AO~BIGENIC MINERALS 

6.2.1" Caloite 

Early non-ferroan and ferroan-calcite cements 

(precipitated above 2000 m buri'al depth) have been widely 

reported in the literature jBlatt, 1979; Almon and Davies, 

1979 ; Loucks et al., 1984 and Imam and Shaw, 19S7). Four 

,,~ ~ --'--';i 

major sources of early calcite have l:?een suggested: (1') 

dissolution " and reprecipitation of carbonate from fossil and 

limestone fragments in sandstones a~d, nearby shales (Almon 

and Davies, 1979; Blatt, 1979); (2) percolating meteoric .water 

supersaturated ~th calc.ite (Longstaffe, 1984); (3) upwardo~ . 

migrating pore-water experiencing a decreasinq PC02 and, 
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consequent1y, decreasing calcite solubility; and " (4) 

carbonate generated "in the su1phate reduction and methane 

production zones. The precipitation of calcite is enhanced by 

high activities of ca2+, and C03
2 -, alkaline pH, low PC02 , 

and an'increase ~temperature. If the pH of the fluid is 

buffered by an external'source (i.e. acetate which has a 

maximum buffering cap~city at a pH of approximately 5) an 

increase in pC02 ~avo~rs calcite precipitation (5urdam et 

al., 1984). 

In the Hibernia field, early ferro an calcite cement was 

precipitated at relatively shallow burial depth, pz:obably 

around 1000 to 1500 m; Petrographie arguments (minus cement 

porosity, fractured grains healed with calcite cement) have 

been previously discussed (sect~on 3.2.3.7.2). Although 

calcite is abundant where fossil and limestone rock fra~ents 

are abundant, a considerable amount of calcite cement in 

sand stones of the Hibernia field ls believed to have an 

external source (most likely from interbed~ed shales) or, 

~ redistributed within the sandstone units. 
~ 

The presence of~ , 

calcl te cement in zones free of fossil or carbonate fragment,s 

(Plate 27A) and, its absence in some of th~fossil-rich zones 
. 

-(Plate 27B) , aIsé : suggest redistribution or an outside 

source. Meteoric water percolating downward from' the 

Mid-Cretaceous (Albian) unconformity and/or along 

__ syndepositional faults (growth faults) may have provided some 

of the calcite by disso1ving carbonate fragments on its' way 

as discussed below. Upward moving-- trapped pore water from 
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PLATE 27 

cementation, dissolution and sandston. porosity 

• (A) Medium-grained sandstone completely cemented by early 

ferroan calcite Note absence of fossil 

fragments. Quartz grain margins are partly replaced by 

calcite (arrows). This pa~ of the thin section was 

stained with Alizarin-Red only.. Avalon Sandstone, 0-

35, 2191.5 m. Plane-polarized light.IScale bar: 100 Ume 

(B) , Loosely packed fine-grained sandstone with abundant 

fossil fragments and lacK of calcite cement. Note 

- pressure solution contacts (arrows) 1 between quartz -
grains and fossil fragments. Bedding direction sub-

vertical. Avaloh Sandstone, 0-35 , . 2195.4 m. Plane-

polar~zed light. Scale bar: 500 ume 

(C) Late dolomite (D) precipitated in a secondary pore (SP) 

that originated from the dissolution of a :1 
calc~te 

fragment (stained red). "B" Sandstone, 0-35, 3183.70 

m."Plane-polarized light. Scale bar: 50 ume 

(D) A large secondary pore (approxlmately 2.0 mm long) 
t: ~ 

originated due to dissolution of a ... carbonate fragment. 

This sample still contains large (0.5-5.0 mm long) , 
carbonate fragments. The dissolution event was 

followed by hydrocarbon migration (black grain 

-coating). Note euhedral dolomite crystal (D) in lower 
• 
~ight corner. "B" Sandstone, 

, 
0-35 
i ' 

polarize~ light. Scale bar: 500 ume 
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compactinq fossil-rich 
., 

below) may have supplied 

interbedded and deeper 

most of the 

shales' (see 

Calcite-rich 

sandstone zones are qenerally presen~ above or nea+ 'fossil­

rich.calcareous shales and tend to comprise a pebbly be~ at 

the base and a bioturbated.zone at the top. This indicates 

that initial porosity and permeability together with 

proximity of calcareous shales may have been important factors 

• éontrollinq th~ precipitation of early calcite. .-
o 

A marine source for the early calcite cement is 

supported by isotopie d~ta (Figure values 

restrain the possible sources of bicarbonate for the 

precipitation of calcite cements in the following way: (1) 

Sea water has an isotopie composition of s13e hear 0 %. POB: 

(2) on average calcareous fossils have ~,13e of +2%. POB; 

(3) oxidation of marine orqanic matter by bacterial 

reduction produces bicarbonate with a!13e of -25\. 
~ -

sulphate 

POB; (4) 
11 

methanogenesis produces e02 with6l3e of up to +15%. POB; 

and (5) thermal ,decarboxlation of organic matter again 

generates "eo2 with l:i.ghter values of Wl3e (up to -25'%. POB) • 
Cl 

The measured h13e value of early calcite in this study 

averages -1.64%. PDB (ranging from +2 to -5.8%.). In the 

Avalon Sandstone, the'averageBl3e of early calcite cements -
is close to zero (-0.87~. POB; Hutcheon et al., 1985; Fig. 

3. i). The Bl3e values obtained in this study indicate that 

marine carbonate fragments (fossil and limestone fragments), 

rather than sulphate reduction and thermal decarboxylation, 

are the main sources of carbon for early calaite 

precipitation. 
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c In Figure 6.1, the ~180 ~values of both early and late 
/ 

calcite cemeDts are plotted versus depth together- wi th the 

values for earl~ calcite cements of Hutcheon et al. 

e 1985) • In the Avalo and "B" san~st6nes 1 the early calcite 
.". 

cements· show a wide rangr -of 8180 from -0.5%. to -10%. POB. 

The 8180 values of carl5Ô~ate cements are' controlled by the' 

pore water and tempe rature at the, time of 

precipitation (McCrea, 1950; Epstein et al., 1953). The range 

of 8180 of ~arly calcite cement obtained for the 2400 m 

subsurface depth level is 8ifficult to explain_ with variable 

burial temperature alone. _ Texturally, early ferroan calcite 

cement from various depths looks similar (i. e minus cernent 

porosity ranges fro~25 to 30%) and suggest a narrow depth 

interval (probably <500 m) for precipitation. This interval 

. corresponds 

than 15 Oc 

to a subsurface tempe rature range of not more 
1 

(assuminq a geothermal gradient of 24 oC/Km; Suie, 

COGLA personal communication). As mentioned earlier (section 

2.3.4), the Avalon Sandstone was mainly deposited in a marine 

environment. ,using a Cretaceous seawater 8180 value of 0%. 

SHOW (Veizer, 1983) and the equation of O'Neil et al. 

(1969) :-the range in8180 valtes (-0.5~to -10.0t. PDB) would 

require a tempetature range o of.>J6 C, if temperature was the 

only factor for the observed variation. This wide range, 

therefore, must reflect pore fluids wi th variable 8180 

values at the time of precipitation. S~ch variable iso~ppic 

composition of the pore fluids may be due to: (1) variable 

proportions of mete9ric water input into different, wells 
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sites; (2) mixinq with upward moving isotopically liqht hot .. 
fluids derived from deeper levels; or (3) a eomk)Ïnatj,qn of 

.,if' 

these. 

Trace element analyses (i~e sr2+, Mn2~, Mq2+ etc.) on 

Avalon calcite cement (Hutcheon et al., 1985) show values 
o 

between meteoric-water ê;lnd sea-water calcite. This-

indicates mixing of meteoric with sea water. To evaluate 

the influence of meteoric water versus temperature on the 

qeochemieal composition, ratios of Sr/Ca and Mn/Ca were 

ploùted versus3~80 of these cements. If the liqht,180 values 

of_ early calcite cement were -mainly due to the presence of 

meteoric water, there should be a decrea~e in the Sr/Ca and 

an increase in the Mn/Ca ratios with more negativea180 values. 

Hutcheon et al. (1985) obtained no apparent relationship 

between the sr/ca and Mn/Ca ratios versus Qxygen isotopie 

compositions. This may sug~est that lighter oxygen isotopie 

values of early calcite cements are the result of upward 

moving shale water both from interbedded and deeper 

(hot fluids) mixed, at places, with meteorie water. 

levels 

The isotopie composition of early calcite cements buried 

to deeper levels (in the Hibernia Sandstone) 'is less -

variable than at shallower levels and shows lighter isotopie 

. values (average813c = -3.4\. andj180 = -7~4'. POB). This 

may reflect' reerystallization of early calbite 
1 

cement at 

higher temperatures and isotopie re-equilibration with 

somewhat different pore water compositions. PartiaIIy to . 
compietely recrystallized fossil fragments with obliterated ' 

", 

microstructures were -commonly observed_ (Plate 24B). 
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recrystallized fossil fragment~ and their surrounding 

poi~iloto~ic calcite cements are in optical continui ty' 

prbbably indicating recrystallization of calcite cement. Where 

early calcite cement has been buried to a greater depth, it 

shows progressively liqhterS13c values ,(Fig. "6.2). This 

may also reflect recrystallization at higher è~peratu~s 

-where some 6rganically derived carbon was available.'-
1 ~r,r~ f r r ",f" ( 

" 

. 
Isotopie data from the late ferroan cal'ci te cemen~ lie 

close to Wilcox calcite of U. S GUlf,Coast (Fig. 6.3) ""'_,and 

are much l~~s scattered than those for early ferroan calci€as 
, 

and show the lightest isotopie values (Fig. 6.1 and 6.2). 'r 

The isotopie signature of thi~ cement reflects generally __ 

similar temperatures and pore fluid compositions during 

precipitation between different wells .. . '" 
The ~13c values "' -(average -10.9\. 

\' 
POB) indica~e 

incorporation of substantial amounts of organically derived 

light carbon. The main processes for generating significant 

amounts ofS13c-depleted CO2 or HC03
2- in a subsurface clastic 

system during burial have been discussed by curtis (1978). 

Microbial oxidation of organic mat~er and 5°42- reduction 

qener~te CO
2

' with negative ~3C values. These processes. 

/ûsually occur in the upper few to few tens or hundreds of 

meters in the sediment column. Grain fabrics and other 

petrographie evidence, however, -, suggest precipi tation of 

the late ferroan calcite cement below 2600 m, probably near 

3000 m subsurface depth. T~e closely clustered8180 values 
1 

on this cement (-8.85\. POB) also favour precipitation at 
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somewhat elevated temperature. evidence 

speaks against a significant ~nput of carbon from surface 

and near-surface environments of microbia~ oxidation and 

sulph~te reduction. From this, one has to 

thermal decarboxlation of organic matter 

conclude that 

of shales at 

greater depth provided significant amounts of carbon for 

the -: late' calcite cement. Fig. 6.3 shows a côvariation in 

the .~180 and a13e composition of'carbonate cements from the 
i 

Hibernia and other sedimentary basins. This impl~es increasing 
. 

'contribution of.organically derived carbon to marine carbonate 

carbon with increasing t~m~erature and depth. Thermal 

breakdown of tbe carboxyl group of the organic material 

releases isotopically light CO2(Ô13e of about -25%. PDB) t~ 

the pore water. This CO
2 

may dissolve carbonates having 

comparatively heavie; B13 c values. present in shales and 

. sandstone beds~ The resultant bicarbonate that forms from the 

mixture of this carbon dioxide and carbonate fragments (or 
r 

cements) may be utilized in the precipitation of'isotopically 

relatively light late calcite cements (provided that the 
v 

pH is not buffer~d by the carbonate system). 

controlred by th~~ carbonate system, an increase 

increase calcite solubility causing calcite 

instead of precipitation. 

If the pH is 

in e02 will 

dissolution 
JI{ 

-
,Early and late ferroan calcite cements conta in variable 

amounts -of iron (as observed in stained tllin sections). 

Microprobe data for these cements (Avalon Sandstone, 

variable iron contents , , Hutcheon et al., 1985), also indicate 

(ranging from 1.5 to 4.39 wt.%). For the early calcite 
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- (possibly precipitated below 50 OC), a source of iron may be 

Fe-oxide and Fe-hydroxide coatinqs of ,clay mineraIs and 

other detrital qrai~s·. For ·early ferro an calcite, it is 

unlikely that the transfor,mation of csmectite to illite in 

the interbedded shales has served as a source of iron 

because this transformation usually occurs at temperature 

above 50 Oc. Beside the above mention~d sources, the 

diagenesis of interbedded shales (smectite '/illite 

transformation), however, may have provided additional 

iron ,required for t~e preèipitation of late ferroan calcite 

and late ferroan dolomite. Oldershaw and Scoffin \(1967) also 

concluded that clay mineraIs are probably the main source of 

iron for late ferroan calcite cement in the Wen~ock and 

Halkin Limestones. 

6.2,.2 Dolomite 

On the 13C/180 diaqram (Fig. 3.7) the early and late 

dolomite cements occupy distinct fields, demonstrat4nq that 

the petrographie distinction of different typ~s of dolomite 

cements does, in fact, reflect ~fferent temperatures and 

pore fluid compositions. 

Petrographie evidence (see section 3.2.3.9.2) and 

relatively heavy ;180 v~lues (averaqe of -3.1%. PDB) of 

early ferroan 

subsurface depth, 

dolomite (presently buried to > 3850 m 

c~rrespondinq to temperatures above 90 ·oC) 
Q 

suqgest precipi tation at shallower depths (above 2000 m) • 

The ave~ag~3180' o~ Cretaceous marine calcite cem~ts is about 
,~ ~ 

FOB IJ~mes and Choquette, 1983). Marine dolomite 
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- 0 precipitated at near surface temperatures (25 C) would ~e .. 
enriched in 5180 relative to co-precipitated calc;:ite by 3-'. 

to 6\. (Land 1980, 1983) . If we assume that pore water 

responsibl~ for the precipitation of ~early dolomite was 

similar to that of' Early Cretaceous sea. water, then the 8180 

value of the earl1 dolomite should be +1.0\. or heavier 
f' 

(assuming no late diagenetic chang~ in iS9topic composition). 

Early ferroan dolomite, however, showsJ18~ values of -3.1\. 

PBO. . This probably indicates precipitation and/or 

recrystallization at somewhat elevate~ temperatures (but 

still less than those of the late dolomite). Early_ ferroan 

dolomite was only observed in a thick (18 m) fine-grained 

sandstone unit,which contains abundant plant fragments and 

organic-ma tter . Ouring early diagenesis, the oxidation of 

organic matter ang reduction of SO 2-
4 (as indicated by 

abundant pyrite in the Hibernia Sandstone of the B-27 weIl) 

may have locally favoured ferroan-dolomite precipitation. The 

J13C values (-3.5\_ POB) of early dolomite also indicate 

some organically derived carbon. 

The late- ferroan dolomite of the Hibernia field plotes 

close to the wilcox ankerite of U; S. Gulf Coast (Fiq. 6.3) 
\ 

The material required to precipita~e late ferroan dolomite 
\ 

came, at least in part, from the dissolution of limestone 

and fossil fragments, and early calcite cements. This is 

supported by petrographie obs&.rVations --(see section 

3.2.3.9.3) as weIl as carbon isotopes. This dolomite is 

commonly associated with partially dissolved carbonate 

1 

fragments (Plate 16C and 27C) and early calcite cements. Late. 
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ferro an dolomite only occurs at depths below 3000 m 

correspondinq to weIl tempe~atures..aho~ 80 Oc (Fiq.6.4) .. 

At hiqher temperatures, iron-rich carbonates are 

thermodynamically more stable than calcite (Boles, 1978) • 

The formation of ferroan dolomite from calcite in the 

presence of Fe2+ and Mg2+ can be expressed as; 

- 2+ 2+ 2+ 
4CaC03 + Fe + Mg ---> 2CaMqO.5Fe9.5.+~C03 + 2Ca 

,a, The carbon isotop~s of late ferroan dolomite 

(average 813c = POB) also indicate that fossils 'and 
':>'; 

limestone fragments were the main' source of carbon, and only a 
..... 

small amount of carbon was derived from an organic source. 

The diaqenetic reactions in, the inter~dded shales be~ow 
0:: 'd 2+ 3000_ m (at temperatures above 80 C) may have prov1 ed Fe 

and Mq2+ needed for this late dolomite. This-~is indirectly 

suppj:irted, by the fact that late ferroan dolomite is more 

common when interbedded shales are common (L-e. in. the liB" 

Sandstone of the 0-35 weIl and'the Uppe7 Hibernia Sandstone 
-

of the B-08 weIl). Oldershaw and Scoffin (1967) also observed 

a close association between the distribution of late ferroan 

calcite cements and clay mineraIs in th~ Halkin and Wenlock 

Limestanes. The presence of late pyrite, particularly in the 

Hibernia Sandstone of the B-27 well,- also indicates that 

substantial amounts of reduced iron were availabl~ durinq 

"late" diaqenesis in the Hibe~nia Oi1 Field. 

6.2.3 Quartz 

of silica inc~~~ rapid1y above pH 9, The solubili ty 

but this pH is rarely encountered in natural environments 
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Quar.tz solubili ty is also dependent on (Berner, ~971). 

tempe rature and hydrostatic pressure. At 100 Oc in oil 

fi Id brines, its solubility may increase frem less than 10ppm . , 
at surtace conditions (25 oc, near neutral pH) to about 62 ppm 

1962). When , ----------su ch pore wat~--moves upward, its 

and silica solubility decrease and as a result . 
·siliga ecipitation may occur. 

Of the ny postulated sources of silica cement (reviewed 

by MCBride, 19 ), only the following sour~es may have 

contributed to s~a cementation in the Hiber~ia field 

sandstones: (i) the rio~ersion of'smectite to illite in 

interbedded shales, (ii)~he dissolution of silica-bearing_ 
~"" -... 

detrital grains inc uding sili~ious shell fragments (fine-

grained quartz, 

sponge spicules), 

fel spar, chert~ radiolaria, diatoms and­
\ 

\ ' both ~n sandstone~ and shad~s, and (iii) 
\. 

the replacement of silica~bearing mihel."al.s-(mainly" - -quartZ) 

by rcarbona tes. 

The Avalon Sandstone contains little quartz overgrowths. 

However, quartz is a cpmmon cement in the "B" and Hibernia 

~ Sandstones. Sandstone sampI es containing 

~ éement are generally from thin sandstone units 

o \thick shale beds. For ~nstance, a sandstone 

abundant quartz 

present near 

bed above.a 9 

m tlÏick shale 
f 

(at 3483 m in the B-oa weIl) contains 

abundant silica cement (10.6%). Similarly, in the 0-35 weIl 

between 3173 to 3185 m depth, thin sandstone beds 

alternating with relatively thick shales show high amounts 

of silica cement. Contrary to thin sandstone beds, many 

thick coarse-grained sandstones show only minor quartz 
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ove rgrowth s (3920-3940 m, C-96). It seems that shale beds 

immediately arj~cent to sandstone beds may have supplied 

significant of the silica needed for quartz amounts 

overqrowths. 

The diag'"ênesis' of shales ( i • e. -- the smec~ite/illite 

~ansformation) is considered an important source of silica 

for nearby sandstone 'cementation (Boles and Franks, "-1979; 

Milliken et al., 1981; Land and Dutton, 1978; Franks and 
1. • 

Forester, 1984). Fuchtbauer (1967) also. reported that in the 

Dogger Beta-Sandstone of northwest Germany silica cement 

increases toward the shaly margin of the sandstone beds. 

However, if one considers-a possible mechanism to transf~r 

diagenetically released silica from shales into nearby 

sandstones, this mOdel,faces problems. It has been shown 

that.due to the low solubility of silica, the water content 
. ~ 

of shales (where smectite diagenesis occurs) is too low -te 
account for the observed silica cements (Blatt, 1979; 

Bjorlykke, 1979). Diffusion of silica -from shales into 

sandstones has been proposed (Jacka, 1970; Wood and Surdam, 

1979), but this mechanism appears to he too slow to supply 

the volume of silica needed in the available geologic time. 

To overcome this difficulty, Blatt (1979) proposed 

early silica cementation (during the first few 100 m of 

burial) . by descending ground-waters. According to Blatt 

(1979), such circulation can provide a high flux of water 

through sandstones. 
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Table 6.1 Temperature of si precipitation in quartz rich 

sand stones deduced from oxygen isotopie data în different 

sedimentary basins. ~ 

Reference 

Mack_ , 
(1984) 

Land 
(1984) 

\ -

=-

Haszeldine 
et al. ( 1984) 

Milliken 
et al. (1981) 

Lanà and Dutton 
( 1978) 

\. 

Temperature (OC) 

50 

60 

>68 

75 to -80 

>75 
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Sedimentary basin and age 

Noland County Texas 
(Pennsylvanian) 

Frio Formationr U.S. 
Gulf Coast (Tertiary) 

Beatrice Field of North 
Sea (Lower Jurassic) 

Frio Formation, 
Brazori~ County,Texas 
(Teitiary) 

Gray Sandstone, Taylor 
County, Texas 
(Pennsylvanian) 



\ 

Petrographie observations from sandstones of the 
J 

Hibernia Field do not support Blatt's model of extensive early 

silica cementation by meteoric water influx. In the 

Hibernia Field, most samples that conta in abundant silica 

-cement (>8%) are from medium-grained thin sandstone beds 

alternating with shales. If early meteoric water was indeed 

an important source of sil~cà cement, cementation would have 

been more widespread in thick medium-grained sandstones 

rather than in thin sandstone beds alternating w~th shales. 
, 

In addition, the' Avalon Sandstone which was invaded by. 

- meteoric water during and/or after the hiatuJ corresponding 

to the Mid-Cretaceous (Albian) unconformity (Hutcheon et al., 

1985), does not show abundant silica cements. Furthermore, 

isotopie data (Table 6.1) on qnartz overgrowths from other 

sedimentary basins (Land and Dutton, 1978; Milliken et -al., 

1981; Haszeldine et al., 1984; Land, 1984; Mack,. 1984) 

indicate the precipitation of quartz cement between 50 Oc 

and 80 oc. At these temperatures and corresponding burial 

depths of 2000-3000 m (assuming average qeOthe~al gradients 

on the'order of 25-35 CO/100 ml, descen~ing g~oJnd-wat~r is 
.c'"" 

unlikely to have high discharge rates, as needed by Blatt's 

model, unless the recharge of meteoric wate~ countinues over 

fong periods of time under special giological conditions (i.e. 

Western Canada Basin; Hitchon, - 1969a,b). Moreover, 

sandstones in recent deI taie environments do not show 

significant amounts of silica cementation in zones of shallow 

meteoric groundwater circulation (Todd 

Galloway, 1977). The foregoing discussion 

and Folk, 1957; 

indicates sorne of 

/ 
c 

/ 



, 
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the problems faced with Blatt's (1979) model. 

In an attempt to solve the problem of finding adequate 

volumes of water to carry sufficient amounts of silica from 

shales into nearby sandstones; Land (1984) and Haszeldine et 

al. (1984) suggested convective recycling of water. The source 

of the silica would be the smectite to illite trafisformation 

which takes place at subsurface temperatures between 60 to 

Wood and Hewlett (1982) showed that theor~tically a 

gently dipping porous and permeable sandstone bed in a 

* subsurface environment with a geothermal gradient as low as 25 

would experience gentle unicellular convection. Such 

convectional movement of fluid could transport dissolved 

solids over distances in the kilometer range much more 

rapidly than diffusive processes. However, so far, it is 

'not known how i~portant and effective this mechanism is and 

the origin and transport of silica causing widespread quartz 

cementation in sandstones remains an open question. 

In the Hibernia Field, precipitation of silica cement 

occurred 'in different episodes, both before and after the 

development of secondary porosity. Alth~ugh the 
1 

transportation mechanism for silica is still unclear, it seems 

1 
that most of it was derived from' nearby shales. During early 

diagenesis, water expelled from shales due to mechanical 

compact ion may have deposited sm~ll amounts of silica. 

This phase was followed by early calcite cementation. Where 

this calcite cement was missing, quartz cementation ~ontinued. 

Upward moving pore water may have transported some of the 
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silica from shales' which were buried deep enough to - undergo 
, 

the smectite~illite transformation. . Thermal maturatiQn of 

organic matter within shales released carbonic ~nd organic 

acids. These acids may have dissolved fine-qrained feldspar 

present in- 'shales, as weIl as feldspar and ct. #rt in 

sandstones (see Plates 22A, 22B, and 22C) 

additional silica for cementation. 

3.2.4 Pyrite 

to provide 

Pyrite forms in reducing environments in the presence of 

S2- and Fe2+ (Berner, 1971). These conditions are commonly 

encountered ,in organic matter-rich marine sediments, a few 

centimetres v to a few meters below the sediment-water 

interface (CUrtis, 1978). Sulfide ls mainly derived from the 

bacterial reduction of sulfate from sea water. The Most 
, ~" 

likely source of Iron for early pyrite is ferric oxides, and 

hydroxides which were absorbed onto clays and other detrital . 
J 

grains (Carroll, 1958). 
1 

The ~ormation of late pyrite probably occurred as a 

result of a reaction between Iron aJd thermally decomposed 

orqanic sulphur compounds.' It seems ~hat enough Fe2+ ls 

available in the pore waters during Most of the diagenetic 

hi'story. This is evident from iron-rich carbonate mineraIs, 
-

precipitated durinq different stages of diagenesis. The 

source of iron for late pyrite could be from shales 

undergoing transformation of smectite to illite and/or from 
. 

the dissolution of iron-bearing early calcite. Markert 

-(1982), and Markert and Al-Shaieb (1984) have reported the 



1 
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\ 
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formation of late pyrite by reduction of iron by hydrogen 

sulfide gas associated with hydrocarbons. 

o '.2.5 siderite 

Siderite has a relatively restricted· stability field. 

Four c.onditions are necessary for its formation (Be er, 

1971): (1) Law Eh~ (2) high pC02 to ensure an adequate 
\. 

supply of the bicarbonate ion, with a pH buffer reaction 

other than 
\ 

otherwise the 

precipitation 

[Fe2+]/[ca2+] 

mole/liter) , 

that of the carbonate system; (~) 

ferrous iron would be taken up by the 

of pyrite; and (4) a relatively high 
1-

ratio (Fe2+ concentration of at least' 10~7 
-, 

or else calcite would form instea~of siderite .... 
, 

(Curtis, 1967) . These conditions for siderite formation are 

commonly encountered in terrestrial sedimentary environ~ents, 

particularly coal swamps where the content of dissolved ca2+ 
"'2-' 

~ and S is low. However, Jn marine environmen~s, favourable 
f 

conditions for siderite precipitation may exist below the 

sulphate reduction zone (in ~he carbonate reduction and 

fermentation zones) during eariy d1agene~ls (0
0 o to 75 Cl. 

~ clue f~ the origin of the HC03 may be obtained from 

the carbon isotopie composition of siderite. Only three 

siderite samples fram the Hibernia ~andstone of the B-27 weIl 

were analysed for carbon and oxygen isotopes. At this 

subsurface .interval, pyrite was commonly observed (see 

Appendix 1). The negative isotopie composition of carbon (-

5.6 to -10.2%. POB) indicates that sulfate reduction 

contributed sorne bicarbonate. This was buffered with less 
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"-
negative' HC03 - derived from methano,genesis and jo.r sea water 

HC0
3
-. A contribution of HC0

3
- from ~ethanogenesis is required 

by °geoche~ical arguments, because siderite should not form 

until sulfate reductio~ c~ases. As the values ofl13c become 
, 

less negative (fram -10.2 to -5.64. 'PDB), the '8180 becomes 
Il 

more negative (from -3.9 to -6.54. PDB).,,!This indicates 

progressive burial as sediments move away from the 

reduction zone into the carbonate reduction and the methane 

production zones. rt is interesting te note that relatively 

thin sandstone beds containing dense bands of siderite are 

surrounded by thick organic-matter rich shales (i.e. 3910 m in 

the B-27 weIl). These shales may have provided favourable 

geochemical environments. The oxidation of'organic matter in 

these sliales provides strong reducing environments . wifh 

-high HCO
J 

and extremely.low SO 2-
4 

concentration which 

favour siderite formation. It the pH of the, pore fluid is 

buffered by reactions other th an those of the carbonate 
. 

system, precipitation of s1derite in sandstones m~y occur when 
, 

) '" pore fluids move from the 'sl)!lles into nearby sandstones. 
\ 
) 

The )source of iron for th'e siderite may be the same as 
1 

suggested for the early calcite cem~nt. siderite replacing 

early ferroan calcite (tyPe 2) indicates.a change in pore 

fluid composition. After ferroan calcite precipitation, the 

activity of ca2+ was lowered relative to Fe2+ which favoured 

siderite precipitation. Oissiminated "wheatseed" siderite 
'Ir 

observed in the Avalon Sandstones was not analysed for 
" 

isotop~;::r,", 

2-13 

,,t 
j 

- 1 
, 
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6.2.6 Kaolinite 

In the Hibernia field the 'authiqenic kaolinite 

represents a relatively late phase of diaqenesis. 

of kaolinite ~equires a lpw p~ with high [Si4+] and 

and low [x+-] and [Mg2+] in the pore fluids. 

Format4.dn 

(A1 3+] , 

These 

conditions can be'met durinq early dlaqenesis (by leachinq 

of feldspar with meteorie waters) or at moderate to 

qreater burial depths .. Early precipitation of kaol'inite, 

in the presence of meteorie waters is less likely because 
j' 

('i) kaolinite frequently oeeurs in oversized and elonqated 

pores of secondary oriqin with partly -dissolved ealcite 

remnants: (ii) it was preeipitated after the formation of Ils 

e~atinqs and quar~z overqrowths: (iii) delicate authig~nic 
--- - 0 

'kaolinite crystals do not sho~ any signs of compactlon even 

at 4000 m depth. 

As stated before, diaqenesis of organic matter 

'shales can release aeidic pore water. These pore fluids 

moved throuqh shale and sandstone beds dissolving 

and' feldspars. The _ dissolution of feldspar 

provided A1 3+ and Si4+ required for 

precipitation. Fo~lowinq calcite dissolution, 

, 
may have " 

- kaolini~e 

but before .. 
kaolinite formation, precipitation of late ferr6an dolomite 

!'j 

occurred. This will 2+ 2+ lower ~he Mg and Ca concentration 

and facilitate precipitation of kaolinite. Its precipitat10n 

after calcite disso~ution has also been noted by other 
, 

workers (e.q. ,Dutton", 1977: Loucks et al., 1977; Lindquist, 

1977 and êUrtis, 1983). 
\. ~ , 

~\ 
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6.3 ORIOIH OF SBCONDARY POROSXTY 

/ ~ificant amounts of porosity (up to 80% 

porosity) i.n ,the Hibernia oil Field are"llhterpreted 

total 

\to be 

secondary in oriqin (see Chàpter 5). It' is, therefore, 
~~ Q 

important to investiqate the possible chemical processes 

whicq )Day have been involved in the d1'Ssolution of 
, ! 

}< 
cements and detrital grains. Several processes have been 

suqqested to produce aqgressiv~ pore fluids needed, for 

dissolution; i.e. (1) meteoric water influx (Bjorlykke, 

1979); (2) acidic pore fluids generated from CO
2

, produeed 
~ 

during thermal maturation of organic matter (Schmidt and 

McOonald, 1979);, (3) organic acids forrned during organic 
, 

matter maturation (Surdam et al., 1984); (4) clay m·ineral 

transformation reactions 

illite + qUartz + H+; 

corrosion (Bogli, .1964; 

(Le. smectite K+ + À13+ 

Bjorlykke, 1981) i (5) 

Plummer, 1975); and (6) 
r 

---> 
mixing 

acidic 

-fluids 
,1 

qenerated by reactions between. clay mineraIs- and· 

carbonates (Hutcheon et al., 1980). 

major schools of thought: 

CA) dif[lsolution -by' meteoric water; 

Basically there are two 

(B) dissolution by acidic fluids generated during maturation 
, ".,--

of orqanic-matter rich shales due ~ release of: 
( . 

(i) (thermal decarboxylation); carbonic acid . . 
(ii) organic plus carboni~.acids. 

• 

6.3.-1 Dissolution br Hetaoric Waters 

In a sedimentary b~in, secondary porosity may develop .. 
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due to dissolution caused by percolating meteoric waters. 

These waters should be undersaturated utainlY wi th respect 

to calcite and feldspar and reside in the reservoir for 

longer periods of time. Such dissolution may occur at an early 

stage of diagenesis (Mathisen,. 1984) and be preserved 

through the establishment of overpressures (Bjorlykke et 

al. , 1979). However under special geological conditions, 

meteoric waters can penetrate ,to considerable depths jdll'e to 

hydraulic-head driven flows i.e. 4000 m in case of Wes~ern 

Canada Basin; Hitchon, 1969ab) and distances (up ta 120 km 

off the coast of Florida, Manhei~, r967)~ If meteoric waters 

pass slowly thr9ugh a deep sedimentary basin, they are more 

likely ~o becom~ saturated with respect to reactive mineraIs , 
and therefore, would be unable tQ cause dissolution on a 

+arge scale. 

6.3.2 Dissolut~on by Acidic Fluids 

6.3.2.1 Carbonic Aè1d (thermal decarboxylation) 

Durinq organic-matter maturation significant amounts of 

are generated prior to hydrocarbon genêra~ion and 

migration. Type'III (woody) organic matter has a higher CO2 

genera~ion potent~al 
l' than type II (herbaceous) organic 

matter (Tissot and W~lte, 1978). If the pH of the pore fluid 

is controllèd by the carbonate sy~tem (H2C03 , .HC03 and 

2-
c0

3 
), an increase in pC02 will lower the pH thus increasing 

1 

~,'HC03·· • The resultant carboni~ acid can dissolve carbonates. 

However, it will have a comparatively little effect on 
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aluminosilicates present in sandstones. - Thermal degradation 

of kerogen and interrelated dissolution reactions can be 

written as: 

a) kerogen do thermal exposlirè"-----> co; +_ petroleum + H20 

N2 

+ 

b) cO2 + H20-<-----> H2co3 <------> 
c) caco3 

-- -. 

+ H+ <--'---> HCO - + ca2+ 
3 

H+ + 'HC0
3

-

d) 2KA1Si
3

0 8 
+ H

2
0 + 2H+ <---~> Al

2
Si20

S
(OH)4 +4Si02 + 2K+ 

. 
orqanic plus Carbonic Acids 

During thermal maturation of organic matter, 
.. 

ca,rboxyl 

groups (-COOH) bonded ta the keroqen core are cleaved. " This 

process probably -occurs before the generation of liquid 
-

hydrocarbons. Experimental results confirm the formati~n of 

carboxylic acids (i.e. acetic, oxalic, formic, and succinic 

acids) during the maturation of organic matter (Surda~ et 

al. , 1984). Carothers and Kharaka (1978, 1980) reported 

consibderable 

\ ppm) in brines 

Surdam et al. 

concentrations of these acids (up to ,5000 
-

of several oil fields in California and Texas. 

(1984) also pointed out ~hat organic ,acids 

together with the carbonic acid have a higher dissolution . 
potent-ial 

feldspars. 

sandstones 

than carbonic acid alone, particularly for 

The development 

is the resul t of 

of secondary porosity in many 

alwninosilicate dissolution. \ The 
J 

dissolution of aluminosilicate mineraIs, however, faces the 

problem of aluminium~obility as aluminium is~the least mobile 

el~ment in natural systems' (with a solubility of 1- ppm ,in 

aqueous solution at a pH betwe,en 4 and 8). This problem can 

227 



be partly resolved .if orqanic acids are considered, at 

-- tempera tures where they still do not underqo thermal 

decarboxylation (i.e. below 120 oC; Surdam et al., 1984). 

Experimental results ~ndicate that aluminosilicates can be 
, 

destabilized readily in the presence of orqanic acids. 

Orqanic acids (i.e. acetic and oxalic acids) form complexes 

with aluminium (i.e.-' AlC204 • 4H20) and these complexes are 

soluble in water and can be transported in aqueous solution. 

Some--dissolution reactions with organic acids can be written 
. 

as: 

(a,) _ caAl2Si20S + 2H2C20 4 + 8H20 + 4H+ --

2H4Si04 + 2(AlC204 .4H20)+ +ca2+ 

(b) cac03 + CH3C~OH == ca+2 + HC03 + CH3COO-

The carbonic and orqanic acids formed in shales are 

,carried into nearby sandstone by the pore water, which' 

includes water released by clay mineraI reactions (i.e. the 
, 

smectitejillite transformation). The deyelopment of 

maximum acidity in organic-matter- râch shales _ is -broadly 

coincident with the onset of orderi~q-[n the Ils mixed­

----------- --------layers (near 100 oC; Pears-on et al., 1983; Dypvik, 1983). 

The transformation of smectite to illite is probably the 

result of K-feldspar dissolution and is generally associated 

with a major dehydration reaction which releases 

'considerable volumes of fresh water (Powers, 1967; Burst, 

1959 and 1969; Perry and Hower, 1972) capable of flushing 

acids from the shales. 

In many deltaic sequences, high sedimentation rates can 

prevent normal compaction causinq overpressured zones (Magara, 
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1975 and Bruc a , 1984). In these zones the expulsion of pore 

water is slowed down considerably. In such cases, larger 

volumes of water would be available at deeper levels (> 2500 

, m) than would be expected under normal compaction. These 

trapped waters_ may be released in different episodes of 

fracturing subsequently causing dissolution in _sandstones. 

Distribution of secondary porosity above and within the , , 
geopressured zones have been reported from other sedimentary 

basins (Parker, 1974i--Loucks et al., 1984) 
1 

possible sources of acidic f1uids for dissolution in the 

reservoir sandstones are discussed below in the light of 

available information 

6.3.3- Avalon sandstone 

The Avalon Sandstone mainly shows intergranular primary 

porosity. In the- B-27 weIl, dissolution of,calcite cement 

and, carbonate fragments has occurred abov~_a 11 m thick shale 

bed. The interbedded shales conta in 0.8 wt % 
l 

organic 

carbon (based o~ 4 samples) • The Avalon Sandstone is 
1 

presently buried to depths of between 2100 to 2600 m, 

where temperatures of 60-70 Oc are encountered. At 60-70 

the organic-matter contained with shales may hao/e 

started to release minor amounts of acids (Hunt, 1979). 

Most of the Ava~n shales are calcareous so that much of ,the 

acidity gene~ated would have been , consumed 
'" 

locally and 

only small amounts of acids would have been able ta reach 

nearby sandstones-. The isotopic data (large variation ofî180') . 
-

and the trace element composition of calcite cements 



indicate the involment of meteoric waters during the 

precipitation and recrystallization of early calcite cements 

(Hutcheon et al., 1985) • This meteoric water which 

_" penetrated the reservoir along the Mid-Cretaceous (Albian) 

,v 

unconformity 

dissolution. 

may have 

6.3.4 "B" San4stone 

been involved in some of the 

In contrast to the Avalon Sandstone, in 

SanQstone evidence for secondary porosity is widespread'. 

Secondary porosity in the 0-35 weIl is closely associated 
.. " 

with shale-sandstone contacts (Fig. 6.5). Feldspar grains are 

commonly co~roded in zones with secondary porosity compared 

to nearby early calcite-cemented zones. This may reflect an 

interaction with organic acids. At the pres'ent burial depth 

of about 3QOO m (corresponding to a subsurface tempe rature of 

80-85 oC) thermal maturation of organic matter in adjacent 

shales may have provided sufficient amounts of acids needed 

to cause the dissolution of calcite cement near 

sandstone-shale contacts. 

6.3.S Hibernia Sandstone 

As discussed in section 5.4.3.2 the proportion of 

secondary porosity increases with depth from 20% ta 80% of 

the total porosity. ': In the Hibernia Sandstone, extensive 

dissolution of carbonates, çhert, feldspar, and mud clasts 

has generated significant secondary porosity which now 

exceeds the amount of primary porosity. The origin of 
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Fig,; 6.5 A stratigr~.nhic section from the liB" Sandstone 

" of the 0-35 well showing distribution of porosity and 
fil' . 

carbonate cements. Most of . the sandstone beds 

alternating with shales are cemented with early calcite 

except a few cen~imeters above the shale beds where 

dissolution of calcite has generated secondary 

porosity. 
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secondary 
J 

porosity due to the dissolution j::aused by 

descending meteoric waters is an attractive process at a 

shallow stage of diagenesis (up to a few hundred meters 

bu~ial; Bjorlykke, 1979) but becomes increasingly more 

difficult at greater depths. Petrographie observations (i.e. 

heterogeneous packing, partly dissolved undeformed skeletal 

grains, the lack of other cements in samples of high 

secondary porosity) in the Hibernia Sandstone indicate a 

relatively deep origin of the secondary porosity. If 

s~condary porosity had originated close to the surface, it is 

difficult to conceive how it could have been preserved with 

subsequent compact ion at subsurface-depths down to 4000 

m. The pre,servation of secondary porosity by means of 

overpressuring is a possibi~ity (Bjorlykke, 1979) but is 

unlikely in the Hibernia Sandstone, because in the Hibernia 
. 
area, the top of the overpressured (Fig. 6.6) zone generally 

t 

occurs below the Hibernia Sandstone (at or near the top of 

Kimmeridgian shales of the Verrill Canyon Formation; Grant 

et al., ~986). 

For secondary porosity originating at greater burial 

dep,ths, the sources of aggressive pore waters are related 

to the thermal maturation of organic matter (Schmidt and 

"McDonald, 1979; Surdam et al., 1984). The sirnilarity in the 

paragenetic sequences of authigenic mineraIs associated with 

secondary porosity in various oil fields from different 

regions (see Table 5.4) is considered 

o~ganic 

"(Curtis, 

matter-rich shales undergoing 

1978; Land and Dutton, 1978; 
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Interbedded shales in the Hibernia Sandstone of the 

,Ava1on Sub-Basin contain 0.6 wt.% terrestrial organic matter 
, 

(Swift and Williams, 1980). As mentioned before, terrestial 

-organic matter (Type III) has the highest co2-generating 

capacity . (Tissot and Welte, 1978). However, the potential to 

qenerate CO
2 

is dependent not only on type and abundance of 

organic matter but also on the thickness of the shales. For 

'the Jeanne d'Arc Basin in general, shale/sandstonc ratios _,1 
, 1 ~ ..... 

have 
U-l,)-.I -

not yet beeh r' published. In the Hibernia area (K-18 

and B-27 wells), however, the shale/sandstone ratio is 

approximately 2.0 (Brown, 1985) . As a resul t of the 

proximity of source areas near the basin boundary fault 

(i. e. the Murre Faul t) , these wells conta in a higher 

percentage of sandstones. Towârds th~ basin centre the 

sha1e/sandstone ratio would be higher. In the Avalon 

Subbasin, the Kimmeridgian shales « 300 m below the Hibernia 

Sandstone) conta in up to 8 wt.% (average> 2 wt.%) organic 

carbon (mainly Type II, and Type III) and their average 

thickness exceeds 200 m (Creaney and Allison, 1987). 

Organic-matter rich Kimmeridgian shales are presently buried 

to more than 4000 m corresl-'.onding to subsurface tempera ture 

>100 Oc (Fig. §.7). They are considered the main source of 

hydrocarbons in the Hibernia area (Powell, 1985; Creaney and 

Allison, 1987) • These shales, which present1y are 

overpressured, may have provided acids and water during shal~ 

diagenesis. Aggressive pore fluids migrating upward from 

organic-matter rich 

Hibernia Sandstone 

shales may have moved into the 

causing dissolution and 

234 

nearby 

porosity 



'. 

-----

• 

li 

... 

...P-~-

-- . 

~ 
------

-' 

~ 
80 km 

48° 

l'IMMATURE ,., (LOM <7) 
+ 

+ 
+ + 

+ + 
+ + + 

+ + 
+ + + 

+ + 
+ + + 

+ + 
+ + + 

... + 
• + + + 

+ + 
+ +' + 

+ + 
+ + + 

+ + 
+ + + 

+ + 
+ ... + 

+ ... 
+ + + 

+ + 
+ + ~ 

+ + 
+ + 

/ 
r 

+ \ 

, 

+ + + + + 
++++++ 
++++++ 

L. + + + 
... + 

46° 

D 
0 
[] + + 

0 

Fig. 6.7 Present day maturity of the Kimmeridgian source rock 
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enhancement. The presence of high secondary perosity 

~near overpressured zones is aIse reported, from the lower Gulf 
( , 

,- ~oast, Texas (Loucks et al., .1984) • 

The Hibernia Sandstone is highly dissected by minor 

faults. Most J of these faul ts have served as condui ts for 

fluids (Menel,ey, 1986). This is evident from the distribution 

of oil fields in the -Jeanne d' Arc- Basin (Fig. 2.7). These 

oil fields are closely relatêa to transbasin faults which 

appear 'to be an important for controlling 
, ,- factor 

transportation and accumulation of hydrocarbops. A 

geoc 

-'-~ 

analysis of oil and gas in the Avalon Subbasin 

the migràtion of hydrocarbons from a deeper source 

into the Hibernia -Sandstone (Creaneyand Allison, 1987). A 

linkage between the Kimmeridgian shales and the Hibernia 

Sandstone may have developed some time before the peak 

hydrocarbon generation. Acidic pore wa\er expelled from the 

compacting shales (Kimmeridgian shales as weIl as interbedded 

Hibernia shales) may have been carried into adjacent 

permeable conduits (fractures and faults). These aggressive 
-

subsurface fluids subsequently galned access-t~ the carbonate-

cemented sandstones via more permeable flow paths (i.e; non-

calcite cemented porous zones), creating large-amounts of 

secondary porosity by dissolving framework grains and 

int~rgranular cements, especially carbonate cements. Partly -., 

corroded chlorite inclusions within quartz grains also hint at 

the acidic nature of the fluids. The absence of chlorite 

grain-coatings in the Hibernia Sandstone, in contrast to the 

Avalon Sandstone, is further indirect evidence fo* the 
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presence of acidic pore'waters. 

-It can be argued that the solubility . of CO2 will 

decrease as -oPore water migrates upwards several hundred 
, 

meters (Le. from Kimmeridqian shales to the Hibernia 

Sandstone), favouring carbonate precipitation rather than 

dissolution. This, however, may not be the case if some of the 

carbonate dissolution occurs by organic acids. As outlined 

before, organic acids are an important maturation product of 

organic matter. When some of the carbonates are drssolved 

in acetic acid the resultant calcium acetate has a higher 

solubili~y in water . (by 3 orders of magnitude higher) 

compared te calciùm carbonate (Meshri, 1986). This higher 

solubility will keep calcium ions in sblution and prevent 

immediate' reprecipitat~on 'of calcium as calcium carbonate. 

the presence of organic acids would' aid - in the 

preservation of secondary porosity. __ 

some problems have been raised in the literature 
• 

concerning the organic-matter maturation ~ and origin, of 

secondary porosity (Bjo~).ykke, 1983 ; Land, 1984 ; Lundegard 

et al" , 1984, 1986) • Mass balance'calculations by these 
<! 

autnors indicate that: (1) thermal maturation of organic 

matter alone cannot account for aIl the secondary po~osit'y 

observed in sandstone reservoir rocks of the Frio Formation 

(Oligocene), Texas Gulf Coast, (2) some of the acidity will be 

neutralized within the source rocks dependlng upon the amount 

of reactive substances (e.g. carbonate~ present. The total 

organic carbon content of the ~rio Formation' at present is 
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quite low «0.28 wt. %). Assuminq an original concentration of 

0.5 wt * organic matter (type III with 25 wt % oxyqen, 25 % 

of the oxygen b~ing in the ca·rbox}rl group), a shale density 

of 2.6 g/om3, a ~/ sandstone ratio of 4.4, no 

dissolution in the s rçe rocks, and the dissolution 
1 

reaction CaC03 + H~~+ CO2 
ca2+ - Lundegard et ---> + 2HC03 

, 
-

al. (198~) calculated that decarboxylation of organic matter 
.-

can only account fOl7 -1 to 2 val % secondary poios.ity, 

whereas, 

porosity. 

on average the Frio Formation has 10 *·~secondary 

The Hibernia sandstone,- on average, has 9. 2 % 

secondary ·porosity. The-present organic carbon content in 

the shales of the Hibernia Zone (0.6 wt.%) and in the 

Kimmeridgian shales (> 2 wt. %) is significantly higher than 

that in the Frio Formatio~ of'the Gulf Coast. The 10ss of 

organic-carbon during early and middle stages of diâgenesis 
-~ . 

have bee~ dtscussed (Claypool and Kaplan, 1974; Curtis, 1978; 

Hesse, 1986) • In the Hibernia area, Hibernia' shales may 

have oriqinally started with an organic-carbon content of 

'1 to 3 wt %. and the Kimmeridqian shales even much hiqher. 
~ -

Taking an average 2 wt % orqanic matter (TyPe III) with 
. 

25 wt. % oxygen and assuming similar conditions as Lundegard 

and Lapd d1d Ïor the Frio Formation, decarboxylation of . . 
orqanic matter 9an account 

the Hibernia Sandstone. 

for 4 to 8% secondary porosity in 
" 

\ 
\ 
\ 

As not all- the organic matter in 

actual amount of seconda~ shal.es is of Type III, =-the 
, 

porosity qenerated by this pro~ess may be less. Bùt this 

doesn't take into account organic acids. 

The CO2 produced by simple decarbôxylation or oxidation 
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1-
of or9anic matter will ~ave about $13C as 1 he 

1 

orqanic matter trom which it is (i. e. about -~4%. 

POB; Cla:yPool and Kaplan,-'1974') • organically derived 
1 

CO2 is in fact used to dissolve eàr~y alcife cement (with an 

ajerage,13c of -1.6%, POB) and/or ca~careo~s fossil fragments. 

(with an average '113e of ab0l't +1"'0 PDB). the resultant 

isotopie composi tion of the total fis'sol ved carbon shoUl,d 

~eflect the contribution from the ~arious (~~ The 

resulting a 13c values wil+ dep~nd upo the' relativ~ 
1 1 

proportions of carbon inpu~ fr+m thE1 or anic and 'the 
1 

inorganic pool, respectively. The ~ate calcite cement in the 

_/ Hibernia' Sandstone Iras an averagell~C of -lH. PDB which 

r 

indicates that oxidation and decafbOXylation of organic ., 
matter 

Although 

to have 

carbonates. were probably involved to m~bilize the 

decarboxylation or.oxidatiorl of organic matter seem 
\ 

played an important raIe' in the formation of 

secon?ary porosity in the Hibernia s~ndstone, they cannat 

account for al~~he observed secondary\porosity (i.e. 9.0%). 
, \ 

Organic acids can produce secondary pdfosity by d~ssalving 

mainly carbonates and feldspars. Th~, dissoci~tion and 
\ 

hydro~en ion donor capac~ty of organic a~ids are mu ch higher 

than those of carbonic acid (3 t~ p().-tIm~S; Meshri, 1986) 0 

However, this mechanism faces the samf material balance 
\ 

problem (amoullt of acids-)' because the oxygen c.ontent of 
. \ " 

kerogen i5 a limiting factor (Lundegard and Land, 1986). 
/ ,- - J V \ 

The acid potential of orgaruc-matter ri\ShaleS may be 

" - l' increased if, besides decarboxylatfon, other r actions are 
. 1 
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considèred, such as: 

(1)' ,!iydrous pyrolysis reaction (KerOger + H
2

0 • ---> CO2 + 

CH 4): In this" case the orqanic m~tter reacts wi th an 

external oxidant (e.q. H20; Lundeqard et al., 1984)r~t 

(2 ) 

present there is no direct evidence that such a 

-Ilhydrous pyrolysis" reaction occurs, although Hoerinq 
\ ( 

(1982 ) has demonstrated,extensiv~'exchange of hydrogen 

between organic matter and H
2

0 during simulated 

maturation experiments. 

Mineral oxidants: OUrinq clay mineraI diaqenesis 

(smectitej illite transformation) Fe3+ is released 

toqether with other cations (Mq2+ , S·4+ l. 1 ca2 + etc.) . 

The Fe3+ ls reduced to Fe2+ by combined associated 

oxidation reactions in the organic matter (Eslinqer et/-·­

al., 1979) which may be writ~en as 

CH
2

0 + 4Fe
3

+ + H
2

0 ----> CO
2 

+ 4Fe2+ + 4H+ 

An ext~rnal source of oxydant must be available for 

.~is reaction. This reaction pan ~rovide large 

(3) 

am~s of acidic fluids as one mole of protons 

produce~ every mole of i;ron reduced. 

. is 

However, the 

quanti tat~ ve si ificance of the reaotion has not 
1 

yet 
r' 

been confirmed. It's - im~ortant to note tha~ most of 

the Fe3+ is released rom clat mineraIs when mixed­

layer illitejsmectite (IlS) ,acqUire orderinq at 
, 0 ' " 

temper.ature;if ab~ut 90 to 100 C (Surdam and Cross~y, 

1985) and t ft thls level corresponds to maximum 
'-....' ........ ..., 

o 

orqanic acid qen ation (Surdam et al., 1984). 
l " " "-,,-

In Lundeq~rd et al.' (1984) mass balance calculations it 
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was assumed that only the carboxYl group (-COOH) could 

be converted into CO2 by 

carboxyl group, other 

decarboxylation. Besides.~the .. , -
\ 

functional groups of organic 

matter. (e. g. phenol, ester, ether, and caJ;"bonyl groups) 

may also proquce 

(Lundegard and Land, 1986). 
. 

The present study suggests that significant amounts of 

sec.ondary porosity in the Hibernia Sandstone developed at\ 

deeper levels rather .in near-surface environments (by 

meteoric water influx). The acidic pore' fluid required for 

dissolution was Most probably deri ved . from shales 

undergoing buriai diagenesis. The organic matter and clay 

mineraIs of shales undergo multiple complex chemical 

reactions capable of producing acids during burial 
.... 

As a result, ,the acids required for the diagenesis. 

. generation of secondary porosity May be produced by 

more than one process. The quantitative evaluation of 

individual processes is a complex 
• 

matter. 
Q 

However, sorne 

quantitative data are ayailab~e on the acidic potentials of 

decarboxylation and organic acids in th: Frio Formation Of U. 

s. Gulf CQast. Using the same assumptions'and ta~ing 2 <-. 

" wt.% organic matter (Type III) decarboxylation and 

organic acids can account :'for a minimum 4% out of 9% 

secondary porosity in the Hibernia Sandstone. Additional 

acidity May have been provided by various pyrolysis and 

mineraI oxidant réactions which need further evaluation. 
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CDP'l'BR VII 

CONCLUSIONS ABD SUGGBSTIONS POR FUTURE STùbi 

7.1 CONCLUSIONS 

- This thesis presents the first comprehensive 

inv~stlgation of the burial diagenesis of reservoir 

sandstones, and interbedded and deeper shales from the Upper 

Jurassic to the top of the Lower Cretaceous in the Hibernia 

oil field. The main conclusions from this study are: 

(1) The' average framework grain composition of the reservoir 

(2) 

, 
sandstone is QS7.9' Ra.s' Fl • 6 • Rock fragments' ar~ mainly 

of--sedimentary origin (i.e. mud clast, sandstone, chert, 

and carbonate) and varies from 1 to 18%. On average 

there is 10.6% rock fragments in the Avalon Sandstone 

which decreases-~to 3.3% in the Hibernia Sandstone. With 

depth, , feldspari> content also àecreases from 5. l %' ~n the 

Avalon Sa~dstone to 1.9% in the Hibernia Sandstone. This 

decrease 'ois in part due to dissolution of feldspar with 

increasing burial depth. 

Ten authigenic mineraIs were identified, , , " compr~slng 1.6 

tO-47.7% (average 13%) of the bulk rock volume. Only 6 

of them are commonly present (quartz overgrowth, calcite, 

dolomite, siderite, pyrite, and kaolinite). Major early 

to later diagenetic sequences are summarized dS: thin 

chlorite rims--> siderite--;quartz-->early pyrite-->early 

ferro an calcite-->quartz-->dissolution (dominantly of 

calcite) 
, 1 

and . generation of secondary porosi ty-->m.inor 
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,.------------~----------------~ ............ -

/ 

grain fracturing-->precipitation of ferroan 

calei tejlate ferroan dolomibte-->late quartz--
• 0 

>kaolinite-->late pyrite an~ migrati~n of hydrocarbons. 

(3) Late ferroan dolomite with eurved cleavages and sweeping 

extinction resembles 'saddle dolomite and has no't 

previously been reported from sandsbones. 
o • 

(4) Relative location in the sedimentary basin appèars to 

influence the diagenesis of sandstones (i.e. dissolution 

of calciteappears to be more common basinward). 

(5) X-ray mineralogy of shales « 2.0 um) from the Hibernia 

and West Ben Nevis oil fields shows the followin9 

variations with ~ncreasing burial depth: 

(a) Illite generally constitutes a significant part of 

the elay fraction;­

from approximately 

The amount o.f illite increases 
"! 

40% (above 2000 m) • to 

approximately 80% (below 3600 m). 

(b) Èxcept for a few samples near the 

Cretaceous/Tertiary unconformity, kaolinite is 

present throughout the wells B-08, B-27 (Hibernia) 

and B-75 (West Ben Nevis). Kaolinite (plus minor 

chlorite) decreases from an average 35% (above 2000 

m) to 20% below 3950 m. Its crystallinity 

(areajheight ratio). decreases with depth "and probably 

"0'0 ~ indicates degradation of ltaolinite. 
o 

("c) The 17 A peak "(upon glycolation) is only present 

above 2000 m and disappears below 2000 m. 

(d) Interstratified Ils is present in aIl samples bèlow 

l5~0 m subsurface depth. Over a depth range ot 1000 
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to 5000 m, expandable smectite layers in l/S mixed-

layers decrease from about 75% S to < 15% S, with 

most rapid decrease occurring above 2500 m subsurface 

depth. 
" 
\ 

(e) The mixed-layered I/S is randomly interstratified 

above 2500 m. Below 2500 m, where illite exceeds 65% 

in the mixed-layers, the I/S is regularly 

inter~trati f ied. 

(f) In the Hibernia and West Ben Nevis fields, the width 

of the (001) illite peak bel'ow the Avalon Sandstone 

. 

incieases with increasing burial depth 

indicating paorer crystallinity. This reversaI 

(compared to the usual trend of illite 

crystallinity) is probably due to an increase in 

organic matter content "and percent mixed-Iayer I/S 

(and/or smectite) in the original sediments supplied 

during deposition • 

{g) The use of le as an indicator of maturation in 
, 

organic-matter rich source rocks, therefore, requires 
~ 

considerable caution, particuiarly during the middle 

(and probably also the late) stages of diagenesis • 
... , . 

Ch) In the bulk shale samples, K-feldspar disappears 

below 3600 m depth. Below 3500 m, calcite is absent 

in ,most samples. 

(6) ssuming' 40% original porosity in sands at the time of 

eposition, an average 17% porosity were lost mainly due 

o mechanical compaction, and 13% due t~ cementation, 
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leaving an average of 10% total porosity in thin 

sections. 

(7r porosity in' the fine-grained, loosely packed 

(8) 

diagenetically immature) Hauterivian-Albia~ Avalon 

Sandstone (2100 to 2660 m) is mainly primary. In the 

Avalon sandstone, eÇl.rly ferroan calcite cement destroys 
, f, , , 

Most of'~he primary porosity. This cement, has completely 

filled the pores in' more than 20% of the sandstone 

drill-core from the Avalon Sandstone. An average 4.9% 

porosity were lost by other cementing mineraIs (quartz 

overgrowth; siderite, pyrite etc.). In the Avalon 

Sandstone, no dolomite or kaolinite were observed. 

Dissolution features were only observed in the Avalon 

Sandstone of the B-oa the and B-27 wells situated 

basinward from' weIl 0-95 where no dissolut~on was 

observed. 

With increasing burial depth, 

secondary porosity increases and 

semi-mature Berriasian-Valanginian 

the percentage' of" 

in t~~\diaqeneticaÙY 
"B" San~one (3150 to 

3360 m, 0-35 weIl), 62% of the p~~osity, are secondary. 

This secondary porosity originated mainly by dissolution 

of early calcite cement and carbonate fragments. A large 

portion of the "B" Sandstone (23% of the sandstone drill­

core studied) is comple~ely cemented with early calcite. 

Quartz overgrowth (4.7%) and late ferroan dolomite (3.6%) 

are other impç'rtant authigenic mineraIs. Reduction of 

porosity by late. ferroan calcite and ~olinite is 

insignificant. 
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(9) Below the Avalon and "B" Sandstones, porosity in the 

medium-to coarse-grained diagenetically mature Tithonian 

Hibernia Sandstone (3480 to 4100 m) is mainly secondary ( 

> 80% of the total porosity). 'At present only 4% 

sandstone drill-core are completely~ented mainly with 

calcite. However, it appears that during early diagenesis 

a significant portion of the Hibernia Sandstone was 

completely cemented with early calcite thus conserving 

original'intergranular porosity for later recovery by 

dissolution at depth. Porosity reduction due to quartz 

overgrowths in the Hibernia sandstone averages 4.9.% . 

Porosity reduction by other cementing minera,ls 

(siderite, late ferroan dolomite, kaolinite, and late 
-

pyrite) is about 1%. It should be emphasized'that these 
, 

estimates are based on selected samples that may not 

necessarily represent tne entire reservoir zone. 

(10) Based on isotopie data obtained during this study and 

that by Hutcheon et al. (1985), the early calcite cement 

is tentatively interpret'ed as the resul t of upward 

moving shale waters mixed, at places, with meteoric 

waters. The shale waters are assumed to have came 

both from interbedded and deeper level shales (hot fluids 

with lighter <t, 180 ) Mariné' ca:rbonate fragments are the 

main source of Ca and C for'these early calcite cements. 

(11) Isotopie data and petrographie observations on late 

ferro an calcite cement suggest that its precipitation 

occurred at elevated temperatures. Thermal maturation 
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of - organic matter of shales at deeper levels 

significant amounts of carbon for this cement. 

(12) The mate,t"iéil required to precipitate làte 

provided 

ferroan 

dolomite ,came, a.t least in part, from the dissolution of 

limestone 

cem~s. ' 

and fossil' fragments,) and early 

Interbedded shales may have provided 

calcite 

the Fe2+ 

and Mg2+ needed for this cement. Indirect supp,ott for 

this assumpt.ton cames from the fa ct that late ferroarl 

dolomite is more common where interbeddêd shales are 

abundant (i.~. in the "B" sandstone of the 0-3-5 weIl and 

~in the upper Hibernia Sandstone of the B-OS weIl). The 
. 

presence o( late pyrite aIse indicate~ that substantial 

amounts of reduced iron were available during "later~ 

diagenesis. 

(13) In the HiHernia field, precipitation of silica cement 

occurred in different episodes, both before and after the 

deve,lopment of secondary porosity. It seems that most of 

the silica was derived from nearby shales. During early 

diagenesis, water expelled from shales due ta mechanical 

compaction deposited small amounts of silica. This phase 

was followed by early ferroan calcite cementation. Where 

this calcite cement was m~ssing, quartz cementation 

continueq. Upward moving porer water may have transported 

some of the silica from shales which were buried deep 

enough to undergo the smectite-illite transformation. 

Thermal maturation of organic matter wi~in shales 

released carbonic and organic acids. These acids may have 

dissolved fine-gralried feldspar present in shales, as 
. . 

weIl as feldspar and chert in sand stones , to provide 
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additional silica for cementation. 
i 

(14) Minor amounts of siderite is commonly observed in 

different reservoir sandstones. However, siderite-rien 

zones (> 30%) were only observed in relatively thin 

sandstone beds surrounded by thick organic-matter rich" 

shales. These sandstone beds may mark the zones of 

gDeatest pore fluid circulation expelled from compacting 

shales which may have~provided favourable geochemical 

environments needed for siderite precipitation. 

(15) The results of this study suggest that dissolution and 

- development of secondary porosity occurred at greater 

burial depths. Acidic pore water needed for dissolution 

-,was probably generated by maturation of organic matter in 

interbedded and deeper organic-matter rich Kimmeridgian 

shales. Taking an average· 2 wt % organic matter (Type 

III) and assuming similar conditions as Lundegard et al. 
1 

(1984) did for the Frio Formation in the U. S. Gulf 

Coast~ thermal' maturation of organic matter can account 

\for,4.to 8% secondary porosity in the Hibernia Sandstone. 

~s nou aIl the organic matter in shales is of type III, 

the actual amount of secondary porosity generated by this 

processes may be less. Organic matter and clay mineraIs 

of shales un~ergo multiple complex chemical reaçtions 

capable of producing d acids during burial diagenesis. As 

a result, the acids required for the generation of 

secondary porosity may be produced py more than one 

p:r;-ocess, su ch as yarious pyrolysis and mineraI 
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oxidation reactions. 

7.2, SUGGBSTION POR FUTURB 8TUDY 

This study is only the first step to understand trends of 

.diaqenesis and their effects on reservoir porosity both 

vertically and laterally in the Jeanne d'Arc Basin. An 

important area for future studY,is to obtain fluid inclusion 

data on carbonate cements apd quartz overgrowths. This, 

t~qether with isotopi~ and petrographie information, will 

provide an additional control to reconstruct depths of 

precipitation for major authigenic mineraIs. Secondly, . 
analysis and interpretation of carefully obtained formation 

waters data is an urqently needed source of information to 

study ~-fluid/rock interaction during diagenesis.· Such 

information can be used to prepare \subsurface 

saturationjundersaturation maps for different solid· species 

which may help to predict ZQnes of enhanced porosity. Thirdly, 

a detailed regionai study, is needed which includes the 

""" inyestigation of laterai variation 1n buriai diagenesis from 

the 'centre toward the marqin of the basin. This would 

include an ev~luation of the type and extent of diagenesis, 

correlation of overpressured_ zones vith distribution of 

secondary porosity, and the- control of depositional 

lithofacies on sandstone porosity. Such stud~es would help to 

retine our understanding of migration and accumulation ot 

hydrocarbons within the Jeanne d'Arc Basin. 
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APPBNDIX 1 

Detailed core 10gs from the B-27', 0-35, B-OS, C-96, 'and 

wells of the Hibernia oi1 Field. Location of sandstone -

shale samples studied during this project are l.ndicated 
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: 1 .~.. " 

... 

. • " B-27 HIBERNlA " 

a 

41 Depth Corg Cinorq le \ 
-'-

(m) wt% wt% °ë:.29 , ) 

1"';-- ' 2575 0.49 0.9'0 0.89 

2 2590 0.98 0.33 0.8 v 
... 

3 ,3842 0.1/ 0.10 1.57 
J 

4 3853 0.23 0.10 0.94 ,. 
~ 

5 3882 0.25 0.41 1.17 

6 3896 0.38 0.,28 1.19 

7 3906 ~ 1.01 0.22 N D 
./' 

8 - - 3913 0.72 0.04 1.26 

, 9 4060 0.97 0.71' 1.18 r--
\ -. 

10 4175 1.63 0.65 1.25 .--.; 

\ . 11 4290 .2.43 0'.23 1.16 
1 
\> 

12 4345 2.02 0.43 N 0 

13 4370 1.71 0.69 1.14 

,) 

* N o = not "determined 

.. 

• 
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~ ,~ B-08 HIBERNIA 
-- . , " ( 

, 
~ 

# Depth Cprg Cinorg le i r 
06.29 t, (m) wt% wt% 

\ , . . ' 

l 
~ 
; 1 2662 0.74 0.14 0.97 

J, 
[ 2 2673 1.00 0.42 1. 09 

r 3 3400 0.68 0.20 1.41 , 
" 

, 4 3550 0.31 0.16 1.25 
~ c 

'\/ 
5 3607 0.31 0.10 1. 'i3 

6 3623 0.63 0.14 1.27 

7 3700 0.57 0.22 1.51 

8 4000 1.31 1.31 1.43 

9 4120 1.76 0.02 1.46 

10 42H) 1.43 0.15 1. 47 

"" 
1 

,( 

B-75 WEST -éN NEVIS ' 

. 
# Depth(m) C orge Cinorg. le 

wt% wt% °6.29 

1 4315 1.40 0.54 1~34 ,. 
2 4435 2.47 0.1 1.44 

.. 
:,. 
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