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ABSTRACT

Reservoir sandstones and interbedded shales of the

Hibernia 0il Field (1000 to 5000 m subsurface depths) were
investiéated to evaluate the effects of burial diagenesis on
reservoir porosity with increasing depth.
v Major early to later diagenetic sequences in sandstones are
summarized as: thin chlorite rims, siderite, 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, 1late
quartz, kaolinite, 1late pyrite and nigration of hydrocarbons.
Late ferroan dolomite with curved cleavages and sweeping
extinction resembles saddle dolomite (common in carbonates) and
has not previously been reported from sandstones. The increase
in 1illite, the decreagse in kaolinite, the decrease in the
percent of smectite in mixed-layers I/S, 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, and secondary porosity suggests a
significant influence of 'interbedded shales on sandstone
diagenesis.

Porosity in the fine-grained, loosely packed 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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Tithonian Hibernia Sandstone (3480-4100 m). Aggressive pore
fluids required for dissolution are inferred (thougphuhproven)
to have been provided by muléiple complex reactions in orgahic—
matter rich Kimmeridgian shales and shales interbedded in the

reservoir sandstones of the Jeanne d! Arc Basin.
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RESUME

Les grés réservoirs et les schistes argileux interlités du
champ Hibernia (de 1,000 & 5,000 m de profondeur en subsurface)
furent utilisés pour évaluer les effets de la diagénése, lors de

¢

l’enfouissement, sur la porosité de la roche réservoir et ce en
fonction de la profondeur. ‘

Les séquences najeures de la diagénése précoce et de la
diagénése tardive dans les grés se résument 4&: de nminces
couches de chlorite, sidérite, quartz, pyrite précoce, calcite
ferrifére précoce, dissolution (surtout la calcite), et 1la
formation d’une porosité secondaire, fracturation mineure des
grains, calcite ferrifére/dolomite ferrifdre tardives; quartz
tardif, kaolinite, pyrite ‘tardive et la migration
d’hydrocarbures. La dolomite ferrifare tardive a des clivages
recourbés et une extinction ondulante qui ressemblent & ceux de
la dolomite en forme de selle (commune dans les carbonates) mais
qui n‘a jamals été décrite précedemment dans les  grés.
L’augmentation en illite, 1les diminutions en kaolinite et du
pourcentage en smectite des feuillets mixtes I/S, ainsi que la
disparition de la smectite individuelle avec la profondeur sont
autant de modifications minéralogiques importantes qui sont
observées dans les shales des champs Hibernia et West Ben Nevis.,
La distribution des ciments de calcite, de quartz d/épitaxie et
de dolomite ferrifére tardive, et d’une porosité secondaire
suggérent que les schistes argileux interlités ont eu une inf-

luence significative lors de la diagéndse des grés,

La porosité du grés Avalon (2,100-2,600 m), d’age Hauteri-
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vien-Albien, A& grains fins et immature, peu consolidé lors de la

diagénése, est en majeure partie d’origine primaire. La fraction

de 1la porosité totale qui est d’origine secondaire augmente

graduellement avec la profondeur, de 20 % dans le grés Avalon
Jusqu’ad plus de 80 % dans le grés ﬁibernia (3,480~4,100 m),
d’age Tithonien, devenu mature lors de la diagénédse. 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 Kimméridéien riches en matiéres organiques et
dans 1les schistes’argileux interlités avec les grés réservoirs

du bassin Jeanne d’Arc.
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CHAPTER I
INTRODUCTION

The Hibernia 0il 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
barrels of reco%erable cil and 1.6 trillion cubic feet of
associated natural gas in the Hibernia and adjacent oil
fields (Meneley, 1986). The entrapment of hydrocarbons
occurred 1in a rollover anticline confined to the western

“periphery of the northern Jeanne d‘Arc Basin. Reservoir
rocks are mainly Lower Cretaceous fine to medium grained
gquartz-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
14

Sandstones are the main reservoir rocks for hydrocarbons
in the Hibernia field. Reservoir quality (porosity and
permeability) of deeply buried sandstones are quite

variable because of differences in compaction, <cementation,

1
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and dissolution §rocesses. An understanding of the nature
and extent of these processes 1is necessary to predict
reservoir quality and production potential. The major
objectives of this investigation are tg:
(1) determine the mineralogical composition of sandstones in
different reservoir zones;
(2) describe and quantify .authigenic sandstone minerals
and to establish paragenetic sequences; ”
(3) document the mineralogy of interbedded shales ° and
~ assess the effect of burial on shale diagenesis;
(4)> present results of a detailed petrographic study of
| porosity development and distribution in the Hibernia
field including quantitative estimates and textural
characteristics of the different porosity types, and
their relationship to compaction, cementation, and
dissolution processes with increasing burial depth;
(5) determine the possible role of shale diagenesis for
precipitation and dissolution of sandstone minerals,

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, O©0-35, K-18, and C-96;
\\

éanging from 1700 to 4500 m) were examined during the
summers of 1985 and 1986 at Mobil’s Core Storage Centre in
Calgary and at Canpadian 0Oil and Gas Land Administration’s
(COGLA’S) Core Storage in Dartmouth, Halifax. All cores were

2
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‘ - Fig. 1.2 Location of the Hibernia 0il Field and the different
wells studied. Contours: depths to basement in kilometres
(after Geol. Survey Canada, 1977).
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logged, recording bed thickness, sedimentary structures,
occurrence of fossils, calcite~rich zones, dissolution

features, and sample locations (Appendix 1). f

More than 70 sandstone and 20 shale core sampfes were
collected at selected lécations. ’Fourty well-cutting shale
samples were also collected from - the B-08 aqg B-27
(Hibernia), and B-75 (West Ben Nevis) wells. Samples are
numbered by subsurface qepth. Carbonate-rich sandstone
zones which alternate with‘porous zones were sampled more
closely. All sandstone samples were imprdgnated with blue-
dyed epoxy prior to the preparation of uncovered thin
<;ections. Inmpregnation 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 ;tained thin sections were made available for study
by Mobil 0il, Toronto. Textural relationships observed under
the microscope were used to establish paragenetic sequences
of cementing minerals. 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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About 40 well-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 scapning electron microscope (SEM)
with an energy dispersive spectrometer (EDS). Disintegrated
and ultrasonically cleaned quartz grains from 8 samples
were élso studied under the SEM. Twenty three shale samples
were analysed for total carbon and organic c;rbon content
with a Leco gravimetry method. Twenty-four sandstone samples
w%;e«\gpalyzed for carbon and oxygen isotopes using a
\ﬁpicrosagg ng ggchnique (analyses performed by D. Dettman

at thswgyiversity‘of Michigan).

1.3 PREVIOUS WORK

Hydrocarbon exploration along the East Coast of Canada
began in 1966 (Amoco Imperial Tors Cove D-52 well). Howev;§h,
apart from small o0il shows in wells on Sable Island in 1971,
no major o0il 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, source rock geochemistry and
geodynamic evolution 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,b;
Purcell et al., 1979; Swift and Williams, 1980; and Rashid et
al., 1980).

The first detailed geoclogical history of the East Coast
was published by Shexrwin (1973). On the Scotian Shelf
stratigraphic nomenclature for Mesozoic and Cenozoic sediments
was proposed by Mclver (1972). This nomenclature was
extended, with 1little modification, to the Grand Banks by
Amoco and Imperial (1973) and Jansa and Wade (1975). Results
of organic matter studies (Bujak et al., 1977a,b; Purcell et
al., 1979, and Swift and Williams, 1980) indicate that Upper
Jurassic shales of the Grand Banks are locally rich in oil-
prone organic matter (Type II kerogen) and mature enough to
generate hydrocarbons, whereas Jurassic shales of the Scotian
Shelf are rich 1in terrestrial organic matter (Type ITIl
kerogen) and are gas-prone at their present burial depths
(Powell, 1982). The clay mineralogy of shales was not given
due attention during previous maturation studies.

The first paper on the Hibernia discovery 1in 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 burial diagenesis. Six of
these papers focus on the Jeanne d’ Arc Basin where all
major oil discoveries have been made so for.

Benteau and Sheppard (1982), and Handyside and Chipman
(1983) worked on petrophysical and reserveoir  simulation
studies in the Hibernia field. Depositional environments of
reservoir sandstones are briefly mentioned in these

'
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publications. Powell (1985) outlined the implications of
paleogeography on the distribution of organic matter in the
source rocks of the various basins and explained 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 geology of the East Coast of
Canada, providing numerous cross-sections through different
hydrocarbon-bearing sedimentary basins. The structural and
geodynamic evolution of these basins is covered in  two
recent paper:s by Tankard and Welsink 1987, and  in press).
This short summery of previous work reveals that  many
aspects of the geclogy of the Hibern:a 0ii Field have bheen
studied systematically in the past except the diagenesis of
the reservoir rocks and their associated shales. It i3 the
first attempt to document the burial diagenesis in the entire
stratigraphic interval of the Hibernia 0il Field which
contains oll~bearing reservoir rocks from the Upper Jurassic
to the top of the Lower Cretaceous (Fig. 1.3). Clearly, the
diagenetic study initiated by the present project has been

overdue.



CHAPTER IIL

GEOLOGICAL SBETTING, STRATIGRAPHY AND RESERVOIR ROCKS

2.1 STRUCTURE AND GEOTECTONIC ENVIRONMENT

2.1.1 Grand Banks

The continental margin of Eastern Canada is underlain by

a series of north and northeast trending Mesozoic-Cenozoic

sedinentary basins (Fig. 1.1). Most of these aie  graben or
half-graben structures initiated durirg dif{ferent Mesozoic
crustal extension and vifting episodes associated with the

opening of tl tiorth  Atlantic Oce.r  (MoMillion, 1982;
Tankard and Wel..ink, in prass).

Th Lt e Tri1asic rifting along  the prasent  ecast
coast «f Horth /nerica extended only up to the present Jeanne
d’ Arc Bagsin., This rifting episode war followed by sea-floor
spreading (17% Ma, Kliitgord and Schouten, 198n) which extended
northward up te the south of the Grand banks, where lateral
movement was accommodated along the Newfoundland Fracture
Zone (NF%, Fig. 2.1, from Tankard and Welsink, 1987). 1In the
Grand Banks, however, late Triassic rifting lasted only about
25 Ma and was aborted without the creaticon of oceanic crust
(Tankard and Welsink, in press). A shift in the spreading
centre and plate reorganization occurr«<d during Callovian
time (Klitgord and Schouten, 1986) with the o¢nset of renewed
extension 1in the present Jeanne d’ Arc Basin. This seccond

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

10
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50 Ma), until sea floor spreading separated the Grand Banks
from the Galicia Bank of the Iberian Peninsula. Separation
of the Iberian Peninsula terminated this episode of rifting

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

extensional tectonics dominated in the Orphan Basin of the

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

separation of Labrador from Greenland by Labrador sea-floor

spreading 80 my ago (Srivastava, 1978).

v Along the East  Ceoast of Canada, different vrifting

episodes and varilahie amounts o8 extension were

accommoriated by major trancform faults wich divide the region

int

basin
1987).
Grand
Zones

south

Zifterent  ostencsional  verrairs (Tig.2.13 . These

e . . . .
T——extension. 1 ter:aing sre charactarized o~y difierent styles of

frrmat zen ond segimentat yen Tankary-d and Wels ink,
Pigure .1 rhows Lthe major strn tural olements of the
Barks, The liewfoundland 2nd Ch:rlie  Gibbe  Fracture
separate the Grand Banks from th. Scotian Shelf in the

and the Labrador Shelf ip *he nesth. The Grand Banks

are further divided into a southern, central, and northeastern

zones

respectively, by relatively small transfer faults

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

was twice that In the southern Grand Banks. As a regsult the

basins

in the central Grand Banks are considerably deeper.

The Jeanne d’ Arc Basin, for example, 1s about 16 km deep.

The brittle upper crust in the central Grand Banks failed

du~-ing

Aptian)

the extension process (from the Callovian to the

along a low angle detachment fault which gently dips

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

11



Fig. 2.1 Sedimentary basins of the Grand Banks separated
from the Scotian and Labrador shelves by the
Newfoundland and Charlie Gibbs fracture zones,
respectively. Division of the Grand Banks into southern
(S), central (C), and northern (N) zones is by firs}—
order transfer (or strike-slip) faults (from Tankard and

Welsink, 1987).
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zone terminate along this detachment. Below the Jeanne 4’ Arc
Basin the detachment is inferred to occur at about 26km depth
where the Murre Fault soles out into it. Below Flemish Cap,
it has risen to 15 to 17 km subsurface depth (Fig. 2.2:
Tankard and Welsink, 1987).

The northeast trending basins in the Grand Banks are
parallel to the tectono~stratigraphic #alements of the
Appalachian oregaen exposed onshore Newfoundland. Tt appears

that the underlying basement !ineaments in the rand Banks,

inherited from 7 roterczoic and Paleozoi-: tectonism, have
influenced the -:ientation of Mesozeie rift grabens during
the rifting of Pargea  (CSrant ot al. . 1986).

2.1.2 The: Jeanne 4/ Arc Baain

The Jeanne <° Arc Basin of the central Grand Banks is a
relatively narrow northward plunging trough where all
important hydrocarbon discoveries thus far have been made
(Fig. 2.3). The present configuration of the basin iz the
result of two major periods of rifting (Late-Triassic and
Callovian to Aptian) and post-rifting thermal subsidence. The
western side of the Jeanne 4’ Arc Bacin is mainly bounded by
the northeast trending listric-type Murre fault, which
strikes 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 Ly a set of northwest trending oblique

transfer faults (Fig. 2.3). Transfer faults separate adjacent

14
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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 irregqular funnel-shaped geometry of
the basin. Hydrocarbon fields of the Jeanne d’Arc
Basin, including in the Hibernia 0il field, are
indicated (from Tankard & Welsink, in press).
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areas sdbjected 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 were reactjvated lateron in a normal sence dipping
to the northeast and further 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)

containing a relatively thin cover of Cretaceous-Tertiary

sediments which unconformably overlie the Precambrian-
Cambrian basement; (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 s%de of éhe hinge zone; (3) further eastward,
the northward plunging Jeanne d’ Arc Basin contains an about
16 km thick 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. -,

»
e

responsible fér a very thin cover of Upper Jurassic and
/

Lower Cretaceous sediments (Terra Nova, Hebron drill holes). /

18
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Fig. 2.4 A northeast-southwest hcross—section section of the
Jeanne d’Arc Basin showing the following four segments: (1)
Stable shelf (Bonavista Plgatform), (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).




2.1.3 Hibernia Structure

The Hibernia 0il field is situated in the western hinge
zone of the Jeanne d’Arc Basin, just south of Ehe southeast
trending Nautilus transbasin fault (Fig. 2.3). The oil
field is associated with a large north-northeast trending
rollover 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 faults (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). 0il field distribution in the Jeanne d’ Arc ?asin is
closely related to transhasional faults which appear to be an

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

the present study (Fig. 2.8).




-7",

Fig. 2.5 Time seismic structure map on the Lower
Cretaceous 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-sectior of the Hibernia 0il
Field showing apparent rollover structure into the
listric normal Murre Fault. In the Hibernia fie}d, the
Hibernia and Avalon sandstones are the major reservoir
intervals. See Figure 2.5 for location of the section

(aftef Benteau and Sheppard, 1982).
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Fig. 2.7 In the Jeanne d’Arc Basin, the location of 0il
fields are closely associated with transfer faults. These
faults appear to be an important controlling factgr for
hydrocarbon migration and accumulation (from Tankard and

Welsink, in pressj).
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2.2.1 Eurydice Formation

The oldest Mesozoic sediments encountered by drilling in

the Jeanne d’Arc Basin (Murre G-67 well) are 60 feet thick

continental red beds of the Eurydice Formation. They

unconformably overlie metasedimentary rocks of Middle or Late

Devonian age. The terrestial red beds record a lLate

Triassic episode of rifting and basin subsidence on the Grand
Banks (Jansa and Wade, 1975; and Jansa et al., 1976). In the
G-67 well, an approximately three meter thick layer of
conglomerate at the base of the sequence is followed by <—hick
dark reddish-brown silty shales. The upper part of the red
bed sequence is anhydritic. These red beds are continental
and accumilated under arid c¢limatic conditions. Upper
anhydritic beds may have formed in a continental sabkha, or
coastal sabkha environment, as no marine fossils were found in
this ' formation. Based on stratigraphic position, a Late
Triassic age 1is suggested for these sediments (Jansa and

Wade, 1975).

2.2.2 Argo Formation

The red beds of Late Triassic age underlie wide-spread
evaporites of the Argo Formation. The Argo Formation
comprises of thick salt deposits under the Scotign Shelf
(Mclver, 1972 and Emery et al., 1%70). 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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Fig. 2.8 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 well) probably belong to this formation.
Diapiric structures revealed on deep seismic-reflection
profiles may also indicate the presence of Argo salt in the
Jeanne d’Arxrc Basin. The Argo salt basin is part of a Late
Triassic to Early Jurassic salt basin systeﬁ, which developed
on the periphery of the western extension of the Tethyan Sea

(Jansa and Wade, 1975).

i
!

2.2.2 Iroguois Formation and Whale Unit

The Early and Middle Jurassic were tinmes characterised
by regiona! therwal snbsidence and marine transgression(s)
which gradually transformed  the Grand Banks into an
epicontinental sea (Tankard and Welsink., 1987). The Iroquois
Formation and Whale Unit record this pregressive change to
normal, open marine conditions. The lower part of the
Iroquois Formation consists of lagoonal and tidal-flat,
microcrystalline dolomite that is yellowish brown and
occasionally contains anhydrite. The upperr part of the
Iroquois Formation is made up of oolitic and skeletal
limestonec. In the G-67 well (South Jeanne d’Arc Basin) the
Iroquois Formation lies directly on the red beds of the
Furydice Formation. The lower shale, and upper carbonate and
shale facies of the Whale Unit were deposited 1in neritic

and subtidal environments, respectively (Jansa and Wade,

1975). 1
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2.2.4 Mic Mac Formation and Jeanne 4/ Arc Member

The Mic Mac is the oldest formation (Callovian to
Tithonian) drilled in the Hibernia oil field. It has been
divided into 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. It marks the transition between
the preceding epeiric-sea basin and the Late Kimmeridgian
flood of syvnrift clastic sediments. Interbedded oil-prone
organic matter-rich chales of Kimmeridgian age form the
principal hydrocarbon cource-rocks in the Jeanne d’ Arc Basin
(Swift and William, 131980). 1t is probable that t ransfer
faults of the <Callovian riit stage have enhanced basin
isolation forming source rock depocentres (Tankard andd
Welsink, 1987).

The’ffJeanne d’ Arc Member qepresents the Upper Zone of
the Mic Mac Formation (Late Kimmeridgian to Tithonian), and
comprises of conglomerate, san&gtone and shale beds of fluviail
origin. Tate Jurassic rifting 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 df Arc Member consists of interbedded mudstone and

sandstone facies (e.g. Hebron I-13)
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2.2.5 Missisauga Formation and Avalon S8andstone

Throughout the Hibernia Field, the Upper Jurassic and
Lower Cretaceous Missisauga Formation and Avalon Member
represent a thick sequence of clastic rocks, mainly sandstones
and shales with 1little limestone inter beads. This major
change in sedimentation to a clastic-~dominated sequenca i
attributed to the Mid-Mesozoic rift.ng episode .n the Grand
Banks. Most of the detrital matert zl wasn surplied from

erosion of : 1) uplifted blocks alor-r the western  boundary

(i.e. tithe orre Fault) ond transbhas on fagits; 3 ounr g fted
elevated area. of  the arand Bankz  present t the  West
(Bonavista Platform) and soatheast (the Avalon Uplitt of Fansa

and Wade, 1975) of the Jeanne (3f Arc fasin respectively;  and
3) westward tilted and uplifted Cent?%l Ridge blocks, The
detrital material was transported northward and deposited in
deltaic and marine~deltaic environments (Arthur et al., 1982;
Brown, 1985; and Tankard and Welsink, 1987). During Aptian
time the "Avalon Uplift" area was further elevated and deeply
éenudated, The Aptian uplift is interpreted as isostatic
rebound which resulted f{rom partial unloading of the
lithospheric plate 1late in the extensional phases (Tankard
and Welsink, 1987). The reason for the pre—-Aptian aAvalon
uplift is not clear.

The main reservoir rocks of the Hikernia Field (Hibeq&da,
"B" and Avalon Sandstones) occur In this stratigraphic

sequence. Because of their significance as hydrocarbon

reservoirs, these rocks will ke discussed separately in
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section 2.3 below.
2.2.6 Dawson Canyon Formation

Above the Mid-Cretaceous unconformity (or '"breakup"
unconformity, Fig. 2.7) the Dawson Canyon and Banquereau
Formations represent a post-rift sedimentation record. During
this time  thermal subsidence and relatively shallow shelf
seas dominated the Grand Banks.

The Dawson Formation is sandwiched betweer. the Mid-
Cretacecus and Cretacensus-Tertiary unconformities and
represent.g a transgressive marine sequence. These undeformed
sediments consist mainly of shales and 1imestones (i.e. Petrel
Limestone) with minor siltstone and sandstones. In the Grand
Banks, the microcrystalline Petrel Limestone represents
outer-shelf enviromments (Swift et al., 1975) and serves as a
good regional seismic marker. only a few faults with small
displacements extend upward beyond the Petrel Limestone.
Above the Petrel Limestone, the light to medium grey
mudstone facies of the Dawson Canyon Formation is calcareous
and frequently burrowed. It contains pelecypods, gastropods,
ammonites and foraminiferal tests. During the Santonian
stage, thin intercalated sandstone beds appear in this
shale~dominated sequence. In the axial portion of the basin,
time-equivalent rocks include outer neritic chalks and

limestones of the Wyandot Formation (Grant et al., 1986).
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Banquereau Formation
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The Tertiary Banquereau Formation unconformably
overlies the Upper Cretaceous sediﬁents. 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 wup in the stratigraphic column,
parts of the Grand Banks may have been exposed subaerially

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

2.3 RESERVOIR ROCKS8 AND THEIR DEPOSITIONAL ENVIRONMENTS

2.3.1 Jeanne d/ Arc Member

The Jeanne d’Arc Member of the Mic Mac Formation is the
oldest reservoir rock encountered in the Hibernia Field. It
is of Tithonian (Arthur et al., 1982) or Kimmeridgian 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 streams flowing longitudinally and transversely
generating small fan~deltas in the Jeanne d’ Arc Basin
(Tankard and Welsink, 1987). 1In the Hibernia oil field, this
member was deposited by transversely flowing streams along
the Nautilus Fault. It comprises of matrix-supported and
clast—-supported conglomerate, sandstones, and mudstone. In
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the 0-35 well, conglomerate (> 1 m thick) and sandstone beds
(<0.5 m thick) generally show sharp contacts. Here the
conglomerates consist of pebbles and cobbles 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

(Meneley, 1986).
2.3.2. Hibernia Sandstone of Missisauga Formation

The Hibernia Sandstone of the Missisauga Formation is one
of' tile two major reservoir horizons in the Hiberniatﬁarea. It
has an average thickness of 200 metres, and occurs between
3475 and 4180 m subsurface depth in different wells. It is
thickest 1in 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. The Lower Zone consists of
thick-bedded (up to 13 m), medium-to  coarse-grained,
crossbedded dquartz 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 sandstones
interbedded with siltstones and mudstones. The sandstone/shale

ratio 1is high in the Lower Zone as compared to the Upper
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Zone. Siderite nodules (2-3 c¢n 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" Sandstone of Missisauga 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, 1locally
calcareous sandstones. Interbedded shale and siltstones are
commonly burrowed. The "B" Sandstone represents marginal
marine environments (Meneley, 1986). This sandstone does not

contain significant amounts of hydrocarbons.
2.3.4 Avalon S8andstone

The Lower Cretaceous (Hauterivian to Albian) Avalon
Sandstone 1is a very fine to fine-grained, well sorted quartz
arenite with variable amounts of calcite cement and fossil
fragments. Fossil-rich zoneé ar; more common in the B-27 and
0-35 wells than in the B-08 well. Many of the fossil
fragments (i.e. pelecypods, ostracodes, brachiopods, and
foraminfera) show imbricated stacking along bedding planes.
The intgrbeddé& 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 well. 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 result 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 well, Fig. 2.5). T;is sandstone thins
out toward the east (313 m in 0-35) and north (16 m in B-08)
in the Hibernia structure.

Benteau and Sheppard (1982), Handyside and Chipgan (1983)
and McMillan (1982) considered the Avalon Sandstone as a
shallow~ water shoreline deposit. Meneley (1986) interpreted
it as complex assemblage of delta-front, shore-zone apd

5

lagoonal’ facies.
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\ CHAPTER III

S8AnWUSTONE 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 petrographic and 'scanning electron
microscope. Thirty six thin sections were point-counted for
different components (i.e. framework grains, aﬁthigenic
minerals, matrix énd porosity types). Samples have been
selected [for thin section analysis 1if, after megascopic
inspect'én, they appeared interesting from the diagenetic
point o view. Based on these 36 analyses, the average
sandstone\ composition is Q87.9 F3.6 R8.5' Following the
classification of Folk (1974), most of the sandstones fall in
the fields of sublitharenite to quartz arenite (Tgble 3.1 and
Fig.3.1). Fi samples plot in the subafkosic field. The
majority¢t of ‘the shale clasts probably ' represents rip-up
clasts that were redeposited in deltaic environments (Brown,
1985) . If these clasts are excludéﬁ, the samples are
mineralogically mature and nearly all would be classified as
quartzarenite. The detrital constituents of the sandstones

are described below.

3.1.2 Quartz
Quarti is the most abundant mineral (average 87.9% ) in

all samples, ranging from 78% to 99% of the framework grains.
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Table 3.1 Percent QFR; Q_ Q Qm modes, and percent

P “un
total detrital and authigenic minerals, and porosity

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

d’ Arc Member.

ABBREVIATIONS 1
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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Depth (m)

(A) AVALON

2184.6
2185.8
2190.3
2190.8
2197.5
2197.9
2197.9%
2571.5
2578.8
2659.6

2661.1

Av

(B) wp
3174.9
3178.0
3179.1
3180.3
3185.9

3131.5

Av

% Framework

Grains
Q * F

S8ANDSTONE
77.7~ 5.3
75.8" 5.9
85.6 6.8
87.1 7.5
88 .7 3.3
B1.6 8.6
87.3 4.9
85.8 3.4
83.83 2.4
89.8 3.7
81.5 6.5
84.1 5.3
SANDSTONE
92.0 4.8
89.6 0.8
92.9 2.6
81.7 8.5
89.8 7.0
82.7 6.4
88.1 5.0

% Quartz Types

% Whole Rock Volume

R

17.0

18.3

12.0

10.6

Qp
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W

Qun

Qm

89.2
96.0
84.2
89.3
91.9
93.1
93.0
92.7
89.2
86.9

90.8

90.6

92.7
85.1
82.5
85.6
92.9

85.9

87.4

DET

79.3
84.4
85.8
85.3
77.9
68.6
82.2
70.6
75.6

76.4

69.7

- oy e

77.8

67.6

79.2

75.0

73.7

66.5

78.3

" o

73.4

AUT

12.2

30.3

13.3

32.4

14.2

26.3

23.8

12.1

——— e

19.5

POR




(C) HIBERNIA SANDSTONE

3481.3

3482.6

3483.4

3555.1

3606.2

3619.4

3622.4

3624.2

3845.8

3846.5

3849.7

3850.3

3850.7

3854.5

3860.8

3879.0

3895.2

Av

89.7

93.9

93.3

96.8

98.3

88.6

97.8

86.5

96.3

98.2

95.6

98.1

98.6

96.9

85.0

98.4

99.2

94.8

(D) JEANRE DV

4533.5

4534.0

Av

89.6

79.3

84.5

2.9 7.4
3.3 2.8
1.9 4.8
1.2 2.0
0.0 1.7
6.4 5.0
0.0 2.2
9.7 3.8
1.2 2.5
0.0 1.8
0.5 3.9
0.5 1.4
0.0 1.4
0.0 3.1
5.1 9.9
0.3 1.3
0.3 0.5
1.9 3.3
ARC MEMBER
3.0 7.4
1.4 19.3
2.2 13.3
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13.2

10.2

82.8

82.8

81.9

90.0

73.3

84.3

91.2

83.4

93.2

93.3

92.9

20.9

85.7

91.9

87.3

90.4

90.3

87.4

86.4

80.2

83.3

79.4

80.6

81.0

85.9

95.0

76.2

87.8

79.3

79.

(541

76.6

73.9

73.3

72.7

80.4

52.3

73.0

84.9

78.3

14.3

23.0

v —

18.7

10.7

19.2

16.9

21.9

25.0

12.6

16.0

14.2

12.4



Avalon Sandstone Q

‘B’ Sandstone

th\emla Sandstone 95 /

- >l ©®

Jeanne d' Arc Member

75

55
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{

Fig. 3.1 Classification of reservoir sandstones based on major framework

components (classification scheme of Folk, 1974).
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Monocrystalline quartz is dominant (averaging 87.2%) over
polycrystalline quartz (averaging 6.8%). Only 6.0% of the
monocrystalliné quartz shows undulose extinction (more than 5°
rotation for complete grain extinction). Polycrystalline
quartz is more abundant in the Hibernia Sandstone (7.2%) than
in the Avalon Sandstone (3.5%). Quartz grains are moderately

to well sorted; however, some samples show poor sorting.

Generally, quartz grains are subrounded to subangular.
Roundness increases with stratigraphic depth. At 2100-~2600
m depth, the quartz grains are loosely packed having point
contacts (Plate 343}, wWith increasing depth (»3100 m), long
concavo~convex and sutured contacts become more common
(Plate 3B, 3C, and 3D). In’ most of the samples, a few
quartz grains with zircon inclusions (25-950 um) have been

noted. Occasionally, inclusions of apatite, pyrite, muscovite,
biotite (average 20 to 40 um) and, rarely of chlorite and
sillimanite, are also present in quartz grains.

A triangul&r 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 monocrystalline 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
poly-rystalline quartz aggregates probably indicates a
metamorphic source. A minor proportion of the quartz grains
has been recycled or reworked. Recycling is indicated by the
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Metamorphic
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undulose quartz quartz

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

0il 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 1is
assumed for grains with broken calcarecus micrite
envelopes.

3.1.3 Feldspar

Detrital feldspar content ranges from O to 9.7% of the
total framework grains with a mean of J.5%. Plagioclase is
the dominant feldspar. Microcline is rarely present. Few
grains contain calcareous micrite envelopes. In  some thin
sections, feldspar exceeds rock fragments in abundance. Most
of the feldspar grains show signs of diagenetic alteration
and dissoplution 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) increasing grain size; {3) change in the

source rocks; or (4) a combination of all of these.

3.1.4 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 negligiblé amounts of metamorphic,
volcanic and igneous fragments. The Avalon Sandstone has, on
average, more rock fragments (10.6%) than the Hibernia
Sandstone (3.3%). Rather than utilizing a genetic
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classification, the rock fragments were grouped into four
categories based on mineralogy and diagenetic behaviour,
i.e. ductile, siliceous, carbonate (non-biogenic), and fossil

|

fragments.

3.1.4.1 Dpuctile Rock Fragments

Ductile rock fragments range from 0 to 5.7%, with an
average 1.3% of the total rock volume. They include rip-up
mud clasts, shale fragments and, very rarely, phyllite grains.
Among these, mucd~clast= ara most  abundant, and are
distinguished from shale clasts by being less congolidated.
The amount. of silt in mud-clasts 1is  variable, Shale
fragments are composed of well-oriented clay minerals, having
aggregate birefringence. Their degree of deformation
increases with increasing burial depth which results in their
being squeezed between detrital grains. This leads to
porosity reduction in sandstones with depth. In many depth
intervals, carbonaceous wisps are also abundant in the shale

clasts.

3.1.4.2 8iliceous Rock Fragments

This class comprises chert grains, sandstone-siltstone,
schist (Plate 1A and 1B), siliceous shale, volcanic and other
igneous rock fragménts. Of these, only chert and sandstone-
siltstone are more common. Chert fragments are mostly well
rounded, varying from trace amounts to 5.3 % with an
average 1.5% of the total rock volume and are present in

all samples studied. Sandstone-siltstone fragments average
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173%.

Most of the chert grains consist of microcrystalline
quartz. A few of them contain fibrous, radiating chaléedony
which appears to be replacing volcanic rock fragments.
Replacement* of chert by calcite, late dolomite and early
pyrite has been noted in many samples. Some of these chert
grains comprise both microcrystalline and coarsely crystalline
aggregates. In such cases, the coarsely crystalline part is
relatively fresh and free of inclusions and appears to be the

drusy, pore-filling part of a chert grain.

3.1.4.3 Carbonate Rock Fragments

Carbonate rock fragments (excluding fossil fragments)
range from 0 to 8.2%, with an average of 1.5% of the total
rock volume. They are relatively 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
calcitic micrite, microspar, and sparry calcite. Ferroan
carbonate and dolomite are minor. Eight different types of
carbonate-rich fragments were recognized: (1) sparry calcite
with some quartz grains; (2) sparry calcite with silt-size
quartz grains; (3) micritic calcite; (4) sparry calcite; (5)
complex carbonate fragments that contain ooids, fossils,
micritic and sparry fragments, and micrite coated quartz
grains;} (6) fine grained dolomite (or siderite) with a few
{grains; (7) ?oids and micritic calcite fragments
cementéd with tabular and drusy calcite crystals, and (8)

quartz

ooids. Some sandstone beds (e.g. at 2576-2586.5 m, B-27)
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contain abundant limestone fragments (up to 10%). These
limestone fragments are of uniform size, well rounded and a

few of them contain broken fossil 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 1C). These fragments
are vrelatively common in the Avalon Sandstone. but less
common in the Hibernia Sandstone. A few large fossil
fragments contain holes caused by boring organisms. These

holes are partly filled with calcite cement (Plate 1D).

3.1.5 Heavy Minerals

Heavy minerals 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 mineral. It is also
found in calcite cement, in organic mat%er and as a
replacement of chert, shale matrix, dolomite cement and
fossil fragments. In some samples, pyrite is abundant along
depositiénal laminae. Tourmaline (40 to 150 um) and zircon
(40 um) are generally anhedral to subhedral in the Avalon
Sandstone and subrounded to rounded in the "B" and Hibernia
Sandstones. Fluorapatite is are only present in the Avalon

44




s R

e = 51

rr o ek A

PLATE 1

Photographs showing rock and fossil fragments.

(a)

(C)

(c)

(D)

Schist fragment containing quartz, chlorite and other
argillaceous material. This example shows advanced
mechanical compaction between the 1rigid framework
grains. The porosity around the schist fragment is
completely occluded. The bedding direction is north-
south. Jeanne 4d’ Arc Member, 0-35, 4534.82 m. Plane-
polarized light. Scale bar: 100 um.

Calcite cemented ; sandstone rock fragment containing
quartz, micrite coated guartz grains and other
carbonate fragmen%s. Note differences in the type and
size of the clasgg within the rock fragment and in the
host sandstone itself. The host sandstone is cemented
with ferroah dolomite. Jeanne d’ Arc Member, 0-35,
4534 .82 m.lplane—polarized light. Scale bar: 100 um.

Drill-core of a fine-grained, oil-stained thick
sandstone 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. |

Large (1.5 cm) mollusk shell fragment perforated by
boring organism. The resultant pores (H) are partly
filled by ferroan calcite cement. Note marginal
pressure solution contacts between fossil fragment and
framework quartz g%ains. Bedding plane is vertical.

| .
Avalon Sandstone, (B-27, 2582.49 m. Plane~polarized
light. Scale bar: 500 um.
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and "“B" Sandstones.

3.1.6 Matrix

Matrix ranges from trace amounts to £1 5% and averages
3.8% of the bulk rock volume. In this study, the term matrix
refers to all detrital particles less than 0.03 mm in
diameter. It also includes other small rock fragments that
have been crushed by compaction between the grains and whose

composition has not been identified in detail. These are

generally referred to as pseudo-matrix.

U< .
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3.2 SANDSTONE DIAGENESIS

3.2.1 Introduction

All diagenetic processes (mechanical compaction,
dissolution, alteration, precipitation, and
recrystallization) that sediments undergo from the time 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 gquantification of mechanical and chemical
compaction as well as precipitation of authigenic minerals
in the reservoir sandstones of the Hibernia field. The
paragenetic sequences of diagenetic events are established
using conventional textural 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 ané
deformation of ductile grains. The degree of compaction is
chiefly dependent on the types framework components and
depth of burial (in casé—where compaction is not inhibited by
cementation and/or formation of over-pressure). The net
effect of these processes is the reduction of bulk volume,

which 1is accompanied by porosity reduction and ejection of
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pore fluids. Figure 3.3 shows pre-cement porosity and the
total present pbrosity versus frequency. The mean pre-cement
porosity is 23% and the present mean 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 compaction 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.

[l

3.2.2.1 Bioturbation

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); (2) as a result of bioturbation,
fine—~grained, thin sandstone layers in thick silty ;;ale beds
are disintegrated into irregular patches (Plate 2D). Pyrite
is commonly asgociated with Dbioturbated =zones. As compared
to other wells, the Hibernia Sandstone of the B-27 well

shows extensive bioturbation.

3.2.2.2 Avalon Bandstone In the Avalon Sandstone,
N
mechanrical compaction is relatively minor. This is indicated

by grain-to-grain contact relationships and 1low packing

density (Plate 3A). Quartz grains have pressure ,solution
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PLATE 2

Effects of bioturbation in thin section and drill-core
samples.

(A) spotty distribution of clay material caused by

(B)

(C)

(D)

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
euvhedral pyrite crystal in the centre of photograph.
Hibernia Sandstone, C~96, 3919.30 m., Plane-polarized
light. Scale bar: 100 um.

Mud-clasts (arrow 1) scattered 1in fine-grained sandstone
as a result of bioturbation. Note large mud-lined, sand-
filled burrow in the left-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.
Extensively burrowed fine-grained sandstone. Avalon
Sandstone, 0-35, 2187.21 m. Scale bar in cm.

Thin, ° fine-grained sand layers alternating 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, some
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)

(B)

(C)

(D)

A loosely packed fine-grained sandstone with large fossil
fragments (mainly pelecypods). The quartz grains have
point contacts among one another; however, with fossil
fragments they form pressure solution contacts. The
intergranulaf porosity is interpreted mainly as primary.
Bedding direction sub-horizontal. Avalon Sandstone, O~
35, 2185.8 ﬁ. Plane-polarized light. Scale bar: 500 um.
Moderately compacted sandstone showing concavo-convex
contacts between different framework 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. Scale bar: 500 um.

Advanced compaction indicated by pressure 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.

As a result of advanced mechanical compaction the deepest
reservoir sandstones of the Hibernia field show reduced
intergranular porosity with long concav;—convex contacts
among different fraﬁéwork gréins (arrow) . This sample is
cemented with terroan dolomite. Bedding direction vertical.
Jeanne d’ Arc Member, 0-35, 4534.82 m Plane-polarized

light. Scale bar: 500 um.
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contacts only with some fossil 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 contain a high percentage of calcite cement ranging
from 25% to 30% (in the tight sandstones). With 40%
original porosity a minimum of 10 to 15% porosity was lost
by mechanical compaction prior to <calcite cementationﬁ

Calcite precipitation therefore occurred relatively early in

the diagenetic history of the Avalon Sandstone.

3.2.2.3 "BY gandstone Significant porosity changes due to
mechanical compaction occur between 2500 to 3000 m depth.
Above 2500 m, sandstones show a fair degree of compaction.
Below 3000 m, the effect of overburden ia 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 Mechanical compaction in
the Hibernia Sandstone isﬁadvanced, 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). 1In
some thin sections, quartz grains are floating in calcite
cement indicating early cementation. Most of the early
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calcite cement,, however, was later dissolved, resulting

either in framework grain fracturing (due to subsequent

compaction) or in a loosely packed fabric.

3.2.2.5 Jeanne d4* Arc Member Only a limited number of
samples were available from the Jeanne d;Arc member. These
indicate an advanced level of compaétion (Plate 3D).
Advanced pressure solution contacts of quartz grains with

schist and limestone fragments are common.

3.2.3 cChemical Diagenesis

Precipitation of authigenic minerals and dissolution/
alteration of sandstone constituents are major effects of
chemical diagenesis. Several factors may control chemical
diagenesis, i.e. initial composition and depositional
environments; pore fluid composition and degree of fluid
circulation; temperature/pressure gradients; rate of burial;
and sandstone/shale ratio.

In the Hibernia Field, ten authigenic minerals were
identified comprising 1.6 to 47.7% (average 15.2 %) of the
bulk volume. Only six of them (quartz, calcite, dolomite,
kaolinite, siderite, and pyrite) are commonly present (Table

3.2) and are described below.

3.2.3.1 8iderite Precipitation

In general, siderite is a minor authigenic mineral.
However, locally it may amount up to 31.8%. It is one of the
earliest cement‘phases. Siderite precipitation continued
during the formation of early quartz overgrowths (Plate 5D).
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Table 3.2 Detrital and authigenic minerals and porosity (in

percent) of bulk rock volume for different reservoir
sandstones.

ABBREVIATIONS

CAL = Calcite

CRF = Chert rock fragments

DOL = Dolonmite

F = Feldspar \ {
i

FOS = Fossils

HM = Heavy minerals (including opaques)

LRF = Limestone rock fragments

MIRF = Metamorphic and igneous rock fragments

MXT = Matrix - K
PY = Pyrite

Q = Quartz

QOV = Quartz overgrowth

0n

3
e}
]

Shale rock fragments

SID = Siderite

s e

SRF = Sandstone/siltstone rock fragments

TOTQD= Total porosity //
/

VRF, = Volcanic rock fragments
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Five diffe;ent types of siderite were observed (Plates 4 ang
5): (i) T"wWheatseed" siderite, which consists of 1lenticular
crystals 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 witﬁ early siderite which protected them from
collapse. (ii) Small euhedral/subhedral siderite crystals (35
um), replacing early ferroan calcite cement (Plate 4B, e.g.
at 2560 m in the B-27 well). (iii) Spherulitic sideritc
occasionally contains pyrite in the centra{\part (Plate 4D)
or occurs as grain-rimming éement (Plate ?9 and 5B). (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 n,
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 minof importance (2.9%). However, in the
“B" and Hibernia Sandstones, quartz overgrowths become more

abundant with depth; about 28% of the sandstone samples

contain significant amd%nts (>8 %) of quartz cement (Fig.
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PLATE 4

ke

Photom{érographs of &ifferent types of authigenic sigerito.

()

(B)

(<)

(D)

"Wheatseed" siderite crystals (arrow) filling major
part of available pore space. -Avalon Sandstone, 0-35,°

2190.81 m. Plane-polarized light. Scale bar: 500 um.

Siderite (S) «crystals (40 to 60 um long) replacing
early ferroan calcite cement (C). Quartz grains
(bottom 1left) are partly replaced by calcite cement
(arrow) . Avalon éandstone B-27, 2562.8 'm. Plane-
polarized light. Scale bgr: 50 um.

A siderite-rich zone with Eine—grained quartz. Such

7

zonégs are usually preséht above dark gray shalés:
Note extensive corrosion of quartz grains by
siderite. Hibernia Sandstone, B-27, 3910.45 m.
Plane;polarized light. Scale bar: 100 um. ]
Spherulitic siderite (S) containing pyrite (P) in the
centre. This type of siderite 1is rare. Hibernia

Sandstone, B-27, 3895.19 m. Plane-polarized light.

‘ Scale bar: 50 um.
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¥ PLATE 5

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

()

(B)
(©)

(D)

Authigenic siderite forming grain rimming cement
(arrows) around quartz grain. Hibernia Sandstone, ‘B-
27, 3854.45 m. Plane-polarized light. Scale bar: 100
um. '

Same as above, crossed nicols.

Drill-core of siltstone/shale facies containing
siderite nodules (arrdws). Bedding direction sub-
horizontal. Hibernia Sandstone, K-18, 3882.35 m.
Scale bar in cm. ' ~
Small crystals of siderite (arrow) encircling outline
of detrital quartz grains. Precipitation of siderite
occurred mostly prior to the formation of quartz
overgrowth but some continued to grow during quartz
precipitation. Hibernia Sandstone, B-27, 3854.45 m.

-

Plane-polarized %}ght. Scale bar: 100 um.
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Many episodes of guartz cementation have occurred
throughout the diagenetic ﬁistory 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 necessarily indicate
its depth of formation. The guartz cements can be grouped
into four categories:

(1) Chalcedony cement and opal-CT (?);

(2) Discontinucus (euhedral/subhedral) quartz overgrowths;

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

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

3.2.3.2.1 Chalcedony Cement ?nd Opal—-CT (?)

Chalcedony coment, Opal-CT (?) and interstitial, drusy
quartz has been observed in one sandstone sample (1685 m; C-
96)./ Most of the intergranular pores in this sample are
filled with  opal-CT  (?) (> 25%) wrich is partly
récrystallized into ‘chalcedony cement and drusf quartz.
Chalcedony 1is characterized by radial fibrous crystals filling
pores up to 170 um in size (Plate 7B).
3.2.3.2.2 Discontinuous {(euhedral/subhedral)

' Quartz Overgrowth

The types of quartz vary from small prisms to fully

developed continuous overgrowths surrounding the entire grain

(Plate 6A, 6B, and 7D)-. However, some gquartz grains show two

or more discontinuous small overgrowths of
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euhedral/subhedral quartz prisms (Plate 6C). Lack of»

sufficient silica in the pore fluids is most likely the cause

of incomplete quartz overgrowth.

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

Petrographic obsexrvations indicate that minor quartz
overgrowths occurred before early ' ferroan calcite cement.
Early quartz overgrowths have also 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 amounts of
silicon, precipitation of quartz continued to the point
where an interlocking mosaic of quartz cements developed,
drastically reducing intergranular porosity (Plate 7C) .
Early to middle stage (from O to 3000m depth) quartz cement
is corroded and partially replaced by calcite and dolonite.
Where these carbonate cements héve been dissolved, corroded
quartz overgrowths are used as a criterion to recognize

secondary porosity (see Chapter 5).

3.2.3.2.4 Late JQuartz Overgrowth (below 2000 m)

In contrast to early gquartz overgrowths, late quartz
overgrowths are not affected by corrosion (Plate 7D). The
substantial size and distinct shape of these overgrowths
suggest (but do not pxrove) a possible late origin.
Authigenic kaolinite occurs only below 3100 m. 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 syntaxial quartz overgrowths.

! -~

(A) Medium~grained (\sandstone showing broad syntaxial
\

(B)

(€)

(D)

quartz overgrowthg\(OV). Pressure solution is not an
immediate source of silica in this case. Hibernia
Sandstone, B-08, 3481.28 m. Plane-polarized light.
Scale bar: 100 unmn.

Scanning electron micrograph showing advanced quartz
overgrowths and their  interpenetrations, Hibernia
Sandstone, B-08, 3483.43 m. Scale bar: 10 um.

Quartz grain displaying domain overgrowth, i.e. several
individual subhedral/euhedral quartz crystals merged to
form a continuous overgrowth (OV). Hibernia Sandstone,
B-27, 3850.27 m. Plane-polarized light. Scale bar: 50
um.

Advanced quartz 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, 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

syntaxial quartz overgrowths (continued) and secondary
porosity

(A)

(B)

(C)

(D)

Absence of silica cementation inspite of availability
of pores and the absence of clay coatings. Porosity
(P) in this sample is mainly secondary in origin.
Hibernia Sandstone, B-27, 3850. 65 m. Plane-polarized
light. Scale bar: 500 um.

Intergranular pore space almost completely filled‘ by
fibrous chalcedony cement. Late Cretaceous sandstone,
C-96, 1670.50 m. Crossed nicols. Scale bar: 50 um.
Interlocking mosaic of quartz overgrowths almost
completely filling all available pores. Note thin clay
rims (arrows) separating detrital quartz grains from
authigenic silica. Hibernia Sandstone, B-08, 3480.83
m. Crossed nicols. Scale bar:'SO um.

Quartz grains with pressure solution contacts (arrows
1) and associated late quartz overgrowths (arrow 2).
Hibernia Sandstone, C~96, 3927.20 m. Plane~p§i;rized

light. Scale bar: 100 um.
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extend into adjacent pores of secondary origin although such
guartz 1is 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. Petrographic evidence

shows that this increase in quartz cement is mostly not due
to pressure solution in the immediate host sediments. Many
samples show advanced dquartz overgrowtﬁ; without any
accompanying 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 c¢lay coatings, evidence of pressure
solution (conca&o—convex contacts), and availability of pore
space. In the B-27 well, 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 forming. 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) form a very
minor authigenic phase. The overgrowth is distinct from the
detrital grains due to the lack of inclusions and alteration

features (Plate 10A).
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3.2.3.4 Clay Minerals

Microscopic and SEM/EDS studies indicate the presence of
minor amounts of authigenic c¢lay minerals (kaoliniﬁe,
chlorite, illite and/or mixed-layer illite/smectite) in
several sandstone samples. These authigenic phyllosilicates
occur as dgrain coat&ngs, platelets, as well as fibrous

crystals., {

3.2.3.4.1 Kaolinite

The amount of authigenfc kaolinite is generally less
than 1%; however, ip a very fe samples, it may amount up
to 6%. It occurs as small ‘"booklets", several microns in
size, which form a mésh-work in secondary and primary pores
(Plate 8B, 8C and 9D). Commonly it occupies only a portion
of the pores as evidénced by the preserved intercrystalline
porosity between the kaolinite flakes (Plate 8B) .
Occasionali}, however, kaolinite completely occludes porosity
(Plate 8A, 8C). Kaolinite occurs commonly in sandstones
below 3000m subsurface depth, whereas above 3000 m it was not
observed. Kaolinite 1is absent from samples which are
completely cemented by carbonate cebments. It is one of the

late cements (post-feldspar dissolution) and commonly

occupies oversized, irregular and elongated pores.

3.2.3.4.2 Chlc:ite

Minor amounts of chlorite were observed in the Avalon
and "BY" Sandstones. This mineral is rarely present in the
Hibernia Sandstone and Jeanne d’/Arc Member. Chlorite occurs
both as a thin grain coatings and as fibrous crystallites
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PLATE 8

Authigenic kaolinite in the reservoir sandstones.

(A)

(B)

(€)

(D)

Large (50 um) pore-filling crystals of kaolinite (K).
Hibernia sSandstone, B-0§/, 3619,412 m. Crossed
nicols. Scale bar: 50 um.. / ;
Authigenic booklets of kaolinite (arrow 1), partly
filling an elongated secondary pore. Note corroded and
irregular out%ine of quartz grains (arrow 2) which were .
probably replaced by carbonate cement ‘that itself
was dissolved later on (see also Plafe 26D). Hibernia
Sandstone, 8_27’X 3849.75 m. Plane-polarized light.
Scale_bar: 50 um.

Authigenic kaolinite (K) completely filling: an
intergranular elongated pore. Hibernia Sandstone, B-
08; 3555.09 m. Crossed nicols. Scale bar: 50 um.
Scanning .electron photomicrograph showing vell
developed authigenic kaolinite crystals which occur as
face-to-face stacks of pseudohexagonal platelets. Note
two irregular elongated pores. The left-hand pore
(filled with kaolinite) still shows the existence of
micropores between the detrital grain boundaries and
the pore-filling, and within the pore filling itself.
Hibernia Sandstone, B~08, 3483.42 m. Scale bar: 10

ur.
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around framework grains: Radiating fibrous chlorite cement is

rare (?late 93, 96). Mgst'of thé' éﬁfhigenic ch}drite ﬂis
pale green to yellow-green. In the Hibernih' Sandstone,
chlorite inclusions in polycrystalline quért;?'grains are
pqrtly dissolved. .This dissold;ian of ‘chlorite may be

either in-situ (by acidic pore fluids, see sectioq 6.3 ) or
may have occurred during sédiment transport. The presence
of chlorite can inhibit the formation of quartz overgrowth
and can also drasticaily reduce the permeability. In the
reservoir sandstones of the Hibernia fjeld, the éffect of
éhlorite on later formation of gquartz overgrowths seems

t +

negligible.
3.2.3.4.3 Illite and/or Illite/Smectite (I/B)%(?) .
Illite is recognized under the SEM by its

"

characteristic morphology (bridging pore space between

‘detrital gréins) and identified with the help of an ~energy

dispersive spectromete; (EDS, Plate 10B). In a very few
samples, substantial‘%ﬁéunts (2 to 5%) of illite and/or I/S
(?) occur forming rims of uniform thickness around available
pores (Plate 9C,). The amount of authigenic illite decreases
away from sandstone-shale contacts (i.e. at 2600.64 m, in

the B-27 well) and, in general, is negligible.

3.2.3.5 Dead 0il

Dead o0il or hydrocarbon résidues are diagenetic products
which constitute pore-filling materials. They have been
observed in a few samples, either as a grain coatings or, pore
filling material (Plate 10C). Secondary pores resulting
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BELATE 9
o

Authigenic clay mineraié.

(a)

(B)
()

(D)

Intergranular po£Za> space completely filled by
Fadiating fibroug pale-green  authigenic chlog;te
cement. Hibg;nia Séndstone, piqa; 3483.4é‘m. Plane-
polarized ligh;?\Scale bar: 50 um. -

Same as above wit crosse%;picélff////

A coarse-grainﬁﬁ sandstorie showiﬁg » two authigenic
phases, izg.//gfain coating with illite/smectite (I/S;
arrow), aﬁé}'kaoiinite (K) . The quartz overgrowth
(seens to be reworked) is followed by mixed-layer I/S
(or iilite) fims around the available éores; The
remaining pore space was -partly to completely filled ‘
by kaolinite. Hibernia Sandston;, K c~96, ,5908.; m.
Plane-polarized light.: Scale bar: 50 um. .
Intergranular pore - space completely filled with

authigenic kaolinite. SEM photomicrograph. Jeanne d’

Arc Member, O0-35, 4532.48 m. Scale bar: 10 um.
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Authiqenic feldspar,

o t 4t
' «

. PLATE 10 .

q

hydrocarbons. . - ‘

(a)

(B)

(C)

(D)

13

Small feldsp@r obergrowth (arro&) on a plagioclase
grain. The altered'detritai plagioclase ap§Ears turbid
while the overgrowth is. fresh (arrow). Hibernia
Sandstone, B-27, 3849.75‘ m. Plane-polarized light.
Scale bar: 50 unm. ; . _ . ”i

Scanning e1e§£rcn picrOQraph of ‘athigenié illite
flakes (arrow) an quartz overgrowths. The illite

partly bridges the pore space between different grains.’

Jeanne d’ Arc Member, ©-35, 4533.47 m. Scale bar: .10

-

um.
A pore lined wiéh hydrocarbons (H) indicating oil
[

emplacement prior to the dissolution of a carbonate

rock fragment. Small crystals of pyrite denoted by

arrows. "B" Sandstone, 0-35, 3176.80° m4 Plane-
polarizedAlight.—gcale par: 50 um.

Early calcite-cemented sandstoﬁe—contg}ning ’abundanﬁ
euhedral pyrite crystals. The pyrite was precipitated
before eafIy ferroan calcite cement. "é" Sandstone, O-
55, 3174.94 m; Plane-polarizedvlight. Scale bar: 100

[
um. -

g

=~

illite, - and pyrite togdther with residual
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from. calcite dlssolutlon (rock fragments and fossils) are
pqrtly filled by hydrocarbon residues. In such pores, the
4pre§ence of authigenlc dolonmite in the ‘pore centre possibly”

suggests dolomite _precipitation after hydrocarbon migration

~ . "

UL 3. 2'3 6 Pyri;e Precipitation ,

- - 3. 2 3 6.1 Early pyrite
A small amount of pyrite is commonly present in 1) eérly
'_n‘calcité cement (P{ate 10D), 2) fossil fragments, / and 3)

’

- ' siderite nodules. It commonly occurs as clusters with

'

| crystals ’of 20 to 80 um  diameter. Framboidal pyrite

BT -1 . , -

(Brown, 1985)tis less common in the sandstgnes of the Hibernia
i _ . field.” i _ :
’ Sl ‘3.2.3.6.2 lLate Pyrite ‘ '

) _ Late pyrite occurs both as irregular patches and
B euhedrél crystals (averaging 40 um in size) ;ﬁ 1ntergranu1ar
‘pores and fractures. The best example of late pyrlte was
'observed in the Hibernia Sandstone (at 3892 m in the B-27
well). The part of the sandstone which is completely cemented
by ferroan-calcite is pyrite-free while a porous zone,
- - only a centimeter away, contains substantial amounts of
. pyrite (Fig. 3.5{N§ duartz gfain-surfaces studied under SEM

| from the pyrite-containing porous sandstone zone suggest

that it was once cemented with calcite. This relationship

suggests precipitation of pyrite after the precipitation

and dissolution of ferroan-calcite. The presence of late
O f pyrite has also . been substantiated by well-core
~examination, where late fracture-filling pyrite was

’ ' 80
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Fig. 3.5 '(a): Summary of lithology\ and éetrographié
" | observations from (a) a 5 m long idrill-&Sre of tﬁ;

Hibernia Sandstone (B-27). (b) Drili—core photograph at

4

53992.25 m (marked in Fig. 3.S5a). showing contact
’ |
upper zone) and

fbetﬁeen~caicite-rich (tight~-sandstone,
fcalcite-free zones (lower part) (c) PhétomicAbgraph of

! {the same contact. Note presence of pyrite crystals
f(arrow) only  in. the lower part of. the phofogﬁaph. The
; ;ubper half is completely calcite cemented. The
| bedding direction is horizontal. '
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_DEPTH (m)

LITHOLOGY

CORE OBSERVATIONS

DIAGENETIC FEATURES

.

(B) Tight-sandstone
-

Sharpscontact between porous .
and nonporous sandstone.

{(A) 0i1 stained porous sand-
% stone.

Non-bioturbated and finely
laminated shales {interbedded
with siTtstone.

y

Fine-grained sandstone with
some mudclasts. .

-

Pyrite lenses.

Dark gray siltstone and
sandstone.

® Sample location

N

(B) Completely cemented with
early ferroan calcite. No pyrite
was observed.

{A) Framework grains are more
compacted than in (B). 12%
secondary porosfty. Substantial
amounts of pyrite are observed.:

s

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

Pyrite crystals are common




" limestone fragments (Plate 11D).

Uy

observed. - %

3.2.3.7 + Calcite Cementation

Calcite cement varies in abundance from 0 to 31.6%.
Microscopic observations show abundant ferroan calcite cement

together with minor iron-free calcite.. Thin section staining

and - textural relationships'reveal the presence of three
types of calcite cements, i.e. iron-free calcite, early

ferroan calcite, and late ferroan calcite;

3.2.3.7.1 Irbn-free Calcite Cement.(Type 1)

¢
Iron-free calcite cement is usually present near fossil

-

l

and limestone fragmentsj} which séem an immediate source
and/or nucleus for it. 1In few(a samples (i.e. at 2578 m in
the  B-27 well) syntexial calcite overgrowths  on
limesténe/fossil fragments was also observed. "t is not -a

common cement and was only observed in a few samples.

3.2.3.7.3 Barly Ffrroan Calcite cement (Type 2)

Early ferroan-ﬁ:lcife (with varijable amounts of iron)
féilow&ng early quartz overgrowths,is' the. most ‘impoffant
carbonate cement in ' these sandstones. It fills the éores

completely and usually forms poikilotopic cements (Plate

11B, 27A); It also occurs as sparry calcite crystals and,

less commonly, as granular and prismatic,crystals on micritic
“ 4

Early fibrous' carbonate

cement, precipitated' around £ ;fl fragments, was also

observed but is rare (Plate 11A). Early ferroan calcite cement

hert, \ro k fragments; and

\

replaces quartz, feldspar,
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Early calcite 6ep9nts. ‘ - -

\ ~

PLATE 11 .

4

(A) Early  fibrous (f) ‘carbonate cement (aragonite?)

(B)

(©)

(D)

growing more or:less pe;pendibular to margin of fossil

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

Plane-polarized light. Scale bar: 50 um.

Extensive poikilotopic calcite (<¢) prggipitated at
shalloy‘burial depth as indicated by frémework grains”
floating in the cement.* Note irregular grain
boundaries (arrow) of quartz grains replaced sy
calcite. Hibernia Sandstone, B-08, 3491.36 m.

Crossed nicols. Scale bar: 500 um. '

Fossil fragment (serpulid worm tube) broken due to

- \
mechanical compaction before early calpite (arrow) . -~
cementation. Avalon Sandstone, 0-35, 2197.90 n.

-

Plane-polarized light. Scale bar: 500 um. c
Small granular crystals of calcite (Bathurst, 1958) or
orthospaé (Wolf and Conolly, 1965)‘ rimming (arrow 1)
detrital calcite  grain. Large prismatic crystals
(arrow 2) continued Fo grow from the .rim crystals into
the pores between the detrital quartz grains (Q).
Avalon Sandstone,

B-27, -2578.84 m. Crossed nicols.

Scale bar: 50 um.

\ -
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ﬁfﬁlllaceous matrix. Replacement of _plagioclase occurs

1
-

% preférentlally along albite twin planes. Grain margin

cogr051on bywearly ferroan calcite is common, whereas partial

to completé replacement of detrital grains is lgsé ‘frequent.

Grains with a thick. clay coating are genefally not affegtéd by
corrosion. In a few samples, early ferroan'calcite cemeqpnis
partly replaced by euhedral siderite (?) crystals (35‘gm):
Barly precipiéation ‘of type 2 calcite cement is
§ndicated by the loose packing of the ‘-enclosed grains
(Plate 11B, 27A), high (>25%) minus-cement porosity (present
porosity plus authigenic cement, including replacement of host

grains) and 1lack o% other cements except minor siderite,

si}ica and clay mineral coatings. - As a result of early
cementation, physical compaction\wgs arrested. Primary pore
spaces were completely filled by calcite. ‘Although

calcite cementation can occur at or near the surface,

petrpgraphic evidence (i.e. minus cement porosity and

. fractured grains healed with ca%pite) suggests that in the -

Hibernia area early -ferroan-calcite cementation - occurred

"af&§< some buria; (Pléte 11C).

Sandsténes which are completely cemented by early
ferroan calcite (tight—sandsﬁone zones) ‘are quite common in
the Avalon and "B"—Sandstohes, but 1less abundant in the
Hibernia Sandstone. Thin sections covering the contact of

tngt and porous zoneé indicate both precipitation (Plate

. . -
12) and dissolution (Plate 13) contacts. In the "Avalon

-
sapdstone of the * B-27 and ' B-08 ".wells, such contacts

com@only shéw diésolution features, .whereas in the . 0-35
, /7

[}
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PLATE 12

Contact between the calcite-cemented and calcite-free
’On. L J ¢

(a)

(B)

()

LY

Shafp contact (arrow) between calcite-rich (lower) and
calcite-free zones. The calcite-free zone is oil
spained. The lower part (calcite ceﬁented) has no
visible porosity. Avalon Sandstone, 0-35, 2197.90
m. Scale bar in cm.

Photoﬁicrograph from contact of the two zbnes (upper
porous and lower cemented) in Plate 12A. Tﬁé‘
uncemented porous sandstones contain clay coating which
arej‘not present in cementéd sandstones. This .élay
coating at places may give an impression of secondary
porosity. Detailed petrographic study at this
stratigraphic interval ' shows mainly ﬁrimary
intergranular porosity.- Avalon Sandstone 0-35,
2197.90 m. Plane-polarized iight. Scale bar: 100 um .
Close-up of Plate 12B (area outlined by rectangular)
showing calcite crystal (C) face ﬁgﬁnting towards an
open pore (P). This proﬁably indicates a precipitation
eontact rather than a dissolution boundary. Avalon

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

Scale bar: 50 um. ) )
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PLATE 13

Dissolution contact between calcite-rich and calcite-
free zones.

(R)

(B)

[

Within a thick (> 4 m) quartz-rich sandstone a
dissolution contact (arrow) ~occurs Between the
calcitefcemented (upper) and calbite-free. (lower
pdfqus) zones. Bedding sub-horizontal. Avalon
Sandstone, B-27, 2578.90 m. Scale bar in cm.
Photomicrograph of dissolution contact of calcite
cement (Plate 13A). Sandstone in the upper half of
the field of‘view is completely cemented with early
férroqn 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 um.

Fine-grained sandstone with abundant fossil fragments
(gastropods) which are partly dissolved pr&dﬁcing

moldic pores (arrows). Avalon Sandstone, B-27,

2580.85 m. Scale baf in cm. .
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well, these contacts have not been affected by &issolution.
The B-27 and B-08 wells are 1ocated' basinward = from the O-
35 well. Detailed well-core and microscopic studies of the
S&alon Sandstone (0-35, B-27, c—9§, and K-18 wells) reveal
that these tight-sandstone are the result of localized early

: \
- ‘
calcite cementation rather than partial dissolution of

-

L

completely cemented sandstones.

3r2.3.5.3 Late Ferroan Calcite Cement (Type 3 )

Compared to the early ferroan-talcite, late ferroan-

calcite cement .is less common. It includes three types: (1)
Pervasive sparry calcite, completely fillingmiall reduced
intergranular pore *spaces. This type was precipitated after
significant compaction ' (Plate 14A) with a minus cement
porosity of <15% (i.e. in the K;fs well at 3865 m). ~(2)
Small patches of sparry calcite precipitated between reduced
intergranular pores (Plaﬁe 1;B) or as overgrowth ‘on partly
dissolved carbonate fiagments. (3) Calcite which dissolved at

the site - eof pressure solution contacts and was

@

reprecipitated on nearby calcite grains in. stress free areas.
These calcite overgrowths, which are in optical continuity
with’the host caldﬁte, are iron rich (i.e. in the 0-35 at

4534.82 m).

L]

3.2.3.8 PFracture-Filling Ferroan Calcite Cement
Fracture-filling calcite cement has been observed
,throughout the studied stratigraphic section. It is common

o~

in rocks below the. Avalon Sandstone. Both grain fractures

(within a single grain) and rock fractures (passing through -

21




) PLATE 14

2

Late ferroan ocalcite cement and fracture filling ferroan
calcite. ' .

-

(A) Relatively late ferroan <calcite cement (Type 3)-

precipitated after considerable compaction. Note concavo~
con;ex ggain coﬁtacts and corroded quartz grain margins
(arrow). Hibernia -Sandstone, B-27, 3905.00 m. Plan-
polarized light. Scale bar: 50 um. ‘ N |
(B) Patches of -late sparry calcite cements (pink). Quartz grains
facing irregular poreé of secondary origin arf generally
corroded at their m;;gins (arrow 1) whereas in the reduced
intergranular prﬁmary (?) pores théy aré not cofroded (arrow
2) . The relatively large pores (1owér centre) 'Qeré
g probably formed by dissclution of carbonate cement and/or"
framéwork éfains; Hibernia Sandstone, B-08, "3482.63 m.?
Plane-polarized light. Scale bar:pspo um. -
(C) Completely shattered quartz ‘grain filled with  calcite
cement (C). ‘Ngigignia Sandstope,’ B-08, 3496.47 m. Plane-
polarized iight.—Scale bar: 50 um.
(D) Fracture filling ferroan calcite 'cement Asubsequently
replaced by 7a few crystals of unknown qmineral (arrow) .
; Intergranularw brownish' siderite represents the earliést
cement observed in this sandstone. Note Fe-poor calcite at

the top. “Hibernia Sandstone, K-18, 3860.32. Plane~-"

polarized light. Scale bar: 50 um. -
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different grains including matrix and cement) have been

observed. Some of the quartz grains are partly fractured

while others are completely shattered and filled with ferroan

calcite (Plate 14C). In a number of samples, fracture-filled

)

ferroan calcite was subsequently réplaced by crystals qf an

unidentifiable mineral. (Plate 14D).

3.2.3.9 Dolomite Cementation’ P

i

The amount of dolomite cement rénqes from 0% to more

s

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

and in the Jeanne 4’ Arc:Member but does not occur in the

Avalon Sandstone. Four dffferent'gypes of dolomite have been|

J

distinguished: ) ) .
(1) Non-ferroan dolomite; ‘
(2) Early ferroan dolomite;
.(3) Late ferroan dolomite; and
(4) Replacement dolomite.
3.2.3.9.1 Non~Ferroan Dolomite (Type 1)
In a very few ;amples qgn-ferroan dolomite cement occurs
2 i

as patcheg of spafry dolomite between detrital grains.

Volumetrically this cement phase is not important..

3.2.3.9.2 Early Ferroan Dolomite (Type 2)
Early ferroan dolomite cqﬁent was found in a few samples
_from a thick (18 m) fine-grained sandstone unit between’ 3856
*and 3874 m in the B-27 well which contains abundant orgahic-

‘matter fragments. The ferroan nature of the dolomite is

revealed by staining. This dolomite is present in thin zones
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(legs/ than llh\thi;k) where it occiudes all available pore
spaces and- has impe&ed futher compaction (Plate 15&). It
occurs as sparry and granular cf&stals rangkng‘ from
approximately 30 to 200um (average 50um). In cbntrast. to
late dolomite, it does not show sweeping: extinction and
curveé cleavage, Detrital quartz grains, which are replaced
by this dolomite, show irregular grain boundaries. Fossil-
like fragments present in these sandstone‘ samples are
completely dol?ﬁitized" Early precipitation of this
dolomite is indicated by t?é very loose packing of
framework’grains (minus cement porosity >'30%: e.g. at 3862
m, B-27), and the laqk of quartz ovqrgrowths Mor other

cements.

3.2.3.9.3 Late Ferroan Dolomite (Type 3)

< . . u
. Late ferroan dolomite occurs as' large . granular
¢ ) :

crystals (Plate 15B), patches of sparry dolomite (Plate 15(C)

as well as individualpéuhedral/sgbhedrél rhombs (up to 700/ um)

.

kN *

usually pointing toward pore spaces .(Plate 15D). It

1

genefally shows sweeping extinction, rarely with curved

cleavage planes, and resembles "saddle dqlomite" described in
the 1literature (Plate 163). Saddle dolomite is commonly

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

.carbonates (Radke and Mathis, 1980; Mattes and AMounﬁjoy,

1980; and Machel, . 1987) -and appe#rs to have formed at
temperatures between 60 °c to 150 °%. a low-temperature

(n2ar 25 90) origin of saddle dolomite has been suggested

‘qby Assereto and Folk (1980) and Morrow et al. (1986). 1In the
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. Dolonitc cement in the Hibernia flield. |

\

"~ (A) Fine-grained sandstone completely cemented \by ferroan

dolomite (blue) precipitated before 'significant -
;

‘compaction. Some / quartz drains are replaced by

!

do;omite: Hibernia Sandstone, B-27, 3862.6 m. Plane~
polarized light. Scale bar: 10¢ um. .
(B) Large granular crystals of late ferroan dolomite (D).
- In this sample, framework grains are ekﬁensively )
replaced by ferroan dolomite. Je¢anne d’ Arc Meﬁber, o-
35, 4534.0 n. Croised nicols. Scale bar: 100 umn.
T (C) Late sparry doiqmite (D) precipitated in reduced
A intergranular pores after"eon iderable compaction C .
(arrow 1) and gquartz overgfo ths (argow é). Section
é;ained with Alizarin-Red only. "B" Sandstone, 0-35,
185.90 m. Crossed nicols. Scéle ba »
(D) Euhedral ‘ferroan dolomite crystal \(D) océﬁpying both
ﬂbimafy as well as secondary pofes (é?). The ‘secondary

pofe (SP) was generated by dissolution of a carbonate

fragment whose | peripheral rim (arrow) is still

present. Note preséﬁce of quartz overgrowth (gv) in the
‘ “\

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

.3183.7 m. Plane~polarized 1ighp. Scale bar: 50 um,.

!
I -
!
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" PLATE 16
» N

Dolcnito'cnments (continued). -

(A)

(B)

Late, saddle-shaped, ferroan dolomite (D) with
curved cleavages (arrow) and sweeping extinction (da;k
area). Lower framework dgrain shows quartz overgrowth.
Jeanne dt_ Arc Member, 0-35, 4534.82 m. Crossed
nicols. Scale bar: 50 um. .

Fractured feldspar grain (F) par@l§ filled by sparry
dolomite (D). In 'the Hibernia field, fractured
feldépqp grains are only observed below 3000 m depth.

This suggest that late dolomitecprecipitation occurred

"at rélatively great , depth (below 2600 m). nwgw

(C)

- o

Sandstone, 0-35, 3185.90 m. Crossed nicols. Scale bar: '

9

50 um. ‘ X -

Secondary porosity formed due to partial dissolution
of a calcite (C) rocka’fragment' and subsequently
occluded b; late dolomite (D)'bement and hydrocérbon
lining. "B" Sandstone, 0-35, 3182.82 m. Plane~-

polarized light. Scale bar: 50 um. .

In this section, one of the two secondary pores (SP)

caused by dissolution of detrital grains ‘was filled

- by late dolomite cement (D). These secondary pores

(both open and cemented) are lined with hydrocarbons

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

pdlarized light. Scale bar: 100 un.
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HiBernia field, late férroan-dolomite (including saddle-
shaped dolomite) appears to haye precipitated at noderate to
deep bﬁrial levels (below 2600 m) after significant
cqmpiction and dissoluti9n of calcite (Plate 16B, 16C). Figure
3.6 shows a schematic diagenetic history of sandstone
coniaining 1§te dolomite. Séveral lines of evidence'indicate
that late dolomite was precipitated afteg dissolution of
carbonates:

(1) Ppresence of ferrocan dolomigg:in oversized and irréqular
(Plate 17A) secondary‘,pores including moldic pores
(PLate 16D) . ‘ ‘

(ii) &ncorroded smooth crystai facest of late ferroan
dolomite pointing toward secondary pores (Plate iSD,
17B): and

(iii) partly dissolved nearby early ferroan calcite cement
and calcite rock fragments. : 2

In one sample, a moldic pore lined with heavy oil is
filled with dolomite suggesting its precipitation after
hydrocarbon migration (Plate 16D).

" Late ferroan dolomite was not found inm the Av§lon
S?ndstone. However, it is }reqpently present in the deeper’
reservoirs ("B" and éibernia Sandstones, and Jeanne d’Arc
Member). Compared to tﬁeAh~08 and B-27 wells, late ferroan ‘
dolomite is most abundand in the 0-35 ("B" Sandstone) and g-

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

do;gmite was not observed. .

N : 100
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40% porosity .
Mechanical compaction.
Minor early quartz
' overgrowths. Porosity )
. about 30%
AN 8
,b(‘uf"-y ’ N
Vet c Early calcite cementation. -
’ / < “ﬁ Minus-cement porosity
E’é’)"fl?" ‘ 25-30%.
AW/A' 1[‘! /A‘] )
- d1 -
f
- 4. 1
-~ d Dissolution of calcite,
P P{A »  Secondary porosity (d2).
v/
4 ] -
1A /- ]| d2
- ‘ i
Z = a)1e1 1t
? .-, Y
r ~
4 129 I ] £
P A\ ).[ B A
‘\/, “A ¢ of e2 f2

Mechanical compaction
continued and grain
fractur'ln? (ez?.

HYDROCARBONS LATE DOLOMITE

Porosity (f2) = 8%.

L Porosity {e2) = 15%. B Dolomite cement= 5%. -
Fig. 3.6 Reconstruction of diagenetic history from
petrographic - relationships -indicating the

precipitation of late dolomite

after the dissolui:ion

of early calcite.
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PLATE 17 S o

Dolppit. cenent (continued).

?A) Late dolomite (D) Eement partly £fillimg an elongated

pore (P) at great;r depth. Jeanne d’ Arc Member O~

35, 4534.82 n. Plane-p9larized light. Scale bar: 50 um.

EB) Dolomite crystal (D) partly filling a large secondary

pore. Note uncorroded crystal face of dolpmite. npw

. Sandstone, 0-35, = 3185.90 m. Plané-polarized light.
Scale bar: 50 um. '

(C{ﬁgu@gé;a}v to subhedral dolomite (D) crystals replacing

clay matrix.x Jeanne d’ Arc Member, 0-35, 4534.82 n.

PN

Plane-polarized light. Scale bar: 100 um.

(D) Dolomite rhomb in' shale clast. Jeanne d’ Arc_ Member,

0-35, 4533.47'm. Crossed nicols. Scale bar: 50 um.
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3.2.3.9.4 Réplacement Dolomite (Type 4)

Two types of replacement dolomite were obsexveé: (1)
euhedral to s@bhedral dolomite rhombs (up to 85um) replacing
shale matrix (Plate 17C, 17D) and having formed in
stylolite~like structures:; " and (2) small dolomite rhombs
(40 um) replacing early ferroan calcite cements. Some of the
samples were not stained with potassium ferricyanide,

therefore, it 4is not known whether the dolomite is ferroan.

3.2.3.10 Isotope Analyses&flao an§5130)
on Carbonate Cements -

3,2.3.10.1 Analytical Procedure

For isotopic analysis polished slabs, opposite to the
stained thin sections used in the petrographic’ study, were
examined undér a reflected light microscope. In this  way
bartisp%ar carbsnate phases could be located for the purpose
of sampling for isotopic analysis. Samples with abundant
détrial carbonate fragmenis were excluded frdm analyses.

Micro-samples = (0.2 to 0.5 milligrams powdéf) _were ’
extracted at the University ;f Michigan from polished slabs
using a microscope-mounted drill bit of 20 micron to 500
micron diameter. The micro-samples were roasted in vacuunm
at 380 °c for.one hour. Samples were then reacted with
| arhydrous phosphoric acid at 55 ¢ for approxmately 10
minutes for calcite and about one hour for dolémite. This
was done in an on-line gas extraction system connected to an
inlet of a VG 602 E ratio mass spectrometer. All analyses

17

were converted to PDB and corrected for ~'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 Lohmann,
1985).

' '3.2.3.10.2  Results
From 24 sandstone samples, five different types of
' 13,,12 18, ,16 :
carbonate cements were analysed for C/""C and 0/7"0. Thgs
isotopic data of these cments are summarized in Table 3.3

and plotted in Figure 3.7. The results are given in the

delta~-notation, .where . /
‘ 1)
- 13 13C/lzc sample ___ 13C/1zc standard —_J
8+7¢c = ) — %1000
J }3(:/12c

+ and in analogous fashion for 180/160. The £éference standard
used is PDB for both 4*3c and 620 viues. |
Each carbonate cement plots-in a different field:
(1) Early ferroan calcite cement shows a large variation in
5180 (-4.3 ton-8.6 %.:; mean -6.66 %.) and513c values (+
2.1 to -5.8 ¥.:; mean =-1.6),
(2) The isotopic data on late ferroan calcite cement cluster
more closely and give the lightest isotopic values:
3¢ values mean“*“ilo.Q % (~7.5 to - 12.3 %.) and 81%7
mean -8.8 ¥, (-6.9 to -9.5 %e). The averaqe513C value of

'

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

\ average313c of early calcite (-1.6 %.).

*
™

(3) Early ferroan dolomite was \analysea in only three
- 3

. ] : sandstone samples. . _The results show only ninor

818

isotopic variations. The averageo™ O value is =3.1 %
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Table 3.3 Isotopic analyses (418 an9513c) of carbonate

cements. . . ‘ - N

., ABBREVIATIONS

= CAL: calcite v )
CRF: Sample containing carbonate fragments

FCAL:- Ferroan calcite ) . =0

FDOL: Ferroan ?olomite

GRf Granular crystals

POI: Poikilotopic texture .

SE: sweeping extinctibn O

- - SRL: siderite rich laminae

e

b
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Well No Reservoir NSubscr:acoalso 813 Petrographic
Sandstones Depth (m) (PDB)  (PDB) . Features

A) EBARLY CAILCITE CENENT

0-35 Avalon Sst. 2147:7 =6.07  +2.15 FCAL, POI

0-35  wpn Sst.  3180.2 =-8.38  ~-0.65 CAL, CRF

K-18 3135.6 -5.02  ~0.94 FCAL, CRF

K-18 ) 3144.2  -4.33  +0.01 FCAL

K-18 Hibernia Sst.3814.0 =-6.83  ~=3.23 .  FCAL, POI .
K-14 " 3861.7 ~-8.08  ~-3.33 FCAL, POI

K-14 3872.2 =6.08  ~1.31 FCAL

k=14 3932.5 -8.56 ~5.89 FCAL

Mean ~6.66 ~1.64

B) LATE CALCITE CEMENT !

B-27 Hibernia Sst. 3885.4 -9.53  -9.40 FCAL

B-27 : © 3892.3 -9.20"% EL& . 1’.3 FCAL .
B-27 . 3892.4 =-9.24 -12.%22 FCAL

B-27 - 3893.6 -9.03 ~-12.30 FCAL )
B~27 3905.0 =9.21 =11.22 FCAL, POI

B-27 3906.0 =-8.85 =11.68 FCAL

Cc-96 3939.1 -6.92 -7.50 FCAL

Mean -8.85 -10.92

Iy

/
C) RARLY DOLOMITE CEMENT
B-27 Hib.r}lia Sst. 3858.5 ~3.62 -3.86 FDOL, GR

B-27 38s8.7 =-3.20 -4.30 FDOL, GR
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D)

E)

="

B-27 .3862.0
Mean
LATE DOLOMITE
B-08 Hibernia Sst. 348%.6
0-35 J. d’Arc 4533.4
A\
0-35 4534.8
’ Mean
SIDERITE ,
B-27 Hibernia’ sst. 3885,3
B-27 3910.4
E4
K-18 _ g 3‘86°~3
= ’ Mean

108

-2'51 "2038
=-3.11 -3.51
-9.11 -6.18
-6.31 -4.55
~6.52 ~4.45
-7.31 -5.06
-6.49 =5.65
-3.90 -10.20
~-5.22 -7.13
-5.20 -7.66

v

A

FDOL

FDOL, GR
*

FDOL, SE
FDOL, SE

SRL
SRL
SRL
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Average of Avalon Ss (from Hutcheon et al, 1985) @
Average of early calcite cement (g -

Fig. 3.7 Carbon and oxygen isotope values for the

carbonate cements from the reservoir sandstones of the

’ e T Hibernia field.
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(2.5 to 3.6 %,) which is 4.2 %. héeavier than that of late
ferroan dolomite cement. The averagedl3c for early

ferroan dolomite is -3.5 (-2.4 to =-4.3 %).

(4)"The late dolomite shows a meand "C value of =-5.0 %. (-

4.4 to -6.2 %.) and a mean 8180 of ~7.3 3. (6.3 to -9.1

%.). 4

(5) Three samples were analysed from thin siderite-rich

laminae. Sideriteﬁlso values rénge from -3.9 to -6.4 %

~(average -5.2 %.) with a large range'of813c /values from
{

-5.6 to -10.2 % (mean -7.6). |

(For discussion and interpretations of data see Chapter 6).

o~
K

3.3 , COMPARISON OF HIBERNIA FIELD AND THE U.S. GULF COAST

Diagenesis of the Gulf Coast reservoir sandstones has

been particularly well documented (Loucks et alw, 1977, 1979,

1984; Franks and Forester, 1984; Land arid” Milliken, 1981;

Land, 1984; Lundegard et al., 1984; Millikﬁh et al., (1985) ané
is oftéﬁ taken as a standard for the covéarison with other
petroleun provinces. These Teriiary 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 tﬂe Gulf
Coast and the 'Hibernia Field, which are:
(1$ Carbonate cements are voiumet%ically important in both
the Gulf Coast and the Hibernia Field. C
(2) Authigenic late ferroan dolomite was observed lnear or
below 3000 m depth in both areas. -
13)3018 of calcite decreases with increasing burial depth. '
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(4) Feldspar dissolution is minor (or absent) at shallow depth

in both areas. .However, at greater depth (>3doo m in
T~ case of the Hibernia Field, about 2500 m in the Gulf
Coast) feldspar is partly to completely dissolved;

(5) Precipitation of kaolinite in secondary pores occurs at
deeper levels, below the dissolution depth.

(6) In tpe Gulf Coast, the top of the overpressure zor;ew
corresﬁonds to a region éfﬂk‘well developed - seéondary
porosity. 1In the Hibernia Field, the Hibernia Sandstone
w?th well developed secondary porosity aiso lies above a
generally overpressured Kimmridgian shale (Grant et al.,
1986) . .

Thetre are gome dissimilarities in the diagenesis between
tﬁe Gulf Coast a;d the Hibernia Field. These are:

(1) In the Gulf Coast, quartz overgrowths appear to be

\ 13mited to intermediate burjal depths (Loucks et al.,

|

1984). Contrary to this, in the Hibernia Field quartz

overgrowth appears to be\ progressive Iaﬁd ,contihued
during different stages of diagenesis.

(2) The dissolution of feldspars éqntributes significantly
to secondary porosity aevelopment in the deep zones of
the Gulf Coast. This dissolution has resulted in large
amqynts of kaolinite cement. Feldspak occurrence and’
dissolution in the Hibernia Field is minor (average 2.5
4 qf the bulk rock volume) and, probably for that reason,

. kaolinite is only a minor authigenic mineral.

(3) Precipitation of late pyrite (following— dissolution of

111
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carbonates) was not reported from the Gulf Coast

reservoir sandstones in contrast to Hibernia field.

3.4 SBEQUENCE OF DIAGENETIC EVENTS IN THE HIBERNIA FIEIP
The sequence of diagenetic events in thec Hibernia 0il
Field, deduced from textural relationships, is summarized in
Fig. 3.8 and briefly discussed below. All diagenetic features
do not OCCUII;' in all samples. It is difficult “t:o‘7 place textural
relationship in an abhsolute time or burial dep’cﬂh framework as
the present depths of various diagenetic fe;tu‘res do not
“necessary indicate their depth of origin. .

The chemical diagenesis of thesz sandstones commenced
with the precipitation of minor chlorite coating and siderite
precipitation. This wasdfc;llowed by the formatiom of an early
quai'tz overgrowth. However, local pre‘cipitation of siderite
continued during this early quartz growth. Early qﬁairtz
overgrowth was followed by an extensive early ferroan calcite
cementation (type 2) when 10 % to 15 % of the initial porosqity:
was already reduced by mechanical compaction. Minor amounts

of pyrite were also precipitated during or before early

calcite cementation. Where early calcite did not precipitated

~and 'pore water supplied sufficient® amounts of silica,

precipitation of silica continued . reducing significant
amounts of porosity.

A major phase‘ of dissol,ution,(of calcite, rock fraigm\e_g}t\:g,
feldspar, and matrixi and development of §econda1gy porosity
occurred below 3200 m. Minor comp~aqtf_ion,‘ late ferroan éalcite
cement, grain fracturing and late quartz,,:overgrov;tl_ls 'oc_c,urr'ed

‘ 112 o
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Paragenetic sequences of diagenetic eventé

Increasing

Phases (listed inorder {Early Diagenesis (¢/500m )
burial depth

of first appearance) |  ( 1/ with>70%S)

Base of Middle Diagenesis(»3600m)

(1/5 with 20%5) .

'-“_ltiall-;ii Compaction
2 Clay coatingof framework grains
including serly fibrous coment

3-Siderite —_——— .
4 Early quartz overgrowth
SEarly pyrite

6-Early Fo-Galeits
T-Early Fe-delomite -
8-Quartz ovargrowth

9-Dissolution

10- Late Calcite ' N
I-Minor grain fructeriag v

12-Quartz svargrowth ‘ o
13-Kaeshiaitse

14-Lote Fo-delemita ‘ -
15- Fo-Caleite overgrowth ) \
16- Late pyrite

11- Hydrotsrbon Nigretion )

-

- o o= i

-]

Fig.

diagenetic gvents.

3.8 sSchematic diagram .showing paragenetic sequences-of

Stages and relative rabundance  of

diagenetic events are indicated by length and width of bars

a8 1 -
- ~—

‘gespectively .
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after this porosity enhancing "event. Precipitation of

kaolinite and late ferroan—dolot_niﬁe in secondary, as well |

t

as in remaining primary pores occurred after dissolution.

This was followed by late-pyrite precipitation, and

-

migration of hydrocarbons.
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CHAPTER IV

. " SHALE MINERALOGY AND DIAGENESIS

4.1 INTRODUCTION AND OBJECTIVES

‘
N

It is not possible to study sandstons diaéénesis in an
intérlayered sandstone/shale sequence without studying shale

diagenesis because shales are considered to make availab}e

_various cations, acidic pore fluids, as well as interlayer-

water of clayp minerals, capable of explaining wvarious

cementation and dissolution processes in nearby sandstones.

It is, therefore, significant to investigate minef&logical

changes in the interbedded shales while_studying sandstoée

diagenesis. The specific purpose of this Chapter is to:

(1) Iﬁentify _ mineralogical changes in the shales of the
Hibernia and West Ben Nevis fields; )

(2) Evaluate the effects  of diagenesis '(and
weathering/depositional environments) on the minéralggy
of shales with increasing burial deptﬁ; »

(3) Estimate the percent of illite in mixed-layér 1/S:

(4) Measure the illite crystallirity (IC) on different size

+ fractions to assess . how other factors (besides

diagenesis) may affect IC during early and middle

A —

diageﬂesis. \

4.2 SAMPLING AND MATERIAL STUDIED

Sixty subsurface samples were collected from shale cores

and well-cuttings of three wells, B=-08 and B-27 in Hibernia,

and B-75 in West Ben Nevis. From well-cuttings, composite

prs
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samples comprising 20 to 50 m stratigraphic ih%eryals were
prepared to obtain samples of sufficient size. The well-
cuttings were sieved on a 12 mesh sieve (1.7 ﬁmft‘thorquthy
washed to remove drilling mud, and then air éfied. Sandstoqé
and siltstone fragments w;re hand-picked and rémoved. The
shale samples cover a subsurface-depth ranging from 1000 to
4900 m with corresponding téﬁperatures ranging from 40 to

120 °c. )

L

B 4.3 ANALYTICAL METHODS

From all samples the <2 um size fraction was separated
by centrifuging, and pipetted onto a glass slide and air
&ried." Samples were run on a Siemens X-ray diffractomgger
(type D-500) using a Cu Ko< radiation source set at 20 mA and
40 KV with an aperture of the divergence and scatter slits of

©, Both glycolated and non-glycolated slides were prepared

1
" of each sample, wﬁich were scanned from 2° to 33° 2e. A
number of selected samples were scanned after HCl and heat
treatments (at 300 and 550 9c for half an ﬁour). Bulk shéle
samples, 2-16 um, and <0.4 um size fractflons were also
analysed for selected samples from various subsﬁrface-depfhs.

‘ _The proportion of illite layers in the I/S mixed-layers
was estimated according to the method of Reynolds and Hower
(1970). For this purpose, <0.4t.um size fraction was
‘concentrated by centrifuging and scanned after . glycolation
from 15° to 18° . 20 at 1/2o ze/min: Folldying Reynolds and
Hower (1979? the I(oog{/s(oosi peak has been used as, the

.

most suitable combined- diffraction maximum to measure the

.
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\percent illite in I/S mixed-layer;. ghis'-peak "is. least
affected by: (i) domain (crystallite) size distribution, (ii)
the proportion of detritalrilliteﬁ and kiii) type and degree
of ordering in I/S mixed-layers. '

Semi-quantitative estimates (Biscaysf 1965) of the
weight percent of smectite, illite'(p}us mixed-layer I1/S),
and kaolinite (plus chlorite), in the <2 um fraction of
sampies from the B-08 (Hibernia), and B-75 (West Ben Nevis)
wells are reported in¢ Table 4.1. - Due to the low
concentration of chlorite, it was not possible to resolve
chlorite from kaolinite using the ‘kadli;ite-chlorite doublet
at 3.53.

. -

>

4.4 MINERALOGY OF THE BULK BSHALE

X-ray diffractometry of 16 Sulk shale samples, ranging
from 1000 to 4900 m sub-surface depth, indicates the preéence
of quartz, clay minerals (illite, kaolinite, I/S mixed-layer
ﬁinerals, smectite and chlorite) and calcite with minor
amount; of opal-CT, plagioclase, and K-feldspar. Trace
amounts‘of pyrite, siderite and dolomite are also noted in a
few samples.

With inc;easing buéial depth the following mineralogical
changes were observed. Most of the samples above '3500m
contain calcite. However, below this depth calcite is

2

absent in most of the samples. Plagioclase is more abundant

"than K-feldspar with K-feldspar disappearing below 3600 m

(Fig. 4.l1). 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. I= illite; Q= quartz; K= kaolinite; P=

plagioclase K= potassium feldspar; Cal= calcite.
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‘ Table 4.1 Semi-quantitative estimates of clay minerals (&2 m)
using the method of Biscays (1965). '

No Well Depth Illite Smectite Kaolinite

\ (m) (+ I/8) (+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 1780 32.8 63.3 3.9
7 B-08 1840 38.0 32.3 29.7
8 B-08 1900 24.0 18.0 © 58.0 _
9 B-08 1930 17.0- 12.0 © 71.0
10 B-08 2115 54.0 0.0 46.0
11 B-08 2673 74 .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
B 14 B-08 3250 68.7 0.0 3.3
/// 15 B-08 3340 69.4 0.0 30.6 -,
- 16 B-08 3460 62.0 - 0.0 38.0
17 B-08 3607 71.9 0.0 28.1
.18 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 0.0 i9.9
' 24 , B-08 4420 79.0 0.0 © 21.0
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shallower than 2700 m. Only one sample (1455 m) has abundant

(=}
opal-CT - displaying a doublet at 4.25% and 4.05A (Fig.

4.2).
4.5 CLAY MINERALOGY OF THE <2 pm SIZE FRACTION

4.5.1 Kaolinite

Kaolinite was identified by a first-order basal
reflection near 7.1 2 ana corresponding higher-order
reflections (Fig. 4.3). It was differentiated from chlorite by

© ¢ for 1/2 hour. Except.

HCl treatment and by heating at 550
for a. few samples, kaolinite is present throughout the wells
B-08, B-27 (Hibernia) and B-75 (West Ben Nevis). Samples
which do not contain kaolinite are from an unconformity  near
the Cretaceous/Tertiary boundary. In general, below 3500 m
kaolinite decreases with increasing burial depth. Kaolinite
peéks show a fairly good crystallinity, however, with depth

(below 3600 m) these peaks becom somewhat broader (Table 4.2

and Fig. 4.4).

4.5.2 B8mectite
Discrete smectite was found only in samples buried less
than 2000 m, a depth which corresponds to temperature of less

©c . in the subsurface of the Hibernia 0il

than about 60
Field. Above 1500 m, discrete smectite contains little (or no)
mixed-layers 1I/S. However, between 1500 and 2100 m a
greater proportion of I/S 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 burial - )

depth on minerals present. All samples run after

glycolation at 40°C for 24 hours. I= illite; I/S=

mixed-layer illite/smectite; .Ch= chlorite.
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Table 4.2 Crystallinity of kaolinite (area/height) in the

Nevis) fields. '

¥o. Well Depth (m) Area/height ratio

. 1 B-08 . 1460 - 1.27
2 B-08 1540 1.36 )
3 B~75 1840 - 1.25
4 B-08 1900 1.48
5 B~75 2115 1.54
6 B-08 2664 1.68
_7 B-75 3015 1.69
8 B-08 3250 1.68
9 B~-08 3460 1.80
) 10 B-08 3563 2.13 .
11 B-08 3607 1.74 ‘
) 12 B-08 3640 1.92 e :i"
13  B-08 3700 o 2.12 D
14 B-08 4000 2.19 ° ‘ ) .o
15‘~ B-08 4120 .2.00

h
© 16 B~08 4210 _ , , S
' : ’ @ / .

5
g
]
}
t

S
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Fig. 4.4 Crysfallinity of kaolinite (area/height of .001

(m) Crystallinity of kaolinite
(area/height of 001 peak)
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peak). The amounts of kaolinite decreases with increasing

burial depth.
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A
the glycolated sm&g#ite 173 peak a feature characterlstic of

randomly. lnterstraéﬁfxed I/8 clay minerals with a high'
ot -

propoxrtion ‘of s&mectite. Below 2100 m smectite‘gccurs only

interstratified with illite.
;

4.5.3 Interstratified 1Illite/sSmectite -

“

, Interstratified I/S is present in all samgles below 1500

m. The presenge of I/S. mixed-layers is confirmed by the .

B [} . ~
asymmetry of Xhe 10A  peak. There is a decrease in

expa ectite layers in(IQS mixed-laYers from an average

~ 7% S to <10% S from 1000 ‘to 5000 m with the most rapld o+

decrease (to <35% S) occurring above 2500 m subsurface depth
(Figs 4.57.

The mixed-layered I/S‘is&randomly interstratified above
2500 m. Below 2500 m, where illite exceeds 65% in the mixed-
layers, I/S is regularly interstratifieé- as indicated by -
the, low angle plateau between 11A and 13. 8A (from 2500 m to
3600 m  depth) and a small peak between 12.6A and 13.6A

below 3600 m sub-surface according to Srodén (1981 and 1984).

5.5.4 Illite

Discrete illite was found ia‘all sampies of the <2 um
size-fraction and generally constitutes a majordbart~eof the
clay fraction. Shale samples ciose to'the Cretaceous-Tertiagy
unconformity contain only small amounts of illite. Illite
was identified by a fiast order basal reflection “_aﬁﬂ
approximately 10 % and correspending higher-order reflections
at 5.03 and 3.3% (Fiqg. 4 3). The amount of illite ) dbo;e

2000 m averageg 40%. Upon glycolatlon, a sharp 1111te peak
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) .0 " - o
14.2A}to‘14.9A, and, when heated up to.550

¢ e

2y . v
v &

at 108 is separated from the broad smectite and I/S
reflections. With increasing bur%al _depth . the relative
amaunt of illite inq;éases and below 3699m/££ averages  80%.
With/§}ncreasin§ depth the 103 glycéiated péak becomes more
asymmetrical towards lower dngles. Tge peak position also

] o]
moves slightly toward higher d-spacings (from 10.3A upto
0
10373[. Heat® treatment at 300°C collapses the swelling

° ©
~ layers to about 10A (Fig. 4.6). This is also reflected by an

increase in the intensity of the (001) illite peak.

3

¢

5.5.5 Chlorite

Small amounts of &hlorite are identified in most of the

- samples by weak (001) .and (003) basal reflections at 14.712

. o )
and 4.71A respectively (Fig. 4.3). The strong basal

[e]
reflections at 7.1A and 3.53 coincide witvh the kaolinite

. peaks. However, _kaolinite disappears upon heating at 550 %c.

The amount of c¢hlorite relative to other clay minerals

increases bélow 2000 m and decreases below 3600 m depth. In

a few samples, the chlorite peak expands upon glycolatibn from

°C, contracts to a

) / 1
T L o o = v &
mtn;ypm”§t> 13°8Ai " B

MTﬁié suggests the presence of miqor ambﬁpts of expandable

chlorite phases (i.e. chlcrite/smectizg,mixed-layers): It is

interesting to note that the greatest amount of chlorite

occurs in sampleé’which show better illite érystallinity

(i.e. around 2500 m: ‘depth) . A ' decrease in chlorite

concentration below 3600 m corresponds to an overall

decrease of illite crystallinity. Below a depth of 3600 m

. 128
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Fig. 4.6 k—ray diffractograms of clay (<2.0 uﬁb _fraction
at '1540 m subserface depth (B-08) showing the effects

of glycolation and thermal treatment.
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. sandstones exhibit high amounts of secondary porosity with
chlorite occurring as inclusions of polycrystalline quartz

grains, showing signs of dissolution (see section 6.3.5).

‘4.6 ILLITE CRYSTALLINITY

Illite crystallinity (IC), which is the width of the -
(001) illite peak at half height expressed as ©126 ' (Kubler,
1967), was measured for shale samples from three welis (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 indicator is most valuable at the
late stages of diagenesis or the early stages of
metamorphism. However, it may also be useful during the middle
stages of diagenesis ;f other diagenetic indicators (such
as percent smectite in I/S, and presence or absence of
discrete smectite and kaolinite) are also measured for
comparison at the same time, as Foscolos and Stott (1975)
did for Lower Cretaceous shales of northeastern British
‘ Columbia. During middle diagenesis, IC depends on a large
number of factors including lithology of shales (e.g. organic
matter content), t:ans;ortation and weathering history,
ﬁorosity and permeability, pore fluid composition, presence
of nmixed-layers (i.e. I/S), and Dpoorly crystalline fine-
grained authigenic illite. These factors may give rise to /
anomalous values of IC, therefore, Id alone may not reflecg‘

the true degree of diageﬁesis. Cases of anomalous IC/ depth
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trends have been reported by Héroux et al. (1981) and Hiscott
(1984) in the lLabrador  Shelf (Gilbert E~53 and Skolp E-07
wells) and Baffin Shelf (Hekja 0-71 well) where IC values
increase slightly with increasing burial depth. Hutcheon et
al. (1980) also noted ﬂa réverse trend of IcC in the
Kootenay Formation in southeast British Columbia and
- southwest Alberta. Similar anomalous trends of IC _weare
observed in the Hibernia and West Ben Nevis fields of the
Avalon/sub-basin (Fig.®4.7). Below 2800 m depth, an overall
increase in IC values (i.e. a decrease in crystallinity) is
observed in the B-08 and B-Z;”wells. In the B-27 well, a

small jump in IC values (from 0.8 to 1.3°:26) occurs near

..3800 m at the top of the Hibernia Sandstone. However, 1IC

then slightly improves at deeper levels. The increase in IC
values (or a decrease in crystallinity) is the reverse of

hat would be expected with incfeasing burial depth " and

temperature. Possible causes , for this anomalous trend fall

e

; into two groups:

\
\

(A) ° Source-rock and/or environment related controls (1 and 2,
) s
see below):

(1) Progressive addition of more poorly crystalline
detrital illite gt the time of deposition. M

(2) A change in the source environment causing a higher
precentage of mixed—iayer I/S (and/or smectite)
being supplied during the early stages of deposition,
foliowed"by a decreasing supply of the mixed-layered

. I/S° (and/or smectite) phase. ’
~(B) Diagenetic and structural controls (3 to 7, see Selow):
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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 the pore fluids.
(i)” Increase in organic matter content.
If the observed trends was caused by the first mechanism
then coarser fractions (2-16 um), ,which are expected to be

dominated by detrital illite, should also give a similar IC.

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 deSkh,
noted by‘Héfoux et al. (1981), and Hiscott (1984), has been
interpreted as the result of progressibe addition of fine~
grained authidenic illite. Hutcheon et al., (1980) reported a
similar trend of IC (broadening of the 10% peak with depth)
using the 2-6 um size fraction of shales and sandstones from
the Kootenay Formation. They also examinéﬁ the fabrics of
illite under the SEM and noted that althouah on XRb
traces the IC decreases (increase 1in peak width), the

mnrphological crystallinity (crystal size and shape) of illite

iimproves with increasing depth. On this basis, they concluded

(o]
that the width of the 10A peak probably reflects a

combination ofﬁdetrital (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 4’ Arc Basin.
Major stratigraphic boundaries and depositional
environments are also given for B-08, B-27 (Hibernia).

For B-75 such‘data is unavailable. "
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v

grained authigenic and/or recrystallized detrital illite
(poorer x-ray crystallinity). These authors, however, did not
analyse the shape and behavior of the 10% illite peak
with increasing burial depth. If poorly crystalline authigenic
illite 1is the cause of widening of the peak, then this

widening should be more or less s etrical i.e. it should

affect buth flanks of a peak. In this\study it was observed,
Q
however, that widening of 10A 1illite \peak is mainly due to

0
the opening of lcw-angle flank of e 10A illite peak

and that with increasing depth the peak\position also moves

towards a higher d-spacing (from 10.3 pto 10.7%). This
suggests that widening of tne illite peak wight be due to an
increase in the amounts of mixed-layer I/S with depth. The
finest size-fraction of shales dominantly consists of
smectite and mixed-layered I/S. The IC values measured on
different size fractions (2-16 um, <2 um, and <0.4 unm)
indicate that the IC gets poorer with decréasing grain-size
(Fig. 4.8). This downward increase in mixed-layer I/S may
éhus be the result of higher almounts of I/S (and/or
smectite) supplied during the early stages of deposition in
the basin.

The processes of dillitization also depeﬁd upon
temperature. Higher temperatures 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 well
temperatures do not shoy any geothermal anomalies at present.

An abrupt . changes in IC_ may result from faulting which
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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 stratigraphic sequence and juxtapposes or
superposes fault blocks of different maturity. In the B-08
/r\\ilnd B-75 wells, a progressive decrease in IC 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 well, however, might be
explained by a thrust fault.? However, thrusting does not
seem likely in the Jeanne d’ Arc gasin because it exhibits
Qn 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 influencing the smectite to illite

_transformation. Pore water data, presently available”from the
Canadian 0il an; Gas Land Administration (COG1a) , are
inadeaquate to assess whether or not .tﬁe availability of
potassium was a céntrolling factor for the observed IC
trend. Only 3 water samples are available from the B-08
and B-27 wells. I; the B-08 well, the potassium content is
low (6 mmole/l at 3900 m). However, in the B-27 well
unusually high potassium concentrétions (1636 mmole/1 at
3300m and 1634 mmole/l at 3950 m) are reported. Tﬁe
dissolution of//undeylying eafly Jurassic (Argo Formation)
evaporites (i.e. sylvite) could be the source of this high
potassium content. Sylvite, however, usually occurs with
halite. Sodium conteﬁt in these two pore water samples is
(470 mmolgékf‘\s sea water) much lower than would be expected

if dissolution of evaporites had contributed significant
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amounts of potassiunm. No authigenic halite was observed in
sandstones during this study. Although the source of the
elevated potassium content is difficult to constrain from
the 1limited data available, its high levels, howevef: do not
seem to have caused any significant improvement in the IC.
Dissolution of feldspars in interbedded sandstones and the
disappearance 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 IC.

Orgénic-matter rich black shales are known to show
poorer crystallinity than organic-matter poor red ' and green
shales (Ogunyomi et al., 1980). In order to investigate a
possible relationship between the observed IC trends and
orgaﬁic matter, the organic carbon content of 22 selected
shale samples was analysed, (Fig.4.9 and Appendix 2). The
amounts of orgaﬁic carbon vary from 0.2 to 2.5 wt¥ and show
some positive correlation with' ' the observed IC trends.
Particularly in the B-27 well, there is an excellent
positive correlation between the organic carbon and IC
values. A jump in the IC values f?om 0.8 to 1.3°A20 in the B-
27 well corresponds with an increase of organic carbon
content. Similarly, a small jump in IC near 2600 m also
corresponds with an increase of organic matter kFig.' 4.9).
In the B-08 well, some positive correlation is noted below

3600 m, however, above this level there is no correlation.
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Fig. -4.9° Weight percent of organic carbon (corg)

illite cﬂrstallinity (<2.0um fraction) versus burial

depth.
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*In the B-75 well, the number of samples analysed (2) is
inshfficigﬁﬁ to establish a correlation. This study,
therefere, appears to confirm the well-known effect of

organic matter in delaying an improvement in IC during burial-

N
r

xdlagenesis. T

The reversed trend oijé w1th burial depth, observed in
the present épudy, may be due to several ceuse;' “(i)
increased organic-matter content; (ii) a higher percentage
of mixed-layer 1I/S (and/or smectitef. %:;;1ied dﬁripg Ehe
early stages of deposition. A Thk effects of other factors
(e.g. authigenic illite) need furthe; evaiuation.. The use

of 1IC as an indicator of maturation in organic matter-rich

! ) 54

source rocks, ‘therefore, requires considerable caution ’

particularly during the middle (and probably also the  late)

stages of diagenesis. -

4.7 DISCUSSION AND SUMMARY

'

The increase in illite, the decrease in the percentage
of smeczgi

and the disappearance’of discrete smectite eré; importane
miﬁeralogical Ehanges observed in shales of -the Hibernia

and West Ben Nevis fields.

In the Hibernia and West Een Nev1s areas, a major Middie
Cretaceous unconformlty‘ is encountered near 2200 m :depth.
Above the unconformity, the sediments aré~4mééily shales
which were deposited in shallow td®deep marine environments

(Swift et al., 1975)% The average mineralogical composition pf

142 B

e in mixed-layered I/S, the decrease in kaolinite
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these shales is 40 weight § illite (plus I/S) ,V 25 weight %

' ; y
-smectite and 35 weight % kaolinite (plus minor chlorite).

Below the Middle Cretaceous unconformit'y, shales - interbedded

with sandstones were deposited in marine to deltaic to fluvial-

environments. They contain predominantly illite (75\)

kaolinite (25%). All samples above 1500m subsurface , depth

Ehow the i?g peak upon glycolation which disappears near

2000 m depth and s_hoéls a shoulder toward higher d-spaicing.\‘

This reveals that above the unconformity, the disappearance

of discrete smectite and a decrease in the smectite content

of mixed-layer I/S (from 75% to 45%) are the results’ of

diagenesis. Freed (_;1.981) also observed that significent
changes in the shales (i.e. transformation of smectite to
illit= in mixed-lay/ef I/S) of the Hidaigo County, Texas begin
at temperatures between Sdfdto 69 °c.

17

' shale samples immediately below the unconformi'ty (hear
2?00 m) show high amounts of il}@te with a relati::rely sharp
~103 illite peak. The mixed'-]:‘ayer I/S content is .- smaller
than in deeper samples. A rapid <change below the
unconformity ° (higher amounts of illite wi;:h a hsharp 103
peak) appears to be related to a change in the
depositional enviromment and/or in provenance. This chanée is
difficult to explain-solely by diagenetic .processes. From
2500 m to 4900 m the amount of illite lincreases and kaolinite
decreases.  These ' variations. most likely represent
dj.dgenetie changes, i.e. the conversion of smectite in I1/8
mixed 1ayer clays into illite. D .

The conversion of smectite to 1llite through mixed-layer
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11/8 is the most widely recognized effect of burial diagenesis
(Dunoyer de Segonzac, 1970; Perry and Hower, 1970; Foscolos
aﬁd Kod;ma, 1974; and Hower ét al., 1976). This conversion
involves an increase in net negative layer charge _of the
expengablé layers either due to tetrahedral substitutiéﬁ of
Al3f for sit or by substitution of Fe2+, Mgz+ for A13f in
the octahedral layer. The excess negative layer charge can be
balanced by incorporation of:K+ in interlayer positiéns.
These substitutions invplves a significant change in the
chemicil composition oﬁ_the 2:1 layers (a gain of interlayer
potassium; increasing substitution of aluminum for silica in
the petrahedral layers; loss of megnesium; silica; and
probably reduction of iron). Such compgéitional changes lead
Hower et al. (1976) and Boles and Franks (1979) to .suggest
‘two different reaction mechanisms for the transformation of
smectite to %Llite in mig;d-layer I/S clay minerals:

(1) The first mechanism assumes that the original

|

smectite layers remain intact and that the change to

3+ 4+

. illite involves ionic subgtitution of Al”" for Si

1

in the tetrahedral sheet resulting in a-net increase

in negative charge which is balanced by addition of

. &
..k ~to interlayer position (Hower et al., 1976). The

&

é
overall reaction is:
~ k-feldspar + smectite =----> illite + quartz
Hower et al. (1976) suggested that the source of

alumimum and potassium is K-feldspar .in shales which

dissolves with depth, 7

" )
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’ Coa +
(2) The second reaction is based on the assumption of Al3

conservation and requires only the addition of K"
(Boles and Franks,//1979). According to this reaction
some of the brigigal sme?tite layers in I/S mixed-
layer are Aecomposed to supply Ai3+ releasing also
sone other cations (i.e Mg2+ Si4+ Fe2+). 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
‘during late diagenesis releasing iron and magnesium to
pore fluids. The number of new illite layers in the
I/S mixed-layers 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
converting ‘*smectite into mixed-layer I/S in the
, absence of an external source of Al. The overall '
reaction can be written as:
K+ smectite =---> illite + quartz + .

More recently, the use of transmission and analytical
electron® microscopy (TEM/AEM) have lead to some advances
in the understanding of the illitization process although
some of conclusions are still controversial. Ahn and Peacor
(1986) (using TEM/AEM) studied shale cuttings from the Case
Western Reserve University (CWRU) Gulf Coast 6 well. Hower
et. al., 1976 had used shale samples from the same well.

They suggest that the- conversion of smectite into illite
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does not necessarily require mixed-layer I/S as an
intermediate bhase and that illite formation appeared to have

started with the growth of small pockets of 1illite layers
\

+ within subparallel layers of smectite. Bell’s (1986) TEM/AEM

study of drill cuttings from the COST 1 well, (east of South
Padre Island Texas), however, suggests the presehce of
.interstratified illite smectite layers as originally proposed
by Reynolds and Hower (1970). According to this author, the
replacement of smectite layers by illite appéars to have been
the principal transformation mechanisp. In this context, it
is interesting to note that the conversion of smectite to
illite by any of the proposed mechanisms releases a variety

4+ 2+ 2+

of components (Si”', Mg“ , Fe“’, and Ca2+) to the pore fluids

@

which may “then become available for cementation in nearby

sandstones.

: 2
~ Significant amounts of kaolinite are present in almost
ali\\samples. However, this mineral is absent in a few

) ~
samples near the Cretaceous-Tertiary unconformity (near 1800 m

in the B-08 well‘gﬁq\lsoo m in the B-27 well). The abrupt
disappearance of kaol&nite in +this interval most 1likely
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 m (Table 4.1). This change in
kaolinite may be due to: (1) differential transportation and
sedimentation, and/or (2) diagenetic degradaéion and

transformation c¢f kaolinite to illite or chlorite.
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Differential sedimentation is an unlikely cause for the
following reason. Kaolinite is generally a coarser-grained
clay mineral and should increase in abundance with the
transition:' from marine toward marine-deltaic to fluial
environmeﬁ%é that occurred in fhe Hibernia area with
increasing geologic age during Cretaceous time (provided
that the source area and the climate remained the same).

As subsurface temperatures and ionic strength of the
pore fluids increase, kaolinite is tranformed to other clay
minerals (Dunoyer de Segonzac, 1270; Foscolos and Powell,
1980). ) Thé observed increase in kaolinite crystailinity
values (decrease of crystallinity, area/hight ratio; Schultz,
1964) with"depth may be indirect evidencehfor a diagenetic
degradation of ‘kaolinite at temperatures above 90°c.
Progressive destruction of kaolinite during burial diagenesis
may begin near 80 °c (Dunoyer De Segonzac, 1970) and largely
depends upon the pore-fluid compositions. Kaolinite may be
converted to illite if the {K+]/[H+] ratio in pore fluids is
high (Hemley, 1959), or may form authigenic chlorite with

+ supplied by the breakdown of

the addition of yg2+ and Fe?
smectite 1layers M(Boles and Franks, 1979). As mentioned
earlier, chlorite decreases with incfeasing burial depth.
This may be due to highly acidic pore waters—(originatiné from

the thermal decarboxylation of organic matter) which would

‘have precluded chlorite precipitation and/or have caused

dissolution of some of the detrital chlorite. The Mg2+ and

2+

Fe ions released from smectite and detrital chlorite may

then have been exported into nearby sandstone beds and have

4

147



B R SRR STl L S s £ R s e VS T i el R e

S T T TR R T RIS AT AT T PATSS T  g®t at T gy R R

a

\

N
- N\

been used in the precipitation of ferroan-dolomite,
ferroan-calcite and late pyrite observed in many sandstone

samples (see Chapters 3 and 6).

In summary, this study indicates the following mineralogical

variations in shales with increasing burial depth.

(1) The amount of illite increases from approximately 40%

(above 2000 m) to approximately 80% (below 3600 m).

(2) Discrete snmectite (displaying the 173 peak upon

N
N

glycolation) is 7 only present above 2000 m.

(3) Smecti@e in interstratified I/é decreases from 75%-to less
than fS% from 1000 to 5000 m subsurface depth.

‘(4) Kaolinite (plus minor chlorite) decreases from an average
35% (above 2000 m) to 20% belcocw 3950 m. ‘Its
crystallinity - (area/height ratio) decreases with depth
and probably indicates >degradation of kaolinite.

(5) Chlorite 1is present in small amounts and decreases below

3600m.

(6) An increase in illite crystalliniEX values (IC) below .
the Avalon Sandstone is probably d gjto an increase in
organic matter content aq? percent mixed-layer 1I/S
(and/or smectite) at that levels due to variutions in

" composition of the sediment supplied to the basin.

(7) In the bulk shale samples, K-feldspar disappears below
3600m‘ depth. Below 3550 m, calcite is absent in most

samples.

!
\w\\\\ | ‘ ’
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CHAPTER V

EFFECTS OF DIAGENESIS ON POROSITY é}OLUTION

{

5.1 INTRODUCTION AND OBJECTIVES

The relationship of diagenesis to development and
S

preservation of porosity in sedimentary rocks, particularly

.the origin of secondary porosity, has become a topic of major

debate and concern for petroleum geologists. EQidence for
the occurrence of secondary porosity in sandstones was first
published in North America by Schmidt et al. (1977):
Lindquist (1977): Ha?es, 1979; and Schmidt and McDonald (1979
a,b), although it was first reported’in USSR (Proshlyakov,
1960; Chepikov et al., 1961). The recognition of secondary
porosity is significant because explorationl for hydrocarbon
reservoirs can bhe extended to much greater depths in
sandstones that contain secondary porosity than it could be
in sandstones only cd%%aining primary porosity (if not
overpressured) . The objectives of this chapter are to:
(1) recognize and describe the'differént types of porosity in
resgrvoir sandstones;
(2) quantify these porosity types in different sandstone
units; h
(3) assess the effect of diagenesis (cementation,
"dissolution, and recementation) on reservoir quality:
(4) compare observed diagenetic sequences and evolution of
secondary porosity with other quartz-rich sandstones from

different sedimentary basins; and
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(5), describe possible primary controls on sandstone

diQQénesis and porosity modification.

5

2 5.2 bRIHARY POROSITY TYPES

~ | .
Primary pores form during deposition and may remain
open for some ‘time during mechanical compaction as long as no

iﬁiergranular cement is introduced. Primary porosity is

TR T G

L recognized by: (1) regular intergranular pores; (2} lack of

oversized and elongated pores; (3) homogeneous compaction; (4)
lack of grain margin corrosion and presence of uncorroded

quartz overgrowths. Primary porosity is dominant in the

B R R o o et

Avalon Sandstone (Table 5.1). However, with increasing

o

depth, secondary porosity develops. Secondary porosity is

s

sometimes, difficult to differentiate from primary porosity

o)

if both occur in the same thin section. Two types of primary
porosity are recognized, intergranular and intraparticle

porosity.

5.2.1 Intergsanular Porosity
- Intergranular pores are areas between detrital )jgrains

which remain unceménted (Plate 18A, 18B, and 18D). This is

. / the dominant type of primary porosity. In the Avalon and

. ngn Sandstones much of the intergranular porosity was
2%
destroyved by early calcite cementation.
5.2.2 Intraparticle Porosity <

Intraparticle porosity (mainly in fossil fragments) is
observed in fossil-rich zones. It is a common porosity type
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Table 5.1 Point-count analyses of selected samples show&ng -

El \
distribution of primary and secondary porositieﬁ.

Sécondary porosity is further classified ipto four

genetic
DC =
DFG =
DRC =
F 7 =
PP =
SP =
TOL.P =

classes.

Y

Dissolution of cement

Dissolution of Framework Grains

Dissolution of Replacive Cements

‘Fract Porosity

Primary Porosity -

Secondary Po#dbity
¥ \\

Total thin %ectiQ? porosity
1
6 .

e T

o
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Depth (m) Tol.P

2184.6 12.5
2185.8 9.2
2190.3 _ 6.2
2190.8 9.2
2197.5 18.0
2197.9% 10.2
2578.8 21.2
2659, 6 11.4
Avg 12.2

3481.3 8.9

"b 3482.6 12\.1

3483.4 6.3

3555.1 12.5

3606.2 ° 3.4

. 0 3619.4 1?.8
3622.4 9.8

3178.0  12.6
= 3179.1  10.8
3185.9 9.7
3131.5 9.6
av. | 10.7

_{(A) AVALON SANDSTONE

-(B) “"B" SANDBTONE

(C) HIBERNIA SANDSTONE

SP. PP DC
1.8 10.9 " I.8
1.2 8.0 1.2
0.2 6.0 0.2
0.8 8.4 0.8
3.8 14.2 3.2
1.6 8.6 1.6
6.0 15.2 3.2
5.4 6.0 3.4
2.6 9.6 1.9

10.2 2.4 6.4
6.7 4.7 3.0
5.3 4.4 4.0
5.0 4.6 --
6.7 4.0
4.1 4.8 2.6
8.0 4.1 4.2
3.6 2.7 1.2
8.9 3.6 4.8
1.8 1.6 0.1
ge4 4.4 4.3
' 2.9 5.5

DFM

2.8

2.0

007 b

DRC

- —

-




3624.2
3845.8
3846.5
3849.75
3850.3
3850.7
3854.5
3879.0

3895.2

Av.

. 187 3.3 4.4

10.77 8.8 1.9°

19.2 16.6 2.6

- - e ame o -——— e

13.1 10.6 2.5

16.0
4.8
10.3

8.0

5.8

2.8

2.0
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- PLATE 18

Primary porosity and geopetal structure.

.
z

_(A) Intergranular primary porosity in a ~fine-grained
sandstone. The lower half of photagiaph (stained red)

is completely cemented with ferroan calcite. In the

- 'S

porous part, framework grains are coated with thin clay
rim;‘whereas the rims are absent in the lower cemented
—zone. Compared to lower cemented part, the pqrous part
ig slightly more  compacted. Note unéorrodeq
«  poikilotopic calcite crystél facing pore space. Avaion
Sandstone, 0-35,. 2197.90 nm. Plane-polarized light.

Scale bar: 500 um.

(B) Intergranular primary porosity (blﬁe) in a 1loosely
compacted sandstone. Note pressure solution contacts
(arrow) ,betw;en fossil ffhgment and quartz grains.
Bedding direction sub-hordzoqtal. Avalon Sandséone,'
0-35, 2191.50 m. Plane-polarized light. Scale bar: 500

um.
(C) Geopetal structure in serbulid 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 um. s

Pl

(D)'Reduced intergf%hular primary péfosity (blue) in one

i

" of the deeper reservoir sandstones of the Hibernia

Field showing sub-triangular pores (P) with °
uncorroded framework grain margins. Hibernia

Sandstone, C-96, 3928.60 m. Plane-polarized light.

Scale .-bar: 100 um.
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in the Ayalon Sandstone, but its overall contribution \to’

“total porosity igé%ot significant. A few intraparticle pores
, ‘of ‘prigary origin were partially filled with geopetal

sedimehts and ‘then cefiented by sparry calcite (Plate .18C).

%
A : A

5.3 SECONDARY POi!OS];TY TYPES

-

A;é} pore spaces which devéloped after depdsition as ‘a

result. of. diagenétic processes are'referred to as secondary
popesf . At intermediate depth levels secondary porosity
increases- with subsqrface depth and may amount to as much as

25%..of the bulk volume in the Hibernia Sandstone (Table 5.1).

{ < y .
Thé developmentéaf secondary porosity may elther recover Jlost .
primary Porosxty or generate new porosity. Accordingbé there

R

are twcﬁ'egtegorles ofew secondary porosxty. _(1)/ restored'

. primary porosity that was lost by cementation buté;::tiy
® H N , ) PR
recovered when the cements were dissolved. This proce oes

©

not add ahy ,new<perosity to the porosity present at the time
S o~ * R
of“depos;tibn/ cementation. (2) Secondary porosity formed

by the dissolution of framework grains and/or dissolution of—

H
replactve cements, - which creates Tnew porosxty that was

]
-

orlglgally not present. -
- . A

.
-
. - bl

N

[
N

‘5.3.1 Iqtergranular Porosity a )

q’!
"
(‘ #

: Most of the secondary por051ty is intergranular and was

ol ' Qe

" formed as a result of elssolution of pore-fllllng and

A
replacive cements (Plate 21C). - Regular 1ntergranular pores of

' cu" ' ! - . . . ) N
sécdndary origin which mimic primary pores were observed 1n§
- ™ o .

-

many sandstone samples“ffqm;the Avalon and "B" Sandstones.
) . )

» - - e

@ “ 0
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Enlarged intergranular pores of secondary origin are common

in the Hibernia Sandstone. These pore spaces can be

.
recognized by highly corroded detrital grain boundaries and

their elongated shapes. ' ] \ '

% P

5.3.2 Moldic ana Vugaw Porosity . .
Grain molds.are pores which show out%%yes characteristic
of their precursor framework grains. Moldic pores form by

partial  to complete dissolution of former framework

constituents (e.g. chert, feldspar, shale clasts, fossils and

other <carbonete fragments), many of which -are now
unrecognizable. Moldic porosity was obse?%ed in all reservoir
sandstones (Plate 193, 193, 1§C, 19D, and 236). It was also
‘ noticed nesoscopically dyring drill-core investigation as
pertly dissolved fossils. (e.q., gastropodshand pelecypods at

2581 m in B-27; see section 3.2.10.2), The size of individual

4

moldic or vuggy pores depends on- the 51ze of the dissolved

tea™

],origlnal constituents.

o
. ®

. 543.3 " oversized Pores Including Elongated and’ Irregularly
" .Distributed .Porosity

Oversized poresc'are those- whose siie exceeds the

ﬁ& meter of adjacent g;ainsq by.a factor mof at least 2
— znmidt ‘and Mcdonal&, 197gb)'k They are commonly obsérjrea in
i "B" and Hibernia Sandstonés (Plate 20A, 20B, 21D;. and

. 27D) . .Genen?l%y, these pores are formed through dissolution
of large-ccrbonate fragments, cnert fragments, mud clasts and
intergranular calcareous matrix. Cnaguette and Pray (1;70)
refer to this type of ‘porosity as "fenestrate porosity".

.
~> 4 ~
. v
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PLATE 19

|

P

]
Molaic porosity in different reservoir sandstones.

(&)

(B)

(C)

(D)

s

Large elongated moldic pore’ (MP) developed by the
dissolution  of shell’ fragment (érobably pelecypod).
Micrite iining of shell fragment dissolved at places, uand
paffly broken and suspended within the pore. Ferroan calcite
cement (stained blue, fc) alsq dissolved at a few places’
(ar;ow). This samplé contains substantial amounts of mud-
clast (brownish). Avalon Sandstone, ' B-27, 2555.25 m.
Piane—polarizéleight. Scale bar: 100 umnm.

A moldic pore (MP), ;ined with oil-stained dark calcite
(arrow), produced by dissolution of a framework d?ain (most
liﬂgly carbonate). . Another moldic pore (left side) was

subsequently filled by late ferroan dolomite (D) . In “the

upper-right corner, a carbonate rock fragment is paitl&

N 3

dissolved. "B" Sandstone, 0-35, 3183.70. m. Plane-
polarized light. iFaig bar: 50 um. ‘

Moderately <compacted sandstone showing %soiated moldic
pores (arrows) of@secqndar& origin. Nature of the disso{yed

material is unknown. Hibernia Sandstope, B-08, 3606.18 m.

Plane-polarized light. Scale bar: 500 um.

Large moldic pore formed by é?ssolution of a carbonate rock
fragment. | Prismatic crystals grown on th; dissolved
fragment are less affected by dissolution and partly
preserved. Note variation of colour - of calcite crystals
as a functiop of varying Fe-content. Avalon Sandstone, B-

%

27, 2578.84 m* Plane-polarizedilight. Scale bar: 50 umn.
Y ~

o
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PLATE 20

-

oversized and elongated pores. (Scale bar: 500 um.)

(A) Two _oversizéd interconnected porés " (P). Compare

" degree of mechanical compaction in the left and right -

sides of the photograph. Quartz overgrowth observed on

"a few detrital grains indicates corroded and replaced

grain margins (arrows). ~ Hibernia Sandstone, B-08,
3482.63 m. Plane-polarized light.
compaction

. (B) Oversized pores and variable degree of

e

¢(campare arrows a and b) betwesn different framework
grains. Hibernia Sandstone, C€-96, 3923.50 m. Plane-~
polarized light. ' *

N ) i
(C) Large calcite fragment (incompletely stained), deformed

between rigid quartz grains, is partly dissolved

forming secondary porosity. "B" Sandstone 0-35,

'

3183.70 m.

Plare-polarized light.

In . a well-compacted sandstone, large elongated pores

(D)

stiggest secondary origin . after significant compaction.

Hibernia Sandstone, B-08, 3706.18 m. Plane-polarized

i light.

v
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Concentration of smaller dissolution-pores in patches or
individual layers may also produce ovérsized pores. Elongated
(Plate 20C, 20D) and irregularly distributed pores (Plate élA,
21B, 210) originate& from dissolution of large fossil
fragments and removal of irregularly distributed cements

a o

and/or replacive cements.

5.3.4 Intra-constituent Pores

Intraconstituent pores were formed by partial léaching
within the following types of constituents: chert, 0fe1dspar
grains, calcareous fossils, 1limestone rock fragments, and
shale clasts (Plate 22A, 22B, 22C, 22D). This type of
porosity is present in all reservoirs of the Hibernia field;
however, 1t is most common in the “B® and Hibernia

Sandstones;.

?13.5. Fracture Porosity

T Fracture porosity is observed in many sambles but is
volumetricaily insignificanf. It is common in the "B" and
Hibernia Sandstones and <rarely -  observed in the Avalon

TN _
Sandstone. ' Most of the fractures are confined to individual
r

grains (e.g. quartz grains, fossil fragments, Plate 23A), but

some of them pass through adj%cent grains, including cement
and matrix (rock fractures énd joints). Rock 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 pyrite.

Although fractures do not significantly contribute /to”‘t?ey

' / p
development of porosity, they may significantly increase
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. PLATE 21

]
Irregularly distributed secondary porosity. (8cale,
bar: 500 um.)

o

(A) Irregularly diétributed secondary pores (blue). The . s
lower part of the photograph indicates reduced {
intergranular porosity Que to méchanical compaction.
The middle part exhibits a 1loose fabric of framework
grains with large secondary pores. Hibernia Sandstone,
K-18, 3841.47 m. Plane-polarized light.

(B) Irregular ° and elongated pores (E) of second;fy
o;igin. In the lower right ‘cornef, ‘porosiéy is
completely eliminated by mechanical _compaction and
minor silica cementation, while the rest of the

— photograph shows enlarged intergranular porosity.

Hibernia Sandstcne, C-96, 3929.80 m. Plane-polarized
light. | K
(C) Highly irregular shape of pores (P) as well as of

quartz  grains. The porosity 1is the result of

dissolution of framework grains, calcite cements and
replacive cements. Hibernia Sandstone, B-27, 3850.65

9 .
m. Plane-polarized light. ' v

(D) Large irregular secondary pore. Note/quartz overgrowth
* Y

\

on framework grains with thick clay coating. Hibernia

Sandstone,  B-08, 3619.00 m. Plane-polarized light.

— ~
~

N

i :

i } ‘
N ¢ kS

163






PLATE 22

Intra-constituent porosity in the ﬂ;b&xniti reservoir

sandstones.

(A) Partial dissolution of a feldspar grain. Hibernia
Sandstone, B=-27, 3849.75 m. Plane-polarized light.
Scale bar: 50 um.

(B)uAdvanced dissolution of feldspar grain (F) causing

secondary porosity (SP). Quértz overgrowth produces

rwell developed crystal faces. ﬁibernia Sandstone, B-

!
08, 3481.28 m. Plane-polarized light. Scale bar: %0 um.

LY

N rin. Hibernia Sandstone, B=-27, 3850.27 m. Plane-

éolarized light. Scale bar: 100 um.

' (D) Dissolution of a shale clast and surrognding calcite
cement enhancing sandstone porosity. "B" |Sandstone, '9-
35, 3176.00 ﬁ. Plane-polarized light. Scale bar; 50

v —

um. . [

~
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\(C) C?ert grain almost completely dissolved except at the ‘
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reservoir permeability.

5.3.6 Shfinkage Porosity
' t
Shrinkage porosity was observed in a very few samples.
For example, a thin rim of open pore space (reveale? by blue-

dyed epoxy) around a brownish fluorapatite (collopthe),grain

indicates shrinkage porosity (Plate 23C). Some| observed
"fractures in glauconite grains may also resu%t from
shrinkage. ° > . . ’
5.4 DIAGENETIC CONTROL ON RESERVOIR PROPER’I'%[ES -
4

The effects of diagenesis (cementation, dissolutioq and
recemeptation) on sandstone porosity will beJdiscussed below
}or individual reservoirs. Table 5.2 summarizes average core
porosities in hydrocarbon bearing zones in tﬁe Hibernia O0il

Field.

¢

S5.4.1 Avalon Sandstone -
In the Avalon Sandstone, the depositional environment
has exerted significant control on subsequent diagenesis.

The Avalon Sandstone consists mainly of fine-grained sandstone

| which was deposited in shallow water shoreline environments

(Benteau and Sheppard, 1982). In places, both sandstones and
interbedded shales are rich in 1limestone and fossil

fragments. These readily available carbonate constituents

may have served as an important source for early calcite

cementation due to pressure solution (Plate 18B) in the Avalon

14 -

Sandstone of the Hibernia Fieia.

/
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PLATE 23 o

-y

Fracture, shrinkage, anc; intraconstituent porosity. .
(A) Int:r:agwrangla:.;w fracture porosity (arfow) produced by
o mechanical compaction after quartz -Qvergrowth. Note
that isolated pores become interconnected by these
. fractures. Hibernia Sandstoﬁe, B-27, 3850.27 m. Plane-
polarized light. Scale nbar: 50" um.
(B) Drill-core photograph displaying numerous normal 'v )
’ faults with small displa'cements N i-liberni{a Sandstone, -
B-27, 3878.6 m. Scale bar in cm. '
(¢) Thin rim of open —pore’ space (arrow)a around a
. . fluorapatite (colloph:;ne)o grain show'inn’g shrinkagé '
\porosity. Avalon Sandston;, 0-35,  2190.81 m. Plane-
\./ polarized-llight. Scale .bar: 50 um. . .

A

(D) Rhomb-shaped molds ' (M), in a silicified - ooid-
suggestihg the presence of a former parbonaté bﬁ%se
{vhig_h was leached after silicification. Avalon

Sandstone, B-27, 2555.25 m. Planeiﬁolari"zed light.

Scale bar: 50 um. °’ ) .
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Table 5-2 Summary of average core porosities .in hydrocarbon

bearing zones with net pay zones in the Hibernia area (data

from McMillan, 1982 and Handyside and Chipman, 1983).

. 4
Resérvoir Gross interval Net Pay Average Hydrocarbon bearing fones

Zone tested (m)

(m)

core *
porosity P-15 O0-35 B-08 G-55A K-18

Avalon 2422-2443
"B" Sst -
Hibernia . 3752-3898

)
Jeanne 4’ 4142-4159
Arc Member >

17.1

53.3

18.3

18.0 oil oil oil water oil

.

- water water gas water oil

18.3 oil/ water oil/ water oil

* well not studied
LY

.

water gas .
10.13 _oil water oil/ water ocil
gas
N
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5.4.1.1 Porosity Loss by Cementation

<«

The most important cemepting mineral in . the Avalon
Sandstone is early ferroan calcite '(8.4%). Porbsig; reduction
by other authigenié mineré;s (quartz overgrowths, sfderite,
chlorite énd pyrite) is comparatively less important (a
total average of 4.9%). Thin chlorite coatings are common to
the Avalon Sandstone and may reduce reservoir permeability.
Dolomite and kaolipité were not observed.

The early calcite cementation, which affects zones less
than 1.5 m thick, complet%;y 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 sandstoﬁep_gores are completely cemented by early
calcite. The early calcite cementation -has interrupted
fqrther mechanical compaction and precipitation of gther

cements which makes these sandstong 'excellent candidates for

secondary porosity development ét deeper levels.

5.4.1.2 Formation of Secondary Porosity

Although the porosity of the Avalon Sandstone  is
mainly primary in origin, some secondary porosity (an
average of 2.6%) has been observed. Some‘ calcite cements, as
well as fossil and limestone fragments are partly dissolved
(Fig. 5.1). This dissolution event was followed by the
migration of hydrocarbons which stopped further dissolution

(Plate 24A). 1In a few fossil fragments (i.e.pelecypods), the
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Table 5.3 Distribution of tightly cemented zones (by calcite 'with
minor dolomite) in different reservoir ‘horizcms in the Hibernia [

field (data based on drill cores from the B-08, 0-35, B-27, K-18,

.and C-96 wells). L2

i

: Well Avalon "B’" sandstone Hibernia Jeanne d’Arc Total
No Sandstone Sandstone Member tight- sst.

e

Total Total Total Total Total Total Total Total
B sst. tight sst. tight sst. tight sst. tight

- core sst. core sst. core sst. core sst.
(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
K-18 6.0 0.0 9.7 1.7 41.0 2.5 - L 4.2 R
' c-96 9.0 3.6 - - 4.0 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 5.3 2.9 0.3 21,2
T
o \ ',‘
!
1 \ -
>l had 3
\
y
\ ¢
) -
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Fig. 5.1 Thin section and Ndrﬂ]-core obser\?ations from a 17 m thic section
of the Avalon Sandstone in the B-27 well. Most of the porous hydrocar-

"bon bearmg zones- which alternate with ca1c1te cemented zones (tight- -
sandstone) show d1sso]ut1on features. ’

« -

[ ] Tight.—saﬁdstone
~ Fossil-rich zone . K
. a»  Cross bedding : ) ‘ '
T T T OnS DR "
« Mud clasts

B

@® Location of samples
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DEPYH (a)

CORE QBSERVATIONS

DIAGENETIC FEATURES

- 2571

Sharp contact between porovs
(above) and tight-3andstone
{facing black aren).

Tight-sandstone with rounded
mud-clasts. N

Sharp contact.

011 stained' sandstone with
b fossil fragments.

Gradded badding. .

Grey shale,

Medium- to fint-grnncd
laminated sandstone.

Erosional contact,

Porgus and ofl-stained
sandstone,

Sharp contact,

Yugs and woldic pores. -

Porous and dil-stained
sandstone.

Porous and oil-stained
sandstone,

A

) /

Calcaraous shale alternating
with fine-grained sandstone.
Fossi] fragments are partly
dissolved.

Conglomerate.

Porous and ofi-stained
sandstone with 10-15% porosity.

o

——

Fissil-rich shale.

Raddish-brown non-calcareous
shale.

Completely cemented by sarly
ferroan talcite Few sidarite
crystals are also prefent.. B

. .
Matnly primary porosity (18%).

o J
Primary porosity.

Evidence df calcite dissolution.

Moldic pores with partly
dissolved carbonate fragments.

Secondary ‘DOI'CS present,

See Plate 13C.

Small amounts of calcite cement,

s ey .
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dissolution is restricted té a particular-layer in their‘wall

strﬁcture, probably a former aragonitei?) layer. Some
fo851ls are partly recrystalllzed and subsequently ‘ dissolved
along - cleavage planes in the recrystallized part (Plate
245) . In a few samples,‘ micritic 1imestone fragments are
‘partly to completely dissolved. ( "Dogtooth" calcite crystals

X

which-grew on them, howeyer, -~ are still present (Plate 19D).

In the vicinity of contagts'dith shalehbeds, ‘a limited number-:

of samples with high secondary porosity (up to 20% by
volume) has been observed.. Thls secondary porosity mimics

primary porosity "and cangea51ly be overlooked. Dissolution

* is more widespread "in the Avalon Sandstone of wells B-27 and

B-08 than in well O 35. Lack of significant chemical

compaction 1(pressure solutlon) and abundance of‘“p ‘imary

porosity classify Avalon Sandstohe as immature.

AN

5.4.1.3 Recementation and Porosity Destruction

l

A . \

occurred in the Avalon §endstone, with one exception. In one
] .

sahple, a small number of secondaryfpores that- developed by

‘dissolution of micritic limestone fragments “were subsequently

recemented, in part, with ferroan-calcite cement.

5.4.2 “B" gandstone IR /
‘ - o ) . /

5.4.2.1 Porosity Loss by Cementation /

—

‘The only available drill-cores of the nwpw /#;dstone

"are from the : 0-35 and K-18 wells. This reservoir éandstone

/

has an’ average por051ty of 10.7% (excluding tighﬁ-sandstone
/
/
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3hét9mia;9qr§phs showing dissolution features. \

o

o (A) Partial dissolution of recrystallized fossil fragment.

(B)

(©)

(D)

The gﬁgjssolvedt remaining part is surrounded by

e

ﬁ}drocafﬁoﬁ (arrow). Avalon Sandstone, 0-35, 2185.60

m. Plane-polarized light. Scale bar: 500 um.

Partly recrystallized fossil fragment (lower left) with

v

microporqé};y (blue) due to irregular dissolution. In
the recfystai}ized pért, the fossil-wall structure has
been obliterated The arrows. indicate uncorroded
crystal faces of ‘' calcite. Avalon SandstoH;, 0~35,
2185.80 m. Plane-polarized light.18cale b;r: 500 um. |

Partiél“ dissclution of ‘calcite cement (C) and
formation of secondary porosity (spP). "B" Sandstoneh/o-
35, 3179.09 m. _Plane-polarized light. Scale bar: 100
um.

Partial dissolution of carbonate .rock fragments

generating irregular secondary pores. The presences of

hydrocarbon has stained the remaining material black.

- "B" Sandstone, - 0-35, 3185.90 m. Plane-polarized

light. Scalé‘bar: 500 um.

o

- M 7{ . ) g -y f
N v |







zZones). out of 16.7 m of “available sandstone core, 4.9 m

"are completely cemented with early ferroan calcite (Table

5.3). This cement is more abundant in the 0-35 well than in

the K-18 well. 1In the 0-35 well, 45.7% of the available

sandstone cores are completely cemented by c§1ci§e, compéred’_

to 17.5% ig\%he K-18 well (Table 5.3). This difference may be
due t§ the fact that sandstone beds are thicker in the K-18
thagffin the 0-35 well. In many of the horizons where no
ear1§ calcite cement was precipitated,; moderate compaction
together with quartiz2 overgrowths reduced the original

boros;ty considerably (Plate °7C). In the K-18 well, the

"Efléandstone shows less silica cementation because! most of

the quartz grains are coated by a thin micritic calcite
layer (approximately 25um thick). 4f&he\ calcite layer
inhibited quartz growth. ’
5.4.2.2 Formation of Secondary Porosity-

Dissolution of calcite \cemehp (Pléte 24C), and
carbonate fragments (Plate 24D and 27D) has‘ contributed a
significant amount of porosit& in the "B" S;hdstone. In the
0-35 well, about 62% of the total porosity is interpreted as

secondary porosity, Most of it occurs immediately above

shgle beds. In contrast to the <0-35 well, the nwpn

Sandstone of the K-18 well shows only minor dissolution.:

Porosity in K-18 is’ dominantly primary. Diagehetically "B"

!

*.Sanpdstone is -semi-mature.

5.4.2.3 Recementation and Porosity Destruction !
The porosity which developed as a result of dissolution
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(of calgite cement, " and framework grains) togethér with the
remaining primary porosity was locally reduced by late

cements (ferxoan dolomite, ferroan calcite, anq_kaolinite).

The late ferroan dolomite is an important cement which-

precipitated after the dissolution event. It was observed in .

all porous sandstones of well 0-35 where an Everage of
4.2% porosity (ranging from trace amounts to 26?3%) was lost
due to this cement. Minor amounts of porosity are lost to
late fey;oan‘calcite cement. forosity reduction by kaolinite
is negligiblé: The common presenée‘of ferroan dolomite and,
at places highly fractured quartz grains in the 0-35 well
may indicate a fault zone at the "B" Sandsténe interval that
might have served as a conduit for the circulation of
acidic fluids. Later on, the fluids may also have
provided the  cations (i.e. Mg2+) necessary for dolomite

formation. An east-west cross-section of the Hibernia 0il

Fild shows a fault passing through the "B" Sandstone at the

location of the 0~-35 well (Fig. 2.6).

5.4.3 Hibernia sandstone

The Hibernia Saﬁdstone is the main reservoir zone in the
Hibernia 0il Field. As pointed out in Chapter 2, it vas
deposited in a fluvial-deltaic environment. The average core

porosity is 18.3% (Table 5.2) and the average thin section

porosity 13%. The most important diagenetic features in the .

Hibernia Sandstone include: the precipitation and dissélution
of carbonate cements, and the dissclution of framework
grains. These proceéses have markedly influenced the
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porosity of the Hibernia Sandstone.

.

5.4.3.1 Porosity Loss by Cementatign . .

{

Earlyb ferroan calcjite cemeﬂt has filled 'si&nificent
pore space in the Hibernia Sandstone. Thig cementation at
shallow depth has pléyed an‘imbortant role }n preventing
permanént porosigy loss by quar;z overgrowth and mechanidal

compaction. At present = calcite-rich sandstones are®” not

©

common, but most of them do contain remnants of calcite _

cements with numerous features indicative -of secondary:
A

" porosity. Excluding calcite-rich zones (which comprise 4% of

Faliad

the studieda sandstone cores), the Hibernia ~ Sandstone
presently contains 1% calcite cement.‘,Late ferroan calc}te
cement ﬁaé completely filled available bores at a few
levels (i.e. at 3905.5 and 3906 m in B-27; 3939.0 m in C-
96), . but total pbrosity lﬁss by this cemént is ' not
significant.

RThe porosity *loss by silica cementation averages 4.9%
in the Hibernia Séndstope. About one third of the samples show
more than 8% silica cement. Sandstone samples with  high
secondary porosity generally contain less silica cement (Plaée

21C). This may reflect the fact that early calcite

cementation prevented intense silica cementation. Samples

\

‘lacking 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 coﬁpaction causing permanent

PER
destruction of much of their poro&ity. In two samples (at

3885.8 in the B-27.well), primary porosity was completely

>
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occluded by intergranular precipition of siderite.. However,
volumetrically, - such sandstones -are negligible. Pyrite,
generally a minor authigenic mineral, locally may reducé all

\

available porosity.

»

5.4.3.2 Formation of Secondafy Porosity
The Hibernia Sandstone shows a significant amount (80%
of .total porosity) of sécondary 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 interpreted as
fecondary. Characteristic featur?s of secondary porosity
obgierved in many samples of the Hibernia Sandstone inciude
(see Plates 19,20, 21, and 22): (i) extensive grain margin
corFosion; (ii) pi;ting and formation of embayments in
quartz grains by dissolution%ﬂbf replacive cements (some
embayments, however, may havg.,been present at the time of
deposition); (iii) inhomogeneous framework packing (e.g. at
3816.80 and 3841.47 m in K-18) " and irreqular porosity
distribution; (iv) remnants of - éé;bonate cements; (v)
oversized~and moldic pores:; and (vi) elongated pores and grain
fractuiing. ) _
- Many thick sandstones (6 to 15 m) were -not completely
cemented by earl& calcite and exhibit different pofosity
Egpes (Plate 25). Where calcite cementation did not occur,
eitﬁer (1) silica cementation took place redﬁcing
inékificant amounts of primary porosity (Plate 25E), or (2)
mechanical compaction and squeezing of shale clasts into

primary pores eliminated most_.of the  primary  porosity
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. e
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PLATE 25 A
~. 4

Porosity types in. thick sandstone beds from the Hibernia
Sanditone. (8cale bar: 1000 um.)

{

(
Photomicrographs showing: (A) the presence of calcite

rich zone; (B) secondary porosity with remnants of calcite
cement ; (C) irregﬁlarly distributed secondary porosity.
‘Note lack of quartz overgrowths and corroded grain-margins;
(D) oversized secoﬁéary Qd}es; (E) reduced intergranglar
pores .mainly of primary origin with large amounts of

silica cement. .Compare intergranular porosity types and

.silica cement in (D) and (E).

1
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jrreversibly. Sandstone samples, which escaped this porosity,
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 generally cémpletely cemented by an early calcite which B
prevented mechanical compaction and other irreversible
cementation. Later in the diagenetic history, the caicite
cement was dissolved and most of the original porosity
recovered. For example, in the B-27 well, many medium-
grained sandstone beds are less than 3 m thick., These beds

show a high proportion of secondary porosity (90 % of the

total porosity). Diagenetically Hibernia is a mature Sandstone

(abundant secondary porosity and chemical compaction).
The sandstone drill-cores examined from the Hibernia’
Sandstone contain only 4.0% calcite-rich zones (tight-

zones) , as compared to 20% in the Avalon Sandstone. One

’

might argue that a significant portion of the Hibernia

7

Sandsto€e throughout its diagenetic history may never have
been cemented with carbonates. This is unlikely, however,
in view of the fact that 48% of the thin sections studied

\

from ﬁhis zone still contain calcite. remnants and a
variety of other features characterisFiC‘ of secondary

porosity (Plate 26). Thus, it is assumed th;t_a'significant

proportion of the porosity (80%, based on selected studied

samples) in the Hibernia Sandstone is secondary in origin.
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o . PLATE 26

) Remnants Qot'calaite cements and replacement of quarts
overgrowths in(tha Hibernia sandstone.

(A) Scanning electronmicrograph showing partial dissolution
of quartz overgrowth (QOV). -Dissolution associated
with precipitation of replacive calcite wh%ch was
dissolved 1$ter on. These groved and etched quaréé
grains (Q) are from a porous zone in the Hibernia
Sandstone and~sugge$t that it was once cemented with
calcite. Hibernia Sandstone, <C-96, 3892.35 m. Scale

9}

bar: 16 um. \\

(B) Partial dissolution of pore-fillng .carﬁonategce?ent
(thin section not stained) forming secondary pofosity
(SP). Hibernia s#hdstone, C-96, 3935.79 m. Plane-

polarized light. Scale bar: 100 um.

(C) Scanning electron photomicrograph of a quartz grain

showing partial dissolution‘of quartz overgrowths (QOV) .,

- as in Plate 26A. Irregular pores produced by

dissolution of réplacive calcite are partly filled by

late aﬁtﬁigen%c kaolinite (arrow). See also Plate 8A.

) -

ﬁibernia Sandstone, Cc-96, 3892.35 n. Scale bar: 10

um. ’ i

(D) Sandstone with high percentage of secondary porosity

. ) - (SP), and remnants of ferroan calcite (rm, stained
dark blue). Hibernia Sahdsténe, c-96, 3908.30 m.-
Plane-polarized iight. Scale bar: 50 um.

-
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5.4.3.3 Recementation and Pbrosity Destruction ‘ .
4A stage 'fbr stages)' of recementation oécurred after
dissolution. This involved precipitation of kaolinite, quartz
overgrowths, pyrite and minor amounts of ferroan-dolomite in
rec;gnizable secondary pores. 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-ambunts. of kaolinite have been observed in
numerous samples. Very few samples contain as much as 6%‘
kaolinite (e.g. at 3906 m, in the C-96 well). Porosity loss
by late quartz overgrowth is negligible. Late pyrite. i;
noted ih the B-27 well. In most of the samples pyrite amounts

to 1less th;n 1%, however, at places it completly occludes all

available pore space.

5.4.4 Jeanne d’ Arc Member

Drill-coreé from the Jeanne d’Arc Member were . only
available from well 0-35 and consist of alternating
sandstone and conglomerate beds. Thin sections from the
available core iné&cate very low porosities (< 5.0%).
Advanced mechanical compaction together with ferrean-dolomite
cement, quartz overgrowths and deformed'shale ., clasts have
occluded most of the pcrosity. ‘ .
In summary, diagenetic processes plgy aziﬁgnificané role in to
modifying sandstone porosity. 1In thezhibernia ) Oil‘ Field,
.‘calci*%e and quaftz cementation a{éne, beside meéﬁanical
compéct}on, are ;ﬁ&e most important processes to reduce the
primary  porosity kg}s $ of total rock voluﬁe). With
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\in;feasing burial depth the porosity reduction is partly
offset 'by dissolution of carbonates and detrital material
(Fig. 5.2A and 5.20C). Depth -versus porosity plot from the
Scotian Shelfzélso shows a offset in porosity 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 compareéz
with the present data. The comparison shows t%at secondary

porosity is the dominant type of porosity in many reservoir

sandstones worldwide (Shanmugam, 1985).

_ .
*
5.5 DIﬂéENETIC SEQUENCES AND SECONDARY éOROSITY
Diagenetic éequences O6bserved in the Hibernia Eield
(discussed in Ch. 3) are summarized and compared with other
quartz-rich sandstones from marine—delkaic, environments
(Table 5.4). Paragenetic sequences of autpigenic minera%s
associated with secondary porosity, afé similaf for oil~
fields of verQ”different regions and ages. Franks and Forster
(1984) have first noted these similarities in diageneﬁic
sequences. Pre-dissolution quartz overgrowth and early
calcite (less éémmonly early ferrocan-calcite) are
volumetricélly the most important cements .‘in all cases
(Table 5.4). Pre~dissoluéion authigenic chlorite, "~ illite,
pyrite, and siderite are usually volumetrically less
important. Ferroah-carbonates ajid kaolinite are impqrtaqt
post-dissolution minerals. p Dissolution of early calcite
cement and feldspar, rock fragments, and siderite-—is the

:
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Fig. 5.3 Depth versus porosity plot from the Scotian Shelf. Note
a change in the porosity reduction trend where by secondary L

} poros;i ty becomes a major porosity type (from Schmidt and
McDonald, 1979b). : ’ .
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[SECONDARY POROSITY'IN

RESERVOIR SANDSTONES

RESERVOIR SANDSTONES

SECONDARY POROSITY AS
PERCENTAGE OF TOTAL POROSITY
(VISUAL ESTIMATION)

0

Avaion S§

"B" §s .-

ss™
[k

FRIO (Texas)
(OLIGOCENE) -

CARDIUM (Alberta)
(LATE CRETACEOUS)

PARSONS (Mackenzie Delta)
(EARLY CRETACEOQUS)

BRENT (North Sea)
(MIDDLE JURASSIC)

BERYL (North Sea)
(EARLY TO MIDDLE JURASSIC)

MIC MAC (Scotian Shelf)
(JURASSIC)

STATFJORD (North Sea)

Hibernia

SADLEROCHIT (Alaska)
(PERMIAN TO TRIASSIC)

ROTLIEGENDES (North Sea)

(LATE TRIASSIC TO EARLY JURASSIC) |

10 20 30 40 50 60

4

“o—
—

W

‘\\

e
‘ ) A#.

in reservoir

(PERMIAN)
OLD FORT ISLAND *_
(CAMBRIAN) {N.W. Territories »
Fig. 5.4 Percentage of secondary porosity’ -
saﬁdstones from wvarious oil fields (modi’.‘fied

Shanmugam, 1985).
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1 2 3 4 5 6 7 8 9. 10 ¢
0l1gocene cocene Pennsylvanian LiJurassic Y. Jurassic t.Cretaceous Triassic Neogene E.Jurassic
frio, Wiicox, Gray, Taylor, Norphlet, Hosston, Ivishak, Surma, Tromsi § ' ‘
Gulf Coust Gulf Coast Texas Louisiana Mississippi Mississippi N.Alaska Bengal N.Norway This Study
Calcite N , Chlorite-rims Pyrié; Illite Calcite Chlorite Chlorite-rims
) Feldsppr Sider{te Siderite
overgrowths Calcite
Quartz Quartz Quartz Quartz' Quartz fluartz Quartz Quartz Quartz Quartz
overgrowths overgrowths overgrowths ovérgrowths overgrowths overgrowths overgrowths overgrowths overgrowths: overgrowths
. Fe-dolomite Pyrite
Calcite Calcite Calc{te Calcite Calcite Stderite Fe-calcite Calcite Fe-calcite
" N . » / . Fe-dolomite
. Quartz
overgrawths
Dissolution Dissolution ~ ﬂissolution Dissolution Dissolutfon Dissolution Dissolution Dissotution Dissolution Pissolutlon
Kaclinfte Kaolinite Fe-carbonates ITlite Pyrite Kaotinite Kaalinite Kaolinite Kaolinite Kaolinite
. Ilite Late calcite
Smectite
Fe-carbonates Fe-carbonates Kaolinite Dolomite , . Fe-calcite‘ Fe-calcite Fe-dolomite
Iltite Pyrite . Pyrite
Quartz Barite
overgrowths Sphalerite
Hydrocarbon
Migration(?)

(n Loucks et al. (1977); (2) Stanton (1977); (3) Land and Dutton (1978); (4) Trojan (1985); (5) McBride (1981); (6) Fielder et al.(1985);
(7) button (1977)1 {8) Imam and Shaw (1987); (9) Riches et al, (1986).

Table 5.4 Paragenetic sequences and dissolution event in quartz-rich sandstones from differeq!§$
sedimentary basins. Note difference in suites of authigenic minerals above and below the
dissolution event (modified from Franks and Forester, 1984).
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most important feature éommon to all sandstones liégéd in
Table 5.4. fhe-resulting secondary porosity forms“at the
base of the middle stage of diagenesis (3000-4000 m,
depending upon geothermal' gradient and  pore water
composition). This zoné of major dissolution and well
developed secondary porosity corresponds toliﬁwell temperature
of above 80 °c. In general, this interval is well within the
liquid window of h§arocarbon-generation. The importance of
organic matter maturation in dissolution and post-dissolution

cementation will be discussed in Chapter 6.

5.6 HYDROCARBON MIGRATION AND PRESERVATION OF SECONDARY
POROSITY

It is a well established 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 migrationnwas long, then cementation and

compaction may have severely reduced the newly generated

porosity. For example, some oil-filled samples of the
Hibernia Sandstone show a very loose packing of framework
grains, which resembles that of the Avalon Sandstone. Such

samples indicate. pervasi%e dissolution of an early calcite

cement. This, in turn, suggests that calcite (and other)

‘dissolution was followed shortly afterwards by hydrocarbon

/
migration. In a féw"samples grain fracturing may have

occurred‘ after th%/ dissolution of calcite .cement. The

/ ~
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preservation of secondary porosity by means of overpressuring
gs less likely in the Hibernia Sandstone. In the Hibernia aréﬁ
the top of the overpressured zone generally occurs at or near
the top of the Kimmeridgiaﬁe shale, that .ds' below the
Hibernia Sandstone (Grant ;t al., 1986).

@

5.7 PRIMARY CONTROLS ON DIAGENESIS AND BSANDSTONE POROSITY
/ p

5.7.1 Position of Sandstone in Sedimentary Basin and Thickness
of Interbedded Shales

Sandstone beds in different parts of a sedimentary baéin
may unﬁergo a somewhaf differept diagenetic history,
depending on the amounts and composition of pore fluid
available for diagenetic reactions. This point may be
elaborated on sy comparing margihél Avaloﬁ Sandstone, _
rapidly subsided along a growth fault (i.e. Avalon Saﬁdsfoﬂe
in 0-35 well), with basinal Av?lon Séndstone (i.e. B-27 and
C-96 wells;. In contrast to the margihal sandstone ‘(0—35”"
well), dissolution of éarly calcite cement is more common in
the B-27 and C-96 wells. The more extensive dissolution iﬁ
these wells may have been coﬁtrolled, in part, - by the
pre;ence of large volume of interbedded shales which wéuld
provides greater aﬁbunts of fluids for ceméﬁtation and
dissolution processes. Since all wells investigated iﬁ tﬁe <
present study are not widely spaced (<5 km), therefore, this

aspect nee?s 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

In the Hibernia Field, . sandstone
\ ' o
thickness varies from a few centimeters to more than 14 m.

during diagenesis.

¥
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Well developed thick sandstone beds‘{Hibernia Sandstone, C-

96) were not completely cemented by an early calcite’

cemeht and generally show advanced mechanical compaction
compared to thiner sandstone _beds. Relatively thin
sandstones, on the other hand, were completely calcite
cemented during early diagenesis and subsequent dissolution
of calcite cements and framework grains recovered most of
their primary porosity (up to 80% in the Hibernia Sandstone

of the B-27 well).

$§.7.3 Grain 8ize, 4

Grain size variation has an_ important . effect on
diagenesis. As a result éf variable initial poroéity and
permeability (due to grain-size variation and detrital clay
content) the extent and type of dfaggnesis may vary even on
the thin-section scale (diagenetic scatter). For example- in
sample 3178.4 of the 0-35 well, early calcite cementation
has occluded all 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 “pérmeability

. !
were low in the remainder of the section. Consequently, no

calcite was precipitated in this part. After all pores in
the porous zone had been filled with calcite, the pore
fluid subsequéntly moved through the less porous‘!zonéa and
precipitated minor silica (about 3%) and ferroan dolomite

cement (about 2%). Thus considerable diagenetic variation,

even on a microscopic scale, can be explained by -.initial
grain size and clay control on porosity and permeability.

195 ’
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5.7.4 Geothermal Gradient (or Subsurface Temperaturs) -~——. _/

Teﬁperatﬁre is a A*major controlling factor on diagenesis -
and hence porosity and permeability of sandstone reservoi{§
(Galloway, 1974). "%he initiaéion of diagenetic reactions in
a sedimentary basin (e.g. transformation and precipitation of
clay minerals, organic matter maturation and related
generation of aciﬁic fluids) are 1largely controlled by
temﬁeratﬁre. £n 16 southern Californiua oil fields Dixon and
Kirkland °(1985) found a strong positive corrélation' betﬁéen

©¢c/ 100

the thermal gradient (which ranged from 2.9 to 4.0
m) and the porosity decline gradient (whiclkr ranged from 1.1 -
to 5.8% /100 m). Similarly, a small change in the geothermal
gradient (0.47 oC/1oo m) from lower toward upper Texas in thé '
Frio Formation of the Gulf Coast causes a change in the - mean
porosity from 18 to“27% at 3000 m depth (Loucks et al., 1984):.

The preéent geothermal gradient iﬁ the Hibernia field is

2.4 oC/lOOm. The geothermal gradient from other fields of

the Jéénne a’ Arc,Ba;in is not available. on a regional —

' scale, the geothermal gradient may be variable in the

°

Jeanne d’ Arc Basin. Thus it would be important to
establish the variation in geocthermal gradients  for

predicting reservoir porosity . in the Jeanne d’Arc Basin Pn

a regional scale.

5.9 Bmy |

#

Different reservoir zones in the Hibernia Field show
distinct diagenetic features and porosity modigication with
increasing * burial depth. ~ Some important features observed
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(2)

(3)

/

(4)

(5)

(6)

9

Porosity in the fine-grained, 1loosely packed Avalon

Sandstone is _mainly primary.

Precibitation of early ferroan calcite cement is the
most porosity-destructive authigenic minéral in
these sandstones. This cementation phase has completely
filled up to more than 20% of the sandstone core from
the Avalon Sandstone. » .
An average 2% porosity in the Avalon (Saﬁdstone was
lost by quartz overgrowths. PoroEity loss due to other
cements (siderite, authigenic clay minerals) averages
2.9%. In this sandstone no dolomite or kaolinite
were observed.

A few samples from the Avalon Sandtone show secondary
porosity (average 2.6%). Acidic pore water for
dissolution (of calcite cement and rock fragments) was
presumably derived from adjacent shales. Minor

dissolution of carbonate rock fragments, prior to early

ferroan calcite cement, . .may have occurred by meteoric

» waters invading the reservoir during the Mid-

Cretaceous hiatus' (Hutcheon et al., 1985) .

Fine-grained, moderately compacted nwpH Sandstope
exhibits 10.6% thin section porosity on ¢average
(excluding completely cem?nted sandstones). .

A largé portion of the "B"™ Sandstone (23% of the
sandstone core studied) is completely cemented with

early calcite. In the remaining porous sandstone,

\
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(7)

(8)

(9)

(10)

v T

quartz eovergrowtﬁé (4.7%) and late ferrocan dolomite
(3.6%) are 'other important “authigenic minerals.
Reduction of porosity by 1late ferroan calcite and
kaolinite is not significant in the "B" Sandstone.

On average 7% porosity in the "B" Sandstone of the O-
35 well 1is secondary which originated mainly be
dissolution of early c?lcite_ cement and carbonate
fragments. .

The -presence of high secondary porosity near the
sandstone-shale contacts probably5indicates that acidic
fluids for dissolut%on were provided by adjacent shales.
The medium-to coars;—grained Hibernia Sandstone shows
on average 13.1% thin-section porosity.

Out of 132.5 m sandstone core from the lHibernia‘
Sandstone, only 4.0% are completely cemented with
cdlcite. However, it a;pe;rs that during early

diagenesis a significant portion of the Hibernia

. Sandstone was completely cemented with calcite which was

(11)

(12)

(13)

later dissolved.

Quartz overgrowths reduce on average 4.9% porosity
(fanging from ci' to 11%)'in‘ the Hibernia Sandstone.
siderite, 1late ferroan dolomite, kaolinite, and late
pyrite cause a combined porosity reduction of about

.

1%-

¢
Secondary porosity formed by the dissolution of calcite
is dominant in thin sandstone beds which were completely
cemented during their early diagenetic history.
Thick sandstone beds were partly cemented with calcite.
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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 thick sandﬁtong beds
generally still contain considerable primary

porosity.
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CHAPTER VI

.

SOURCE OF MAJOR AUTHIGENIC nmn'u.s AND ORIGIN® QF
SECONDARY POROSITY: DISCUSSION AND ~INTERPRETATIONS

‘-

6.1 INTRODUCTION )

The diagenesis -of sandstones and its effects on
reservoir porosity have been discussed in Chapters 3 and 35,
rkspectively. Mineralogical variations in the interbedded
shales 'undergoing burial’ diégenesis were dealt with in
Chapter 4. Using various observations QLtained during thig
study’ the sources of authigenic minerals and the origin of
secondary porosity in sandstone can now be discﬁs§§d and
their relationship with shale diagenegis as a func;ion of
burial depth be evaluated. ) -

6.2 DISCUSSION AND SOURCE OF MAJOR AUTHIGENIC MINERALS
6.2.1 Calcite - ' V

Early non-ferroan and ferroan-calcite cements
(precipitated above 2000 ; burial depth) have been widely
reported in the literature _(Blatt, 1979; Almon and Davies;
1979; Loucks et al.,i 1984 and Imam and Shaw, 1987). Four
major sources of early calcife have been sﬁggested: (I{
dissoiﬁtion'and reprecipitation of carbonate from fossil and

limestone fragments in sandstones and. neatby shales (Almon

and Davies, 1979; Blatt, 1979); (2) percolating meteoric water

supersaturated Q{th calcite (Longstaffe, 1984); (3) upward"

N

migrating pore-water ékperiencing a decreasing Peogs and,
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consequently, decreasing calcite solubility; and |, (4)
carbonate generated ‘in the sulphate rgduction and methane
pr;duction zones. The precipitation of calcite‘is enhanced by
high activities of Ca2+, and C032-, alkaline pH, low PCO,,
and an'increase—ﬁﬁjtemperature. If the pH of the fluid is
buffered by an external-:source (i.e. acetate which has a
. maxigum buffering capacity at a pH of approximately 5) an

Y

increase in pCO,, favours calcite precipitation (Surdam et
al., 1984). ~

In the gibernia field, early ferroan calcite cement was
precipitated at relatively shallow burial depth, probably
around 1000 to 1500 m: Petrographic arguments (minus cement
porosity, fractured grains healed with calcite cement) have
been previously discussed (section 3.2.3.7.2). Although
calcite is abundant where fossil and limestone rock fragments
are abundant, a considerable amount of calcite cement in
sandstones of the Hibernia field is believed to have an

external source (most 1likely from interbedded shales) or.

” redistributed within the sandstone units. The presence of .

calcite cement in zones free of fossil or carbonate fraémenps
(Plate 273) an&, its absence in some of theafossi;-rich zones
"{Plate 27B), 'alsd" " suggest rediséribution or an outside
source. Meteoric water percolating downward from ' the
Mid-Cretaceous (Albian) unconformity and/or along
“syﬁdepositional faults (growth faults) may have provided some
of the calcite by‘dissolviné carbonate fragme;ts on its: way

)

as discussed below. Upward moving -~ trapped pore water from
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(A) Medium-gr

Cehentation, dissolution and sandstone porosity

.

PLATE 27

ained sandstone completely cemented by early

ferroan calcite ceme?t°(C). Note absence of fossil

fragments. Quartz grain margiﬁs are partly replaced by

calcite

(arrows) . This part of the thin section was

stained with Alizarin-Red only. . Avalon Sandstone, O-

35, 2191.5 m. Plane-polarized light.'Scale bar: 100 um.

(B)

Loosely packed fine-grained sandstone with abundant

fossil fragments and 1lack of calcite cement. Note

- pressure solution contacts (arrows) , between quartz

grains and fossil fragments. Bedding direction  sSub-

vertical.

Avalon Sandstone, 0-35,_'2195.4 m. Plane-

polarized light. Scale bar: 500 um.

(C) Late dolomite (D) precipitated in a secondary pore (SP)

that originated from the dissolution of a calcite

fragment (stained red). "B" Sandstone, 0-35, 3183.70

m.* Plane-polarized light. Scale bar: 50 um.

(D) A large

secondary pore (approx{mately 2.0 mm 1long)

<4

origiﬁated due to dissolution of a~carbonate fragment.

-

This sample still contains large (0.5-5.0 mm long)

carbonate
followed

coating).

e

fragmenté. The dissolution event was )

by hydrocarbon migration (black grain

Note euhedral dolomite crystal (D) in ’iower

right corner. "B" Sandstone, @-35, 318%.82 m. Plane-

polarized light. Scale bar: 500 um.

t
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compacting \fossi;-rich interbedded and deéper shales (see
below) may have supplied most of the Caco§{ Calcite-rich

sandstone zones are generally present above or near fossil-

( rich.calcareous shales and tend to comprise a pebbly bed 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

ééntrolling the precipitation of earﬁy‘calcite. -

A marine source for the early calcite cement is

supported by isotopic data (Figure 3.7). ﬁl3c values

réstrain the possible sources of bicarbonate for the
precipitation of calcite cements in the following way: (1)
Sea water has an isotopic composition of 813¢ near o %. PDB;
(2) on average calcareous fossils have\a813c of +2%, PDB;
(5) oxidation of marine organic matter by bacterial sulphate

reduction produces bicarbonate with qﬂ;3

51 3

C of -25%. PDB; (4)3’
methanogenesis produces Co2 with C of up to +15%. PDB;
and (5) thermal decarboxlation 3f organic matter again
generates CO, with lighter values o3¢ (up to =-25%, PDB).

The measured &'3c value of early calcite in this study

averages -1.64%, PDB (ranging from +2 to ~-5.8%). In the

Avalon Sandstone, the-@Verage313c of early calcite cements
is close to zero (-0.87%. PDB; Hutcheon et al., 1985; Fig.
3.7).” The §13¢c 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 calcite
precipitation.
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. In Figure 6.1, theBlgo values of both early and late

‘v

% calcite cements are plotted versus depth together..with the
81§o ‘values for early calcite cements of Hutcheon et al.
(1985) . .In the Avalgi and "B" Sandstanes, the early calcite
cements. show a wide ran&F~of'3180 from -0.5%, to -10%. FDB.

i The 5180 values of c&?ﬁ%ﬁate cements are controlled by the °
- 580 of the pore water and temperature at the  time of
precipitation (McCrea, 1950; \Epstein et al., 1953). The range
of 880 ot éarly calcite cement obtained for the 2400 m
subsurface depth level is difficult to explain with variable
burial temperature alone. = Texturally, early ferroan calcite
cement from various depths léoks similar (i.e minus cement
porosity ranges from,25 to 30%) and suggest a narrow depth
.interval (probably <500 m) for precipitation. This interval
(-corfesponds to a subsurface teyperature range of not more
than 15 °c¢ (assuming a geothermal gradient of 24 °C/Km; Suie,
COGLA personal communication). As mentioned earlier (section
2.3.4), 'the Avalon Sandstone was mainlyﬁdeposited in a marine
environment. ,Using a Cretaceous seawater 8180 value of 0%.
SMOW (Veizer, 1983) and the equation of 0’Neil et al.
(1969) . the range in8%0 valbes (-0.5-to -10.0%. PDB) “would
require a tempefatdre range of_>36°c, if temperature was the
only factor for the observed variation. This wide range,
thereforé, must reflect pore fluids with variabie.?lao
values at the time of precipitation. Such variable isogépic
composition of the poré flui@s~may be due to: (1) variable

proportions of meteoric water input into different . wells
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sites; (2) mixing with upward moving isotopically light hot
fluids derived from deeper levels; or (3) a combinatiqgv of

b

these.

Trace element analyses (i.e Sr2+, anf, Mg2+ etc.) on
Avalon calcite cement (Hutcheon et al., 1985) show values
betﬁeen meteoric-water aﬁd sea~-water calcite. This
indicates mixing of meteoric with sea water. To  evaluate
the influence of meteoric water versus temperature on the
geochemical compositfod, ratios of Sr/Ca and Mn/Ca were
plotted yersuss%ao of these cements. If the light?lso values
of early calcite cement were mainly due to the presence of
meteoric wéter, there should be a decrease in the Sr/Ca and
an increase in the Mn/Ca ratios with more negativéﬁlso values.

Hutcheon et al. (1985) obtained no apparent relationship
betyeen the Sr/Ca and Mn/Ca ratios versus oxygen ’isotopic
compositions. This may suggest that lighter oxygen isotopic
values of early ‘;;icite cements are the result of upward
moving shale water both from interbedded and deeper levels
(hot fluids) mixed, at places, with meteoric water.

The isotopic composition of early calcite cements buried
to deeper 1levels (in the Hibernia Sandstone) -is less
\variable than at shallower levels and shows lighter isotopic
- values (average313c = -3.4%, and 3180 = «7:4%« PDB). This
may reflect’  recrystallization of early calcite cement at
higher temperatures and isotobic re-equilibration with
somewhat different pore water compositions. Partially to
completely recrystallized fossil fragmeéts‘hith oblitérated

microstructures were commonly observed _(Plate 24B). Sqme
~
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recrystallized fossil frétjments and their surroundir}g
poikilotopic calcite cements are in optical continuity
prébaply indicating recrystallization of calcite cement. Where
early calcite cement has been buried to a greater depth, it
shows progressively lighterd!3c values .(Fig. 6.2). This
may a:_l.;o reflect recrystallization at higher 'tanperaturés

et d
aope g £ FOE
Vr(

where some organically derived carbon was available.'-

Isotopic data fri:m i:he late ferroan calcite cemenég lie
close to Wilcox calcite of U. S Gulf Coast (Fig./ 6.3)h"~,_’and
are much lc;\ss scattered than those for early ferroan calci::"”es
and show the 1lightest isotopic wvalues (Fig. 6.1 and 6.23)."'
The isotopic signature of this cement reflects generally
similar temperatures and pore fluid compositions during
precipitation between different w&elas. ’ '

The 813¢c values (average £10.9%.  PDB) indj.ca*e
incorporation of substantial amount:\ of organically derived
light carbon. The main processes for generating significant
amounts of 813c-depleted 602 or HCO32- in a subsurface clastic
system during burial have been discussed by Curtis (1978) .

Microbial oxidation of organic matter and 5042- reduction

generate CO ‘with negative 3¢ values. These processes

2
AIsually occur in the upper few to few tens or hundreds of

meters in the sediment column. Grain fabrics and other
petrographic evidence, however, ~- suggest precipitation of

the late ferroan calcite cement below 2600 m, probably near

3000 m subsurface depth. The closely clustered §*%0 values

{ ,
on this cement (-8.85%, PDB) also favour precipitation at
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somewhat elevated temperature. This™“type of evidence
speaks againgt a significant input of carbon from surface
and near-surface environmgggs of microbial oxidation and‘
sulphate reduction. From this, one has to conclude that -
thermal decarboxlation of organic matter of shgles at
greater depth provided significant amounts of carbon for
the - late calcite cement. Fig{ 6.3 shows a covariation in
.518

the O and 313C composition of carbonate cements from the

Hibernia and other sedimentary basins. This implies increasing

‘contribution of. organically derived carbon to marine carbonate

a

carbon with 1increasing tQmPerature and depth. Thermal

L)

breakdown of the carboxyl group of the organic material
releases isotopically light Coz(bljc of about -25%, PDB) to
the pore water. This Co, may dissolve carbonates having

comparatively heavier 813c values. present in shales and

" sandstone beds. The resultant bicarbonate that forms from the

mixture of this carbon dioxide and carbonate fragments (or
cements) may be utilized in the precipitation of "isotopically

relatively 1light late calcite cements (provided that the

pH is not buffered by the carbonate éystem). If the PpH is

controlled by théE carbonate system, an increase in o, will
increase calcite solubility causing calcite diﬁiolutibn
instead of precipitation. ﬂ

,Early and late ferroan calcite cements contain .;ariable
amounts -of iron (as observed in stained thin sections).
Microprobe data for these cements ‘Avalon Sandsione,
Hutcheon et al., 1985), also indicate variable iron contents
(ranging from 1.5 to 4.39 wt.%). For the early calcite
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(possibly precipitated below 50 °C)~ a sou;Ee of iron may be
Fe-oxide and Fe-hydroxide coatings of 'clay minerals and
other detrital qrainsl For ‘early ferroan calcite, it is
unlikely that the transformation of Lsmectite to illite in
the interbedded shales has served as a source of iron

because this transformation usually occurs at temperature

above 50 ©°C. Beside the above mentioned sources, the
diagenesis of interbedded shales (smeciite /illite
transformation), however, may have provided additional

iron required for the precipitation of 1late ferroan calcite

and late ferroan dolomite. Oldershaw and Scoffin '(1967) also

i

concluded that clay minerals are probably the main source of
iron for 1late ferroan calcite cement in the Wenlock and

Halkin Limestones.

<

6.2.2 Dolomite . o ;

Oon the 13C/180 diagram (Fig. 3.7) the early and 1late
dolomite cements occupy distinct fields, demonstrating that
the petrographic distinction of different types of dolomite

cements does, in fact, reflect d&fferent temperatures and

.

pore fluid compositions.

-

Petrographic evidence (see section 3.2.3.9.2) and
relatively heavy ﬁlso values (average of -3.1% PDB) of

early ferroan dolomite (presently buried to > 3850 nm

subsurface depth, corresponding to temperatures above 90 VOC)

suggest precipitation at shallower depths (above 2000 m).

The gvenageﬁlso"ofICretaceous marine calcite cements is about

-2%. PDB {James and Choquette, 1983). Marine dolomite
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precipitated at 'near surface temperatures (25 °C) would be
[ ] -

enriched in®0 relative to co-precipitated calcite by 3%.

4

to 6%, (Land 1980, 1983). If we assume that pore water
responsible for the precipitation of<:éayly dolomite was
similar to that of*: Early Cretacéous sea water, then the 8180
value of the early dolomite should be +1.0%. or heavier
(assuming no late diagenetic changg'an. isotopic composition).
Early ferroan dolomiée, however, spowsﬁlaé vglues of -3.1%.
PBD. ' This probably indicates precipitation and/or
recrystallization at somewhat elevated temperatures (but
‘still less than those of the late dolomite). Early_,ferroaﬁ
dolomite was only observed in a thick (18 m) fine-grained
sandstone unit which contains abundant plant fragments and
organic-matter. During eafly diagenesis, the oxidation of
organic matter and reduction of 3042_ (as indicated by
abundant pyrite in-the Hibernia Sandstone of the B-27 well)
may have locally favoured ferroan-dolomite precipitation. The
3¢ values (-3.5% PDB) of early do%omite also indicate
some organically derived carbon.\
- The late:. ferroan dolomite of the Hibernia field glbtes
close to the‘wilcox ankerite of U. S. Gulf Coast (Fig. 6.3)
The material required to precipitate late ferroan dolomite

AN
cane, at least in part, from the dissolution of limestone

~and fossil fragments, and early calcite cements. This is

supported by petrographic observations “(see sgcticn
3.2.3.9.3) as well as carbon isotopes. This dolomite is
commonly associated with partially dissolved carbonate
fragments (Plate 16C and 27C) qnd early calcite cements. Late .
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ferroan dolomite only occurs at depths bélow 3000 m
corresponding to well tempe;atures,;boxe_ao °¢ (Fig.6.4)~
At higher temperatures, iron-rich 'car;onates are
thermodynamically more stab;e than calcite (Boles, 1978).

The formation of ferroan dolomite from calcite in the
H

presence of Fe?t and Mg2+ can be expressed as;
: 2+ 2+ 2+
4Caco3 + Fe + Mg —-—D> ZCaMgo'sFep.5‘+4co3 + 2Ca
2 The carbon isotopes of late ferroan dolomite
(average 53¢ = -s1. PDB) also indicate that fossils "and

limestone fragments were the main source of carbon, and only a
small amount of carbon was derived frgm an organic source:
The diagenetic reactions in, the interézhded shales beﬁow
3000. m (at temperatures above 80 oC) méy have provided Fe2+
and Mgz+ needed for this late dolomite. This -is indirectly
supported by the fact that 1late ferrgan dolomite is more
common when interbedded shales are common (i.e. in the "B"
Sandstone of the 0-35 well and the Upper Hibernia Sandstone
of the B-08 wellj. Oldershaw and Scoffin (1967) also observed
a close association between the distribution of late ferroan
calcite cements and clay minerals in the Halkin and Wenlock
Limestones. The preseéée of late pyrite, particularly in the
Hibernia Sandstone of the B-27 well, also indicates that
substantial amounts of reduced iron were available during

L3

"late" diagenesis in the Hibernia 0il Field.

6.2.3 Quartz R
The solubility of silica incf;géaqxrapidly above pH 9,
but this pH is rarely encountered in natural environments
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(Berner, 1971). Quartz solubility is also dependent on
temperature and hydrostatic pressure. at 100 °c in oil
field b}ines, its solubility may ipcrease from less than 10ppm
at|surface conditions (25 °C, near\neutrai“pH) to about 62 ppm
(Siever, 1962). When such pore ;Efér¥~moves upward, its
temperxature and silica golubility decrease and as a result

-silica precipitation may occur.

Of the ny postulated sources of silica cement (reviewed

by McBride, 197%7), only the following sources may have

contributed to silica cementation in the Hibernia field
, &

sandstones: (i) the ébQXizsion of smectite to illite in

interbedded shales,| (ii) the dissolution of silica-bearing.
N,

N

detrital grains including sifipious shell fragments (fine-
grained quartz, feldspar, che;t{ radiolaria, diatoms and-
sponge épicules), both in sandstonéé and shales, and (iii)
the replacement of silica-bearing glheraism(mainIY"maﬁéftz)
by carbonates. )

The Avalon Sandstone contains little gquartz overgrowths.
However, quartz is a common cement in the "B" and Hibernia
Sandstones. Sandstone samples containing abundant quartz

. cement are generally from thin sandstone units present near
\thick shale beds. For instance, a sandstone bed above. a 9

m thick shale (at 3483 m in the B-08 well) contains

abundant silica cement (10.6%). Similarly, in the 0-35 well

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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overgrowths (3920-3940 m, C-96). It seems that shale beds
immediately adjacent to sandstone beds may have supplied

significant amounts of the silica needed for quartz

overgrowths. -

The diagénesis of shales (i.e.- the smec;ite/illite

transformation) 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
Forester, 1984). Fuchtbauer (1967) aléo.reported that in the
Dogger Beta-Sandstone of northwest Germany siliéa cement
increases toward _the shaly margin of the sandstone beds.
However, 1if one ponsiders’a possible mechanism to transfer
diagenetically released silica from shales into nearby
sandstones, this model faces problens. It has been shown
that due éo the low solubility of silica, the water content
of shales (where smectite diagenesis oécurs) is too low to
account for the observed silica cements (Blatt, 1979;
Bjorlykke, 1979). Diffusion of silica .from shales into

<

sandstones has been proposed (Jacka, 1950: Wood and Surdam,

1979), but this mechanism appears to be 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
sandstones deduced from oxygen isotopic data in different

sedimentary basins. -~

Reference ‘ Temperature (°C) : Sediment_ary basin and age

Mack_ | b 50 \ Noland County Texas

(1984) ’ (Pennsylvanian)

] AN

Land - 60 Frio Formation, U.S.

(1984) Gulf Coast (Tertiary)

Haszeldine .

et al. (1984) >68 Beatrice Field of North
: Sea (Lower Jurassic)

Milliken -

et al. (1981) 75 to 80 . Frio Formation,

. _— Brazoria County, Texas

(Tegtiary)

Land and Dutton >75 Gray Sandstone, Taylor

(1978) County, Texas

- : (Pennsylvanian)

s
zé
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Petrographic observations from sandstones of the
Hibeén@a Field dg not support Blatt’s model of extensive early
silica cementation by meteoric water influx. In the
Hibernia Field, most samples that contain abundant silica
cement (>8%) are from medium-grained thin sandstone beds
alternating with shales. If early meteoric water was indeed
an important source of siljica cement, cementation would have
been more widespread in thick medium-grained sandstones
rather than in thin sandstone beds alternating with shales.
In addition, the Avalon Sandstone which was invaded by
meteoric water during and/or after the hiatué corresponding
to the Mid-Cretaceous (Albian) unconformity‘(éutcheon et al.,
1985), does not show abundant silica cements. ‘Furthermore,
isotopic Aata (Table 6.1) on quartz 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 %
and 8o °c. At these temperatures and corresponding burial
depths of 2000-3000 m (assuming average gadthégmal gradients
on the order of 25-35 c°/100 m), descendihqwg;o&nd-water is
unlikely to have high discharge rates, as needed by Blatt';
model, unless the recharge of meteoric watexr countinues over
Iong periods of time under special g%ological conditions (i.e.
Western Canada Basin; Hitchon, - 19%69%a,b). Moreover,
sandstones in recent deltaic environments do not show
significant amounts of silica cementation in zones gf shallow
meteoric groundwater circulation (Todd and  Folk, 1957;

Galloway, 1977). The foregoing discussion indicates some of
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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 ofﬁ 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 transformation

which takes place at subsurface temperatures between 60 to

-0

\
N

120 °c. Wood and Hewlett (1982) showed that theoretically a
gently dipping porous and permeable sandstone bed in a
&
subsurface environment with a geothermal gradient as low as 25

C/km, would experience gentle unicellular convection. Such
convectional movement of fluid could ~ transport dissolved
solids over distances in the kilometer range much more
rapidly than diffusi?e processes. However, so far, it is
not known how important and effective this mechanism is and
the origin and transport of silica causing widespread quartz
éémentation 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. Althéugh the
transportation mechaniém for silica is still unclea;, it seems
that most of it was derived from nearby shales. During early
diagenesis, water expelled from shalgs due to mechanical
compaction may have deposited small amounts of siliéa.
This phase was followed by early calcite cementation. Where

this calcite cement was missing, quartz cementation continued.

Upward moving pore water may have transported some of the
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silica from shaleéjwhich were buried deep enough to - undergo

the smectite-illite trgnsformation. . Thermal maturation of
"organic matter within shales released carbonic and organic
acids. These acids may have dissolved fine-grained feldspar

present in. -shales, as well as feldspar and chL.rt in

sandstones (see Plates 22A, 22B, and 22C) to provide -

additional silica for cementation.

3.2.4 Pyrite

Pyrite forms in reducing environments in the presence of

2~ 2

S and Fe

+ (Berner, 1971). These conditions are commonly
encountered . in organic matter-rich marine sediments, a few
centimetres , to a 'few meters below the sediment-water
interface (Curtis, 1978). Sulfide is mainly deriJed from the
bacterial reduction of sulfate from sea water. . The most
likely source of iron for early pyrite is ferric oxides and
hydroxidés which were absorbed onto clays and other hetrital
grains (Carro}1;°1958).

‘ The 'form;tion of late pyrite probably occurred as a
';esult 6? a reaction between iron add thermally decomposed
organic sulphur compounds. It seeﬁs ‘that enough Fe2+ is
available in the pore waters during most of the diagenetic
history. This is evident from iroﬁ—rich carbonate hinerals,
precipitated during different stages of diagenesis. The
. source of iron‘ for late pyrite could be from shales
ﬁndergoing transformation of smectite to illite and/or from

the dissolution of iron-beéring early calcite. \Markért

"(1982), aﬁd Markert and Al-Shaieb (1984) have reported the
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formation of late pyrite by reduction of iron by hydrogen

sulfide gas associated with hydrocarbons.

6.2.5 8iderite
Siderite has a relatively restricted " stability \field.
Four conditions are necessary for its formation (Berner,

1971): (1) Low Eh: f2) high pCO2 to ensure an adequate

4
supply of the bicarbonate ion, with a pH buffer reaction
other than that of the carbonate system; (3) low [Sz-],
otherwise thé_ ferrous iron would be taken up by the

precipitation of pyrite; and (4) a relatively high

[Fe2+]/[Ca2+] ratio (Fe2+ concentration of at least ';p77

mole/liter), or else calcite would form instead. of siderite
o .

(Curtis, 1967). These conditions for siderite formation are

commonly encountered in terrestrial sedimentary environments,
particularly coal swamps‘where the conéent of dissolved Ca2+
and §2:’ is low. However, in marine environments, favourable
conditions for siderite precipitation may exist below the
sulphate reduction zone (in the carbonate reduction and
fermentation zones) during eariy diagenesis (0o to 75°C).

" A clue for the origin of the HCO, may be obtained from

3
the carbon isotopic composition of siderite. Oonly three

siderite samples from the Hibernia gandstone of the B-27 well

were analysed for carbon and oxygen isotopes. At this,
subsurface .interval, pyrite was commonly observed (see
Appendix 1). The negative isotopic composition of carbon (-

5.6 to -10.2% PDB) indicates that sulfate reduction

contributed some bicarbonate. This was buffered with 1less
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negative HCO3- derived from methanogenesis and /or sea water

- . E

Hcoa'. A contribution of HC03— from methanogenesis is required
by "geochemical arguments, because siderite shculd not form
until sulfate reduction ceases. As the values of§3c  vecome
less negative (from -10.2 to -5.6%s PDB), the 9180 becomes
mo}; qegative (from -3.9 to =6.5% PDB).H&rhis indicates
progressive burial as sediments move away from the 9042—
reducfion zone into the carbonate reduction and the methane
production"zbnes. It is interesting to 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 well). These shales may have provided favourable

3

geochemical environments. The oxidation of: organic matter in

-

these shales provides strong reducing environments ° with

Y

high HCO3° and extremely.low 8042— concentration which

favour siderite formation. If the pH of the pore fluid is
buffered by reactions other than those of the carbonate

system, precipitation of siderite in sandstones may occur when

. LY
poré\ fluids move from the -shales into nearby sandstones.

‘~ Ay
The ’source of iron for the siderite may be the same as

’
suggested for the early calcite cement. Siderite replacing

early ferroan calcite (type 2) indicates.a change in pore

fluid composition. After ferroan calcite precipitation, the

2+ +

activity of Ca“ was lowered relative to Fe®* which favoured

siderite precipitation. DiééiminatedE"wheatseeg" siderite

observed in the Avalon Sandstones was not analysed for

!
{

isotopes: ' ‘

] . -
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. 6.2.6 Kaolinite

In the Hibernia field tﬁe “authigenic  kaolinite
represents a relatively late phase of diagenesis. Formation
of kaolinite requires a low pH with high [Si4+] and [A13+],
and low [K+j and [Mg2+] in the pore fluids. These
conditions can 5é°met during early diagenesis (by leaching
of feldspar with meteoric waters) or at moderate to
greater burial depths. Early precipitation of k9olinite,
in the pre;ence of meteoric waters is less 1likely because
2;) kaolinite frequently occurs in oversized and elongated
péres of secondary origin with partly -dissolved calcite
remnants; (ii) it.was precipitated after the formatioﬁ of 1I/8 -
coatings and quartz overgrowths; (iii) delicate authigenié

‘kaolinite crystals do not show any signs of compaction even

at 4000 m depéh.

.

As stated before, diagenesis of organic matter in
'shales can release acidic pore water. These pore fluids

moved through shale and sandstone beds dissolving calcite

and" feldspars. The . dissolution of feldspar may have
provided a1®*  ang Si4f required for - kaolinite
precipitation. Following calcite dissolution, but before

kaolinite formation, precipitation of late ferréan dolomite

2+

occurred. This will lower the Mg2+ and Ca concentration

and facilitate precipitation of kaolinite. 1Its precipitatjon
after calcite dissolution has' also been noted by other v
workers (e.g. .Dutton, 1977; Loucks et al., 1977; Liﬂ&duist,

1977 and Curtis, 1983). : | L
. N *

)
5 ! e .

N
Y,
L
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6.3 ORIGIN OF SECONDARY POROSITY

; 4 ignificant amounts of porosity (up to 80% of the total .
porosity) in .the Hibernia 0il Field arei'interpreted to be

) secondary in origin (see Chdpter 5). It is, theféf;re,
important to ihvestigate th; possible chemié:al proces‘ses
which may have been involved in the dissolution of
cepé;ﬁ;s and detrital grains. Several processes have been
sug)geste;d to produce aggressive pore fluids needed for
dissolution; i.e. (1) meteoric water influx (Bjorlykke,

] 1979); (2) acidic pore 9flu;i.ds generated from co,, produced

during thermal maturation of organic matter (Schmidt and

McDonald, 1979); « (3) organic acids formed during organic

matter maturation (Surdam eé al,, 1984); (4) clay mineral
transfo;'mation ‘reactions (j..e. smectite K& + 1;.13+ ;-—>
- illite + qhartz + H+; Bjorlykke, 1981); (5) mixing
corrosion (Bogli, .1964; Plummer, 1975); and (6) acidic
R ’ _ ~fluids generated” by reac{:ions between clay minerals. -and~
| carbor;ates (Hutcheon et ai., 1980) . Basically there are two
) major schools of tho:lght: ‘
: - - (A) dissolution by meteoric water;
< h ' (B) dissolution by acidic fluids generated during maturation
: —
of organic-matter rich shales due tr(releasF of:
) ) (1) cax;bpnic acid .(thermﬁ‘:ii decarboxylation); ’ -
- " (ii) organic plus carbonic.acids.
‘ \ 6.3.1 Dissolution by Meteoric waters - ’
.f ,‘ In a sedimentar:y basin, secondary ‘porosity may develop
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due to dissolution caused by percolating meteoric waters.

These waters should be undersaturated mainly with respect

to calcite and feldspaf 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
ai., 1979) . However under special geological conditions,
meteoric waters can penetrate to considerable depths (due to
hydraulic-head driven flows i.e. 4000 m in case of Western
Canada Basin; Hitchon, 1969ab) and distances (up to 120 knm
off the coast of Florida, Manheim, 1967). If meteoric waters
pass slowly through a deeg sedimentary basin, they are more
likely to become saturated with respeét to reactive minerals
and therefore, would be unable to cause dissolution on a

large scale.

6.3.2 Dissolution by Acidic Fluids

6.3.2.1 Carbonic Acid (thermal decarboxylation)
During organic-matter maturation significant amounts of

Co2 are generated prior to hydrocarbon genéra;ioh and

migration. Type III (woody) organic matter has a higher co,
generation potential than type II (herbéceous) organic
matter (Tissot and Welte, 1978). If the pH of the pore fluid

is controll®d by the carbonate system (H,CO,, .Hco3' , and

co.2~

3 ), an increase in pco2 will lower the pH thus increasing

i

‘HCo., . The resultant carbonic acid can dissolve carbonates.

3
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) kerogeﬁ‘& thermal exposufé“ ----- > cOé +_ petroleum + Hzo +
, N,
+ » -
b) co, + E2°'<- ff-> H,CO, <> H' + HCO,
c) caco, + H' <-----> HCO,” + ca®* -

. -+ { . . +
d) 2KAlSi,Of + H,0 + 2H  <--==> Al,Si,0,(OH), +45i0, + 2K

6.3.2.2 Organic plus Carbonic A&lds
During thermal maturation of organiq matter, carbgkyl
groups (-~COOH) boﬁded to the kerogen core are cleaved. - This
process probably - occurs before the generatioﬁ of liquid
hydroparboné. Experimental results confirm the formatin of
carboxylic acids (i.e. acetic, oxalic, formic, and succinic
acids) during the maturat}on of organic matter (Surdam et
al., 1984). Carothers and Kharaka (1978, 1980) reported
consibderable concentrations of these acids (up t; 5000
\\ppm)'in brines of several o0il fields in quifoinia and Texas.
_Surdam et al. (1984) also pointed out that organic -acids
together with the carbonic acid have a higher dissolution

botential than carbonic acid alone, particularly for

feldspars. The development of secondary porosity in many

(

sandstones is the result of aluminosilicate dissolution.j The °

dissolution of aluminosilicate minerals, however, faces the
problem of aluminium mobility as aluminium is ‘the least mobile
element in natural systems  (with a solubility of 1 ppm 'in

aqueous solution at a pH between 4 and 8). This problem can
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.be partly " resolved Aif organic acids are considered, at

temperatures where they still do not undergo thermal
decarboxylation (i.e. below 120 ®c; Ssurdam et al., 1984).

Experimental results jindicate that aluminosilicates can be

' destabilized readily in the presence of organic acids.

Organic acids (i.e. acetic and oxalic acids) form complexes

with aluminium (i.e. ' Aalc,0,.

soluble in water and can be transported in aqueous solution.

4320) and these complexes are

Some dissolution reactions with organic acids can be written

]

as:

' - * e
(§)~CaA1251208 + 2H2C204 + 8H20 + 4H ==
2+

. +
2H48104 + 2(A10204.4H20) +Ca
2 - '

(b) caco, + CH, + HCO,™ ~ + CH,C00

The carbonic and organic acids formed in shales are

COOH == ca’

carried into nearby sandstone by the pore water, which®

includes water released by clay mineral reactions (i.e. the
smectite/illite  transformation). The development of

maximum acidity in organic-matter- rich shales _is broadly

—

coincidenF_ with the onset of/gfggrinq"fﬁ> ihe I/S mixed-
layers (near 100 OC;V Pearégg{;t al., 1983; Dypvik, 1983).
The ﬁransformationl 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 causing overpressured zones (Magara,
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1975 and Bruce, 1984). In these zones the expulsion of pore

water 1is slowed down'considerably.ﬂ 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 Asanéstones.
pistribut{on of secondary porosityﬂ above and within the
geopressured zones have been reported from other sedimentary
basins (Parké;, 1974;’i§ucks et al., 1954)

.
Possible sources of acidic fluids for dissolution in the

reservoir sandstones are discussed below in the light of -

availaﬁle\information . ~

6.3.3 Avalon Sandstone

The Avalon Sandstone mainly shows intergranular primary
po;osity. In the B~-27 well, dissolution of calcite cement
and;carbonate fragments has occurred abo;éwa 11 m thick shale
bed. The interbedded shales 7contain 0.8 wt % organic

carbon (based on 4 samples). The Avalon Sandstone is
\ >

. presently buried to depths of between 2100 to 2600 m,

where temperatures of 60-70 S are encountered. At 60-70

°c, the organic-matter <contained with shales may haye
started to release minor amounts of acids (Hunt, 1979).
Most of the Avalon shales are calcareous so that much of the

acidity generated would have been consumed locally and

only small amounts of acids would have been able to reach

nearby sandstones. The isotopic data (large variation ofﬁlao)'

and the trace element composition ' of calcite cements

Py
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indicate the involment of meteoric waters during the
ﬁrecipitation and recrystallization of early calcite cements
(Hutcheon et al.,l 1985). This meteoric water which
.. penetrated the reservoir along the Mid-Cretaceous (Albian)
- unconformity may have been involved in some of the

dissolution. -

6.3.4 "BW Sandstone ' =

In contrast to the Avalonﬁ_Sandsténe, in the "B"
Sandstone evidence for secondary porosity is widespread.
Secondary porosity in the 0-35 well is closely associated
witﬁ shale-sandstone contacts (Fig. 6.5). Feldspar grains are
commonly corroded in zones with secondary porosity compared
to nearby early calcite-cemented zones. This may reflect an
interaction with organic acids. At the present burial depth
of about 3000 m (corresponding to a subsurface temperature of
“ 80-85 °C) 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.

§.3.5 Hibernia Sandstone
As discussed in seétion 5.4.3.2 the proportion of
secondary porosity increases )with depth from 20% to 80% of
!the htotal porosity. ° In the Hibernia Sandstone, extensive
w”dissolution of carbonates, chert, 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 stratigravhic section from the "B" Sandstone
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of the 0~35 well showing distribution‘of porosity and
carbonate cements. Most of . the sandstone beds
alternating with shales are cemented with early calcite
except a few centimeters above the shale beds where
gissolution of calcite' has generated secondary

porosity.
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{
secondary porosity due to the dissolution caused by

descending meteoric waters is an attractive process at a
shallow stage of diagenesis (up to a few hundred meters
burial; Bjorlykke, 1979) but becomes increasingly more
difficult at greater depths. Petrographic observations (i.e.
heterogenepus packing, partly dissolved undeformed skelétal
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
Secéndary porosity had originated close to the surface, it is
difficult to conceive how it could have been preserved with
subseguent compaction at subsurface-depths down to 4000
m. The preservation of secondary porosity by means of
overpressuring is a possibility (Bjorlykke, 1979) but is
unlikely ‘in the Hibernia Sandstone, because in the Hibernia
5rea, the top{of-the overpressured (Fig. 6.6)_zoné generally
occurs below the Hibernia Sandstone (at or near the top of
Kimmeridgian shales of the Verrill Canyon Formation; Grant
et al., 1986).

For secondary porosity originating at greater burial
depths, the sources of aggressive pore waters‘ are related
to the thermal maturation of organic matter (Schmidt and
‘McDonald, 1979; Surdam et al., 1984). The similarity in the
paragenetic sequences of authigenic minerals associated with
secondary porosity in various oil fields from different
regions (see Table 5.4 is considered to result from
o;ganic matter-rich shales undergoing burial diagenesis
(curtis, 1978; Land and Dutton, 1978; Franks and Forester,
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1984). Interbedded shales in the Hibernia Sandstone of the
-Avalon Sub-Basin contain 0.6 wt.% terrestrial organic matter
(Swift and Williams, 1980). As mentioned before, terrestial
-organic matter (Type 1III) has the highest Coz—generating
capacity  (Tissot and Welte, 1978). However, the potential to
generatg CO2 is dependent not only on type and abundance of
organic matter but also on the thickness of the shales. For
the Jeanne d’ Arc Bai;n in geﬁeral, shale/sandstone ratios
have not yet Séeg? ;ublished. In the Hibernia area (K-18
and B-27 wells), however, the shale/sandstone ratio is

approximately 2.0 (Brown, 1985) . As a result of the

proximity of source areas near the basin boundary fault
""(i.e. the Murre Fault), these wells contain a higher
percentage of sandstones. Towards the basin centre the

. shale/sandstone ratio would be higher. In the Avalon
Subbasin, the Kimmeridgian shales (< 300 m below the Hibernia
Sandstone) contain up to 8 wt.% (average > 2 wt.%) organic
carbon (mainly Type II, and fype III) and their average
thickness exceeds 200 m (Creaney and Allison, 1987).
Organic-matter rich Kimmeridgian shales are presently buried
to more than 4009 m corresyonding to subsurface temperature

s100 °

C (Fig. 6.7). They are considered the main source of
hydrocarbons in the Hibernia area (Powell, 1985; Creaney and
Allison, 1987). These shales, which presently are
overpressured, may have provided acids and water during shale
diagenesis. Aggressive pore fluids migrating upward from
organic-matter rich shales may have moved into the nearby

Hibernia Sandstone causing dissolution and porosity
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enhancement. The presence of high secondary porosity
anear'overpressured zones is also reported from the lower Gulf
ﬂ~($oast, Texas (Loucks et al.,‘1984):
| The Hibernia Sandstone is highly dissected by minor
faults. Most’ of these faults have served as conduits for
fluids (Meneley, 1986). This is evident from the distribu%ion
of oil fields in the Jeanne d‘ Arc>B;sin (Fig. 2.7). These
oil fields are closely relatéd to traﬂsba%in faults which
appear ‘to be an fmportant con;rolling factor_ for
tranéportation and accunulation of hydrocarbons. A
geochemical analysis of oil and gas in the Avalon Subbasin
indicgtes the migration of hydrocarbons from a deeper source
into the Hibernia“Sandst;ne (Creaney and Allison, 1987). A
linkage between the Kiﬁmeridgian shales and the Hibernia
Sandstone may have developéd some time before the peak
‘o hydrocarbon generation. Acidic ﬁorg wéEer expelled from the
- compacting shales (Kimmeridgian‘shales as well as interbedded
Hibernia shales) may have been carried into adjacent
pefﬁéable conduits (fractures and faults). These aggressibe
subsurface fluids subsequently gained acceés_tp the carbonate-
cemehted sandstones via more permeable flow paths (i.e: non-

*

calcite cemented porous zones), creating large- amounts of

4

Sur

éecondary porosity by dissolving framework grains and
intergranular cements, especially carbbggte 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 Ffurther indirect evidence fox the
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presence of acidic pore"wateré.

It can be argued that the solubility of coO, will'
decrease as Tﬁore water migrates upwards several hundred
meters (i.e. from Kimmeridgian 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 orgaqic acids. As outlined
before, organic acids are an important maturation product of
organic matter. When some _of the carbonates are dissolved
in ’ acetic acid the resultant calcium acetate haé a higher
solubility in water . (by 3 orders of magnitude higher)

compared to calcium carbonate (Meshri, 1986). This higher
!

solubility will keep calcium ions in solution and prevent

immediate’ reprecipitation 'of calcium as calcium carbonate.
Thus the presence of organic acids would -aid -in the
preservation of secondary porosity.  _

Some problems have been raised in the literature
concerning the organic-_znatter matura;:'ion Tam‘i origin. of.;
secondary porosity (Bjoi;‘ly]éké, 1;83; Landl, 1984; Lundegard
et al., 1984, 1986). Mass balanceh'calculations by these
authors indicate that:’ (1) thermal maturation of organir.:
matter alone cannot account for all the secondary por:osit\y
observed in sandétone reservoir rocks of the Frio Formation
(Oligocene), Texas Gulf Coast, (2) some of the acidity will bg

neutralized within the source rocks depending upon the amount

‘of reactive substances (e.g. carbonate) present. "The total

organic carbon content of the Frio Formation at present is

A}
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guite low (<0.28 wt. %); Assuming an origiﬁal concentration of

0.5 wt § organic matter (type III with 25 wt % oxygen, 25 $

§

of the oxygen being in the carboxyl group), a shale density

of 2.6 g/cm3, a shale/ sandstone ratio of 4.4, no

dissolution in the s rce rocks, and the dissolution

2+ 4 2HCO,, ™,

al. (1984) calculated that decarboxylation of organic matter

reaction CaCO, + H,0" + co, ---> Ca Lundegard et \

can only account for -1 to 2 vol $% secondary porosity,
whereas, on average the Frio Formation has 10 %-Tsecondaf§
porosity. The Hibernia Séndstone,, on average, has 9.2 %
secondary -pofosity. The  present organic carbon content in
the shales of the Hibernia 2Zone (0.6 wt.%) and in the
Kimmeridgian~shales (> 2 wt. %) is significantly higher Fhah
that in the Frio Formation of'the Gulf Coast. The loss of
organic-carbon Auring early and middle stageé of d%égenesis
have geen‘discussed (Claypool and Kaplan, 1974; Curtis, 1978;
Hesse,' 1986) . In the Hibernia area, Hibernia® shales may

have originally started with an organic-carbon content of

1 to 3 wt %. and the Kimmeridgian shales even much higher.

" Taking an average 2 wt %horganic matter (Type III) with

25 wt. % oxygen and assuming similar conditions as Lundegard
and Land did for the Frio formation, decarboxylation of
organic matter\qan account for 4 to.8§ secondaEy porosity in
the Hibernia Sandstone. As not ali%the organic matter .in
shales is of Type III, -the actual amount of secondaryw’//_f
porosity generated ‘by this p}ogess may be less. But this
doesn’t take into account organic acids.

" The Co, produced by simple decarbéxylatiqn or oxidation
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. of organic matter will ﬂave about the same 2§ 3¢ as _fthe

-

’ organic matter from which it is derived (i. e. about -24%.
PDB; Claypool and Kaplan,-1974). If this organically de:/éived

v Co, is in fact used to dissolve early ralcite cement (with an

2
t a\;erageﬁuc of -1.6%, PDB) and/or calcareous fossil fragments.
(with an average §13c of about +2%. PDB). the resultant

isotopic composition of the total fiis’solved carbon should
A —

' f\reflect the contribution from the jarious selirces. The
- - resulting 5 13C values will depend upo the ’relative
A . -

. " proportions of carbon input fr?m thef organic and the

. . ’ inorganic pool, respectively. The 1ate calcite cement in the
Hibernia ' Sandstone has an averageﬁlic of -11%. PDB which
; indicates that oxidation and deca?boxylﬁtion of orgagic
Lo matter were probabiy involved to m&bilize the carbonates.
N ' ) ’ Although decarboxylation or\oxidatio% of organic matter _seem
- to hgve play€§ an important role :in the formation of
L. secondary porosity in the Hibernia Séndstone, they cannot
T faccount for ali\éhe observed secondary%porosity (i.e. 5.0%).
- Organic acids can produce secondary pgr051ty by d15501VLng
. mainly carbonates and feldspars. Thg dlssoclatlon and
) hydrogen ion donor capacity of organic aklds are much higher
- than those of carbonic acid (3 to }50¢t§m s; Meshri, 1986).
Mo . However, this mechanism faces the sazg material balance
;» problem (amount of acidso-becadse the o&ygeq\ content  of
R kerogen is a limiting factor (Lundegard and Land, 1986).
The acid potentlal of organlc—matter ﬁ::\ shales may be

' increased if, besides decarboxylatyon, other reactions are

L]
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considered, such as:

,0 "===> €O, +

4): In this . case the organic mktter reacts with an

external oxidant (e.g. H,0; Lundegard et al., 1984y At

(1) ° Hydrous pyrolysis reaction (Ke'ro‘ge[n + H

CH

R

present there is no direct evidence that such a

-"hydrous pyrolysis" reaction occurs, although Hoering
(

(1982) has demonstrated extensive -exchange of ‘hydrogen
between oi'ganic matter and H,0 during simulated
maturation experiments.

(2) Mineral oxidants: During clay mineral <diagenesis

(smectites/illite transformation) Fe3+ is released

together with other cations (Mg2+, Si4+, Ca2+ etc.).

3+ 2+

The Fe~ 1is reduced to Fe by combined associated

oxidation reactions in the organic matter (Eslinger et/"““

al., 1979) which may be written as
3+ ’

CH,0 + 4Fe  + H,0 -==> CO, + sFe?t + 4

An external source of oxydant must be " available for

+

~_this reaction. This reaction can provide large
}ount\s of acidic fluids as one mole of protons ° is
produced%x\every mole of iron reduced._ However, the

quantitative significance of the reaction has not yet

beeri confirmed. ft
3+

s - important to note that most of

the Fe is released \from clay/ minerals when nixed-

layer illite/smectite "(I/S) . acquire ordering at

temperature of about 90 to 100°C (Surdain and Crossey,

. 1985) and t Et\ this level corresponds to maximum

~

organic acid genaration (Surdam et aln., 1984).

~

(3) In Lundegard et al\.\ © (1984) mass balance calculations it
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was assumed tﬁai only the carboxyl grﬁup (-COOH) could
be converted into co, by decarboxylation. BesidesmmEyg
carboxyl group, other funcéignal groups ‘of organfb
matter (e.g. phenol, ester, ether, and carbonyl groups)
may also produce Co;°anq Hzo;at higher temperatures
(Lundegard and Land, 1986).
" The present study suggests that signific;ﬁt amounts of
secondary éorosity in the Hibernia Sandstone developed at
deeper levels rather  in near-surface environments kby
meteoric water influx). The acidic pore fluid required for

dissolution was most probably derived . from shales

undergoing burial diagenesis. The organic matter and clay

minerals of shales undergo multiple complex chenmical
reactions capable of producing acids during burial
diagenesis. As a result, - the acids required for the

" generation of secondary porosity may be produced by

more than one process. The quantitative evaluation of

individual processes is a complex matter. However, some
‘ Q

' quantitative data are available on the acidic potentials of

decarboxylation and organic acids in the Frio Formation of U.

S. Gulf Coast. Using the same assumptions‘and taking 2
wt.% organic matter A(Type III) decarboxylati&h and
organic §cids can account for a minimum 4% out of 9%
secondary bporosity in the Hibernia Sandstone. Additional
acidity may have beenbprovided by various pyrolysis and

mineral oxidant reéactions yhich need further evaluation.

]
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o CHAPTER VII
CONCLUSIONS AND SUGGESTIONS FOR FUTURE STUDY
7.1 CONCLUSIONS

. This thesis presents the first comprehensive
invéstigation of the Dburial diagenesis of reservoir
sandstones, and interbedded and deeper shéles 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 averageuframework grain bompositionﬁof the reservoir
8.5/ F3_ g+ RoCk fra&hentS‘arg mainly
of--sedimentary origin (i.e. mud clast, sandstone, chert,

sandstone is Qé7 97 R

* and carbonate) and varies from 1 to 18%. On average
there 1is 10.6% rock fragments in the Avalon Sandstone
which —decféaseswto 3.3% in the Hibernia Sandstone. With
depth, * feldspar« content also decreases from 5.3%‘in the
Avalon Sandstone to 1.9% in the Hibernia Sandstone. This
decrease '_is in part due to dissolution of feldspar with
increasing burial depth. ) -

(2) Ten authigenic minerals were identified, comprising 1.6"
s to~47.z§ (average 13%) of the bulk rock volume. Only 6
of them are commonly present (quaféz overgrowth, calcite,
dolomite, siderite, pyrite, and kaolinite). Major early

';_ to 1later diagenetic séﬁuences are summarized as: thin
chlorite rims--> siderite--Qquaitz-—>ear1y pyrite-->early

- ferroan calcite-->quartz-->dissolution (dominantly of

v (

calcite) and ' generation of secondary porosity;->m}nor

L]

"
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grain fracturing~-->precipitation of 1late ferroan
caldcite/late ferroan dolomibte-->late quartz--
>k;=.lolinite-->1ate pyrite and migration of hydrocarbons.

(3} Late ferroén_ dolomite with curved cleavages and sweeping
extinction resembles 'saddle dolomite and has not .
previously been reported from sandst-qnes.

(4) Relative 1location in the sedimentary basin appears to
influence the diagenesis of sandstones (i.e. dissolution
of calcite appears to be more common basinward).

(5) X-ray minheralogy of shales (< 2.0 um) from the Hibernia
and West Ben Nevis o0il fields shows the followingj
variations with increasing burial depth:

(a) Illite generally constitutes a significant part of

" the clay fraction.” The amount of illite increases

from approximately 40% (above 2000 m) ° to

i approximately 80% (below 3600 m).

(b) Except for a few samples near the
. Cretaceous/Tertiary unconformity, kaolinite is
»’ present throughout the wells B-08, B-27 (Hibernia)

Q

K ’ and B-75 (Westf Ben Nevis). Kaolinite (plus minor
chlorite) decreases from an average :}5% (above 2000
m) to 20% below 3950 m. Its crystgllinity
’ (area/height ratio) decreases with dept»h and probably
L ' '\ indicates degradation of kaolinite.

(c) The 17 3 peak ‘(upon glycolation) is only present

° above 2000 m and disappears below 2000 m. |
(d) Interstratified 1I/S is present in all samples below

e 1500 m subsurface depth. Over a depth range of 1000

. i 243




(e)

(£)

. {9)

(h)

to 5000 m, expandable smectite layers in I/S mixed-

— -

layers decrease from about 75% S to < 15% S, with

most rapid decrease occurring above 2500 m subsurface

|
1

depth. i

The mixed-layered 1I/S is randomly interstratified
above 2500 m. Below 2500 m, where illite exceeds 65%
in the mixed-layeré, the I/s is regularly
interstratified. ‘

In the Hibernia and West Ben Nevis fields, the width
of the (001) illite peak below the Avalon Sandstone

increases slightly with increasing burial depth

indicating - poorer crystallinity. This reversal

:(compared to the usual trend of illite

crystallinity) is probably due to an increase in

organic matter content -and percent mixed-layer 1I/S

(and/or smectite) in the original sediments supplied

during deposition.

The use of IC as an indicator of maturation in
organic-matter rich source rocks, therefore, requirfs
considerable caution, particularly during the middle
(and probably a156 the late) stages of diagenesis.

In éhe 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 to cementation,

1

*
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leaving an average of 10% total porosity in thin

sections.
Porosity in- the £ ine-gra‘ined ', loosely packed
diagenetically immature, Hauterivian-Albian Avalon

Sandstone (2100 to 2660 m) is mainly primary. In the
Avaloh sandstone, ,%grly ferroan calcite cement d-estroys
most of\{:he primary p;rositlzy. This cement has completely
filled the pores in’ ere than 20% of the sandstone
drill-core from the Avalon Sandstone. An average 4.9%
porogity were lost by other cementing minerals (quartz
overgrowth, siderite, pyrite etc.). Ix} the Avalon
Sandstone, no dolomite or kaolinite were observed.
Dissolution features were only observed in the Awvalon
Sandstone of the B-08 the and B-27 wells situated
basinward from' well 0-35 where no dissolution was
observed.

With increasing burial depth, the = percentage ' of
secondary porosity increases and in the 'diageneticalﬁly
semi-mature Berriasian-Valanginian "B" Sandstone (3150 to
3360 m, O0-35 well), 62% of the porosity are secondary.
This secondary porosity originated mainly by dissolgtion
of early calcite cement and carbonate fragments. A large
portion of the "B" Sandstone (23% of the sandstone drill-
core st\;died) is completely cemented with early calcite.
Quartz overgrowth (4.7%) and late ferroan dolomite (3.6%)
are other important authigenic minerals. Reduction of
porosity by late, ferroan calcite and kaolinite is
insignificant. {
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Below the Avalon and "B" Sandstones, porosity in the
medium-to coarse-grained diagenetically mature Tithonian
Hibernia Séhdstone (3480 to 4100 m) is mainly secondary (
> 80% of tﬁe total porosity). ‘At present only 4%
sandstone drill-core are completely cemented mainly with
calcite. However, it appears that during early diagenesis
a significant portion of the Hibernia SandsE?ne was
completely cemented with early calcite thus conserving
original ‘intergranular pbrosity 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 minerals
(siderite, 1late ferroan dolomite, kaolinite, and 1late
p&rite) is about 1%. It should be emphasized that these

estimates are based on selected samples that may not

necessarily represent the entire reservoir zone.
Yo

1

(10) Based on isotopic data obtained during this study and

that by Hutcheon et al. (1985), the early calcite cement

is tentatively interpreted as the result 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‘Slgo) Marine carbonate fragments are the

main source of Ca and C for these early calcite cements.

(11) Iseotopic data and petrographic observations on late

»

ferroan calcite cement suggest that its precipitation

occurred at elevated temperatures. Thermal maturatidn

. | 246



of - organic matter of shales at deeper levels provided

significant amounts of carbon for this cement.

(12) The material required to precipitate late ferroan
dolomite came, at least in part, from the dissolution of
limest;ne and fossil fragmenfs, and early calcite
ceﬁ;BEs.‘ interpedded shales may have provided the Fe2+

-~ and M92+ needed for this cement. Indirect support for
this assumption comes from the fact that late ferroaA
dolomite is more common ;here interbedded shales are.
abundant (i.e. in the "B" Sandstone of the 0-35 well and

AN
in the upper Hibernia Sandstone of the B-08 well). The

presence of late pyrite also indicates that substantial
amounts of reduced iron were available during "later}

diagenesis.

(13) In the Hibernia field, precipitation of silica cement
occurred in different episocdes, both before and after the
- -
development of secondary porosity. It seems that most of

%

the silica was derived from nearby shales. During early

%:ﬂ
i
&
e
%
7
B
¥
/
&
&
i
§

diagenesis, water expelled from shales due to mechanical

compaction deposited small amounts of silica. This phase

B US T

was followed by early ferroan calcite cementation. Where
this calcite cement was missing, quartz cementation
continued. Upward moving porerwéter may have transported
some of the silica from shales which were buried deep
enough to undergo the smectite~illite transformation.
Thermal maturation of organic mattér within  shales

: released carbonic and organic acids. These acids may have

=3
dissolved fine-graiked feldspar present in shales, as
‘ well as feldspar and chert in éan&stones, to provide
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additional silica for cementation.

(14) ninor amounts of siderite is commonly observed in
aifferent reservoir sandstones. However, siderite-ricn
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
greatest 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 éecondary 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. faking "an average:2 wt % organic mattern(Type
III} and assuming similar conditions as Lundegard et al.
(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.
\hs not all the organic matter in shales is of type 1III,
the actual amount of secondary porosity geperated by this
processes may be less. Organic matter and clay minerals
of shales undergo multiple complex chemical reactions
capable of producing ’ acids during burial diagenesis. As
a result, the acids required for the generation of
. secondary porosity may be produced by more than one

process, such as various pyrolysis and mineral
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oxidation reactions.

7.2, BUGGBSTION_IORF?UTURB 8TUDY
) P
Thié study ishcﬁly the first step to understand trends of
diagenesis and their effects on reservoir porosity both
vertically and laterally in the Jeanne A4’Arc Basin. An

important area for future study is to obtain fluid inclusion

data on carbonate cements and gquartz overgrowths. This,

. together with isotopic and petrographic information, will

provide an additional control to reconstruct depths of
precipitation for i?jor authigenic minerals. Secondly,
analysis and interpret;tion of carefully obtained formation
waters éata is an urgently needed source of information to
study  fluid/rock interaction during diagenesis.: Such
information can be used to prepAre “subsurface
saturation/undersaturation maps for different solid. species
which may help to predict zones of enhanced porosity. Thirdly,<
a detailed regional study is needed which includes the

~
investigation of lateral variation in burial diagenesis from

. the centre toward the margin of the basin. This would

include an evaluation of the type and extent of diagenesis,
correlation of overpressured . zones yith distribution of

secondary porosity, and the control of depositional

" lithofacies on sandstone porosity. Such studies would help to

refine our understanding of migration and accumulation of

hydrocarbons within the Jeanne d’Arc Basin.
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. APPENDIX 1 . 0
Detailed core logé‘ from the B-27, 0-35, B-08, (=96, and K-18"
' wells of the Hibernia 0il Field. Location of sandstone- and
shale samples studied during this prdﬁecj: are indicated by
) - . dots. . For lithological and other symbols see next page.
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: APPENDIX 2 ' b4 .
a . ! ‘ ~

. - Organic carbon content ’ and IC-values of selected: shale

samples from the B-08, B-27 (Hibernia) and B-75 (West Ben
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B-27 HIBERNIA

&

#  Depth Corg Cinorg IC,
(m) wtg wts . %28
. NP

1-~'2575 '0149 0.90 0.89
2 2590 0.98 0.33 0.8
3 3842 0.17° ° 0.10 1.57
4 3853 0.23 " o0 - ~ 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 ,l.26
9 4060 0.97 0.71 1.18
10 4175 " 1.63 0.65 1.25
.11 4290 2.43 f 0.23 1.16
12 4345 _2.02 ’ 0.43 N D
13 4370 ‘ 1.71 0.69 1.14

* N D = not 'determined
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B-08 HIBERNIA
(
# _Depth cprg % norg ic
(m) wtd wtd °r20
1 2662 0.74 0.14 0.97
2 2673 1.00 0.42 1.09
3 3400 0.68 0.20 1.41
4 3550 0.31 0.16 1.25
5 3607 0.31 0.10 1.%3
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 4210 1.43 0.15 1.47
By
B-75 WESnggn NEVIS -
# Depth(m) corg. Cinorg. IC ’
wtd wtd Oro0
1 4315 1.40 0.54 1434
2 4435 2.47 0.1 1.44
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