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ABSTRACT
X-ray Giffraction, petrographic scanning electron microscope and stable isotope
‘studies were performed on clastic rocks from the Bird Fiord, Weatherall and. basal chla Bay
Formations 1o determme the physxochemlcal controls upon their dlagenesxs 'I‘hese units are
/‘/ part of the Middle-Upper Devonian clastxc wedge of the Franklinian Geosynchne T;he
dxageneuc history of these sandstones has been controlled by their burial htstory which has, in
turn, influenced ffe evoluuor\of subsurface pore-fluids. |
Sur face and near-sur face diagenesis is characterlzed by érain jcoaling, Fe-rich chiorite
and early calcite cement which were probably precipitated f rom'original connate water.
Intermediate to deep subsurface dr'agenesis is charactéﬁ%e{l by quartz,cementation, an
initial stage" of dissolution and/or, alteration, carbonate ceméntation_ and hydrocarbon
* generation. Meteoric waters probably supplied most of the s\ilica for quartz cementation at
intermediate burial depths (500-1,800m). Following quartz cementatiqn, influx of acidic fluids .
resulted in the frrst stage of dissolution and/or alteration of feldspar, rock and shell fr ragments .
quartz, r;’icas and early calcrte The acrdlc fluids were probably derived by mixing of .
surface- derrved, meteoric waters, and lesser amounts of acidic fluids released f rom interbedded K
and underlying shales during hydrocarbon maturation. The first, minor uplift in Late Frasnian
tirne ;;robably enhanced the influx of meteoric waters into the system. As burial resumed in»
Latest Frasnian time, carbonate cexnents Were formed. The '*O values of the diagenetic calcite
(+18.1 to +20.0, SMOW), dolomite ( +20.0) and ankerite (+19 8) are best explained by .
crystalhzanon at temperatures of 100-115°C (burial depth of about 2,500-3 OOOm) from
_formatron waters with 80 of about +1 to +2 perrmll The §"*C values (- -4.51t0 0 1, PDB)
Jof the carbonate cements probably reflect the mixing of carbon derived from marme carbonate
and shell fragments and lesser amounts of 13C-depleted organrc carbon from the maturatron of
organie matter Maxrmum hydrocarbon ‘generation’ in 1nterbedded and surroundmg shales
» probably occurred at or near maximum bunal (at >110° C/__/
Dragenesis durmg and following major upliﬁ ( Ellesmerian Orogeny ) is charactenzed by
"a- secon stage of dnssolutron and/or alteratxon ‘hydrocarbon mlgrauon and emplacemcnt
crystaszauon of late dxagenetxc clxys and tertrary mxgratlon of hydrocarbons. The begmnmg
of the second_stage of dlssolutxon was probably contemporaneous with peak hydrocarbon
~ méturation in interbedded and underl'ying_shales; at least some of the acidic fluids necessary for
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+ silicate and carbonate dissolution were probably released during peak hydrbc;arbon maturation.
“ The orogeny also fcsulled‘ in renewed mixing of sur_face-dérived, meteoric waters with
formation fluids; some of the fluids necessary for diss@lution during the uplift were probably
derived from this source as wéll. Hydrocarbon migration, was probably contemporaneous with
this stage of dissolution, and filled secondary 'porqsity. The §'*O values of qthe late diagenetic
kaolinik (+144) and illite (+13.1), which were ,precipiltated following hydrocarbon
emplacemﬂi, are compatible with low temperature (<75°C) crystallization from fluids
containing‘ a sizeable fraction of meteoric water. After “the crystallization of late diagenetic’
clays, tertiary migfatibﬂ of hydrocarbons occurred, filling fractures .and fissures which W\qe

formed and/or reopened by tectonic activity in the overlying Sverdrup Basin.
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1. INTRODUCTION
The main purpose of this study is to investigate the p}lysiochcmical controls upon
clastic diagenesis in the Bird Fiord, Weatherall and basal Hecla Bay Formations in the
Canadian Arctic Archipelago (Fig. 1.1). Two sections .from the Middle-UppcrkI)evonian' clastic
wedge of the Franklinian Geosyncline in cc?‘mral Bathurst and central Melville Islands (sections
80X and 811, respectively; measured by Goodbody, 198.5) have been studied (Figs. 1.1, 1.2).
This. clastic wedge is of special interest bgcause of its high petroleum potential kh‘mbr_v and
Klovan, 1976; Powell, 1978; Meyerhoff, 1982). A diagenetic study of the clastic rocks in this
area is also useful in predicting their reservoir quality because clastic diagenesis directly affects
the porosity and permeaibility of a sandstone reservoir. o
This study involves: .
1. ‘'detailed X-ray diffraction studies of sandstones and shales 1o determine their "clay
mineralogy; . "

2. detailed petrographic studies and scanning electron microscopy in order to determine the
paragenetic sequence of diagenetic events in the sandstones, and

3. oxygen- and ca}bon-isotope st‘udies‘ of diagenetic minerals to- (a) éslimate the
temperature(s) at whigh the_ir formation has occurred, aqd (b) determine the Proles of
-different fluids in the diagenesis of the sandstones.

One éf the most important controls on clastic diagenesis is the hydrogeologic history of
the sedimentary basin. The ﬂo‘w dynamics and fluid chemistries of subsurfacé fluid flow
s&stems evolve throughout the- burial history of clastic rocks (Galloway, 1984). The
hydrogeologic history of the Franklinian Geosyncline was complicated by its complex i)urial
history which included two’ episode;» of uplifting, deformation and erosion. Therefore, |

interpretation of the diagenetic history of the clastic rocks from Bird Fiord, Weatherall and

basal Hecla Bay Formations wil]"berdifficult.y'{mless the burial history is understood in some

o

“detail. '
()Two ﬁpoSsible fluid ﬂow regimes that can influence clastié diagenesis are downwafd,
* + moving meteoric ground wate},s, and upward and outward moving waters expelle,d from shalés.
' 'Mctéor.ic gfound _waters moving downward ifxto subsurface sandétonés can be structurally‘and
topographlcally comrolled by uplift,. deformanon and erosxon of the basin. Waters expelled .

.from shales can ‘result from. c¢ompaction, dehydratnon reacuons of clay minerals and/or
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hydro&fzrbon generation in the basin (Galloway, 1984).

The two‘ﬂuid regimes control the supply of acid which is necessary for the dissolution
of carbonate and silicate minerals. Some authors favoured carboxyl‘ic and carbonic acids
associated with the thermal maturation of organic matter in the shales (e.g., Schmidt and
McDonald, 1979; Franks, 1984; Porter and Weimer, 1982; Surdam et al., 1984; Land, 1984).
The transformation of sméctite to illite ih the shales can also affect .the diagenesis of the
associated sandstones by contributing dissolved ions to the expelled acidic pore-fluids (e.g.,
Land and Dutton, 1978: Boles and Franks, 1979; Milliken et al., 1981; Perry and Howér, 1970; - -
Hower et al., 1976). However, the above sources of acidic fluids appear to be limited to deep
burial depths. ’

A Shallower sandstones can be influenced by mieteoric waters circulating down from- the
surface. The opportunity for penetration of meteoric waters into the‘subsurface will be |
enhanced if the basin is upliftéd, deformed and eroded somelifne during its burial history. In
recent literature, many authors indicated that meteoric waters can play an important role in the
diagenesis of sandstones (e.g., Longstaffe 1983, 1984, in press; Dutton and Land, 1985; Land
and Dutton, 1978) The evolving ac1d1c meteoric waters, as a result of mxxmg with the original
formatiop_waters and reactions with the sediments, can cause dissolution and/or precipitation
of detrital and/or diagenetic minerals. The rolgs of such acidic fluids in the diagenesis of the '
sandstones will be examined in this study. '

' The oxygen-isotope ratios (**O/**0) of authigenic minerals in a clastic rock sequence
are a function of the oxygen-isotope composition and temperature of formation water present
during mineral formation. Therefore, variations in oxygen-isotope composiﬁons of successive
authigenic cements can provide information about pore fluids evolution and thermal hi;tory
dufing the diagenesis of sandstones. Authigenic minerals formed in equilibfium with low-*O
meteoric water should have 5'*0 values predictably lower than such mmerals of detrital.origin,.
or minerals formed from more **O-rich formation fluxds (Longstaffe 1983, 1984, in press).
Authlgemc mmc;g,js formed at lpw temperatures should have higher 8'*0 values than the same °

authigenic’ min@rals formed at higher temperatures, other conditions being constant. In -

.addition, the carbon-isotope raties (**C/'*C) of carbonate cements can help to determine the

carbon reservoirs, involved in their formation. In some cases, the relationship between specific

episodes of carbonate authigenesis and hyd:ocarbo'n generation can be identified. -

o .
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A. GEOLOGICAL BACKGROUND AND PREVIOUS WORK

Regional Tectonic Setting -

\

The Middle-Upper Devonian Bird Fiord, Weatherall and basal Hecla Bay Formationg
(Figs. 1.1, 1.2) are located in the Parry Islands and Central Ellesmere Fold Belts of the
Frankliniah Geosyncline (Fig. 1.3; Thorsteinsson and Tozer, 1960, 1970). These two fold belts

were produced by the Ellesmerian Orogeny, which took place durmg Fammeman lo Visean time ~

: (Thgrstemsson and Tozer, 1960, 1970). The Early-Middle Palepzoic strala of the Franklinian

Geosyncline are overlain unconformably to the northwest by the Middle Pennsylvanian to Early

‘ Tertiary strata of the Sverdrup Basin (Fig. 1.3). The Sverdrup Basin was deformed during the

te ‘Cretaceous and Tertiary. The Canadian Precambrian Shield ‘is exposéd 10 the soulh and

east of the region, and is overiain to the northwest by the Early -Middle Raleozoic strata of the

. Axcuc Platform (Fig. 1.3). - Sl

Stratigraphy _ ‘

- The stratigtaphic ranges of the two sections (sections §6X and 81I; Figs. 1.1, l.f) :
chosen for this study are shown on the time-correlation char?“fdr‘ the 'Middle_-Uppei Devonian
clastic formations in the Canadian Arctic Archipelago (Fié. 1.4; Embry and Klovaﬁ. 1976).
The stratigraphy of sections 80X and n811 (same as the May Inlet and South»McCormick‘ Inlet

' sections,. respectively, which were measured 'by Embry and Klovan, 1976; Fig'. 1.5) can be

related to ':the‘Middle-Upper Devonian clastic wedge (Fig. 1.6 and 1.7). Emb"ry? énd Klovan .

' (1976) gave thé formations comprising the clastic wedge and their ‘distribution, average

thickness, maximum age range and facies content (Table 1.1). Underlying the clastic wedge are

thick sequences of black, siliceous sh:? (Elds, Cape Phillips, Kitson, Ibbett Bay. Nanuk and

Orksut Formations) and some carbonages (Blue Fiord Formations) (Figs. 1.4, 1.6, 1.7, Embry
' ?

and Klovan, 1976; Goodbody, 1985). " o .
" The Bird Fiord Formation has been studied by Goodbody (1985), Embry and Klovan
(1976) and McLaren (1963). This formation consists of mterbedded hmestone shale snltstone

and fine-grained sandstone. The Bird Fiord Formauon in central Bathurst Island is shaly and

 fossiliferous near its base, but it grades upwards mto less shaly and less fossiliferous massive

sandstones.

»
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Fig. 1.7 Stratigraphic cross-section showing the relationship of the May Inlet section
%) within the Mi‘ dle-Upper Devonian clastic wedge
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Table 1.1 Summafy of the distribution, average thickness, age and facies of the formations i
%% ‘I’wlddllg%g)ppcr Devonian clastic wedge, Canadian Arctic Archipelago (after Embryn:rig
" an' - ‘ h )

FORMATION DISTRBUTION AY" THIC KKESS AGE FACIES
Parry islonds

3 Members C .

Consctt Head Melville 150m Middie Braided stream:-

Famcanian

Cape Fortune Grianell, Bathurst. 245m Early-Muddle Deltawc-muring,

Melville. Banks ) Famennian M :andering
. stream
Burnett Pognt Grinnell. Bathurst, 300m Late Frasnian, Braided streum
Melville. Banks. Early . Meandering
\ Prince Patrick Famennian stredm
Beverley Inlet Bathurast. Motwlle 450m s Early-Middle - Meandering
' Frasnian S stream
O .
Nordstrand EMesmcre, Grinnell 600m . ¢ Middle-Late Meandering
\ Potnt N Frasnian stream
1 _‘ N
; Hell Gate Ellesmere. Grinnell 600m Middle Braided
Frasman stream
Fram Ellesmere  Grinnell 900m Early-Middle Meandering
. : Frasaian stream
Hecla Bay Ellesmere. Grtnnell, 750m ) Early Givetian---Brawded stresm
IS Cornwallis. Bathurst, i Early Deltatc-marine
Melville . Frasnian
Strathcona Fiord Ellesmere. Grinnell, 300m Early Edélian- Meandering
Cornwallis Early stream
2 ) ’ Givetian ’
. ? - T .
Bird Fiord "Ellesmere. Grianell. 750m - Middle Etfellan- Deltaic-marine
Cornwallis. Bathurst Early Givetan
Weatherall Melvnllé, Banks, 1200m Early Givetian- Deltaic-marinc
L ., Prince Patrick ; Middle
Y . . Frasntan N
-
€ape de Bray Bathurst, Melville, . 900m : Late EUelian- Marine slope
Banks, Prince Patrick B . o Late Givetian ’
Blackiey Melville, Binks, 600m . Late Efelian- - Submarine fan .
Prince Patrick . Early Givetian ) €\

.
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Secuon 80X can be divided into stratigraphic divisions with dlfferent lithologies and .

envxronmem of deposxtton (Tdble 1.2). A thin carbonate~ unit separates the Bird Fiord
'Formatton f rom the underlying siltstones and shales of the Cape de Bray Formauon (Table
1.2). Overlying the Bird Fiord Formation is the Hecla Bay Formation (Table 1.2; Figs. 1.6,
:1.7) which consists of interbedded fme -grained sandstone, siltstone and shale (Tozer and
Thorsteinsson, 1964 Goodbody 1985; Embry and Klovan, 1976).
‘ The Weatherall Formation in thei Canadian Agetic Archipelago consists of interbedded
very {ine-grained sandstones, siltstones and shales (Tozer and Thorsteinsson, 1964). In section
811 in central Melville Island the upper 38m can be assigned to the Hecla Bay Formation- the
remainder of the section (848m) belongs to the Weatherall Formation (Fig. 1.2; Goodbody, '
pers comm.). - _ '

The Weatheré]l Formation in Melville Island is similar to the Bird Fiord Formation in-
" Bathurst Island, and occupies'__thc same stratigraphic posttion (Figs. 1.6, 1.7; Tozer and

Thorsteinsson,-1964; Embry and Klovan, 1976). The two formations are separated arbitrarily
| by a boundary drawn down the Byam Martin Channel between Bathurst and Melville Islands.

The Hecla Bay Formation is overlain by the fluvial Beverley Inlet and Pafry Islands
Formations (Figs. 1.4, 1.6, 1.7; Table 1.1). These two formations are not .present in sectioris

80X and 811:

Source Areas )

Tozer and Thorstemsson (1964) portrayed the source area of the clasuc wedge as a
tectomc highland extending along the entire northwestern margm of the Canadian Arctic
Archipelago (Fig. 1 .8). However, Dineley (1975) suggested the eastern slope of the Caledoman ’
Mountams cham of eastern Greenland as the source area for the clasttc wedge (Fig.. 18)
Embry and Klovan (1976) demonstrated that mmeralogy. facies distribution, paleocurrentn
patterns and regtonal geology all indicate that the source areas of the clastxc strata lay to the
- north and east, ‘and include the Caledoman and Pearya Mountam systems and Precambnan .
Shield of Greenland (Fig. 1. 8). Chert and Tock fragments charactenze the detntus from the
Pearya Mountains whereas detritus from the Caledoman Mountains and Precambnan Shleld is -
charactenzed by a high peroentage of monocrystalhne quartz. The very quartzosc nature of the-

sandstones £ rom the Bird Fiord, Weatherall ‘and Hecla Bay Formattons on Bathurst and Mevﬂ].e

~



Table 1.2 Section 80X Stratigra
(terminology after Goodbody, 1

N

8th dmswns environment of deposition and lithologies

A

~

STRATIGRAPHIC ' METRES ENVIRONMENT .. LITHOLOGY
DIVISIONS ABOVE BASE  OF DEPOSITION o ‘
Hecla Bay Fm . .. 919-1116 Delta plain, braided Non-calcareous fine
s streams and deltaic grained sandstones,
marine siltstone, shale and very
L fine gramed sandstonc
" Bird Fiord Fm ~ 806-919 Delta margin - Non-calcareous channcl
Member D - distributary channels fill sandstone; -
unit 2 and inter- calcareous sandstone,
distributary bays siltstone and shale
Bird Fiord Fm 713-806 Nearshore shelf, barrier Non -calcareous
Member D island, nearshore bar - sandstone, calcareous
unitl i} complexes * sandstone, siltstone and
T ] o j - shale 4
Bird Fiord Fm 328-713 Proximal shelf, bar, Calcaréous sandstone. .
Member C : : .interbar (storm siltstone and shale with
" unit 2 affected) + minor siity limestone -
Bird Fiord Fi& 128-328 Distal shelf, bar Shale and silty shale .
Member C interbar (s'torm calcareous siltstone and
unit 1 ! ~ affected) sandstone, and sity -
) L . ~ limestone
erd Fiord Fm | E 98-128 Distal shelf or slope. - Rubbly impure
carbonate equxvalem . , . - g limestones and
; f‘:alcau'eous siltstones
Cape de Bray Fm ©0:98 - Marine shelf : Sutsgne and: shalc '
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L -
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Is] aa}ds favours llre Caledonian Mountains and Precambrlan Shield of Greenland as the major
*s/qél;e areas during. the dcposmon of these units (Embry and Klovan, 1976).
T Aaoulllcrl\ claslrc source (the Canadran Precambnan Shield and Arctic Platform, Fig.

F ‘was suggesred for Lhe Bitd Fiord Forrpauon by Geodbody ( 1985g based,on paleocurrent

'sheel sandstonesrof lhc Blrd Fiord Forn’lanon (Frg 1.9, I:aslerly and northeasterly source

o

‘3rws (Fig. 1.9) are also possible accordlng to him. *° .

- : - - - & - - '\
e ;Q Yo - . »
b . , R , .
. - L - * 7 . "
o R 1 t A

ey
ln order o s’ludy dragtnesrs the deposmonal and fmnal hrstorres of the clasuc Tocks

gic H|story and !!lleogedgraphy oo -

st be considered. According to Embry and Klovan (1976) L%e Franklrman Mrogeosynclme
@o‘ccupred by carbdnate shelves (e.g., Blue Frord Formauon) and srarved basms (e.g,. Cape
F@{;llrps Kitson and I bbett Bay Formatrons) before the deposmon of ‘the Middle- Upper
Déi’oman clast?c wedge. Degosmon of the clastic wedge com%menced in the extreme northeasl in
Erfe ra:" time, as a coastal plam\gradually prograded south and west (Frg l 10). Clrmanc
changes arfected Lhe paleogeography throughout the progﬂadatron but the coastal plain
contrnued to advance unul it covered almost the entire Arctic lslandg area by Mrddle Frasman

©

t;m( In the;Lane Frasnian, the enure area was uplifted and eroded. At least 300m of strata

- were removed m some places,’ formmgb an unconformrty on ‘the Beverley Inlet Formalmn on
.Melville and Bathurst Islands (Frgs 1. 4 1.6, 1.7). The area was transggessed gradually m the

' latest Frasman a manne shelf was w;despread by Eatly. Famenman Ume Subsequent

deposmOnal events are not known due to the sparse preservatron of stgata youngcr than Early

~Famenman Diiring latest Famemuan to Vrsean the Ellesmenan Orogeny uplrfted and

del‘ormed the claﬁrc wedge rnto af oothrlls belt bordering the Pearya M un:ams
dltarled palcogeographic

Goodbody (1985) gave a slightly different and more
reconstruclron of the eastern Arctic Islands dunng Erfehan time (Frg 1.9), According to him,

the sequence of section 80X (Table 1.2) represents a regressrve change from marine slope

. tl}rough distal and proximal shelf to shoreline, delta margin and delta plain environments as a

[

resuj of.a westerly advance of a delta (Fig. 1.9). . ,

T,

;A . . . v :
B ’ , g
. ) . cF

v AR N
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DEVON ISLAND

Fig. 1.9 Source areas (arrows) and.p
(B) Rock units (after Goodbody,

)

ailgegsg)eography. 'Middle, Eifeijan, (A) Facies distribution
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Fig. 1.10 Late Eifelian paleegeography (after Embry and Klovan, 1976)
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Mineralogy

Embry and Kldvan (1976) reported on the mineralogy .pf the clastic rocks fr(.)m the

Bird fiord, Weatherall and Hecla Bay Formations of the Bathurst and Melville Islands. Thc_\i

concluded that? ,

1. most of the white (kaolinitic) sandstone are Quartzarenites; ‘

2. feldspars include plagioclase and orthoclase, and rock fragments are mostly shale with
minor chert; '

3. authigenic kaolinite and quartz overgrowths are abundant in the sandstones; .

4. calcite cement iS more abundant in sandstones from the Bird Fiord Formation than from
the Weatherall Formation, but is usually absent in sandstones from ihe Hecla Bay
Formation, and | ’

5. sandstones from the Hecla Bay Formation have the gyighest poroéity followed‘by the
Weafherall and Bird Fiord Formations in decreasing order.,

According+o E'mbry and Klovan k’l976), clay minerals in bulk shale samples from the

Bird Fiord and Weatherall Formations include kaolinite, illite. chlorite and smectjte. Shales

from the Bird Fiord Formation have a higher calcite content than the Weatherall shales.

Cauffman (1974) determined the polytypes of clay minerals in the Middle-Upper Devonian

shales on Melville' Island to be llMd kaolinite, 1Md illite 2nd trioctahedral chlorite.



II. RESULTS _

’A'll samples'- examined in lh{s study (Tables 2.1, 2.2) were from sections 80X (Dundee
Bight, Balhurst Island Fig. 1. 2) and section 811 (South McCormlck Inlet, Melv1ll@{sland Fig.
- 1.2) whlch were collected by GoodbOdy (1985 pers. comm.). A-detailed llthologxcal log of .
section 80X ‘is found in Goodbody (1985). Samples analysed included argxllacedus hmeslone

“shale, siltstone and sandsnone ' .
Analytical methods used to examine the samples included thin section petrography,
scanning electron microscopy-energy dispersive analysis (SEM-EDA), X- ray diffraction
analysis (XRD) and stable isotope measurements of carbon and/or oxygen from dlageneuc

minerals. Details of analytica} lechmques are given in Appendix 1.

A. MINERALOGY OF SHALES AND ARGILLACEQUS LIMESTONES

The clay mineralogy of the <2um size-fraction of shales and aigillaceous limestones in
sections 80X and 811 is given in Tables 2.3 and 2.4, respectively. X -ray diffractograms for the .
<2 and <0.2um size-fractions from representative ;hale and limestone samples are shown in
Figures 2.1, 2.2 and<2.3. | _

Clay minerals are the most abundant phaée in all tﬁ_e <2um sizé-f ractions from the
shales. Olhér minerals present are minor amounts of quartz and traces of K-feldspar and
. plagioclase (Fig. 2.1 and 2.3). Hlite' is the mq'st abundant Elay mineral in section 80X (57-74%,
Table 2.3) and section 811 (35-46%, Table 2.4). Other clay minerdls present in section 80X are
kaolinite? (8-20%), chlon‘;e (10-19%) and i}lite/smectite (4-8%) (Fig. 2.1A,B,D)$ smectite
(2%) is present in only one shale sample (Fjg. 2.1A). In section 811 other clay minerals present
are kaolinite (24-36%), chlorite é15-23%) and illite/smectite (6-12%) (Fig. 2.3Ag,B.C).

The <0.2um size-Traction of the shales in section 80X is comprised of clay minerals
only - illite, kaolinite, chlorite, illite/smectite and émectitdv(Fig. 2:2A,B.D). )

The average composition of bulk shale samples from the Bird Fiord and Weatherall
Fprmations was given by vEmbry and Klovan (1976). They noted that shales of the Bird Fiord
Formation have more calcite (10+4%) than shales of the Weatherall Formation (It 1%). This

difference in calcite content is also observed here ('cbmpare'Figures 2.1D and 2.3A,B,C).

..................

Hilite is used here as a general term for the clay mmera.l belongmg to the mica
TOUu
Ymne is used here to refer to all kaohmte group rmnerals
' 18
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Table 2.1 Section 80X: Samples studied. Tﬁc samples are from the Hecla Bay Formation (935-1070m), Bird Fiord
Formation (129-891m), Bird Fiord Formation carbonate equivalent (99-119m) and Cape de Bray Formation
(81m). -

METRES ROCK TYPE THIN X-RAY DIFFRACTION SEM!
ABOVE . ) SECTION B .
BASE : . .
B-P! <2um <0.2um

1070 Sublitharenite X X. X X
1060 Sublitharenife X X X X X
1030 Sublitharenite X X X X
935’ Sublitharenite X X X X
891 Quartzarenite X X X X
886 Sublitharenite X X X X
881 Sublitharenite X X
866 Subarkose X X
863.5 " Subarkose ) X X X
844 Sublitharenite X X N ©
842 Sublitharenite X X
839 Sublitharenite X X X X
805 Sublitharenite X X . . X
199 Sublitharenite X X N / ‘
197 Sublitharenite X X X
767 . Sublitharenite X X i’
766 Quartzarenite X X
750 Sublitharenite X X !
742 Quartzarenite X X X
134 Subarkose A X X X
725 - Quartzarenite X X ' X
720 Subarkose X X
73 ~  Shale X X X X

704 Quartzarenite X X ‘
683 Sublitharenite X X X X
668 Sublitharenite X X X X
640 Argillaceous silty limestone X X
637 Silistone ' X X X
600 ‘ Sublitharenite X X X
598 Sublitharenite X X X *
592 Argillaceous silty limestone X ’
501 Sublitharenite X X X X
488.5 Siltstone X X :
488.75 Sublitharenite X
486 - Coarse siltstone X

481.75 Coarse siltstone X X
480.75 Shale siltstones X X
479.75 = -Coarse siltstone X X
478.75 Calcareous shale | ' X X X

471.75 Calcareous shale X
476.75 Calcareous shale X
475.75 Calcareous shale X / X :

474,75 Calcareous shale X X X
474 Sublitharenite X Pox X
469 Sublitharenite X I X X
448 Shale X % . X X

- 435 Sublitharenite X P X X X

’ // continued

\,

\



Table 2.1 Continued

20

METRES ROCK TYPE * THIN X-RAY DIFFRACTION SEM:
ABOVE SECTION -
BASE
B-P? <2um <0.2um
423 - Sublitharenite X X
387 Shale & siltstone X ~ X
330 Quartzarenite X X - X X
20 Argillaceous silty limestone X X
280 Sublitharenite X. X X X X
253 Argillaceous silty limestone X X
228 Argillaceous silty limestone X
227 Argillaceous sandy limestone X - X X .
223 Coarse siltstone X
200 Sublitharenite X X X X
195 ‘Shale & limestone X : X
148.8 Sublitharenite X
140 Argillaceous silty limestone X
130 Calcareous shale X X X
129 Sandy limestone X
119 Silty limestone . X
118 Argillaceous silty liméstone X X
102.4 Argillaceous silty limestone X X X
102 Argillaceous limestone X _
9 Argillaceous limestone X X )4
81 Calcareous shale X X

'SEM = Scanning Electron Microscope
B-P = Back-packed (whole rock)

.
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_. Table 2.2 Section 81I: Samplqs Studied. The samples are from the Hecla Bay Formation (849.3-857m) and
Weatherall Formation (0-833m).

P

METRES ROCK TYPE ) THIN SECTION XRD' (<2um)

ABOYVE -
BASE
o
857 Non-calcareous sandstone X
849.3 Calcareous sandstone ' X
833 Calcareous sandstone X X
822 Calcareous sandstone X X
818.6 Calcareous sandstone X X
808 ' Calcareous sandstone X
806 ) Calcareous sandstone ‘ X
751 . Non-calcareous sandstone X X
749.75 . Non-calcareous sandstone X X
749 Non-calcareous sandstone X X
747 o Non-calcareous sandstone X
ne . . Calcarecus sandstone X X
738 . i Calcareous sandstone X X
690 Calcareous sandstone X X
647.1 N Argillaceous silty A X X
limmestone ‘ '
644 'Calcareous sandstone X X
592 Shale X
591 Cak:;rheous sandstone X
563.8 Argillaceous sandy X
' limestone . . :
510 Calcareousishaly sandstone X
495 Shale  © X
494 Argillaceous limestone X
3345 Calcareous siltstone X X
302 . Calcareous siltstone X < X -
294.5 Silty shale X X
257.3 Calcareous shale X
256.3 Calcareous sandy shale X
249 Calcareous sandstone X
243.5 Calcareous sandstone X
238 Calcareous sandstone X
245 - Calcareous sandstone X
216 Calcareous sandstone X
207 — . ' Shale X
177.8 . Calcareous sandstone X "
171.8 Calcareous sandstone X
166 ' Shale . X
165 Argillaceous calcareo X
: . siltstone .

161 ) Silty shale X !

145 Argillaceous siltstone X
144 ‘ ’ Calcareous sandstone X X
143.2 Calcareous sandstone X s
142 Non-calcareous sandstone X a
121.8 : Calcareous sandsione X X
119.9 Calcareous sandstone X
119.5 : Non-calcareous sandstone X
114.3 ' Calcareous sandstone X

1113 Calcareous sandstone X
%0 Calcareous sandstone X, , -

continued
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Table 2.2 Continued

METRES ROCK TYPE ’ THIN SECTION XRD! (<2um)
ABOVE . -

63 Non-calcargous sandstone X X
47.2 Calcareous sandstone X

315 . Calcareous siltstone X

306 . ‘ Silty shale X

26.4 " Limestone X

15 . ' Silty limestone . X,

14 Silty limestone X X
0 Calcareous sandstone X ' :
'XRD = X-Ray Diffraction . oo
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Table 2.3 Clay mineralogy of the <2um size-fraction of shales, argillaceous limestones, siltstones and sandstones,
section 80X N

METRES ROCK TYPE - RELATIVE % CLAY MINERALS - %linl/S

ABOVE

BASE . K 1 . C - 8 . 1/8

1070 calc. ss 43 24 33

1060 non-calc..ss 52 13 © 35

1030 - mnon-calc.ss 8s 15

935 non-calc. ss 85 15

891 non-calc. ss 80 20

886 calc. ss 53 23 17 6

863.5 calc. ss 18 46 16 7 13 65
839. non-calc. ss 46 29° 14 10

734 non-calc. ss _ 25 18 v £

7% non-calc. ss . 18 57 « 19 2 4 80
683 calc.ss . ° 34 18 36 12

668 " non-calc. ss “ 4 19 27 14

637 sltst 20 56 19 5 85
598 . calc. ss 19 58 20 4 70
488.5 sltst 21 56 17 6 65
481.75 coarse slisi 29 49 16 1 80
480.75 sh/slist 18 58 19 6 75
479.75 coarse slist 18 57 18 7 60
478.75 calc. sh 16 63 15 1 80
477.75 calc. sh 14 63 16 6 70
475.75 calc. sh . 20 61 13 6 70 !
474.75 calc. sh 19 61 15 5 65
474 calc. ss 21 54 16 9 65
469 calc. ss 21 58 16 5 80
448 non-csalc. sh 16 62 17 s 80
435 . calc. ss 34 24 36 ) 60
387 sh/sltst 17 60 19 4 80
330 calc. ss 48 .25 23 S 65 '
280 calc. ss 4 20 4 72 9%
227 arg. silty Is 7 62 17 . 4 70
223 coarse sltst : 16 . 64 . .16 4 ’

200 calc. ss -21 51 17 3 21 65
148.8 calc. ss 24 50 ) 43 ) 6 75
130 calc, sh ' 12 2 10 ) 80
118 arg. silty Is 9 76 9 s 65
102.4 arg. Is ) 14 72 14 8 75
9 arg. silty Is 13 73 14

81 . calc. sh 8 74 . 10 8 75

K = Kaolinite . . ] .

I = Mite
C = Chlorite
S = Smectite - - . o .

178 = Illite/Smectite
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Table 2.4 Clay mineralogy of the <2um size-fraction of shales, argillaceous limestones,
siltstones and sandstones, section 811

METRES ROCK TYPE RELATIVE % CLAY MINERALS = %l in I/S
ABOVE : . o ’
BASE :
K 1 C /s
- 833 calc. ss : 29 35 . 26 10 50

822 calc. ss 21 30 4 5 75
818.6 calc. ss 45 28 22 5 50
751 non-calc. ss 52 . 20 23 5 70
749.75 non-calc. ss 32 44 18 6 65
749 . non-calc. ss ’ 59 20 18 4 60
147 non-calc. ss 29 46 17 8 60
736 calc. ss 40 .24 30 6 65
735 calc. ss A 41 26 26 6 60
690 calc. ss 48 22 . 25 5 65

. 647.1 arf. Is C25 47 18 10 60
644 calc. ss 34 38 21 7 65
592 non-calc. sh 33 40 19 9 65
495 non-calc. sh - 36 35 23 6 55
334.5 calc. slst 36 33 18 12 60
302 calc. sltst 42 28 . 24 6 70
294.5 ' non-calc. silty sh 31 44 16 10 65
2435 . calc. ss \ 8 45 18 10 70
207 non-calc. sh 24 49 15 12 55
166 non-calc. sh 28 44 20 9 70
144 calc. ss - 48 20 26 6 70
121.8 calc. ss 35 39 17 8 75
119.5 non-calc. ss 22 52 16 10 75
63 : non-calc. ss 27 43 19 . 12 70
14 . silty Is 29 46 18 7 65

p

K = Kaolinite . ' ~
I:= Illite : .

" C = Chlorite A %

1/8 = Illite/Smectite

U
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Fig. 2.1 X-ray diffractograms for representative sﬁale and limestone samples ( <2.,m
'8 gra gction SOXR(: SP (<2u

size-fraction). Kaolinite, 1 =1llite, I/S=1llite/Smectite,
S=smectite, C=Chiorite, Q=Quartz and F =Feldspar.
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.Fig.2.2 X-ray diff ractogar_ns for repfescntative shale and liméstone samples (<0.2um

«size-fraction), on 80X. See Figure 2.1 for meaning of symbols.
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Fig. 2.3 continued ‘
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The clay mineralogy of the <2um size-fractions of the argillaccous limestones is similar
10"t’hat of the shales. The clay minerals present in the argillaceous limestones from section 80X
are illite (58-76%), kaolinite (9-19"') chlorite (9-20%) and illite/smectitc (0-5%) (Fig. 2.1C:
Table 2.3). lllite (46-47% (? kaolmyle (25-29%). chlome (18%) and illite/smectite (7-10%) are
also present in the argillaceous llIt]CSlOn&%\ from section 811 (Fig. 2.3D; Table 2.4). Quartz
(minor to moderate amounts) and fETdspa/rs (trace to minor amounts) are also present in the
<2um siz,e-fracl‘ion of the argillaceous limestodes from sections 80X and 811 (Figs. 2.1C.
2.3D). Minor amounts of quartz are present in the <0.2xm size-fraction of 'somc argillaccous

limestones (Fig. 2.2C).

Nature of Hlite/Smectite . )

The percentage of illite layers in the illite/smectite (Tables 2:3,42‘4) was determined by
the methods described by Reynolds and Hower (1970), Reynolds (1980) and Hower (198la)
(Appéndix I). The methods deseribed by Srodon ('1984) were not used because his methodsO
were more suited 10 monomineralic samples. An attempt 10 get monomineralic samples of
illite/smectite proved unsuccessful becaqse ol‘her clay minerals are also present in the <0.2um
size-fractions (see above). ' ’

Illite/smectite in the shales and argillaceous limestones in seclien 80X have 65-80% illite
layers. compared to 55-70% in section 811. AllL the illite/smectite may be classiﬁed as
"allevardite " ordered (with one to three illite layers between each smectite layer; i.e., IS to ISII
layering) because the percentages of illite layers in the illile‘/smecti.te are mostly within the

60-85% fange, and superlattice diffractions (30-35A) are present as shoulders (Hower, 1981a).

There is no apparent increase in illite layers with depth in either section (Table 2.3, 2.4). g

B. DETRITAL MINERALOGY OF SANDSTONES

The framework material of the sz{ndstones- is eredominantly quartz (45-85%), with
sommfeldspar (1-5%), rock fragments. (0-6%) and chert (0-4%) (Table 2.5). Based on the -
classification given by Folk (1968), most of the sandstones can be classified as sublitharenites;
a few quartzaremtes and subarkoses are also present (Fxg 2.4; 'I'able 2. 5) The sandstones are -
submature to mature with moderate to very little matrix. Most of the sandstones are very fine-

to fine-grained and moderately to well sorted.
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Table 2.5 Mineralogy of sandstones: Thin-section analysis, section 80X.

METRE ROCK FRAMEWORK GRAINS (%) CEMENTS (%) MICAS P(%)
ABOVE CLASS (%)
BASE . (Folk,

1968)

Q F CH RF Q CA K C

1070 S-A 70 3 0 3 s 1 7 2 8 1
1060 S-A 70 2 1 2 6 0 7 3 7 2
1030 S-A 70 2 1 2 10 0 10 0 2 3
935 S-A 70 3 0 3 6 0 . 15 ‘o 1 2
891 S-A 70 3 1 2 7 0 10 ] 2 5
886 S-A 60 3 3 3 3 12 5 3. 5 3
881 S-A 70 3 4 2 5 1 4 3 6 2
866 S-A 70 3 3 2 10 1 4 2 1 4
863.5 S-AK 45 3 1 1 0 40 3 3 3 1
844 S-A 70 3 3 3 10 0 s 2 1 3
842 S-A 65 5 4 3 s 0 5 "3 6 4
839 S-A 70 4 2 3 5 0 6 3 3 4
805 S-A 75 4 1 3 5 0 s 2 1 4
799 S-A 75 3 1 3 s 3 3 2 3 2
197 S-AK 50 2 1 0 0 35 3 2 1 1
767 S-A 45 3 2 3 1 45 0 0 1 0
766 S-A 50 1 1 1 1 40 2 1 2 1
750 S-A 75 3 1 2 10 3 1 1 2 2
742 S-A 75 3 1 2 10 3 2 1 1 2
734 S-A 80 5 2 2 5 0 2 1 2 1
725 S-A 85 3 1 1 5 0 2 1 1 1
720 S-AK 75 5 2 2 10 0 2 1 2 1
704 Q-A 75 2 0 1 7 2 2 1 7 3
683 S-A 65 3 2 5 10 4 2 2 s 2
668 S-A 70 3 2 6 10 0 3 1 2 3
600 S-A 65 3 2 2 12 5 s 2 1 3
598 S-A 45 1 2 1 0 50 0 0 1 0
L Q-A 45 1 1 1 5 40 2 1 2 2
488.5 S-AK 45 3 0 2 0 45 1 1 2 1
44  S-A 60 2 4 2 2 25 2 1 2 0
469  -S-A 50 2 2 2 2. 35 2 2 2 1
435 S:A 70 1 4 5 0 10 3 3 2 2
423 S-A 45 1 2 1 1 45 2 2 1 0
330 QA 70 ' 2 1 1 15 3 3 2 1 2
280 - QA 50 1 1 0 2 45 0 0 1 0
200 S- 3 1 2 4 30 1 1 2 1

>
o
&

AN

$-A = sublitharenite S-AK. = subarkose Q-A = quartzarenite
Q = quartz F = feldspar CH. = chert RF = rock fragments
CA = carbonate X = kaolihite\c = chlorite P = porosity
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Fig. 2.4 Classification of sandstones in section 80X (after Folk, 1968).

Quartz

Quartzarenite

Subarkosg ) Sublitharenite
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Mosl quartz grains are monocrystalline (with traces of polycrystalline quartz grains)
showing straight to undulatory extinctibn (Piate 2.1A,B). The straight to undulatory extinction |
is typical of a source area with high-grade metamorphic rocks and granitig intrusives (Blatt et
al., 1980). suggesting that the Precambrian Shield of Greenland and Canada and the
Caledonian Mountains may have beén tpe major source areas. The ldw amount of chert and *
other rock fragments indicates that the Pearya Mountains were probably a minor supplier of ‘
clastic sediments to the study areas. However, some of the quartz grains may have been derived
from the Pearya Moun:ains.

Sandstones with little or no carbonate cement (Plate 2.1A.B) have subrounded quartz
grains with thick quartz overgrowths. Compaction has resulted in concavo-convex quartz to
quartz contacts which indicate that prcssufe solution has probably occurred (Plate 2.1A,B;
deBoer et al., 1977; Robin, 1978). - |

Sandstones with >40% calcite cement (Plaie 2.1C,D) have angular to subangular
grains with little or no quartz overgrowths. The quartz gfains in these sandstones are etched
into irregularly-shaped fragile g;ains that could not have survived transportation; partial
corrosion of quartz grafns and precipitation of carbonate cement has. apparently ogccurred
(Plate 2.1C) (Blatt et al, 1980). Sandstones with >40% calcite leﬁd to have a poikilotopic
texture with very few gfain to grain contacts (Plate 2.1C,D). |

The feldspar content df the sandstones comprises approxfmately equal amounts of
plagiodjase (mostly oligoclase) and p;)tassium feldspar (mostly orthoclase). Partial or complete
feldspar dissolution has occurred, leaving relict feldspar in large secondary pores (Plate 2.2A).
’ i’artial or ‘complete calcite replacement of pla'gioc}ase and potassium feldspar has also taken
| place, leaving relict feldspar in the c‘alcibte cement (Plates 2.2B,C).

Fine-grained metamorphic rock fragments (Plates 2.1A,B, 2.2D) and shale. clasts
(Plate 2.2A) are usually compacted to form pseudomatrix atound framework grains. These
pseudomatrix are partially dissolved in most cases. Microcrystalline chert presént in the
sandstonés is also partially di'ssolyed (Plate 2.1A).

The most common accessory miriprais (cements excluded) are micas '(1-8%; Table 2.5),
- which comprise 'approximavt'ely equal amounts of muscovite and biotite. The micas are deformed
about framework graing (Plate 2.2D). Some mica ’flakes are pértially replaced by carbonate
cement (Plates g.ZB,C); biotite is also altered to chlorite (Plate 2.'2B).' ' |

.



PLATE 2.1

.

A. A typical, slightly calcareous sandstone. Framework grains include quartz 15[8; fine-grained
metamorphic fragment (MF) compacted into pseudomatrix, chert (C and feldspar
(F). Quartz are mostly monocrystalline with straight to undulatory extinction and are
subrounded 'with thick quartz overgrowths (O). PQ=polycrystalline quartz.
Concavo-convex quartz to quartz coptacts FCIZC) and muscovite (hﬁoare also present. Scale
bar=200um. Cross-polarized light. Section 80X(800m) :

B. A typical, non-calcareous sandstone. Metamorphic rock fragments compacted into
eudomatrix (PM). Other symbols same as A. Scale bar=200um. Cross-polarized light.
tion 80X(839m)

. ¥

C. A typical sandstone with >40% carbonate cement (CAR) and a poikilotopic texture.
Framework grains (mostly quartz) are angular to subangular with little or no quartz
overgrowths and with little or no grain contacts. Quartz edges are highly corroded or
gbc)t(x?_c}mby) the carbonate cement. Scale bar=200um. Cross-polarized light. Section

m . .

D. A typical, fossiliferous sandstone with a poikilotopic texture. Framework grains are angular
to subangular with little or no quartz overgrowths. Shell fragment (SH) and calcite cement
are stained red ard detrital dolomite (D) 1s unstained. Scale bar=200um. Cross-polarized
light. Section 80X(280m)






PLATE 2.2

N

\

A. A typical sandstone with high secondary porosity (blue to urple) created by partial
dissolution of feldspar (F), fine-grained metamorphic rock fragments (MF) and shale
fragments (SHF). Most of the rock fragments have been compacted into udomatrix.
Pore-filling kaolinite (K) with intercrystalline macroporosity and euhedral quartz
gre{ %w3 s) (O) are also present. Scale bar=200um. Plane-polarized light. Section

1(849.3m :

B. Carbonate (CAR) replacing plagioclase (P) and muscovite (M?. Biotite flake (B) is altered
to chlorite. Scale bar=50um. Cross- polarized light. Section 8‘1 (510m).

‘

C. Feldspar (F, microcline?) and muscovite (M) replaced by calcite (Ca). Scale bar=50um.
Cross-polarized light. Section 80X(469m) : :

D. Fine-frained metamorphic tock fragments (MF), biotite (B) and muscovite (M), are
gg%a(l A é:ox;lpacted to form pseudomatrix. Scale bar=200um. Cross-polarized light. Section -
m .
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Shell fragments are common (traces to moderate) in calcareous samples (Table 2.6;
Plates 2.1D; 2.3A). The shell fragments are partially or completely dissolved, creating
secondary porosity (Plate 2.3A). Trace to moderale amounts of detrital dolomite grains are
present in some éamples (Table 2.6; Plate 2.1D).‘ |

Most of tﬁe porosity appears 10 be sec_\ox)adary, resulting from the dissolution of
feldspar, rock fragments, carbonate cements, st;eil fragments and clay matrix (Plate 2.2A,
2.3A). Porosity in section 811 (up to 10%; e.g., Plate 2.2A) appears to be somewhat higher
than in section 80X (0-5%; Table 2.5). ‘ ‘

The clay minéralogy of the sandstones is shown in Tables 2.3 and 2.4: both detrital and
authigenic clays are present. Detrital clays include illite, chlori.te and kaolinite which may be

found in the matrix and low-rank metamorphic and sedimentary rock fragments. The most

common non-opaque heavy mineral is zircon, which ocours in trace amounts in some samples. -

C. DIAGENETIC MINERALOGY OF SANDSTONES

Authigenic minerals in the sandstones of sections 80X and 811 include chlorite, quartz, -

calcite, ankerite, dolomite, kaolinite, illite, illite/sinectite and smectite (Tables 2.3-2.6).

Chlorite
Authigénic chlorite, which occurs as thick grain-coatings on quartz (Plates 2.3B.
2.4A.B) and feldspar‘ (Plate 2.4C), is-an important diagenetic cement in almdst all of the
sandston;s in sections 80X and 811 (up to 3% in s;zction 80X, Table 2.5j. It comprises 0-43%
(average =20%, Table .2.3) and 16-44% (average = 23%, Table 2.4) of the‘ <2um size-fraction
of sections 80X and B81I, respectively. The euhedral, pseudohexagonal .chlorite crystals are
orien'ted perpendicuiar to the grain surface (Plate 2.4B), giving a radiating texture in
thin-section (Plate 2.3B). The grain-coating chlorite appears greenish under plane-polarized
- light.
| The EDA spectrum of chlonte mdlcates it is Fe- mch with only mmor Mg (Plate
2.4D). XRD analysis of the chlome suggests /l at it may be chamosite. The lower intensity of.
‘the chlorite (001) peak (14.2A) compared tg the (002) (7.1A) and (004) peaks (3.53A) (Fig.

2.5) is characteristic of chamosite (Brizigy, 1951). Furthermore, heating to 550°C greatly

increases the intensity of the (001) reflection (Fig. 2.5); this ‘behaviqur is indicative of very

<

W
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Table 2.6 Types of authigenic and detrital carbonates, section 80X.

METRES ' AUTHIGENIC CARBONATES DETRITAL CARBONATES
ABOVE BASE (% OF WHOLE ROCK)
Calcite Dolomite Ankerite - Calcite Dolomite
, (shell grains
fragments)
1070 1
1060
1030
935
891 Trace!
886 « 12
881 1 . ’ ¢
886 1
863.5 40 o Trace
844 ;
39 ‘
PE o }

805 £8
799 - 2 1 L Trace
797 35 . Trace Trace
767 45 ' . Trace
766 40 '
750 3 , . . Trace
742 ' Trace 3
734 .
725
720
704 72 Trace
683 4
568 ’
600 5
598 : 50 o -HARgE ' Moderate?
501 ‘ 45 S Moderate
488.5 50 .~ Moderate Moderate
474 : 25 : . Moderate
469 » "~ 35 ' - Moderate Traces
435 10 - : . : . Moderate
423 45 : : / Trace - Moderate
330 Trace 3 _ ’ Trace
280 45 ' - Moderate ~  Moderate
200 15 ’ 15
Trace=<1%"

~ *Moderate=1-5%



PLATE 2.3

|

\
A. Abundant calcareous shell fragments in an argillaceous sandstone. Shell -

, fragmcntaogsﬂ)
have been partially or comgaleteljvs)dxssolv . Porosity is blue. Scale . bar=1000um.

Plane - polarized light. Section §11(8 \
AN
N

N

B. Complete chlorite grain-coating (C) about rounded quartz giainv (Q). The chlorite

ain-coating has been squashed at grain contacts (GC). Only minor %uanz overgrowths
%IO) are present. Scale bar=50um. Cross- polarized light. Section 80X(725m).

C. Incomplete chlorite grain-coating (C) resulting in thick, interlocking quartz overgrowths

(0). The chiorite grain-coating has been squashed at grain scontact (GC). Scale _
ﬁrized ;34111). ’ - :

bar=S50um. Cross-po light. Section 80X (

.- 4 .
D. Large etihedral syntaxial quartz overgrowths (O) protruding ifito pore. Relict feldspar (F) is

"\\

g{ﬁ%%t’l in) large secondary pore (purple). Scale bar=50um. Plane-polarized light. Section
m). . . ’ ‘ ‘ '

~
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PLATE24 . . ‘

- \ : -
A. Thick chlorite coats (C) and quartz overgrowths (O). Section 80X (805m). .
e

‘

B. Close-up of A showing characteristic euhedral, pseudohexagonal chlorite Z%rystals. oriented
perpendicular to the grain surface. .

C. Chlorite grain- coaung (C) on feldspar grain (F) has been destroyed whcre feldspar
dissolution has oocurred Section SOX&OSIQ }

[ &

D. EDA spectrum of chiorite shows that it is Fe-rich (chamosite?).

.-

E. Quartz overgrowths (O) engulfing chlorite coat (C). Section 80X (600m).

F. Squashed chlorite grain-coating (C). Section 80X(683m).

-

G. Ié%xililgfgim? large euhedral syntaxfal quartz overgrowths eliminating porosity. Section

H. Small euhedral quartz overgrowths on a thick chlorite coat. Secﬁdn 86X(805m).

L 4

e
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Fig. 2.5-Nature of clay minerals in sandstones, Section 80X . See Figure 2.1 for meaning

of symbols.
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Fe-rich chlorilés (Brown and Brindley, 1980).

Early formation of the chlorite is suggested by: (i) its complete envelorjment of
framework grains (Plates 2.3B, \2.21-A);‘ (ii) its engulfment by quartz overgrowths \(Plates
2.3B.C, 2.4E); and (iii) squashing of chlorite at grain contacts during compaction (P\lates
2.3B.C, 2.4F). -

Grain-coating chlorite is very abundant in samples 'lhal have little or no calcite cemen\

t

and matrix (e.g., Plates 2.3B, 2.4A ,B). However, samples containing over 40% calcite cemen \

\

contain no chlorite (Plate 2.1C). These data suggest that the first stage of calcite precipitation \\
) \
was earlier than the formation of the chlorite grain-coatings, thus, inhibiting chlorite growth. \\
. \

Alternatively, the absence of chlorite in very calcareous sandstones may ‘be due to a facies
change;

]
erartz Overgrowths and Pressure Solution .

Authigerric quartz, which occurs as large euhedral syntaxial overérowths (Plates
2.3C.D, 2.4G) jnd .small euhedral”drusy overgrowthe (Plates 2.128,’ 2.£lA,H) on detrital quartz
grains, is very abundant in sandstones with little or no carbonate cement (up to 15%, Table 2.5;
Plates 2.1A,B,' 2.2A). The large syntaxial quartz overgrowths may totally eliminate porosity by
protruding into pore s;aces and forming an interlocking texture (Plates 2.3C.D, 2.4G).
However, authigenic quartz is abser/rl or low in abundance in sandstones with >4l)% carbonate
cement (Plate-2.5, Plate 2.1C,D). .

. Large syntaxial overgrowths usually errgulf chlorite grain-coatings which are thin or
incomplete (Plates 2.3C, 2.4E). The gaps in the incomplete chiorite coats served as preferential 6
nucleation sites for the quartz overgrowths. If the chlorite coats are thick and continuous, the
development of large syntaxial quartz overgrowths is inhibited and only small drusy quartz
overgrowths have formed (Plates 2.3B, 2.4A H). This textural relationship suggests that the
formation of quartz overgrowths postdated Lhe chlerrte grain-coatings. -

~The presence of abundant concavo-convex quartz grain to grain contacts (Plates
2.1A,B, 2.3B, 2.5A) indicates that pressure solution has taken place due ‘to compaction (deBoer
et al, 1977; Robm 1978). In many cases, a layer of chlorite (Plates 2.3B C) exrsts at the quartz

grain to grain comacts



PLATE2.5

A. Concavo-convex quariz to quartz contacts (CC). Scale barzgoum. Cross-polarized light.
Section 80X(839m).

B. Partially dissolved feldspar grain. Porosity is blue. Quartz grains (Q) have been etched or
dissolved (arrows). Scale bar= S0um. Cross-polarized light. Section 811(857m).

C & D. Calcite (Ca) is filling in larieesecondary pores and solution pits (black arrows) in thick
quartz overgrowths (O); such behaviour probably indicates the presence of a dissolution
stage prior to carbonate cementation. The host grain ﬁHG, in C) of the quartz overgrowths
may also be corroded. Scale bar for C=200um. Scale bar for D=50um. Cross-polarized
light. C is section 80X(330m). D is section 80X {(600m).

4
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Dissolution and Alteration of Detrital Grains

This section deals with the first stage of two possible stages of dissolution and
alteration of detrital grains and/or cements. The. first stage is postk-quaru. cementation, and
involves the dissolution and/or alteration of feldspar, rock and shell fragments. mica and
quartz. The second stage, discussed later, occurs following carbonate cementation.

Feldspar dissolution involving both plagioclase and K -feldspar is very common (Plates
2.2A,2.3D, 2.5B, 2.6A,B,C,D). The EDA spectrum of the plagioclase (Plate 2.6D) shows that
it is g\la-rich; these observations are in agreement with optical data which suggest an albitic
composition for most of the plagiociase.

The dissolution of - feldspar appears to postdate chlorite formation; chlorite
grain-coatings have been destroyed on dissolved portions of many f eldspar grains (Plate 2.4C).

h Some feldspar grains have been altered to illite (Plate 2.6E5; some of this aheration
may also have occurred durifig the second dissolution stage. Feldspar has also been alteréd to
kaolinite (Plate 2.6F).

’ The kaolinite formed from the feldsp:ar appears to be corroded. This corrosion may
have happened during the second dissolution stage; kaolinite brecipitated following the second
dissolution stage is not corroded )

. The etching or corrosion of quartz overgrowths has resulted in the formation of large
.solution pits which are subsequently filled in by carbonates.(Plate 2.5C.D). In some samples
. the host grain of the overgrowths has also been corroded (Plates 2.5C). The presence of
carbonate cement in these solution pits suggests that quartz. was corroded prior‘ to carbonate
cementation. The presence of carbonate cement in large secondary pores also suggests that there '
was an early stage of dissolution of feldspar and other demta] grams prior to carbonale

cementation (Plates 2.1A, 2.2C, 2.5C D).

Calcite - ‘ ’ )

The type, amount and distribution of carbonate cement are shown in Tablc. 2.5and 2.6.
Calcite, which was determined to be Fe- free by stains, EDA (Plate 2. 7A) and XRD, is an
important diagenetic phase (up to 50%, Table 2.6).

“Some calcite cement in samples with >40% calcite‘formed relatively early in the

diagenetic hiétqry of the sandstones in the absence of compaction and/or the crystallizatibn of
; . , ,. ' ‘



PLATE 2.6

-

A. EDA spectrum of potassium feldspar in (B).

B. Partial dissoluvtion of potassium feldspar. Section 80X(8§lm).

C Partially dissolved plagioclase grain (P). See (D) forl EDA. Section 80X (600m).
D. EDA spectrum of C showing that the plagioclase -is Na-rich (oligoclase?).

*

E. Felds J) ain (F) being partially dissolved; dissolved grain has been coated by illite (1).
0X(668m). .

F. Potassium feldspar grain (F) being partially dissolved; dissolved grain has been coated by
kaolinite (K) which is slightly corroded. Section 80X(839m)

G. EDA spectrum of kaolinite in F.

H. Calcite (Ca) bompletely surrounding detrital grains (D). Section 80X (280m).
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PLATE 2.7

A. EDA spectrum of calcite.
B. Pore-f illing ankerite (AN) has been dissolved (arrow). Section 80X(8,§6m).
C. EDA spectrum of ankerite shoiving about equal amounts of Fe and Mg.

)

D. Pore-lining illite %I) has grown upon and enveloped quartz overgrowths (O) and chlorite
(C). Section 80X(886m).

E; EDA spectrum of illite.
F. Pore-bridging authigenic illite fibres (I). Section 80X(886m).

G. Net-like illite fibres (1) brid in& pore (P) and coating detrital quartz (Q) and quartz
overgrowths (O). Section 80X%6 m).

H. Pore-lining authigenic illite/smectite. Section 80X(330m).

A

)
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chlorite grain- c%aungs (Plalcs 2.1C,D, 2.6H). Calcite also occurs as a later phase\replacxrgg
feldspar (Plate 2.2B,C) and filling prirary and sccc%dary porosity created by the first episode
of dissolution (Plates gglA,\z.zc, 2.5C.D). |

" The high percentage of calcite cement (greater than the original porosity; Plate 2.1C)
suggests that carbonate has replaced some detrital grains (Blatt et al., 1980). The quartz

particles are replaced, or etched into irregularly shaped fragile grains (Plate 2.1C,D).

Dolomite and Ankerite \
Dolomite and ankerite cements have been identified using stains, EDA and XRD, and
are present in only a few samples (Table 2.6). Calcite is present together with doiomite or
ankerite, but no sample contains all three carbonates or both dolomite and ankerite together
' (Table 2.6). . I
Pore-filling dolomite (about 3%) was detected in only two samples, together with trace )
amounts (<1%) of calcite (Tab]e 2.6). The diagenetic relationship bctween dolomite andg
calcite cannot be determined exactly, but talcite could have been dolomitized as diagenesis
progressed. Authigenic dolomite also occurs as overgrowths on detrital dolomite grains (Plate
2.8A). /
Ankeritc occurs as a pore-filling cement (Plate 2.7B, 2.8B). The EDA spectrum of
ankerite shows that it contains about equal amouni of Fe and Mg (_f’late 2.7C). When ankerite"
is associated vyith calcite, it appears that ankerite préci;;itation poatdatcd thé formatjon of

¢ Icite A Plate 2.8B). Some of thc ankerite could have been formed from pre-existing calcite.

Aees -y

); : : - ,

Dissolution of Carbonate Cements and Detrital Grains
Following carbonate cememtation a second stage of diséolution vhas affected most
aamples. During this siage L‘xe,rc was partial or complctc dissolution of calcite (Plaie 2.8C,D),
dolomite (Plate 2.8A) and unstable deirital grains (e.g., feldspar, Plate 2.8C.D, 2.9A; chert,
Plate’ 2.8A,B; f: ine-grained me'tamorphic rock ’fragment Plate 2.9B). Feldspar that was
‘ pamally replaced by carbonate cement earlier has been dissolved durmg this stage mcludmg the

carbonate replacement (Plate 2.8C D)

— Dissolytion of carbonate cement in samples: w1th <40% carbonate cement resulted in

high secondary porosity (Plate 2.2A): Secondary porosity was also-created by the dissolution of



PLATE 28

A. Authigenic dolomite cement (AD) around detrital dolomite (DD). Both have been partially
dissolved. Scale bar = 50um. Crossed-polarized light. Section 80X(330m).

P

]

B. Calcith(Ca) is the first carbonate cement to be formed as pore-fillings; ankerite (AN; blue)
has then crystallized as pore-fillings and/or recrystallized from the calcite. Q=quartz
grains, RF =rock fragment. Scale ba_r=50um. Plane-polarized _light. Section 80X (200m).

4y >

C & D. Partially replaced feldspar (F) has been dissolved, including the carbonate r;rlacemcm
(Ca). Porosity is blue. A chert fragment (Che) has also been partially dissolv along its
edges. Hydrocarbon (HC) residue can also be seen in a secondary ls)ore created in carbonate
cement. Scale bar for C and D=50um’. C is cross-polarized light. D is plane-polarized light.
Section 811(144m). .
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PLATE 2.9

A. Partially dissolved feldsgglgrain (Fg with hydrocarbon stains (dark brown) in secondary
- pores. Porosity is blue. Scale bar =50um. Plane-polarized light. Section 811(857m).

B. Partially dissolved fine-grained metamorphic rock fragment (MF). Porosity is ‘blue. Scale
bar:joum. Plane- polarized light. Section 811(749m).

N

C. Hydrocarbon (black) filling in large secondary pores. Detrital grains are highly corroded as
outlined by the hydrocarbpn. Pores which are not filled by hydrocarbon are filled by
ﬁﬂisnsi%e ) (K). Porositys is blue. Scale' bar=200um. Plane-polarized light. Section

m). o . .

. N

D. Hydi'ocarbon (black) completel filling all the secondary porosity. Detrital grains are highly
corroded.Scale bar=200:“r)n. Plane- polarized light. Sgction 80X(935m). ' ‘

-
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framework grains (Plates 2.3D, 2.9C,D). Sandstonegi_yilh >40% calcite cement show little or
no sign of carbonate dissolution (Plate 2.1C). This could be due to lack of porosity and

permeability for pore fluid circulation.

Hydrocarbon Emplacement

Hydrocarbons (dead oil) are very common in the” upper portion of sections 80X
(>838m above base) nnd 811 (>M9m above base). The hydrocarbon occurs mostly in
secondary pore spaces as pore-f-illings and pore-linings (Plate 2.9A,C.D). In some samples the
hydrocarbon has a palchy distribution, filling secondary porosify in only some parts of the
sandstone (Plate 2 9C) In other samples it completely fills all the secondary porosu)k(Plale
2.9D).

Hydrocarbon emplacement apparently postdated carbonate dissolul_ion becausc of the
presence of hydrocarbons within partially dissolved carbonate cement (Plates.2.8D, 2.10A).
The presence of hydrocarbon stains in partially dissolved detrital feldspar indicates é@al

hydrocarbon emplacement was post -feldspar dissolution (Plates 2.9A, 2.10B).

Illite

Illite is present in the <2um size-fraction of all the samples in sections 80X (13-58%.
Table 2.3; Figure 2.5) and 811 (20-52%, Table 2.4; Figure 2.6). The presence of illite in XRD
" of samples with little detrital clays suggests that most of the jllite is authigenic. The presence of
delicate filqmcmous illite, as ob§erved by SEM, also prol/es that authigenic illite is present in
some samples (Plate 2.7D). The E’ZDA épeclrum of authigenic illite shows that the major
elements present are Si, Al and K, with minor Mg (Plate 2. 7E)

The authigenic illite is observed as thin laths that bndge pores (Plate 2.7F). In some
samples it also occurs as net-like fibres that (i)grow on detrital grains and syntaxial quartz
overgrowths and (ii)bridge pores (Plate 2.7G). Illite also occurs as an alteration product of
detrital feldspar (Plate 2.6E). This alteratlon may have happened during the first and/or
second diseolution Aand alteration stages in the diagenetic 'history.

Authigenic illite appears to be one of the last phases to form because it occurs as -
pore-linings on dem'tal grains, qu'é,rtz overgrowths and chlorite coats (Plate 2.7D.G). Its

formation may be contemporaneous with illite/smectite, smectite and kaolinite.



PLATE 2.10

. Hydrocarbon (HC) filling in secondary pore created in calcite cement (Ca), indicating that
hydrocarbon emplacement is after carbonate cement dissolution. Scale bar=S50um.
ross-polarized light. Section 80X(881m).

. Secondary porosity created in feldspar grain (F) has been filled by hydrocarbon (dark
brown to black). Note corroded edges of the quartz ((%) which is outlined by hydrocarbon.
Scale bar =50um. Cross-polarized light. Section 811( 857m).

. Pore-filling kaolinite (K) and ggdrocérbon (dark purple). Notice that pores lined by
h{;‘lrocarbon (X) are not filled by kaolinite. Porosity is blue. Scale bar=200um.
P ne-pplarized light. Section 811(857m).

. Vermicular kaolinite (K) filling in large secondary re. The presence of residue
hydrocarbon stains (H: Lon detrital quartz grain (Q) and in part of the pore without the

kaolinite being stained by the hydrocarbon indicates that kaolinite formation tdates

hydrocarbon migration. Scale bar=50um. Plane- polarized light. Section 811(857m).

~
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Fig. 2.6 Nature of clay minerals in sandstones, Section 81I. See Figure 2.1 for meaning
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Illite/Smectite

Illite/smectite is present in the <2um size-fraction of many samples in section 80X
(Table 2.3; Figure 2.5) and all'Samples in section 811 (Table 2.4; Figure 2.6). The higher
intensity of the illite/smectite diffractions for section 811 samples indicates that illite/smectite
is moré abundant in this section (Figs. 2.5, 2.6).

In section 80X illite/smectite ;\ras not detected in most of the clean (i.e., containing .
little detrital clay matrix) sandstones from the delta plain; delta margin and nearshore shelf
facies. (Tables 1.1 and 2.3). However, illite/smectite is present in all the shéle a,nd siltstone
samples. These observations suggest that most of the illite/smectite found in section 80X is
- detrital. Most of the $andstones in section 811 cdntain moderate to high amounts of clay matrix
and most of the illite/smectite may be detrital in origin. '

However, at least some of the illite/smectite present in the clean sandstones f rom both
'sections may be authigenic, as indicated by the presence of honeycombed illite/smectite with
lath-like ﬁrojections as pore-linings- (Plate 2.7H). The EDA spectrum of authigenic
ilfite/smectite shows that it contains Mg, Al, Si, K, Ca and Fe (Plate 2.11A).

The nature of interstratification and the percentages of illite laye;s in the illite/smectite
were determined using the methods described by Reynolds a 0), Reynolds (1980)
and and Hower (1981a) (Appendix I). In sections 80X and 811 the percen

e of illité layers
varies from 60-90% and 50-75%, respectively (Tables 2.3, 2.4). There is no appar nge in
percent illite layers.with depth in both sections (Tables 2.3, 2.4). Th; illite/smectite may be
classified as "a,llevardite" ordered (IS to ISII 1ayeririg) (Hower, 198la), However, the
superlattice diffraction (30-35A) is very weak in most cases, and occurs as a shonlder,

‘indicating that the ordering is probably incomplete.

Smectite ” | R

Smectxte (6 13% of the <2um size-fraction, Table 2 3 Fxg 2. 5C) is abundant only m
sandstones f rom the- dlstnbutary channels, nearshore and proximal shelf facies in section 80X.
No smectite was detected in section 811. v ! -

Authigeﬁic smectite, which has a hbneycombed texture, is observed o§lerlying éhlorite
gram coatings (Plates 2. 11C D) thus postdatmg chlorite forma’uon Smectite also grows on
the surfaces of syntaxml quartz overgrowths and engulfs smaller drusy quartz overgrowths

4



PLATE 2.11
A. EDA spectrum of illite/smectite.

B. Smectite (SM) which has grown on chlorite grain-coating (C) and iuanz overgrowths (O).
D=detrital quartz, host of the chlorite and smectite. Section 80X(742m). :

C. Close-up of .(B) showing the chlorite coat (C) and the smectite layer (SM) on it. Note the
honey-combed texture of smectite. D=host grain.

D. Both small and large quartz 6vcrgrowths (O) have been engulfed by authigenic smectite.
. Section 80X(742m§.

E. EDA spectrum of smectite showing that it is Fe-rich.

F. Kaolinite (K) filling large secondary pore. Section 80X(330m).

G. Close-up of pore-filling kaolinite showing the characteristic well-crystallized booklets and
vermicular stacks.

‘ H. A characteristic vermicular stack of kaolinite (K) on quartz overgrowth (O). Note relict
calcite (Ca). Section 80X(600m). ' .
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(Plates 2.11B,D), thus postdating the quartz formation.'The EDA spectrum of smectite shows

that it contains major amounts of Ca and Fe with minor amounts of Mg (Plate 2.11E).

Kaolinite J

Authigenic kaolinite (0-15%, Table 2.5), e/hich occurs as well-crystallized booklets and
vermicular stacks mostly in large secondary. pores (Plates 2.2A, 29C, 2.10C.D. 2.11F.G. H
.2.12B), is very abundant in the sandstones (0-15%, Table 2. 5) Kaohmle comprises 4-85%
(Table 2.3) and 21-59% (Table 2.4) of the <2um size-fraction of sandstones from sections
80X and 81I, respectxvely.

In some samples éuthigenic kaolinite is"also associated with, or altered from, detrital
feldspar (P’lates 2.6F, 2.12B); the relative timing of the formation of this kaolinite is uncertain.
However, the pore-filling kaolinite appears 10 postdate quartz overgrowths because it fills the
pore following quartz cementation (Plate 2.11H)" In addition, authigenic kaolinite appears to
postdéte hydrocarhon migration and emplacement because abundant unstained kaolinite is
present in Secondarif pores that are partially lined or filled by hydrocarbons (Plate 2.10C.D);
kaolinite is lacking in secondary pores that are completely lined by hydrocarbons (Plate. 2.10C).
The late@meu‘on of kaolinite is also suggested by tahe presence of relict carbonate cement in
large secondary pores filled by kaolinite; the bordering quartz grains are highly etched by the
earller-precipit_ated carbonate cement (Plates 2.11H, 2.12A). This texture indicates that'the

/

‘ pore-f illing kaolinite postdated carbonate precipitation and dissolution.
Fraeturing, Dissolution and Tertizlry Hydrocarbon Migration ‘ .

The presence of extensive, large fractures-filled with hydrocarbons in a. few sandstone
samples in both sections 80X and 81 (Plate 2.12C,D) suggests that temary migration of
hydrocarbons occurred followxng fracturing, reopenmg of existing fractures and/or dlssolunon
along the* hac[ur% This szage of hydrocarbon migration postdates kaolinite because the
hydrocarbon- filled fractures usually cut through authigenic pore-filling kaolinite, carbonate.

_cement, quartz and other detrital grains (Plate 2.12D)..



v

‘@“;_!ir
PLATE 2.12— .

A. Relict calcite (Ca) in large secondary pore which has been filled by kaolinite (K). Quartz
gain_s (Q) have been previously etched (arrows) by the carbonate cement. Scale
1=50um. Cross-polarized light. Section 80X(750m). ,

B. A vermicular stack of kaolinite (K), associated with, or {altered from partiall{ dissolved #
feldspar (F). Porosity is blue. Scale bar=50um. Cross-po( rlfm\l<h\l Section_811(857m).

C. Hydrocarbon-filled fractures (dark purple). Scale bar:l\OOOum. Plane-polarized light.
Section 30X (1060m). 3 ght.

D. Hydrocarbon-filled fracture (dark purple) cutting through quartz (Q), feldspar (F),
Eore-f illing kaolinite (K ), carbonate cement (CAR) and muscovite (M ). Scale bar=50um.
~ Cross-polarized light. Section 811(743.3m).






D. PARAGENETIC SEQUENCE - SUiVIMARY
The paragenetic sequence of diagenetic events in {rié Bird rFiord, Weatherall and basal

Hecla Bay sandstones (Fig. 2.7), as determined from SEM and thin-section petrography, is as

follows: )

1. formation of crnlorile grain-coatings on quariz and feldspar grains;

cementation by-calcite; ‘

formatioff of quartz overgrowths;

2w

dissolution arld/or alteration of feldspar, rock and shell fragmems',wcz;icite, quartz and

mica; | B ‘

S. precipitation “of calciie,,in primary end secondary pore space.-' and/or recrystallization of
early calcite to late calcite, and/or f 6rrnation of late calci'te as feldspar replacements;

6. precxpxtanon of dolomite or ankerite in primary and secondary pore space, and/or

recrystalhzauon of calcite to aolomrte or ankerite;

7. dlssolunon of carbonate cements and re’m‘aining unstable detrital grains;

8. f?)precipiratio’n of illrte, illite/smectite and smectite mostly as pore-linings in prirr'lary and
secondary pore spaces (these clay minerals may have been precipitated during events 4 to
7); o B SN

9. precipitation of kaolinite as pore-fillings in mostly secorrdary pore spaces, and

-

10. tertiary migration of hydrocarbons into f issures and fractures.
E. STABLE ISOTOPE GEOCHEMISTRY - . o
Clay Minerals \ |

The 8"0 values of the <2um size-fraction of sandstones shales argxllaceousi '
limestones and siltstones in section 80X range frorn +12 4 to +16 7 (_;ble 2. 7) The clay
mmerals present in these samples are listed in Table 2.3, Kac;hmte dhte chlorite. and'
ul:te/smecute can be both authrgemc and detntal Only authxgemc smectite is present Minor -.;

" amounts of quartz and traces of fi eldspar are also present in the <2um size-f racuog but their

effects of the ,&\'_ ) values are msrgmfmnt for these samples.
Y
The L2 ,srze-fracuon from sandstone have . lower 6"0 values (+12 4 to +15 1,

+ 31 Table 2.7) than those. from the shale, arglllaceous limestone and siltstone

average

. .\\ N
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Table 2.7 "0 ahd‘ 61°C for clay and carbonate minerals, section 80X .

’

METRES ROCK TYPE <2um' CALCITE DOLOMITE'  ANKERITE
ABOVE . S :
BASE .

6]!0 6]!0‘*‘\ 61)C . 61'0 61.\C 61'0 51)C
:SMOW SMOW -PDB  SMOW PDB = SMOW PDB

1030 s ST 4142 e
886 §s +134 : +198 -44
839 85 +12.4 )
7617 _§§ +18.7- -3.6 ' )
750 - §s +19.0 -45 - « _
134 §s +12.9 o
683 .- 8s +13.1 +18.1 -3.0
598 -~ .88 +14.4
501 §S . +20.0 -2.5
488.75 - sltst' +15.2 ‘
481.75 sltst +14.7, ]
., 480.75 - sh/sltst +15.0
" 479.75 slist +15.4 ‘
478.75 ‘sh ~ . +15.9 v
471.75 sh +16.1
474.75 sh +15.5.
474 R 1Y . #4181
- §8 - E " +15.1 . .
%0— S - +i50 +200 -0.1
ny 88 : +13.3
227 " arg Is . +16.7 '

. ‘contain minor quartz and traces of feldspar

hY - ”»

* . ' o : ‘ Y 4
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samples (+14.7 to +l“6v.7. average = +15.6). Sandstones with little detrital clay matrix
(>682m above base) have still lower 6'*O values ( +12.4 10 +14.2) than sandstone samples
with a sngmﬁcan} amount of detrital clay matrix (+13.3 o + 15.1). The above variations are
due to the higher §'*O values of detrital clays from sedimentary rocks ( +16 1o +22; Savin and
Epstein, 1970a, 1970b; Longstaffe, 1983, 1984) as compared to authigenic clays. The authigenic
clays present in the samples must have §'*O values much lower than typical Qfor the detrital
clays in order lo give composite 6;'0 values (authigenic + detrital clays) of +12.410 +16.7.

. The cla?/ fraction from a sandstone sample with little detrital clay matrix (1.030m
above base), which contains 85% kaolinite (mostly authigenic because pore-filling kaolinite
comprises 10% of this sandstone, Table 2. 5.) and 15% iliite, has a §**OQ of +14.2 (Table 2.7).
Consequently an average kaolmlte 60 of +14.4, calculated by linear regressnon of the 8"O
for the clay fraction versus percent kaollmte from XRD (Tables 2.3, 2.7; Fig. 2.8), is quite
reasonable. The clay fraction from another sample (280m above base) with 92% 1lllte (an
illite/smectite with 90% illite layers, Table 2.3) has a '*O of # 13.0. Therefore, an illite §'*O of
+13.1, calculated from the sample with 85% kaolinite and 15% illite (1,030m above: base) using

a kaolmxte o' of + 14. 4, is also realistic. o \\l

Carbonate Minarals
Oxygen- and cafbon-isotope values were obtained for calcite, dolomite ahd anl\;crile
cements (Tablg 2.7). Samples with no sh‘ell fragments (Table 2.6) were selected fo analysis of
the calcite cerrlem. The ankerite sample contains no other carbonate minerals. Trace aounts of
dolomi_tg\ grains are present in lthe authigenic dblorrlite sample, but its influence on the)isotopic
values is brobably'insignif icant. .
The 6''O values of the calcite cement range from +18.1 to +20.0 (Table™2.7). The

Tange in §'O of the calcite indicates some variation in the conditions of its f o{f}latiqh and/or
recrystallization, an observation which is consistent with the petrograpbic data. The l'cal‘c'ile has
813C values ranging from -2,5 to -4.5 (PDB; Table 2.7). S 4
~ Authigenic dolomlte and ankeme have 6*0 values of +20.0 and +19. 8, respecuvely,

their §:3C values are O land -4.4; respectlvely (Table 2.7).

% , \



72

=otuﬁ_.«&n_w wnz> ul Auoey ¢,

0L 06 o8 0. 0 05 o o€ ? o g

1 1 1 4 L 1 1

1+
n.~.~‘+
61+
 pr+

+ 1+

- 9+

- V'L =aqujjoey Q.9 , -

»

(§928°0- =1) uotssargal reouy] AQ POUIIIGISP I (§'p] + =O,(Q) MUHOEY

Jo uonisodwos agy “(1xa1 35 i§°7 ‘319) uondexyip Aei- £q uosn_moh%w usaq sey aroey-
40 ouepunqe sanejar oy uonser -39S WIT> ) ul AUIoeY Ju0Iad SNSIaA @ 8¢ 3

(msd *MOWS) Wiz o, 0



IIl. INTERPRETATION OF DIAGENETIC HISTORY

A. INTRODUCTION ) | |
To interpret the diggengtic history of thg\ﬁird Fiord, Weatherall and basal Hecla Bay

Formations, it is important 1¢ know the burial hiftory of these units. This history is very

complex, including two epis of uplifting, defgrmation and erosion, and has probably
resulted in a comphcated evolution of ﬂow an fluid chemistries in the subsurface. Of
particular importance are: (i) the timing of the specxf ic epl@cs of burial, uplift, deformation
and erosion, and (u) the maximum burial depth attained by the unit.

(N

N
)
»

Burial History . Summary

According to Embry and Klovan (1976), deposition of the Bird Fiord and Weatherall
Formations commenced in Eifelian time (Fig. 3.1), and by Early Frasnian time the Hecla'Bay
Formation was deposited. Burial continued until Late Frasnian time; the units fvere uplifted
and def orm_ed in the Late Frasnian (Fig. 3.1). Deposition and burial resumed in latésl Frasnian
and lasted until the Famennian; the area was uplifted, deformed and eroded auring Famennian
to Visean time (Ellesmerian Orogeny). Erosion of the area continued to the present day after

the Ellesmerian Orogeny (Fig. 3.1).
Maximum Burial Depth _
The maximum burial depth achieved by the clastic rocks under investigation was

' determmed uuhzmg gonodom colour glterauon mdnces and vitrinite reﬂectance data.

Conodont Colour Alteration Index

'

. Conodonts from the carbongte, equlvalent of the Bird Fxord Formation in secuon’80x
(Table 1.2, 118 and 123.8m above_base of sectlon GSC locations C-136361 and C-136362)

 have a colou; alteratxoq in (CAI) of 1.5 (Uyeno, pers. comm.). No conodont CAI -js
- . available for section 81I. Accordi

2 to Epstein.et )al.('1977). a 'texﬂperature range of 50-90°C is
possible for.a CAI of 1:5.”

surf ace te perature in this area during the Devonian time was
area was wnthm 10° of the equalor (Smith et al

1973); a humld equatonal to tropn imate is probable (Embry and Klovan 1976). Thus.

3

e -
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assuming an average paleogeothermal gradient of 30°/km and a surface paleotemperature of

25°C, the temperature range of 50-90°C suggests a possible burial depth ranging from 800m to

2,200m. Even the high end of this large burial depth range does not agree with the maxtmum A

burial depth of approximately '3,300m calculated for these samples based on stratigraphic
thtclrnesses of the units given by Embry and Klovan (1976) and Goodbody (1985).'Thc
disagreement in burial depth can Abe due to: (i) a low CAlI for the canodonts because of a short
burial time due to early uplift and erosion (Eliesmerian Orogeny; Epstein ‘et al., 1977); and/or
(ii) an overestimation of the thicknesses of the overlying formations. The first reason seems to

be more likely considering the possibility that the maximum ovérburden may - have been

underestimated because some strata may have been removed from the top of \lhe Parry Islands
. : : . 1

Formation.

Vitrinite Re flectance , »

B‘urial depths. based on vitrinite reﬂectance data given by Powell (1978), agree well
with the estimates based on stratigraphic thlcknesses of the formations. Powell (1978) gave
_vitrinite reflectance data from two wells (Bent Horn N- 72 and Hotspur J-20; see Figure 1.5 for
locations,of wells) which are -nearest, sectign 80X. A vrtnmte reflectance (Ro) of 0.90% at

1,667m in the Bent Horn N-72 well suggests a maximum burial ¥emperature of about 100°C

(Hunt, 1979). This generates a temperature of about 120°C for the top of the Bird Fiord .

Formation, assuming a geothermal gradient of 30°C/km. A vrtrrmte ref‘lectance of 1 33% at
1967m in the Hotspur J-20 well suggests a maximum burial temperature of about 130°C

- (Hunt, 1979), which genemtes a temperature pf about 110°C for the top of the Bird Fiord

Formation. Assuming a geothermal gradient of '30°/km and a surface temperature of 25°C, a’
temperature of 110- 120C suggests a maxrmum burial depth of 2,800-3, 200m for the top of the,

Bird Fiord Formation in the Bathurst Island area. This depth range agrees reasonably well _with

the depth (2 600m) calculated f rom stratxgraphrc thrdtnesses of the formatnons The difference
of 200-600m may represent strata removed m the uncqnformxty above the Parry Island
Forrnatxon and/of may indicate a slightly hrgher geothermal gradrent durmg the Devonian time
(a geothermal gradient of 35 Ciz] would give a consrstent maxrmum bunal depth of 2 600m)

A maxrmum burial depth of 3,000m, which corresponds to a temperature of 115°C, is

_ assumed'.for the top of the Bird-_Fiord and Weatherail _Formatibns .(Fig. 3.1) .during the_

N

c .
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following discussion of the diagenetic history. The Bird Fiord Formation (complet‘m section

80X is 800m thick; consequently the maximum ‘burial temperature for the base of formation is

about 140°C (Fig. 3.1).

Oxygen-Isotope Geochemistry - .
» To use rhe oxygen-isotope data to impose constraints o diagenesis, an understanding’
of the possible implications of the oxygen-isotope data | is required. In° particular,
oxygen-isotope comnosilions of the authigenic‘clays and carbonate minerals from section 80X
(Bird Fiord section) can reveal much abput pore-ﬂuids and thermal histdry during . the
diagenesis of the sandstones, provided that the isotopic com siu'ons_pf the minerals have
remained unchanged since crystallization. o ]
Isotopic exchange between carbonate minerals and fluid is not signii’icant at
temperatures typical of sedimentary environments except during recrystallization(Epstein et -
al., 1964; Anderson, 1969; Land,..1980; Longstaffe, 1983, 1984, in press). Oxygen-isotope
exchange resulting from recrystallization, particularly calcite, becomes more important as-
tempcratures ini:rease ‘Silicate minerals exchange oxygen-isotopes at higher temperatures than
carbonate minerals (Clayton ,1959). The: exchange of oxygen-isotopes in clay minerals is
normﬁy jnsignificant be]ow about 100°C (Yeh and Savm 1977, Longstaffe 1983, 1984, in
press) except for the very fmest size-fraction (<0.lpm; Yeh and Savm 1976 Eshnger and
‘ Yeh 1981). ‘ | . ) ' ,
" ; Another factot complicasing the interpretation of the 6°0 of the authigenic minerals“is
that all the samples analysed were from outcrop, no porg- flunds were available for analysrs
Neither are 1sotop1c data available for subsurface waters in this area The original 1sotop1c
: positions of the fwaters buried with the sandstoneSt depended on. the envrronment of
d:&ynon The Bird Fiord strata in Bathurst Island were deposrted in marme or deltarc settmgs
_ (Table 1.2); water buned wrth the Bird Frord sediments exther had an 1sotop1c composmon'
sumlar to seawater or was several pemull hghter in faties whe gthe. water was brackrsh Dunng_
bunal formauon water typxcany becomes ennched in 10 (by +2to +4 permrl in deeply, '
 buried sandstones. Land and Dutton, 1978 Mxlhken etal., 1981; Dutton and Larid, 1985) asa -
result of reacnon wrth the enclosmg sednment (Crarg, 1961 Hrtchon and Fnedman 1969
Clamn et al, 1966. Kharaka et al., 1973; Land, 1980; Lonsstaffe 1983) Tlns ennchment in -

«
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'O may have been partially offset by the influx of *O-poor ground waters during: (i) the
deposition ot” the fluvial Hecla Bay and Beverley Inlet sandstones; (ii) the short period of uplift
and erosion in Late Frasnian before maximum burial; (iii) the major uplift, deformation and
erosion in Famennian to Visean (Ellesmerian Orogeny).' and/or (#v) the erosion of the upiif ted
and deformed are;s to the present day after the Ellesmerian Orogeny (Fig. 3.1).
Based on the above justifications, thel;fo.llowing assumptions of the evolving formation
. waters can be made: ‘ "
1. original connate waters were marine .wa_ters with §*0 of about zero;
2. a continuous increase in 8'*O of the f ormation waters occurred during burial due to
" . water-rock interaction until Late Frasnian when the strata were uplifted for the first time;
3. during and after the first uplift, the influx of rneteoric waters caused a continuous decline
in §'*0 of the formatron waters (this decline probably drmmrshed as the burial appsoached
maximum), and . ,
4. the second uplifting by th,e Ellesmerian Orogeny probably allowed another influx of
. meteoric water, causing a further decline in pore-fluid §'*O.

v

,The relatlonshlps among the 6"'0 of the diagenetic minerals (Fe rrch calcite, ankerite,
dolomite, kaolmrte .and 1llxte) temperature and water $10 are shown in Frgure 3.2. These
curves have been ca]culated _using functrons (Frg 3.2) reported by Land and Dutton. (1978)
Eslinger (1971), Fnedman and O'Neil (1977) and Eslinger and Savin (1973). Additional data
used are (i) present mean surface temperature of about -17°C (Environment Canada 1982)

,and (ii) present meteotic surface water has a 5“0 of about -23 (SMOW:; Anderson and Arthur;
1983) Based on the above information and drscussron the. most probable evolutronary path fi o,,;
the original formauon wa'ters of the Bird Frord sedrments is xllustrated in Figure 3.2.

B. PARAGENETIC SEQUENCE o

- The mterpretauon of the dxagenenc history of the sandstones from'the Bird Fiord,

. Weatherall and basal Hecla Bay Formatrons is: based‘ on combmed evidence from (i) thc

) known paragenetxc sequence; of dragenetxc events (th 2.1); (u) the. bunal htstory which ngcs )

 the relative timing of the specrflc eprsodes of burial, uphf t, deformauon and erosion (Frg 3 1);.
" and (iii) stable- xsotope geochermstry which provxdes mformauon about the pore-fluids and
thermil hnstory durrng the dlagenesrs (Frg 33 2) The proposed relatronshrp between the

+
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3.2 6O of water versus temperagure for authigenic carbonate and clay minerals from
sandstones of .the Bird Fiord Formation. The possible evolutionary path for marine
formation water is also shown. See text for assumptions used in drawing the evolutionary
path. The curves shown for calcite, dolomite, ankerite, kaolinite ang illite have been
calculated- using the following equation: calcite-water JlO’lna = 2.78(10°T-?) - 2.89]
Friedman and O'Neil,1977); dolomite-water and ankerite-water [10’lna =

.78(10°T-*) +0.32] (Friedman and O'Neil, 19773; Kaolinitc-waterl[w’lna = 2.5§10‘T"; -
2.87] 5 and Dutton, 1978; from Eslinger, 1971); illite-water [10°lna = 2.43(10°T-?) -
4.82) (Eslinger and Savin, 1973). , .
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paragenetic sequence and the burial history of the rocks is shown in Figure 3.3. This
relationship is used in the following discussion of the diagenetic history. |

Paragenetic sequences are divided into different stages of diagenesis a,;cordmg to burial
depths. For example Loucks et al. (1984) divided the diagénetic sequence in the Lower Tertiary
sandstones along the Texas Gulf Coast into surface-to-shallow, intermediate -and deep
subsurface'diagenesis.‘ In an analogous -fashion, the diagenetic sequence in the Bird Fiord,
Weatherall and basal Hecla Bay sandstones (Fig. 2.7) can be divided into threc stages.
Diagenesis in these sandston‘es occurred: (i) at the surface and near-surface; (ii) during -
intermediate to deep lgurial, and ‘(iii) during and follewing major uplift (Ellesmerian Orogeny)
(Fig. 3.3). ' ‘

Surface and Near-Surface Diagenesis

Fe-rich, chlorite'grain-coatings and the first generation calcite were the earliest-formed
cements (Figs. 2.7, 3.3)..Both cements were fofmed dunng or immediately. following .
deposmon while the sediments were at or near the surface (th 3.3). Textural evidence (Plate

2.1C) shows that the first generatlon of calcxte cernentatlon ocdurred in,the absence of chlorite

grain-coatings and Jthe chlorite grain-coatings were formed in the absence of calcite. The

[
v,

formation of these two cements is partly facies dependent chlonte is ormed mostly m deltatc
"
sandstones whlle calcite is forﬁ‘ted mosﬂ?' in marine sandstones

-

) “- Fe-rich chlorite - Radiating, Fe-rich chlorite grain-coatings around quartz and feldspar grains .
_(Plates-2.3B, 2)4A,C) are most abundant and well-developed in sandstones deposited in a
deltai,c epvironment. Thi_s.habit’and factes-relatedl distribution of the Fe-rich chlorite in the *
Bird Fiord, Weatherall and’ basal Hecl.a Bay sandstones are supported by the vliterature '
"Longstaffe (in press) and Storey (1982) suggested a drstnbutary -channel env1ronment for

sandstones rxc;r in carly dlageneuc Fe rich chlonte . _ ,..r

0
\

X : '
Calclte The first stage | of caléite precxpxtauon in manne sandstones occurred in the absence

- chlorite grain- coatmgs and before compactnon A pmkllotoplc or "floatmg texture is. pﬂﬁ'Eed \
. by.this early calcite cementation (Plate 2.1C). D . oL & -
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A ‘ o s
'I'he presence of early calcite cementation is cons_istent 'wit‘h the lack of later cements,
such as quartz oﬁtgrowths, which are present in associated sandstones not cemented by eatly
calcite (Franks and Forester, .19.84). '
Precip'itation of earl'y/’calcite was facies-related; most samples with >40% catcite are
'_marine'sandston'es fromgnearshore proximal' and distal shelves (Tables 1.2, 2.5). The marine
. sandstones” of the “Bird -Fiord and Weatherall Formattons have abundant shell fragmems
(brachtopods crtﬁoids and pelecypods) and marme carbonate grains (dolomite). The marine |
'env1ronments were storm-affected; the fossils were probably broken up and incorporated .into

the r'e'worked sandstones during.a storm, providing an internal source of CaCO,.

. v .
NIRRT T . ' “

o V " o ks v , " R . .
mél‘medtate to Dﬁbsurtace Diagenesis R : P
® 3 L
dee)p subsutface diagenesis comprised a cofhplex stage of cementauon

.,-” ;
~' N Inte"medt
: replacement and drssolutton (Fig. 3.3). " This stage included all the dtagenettc events thal

happened followmg crystalhzatton of Fe- nch chlorite and early calcrte precrpttauon but before

« the Ellesmerian Orogeny (ths 3.1,3.3).

Quartz Overgrowths Quartz overgrowths compnsed updo 15% of sandstones‘w:th lxttWor no
carbonate cemer‘h and clay jmatrix, thus eliminating most of the original porosrty (Plate 2.1A,B;
Table25). |
The presence of abundant concavo -COnvex quartz grain-to-grain contact% (Plate 2, SA) L
) suggests that pressute solution at gram»-to grain contacts had probably prov:ded some of the _
-~ silica necessary f o)t‘he quartz overgrowthsgt mtermedtate depths (500 1 800m; Fig. 3. 3) THe -
k -. presence of a ehlortte llyer at the quartz gram -to- gram contacts in many samples would
mcreaso the rate of diffusion of .pressure- dtssolved silica awaya.from the site of pressure
solutton (Weyl, 1959' deBoer, 1977; Robin, 1978)., 'I'he clay, layer consists- of & collecuon of
‘ ‘:chlonte platelets w1th the associated- waxer ‘ftlms ~and the thickness of each chlonte t‘lake wnth
its film is in the order of 20A Thus; a chlonte layer Sum thtck between two quartz grams wxll o
B contain a%out 2,500 water frlms mstead of the one or two water ftlms between clean grams
resulttng in a consxderable mcrease in. the rate ol dxffusion of srltca and. Qn the rate of pressure
;solutxon However thts source of srhca was—rprobab{y mmor in these quartz nch sandstones} s
, 'Sibley and Blatt (1976) demonstrated that pressure soluuon lS minor th many quartz oemented

v . . A ~ .
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sandstones. o \ ‘
‘ Many other sources of silica have been proposed for quartz cementation. 'Bla'ttdet al.
(1980) and Sibley and Blatt (1976) suggested that the circulation of meteoric waters aided
quartz cementation in relatively shallow sandstones; meteoric waters contain about vl3ppm of
. dissolved silica compared to modern seawaters which contain <lppm. Vertical circulation of
ground water‘ is required in order to reach the shallow sandstones at a fast "enough rate to A'
precipitate the high amounts of quartz cement. Since quartz cementation in the Bird Fiord,
Weathé}all and ‘basa‘l Hecla Bay sandstones started relatively early during the burial history
(Fié. 3.3), the circulation of silic.:a-ri;en surface meteoric waters into the relatively shallow
sandstones is quite likely (Fig. 34). | |
The establishment of the. circulation of meteoric tvaters into the--underlying deltaic to
marine Bird Fiord and Weatherall sandstones may have resulted £rorn the lowering of the sea
level during Eifelian to Givetian time, when there was a net marine reg'res'sion whleh :'ESulted in
the debosiu'dn of the overlying ﬂuvial Hecla Bay sandstones (Fig. 3.4; ﬁrnbry and l.(l.ovan
‘ 1976; Goodbody, 1985). The lugh gravrtatronal head on the contrnent TIesulted in a flow.of :
ground water from the continent to the shoreline, thus flushing the ‘Bird Fiozd, Weatherall and
basal Hecla Bay sandstones (Fig. 3. 4 Galloway, 1984) Toth (1980) demoystrated that._
meteoric watgrs can- crrculate through . permeable sandstone ‘units to depths on. the "order of '
‘ 3 ,000m below ground surface, thus supporting the idea of meteoric water- denved srlrca for
. quartz cementatron in -these sandstones at mtermedrate depths (about 500-1,800m; Frg 3.3).
_ Other possible sources of srhca such ‘as opaline diatoms, radlolana and siliceous sponges (Blatt - ,
., et al 1980), are unltkely because the sandstones from the sand bars, drstnbutary channels L
- drstrrbutary mouth bars and nearshore environments are devoid of these silt- srzed orgamsms
‘ Other authors have suggested that silica can be derrved from ‘the 1lht1zauon of smecute

. layers in rllrte/smecute dunng bunal of shales (es., Land and Dutton 1978 Boles and Franks

~1979 Mrlliken et al -1981; Perry and Hower, 1970 Hower et al 1976) However most silica rs.‘ -

i conserVed durmg 1ll1u1atron and a very large quantrty of’ llhte/smectrte would be nwded before

any excess srhea c0uld be transported mto adjacent sandstones (Hower et al., 1976 Yeh .and

] :,Savrn 1977 Hower, 1981b Land 1984) It is unlrkely that 'ﬁny silica was transported rnto the _

. N erd Fiord, Weatherall and H,ﬁla Bay sandstones bemuse rlhterfsmecute is not abunda.nt in the-
: tnterbedded adjaeent and underlying (Cape de Bray) shales. (Tables 2 3 2. 4) in addmon

Lo~ . w?p;._. . -
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progressive illitization with depth has not been observed (see chapter I1).

Dissolution a{d.alteration: first stage - Following quartz cementation. changes in-pore fluid
chemistry resulted in the first stage of dissolution and alteration (Fig. 3.3) of feldspar (Plate
2.5B), rock and shell fragment (Iilales i.ZA. 2.3A), quarti (Plate 2.5D): micas (Plate 2.2B)
and probably early caltite. Minorb amounts of illite (Plate 2.6E) and kaolinite (Plate 2.6F) were
formed as allerauon products of feldspar ( Fxg 2.7).

Féldspar dccomposmon has long -been associated with a process of acidic dissolution
which produces authigenic kaolinite as f ollows ( Hur’t and Irwin, 1982; Land, 1984):

- N

2KAISi,O, + 2CO, + 7TH,0 = 2K + Al Si,O,(0H), + 4H,SiO, + 2HCO, (Eqn. 1)

Other detrital silicates, particularly micas, also produce kaolinite by the process df acidic
 dissolution (Hurst and Irwin, 1982). Under pore-fluid conditions of higher K‘/H" ratios than
are typical for kaolinite formauon illite may have: been produced from feldspar dissolution

accordmg to the fi ollowmg reaction (Bjprlykke et al., 1979):
3KAISi,O, + 2H® + 12H,0 = KA1 Si,0,,(OH), + 6H.SiO, + 2K- (Eqn. 2)

Potassium from the mica or feldspar may contribute 1o the f ormation of illite.
The dissolution of the early calcite. may follow the reaction :

L3

CaCO, + CO, + 2H,0 = Ca* + 2HCO,- (Eqn. 3)

A source of acidic. fluids is necessary for the above; reactions (equations 1-3) 10
proceed. Possxble sources of acidic ﬂunds are influxing meteoric waters and fluids released
during hydrocarbon maturation. Durmg this dissolution and alteration stage (at <2,500m
bunal depth) the relatively shallow Weatherall and Bird Fiord sandstonesjwere overlain by the
| porous fluvial sandstones of the Hecla: Bay and Beverley Inlet Formations. Therefore, it is
likely tha}t most of the aciciic fluids necessary for dissolving the silicates and carbomate cements '
were derived from acidic meteoric waters that circulated through the unexposed sandstones

4

-
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during .the deposition of the upper section of the Beverley lnlet‘Formation (Fig. 3.4). The
ground waters p{obably con?tain'ed mostly carbonic acids; some organic acids formed from the
decay of organic matter in the soil zone may also have been present. The. circulation of acidic
waters into the subsurface was probably en‘hanced-v by the first uplift, deformation and erosion
in mé Late Frasnian, when at least 300m of strata was removed from the top of Beverley Inlet
{ormation (Fig: 3.1; Embry and Klovan, 1976). . _ | g”
This diagenetic stage pccurred relatively egrly during the burial history of the
sandstones (at <2,500m burial depth, i.e.,<100C; Fié. 3.3). Therefore, it is likely that only a
small fraction of the acidic ﬂmds were derived from the relcase of GO, and carboxyhc acids
during hydrocarbon maturation at or near maxxmﬁn burial (Loucks et al., 1977; McBridge,
1977; Carothers and Kharaka, 1978; Momper, 1978; Schmlrcﬁ and McDonald, 1979; Porter and
Weimer 1982; Surdam et al., 1984; Land, 1984; Franks, 1984). Franks-and Forester (1984)
suggested that peak maturation of organic matter in sediments occurs at approximately 100°C.

It can be concluded that the dissolution and alteration of feldspars, quartz, rock and
shell fragments, mica and perhaps calcite were the result of an influx of acidic fluids which
_were derived from the mixing of surface-derived meteoric water, and lesser amounts of acidic

fluids released from shales.

Calcite - Poikilotopic sandstones (with >40% calcite; PlatéifQ.lC)_ may have a more or less
continuous carbonate cementation process from early célcite to late calcite without the
intervening quartz cementauon However, sandstones with <10% calcite or other carbonate -
cements show no evidence of arearly stage of calcite cementatnon (Plate 2 5C); the calcite was
precipitated in secondary pores created by the first dissolution and alterauon stage.

‘ fhe relationship among the §"'O (average= +18. §) of the calcite, temperature and
water $''0O is shown in Figure 3.2 To calculate an 1sotop1c temperature for the crystallization of
a diagenetic mineral requires that the 50 of both solid_ and liquid be known The calcite was
probably formed in equxhbnum wuh modified seawaters The seawaters (80 of about zero)
trapped dunng sedimentation was probably enrxched/ in O by exchange with the host
'sedimentary rocks during diagenesis (Stage 1" of evolutignary path; Fig. 3.5’).. Low-1*O meteoric
waters, which flushed the sandstones during and after the uplift and deformation in Late

Frasnian, were probably sufficient to cause a decline i the §'*0 of the formation 'waters (Stage

/
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IT of evelutionary path, Fig. 3. 2 also'see Fig: 33) Followmg this evolutionary path a

crvsca[llzauon temperalure of aboul 100°C can be calculated for calcnle precnpnauon if thek

<

ater hasa 6""Q of about +2 permill (Fig. 3. 2) ‘ ; B T

23;5?1“ possibility that more nQo- poor ﬂulds were responsxble fof the. crystalhzauen of the

. calcqaeg,ﬁdﬁnol be ‘tuled out enurely If brackish water (Q“O<O) was trapped during
.sedimentation, a more **O-poor fluid was possiblé. However, due to the warm paleoclimatic
conditions (25-30°C; Smith gLal: ,N 1973), the brackish water would only be slightly depleted in

0. This is'because freshwater resulting f rom atmospheric precipitation at higher temperatures

would be less depleted in **O (Anderson and Arthur, 1983) Lower crystallization temperatures

for calcite would result if the §'*O of the formation waters was lower than +2 perm111

The range in 6“0 of the calc¢ite (+18.1 to +20. 0) reflects a mixture of |sotop1c
signatures that resulted frgm prec:pnaupn and recrystalhzauon throughout diagenesis, an
observation whichv is consistent with the petrographic data for very cakcareous sandstones
(Longstaffe, in press). The isotopic signatnre reflecting the temperatures and fluids involved in
the formation of early calcite was probably not retained complete]y Instead the early calcne
cement probably underwent isotopic exchange with pore; fluids durmg hotter penods of
diagenesis. )

The estimated overburden above the top of the Bird Fiord and Weatherall Formations
just before the first uplift (Late Frasnian) is 2,200m;' this would give abl_v‘ﬁrial temperature of
' about 90’C, assuming a geotherrnal gradient of 30°C/km and a surface temperatixre of 25°C
.(Fig 3.1). Since the Bird Fiord. Formation is about 800m thick in this section, a burial
temperature of about llSC (3,000m) can be calculated for the,lxmom of the Bird Flord
Formation prior to the first uphft These estimated temperatures based on amount of
oVerburden are in close agreement w:th the temperatures calculated from the isotopic data This
suggests that 1sotop1c exchange of the calcite with pore fluids durmg later periods of diagenesis
(i.e., after the Ellesmenan Orogeny) was msngmflcam

~The calcite is slightly depleted in "C (69°C=-2:51 --4.5, PDB; Table 2.7').455uch values

'vprobably ‘resulted from mixing carbon derived from matine carbonate -and shell fr'agmenis |

(6°C=014; e.g., Gross, 1964), with 13C-depleted organic carbon from the maturation of
organic matter (oxidation, decarboxylation, CO, from methane generation, etc.; Hudson, 1977;
’ . Carothers and Kharaka, 1980; Kharaka et al., 1983). Longstaffe (in press) suggcéwd that

e
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- without i(nowing the specific nature of the reactions ‘Ninyolving. orgapic carbon, the relative
contrrbuuons of organic and inorganic reservoirs cannot be resolve§

calcite samples the inorganic carbon reservorr appears to have been the most important;
abundant shell fragmems and carbonate grams are present in the sandstones. However, the
isotopic temperature of about 100°C for calcite crystallrzauon suggests that at least some

‘C-depleted organic carbon from the maturation of organic matter was also probably mvolved

. in the crystallization of the calcite because at this temperature the hydrocarbon maturauon\

process is approxrmately,a‘t its peak. Schmldt and McDonald (1979) suggested that the zone of
“active carbonate dissolution, which is the source of carbonate, generally underlies the zone ef
: ‘.maxrmum active carbonate cementation. Upward movement of carbonate 1s only possible when
CO, from organic maturation mobrlrzes the CaCO, present in Qhe shales, and the
carbonate- charged pore waters have been expelled into the (:?rl/ymg and adjacent sandstones

Land, 1984). The upward moving acidic fluids from the shales mey have also resulted in the

djssolution and reprecipitation of the shell fragiments and marine carbonate’ grains in the -

sandstones as calcite. Some of the CaCO, was probably derived from a slow compaction process

‘(stylolitization) of marine limestones deeper-in the section.

Petrographic evidence shows that calcite also replaced both K -feldspar and plagioelase

(Plates 2.2B,C). Both feldspayand calcite have increased stability at high pH and become more
soluble as pH decreases. The replacement effect probably resulted 'from the increased solubility
of feldspar with increased tenrperature, and the decrease in solubility of carlronate under the
same cbnditforrs (Blatt et al., 1980). Surdam et al. (1984) indicated that the pore fluid must
contain a high P CO, 4nd an ‘acid buffer. reacuon such as decarboxylauon in order that

feldspar would disselve and calcite would precrprtate

Dolomite and Ankerite - 'Do]om& is not dn important cement compared to calc'ite and ankerite.

The minor amounts of dolomrte cement associated with calcite (Table 2. 6) may represent minor

’ dolommzauon of the calcite cement. Authigenic dolomite also occurs as overgrowths on detrital
- dolomrte grains (Plate 2.8A). The relationship between dolomrte and ankerite cements cannot
-',be documemed by petrographrc data because these two cements do Aot occur together

-Dolomne and ankerite precrprtauon and/or recrystalhzauon (dolomitization and ankeritization,

. respectively) from calcite may be contemporaneous (Fig. 2.7), and their occurrence may be

?"—’/\/)\

accurately.. For most-

i
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controlled by the local variati\on in Mg and Fe‘ content in the pore fluid.

The 8'*C of ankerite (-4.4) and dolomite (O 1) are simtlar to the 8§¥°C of the calcite,
suggestmg that the earlier calcite cement may have been dolommzed and ankentr;ed However,
if the dolomtte and anken\te were precipitated directly from the pore- ﬂutds (the slightly

depleted 6“C values may have resulted from the mixing of carbon dertved f;om marine

| carbonates and shell fragments in the sandstones and ”C depleted organic carbo\g from the

maturanon of organic matter. Agam without knowing the specific nature of th reacttons

mvolved tn organic carbon, the relative contnbutrons of organic and i morgamc resem&rrs cannot

P i
be resolved accurately Both the orgamc ‘and inorganic oqrbon reservcﬁ’ fs appeared to be
involved in the formation of ankerite and dolomlte. .

The relationships among the §"0O of -dolomite((+20 0) and ankerite (+19.8)-"

temperature and water 6'*O are shown in thure 3.2. The dolomrte (330m aboye base)’ and

ankente (886m above base) were sampled from the proximal shelf and deltarc environments,

~ respectively; they were probably formed in equilibrium with modified seawé%rs similar to that

for calcite formatron but at higlfer temperatures. After the formation of calcxte thé 6''O of the
formatron water probably conti ued to decline due to mixing with meteonc waters (Stage lI

Frg 3. 2). If the §"O of theformation waters declmed to about +1 permrll a crystallization

~ temperature of 110-115°C can be calculated for the prectpttatton of the dolomite and ankerite

\

(Fig. 3.2).

An isotopic temperature of 110-115°C would be qunte compattble wrth the burial hlstory ‘
of the sandstones from the Bird Fiord and Weathierall Formations (Fig. 3.1)= These

temperatures correspond -to depths near or at the maximum burial (Fig. 3.3), mdlcatmgythat

isotopic exchange after uplift was insignificant. At these burial ‘depths the hydrocarbon .
* ‘maturation process was probably at or near its peak (Fig. 3.3). The Fe a'nd.Mg» necessary for

the formation of dolomite and ankerite were probably derived from the breakdown of organic _‘

matter (Curtis, 1978; Irwm 1980) or from the breakdown of Fe- and Mg- nch mmerals (e. g -
detrital biotite and authigenic chlonte) by the acrdtc ﬂulds derived from the hydrocaabon
maturat?on process. The Fe- and Mg charged ‘acidic ﬂmds would probably result in the

-dissolution and recrystalhzatron of the calcite and remarnmg shell fragments and marme

carbonate grains to dolomite or ankente d/egendmg on ‘the local variation of Fe content in the .

pore fluids.

L'
-

+ .



o W
89

Other sources of Fe and Mg have been suggested by other authors. Boles (1978) Boles
and Franks (1979) and Franks and Forester ( 1984) suggested that ankermzauon of calcite is
relaled 10 the late stage release of Fe and Mg from smecme dragencsrs which is assocrated wrth
the orgamc maturation process in the shales. This source of Fe and Mg is unhkely here because‘
of the relatively low rllne/,smecme content in the shales interbedded with, adjacent to, and
immediately underlying the Bird Fiord and Weatherall sandstones. ) o

"The possrbrhty that more *O-poor fluids were involved m “the crystalhzauon of the
ankerite cannol be ruled out enurely because the ankerrte sample was f rom a deltaic sandstone,.
and the starting pore fluid was probably brackish. A lower temperature for the crystallrzatron

Of ankerite would result in thrs case. : ’t\

~

Hydrocarbon maturatlop - Maximum generation of quurd hydrocarbons in mterbedded
adjacent and underlymg shales probably occurred at or,near maximum burial at temperatures .
greater than 110°C (Fig.' 3.3). Hum (1979) stated that the- largest quantity of petroleum
hydrocarbons is formed from organrc matter heated to temperatures between 60 and 150" C

§ The transition from rqature to overmature strata occurs in the lower part of or below
the Cape de Bray and Blue Fiord Formations (Powell, 1978), thus placing the overlying Bird
Fiord, Weatherall and Cape de Bray Formations in the mature zone. 'This suggests that peak .

hydrocarbon generation in the shales of these formations occurred at or near maximum burial

~ before the Ellesmerran Orogeny (Fig. 3.3). Maximum hydrocarbon generauon in the underlymg

high potential source rocks, namely Cape Phillips, Blackley, Erds Formations, probably

_occurred slightly earlier than the overlying units. Earlier-formed hydrocarbons from deeper

&7

shales may be trapped wrthm stratigraphic traps (e.g., carbonate burld -ups of the Blue Frord

Formation); subsequent eperrogemc movements may ‘have caused teruary mrgrauon of these

hydrocarbons into structural traps f\ ormed by the orogeny.

Diagenesis During and Following Major Uplift (Ellesmerian Orogeny)
- The ElleSmerran Orogeny, a penod of uplifting, folding, faulting and erosion from.

Famcnman to Vlsean time, ended hydrocarbon generatron in the basin (Frg 3. 3). In addmon rt'ffi '

produced a new recharge area in the uplifted and deformed areas f_or,another stage of meteoric

water influx. From this period onwards there was a progressive mixing of meteoric waters with:
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formation waters (Fig. 3.3). This progressive mixing effect was reflected by the dissolution of

detntal feldSpars and carbonate cements .and the subsequent precipitation of late dragencuc

clays (ths 2., 3. 3)

5,10
S

- Dissolution and alteration: second Stage - Following carbonate cementation, changes in pore

fluid chemistry resulted-in the second stage of dissolution of feldspar (Plate 2.9A). calcite
(Plate 2.8C D):: dolomile (Plate Plate 2. 85\) and ankerite,-and alteration of feldspar to lll‘ite
and kaolinif®- (Platg 2.12B) (Fig. 2.7). The initial staﬁe of this drageneuc event was probably
contemporaneous with peak hydrocarbon maturation at or near maximum burial, and the later
stage was probably contemporaneous with the Ellesmerian Orogeny (Fig. 3.3). The initial acidic
fluids necessary for dissols'ing the silicates and carbonate cements were probably derived from
the release of CO, and carboxylic acids during peak hydrocarbon maturation in the interbedded,
adjacent’and underlying shales at or near maximum burial 4‘(Loucks et al., 1977 McBndgc

1977; Carothers and Kharaka 1979; Momper 1978; Schrmdt and McDonald 1979 Porter and

" Weimer, 1982; Surdam et. ‘al., 1984; Land, 1984- Franks 1984). Additional acidic flulds ;

necessary for dissolution during the major uplift were probably derived from surface derived
meteoric waters which mixed with the f ormation waters

The decomposrtton of feldspar, according to equation 1 and 2, would produce the
authrgemc kaohmte and 1lhte assocrated with the partrally altered feldspar The dissolution

reaction for the Fe-rich calcite may follow equation 3.

Hydrocarbon mrgratlon and emplacement - The begmmng of hydrocarbon migration was
probably contemporaneous with peak hydrocarbon maturanon and the second dissolution stage
(Fig. 3.3). Secondary porosity created in the carbonate cements (Plate 2 10A) and feldspar‘
(Plate 2. 10B) were frlled by.- hydrocarbons The acidic flurds associated . wrth the organic

maturation process may have reached the sandstones by the process of pressure dnve transport

of dissolved CO; resultmg from mcreased pore pressures. assocxated with the hydrocarbon

maturation process at depth (Porter and Weimer, 1982). The mcrease in pore pressure is due to

the higher volume occupred by the products which were denved from the original orgamc

- material, Imually, dissolved CO, lowered the pH of - pore flurds thus provndmg an acidic

"solvent for carbonates and alurmnosxhcates dlssolutton But durmg a later stage of “organic
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matter ‘maturation, the CO, gas created a gas-drive mechanism for the rniération of X

hydrocarbons into the secondary porosrty in the sandstones which was created by the \,;

dissolution process ( Porter and Weimer, 1982; Mompér 1978)." - ' -
However, the Ellesmerian Orogedy probably changed the style of hydrocarbon

migration. Fissdring and fracturing asseciated with the deformation probably induced

secondary pertneability and porosity which favoured vertical migration (Hunt, 1979). Folding .

‘and faulting created structural traps for the accumulatron of the Rydrocarbons. The tilting of

thé -strata by the faultm§ Jand foldmg wy have Ip secondary migration of the

hydrocarbons along the permeable sandstone units.
A drive-mechanism for the hydrocarbon migration may be created by the circulau‘ng

meteoric wateNthat penetrated the permeable sandstones during and after the Ellesmerian
Orogeny. Pri?nl{ r‘nigratlo‘n of hydrocarbons into the sandstone units from interbedded,
adjacent and underlying shales may have resulted f rom ,the gas-drive mechanism created by the
CO, gas, but secondary migration along the sandstone units may have ftesulted from fluid
pressures and'the water-drive mechanism created by the circulating meteoric water Secondary
migration of the hydrocarbons into structural traps probably continued after the tectomc
-activities (Fig. 3 3) : ) - \
Late authigen’ic clays- The relative trmtng of the formation of authigenic illite, 1lhte/smectrte '
smectrte and kaolinite cannot be determined from thin-section and SEM petrography These -
clays can be contemporaneous wrth each other (Figs. 2.7, 3.3). Kaolinite is pore filling after
hydrocarbon mtgrauon and emplacement (Plate 2. 10C,D)..

- The authrgemc clay mmerals from the sandstones of the Bird Fiord and- Hecla Bay
| Formations have much lower 60 values than the detrita] clay mmerals from the argillaceous
rocks (Chapter II; Table 2.7). The 5"0 for kaolmrte and tlhte are +14.4 a.nd +13.1,
respectrvely ‘l‘yprcal 60 values for detrital clay tmnerals' from fme -grained sediments
’ throughout the world range from +16 to +22 permil (Savm and Epstein, 1970a,b,c;
- Longstaffe et al., 1982; Longstafl‘e 1983, 1984). The "0 values of clay minerals from the
shales, argrllaceous limestones and siltstones from the Bird Fiord Formatron (+14 7to + 16 7
’l‘able 2.7) show that the detntal clays in these rocks attained thetr isotopic srgnatures at the

: source through weathermg (Longstaffe 1984) A logrcal explanatron for the difference in §''O
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values between the authigenic and detrita'f'clays is that the authigenic clay minerals have f ormed

E.—‘

-

in equilibrium with low-!*O ground water
- The relationship between kaolinite and illite §*0 (+l4 4 and +13.1, respecuvcl))
ﬂuld 8"Q and temperature (Fig. 3.2) make possxble more detanled speculatlon concerning the
forma{lon 8f the authigenic clay mmerals in the Blrd Fiord Formatxon These authigenic clays
were formed after the Ellesmcnan Orogeny and hydrocarbon emplacement (Plate 2.10C,D; Fig.
2.7). The 6“*0 of the formation"water Wwas contifiuously depleted in 1*Q af ter the Ellesmerjan ;
Orogeny since meteoric waters continued to flush the pre-existing f ormauon water from the
sandstones (Stage 111, Fig. 3.2). Assummg this evoluuonary path, the kaolinite and illite would ‘
have precipitated at approxlmately 75 and 50°C, respectively, from f ormatlon water of §''0=-3
to -6 (Fié. 3.2). These temperatures correspond to a burial depth of about 1,200m (Fig; 3.3).
The kaolinite and illite could have formed at lower temperatures from more -
I“O-depleted formation waters. Longstaffe (1983, 19_84) reported kaolinite forming at low
temp'eratures (+3 10 +5°C) from "O-depleted{ grogtﬁ waters (8"0 = -19.2 1o -18.2) 'in the

-Milk River Formation, Alberta The positions of the kaolinite and illite curves'and the position

-y

of the present- day conditions show that kaolinite and illite could have been f ormcd
éontmuously as. the formation waters evolved to the present day conditions. In that case, the
cvolutlonary path would not be as shown in Fig. 3.2, but would more or less coincide with the
kaolinite and illite curves. At these teﬁlperatures oxygen -isotope exchange between the water
and the clay minerals was probably insignifi icani. _

According to Grim (1953), Garrels and Chrié(1965) and Biscaye (1965). kaolinite is

prccipitated under generally _acidic conditions. The occurrence of authigenic kaolinite in the Bird

' Fxord Weatherall and basal Hecla . Bay sandstones may be related to the low pH of meteoric

water Wthh contains dlssolved CO, from the atmosphere and soxl honzon One possxble source
for dissolved Al and Si was the dxssolunon of- remaining feldspar by ther acndlc meteorxc water
Authlgemc kaohmte is usually assoc1ated wnth relict feldspar in.large secondary pores (Plates’ -

2.6F, 2 12B) indicating some kmd of replacement has occurred. These kaolinite replacements

_may have acted as nuclel.for precnpntatton of the extensive pore-filling kaolinite (Loucks etal.,

1984). 'Grirn,4(1953) ‘pointed out that kaolinite is the most common alteration product of

.

weathered fi eldspars.
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The formation of authigenic 1ll¢te means th%t\ the formation water contained a much
higher K- /H ratio than is typxcal of meteoric water (Montoya and Hemley, 1975; Longstaffe
1984). This may suggesl that the authigenic illite was formed at relatlvely low temperature from

formation fluids that resulted from the mixing of evolved connate waters rich in K with evolved

meteoric waters (Longstaffe, 1984). The release of K by the dissolution and/or replacement of -

feldspar by kaolinite (equation l) may have increased the K in the pore fluid too. The kaolinite
and illite cotild have co-precipitated in the pore system, with the illite using up the K released
from the breakdown or kaolinite replacement of K-feldspar. All the K needed for the minor
amount..of authigenie [llite present in the sandstones can probably be accounted for by this
reac[ion In fact, illite was seen directly replacing K-feldspar (Plate 2.6E): in this case the
necessary Al, K and Si were derived from the K -f eldspar directly (equation 2).

The smecute and illite/smectite may have been formed under. similar conditions as the

kaolinite and illite. Longstaffe (1984) reported the formation of smectite at low ‘temperatures

from *O-depleted formation waters. The formation of Fe-rich smectite suggests that it was

formed xy/l)ere the meteoric water- -affected pore fluids were locally enriched m Fe, Mg and Ca,

-

but were poor in K. Illite/smectite was probably formed locally where the pore flurd was
ennched in K. '

-

‘Tertiary Migr'ation of Hydrocarbons - Tertiary migration of hydrocarbons into fragtures or -
fissures postdated the precipitation of authxgemc kaohmte (Plate 2.12D; Fig. 2.7, 3.3). The\

‘formatxon and/or reopemng of the fractures or. frssures probably also postdated kaohmte

precnpnatlon The Late Cretaceous and Tertiary deformauon of Mnddle Pennslyl?aman to Early

Ternary §trata -in the Sverdrup Basin, which superimposed the _Franklinian Geosyncline

(Thorsteinsson, 1960 1970), probably induced- the formation and/or reopemng of these
fractures and fi lssures in the underlyrng Middle-Upper Devonian strata. .

. Hunt\( 1979) pointed out that fracturing and fi 1ssunng. as a result of natural tensron 1s _

a common process at all burial depths in brittle rocks such as carbonates, calcareous shales and

snhcnfled sands. Radchenko et al. (1951) cned many examples. of smears and seeps of liquid-

_ hydrocarbons and lmpregnanons of sohd asphalts along Eeddmg planes of fi issures and faults in
'earbonate rocks, silicified Sands and some metamorphosed rocks. Goldherg (1973) found

several types of bxtumens in a dense network of nearly vertical fractures occurnng through the

Y
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argillaceous carbonate Ordovician cover of a Cambrian oil reservoir in ihe Baltic region. Fluid
pressure may also play an 4importam role ‘in the tension fracturing process and reopening of
previously formed fractures at depth equivalent to current drilling ranges (Secor, 1965). )
Fractur‘ or fissures in /the silicified or calcareous sandstones of the Bird Fiord,
Weatherall and Hecla Bay Formauons may have developed as a result of such processes. The
influxing meteoric water as a result of commual erosion smce uplift, may have caused
dissolution along the fracturcs thus wndemng them. The extension of the t‘ ractures or fissures
into diagenetic or structural hydrocarbon traps may have caused tertiary migration of the
hydrocarbons out of the reservoirs into the fractures or fissures, thus some of the previbus

hydrocarbon accumulations were lost.

v - -



| IV. CONCLUSIONS

Clastic diagenesis ‘in the Bird Fiord,- Weathe"ran*‘ and basal Hecla Bay sandstones was
controlled by their burial history. The bunﬂ‘htstory mf‘luenced the hydrogeologic evolutton of
the sedxmentary basin. The relattonshrp between the diagenetic and burial histories of the
| sandstones is summarised in thure 3.3 Dragenesrs occurred in three main stages (i) -early
~ diagenesis, at or near surface conditions; (ii) burial diagenesis under lntermedrate to deep .

- subsurface condmons and (iii) late dlagenesrs which occurred during and following a major ‘
eplsodeof uplift (Ellesmerian Orogeny) (F)gs 3.1,3.2).

Sur face Snd Near-Surface Diagenesis - This dtagenettc stage is characterized by grain- coating,
. Fe-rich chlorite and early calcite cement. Both cements were formed during or immediately
following deposmon probably from the ongmal connate water. Calcite cementation occurred
where chlorite gram coatmgs were absent. Chlorite was formed mostly in deltarc sandstones,
while calcite was formed mostly in marine sandstones

Intermediate to Deep Subsurface Diagenesis - Quartz cementation occurred at intermediate
burial depths (500~1 800m). Most of the silica necessary for quartz cementation was probably
derived from ifeteoric waters which circulated in the relatively shallow sandstones Pressure
solution. probably supplied some of the'silica. R ’

The first stage of dtssolutron and/or alteration of feldspar rock and shell fragments
quartz micas and early calcite occurred followmg quartz cementatron The acrdxty of the
formation f'lurds was probably ‘enhanced by the addition of fluids derived from the felease of
CO; and carboxylic acrds produoed in interbedded and underlying fme -grained umts by
hydrocarbon maturatron In addmon the circulation of surface denved meteoric waters into
these rocks was probably enhanced durmg the first, minor uplift in Late Frasnian t1me k

 As bunal resumed in Latest Frasman fimc calcrte dolonute and ankente cements were .
formed. The 6"0 values of " these cements (+18 1'to +20.0,. Sdow) probably »reflect |
- crystallization’ at temperatures of 100-115°C' from formaUOn waters 610 of . about +1 to.
' +2 perrmll The shghtly depleted §°C values of the authrgemc calcrte (-2:5 16 -4.5, PDB)
dolomrte ( -0. 1) and’ ankerite ( -4. a probably resulted from mrxmg of carbon derived from
marine carbonate and shell fragments and lesser amounts of 1*C- depleted orgamc carbon from'
the maturauon of orgamc matter The calcrte may also have been dolomrtlzed and ankentlzed
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Maximum generation of, liquid hydrocarbons /in interbedded and surroundirig Shalcs\
probably occurred at or near maxrmum burial at tempcratures greater than 110° C* oy
‘ Drageneszs During “and Followmg Major Upllﬁ ( EIIesmenan Orogeny) Hydr0carbon )
: generauon in the basin was terminated by the Ellesmenan Orogeny, which was a period of
uplifting, deformation and erosion from Famennian to Visean time. The progressrve mrxmg of :
“meteoric waters with formation fluids clurmg and following this orogeny resulted in 2 Sc‘cond
stage of dissolution and/or alteratro_n. and the subsequent precipitation of late diagenetic clays.

Some of the acidic fluids necessary for the dissolution of silicate and carbonate minerals
were probably provided by hydrocarbon maturatron in the interbedded and “underlying
fine- gramed umts the initiation of the second stage of dissolution was -probably
contemporaneous with peak hydrocarbon maturation. Hydrocarbon migration probably began
contemporaneously with the onset of this dissolution, and filled newly created secondary
porosity. Addltronal flmds for drssolutron durmg the uphft were also provided by downward
crrculatmg ‘meteoric waters which also mixed wrth the formatron fluids. Hydrocarbons
continued to fill secondary porosrty and fractures durmg and after uplifting. . .

Following hydrocarbon enrplacemerrt diageaetic kaolinite;, 'illite illite/srhect'ite and
smectite were. precrprtated The low 8"0 values of these dragenetrc clays (kaolmrte
6"0—+14 4; 1llrte 8"0—+13 1) are best explamed by ciystallization at low tempcratu'res
(<75°C) from fluids con‘tammg a srzeable fractron of ‘meteoric water. Meteonc waters- »
contmued to flush the pre exrstmg formatxon waters‘ from the sandstones as the rocks were
. slowly exposed by erosion.” : i . *_ B
| - The tertiary mr&tron of hydrocarbons into fractures and fissures occurred af ter, the e
precrprtatron of late dragenetrc clays These f ractures arid fissures were f ormed and/or reopened_

* by tectonic activity in the overlymg Sverdrup Basrn during Late Cretaceous and Tcruary*ttmc
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APPENDIX 1
A. ANALYTICAL METHODS

Thin Section Petrography

The abundance and textural relationships of the detrital and authigenic minerals were
determined in thin section. Sixty-three thin sections from section 80X (Table 2.1) were stained
with a multi-purpose stai'n (potassium ferricyanide and alizarin red) to determine the t');peyof
carlbonate cements. The characteristic colours obtained from the stai‘ling are: Fe-f ree calcite -
red; Fe-poor calcite - mauve; Fe-rich calcite - purple; Fe-free dolomite - not stained; Fe-rich
dolomite - lght blue; and ankerite' - dark blue (Wolf et al., 1967). For sandstones, the
percentages of ongmal framework grains, ccments other minerals and porosity were obtained
by point- countmg

Fifty thin sections from section 811 (Table 2.2) were impregnated with blue epoxy to
ensure easy identification of porosity and to show the morphology of the pore-fifing authigenic

minerals.

X-Ray Diffraction Analysis o
- The <2um size-fraction of 37 and 25 rock samples from sections 80X and 811 (Tables
2.1, 2. 2), respectively, were analysed by X- ray dlffracuon (XRD) to determine the clay

mineralogy. The <0.2um size-fraction of nine rock samples from section 80X (Table 2. 1) were

also analysed by XRD to help determme the percentage of 1lllte in the mixed layer.

illite/smectite clay. _
The procedure for preparing the samples for X-ray dxffracnon analysis roughly follows

‘ that of Ignasnak et al. (1983) The rock samples were dnsaggregat am 1d pestle, care
bemg taken to preserve thc original grain size distribution. A minimu of material from

each sample was soaked in 125mt of a 4% sodium hexametaphosphate solutxon for 8 hours fo

| further derse the partxcles Fmally. an ultrasomc probe was used to ensure thorough

dispersion of clay-sized pamcles Each 'sample was then dispersed in distilled water and the
<2um size- -fraction removed by standard sedimentation techniques. The clay -sized materxal
was treated thh a 3% sodium hypochlorite solunon for 48 hours at +65°C to destroy residual
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organic matter. Each clay sized sample was then thoroughly washed with distilled water using a
hxgh speed centrifuge.

The <2um size- fracuon was split into three portions; the first and second pomons
were saturated with two molar solutions of Ca’* and K-, respecuvely, for use in identification

. 4&f clay minerals by XRD. The third portion was ser aside for isotopic analysis or separation of
<0.2um size-fraction. Al the samples\ 1e freeze-dried following thorough wsshing of the
residual Ca* and K* solutions. About 50mg)of the Ca and K saturated samples were d:spersed
in distilled water and déposited by suction upon a ceramic disc to produce a preferred basal
orientation of platy minerals. .

The Ca- and K-saturated samples were analysed using a Philips X-ra} diff rectometer.

Analytical conditions (Ignasiak et al., 1983) were: Co K -alpha radiation (50KV 20mA), 1" slit,

. time constant = 2, and scan rate = ] ° 26/min. X-ray diffraction patterns were obtained for
the Ca -saturated samples at 54% relative humidity and following saturation with’ ethylene
glycol To confirm the identification of the clay minerals, addmona] diffrattograms were
obtained for the K -saturated sample at 0% and 54% relative humldlty, and upon heating to 300
and 550°C. '

The <0.2um size-fraction was separated from the unsaturated <2um size f racnon by
cemrlfuge The <0. 2um samples were then deposited on glass slldes by a plpeue after bemg
dispersed in ethanol. Diffractograms were obtained for the samples at 54% relauve humidity,’
after glycolauon and upon heating to 550'C.

The relative percentages of individual clay minerals in the <2um size-fraction were
estlmated f ollowmg the procedures of Biscaye (1964, 1965). This approach is parucularly useful
for Fe- l'lCh chlorites; when Fe-rich chlorite is heated to 550°C; the mtensny of the 14A (001)
peak is enhanced too much to allow the use of this peak for semi-quantitative analysis.

;However the (002) ref‘lecuon at 3.58A of kaolinite may become resolved from the

' .Qcorrespondmg (004) of chlprite at 3. 53A(Thorez, 1976, summansmg other workers; Blscaye

1964, 1965; Bradley, 1954). The resolution and intensities of thxs doublet equally depeﬁds on

the relative proportion of both mmerals in the clay mxxturé” and also on their crystalhmty All
the dlffractograms in this study have a doublet at 3 SA; hence the semn quanutauve method'
descnbed by Blscaye (1964 1965) could be used here A o '
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‘ The assumptmn that clay minerals constitute 100% of the mmeralogy in the <2um
s\l'ractlon is generally reasonable. In this study peak heights were used instead of peak areas.
The peaks (from the Ca-saturated glycolated diffractogram) and weighting factors for all the
clay minerals followed Biscaye (1964, 1965). except for illite/smectite which Ffollowed
‘Longstaffe (pers. comm.). The peaks and weighting factors are as follows:
1. Smectite = height of 17A peak
Illite = 4 x height of 10A peak |
Kaolinite + chiorite = 2 x height of 7A peak

S o

Illite/smectite = 2 x height of 13A peak -
The 7A” peak, common to both kaolinite and chlorite, -was divided between the two i
proportion to the fraction of each mineral (according to their peak heights) in the resolved
3.5A kaolinite-chlorite doublet. The ¥ive weighted peak hetghts were summed, and the weighted
peak hetght of each mineral multiplies 100 and divided by the sum of the heights gave the
percentage of eath mmeral.‘The percentages obtained are only semt-quantltattve.
- The amount of illite layers in the mixed layer illite/smectite of sections 80X and 811
were determined from the <0.2 and/or <2um size-fraction following the orocedures of
Reynolds and Hower (1970), Reynolds (1980) and Hower (1981a). The diffractions of
1lhte/smect1te used for the calculanons are (002),,/(001),, or (002),,/(001),,, (003),,/(001),,
or (003),,/(002),, and (005),1/(003),7 or (005),,/(002),0 of the glycolated dxffractogram (Fig.
2.1-2. 3 2.5, 2.6). Using the d-spacings of these dxffractlons the percentages of-illite layers in .
the ordered illite/smectite were determined _graphically usmg the data calculated by Reynold and
Hower (1970). Unfortunately, the d-spacings of the second and thll’d ref’lectlons mentioned
: above cannot be determmed accurately because of the polymineralic assemblages present in the
samples thesecond diffraction is usually not detected because it is under the IOASOOI) of illite,
while the third diffraction is sometimes obscurred by the (002) of the illite. The (002);,/ (001),,
or (002),,/(001),0 can be more accurately determined but sometimes it is obscurred by the
chlorite (001). , '
To increase the accuracy of the ealculated percent illite in the illite/smectite, another
. dtffractton from the 54% relative humtdtty (Ca- saturated) dtffractogram was. considered.
‘ Assummg "the air- dned condmbn described by Hower ( 1981a) is equlvalent to the 54% relatwe
humxdxty condmon the Water-smecttte layer spacing will be 15A This umption is valid
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because samples’ which contained discrete smectite have a layer spacing of about 15A on the
54% relative humldit‘y diffractogram. The data presented by Hower (1981a) were calculated
assuming two moles of interlayer water pgr formula werght of smectite (2H,0-smectite) and a
layer spacing of 15A. The diffraction used for the illite/2H,0-layer smectite is the
(002),,7¢001),, or (002),,/(00_1)“,. Determmatton of percent illite layers in the ordered
illite/smectite were done graphically using the data calculated by' Hower (1981a). The final
percentages of illjte layers calculated f'ér.the; samples (Tables 2.3, 2.4) are based on the four
diffractions mentioned above; not all four dit’f2 ractions are always well defined.

Thirty-nine backpacked bulkq rock samples from 80X (Table 2 1) were analysed by
XRD to help and confirm rdentrftcauon of non clay minerals. For example, the types qﬁg
carbonate cements identified by the staining technique and the types of feldspars 1denuf ied b);
| petrographic methods were confirmed by the. X- -ray diffractograms from thg Jbackpacked
samples. Bulk rock samples were powdered by a tungsten carbide swing mill and then placed in

an aluminiun holder for X-ray diffraction at room humidity from 2-60" 29.

Scanning Electron Microscope 'A ‘

'l'he habit, distributlort mode of ”aggregation and other textures of authigertic and
detrital mmerals were studied usmg the scanmng electron mtcroscope (SEM) An energy
dtsperswe analyser (EDA) attached to the SEM was - used for semi- quantttattve chemical
analysrs and confirmation of mineral identifj ication. . ~ : A )

The 20 rock sample§ f’:tbm section 80X that were studied by SEM were Itstea o Table

LR ' ¥ o
2.1.A small Chlp f rom the centre of .each sample was mounted on SEM stubs ustgg congucttve

The stubs were sputter -coated with 20nm of gold to ensure propeg grtiuzgg;h
‘ during the analysis by a. Cambrtdge Stereoscan” $250 scanmng electron mtcroscqpe, Its |
acceleratmg voltage was fixed at 25K V. The SEM stassociated energy dlsperswe anal;ser ivts' a
Kevex System 7000. Analysns 'was done using a beam dlameter of lum (spot analysls)
Accelerating voltage was kept at 20KEV for all analyses and samples were properly orxemed to
minimize beam scatter. o |
It is important to note that elements with low atomic rtumbers (e.g., Na and Mg) are
suppressed on the energy dispersive analysis ( EDA) spectrum while elements with high atomic

:numbers (e g Fe) are enhanced.

s
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Stable ls;)tope'Analysis )

A Oxygen isotope analysis were performed on- 18 <2um size-/f faction samples, f r'orr;
section 80X. All thq;<2um size-fraction samples consisted of a mixture of clay minerals, minor
amounts of quartz (<10%) and trace amounts of feldspar (<1%). Carbonates were removed
from the samples using HCI prior to analysis. )

Oxygen isotope analyses of the <2um size-fraction samples were performef Bsing the
I{rF s method of Clayton and Mayeda (1963) The samples were dried at +105°C for two hours
and maintained at near zero humidity for 24 hours prior to treatment with BrF;. Kephcate
analyses of clay samples were better than +0.3 permill. - p

Authigenic Fe-rich calcite, dolomite and ankerite were analysed for their oxygen- and
carbon-fSotope coglposi;ibn. Petrographic and XRD studies we‘re used to seleét rock samples
with aﬁthigenic carbonate minerals for isotope analysis.

The carbonate minerals were’ prepared for isotopic analysis by> reacting powdered rock
samples (crushed by gwing mill) in phosphoric acid using the_ procedure described by 'V'\Valthers
et al.’“(1972). modified after McCrea (1950) and Epstein et al. (1964). Replicate analyses of
cari;onate minerals were better than 102 pérmill (Longstaffe, in press). '

The isotope data are presented in the usual & notation with Tespect to ‘Standard Mean -
QOcean ter (SMOW) for oxygen (Craig, 1961) and the Belemnitella americana ffom the
: Peedee v:s’mauon (PDB) for carbon (Craig, 1957). The partmonmg of 'O between ‘two
phases 1and 2, |s given by :

8122 = 10%na, ., (@-1)10°=§, - §, _
where « is the oxygen isotope fractionation acto.‘f between phdses 1 and 2. .
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