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ABSTRACT -
The style of comtpaction and cher;iiCai diagenesis has been investigated dn'fine-gramed clastic
rocks from fo,ur exp]orator\ driliholes a}ong me ‘\o a Stouia shelf and slope. The diagenesis of
these fme grained rocks was modelled 1n the context of this margm ‘s tectonyc and sx'mg aphi

by \
histories. . kﬂ '

Petzophysical and petrographic work have indicated th‘ai these sections exhibit an
immature style of compaction: despite pfeéent burial depths e.\ceeding.L’OOO meters at - ..
temperatufes greater tHan 60°C. Im'malure compachien fay resulted in: (1) the occurrence of
apprecxable undercompaction ahd (ii) lov~ burial | temperatures throughout manv intervals.

Mmeraloglcal and geochemical mvestxgauons (x ray diffraction, thin section and scanning

. electron microscopy, energy dispersive X ray microanalysis, inductively coupled. plasm:z

~emission Spectrography and stable isotopes of carbonate minerais) reveal that chemical 4
diagenesis is at an early stage. Fbr example, early pyrite, early calcile_and detrital minerals exisl
at signilicant depths without evidence of. corrosion or alteration. As wel)l',r_the transformation of
smectitic miherals to illitic phases was recognised only 1n two sequences (Shubenacadic and -
Glenelg) and'is'not far advanced. |

‘ Only at Glenelsz 1s a greater degree of mmeralogxc alteration observed : mcxplent ‘
feldspar dlssoluuon depotassxfxcauon of very fine 10 A clay and the absence of early caicuc ‘
excepl in calcareous W)andgt mudstones. Glenelg's anomalous character is f u,nher mgncatcd_b_v
petroi)hysical and isotopic data sqggésting that the upper ‘section of this sequéhcé has

E

experienced erosion (>300 m).

. - The style of dxagenesxs along the Nova Scotia margm closely resembles that of
fine-grained clastic rocks from the North Séa. Low burial temperatures and minimal ftuid
c1rculatxon resultmg largely from undercompacuon can inhibit physical and chemical -
dnagenesxs in fine- gram..q sedlmems This behaviour contrasts With that reported in classic,

diagenetic studies of fme-gramed rocks. For example, the ,progresswe transformation of _

| smectite to illite with d%pth was recognised in the U.S. Gulf Coast (Tertiary); in this sequence,

illitization was controlled primariiy by temperature and whole rock miheralogy.
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ROCK TYPES
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SI= Siltstone (>67% sHt; indurated, non-fissile)

Md= Mudstone ( <67% silt; indurated, non-fissile)
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ABUNDANCE OF MINERALS
na = Not Analvzed
nd = Not Detected -
t= Trace (<2%) \
mt= Minor or Trace (2-5%)

‘m: Mxnor (5-10%)
mM = Moderate (10-35%) o

M= Major (>35%)

ABBREVIATIONS

RANDOM = Randomly Interstratified
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SE-= Sca Floor
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I. INTRODUCTION AND REGIONAL SETTING

.

A. INTRODUCTION

PREYIOUS WORK

The style of dxag‘exiesisjn fine-grained clastic rocks from passively subsiding.
sedimentary basins has been investigated for many vears. This research ls of interest because
(i) the diagenesis of these rocks is a tool for assessing the tectonic maturty of a uniformh
subsiding basin, (ii) post-depositiofial changes in fine-grained rocks mav influence diagenesis
in adjacent permeable units and (iii) pore-fluids from fine-grained rocks may influcnce
hvdrocarbon migration.

Most work has focused on land-based wells from the Gulf Coast of the Uinned States
(Burst, 1969; Perry and Hower, 1971; Hower et al.. 1976; Morton, 1985). However, as other
sedimentary basins ars explored, new information is being added to our knowledge of diagenctic
styles in fine-grained clastic rocks. Locations for such studies include: (1) the North Sca
(Dypvik, 1983), (ii) the Niger Deita (Bruce, 19%4). (iii)Alhe Bay of Bchgal (Dilli‘ar;d Rao.
1982) and (iv) the northern Labrador Shelf (Hiscott, 1984).

With the exception of Hiscott (1984), the diagenesis of fine-grained rocks al;)ng much
"~ of the Atlantic margin of North Arrllcrica has not been investigated. Recent explora.uon off
Nova Scotia has provided shaly sections previously unavailable for analy‘s?s. This study will

present a model for the diagenesis observed in these ﬁ!ne-grained clastic sequences.

OBJECTIVES

Most research into the diagenesis of fine-grained clastic rocks has E ocused upon
- particular mineral transformations observed from deep sequences along the U.S. Gulf Coast. .
:I'his study will attempt a broader view of the Jdiagenesis of this rock type by cor;sidcring other
information in addition to ‘mineralogy . Also, tais research will focus upon diagenesiis observed
in four deep water, rather than on-land, drillhoies. |

The principal obj'ective of this research is io develop an integrated model describing the
diageﬁelk style observed in fine-grained clastic rocks. This mode! will account for: (i) observed

phyéical and geochemical alteration of constituent phases and (ii) the relationship of diagenesis

1 -
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to tectomc and geothermal setuing. The model will then be compared to diageneuc models from
other passive margins to determine whether sequences from Nova Scotia exhibit a tvpical

diagenetic style.

STUDY AREA

Four scquences of fine-grained clastic rocks from two oulef shelf wells (Glenelg 1448
and Triumph P-50) and two slope wells (Acadia K-62 and Shubenacadie H-100) were -
examined (Figure 1.1). In general, each well penetrates a substantial thickness (> 1800 m) of
fine-grained, Upper Cretaceous and Tertiary rocks (ngure 1.2). Triumph and Acadia were
drilled and abMdoned in 1971 and 1977 respectively . Shubenacadie and Glene.lg were drilled

most recently and have been sampled since 1983.
B. REGIONAL SETTING

TECTONIC AND GEOTHERMAL HISTORIES o &

The Nova Scotia shelf and slope lie along the passive mirgin off eastern North
America. This margin formed during Triassic to Jurassic time with the onset of tensional
tectonism which established the modern Atlantic Ocean somé 180 million years ago (Rovden
and Kceen, -1980). Understanding tectonic and geothermal‘slyles off Nova Scotia is necessary -
when evaluating controls on compaciion and chemical diagenesis. *

" The evolution of the Atlantiz continental margin has been characterlized by appreciable
subsidence in response to: (i) crustal thinning through continental extension (Sawyer et al.,
1982) and (ii) sediment loading (Steckler aru} Watts, 1978). Uchupi and Austin (1979) have
described the evolution of this margin in terms of a rift/drift tectonic model.

At the onset of tensional tectonism, the rif’ tiphasc began with brittle extension of
confinental crust sepérating North Ameriga from Europe during the opening of the modern

. A;laritic Ocean (Steckler and Watts, 1978). During Early Jurassic time, tectonic subsidence was
manifested by downfaulting along numerous half graben§ (Figure 1.3), resulting in the
formation of several subbasins (Mclver, 1972). Sawyer et al. (1982) claimed that

approximately 40% ol total tectonic subsidence occurred during initiél crustal extension.
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The uming of intial subsidence is variously cited as Late Triassic for the continental
margin off New Engiapd (Uchupt and Austin, 1979) to Early Jurassic for offshore-Nova
Scotia (Royden and Keen, 1980). As mechanical deformation lagtcd only some 20 million years,
the stratigraphic sections examined likely did not experience the effects of initial subsidence.

The drift phase followed initial subsidence upon full separation of the North AmeTican
and Luropean continental masses in mid-Jurassic time (Rovden and Keen, 1980). As a result,
thermal subsidence replaced mechanical subsidence upon completion of crustal thinning
(Steckler and Watts, 1978; Royden and Keen, 1980: Sawyer et al., 1982).

According to Sawyer et al. (1982), thermal subsidence occurred as mechanically thinned
continental crust was underplated by ul}ramaﬁc rock, passively upwelled from the mfag,&e (1e..
peridotites). Through time, elevated heat levels within underplated crust dissipated {pgrmi'uing
cooling and subsequent increase in density of thinned crust. Thermal subsidence followed in
response to density setiling of mechanically thinned, continental crust. During this period, the
scquences examined in this study were deposited. . g

Along the Atlantic passive margin, Sawyer et al. (1982)-attributed :;pproxima[ely 60%
of total tectonic subsidence to thermally induced subsiience. However other forces contribute
to passive margin subsidence. Steckler and Waus (1978) considered sediment loadifig to be an
important influence. Once appreciable sediment accumulated during the on;el of thermal .
subsidence, sediment loading effects became ‘more significant with time. Accordingly, their
studies attribute between 40% and 60% of total subsidence to loading; Combining diminishing
thermal subsidence and increasing sediment loading, the grea;e?t net subsidence apparently
occurred during the early drift phase (Early Cretaceous).

To evaluate subsidence trends in the region of the sequences of interest, Uchupi and
Austin (1978) classified crust underlying the outer margin during the late drift phase as: (i)
continental, (ii) transitional and (iii) oceamc As transitional crust corresponds w1th thinned,
continental crust along the East Coast Gravity High (i.e., suggesting crustal underplating),
Royden and Keen (1980) predicted incrc_é;ing crustal thinning oceanward. Good agreement
between crustal thickpgyses estimated from mechanical/thermal modelling and refraction
seismic and gravity 4s. eys across the: shelf and slope confirms Roy&cn and Keen's (1980)
model. Refraction surveys ingicate that mid to outer shelf regions are underlain by 25 km and

16 - 18 km of continental crust, respectiéely ( brethinning estimate = 40 lgm_). Relection seism'iﬂg' ’

-



estimates of crustal thickness by Steckler and Watts (1978) and Sawver et al. (19%2)
corroborate these findings.

As the quanuty of underplated matenal is proportional to the degree of crustal thinning
al any location, greater net subsidence 1s expected oceanward. This subsidence trend resulted 1in.
(1) greater net sediment accumulation and (i1) potenually greater water depth duning deposition
farther 6ceanward (Figure 1.3).

Rovden and Keéen (1980) placed the conuinent/ocean transition un%ggghc mid 1o outer
conunental shelf . If so. Glenelg and Triumph are situated over transitional crust. However
Acadia and Shubenacadie are underlain by either extremely lhin’ééntinenlal OrI lrue oceamic
crust. These findings suggest that the outer shelf and slope have undergone considerable
subsidence since Jurassip time (Keen and Cordsden_‘l‘iSl).. \

Thermal subsidence deminished during Late Cretaceous ume. In agreement, Brocher

(1983) has reported minimal seaward thiekening of post-Early Cretaceous sediment deposited

along the continental shelf. o
: 3

Passive margin evolut%ﬁas exercised considerable influence on the thermal history of
the Nova Scotia shelf and slope. During initial rifting, passive upwélling of mantié-dcnvcd
ultramafic rocks increased heai flow through the shelf and slope area. Although mantle
upwelling.ﬁay{have established higher geothermal gradients, Royden and Keen (1980) and

Keen and Cbrdﬁden (1981) suggested that shelf and slope gradients have declirfed in response 1o

" heat disgipatioﬁ through the crust since initial underplating. They suggested that heat flow and

subsidence have diminished to a uniformly low level since Late Cretaceous time. However
Reijter and Jessop (1985) measured the southwestern Noﬁva Scotia shelf and slope 10 be

relatively warm compared to other parts of the Atlantic margin.-

s .

STRATIGRAPHY
The Nova Scotia shelf and slope developed as part of the Atlantic passive margin.
However, detailed study of their stratigraphy and sedimentology has not yet been combleted.
On the Atlantic margin, Uchupi and Austin (1979) and Royden and Keen (1980) have
placed the thickest sedimentary accumulations above the continent/ocean transition near the
present continental margin. They claimed that this location, situated at the site of initial rifting,

has been subjccteé\to sedimentary accumulations longer than anywhere else. The presence of
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shallow water sediments immediately above the rift site (evaporites. lagoonal imestones)
gracing upsection into deeper water sediments (mudstones. siltstones, calcareous mudstones)
suggesls appreciable subsidence. N

Brocher (19%3) described the post-rift sequence as a series of onlapping reflectors
which progressively diverge seaward toward the shelf edge and thin again farther of f shore
toward the conuinental nise. Brocher’s (19%3) results suggested that progressive continental
flooding was initiated at the site of imuial rifting along the conuinental margin.

Scis_@c profiles shot across the shelf reveal shallow subparallel reflectors. The upper
boundaries of these reflectors mav exhibit truncation markers due to channel erosion or growth
' faulting (Marlowe, 1969). Seismuc reflectors thicken slightly seaward in agreement with studies
by Uchupi and Austin (1978). These results confirm a model of calm, onlapping deposition in a
slo;;ly subsiding basin during l.ate Cretaceous time.

Much sedimentological research on the shelf and slope has involved analysis of
sediment cores from sea bottom taken along the continental slope and rise (Stow. 1976: Piper
and Siatt, 1977). Recent sediments consist of interbedded fine-grained sands and silts from the
slope and rise respetively, and muds. These ;:lastic units preserve numerous Bouma cvcles
which decrease in grain size a\;'ay' from recognised deep sea channels.

Stow (1976) . in describing sediment cores from the continental slope and rise,
considered most sediments 10 gonsist of deep water clastics (gravels and fine sands) and
hemipelagic muds. He attributed deep water clastics on the siope and rise 1o either classical
turbidity currents or deep water contourites.

Marlowe (1969) described results of a dredging program along a submarine canyon
known as "The Gully” lying southeast of Sable Island. The samples consisted primarily of
fiaggy mudstones with vminor sihstones', sandy mudstones and sandy siltstones, all of Oligocene
to Miocene age. Authigenic pyrite was present, an in{:lication of reducing conditions in the
sedimens.

Due 1o the recent exploration history (circa 1967) and maccessability of offshore-Nova

Scotia, published stratigraphic studies are rare (Mclver, 1972). Stratigraphic information used

in this study was obtained from Shell Canada Resources well files.
3

7 .
Mclver (1972) presented a stratigraphic classification based on numerous shelf

drillholes. According to his scheme, each section examined in this study contains sediments
L]



from the upper Nova Scotia Group (l.ogan Canvon Formation) and The Gully @roup. as wel
as Quaternary matenal (Figure 1.4). Due 10 a lack of well control in the region considered
detailed lithostratigraphic nomendiature 1s not available for stratigraphic correlation
Paleontological anc palyﬁologmal age divisions were used 1o correlate rock intervals. rather

!
than lithostratigrapuic nomenclature.

CONTROLS ON l)liTRlTAi CLAY OCCURRENCE AND DISTRIBUTION

Vanauions n the disiribution of seabottom clays were discussed by Powers (1987)
Nelson (1960) and recent)y by Gibbs (1977) In considening clay -mineral distribution on a
shelf setting, Gibbs (1977) examined tt;e contnenial shelf downcurrent from the mouth of an
-Amacon River distributary. Across the Amazon shelf | smectite tends (o be preferentialiy
concentrated in distal. outer shelf sites; detrital kaohnite and illite occur nearer 1o the
distributary. Gibbs (1977) observed that smectite (average diameter =0 4um) is much
finer-grained than detrital kaolinite (1-2um) or detrital illite (2-4um) . and proposed that
trends in the distribution of shallowly buned clavs were controlled by partical size. Flocculation
and mineral alteration were not significant influences on clay distribution If Gibbs (1977) 15
correct, considerauion of clay distibution must be given when interpreting the diagcnelnc
evolution of sediments from outer shelfl and slope regions.

As well, clay-mineral composition can vary widely between depositional basins. Hein
and Longstaffe (1985) described the clay composition of fine -’grziined sediments from Baffin
Island fiords as being primarily illitic. Illitic composition may be a response to a{ambiem
source terrain which has not undergone extensive chemical weathering (i.e., arctic). In contrast
to a composition indicative of arctic weathering, sections through the Niger Delta are
kaolinite-rich (Bruce, 1984). An abundance of detrital kaolinite suggests greater weathering in
adjacent source terrains.

Between the extreme environments of‘lropical and arctic weathering, the composition
and distribution of sea-bottom clays from the Nova Scotia margin have been examined. Piper
and Slatt (1977) determined that the Nova Scotia margin contains significant quantities of
kaolinite and smectite. They attributed the source of smectite present in these rqcks to material
weathered from Triassic redbeds, with a minor contribution from Paleozoic ashes. As well, the

Nova Scotia margin is c/haractcrizcd by a predominance of detrital quartz with little feldspar or

[3

s



s

:
GROLP FORMATION MEMBER
SABLE ISLAND
—
LA HAVE
QUATERNARY SAMBRO
EMERALD
SCOTIAN SHELF
\ — 4
J
BANQUEREAU
THE GULLY
GROUP
(UPPER . WYANDOT
CRETACEOLUS)
DAWSON CANYON
N ;
3
NOVA SCOTIA LOGAN CANYON SABLE SHALE
GROUP
(LOWER
CRETACEOLUS)
NASKAPI (not examined)
—
Figure 1.4 ' afterMclver (1972) and

Generalized Stratigraphic

Column, Offshore-Nova Scotia Shell Canada Resources

v

-




amphibole

« S

C. SUMMARY OF REGIONAL GEOLOGY

s

G

.

Fine-grained Upper Cretaceous and Teruar. ciastic rocks, depostted along Nova Scotie s
passtve margin, have undergone continuous subsidence 1n a marine environment
Along the Nova Scouia margin the greates! suhsndencc. has occurred near the outer
shelf7slope break dunng the dnift stage (Farly Cretaceous) As a result. the sections
examined in this study contain the greatest thickness of fine-grained Upper Cretaceous and
Tertiary rocks found along this margin.

\Qﬂ' Nova Scoua, heat flow has decreased since the Late Cretaceous, but 1s sull high
relative 1o other parts of this margin,
Sersmic profes along the outer shelf and slope suggest that deposition has been calm and
continuous, as indicated by onlapping reflectors without significant truncations.
Recent sediments cored along the outer sheif and slope consist of very fine sands and silts
which are quariz-rich (ie., low feldspar and_maﬁc mineral coﬁlenl), Bouma cycles suggest
the occurrence of turbidites implving that lhese'sedimems’are of deep waler ongin.
The composition of detrital clays oscurring in any sedimentary basin is primarily a
response to weathering conditions in their source regions. Detnital clays from

“offshore-Nova Scotia generally are 1i}lite and smectite - rich.

!
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II. PETROGRAPHY . FABRIC AND PETROPHYSICS

A INTRODUCTION

The diagenests of fine-grained rocks 1s characterized by two processes . compaction
(1.c.. physical diagenesis) and chemical diagenesis. Petrophvsical, petrographic and geothermal
observations relating to the compaction history of fine-grained, Upper Cretaceous and Tertiary
rocks from offshore-Nova Scotia are presented in this chapter.

Petrophysical and petrographic observations provide information on the stvle of
compaction and the nature of fabric development in the rock sequences of interest. For
finc-grained rocks, this information is especially important because it could help to determine:
(i) the degree 10 which constituent minerals have evolved in response to burial. (ii) the degree
of pore-fluid mobility within kfm&grained systems, and (1) whether pore-fluids have changed
composttionally 1n res.ponse to mixing and burial.

Geothgrmal gradients through these sequences can be estimated using petrophvsical
methods (i.c.. compensated. logging-run temperatures). Evaluation of compaction data
together with geothermal dala can determine the accuracy of geothermal gradient estimates
because fluid content in rock is inversely proportional to geothermal gradient (Zierfuss, 1969).
Once geothermal gradients are satisfactorily determined, they can provide temperature *

constraints cn diagenetic processes.

B. METHODOLOGY
COMPACTION ANALYSIS - PETROPHYSICAL TECHNIQUES

Pelrogiaphic characterization of porosity distribution in fine-grained clastic roeks is
difficylt, due to their grain size. However, understanding{ the nature of porosity redﬂction with
burial is crucial when evaluating the effects of c_ompaclion on The diagenesis of these rocks. In
this chapter, first consideration will be given to petrophysical evaluation of relative chang:s in
the porosity of fine-grained rocks with bufial.
' Fine-grained clastic rocks f rom the Nova Scotia shelf and siope are composedr pri'mafily
of m.dstones and graywackes, with minor occurrences of calcareous mudstone. Graywackes

and mudstones both contain abundant mud and silt-size material. To determine the matrix
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veloaities of these rock types, Press (1966) has suggested that highly compacted gravwaches and
slates have similar sonic velocities when measured over a range of high pressure conditions
(Table 2.1). Equivalent sonic velocities are expected as each rock tvpe has a similar 1vpe of
matrix.

Generally . mudrocks have matria velocities which are slower than other rock types
(¢.g.. carbonates. igneous tocks) (Press. 1966). Presuming that matri V(‘l(xlisz'Oi various
fine-grained clastic rocks do not change appreciably . sigr{iﬁcam reductions in rock veloaity can
be attnibuted to: (1) the presence of pore-filling fluids (Nafe and Drake. 1957) . and (11)
random particle orientation {Kaarsbtig. 1959). In this way . most shaly rock types can be uscd
for souically -based, compaction (1.e.. porosity) ¢valuations. with the ccccplion of lne-gramned
rocks bearing high-velocity matrix materials, such as carbonate in calcareous mudstones

To estimate the initial fluid composiuon in these sequences. micropaleontological and
palynological studies have determined that most of these fine-grained sediments were d;‘poxncd
under open marine conditions {pers. comm._ F. Brillo, Shell g;anada Resources). Onginal in
stu fluids infilling porosity were likehy secawater. Press (l%(:) has presented veloaities for
standard seawater at various pressure and temperature conditions (Table 271). Despite variable
conditions, brines still have characteristic velocitics consistently much less than highly
consolidated, fine-grained rocks (i.e., matrix materials); variations in the sonic velocil_\' of
fine-grained clastic rocks may be attributed to the athount of fluid-filled porosily present in the
roéks of interest (Wyllie et al., 1956; Nafe and Drake, 1957).

The concept of exponential porosity-reduction with increasing pressure is long
established (Athy, 1930; Hedberg, 1935). Meade (1966) generalized the concept to exponential
porosity-reduction with burial/ over shallow depth ranges of several thousand meters. Astsom
velocity is inversely proportional to the pofosity of fine-grained clastic rocks, it shoild increay
exponentially with depth. In this way, sonic velocity can provide a qualitative means for
measuring variations in the compaction of fine-grained clastic rocks with burial (Magara,
1976b), as fluid velocity is effectively constant relative 10 matrix veloCity over the range of
depths examined (Press, 1966).

Variations in porosity of fine-grained rocks during burial are important; |
undercompaction can occur if pore-fluids under load age prevented from escaping,_por,ous

rocks. As Magara (1976a) considers vertical fluid flow to dominate in fine-grained,



TABLE 2.1. SEISMIC VELOCITIES OF TYPICAL SHALY CONSTITUENTS

VIUDROCK MATRIX VELOCITIES

PRESSURE DENSITY VELOCITY TRANSIT TIME
(kg/em?) (g/cm’) (km/s) (us/m)

Gravwacke (Quebéc)

10.2 2.705 5.40 185
1020.0 2.705 5.92 167
2040.0 2.70s 6.04 ‘166

Graywacke (New Zealand)
0.2 2.679 5.40 185
; 20.0 . 2.679 5.76 174
040 .0 2.679 5.87 170
Slate (Massachusetts)

10.2 2.734 5.49 182
1020.0 2.734 5.79 173
2040.0 2.734 5.91 169

SEAWATER VELOCITIES
PRESSURE DEPTH VELOCITY TRANSIT TIME
(kg/cm?) (@1.1g/cm’) (km/s) (us/m)
measured at ambient water temperature

2 200 1.522 ‘ 657

94 .6 860 1.506 664
159.5 ' 1450 ' 1.492 670

measured at 15°C

2 2 200 1.510 662

94.6 860 1.520 658
159.5 - 1450 1.530 654

after Press (1966) -
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lithologically homogeneous sequences lacking numerous sandstone cgnduits, weak
undercompaction may be common if vertical barners inhibit upward Ynigration of fluids As
trapped pore-fluids and matrix are loaded with overburden. fluid gressure can nise as
pore - fluids begin to support lithostatic load. In this way . undercompactied units associated with
high fluid pressure may be characterized by long sonic transit times (at) corresponding to- (1)
slow sonic velocities and (1) low bulk densities compared 1o a2 "normal”™ compaction trend
(Magara, 1976b); sonic transit ume (at = gs/m) is a cofloquial expression equivalent to the
inverse of velocity. |

Having defined a qualitative technique for tracing compaction with bunal. this too! can
be used on wells which have been sonically surveyed over the stratigraphic intervals of interest
Using a borehole-compensated sonic iog or a long-spaced sonic log, the sonic signal gencraliy
was sampled approximately every 20 meters in fine-grained rocks where no wash-out was
observed (Figure 2.1). These points were plotied semi-Jogarithmically in order to define a
linear trend of sonic travel time with depth. Linear regression lines were fit to those parts of the
curve demoristrating visibly similar, linear decreades in travel time with depth, resulting in
trends of normal compaction. Deviations of iess than 10 us/m fram normal compaction trends
are attributed 1o system noise. Trends of normal compacuion provide a statistical scale with
which to determine whether a particular interval is relatively undercompacted or normally
compacted. \

As well as determining compaction trends (sl versus depth), relative differences in
compaction can be measured by synthetic seismographs. Intervals containing lenses that are
compacted to varying degrees are characterized by the development of seismicitv. By convolving
a digitized sonic log with a digitized density log over the same interval, a synthetic seismic
impedence time-series can be defined. If a reliable density log is not available, an impedence
time-series can be defined solely on velbcit)' contrast. Such symhcu‘é seismographs have been

»

prepared for Acadia, Glenelg and Shuhenac;die. _

Using vaiQt})s (ie., 10-70®)., seismic wavelets can be
compressed into thin markers which d\eri;.le possible reflectors. Aside from seismicity
development in response to density and-velocity contrasts within the matrix of fine-grained
clastic rocks, the occurrence of seismicity suggests that variations in compaction exist, implying

that normal compaction is incomplete.
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Svnthetic seismographs aid 1denufication and classification of potenual zones o
undercompaction and soft overpressunng. Caution was exercised to evaluate the reliability of
wireline jogs with respect to hole conditions. In general. onhy those logs which were recorded
under stable hole conditions have been considered. However. although unreliable fogs mar
generale spurious reflectqrs and/or obscure important markers, "wash-out” zones serve 1o
idenufy those parts of each section which are poorlyv consohdated

N
DETERMINATION OF GEOTHERMAL GRADIENTS

Geothermal gradients were determined for the outer shelf . upper slope and lower slope
using compensated. logging-run temperatures. This technique provides information regardire
the character of each well’s geothermal gradient by downhole temperature measurement

In order 1o estimate the geothermal gradient of any section using log-run temperatures
recorded temperatures must be compensated for heat loss associated with circulation of drilling
fluids over the period of operation. Several logging runs must be recorded at various depths for
each well considered. A greater number of temperature measurements of ten results in greater
reliability of the finai extrapolétcd temperature at each depth. From each logging run, specific
information is required including: (i) the depth at which the temperature measurement was
laken, (ii) the time over which drilling fluid was circulated downhole, (iii) the time since
cessation of circulation and (iv) the formation temperature measured during that recording
(pers. comm., E. Bogoslowski).

With this information, a modified version of Theis's equation (Hackbarth, 1978) was
used, considering heat flow into a circular borehole, 1o obtain an estimate of true formation
lemperature at a time measured long after fluid circulation (Figure 2.2). Reliable temperatures
measured at every depth during each logging run were extrapolated to infinite time after
circulation cessation to estimate tru€ flormation temperatures. ) )

Once compensated (temperature/depth) pairs have been determined, they constitute
raw data which can be subjected to lineaf regression in order to determine the geothermal
gradients best fitting gross, qualitative trends in the data. In certain instances, gradients were
defined which contain several linear components.

.As with the hydrologic Theis equation, certain assumptions are inherent in this

discussion. For the modified Theis equation to be valid for our case, the sequence of
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fine-grained clastic rocks must be confined with respect 10 hea: flow Considerning heat
conducuion in these thick sequences. this s likely true As well, the conducting unit mus:
possess homogencous heat conductvity  Again, for a hthologically similar section. this 1s 4
good approximation
) “
In terms of spatial dimension. the borehoic must b much narrower tha 1 the formation

bemng examined. This 100 1s a very good approximation as these fine-gramed Castic Toks ate
»

thought to be lateraliy homogeneous for tens” of kilometers (Figure }.2)

PETROGRAPHIC ANALYSIS - TECHNIQUES

Sidewall core (SWC) and ditch-cutung subsamples from Glencelg and Shubenacadic.
and ditch-cutting subsamples from Triumph. were selected throughout cach section for
petrographic examination of the outer shelf anf lower slope. Pctrographic evaluation of {ing,
Upper Cretaceous and Tertiary clastics from Acadia was not possible because ditch nulimgs
were finely ground during drilling. - ‘

Covered thin sections were prepared from epoxy impregnated samplc§ from Glenelg.
Shubenacadie and Triumph. Thin sections were examined using a polarizing. transmitted light
microscope. As cited by Nuhfer et al. (1982). conventional microscopy is uscful in these Ly pes
of rocks for examination of preferred orientation in clay and norni-clay minerals, and
dc?ormalion fabrics.

‘Sccondary electron imaging by scanhing electron microscope (SEM) was also performed
on SWC subsamples from Glenelg and Shubenacadie. It generates information regarding: (i)
localized microfabric elements and (ii) the nature of coarser grains within a clay matrix
(O"Brien, 1970) . Subsamples of rough topography were separated from host SWC
approximately perpeandicular 1o bedding plane by fracturing (Gillott, 1969). Broken chips were
affixed to aluminum stubs using silver-bearing adhesive, with bedding planes oriented away
from the holder. Once mounted, samples were sputter-coated with gold to ensure sample
conductivity during analysis. The resulting low -energy gold peak obscures detection of sulphur
due to overlapping characteristic energies. ‘

An excitation potential of ':20 KeV was used to excite secondary electrons from the

sample surface. Qualitative estimates of the elemental composition of particular phases were

obtained using a Kevexe energy dispersive, x-ray microanalyser (EDA ) mounted onto a



k3
(lambrnidge 250 Stercoscan SEM Quantitative elemental analyses by this technigue can be

difficult because of - (1) widely varnable detector/sampic vnentauon, (1) matnx absorbt:on and
(1) Nuorescence effects (pers. comm.. J McGovern)

To provide a broade: perspective of fabric. additional SWC subsamples from Glenelg
and Shubcnacadic were chusen for 5,5 _kscattered electron imagery by SEM. SWC samples were
vacuum impregnated w'th quicy Jrving epoxy and mounted perpendicular to beading plane
onto glass siides. Samples were then cut and pohshed as uncovered thin sections (o
approximately 30 - 50 up@ thickness. Polished thin sections were made conductive b
cvaporative coating to approximately 25 A thickness with high purity carbon

Samples were examined 1 2 Cambridge 250 Stereoscani SEM at an excitation potential
of 20 KeV 1n secondary and backscattered electron mode An annular. semiconductor lype
backscatter detector, similar to the type recommended by Hall and Llovd (1981). was used 1o
generate images of uniform brightness. -

Examination by combined secondary and backscattered SEM imagery accentuates
various mineral grains, as both topographic relief and mean atomic number contrast are
employed (Kninsiey et al . 1983). This techmque 1s useful for rapid analysis of fine-grained
clastic fabrfts (Pye and Krinsley, 1984; Whiie et al.. 1984) .

Qualitauive elemental microanalyvsis from a Link Systemse EDA was used to verify
mincralogical identifications. To“;.)erform reliable, qualitauive x-ray microanalysis, flatly
polished samples were tilied at 45° to a statior.ary energy dispersive x-ray detector at a working
distance of 27 mm. Spectra 7or each sampie were collected for 100 seconds at count rates of
approximately 4000 counts/second with 25% deadtime. Elemental microanalyses of polished
samples are considerably more accurate than for rough samples; one indication of this
improvement is the development of clasgical Bremsstrahlung levels (i.e., smooth, continuous

background)(Heinrich: 1981).
C. OBSERVATIONS

PETROPHYSICAL DATA
Compaction curves and synthetic stismographs through fine-grained clastic sequences

were prepared for wells from the outer shelf and upper/lower slope to: (i) evaluate their style

N



of compaction with depth and between welis. and (1) 1o determune whether undercompaciion
easts Bvaluation of compacuon :\ren‘ds"m imporiant when determining whether abnormain
high tluid pressures exst n certain party of each seclion
Compacuvon trends from Shubenacadic . Acadia and Gicnelg were determined A
Y
compacuon curve could not be constructed for Triumph because downhole peirophysical

surveys were not conducted through most of the Upper Cretaceous and Tertian section

PFTROPHYSICAL. CHARACTER - SHUBFNACADIF

The lower slope section at Shubenacadie 1s characterized by two distinct compaction
" trends which meet at roughly 3000 - 3100 mbmsl in Upper Eocene mudrocks (Figure 2 <) §o
determune the thickness of uncompacted sediment hving below seafloor at Shubenacadic.
compaction trends were extrapolated to a depth at which the sonic.veloaty of a sediment/lad
mixture 15 approximately that of seawater ( Nafe and Drake, 1957). The sonic veloaity of an
uncompacted miature can be esuimated by either: (1) extrapolation to the observed sonic traves
ume at which mudrocks cease to follow compaction trends for other wells on the East Coast
(at=0600 us/m) or (i) extrapolation to the sonic travel time for sound propagation through
water at 1450. meters and the apprapriate water temperature at buriavln E;Table 2.1). Both
extrapolauions place constraints on the deepest level at which uncompacted sediment can occur.

To evaluate the thickness of uncompacted sediment at Shubenacadie, extrapolation 1o

the characteristic at for other East Coast wells was considered first. At Shubenacadic. both
trends extrapolate to this travel time, corresponding 1o uncompacted matenal, at 2060- 2090
mbmsl (i.e., within 30 m}. This result suggests that essentially no erosion has taken place at the
Miocene - Eocene marker separating the two trends. As no Oligocene fauna were identified, this
marker may represent a period of very slow deposition. Also, up to 650 meters of uncompacted
sediment may lie below seafioor at Shubenacadie.

JAllernatively, by presuming that uncompacted sediments are characterized by a sonic
travel time equal 10 seawater (i.e., at=635 us/m at roughly 20°C), upper and lower compaction
trends from Shubenacadie extrapclate to 1930 and 1845 mbms! respectively. This extrapolation
implies that: (i) the Miocene-Eocene marker separating each trend has not experienced
significant eroﬁion.and (ii) roughly 480 meters of uncompacted sediments lie below seafloor. A
sonic travel time of 600 us/m was used here because: (1) it represents a velocity consistent with

other East Coast wells before compaction is observed to occur, (ii) it avoids complications of
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seawairr velociy vanauons with temperature and {1 o permuis characienration of

uncompacied sediment by a veioaty having a componen, of matr

Aside from measunng thicknesses of uncompacied sedimen: 1wo shyvies of
Lndercompadtion can be recognized The lower compaction trend arl Sthubenacadie i - {
characierized oy marked defiecuons from the trend of normal compact.on Between 30%: 320
mbms: and 3350 3600 mbmsl. severai at o('f'lccnum of up te 6l Ly m are observed: svsiein noise
may van upte i0 us/m These defiections suggest that even n a normally compacting seglieney
of mudrocks, several intervals of high {Tuid content may be present High veloaits "kicks”
corresponding 1o calcareous units are shown i Figure 2.3 These "kicks” were not in.budéd 1
lincar régression delerminalons Qr the lower compaction trend because the pc{mph-m;;;‘.
properues ol ~irbonate matnix are not simlar to clav matria

Betow 3600 mbmsl, undercompaction 1s not detected . Uinlike shallower intervals this
segment exhibits a normal compaction scqucnc;‘ bccz;use 1t closely tollows a "normas trend”
{1.c.. no compacton-related effects).

Thé upper compaction trend at Shubenacadie exhibits numerous low -velocity
deflections of lesser intensity than the iower zone (ic., 16-40 us/m). This suggesls thaw a
milder degree of undercompaction is developed above the Miocene - Focene marker Numerous

short at (1.e., high velocity) kicks correspond to certain silty r'nudsxones and graywackes.
However, Press (1966) suggests that no significant velocn_: diffcrence exists between the matr
of graywackes and mudstones. Considerning that continuous hole stability 15 apparent
throughout the section, and that gray-wackes conSli[ulc’ certain low velocity intervals. weak
undercompaction may exist in the upper section at Shubenacadie.

Synthetic seismographs also reveal the presence of pndercompaclion; raw
wireline - velocity data define a synthetic, seismic imped_encg lime-series. A seismic impedence .
lime -series accentuates intervals characterized by fluctuations in seismic velocity by defining
spikes at lower boundaries of low velocity zones. In this way, a lithologically homogeneous
sequence containing f)umerous low velocity, fluid-rich zc;nes 1s characterized by the occurrence
of significant seismic impedence. However evaluation of undercompaction by synthetic
seismographs must be conducted with care; hole instability or high velocity carbonate stringets
caﬁ create unrelated seismic events. For this study, lithology and hole conditions were

4
considered to ensure that the seismic events which are attributed to undercompaction are not



influenced significantly by unrelated effects.

The synthetic seismograph for Shubenacadi= verifies that below 3000 mbms!, svnthetic
seismic events are common (Figure 2.4). In the absence of hole-caving. these events may be
attributed to the presence of high-velocity, calcareo.us lens=s or low-velocity, undercompacted
umts. While several intense synthetic events correspond closely to calcareous mudstones, mild
deflections in the synthetic wavelet occur throughout intervals of uniform lithology. These
events may result from undercompacted lenses in the lower sequence.

The upper compaction trend exhibits a seismicaliv noisy signal of lesser mtensity than
the lower séqucncc. As no high velocity matrix is detected in the upper sequence, séismicity is
attributed 10 undercompacton. '

Below approximately 3800 mbms!, the sequence becomes more li‘thologicall)'
homogeneous and exhibits stable hole conditions. Over this interval, the svnthetic wavelet

becomes srmoother indicating grealer compaction at the base of the section.

4+

PETROPHYSICAL CHARACTER - ACADIA X .
The upper slope section at Acadia is distinquishad by three distin¢t ¢ampaction trends
(Figure 2.5). The shallowest trend is characterized 5y long interval transit times of wide
o \\\@riabilily.‘From the 1op of the logged x’merval down to 1780 mbmsl, this zbne exhibits
essentially no indication of compaction with burial and frequeml,);l;a;{gpars 10 be "washed-out”
on the caliper log. It is suspected that this interval represents ap;iroxima&e[y 900 meters of
“uncompacted sediment with a high ﬂuid‘comem (i.e., long at). High velocity "kicks” may
represent local iones of compaction or consolidated lithol'ogies. The very fin® and disaggregated
‘nature of ditch cuttings€fom the upper section corroborates the friable, weakly compacted
nature of this interval. : )
'Bf:low this low velociiy ione, a trend of normal compaction is defined from 1780 - 2300
g * mbmsl. This c_ompaction trend ertrapolates 1o a at chzl‘raqlgristic of uncompacted, sediment at
1780 mbms! {635 us/m). The middle ;:ompacﬁon trend cc:hfains numerous low-velbcity
deflections of up to 100 us)m from the normal compactig;;l trend, through an iriteyval of stable
‘  hole conditions. While these uhdercompacted lenses are no‘as thick as those at Shubenacadie,
they are nur.neroi'xszenough to suggest that this section is significantly undercompacted.

At Acadia, significant seismic impedence is defined throughout a lithologically

homogenedus section (Figure 2.4). Synthetic seismographs from Acadia corroborate detection

-
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of a shallow zone of uncompacted sediment and deeper undercompacted untts, because the
abundance of se:smic impedence 1s likely a function of numerous undercompacted lenses and
"wash-out” zones developed 1n soft mudrocks of high tluid content

The lowest compacucn trend al Acadia begins below 2300 mbmsl at the top of the
Eocene section. This interval is characterized by a poorly developed compaction trend with
several intense low -veloaity deflecttons (ie.. 100's gs/m) where no hole caving 18 detecied.

Mudstones 1n the lower section are more calcareous as confirmed by whole rock XKD
Although petrographic evaluation of this interval is not possible. non-calcarcous mudstones in
s rcgio‘n.are likely thinner and have less vertical permeability due to frequent, calcarcous
mudstone interbeds. Thé lower trend eatends downsection (o rovghly 2800 mbms! where 1t
contacts reef -related carbonates of the Jurassic Abcnaki Formation (as indicated by a strong

seISmic event) .
)

PETROPHYSICAL CHARACTER - GLENELG

The outer shelf section at Glenelg is characterized by two trends of compaction, in the
Upper Cretaccous and Tertiary section (Figure 2.6). From 350 mbms! down 10 1650 mbmsl, a
trend of normal compaction-is defined. Moderately high velocity "kicks” are associated with
silistones, graywackes and silty mudstones which have similar gamma-log signatures. Thesce
high velocity "kicks™ are incluced in the linear regression estimate of a normal compaction
trend.

Moderate, low-velocity (i.e.. long at) deflections occur from 1000- 1100 mbms| and
below 1-630 mbmsl. Hawever, unlike Shui)ena‘cadie or Acadia, the ch“lecuons arec of low
intensity (i.e., 20-30 us/m) suggesting only weak undercompaction.

In Figure 2.4, synthetic seismogr‘aphs i’rom Glenelg arc quieter and reveal that this
section has lower Qverill seismic impedence than the other wc_:lls. This observation agrees with
predictions of minimal undercompaction at Glenelg. In the lower trend, appreciable impedence
is associated with calcareous W}andot mndstones.

- When extrépblating Glenelg'; trend of normal compaction to the interval transit time
characteristic of uncompacted sediment at Shubenacadie and Acadia, an interesting observation
is made. By this assumption, non-compaction is reached in excess of 200 meters above mean sca
level (mamsl). Converseiy. assuming uncompacted sediment is characterized by the at f oL 15°C

seawater at 200 meters depth, estimates of non-compaction are reached even higher, in excess
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of 700 mams]. .

Using these estimates of interval transit umes charactenstic of no compaciion, between
300 and 800 meters of secuon apparenthy has been removed at this location on the outer shelf
Given thet the sonic travel time of a hvpothetical, uncompacted sediment 1s likely closest 10 the
atof 15°C seawaler, a realistic estimate of erosion at Glenelg may be closer 10 600 meters.
Possible mechanisms for erosion on the outer shelf include: (1) submarnine debns flow off the
shelf and/or (i1) subaernial erosion during a recent low stand in sealevel (Mclver 1972)

An‘}mportam result of petrophysical analvsis at Glenelg 1s that estimates of maximum
burial for this section mayv be increased by roughiv 600 meters bevond present b~unal. As well,
Glenelg appears 1o be less highly undercormpacted when compared to slop’& wells.

}
GEOTHERMAL GRADIENT OBSERVATIONS

Geothermal gradients have been calculated for each well using comlpensaled.
wireline -log, run-iemperatures (Tablc 2.2). Qn the lower slope at Shubenacadie, a plot of
icmperature versus depth reveals 1wo distinct geothermal trends with bunal. The upper gradient
1s significantly cooler than the lower gra.dienl and corresponds closely with the upper trend of
porosity reduction recognised previously in the petrophyvsical analysis. Below the
Miocene/Eocene marker, the geothermal gradient appears 10 increase Exgnificanll)' 10 a level 1n
excess of other gradients recognised on the Nova Scotia shelf or slope; the result is a maximum
temperature estimate of roughly 100°C at total depth (TD). The position of the hotier gradient
corresponds closely with the lower interval of undercompaction. Thesg observations suggest
that the overlying, less compacted sediment has acted as a thermal insulator, scrviqg 1o warm
the lower secticn to a higher gradient. Given that the heat capacity of w:;ter exceeds that of
rock material, significant thicknesses of weakly compacted mudstones and silty mudstones
might inhibit heat flow through such a sequence.

Acadia's geothermal gradient consists of two distinct components which merge at
roughly 2800 mbmsl, approximately the top of Jurassic Abenaki carbonates¢ The upper
gradient, including most of the Upper Cretaceous and Tertiary sediments examined, is cool and
of similar mﬁgnitude to the shallow gradient on the lower slope. The existence of such a cool

gradient suggests fairly high, fluid-filled porosity in Upper Cretaceous and Tertiary mudrocks,

an observation in agreement with petrophysical data.



TABLE 2.2, OFFSHORE-NOVA SCOTIA GEOTHERMAL GRADIENTS

/

WELL NAMFE - SETTING GRADIENT MAXIMUM
ESTIMATE TFMPERATURE
‘C/km AT BASE
GLENELG J-48 OUTER SHELF 290 65°C

85°C «f buned 800 meters deeper

TRIUMPH P-50 OUTER SHELF 289
’ ' below 2286 m 376 . 6TC
Vs
ACADIA K-62 UPPER SLOPE 22.8
below 2800 m : 42 4 45°C
SHUBENACADIE H-100 LOWER SLOPE 22.5
below 3100 m 56.7 100'C
Y
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Compacuon studies al Acadia suggest that sigmifican: erosion has not occurred within
the Upper Cretaceous and Teruary section. The present depth of these mudrocks probabhy
represents a maximum since deposiion. As the gradient over this interval is cool. the mavimum
burial temperature hkely reached only about 43°C at 2640 mbmsi From these data. the Upper
Cretaceous and Teruan scc‘uon at Acadia 1s apparently very cooi.

Two geothermal trends are also evident on the outer shelf at Triumph. The upper trendd
is warmer than shallow slope gradients and mcorporates the Upper Cretaceous and Tertian
section examined. A geothermal gradient of 28.9°C/km (1.6'F/100 f1.) results in present - dax
burial temperatures of approximately 67°C at 2156 mbmsl (7080 f1 ). As the lower scction
(pre-Upper Cretaceous sirata) is charactenized by a higher gradient of 37.6'(f/k.m. (1.8F/7100
f1.). the upper secuon possibly provides an insulating influence similar to that described for
slo®e wells.

In contrast to geothermal styles discussed previously . raw geothermal data from
Glenelg suggest the existence of only one gradient of 29°C/km throughout the entire sequence
measured. No indications of a cooler, shallow gradient or an underlving. hotter gradient have
been observed.

At the geothermal gradient suggested, the prescnt maximum temperature of this section
1s approximately 64°C at 2080 mbmsl. HoWever_ considering eroston estimates at Glenelg,
maximum burial temperatures may be increased by between 9" and 23°C (likely 17C). A

resultant, maximum burial temperature of roughly 81°C can be estimated prior to erosion of the

upper section at Glenelg.

PETROGRAPHIC INFORMATION

PETROGRAPHY - OUTER SHELF
Using various petrographic techniques, depositional and compactional fabrics and gross
facies distributions were investigaied. Considering information from Glenelg and Triumph, the
outer shelf sections are characterized by the presence of four distinctive primary lacies
includirig: (i) a coarss lithoclastic facies, (ii) a graywacke facies, (iii) a silty mudstone facies
and (iv) a calcareous mudstone facies.
The coarse lithoclastic facies consists of rocks containing diverse sedimentary rock

fragments including silty and calcareous mudstone (Plate 2.1a). Average fragment dimensions



PLATE 2.1. THIN SECTION MICROGRAPHS

Piate

Plate

Plate

Plate

2 1a

2.1b:

2.1c:

2.1d:

Thin secuon micrograph of lithoclasuc facies from outer shell  Lithi
fragments 1include mudstone and calcareous mudsione, conlainng
cemented foram tests. Detrital quaruz is also present 1n rock
fragments. Trniumph P-50, 1554 mbms! (5100 it.}, 2.5X objective.

Thin section micrograph of wacke containing glauconmite and silt-size
quartz in mud matrix. Triumph P-50. 136§ mbmsl (4490 fr). 6.5X
objecuve.

Thin section micrograph of fossiliferous mudstone. Fossil tests and
crosscutling fractures are filled with calcite. Triumph P-50. 1807
mbms! (5930 fi.). #0X objective.

Thin section micrograph of calcareous, fossiliferous mudstone.
Numerous fossil tests are unaliered and partly filled with calcite.
Glenelg J-48. 1510 mbmsl. 10X objective.
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¢ consistent at approximaten dmm jong by 1.5 mm wide and indicate some degree of
preferred onentation Fine clav and silt occur adjacent 1o TOCK fragments and serve (o
consohidate the fragments : .

The lithoclastic faaies s distributed differentiv between outer shelf welis At Triumph,
closer to the upper siope. the hthoclasti faue\ occurs miterbedded with silty units 1o a depth of
approxumately 15909 mbms! (8220 1t.) B“lov» 1590.9 mbmsi. this tacies occurs infrequenth
barther shoreward at Glenelg, however, the lithoclastic facies 1s seldom observed and 1s not of
major stgmificance. This fac.xes suggests higher energy condiuons related 1o (i).previous
shedding of debrnis off the paleo-shelf duning infilime of the outer shelf and/or (1i) erosion of
the upper shelf during a recent. relative low stand in sealevel .

A‘ Triumph. microfossils in lithoclasts of calcareous mudstone are filled with secondary

l, .

,:f'%.f“h 1s:uncertain whether secondary caicite present in these fossils represents a

pre-erosional precipitate. )

The graywacke facies consists™of a coarse silty to very fine sandy rog’k’-‘!ype with
abundant matrix (Dott, 1964), occufring: (i) tnterbedded with mudstones. upsection at
Glenelg and (ii) downsection from the lithoclastic facies at Triumph_ At Glenelg. the
graywacke facies becomes very sandy in isolated intervals. At Triumph, this facies is scarce and
mnicrbedded with the mudstone facies. A

The graywacke facies contains primarily coarse silt to very fine sand-size quartz with
lesser quantities of plagioclase, K -feldspar and microfossils in varving degrees of preservation,

\ . ;
in a mud matrix. Coarse detritus does not exhibit grain corrosion, overgrowth or stress
breakage. Exceptions occur in the lower section at (gnelg where minor etching and pitting of
K -feldspar and plagloclase have occurred In some samples, lhm beds of glauconite occur
'comammg concentric grains with a radiating internal structure (Plates 2.1b, 2.2a); the
glauconite usually occurs only in isolated laminae. |

Throughout Upper Cretaceous and Tertiary sections at Glenelg and Triumph, a siltv

mudstone facies nccurs. It is most commonly interbedded with the graywackes facies in mid to

lower portions ofeach section. Silt-size quartz and minor feldspar grains float in 2 matrix of

detrital and authigenic clays. The pervasive occurrence of snlty particles results in the absence of
any extremely fme gramed luhologles such as.claystones. A lack of diagenetic alteration '

mcl_udmg etching and pitting suggests that decreases in abundance of toarser constituents



PLATI 2.2 BACEKESCATTERED ELECTRON SEM MICROGRAPHS

Piawe 2.2z Backscattered eiectror. SEM mucrograph of radiating giauconile grains in
mudsione Two levels of glauconite brightness suggest vanauon in the
mean atomic number of each sample. Glenelg J-45. 1880 mbmsl. (see
scale).

Plate 2.2b: Backscattered SEM mcrograph of subparallel fabric in mudrock Fossil
fragments and platy ilhtic minerals are weakly onented. A cluster of
framboidal pyrite mnfills microporosity which has been deformed 1n
response to compaction. Glenelg J-48, 1100 mbmsl. (see scale).

Plate 2.2c Backscattered electton SEM mictograph of calcareous mudstone. Very
fine-grained. silt-size peces of calate and fossil debris comprise the
matrin o calcareous mudstone (confirmed by EDA). Shubenacadie
H-100. 3305 mbmsl, (see scale).

Plate 2.2d Backscattered electton SEM micrograph of microfossil tests partly filled
with calcite {(confirmed by EDA). Maurix contains a minor component
of illtessmectite with kaohnite. Shubenacadie H-100, 3305 mbmsl. (see
scale ». ) :
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downsection s due 0 transihor into deeper water faties containing less coarse delriius. rather

'

than diagenein dissoiytion or disaggregation. Microfauna tesis are presen’ :n mudstones ‘rom

cach outer shell sequence
7" calcareous mudstone facies ocuurs i the lower secuon 0f POth shell welie Ar
Yriumph. 1ts first occurrence b approanmately 200 306 meters below 11 occurrence a: Gleneig
This facies s characigrized by abundant foram tests situated 1n 4 muddy . grev carbonate -rich

. N )
matny containing numerous smal! gramnwo! caloite. The occurrence of calcareous mudstoml
and depletion of coarse silicate matenal suggest deposition i 4 deep wal€r environmen:
Micropaleontological and pals nological st udies also indicate an open marine deposition {or
these mudstones (pers. comm ., F. Biulo).

Fine clastic-rock fabrics from the Nova Scotia shelfl were examined by a variets of
petrographic techmques. Most samples from Glenelg and Triumph are considered 1o be sof t as
indicated by gouging during polishing of thin sections. As well, some samples are fractured by
varfou; procegses. Subparallel fracture sets oriented perpendicular 1o the axis of the SW( are
attributed 10 1mpact dunng acquisiion by the sidewall coning gun. Fxivgonal fracture scts in
thin section are associated with preparation techmiques resulting from shrinkage of hvdrated
clays due to desiccation. However, minor fractures in the calcareous mudslone; (1.e.. brittle n
handspecimen) are filled with secondary calcite (Plate 2 1c). As well, most samples do not
exhibit well developed laminations and are not fissile.

As discussed earlier, some mudrocks throughout the sections from Glenelg and
Triumph are silty. Preferred optical extinction of platy minerals suggests that certain intervals

B
are characterized by grain alignment (Nuhfer et al., 1981). At Triumph. platy mineral
alignment is not widely observed until.a depth of roughly 1600 mbmsi (5250 ft.) Beiow this
depth, most samples exhibit strong parallel alignment. However, at Glenelg, grain.alignment 1s
observed at a shallowér depth of approximately 1100 mbmsl. Kpparently some S00 meters of
present burial separates levels at which platy mineral alignment is observed.

SEM images from Glenelg indicate that below 1100 mbmsl, a platy subparallel fabric
has developed (Plate 2.2b, 2.3a), continuing downsection to TD. Secondary clcciri?n images
from Glenelg also suggest burial deformation of fine micaceous clay (Plate 2.3b). At 1050

mbmsl and above, no alignment of detrital grains or platy minerals is observed, despite the  «

absence of bioturbation.
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- PLATE 1.3. SECONDARY ELECTRON "‘SEM MICROGRAPHS

Plate

Plate

Plate

Plate

Plate

Pate

2.3a:

2.3b:

2.3c:

2.3d

2.3e

2.3f

Secondary electron SEM micrograph of subparallel compaction fabric.
Deformed clay is illitic in composition as determined by EDA and is
wrapped around silt-size calcite particles. Glenelg J-48. 1865 mbmsl,
(see scale).

- V4

Secondary electron SEM micrograph close-up of compacied, highly
illitic; mixed-layer clay (confirmed by EDA). Glenelg J-48. 1865
mbms], (see scale).

Secondary electron SEM mtcrografh of coarse fossil debris little
affected by compaction and breakage. Glenelg J-48, 469 mbmsl, (see
scale).

Secondary electron SEM micrograph of fossil debris which has
undergone mechanical degradation during burial. Glenelg J-48, 525
mbmsl,. (see scale).

Secondary electron SEM micrograph of -audstone. Illitic clay flakes

exhibit poorly oriented fabric despite -resent depth of burnal. Unaltered

x-fcldspar is situated th matrix (coufirmed by EDA). Shubenacadie
-100, 3410 mbmsl, (see scale) :

Secondary electron SEM micrograph of mudstone. Unlike Plate 2.3e,

illitic flakes exhibit subparallel microfabric and ductile wrapping around
@ee scale).

a coarser quartz grain, Shubenacadie !1-100, 3900 mbmsl],
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The occurrence of zones of platy mineral alignment is partiallv independent of

Iithology.. Gravwackes occur both above and within regions of grain alignment. although

N
gravwackes are absent deeper in the section. In zones of platy mmneral alignment, coarse grains
in gravwackes may also reflect some degree of preferred onentation. In contrast, Gibson
(1966) found, through examination of more highly compacied sequences. that coarser grain
sizes often inhibited development of preferred orientation in platy minerals.

The mechanical integrity of fossils provides-additional insight into the compacuion of
lhcﬂse fine-grained clastic rocks. In many samples, coarse microfossils are broken and
mechanically degraded at relatively shallow depths of bunal {i.e.. 400 - 600 mbmsl). At the top
of the section at Glenelg, coarse fossil debris is observed which becomes progressively indurated
downsection until the debri¢ is absent in the iower section (Plates 2.3c, 2.3d). At Glenelg, large
microfauna are sparse compared with Triumph . except in association with the calcareous
Wyandot mudstone (Platc 2.1d). However very small microfauna are intact, with only minor
secondary calcite infilling .

In contrast, coarse microfauna from Triumph are largely intact without eﬁdence of
€Orrosion o1 brcakagc. Intraskeletal porosity can be open or partly filled with secondary calcite.
Relative to Glenelg, coarse and intact fossil material presently exists at significant burial

depths. Triumph may represent a lesser degree of compaction relative to Glenelg.

PETROGRAPHY - LOWER SLOPE

Petrographic examiration of the lower slope was conducted on sidewall cote (SWC)
and ditch cutting subsamples from Shubenacadie. A coarse-grained trend of interbedded .
graywackes and mudstones occurs in the upper section at Shubenacadie (2100 - 3050 mbmsl).

~Underlying the coarser trend, a f iner-gréined trend consisting of igterbedded mudstones and
calcareous mudstones is observed lying i)etween 3050 mbmsl and TD. However, the lithoclastic -
facies has not been recognised througheut this slope sequence. '

In the upper trend, graywackes contain fine sand-size grains of quartz, thh lesser
quammes of K-f eldspar and plagloclase floating in a matrix of detrital and authigenic clay.
Coarsegr grains were apparently not af fected by corrosnon or ovcrgrowth Downsection toward
2800 mbmsl, graywackes occur less frequently as mudstone predommates

Occurring in‘both petrographic trends, @ mudstone facies containing detrital and

transformed clays comprises most of the lower slope section at Shubenacadie. Mudstones are



massively bedded and contain sparse silt-size quartz grains and intact microfossils. K - feldspar
and plagioclase are only minor constituents of this facies. Infrequently, primary sedimentarn
laminations 1n mudstones are highlighted by lineations of fossil debris (Plate 2.4a) As on the
shelf at Triumph. fossil tests in mudstones are frequently epen or only parthy filled with
sccondaf) calcite. As well differential filling of fossils can be observed at Shubenacadic (Plates
2.4b. 24¢).

In the lower trend, calcareous mudstones occur , interbedded with mudstones
downsection below 3050 mbmst (Miocene/Focene marker). This trend is consistent with a
transition into deeper water depositional conditions as has been determined for Shubenacadic
using micropaleontology and palynology (pers. comm., F. Brille). The calcarcous mudstones
are charactenzed by a massive matrix consisting of abundant silt-sized calcite fragments ( Plate
2.2¢). As well, calcareous mudstones from the lower slope contain numerous microf ossils which
are incompletely filled with secondary calcite, in contrast 1o calcarcous mudstones from the
outer shelf. Incomplete calcite infilling possibly is a response to inhibition of fiuid flow
throughout the sedimentary sequence in respc;nse 1o undercompaction and high fluid pressures.

When considering fine clastic-rock fabric on the lower slope, SWC subsamples {rom
Shubenacadie were examined by light microscopy and combined backscattered/secondary
electron SEM imagery. Considerable gouging and scratching suggest that samples from
Shubenacadic arc soft. Extreme sample sof tness correlates with undercompacted sones
determined petrophysically.

In the upper trend, primary depositional laminations are highlighted by lenses of [ossil
debris. As well, the upper section is considerably coarser-grained compared to the lower trend.
In contrast to the outer shelf, thin sections and backscattered electron images generally do not
reveal strong preferred orientation of platv and &oarsc grains. However, as grayv}ackes
disappear toward the lower part of the upper petrographic trend, subparaitel orientalion
(paralle! extinction) of platy minerals occurs in‘somc mudstones. A lack of preferred clay
orientation upsection, in association with coarser-graips_d lithologies, agrees with Gibson
(1966) and Nuhfer et al. (1981), who observed lhal‘;)la‘t’y minerals in the matrices of coarser
lithologies are often poorlyglfgned. |

Microfossils are mostly intact, being open or partly ﬁll'ed with secondary calcite. Unlike

the outer shelf, intraskeletal porosity is infilled with secondary calcite te a much lesser degree.



PLATE 2.4. THIN SECTION MICROGRAPHS

Piate 2.4z

Plate 2.4b:

Plate 2.4c:

Thin secuon micrograph of fossiliferous mudstone. Laminations within
mudstione are highlighted by scattered fossit debris. As well,
intraskeletal porosity is open. Shubenacadie H-100,:3125 mbmsl, 2.5X
objective.

Thin section micregraph of intraskeletal porosity in mudstone. Fossils
are intact and differentially filled . Secondarv calcite completely fills
several cHambers. Shubenacadie H-100. 3650.3 mbmsl, 40X objective.

Thin sectic\ih—ﬂﬁcrograph of open intraskeletal porosity situated in
deeply buried mudstone. This mudstone hes within an undercompacted
unit. Shubenacadie H-100. 3650.3 mbmsl, 40X objective.
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Below 3050 mbmsi in the iower petrographic trend. sample material appears 10 be very
soft. Mudsiones in the lower trend are massively bedded. with a disorganised microfabrnic (1e..
no preferred orientauon/extinction ). Microfossils situated in the lower pelmgr&phx_c'lrend
generally are intact without suggestior of significant ¢rushing or mi’éc\klanical bre‘akage. As well,
they are generally empty or only partly filled with secondary calcite (Plate 2.2d).

Within the lower mudstone facies, grains of aggregated clay occur deeper 1n the section.
These grain aggregates may represent flocculated clay. According to O Brien (1970) . the
presence of flocculated clay may suggest an appreciable sediment supply and/or marine salinity
at the ume of original deposition.

Below 3600 mbmsl, thin section micrographs exhibit strong preferred orientation of
platy mincrals, as determined by parallel extinction under cross polarized light. Secondary
clectron images reveal platy grains to be poorly aligned at 3410 mbmsl in contrast to well
aligned detrital flakes z;t 3900 mbms! (Plate 2.3¢, 2.3f). At 3900, platy grains exhibit
compaction and \deformau‘on around detrital grains. Unlike shallower intervals, more deeply

buried sections at Shubenacadie appear 10 be more highly compacted as suggested by increasing

fabric orientation.

D. DISCUSSION Ol; COMPACTIONAL STYLE

The evolution of the Nova Scotia passive margin has been described using a clz;ssical
rift/drift model of tensional tectonism. active from the Jurassic until present. Throughom this
lime, a compressive phase is not indicated.

Prior to deposition of the sections at Glenelg, Triumph, Acadia and Shubenacadie
(Late Cretaceous anﬁ Teruiary time), Early Cretaceous tectonics were characterized by
diminishing thermal Subsidence in response to crustal c¢poling. By Late Cretaceous time,
progressive sedimentation dominated over weakening thermal subsidence, resulting in steady
infilling of the passive margin. This resulted in the deposition of regressive sequences on the
outer shelf and slope. Petrographic and paleontologic/palynologic trends agree with progressive
shallowing trends’ upsection at Glenelg and Shubenacadie.

Durmg progrcssnve sedimentation on the outer. shelf and slope, fine- gramed clastic
scdnments accumulated. The sections situated on the slope may have resulted partly from mass

* movement off the outer shelf (Stow, 1977). Observation of thinly laminated mudstones on the



“lower slope. enhanced by fossi! tests, also suggests down slope debrnis- movemen:
In such a tectonic setuing, progresstve sedimentation during Late Cretaceous and
Teruary ume resulted in fine-grained rock sequences of several thousand meters thickness on
the outer shelf and slope. During early burial (tens’ of meters). onginal flumd contents were
h?f:ly between 60% - 80% of total sediment volume {Richards and Kelier, 1962 Mcade . 1966)
\: S Depending on the rock tyvpe concerned. dewaltering couid have pmcccdcd at different
ratc;)Por example. at shaliow burnial depths. slighty coarser mudrocks having a lower onginas

\,(:i .
fluid content and a coarser grain size, may have dewatered more completely compared to very

porous, but poorly ordered mudstones (Meade, 1966). Similarlyv, Heling (‘197()) considered
calcareous mudstones 1o compact more readily than nofi-calcareous mudstones. Although the
permeabilites of fine-grained rocks were not tested. reduced porosity and increased compaction
- may have established weak seals associated with these units.

For mudstones which comprise the majority of each sequence examined. Meade (1966)
described various parameters which can influence sediment compaction (i.c.. grain size,
salifiity, deposition rates, clay composition). Howevé} sediments deposited under relatively
uniform condiuons (i.e., marine') .generally undergo exponential porosity reduction wutl burial.

As sediment was compacted under ‘increased bu;ial load, imperfect dewatering could
‘have resulted in localized lenses of fluid entrapment associated with the development of
hydrodvnamic seals. Such zones would be characterized by slightly higher porosities relative 1o
adjacent, normally compacting sediments. ' 3

Considering concepts outlined above, an evaluation of the compaction of fine-grained
rocks from offshore-Nova Scotia follows. From previdus observs}tions. fine-grained Upper
Cretaceous and Te.niary. E}:astic rocks generally were not hiéhly compacted subsequent 1o
deposition under'marine conditions. These rocks generally exhibit an immature s:vle of
~ compaction and fabric development characterized by the existence of : (x") shallow,
uncompacted mud sequences, (ii) significant zones of undercompaction, (iii) a lack of
preferi'ed, platy mineral orientation (except at depth) and (iv) a lack of extensive fracturing or
detrital grain shearing. ' . '

Both slope sequences from off shore-Ndva Scotia appear to have undergone only minor

compaction. On the lower slope at Shubenacadie, some 2800 meters of fine-grained sediment

2
has been deposited since Early Cretaceous time comprising two separate pelrograpk%c and



4

4

petrophysical trends These line grained clastic sedimenis exhibit an :mmature styie of
compacuon, despite present-day sediment thicknesses -

) As previousiy menuoned. some 654 meters of unconsohdated mud lies below seafloor at
Shubenacadie. Underhving this uncompacted sediment. progrcsﬁxe porosity -reduction 1s 1mpiied
by a steady decrease in at. Petrophysical evaluauon of porosity reduction with burial reveals
that f'mc-graxhcd clasuic rocks from Shubenacadie contain numerous. sometimes eatrene, units
of undercompaction with respect to a normal, slaust/xcall) -defined trend.

Upsection, pclrophyéxcal study 1implies that weak undercompaction exaists relative 1o a
normal compaction trend. Possibly, hivdrodynamic seals are associated with slightly coarser
clastic units (1.e.. low permeability). However. the most tntense undercompaction. refative to
adjacent mudrocks. occurs in the lower compaction/ petrographic trend. Undercompaction
occurs here despite higher, overall compaction relative to the upper frend. Undercompacuon 18
most extreme from 3300 to 3600 mbms! in poorly oriented mudstones associated with calcareous
mudstones. As calcareous mudstones may b? expected to compact more quickly than normal
mudstones (Heling, 1970), hydrodynamic seals may have formed inhibiting vertical migration
of pore-fluid as predicted by Magara (19765). However, the permeability of mudrocks 1s
difficult to determine petrophysically (Schlumberger Log Interpretation Principles, 1970), and
no permeability tests wére conducted on samples taken.

Petrophysical estimates of weak compaction are corroborated by qualitative
petrographic observations. In the lower section at Shubenacadie, platy and coarse m‘m)exab
generally are not aligned through intervals that are relatively undercofnpacxed (Gfbsoh: 1666).
Howéver Heling (1970), O'Brien (1970) and Curtis et al. (1980) have considered alignment of
platy minerals in muddy sediments to result from compaction strain during shailow burial (1.e.,
several hundred meters). A comparison of micrographs presented by O'Brien (1970) and Curtis
et al. (1980) with samples from intervals of ir'nense' undercompaction at Shubenacadie indicates
that a lack of preferred orientation in clay-rich mudrocks contrasts with expectations afler
several thousand meters of burial. Further, the presence of numerous unbroken fossil tests,
througpoul t‘he top of the lower trend at Shubenacadic, implies that sediment load upon
individual grains was not sufficient to cause breakage. As well, fossil tests.generally were not

filled with secondary calcite, suggesting that widespread circuiation of fluids has not affected

these mudrocks. Inhibition of fluid circulation may be associ’aled with high fluid pressures due
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Upsection. petrophysical detection of weak undercompaction 18 also corroborated
ocliographicalis - Unlike the lower section, the gravwacke/mudsione trend exhibits varsing
degrees of preferred orientation assockxaled with coarse and platy grains suggesung some degree
of compaction (Mcade, 1966 ). Further. certain elongated detrital micas suggest cariy
deformation upon bunal. However, the degree of compacuon is sull weak as revealed by (1)
fossil tests containing very iittle secondary calcite and (11) a hlgﬁér overali porostiy suggested by
a slower interval velocity (at).

Although no petrographic evaluation of Acadia was performed . petrophysical evidende
1r‘.(acal€5 thai undercompaction at Acadia ts more extreme than at Shubenacadic Much of the
upper scciion from seafloor to appreximately 1780 mbms! 1s essenuially uncompacted as
mmdicated by: {1) extreme sample softness and friability, (ii) considerable borehole instabilitn
ascociated with a lack of consolidation and (1) very slow at at shallow depths where the
torehole was stable. Below the interval of hole caving a normal compaction trend is
recognised. Thg presence of numerous undercompacted lenses suggests a lack of compaction
despite considerable burial thicknesses. Further, interbadded mudstones and calcareous
mudstones downsection may have established a similar zone of low permcability as at
Shubenacadie. l

Examinauon of geothermal gradients from each slope sequence providés additional
substantiation of compaction trends. Both Acadia and Shubenacadic are characterized by
two-component geothermal gradients. The upper, léss consolidated material is associated with a
low geothermai gradient of 23°C/km for both Acadia and Shubenacadie. Suppression of
geothermal gradients may be a function of greater heat capacity in respcnse to higher.
fluid-filled porosity (Zierfuss, 1969).

However hotter gradients of 42° and 57°C/km are measured downsection at Acadia and
Shubenacadie. respectively. While these gradients appear to be abnormally warm, higher
gradients may be due to: (i) greater compaction (i.e., less fluid - Miled porosity), (ii) the *
insulatibn efi'ect of an overlying blanket of fluid-saturated sediment, (iii) a higher carbonate
content associated with calcareous mudstones and (iv) higher regional heat flow aloné this part
of the margin (Reiter and Jessop, 1985). According to Zl:erfuss (1969), limesiones have a fairly

high heat conductivity allowing for shallower geothermal gradients.
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The énmc section at Acadia hies within tne cooler gradient, resulting i a maximum
ourial temperature of approximatehy 43°C at 2640 mbms!. At Shubenacz:dxe‘ the upper
petrographic and peuophysxcéf trend, above 3050 mbmsl, hes within the cooler gradien: and 1s
characterized by cooler temperatures reaching 37C. However the lower secion 1s characterized
by (1) greater net compacuon and (1) carbonate siringers (Hgh heat conductivity ) The
resulting gradient gives a maxxmur;] burial temperature of approxm’.atel) 100°C at TD

On the outer shelf | two different styies of compaction arg recognised at Gienelg and
I'niumph. Although petrophysical compaction could not be evaluated at Triumph, petrograph»
reveals that Triumph has not been subjected 1o extreme compaction. Unbroken fossil tests.
partly filled with secondary calcite. and a jack of platy mineral ahgnment unul roughly 1600
mbmsl bunal (5220 f1) suggests that minimal sedimen! compaction has occurred However a
lack of petrophysxcél evidence does not permit esimation of whether any section was removed
by eroston or whether extensive undercompaction exists.

The petrographic style at Triumph is similar to the upper secuon at Shubenacadie and
the shallowest section at Glenelg. However Gler&clg differs in 1ts style of compaction. )
If.xamm‘auon of petrophysical cpmpacuon at Glenelg reveals a somewhat "normal” compacm;n
trend containing few undercompacted zones. each of low intensity. from a normal compacuon
trend. Glenelg exhibits a greater degree of compaction as suggested by : (i) alignment of platy
munerals at shallower depths, (ii) occurrence of abundant, broken fossil debris and (iii) a
significantly lower. overall at than equivalent depths on the slope (Nafe and Drake, 1957). As
mentioned previously, orientation of platy minerals occurs 400 - 500 meters above the level of
similar orientation at Triumph. As well. the level of first major calcareous mudstone
occurrence is roughly 200 - 250 meters above the same event at Triumph. These data sﬁggcsl
‘that Glenelg may have expericnced between 250 to 800 meters of efosipn (i.e., approximately
600 m) in agreement with petrophysical data. -

The occurrence of erosion may be due to Glenelg's position relative to potential growth

LI

_{aults or to a recent low stand in sea level. As Triumph is located farther oceanward, that

section-may be downdropped relative to Glenelg and subsequently filled by sediment. .
Geothermal gradiéms determined by compensated, log-run temperatures for Glenelg
and Triumph are in agreement with petrophysical and petrographic observations from the outer

shelf. Table 2.2 indicates that the geothermal style at Triumph is similar to styles determined

o
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for both siope sections. The upper part of Tniymph s gradient at 29C/km s cooi. reiatng 1o
the lower component However the upper gradient s hotier.than those determined (o7 shaliow
secuions al Shubenacadie and Acadia As a1 Axad‘:a, the entire sequence eaamined at 7 niumph
hies within the upper gradient rosulting @0 a maxumum, presen: bunial lempefaiuie o
approximately 67°C . ‘

In contrast, Gleneig's geothermal gradient of 29°C/km s consisient tBroughout
showing no md;uauon of multiple components. Thrs gradient also suggesis a simmlar degree of
compacuon (e, similar fluid-filled poresity ) with Triumph (Zierfuss, 1969) Usng the above
gradient. maximum present burial temperatures for Glenelg may reach £5C However,
inciuding 300 - 800 meters of additional sediment possibly eroded {rom the top of the section,
¢stimates of mavimum bunal temperaiure can be clevated from 65°C 10 between 747 and 87°C
(re. &1°C csumatmg. 600 m erosion) In this wayv a greater degree of compaction may result in
higher estimates of geothermal gradient and lower estimates of undercompaction (1 ¢
Overpressure )

\

E. SUMMARY OF COMPACTION AND FABRIC STUIN

-

Fine-grainea, Upper Cretaceous and Teruary rocks from offshore-Nava Scotia exhibit an

y—

immature style of compaction. Such behavior 1s suggested by :

a. The existence of significant thicknesses of uncompacted sediment at Acadia and
Shubenacadic; 9

b. The occurrence of weakly compacted sediment and zones of undercompaction at
Triumph, Acadia and Shubenacadie (i.e., above 3600 mbmsl);

¢.  The measurement of very low geothermal gradients in association with shallow
petrophysical and/or petrographic trends at Acadia and Shubenacadie (i.¢., above 3600
mbmsl);

d. The observation of intact microfossils and coarse detrital grains;

e. The existence of random grain orientation in shallow section; at Glenelg, Triumph-and

Shubenacadie.

2. Undercompaction and weak overpressure may have developed in certain shallowly buried

mudstone sequences where hydrodynamic barriers formed in response to preferred



Compacion of shightly coarser Liastic units {1e sty mudrocks) or calcareous mudsiones
As a resull. these sequences were probably not open 10 extensive fiuid movemen:
sull, 4 p ) pc

Pore Tluids likelv contain a large constituent of onginal manne waters

[T

Geothermai gradients developed on offshore- Nova Scolia are strongh infiuenced by the

degrec of Jompaction it 2 sequence
-
’

a. +Acadia exlibits & cool, estuimated maxumnum bunal temperature (43°C) a: depth 1n
agreement with a lower degree of compacuon and a shaliow mavimum burial depth
(1.e . 2000 m),

b Inumph exhibits a warm gradient as at Glenelg, bui mas not have expenenced mgher
lemperamrts if erosion has not not affected this section 1o the same extent as at
Glenelg.

¢ Glenelg and Shubenacadie (below 3600 mbmsl) exhibit warm estimated maximum
burnai temperatures (80" - 100°C) associated with: (i) a greater degree of compactron.
(n) greater ésumated maximum bunal depth (2500 - 2700 m) and (iii) higher heat
flow throughout this region.

Petrophysical determination of . (i) relative trends in porosity reduction with bunal and

(11) g-eolhermal gradients, provide regionally useful information for assessing compaction

histories. Petrographic examinations of fine-grained rock fabric can be used to substantiate

petrophvsical trends
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HI. MINERALOGY AND GEOCHEMISTRY

‘A. INTRODUCTION

Trends in mineralogy and geochemistry of ccrlain %mal, transformed and authigenic
phases provide information concerning the nature of chcmn:al dlageﬁcsxs during burnal of
fine-grained clastic rocks from the Nova Scotia shelf and slope. Such information includes: (1 )
the chemical composition of fluids involved in diagenesis. (ii) the evolution of pore- fluids with
burial and (iii) the manner in which particular stratigraphic sections have been affected by
organi¢ and norganic diagenetic reactions.

To evaluate changes in mineralogy and é:ochemisuy with burial, samples were sclected
from Glenelg, Triumph, Acadia and Shubenacadie (Table 3.1). Samples wcrc’ examined bv: (1)
thin section and scénning electron microscopy (SEM), (1i) x-ray diffraction (XRD), (iii)
inductively coupled, plasma emission spectrography (ICP), (iv) x-ray microanalvsis (FDA)

and (v) hght stable isotope analysis.
B. METHODOLOGY

PETROGRAPHIC EXAMINATION

v

Technigues of petrography were discussed in Chapter 27 Pétrographic samples used for
fabric analyses were examined during the present investigation lo'evaluat‘e: (i) alteration of
detrital constituents (i.e., corrosion, formation of overgrowths) and (ii) the character of
authigenic minerals. |

o
XRD ANALYSIS

Saﬁnples /from each seqluence were initially prepared for whole rock XRD analysis to .
eQaluate trends in mineralogy. S#mple material consisted of ditch cugings which were
prewashcd and wet sieved to remove< excess dril.li.ng fluid by Shell Canada Resources. All .
cuttings were théh,examined under a binocular microscope to evaluate residual drilling fTuid
contamination. While most samples were found to be relatively clean, any remaining drilling

}

fluid eontaminant was removed manually.

.
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Samples were hightly crushed using a mortar and pestal 1o reduge fine-grained rock 1o
its onginal disaggregated grain size. A portion of whole rock sample was taken for XRDD
examination in random orientation. Samples generaily were scanned over at least 2 - 60 ° 26
(CoKa radiation).

After whole rock XRD 5.[,ud_\. clean cuttings were selected for examination of the clay
size-fraction. Cuttings were immersed in a 4% Na hexa-metaphosphate solution to disaggregate

finc-grained clastic rocks without grinding. The resulung mixture was sonified. using a high

‘frcquency probe to assist disaggregation. The clay suspension was then poured into seitling

columns to perform gravitational extraction of the <2.0 um size-fraction.

After isolating the majority of <2.0 um clay, this material was treated with bleach in a
hot bath I‘g)r 2.da)'s to: (1) destroy organic matter and (ii) to assist flocculation of glay from
suspension Clean clay -size matcrial was then resuspended for extraction of very fine
size-fractions.

During investigation. fine size-fractions were extracted 1o isolate mixed-layer pha/ses_
which might have experienced diagenetic modifications (i.e., Hllite/smectite). Size-fractions
ranging from <0.2 to <0.05 um were separated by low speed centrifuge- using settling times
accounting for: (i) angular centrifuge velocity (rpm), (ii) settling distance within test tubes,
(ii1) ambient temperature and (iv) grain size desired (Jackson, 1961).

A homogeneous slurry from the ﬁnést size-fractions was divided into two portions for
saturation with K- and Ca’*. Samples were repeatedly immersed in saline solutions to obtain
effective saturation of interlayer sites with the appropriate cation. As well, coarser
size-fractions from Glenelg. Acadia and Shubenacadie were saturated with Ca?*, K- and Na
(i.e., bleach). Following s;nuration, samples were washed with distilled water until clean gf
excess solute.

After freeze-drying, 10 to 20 milligrams of each saturated clay was resuspended in
.methanol and oriented omb a glass slide. Orientation was required to enhance basal reflections:
and suppress non -integral reflections permitting easier XRD analysis.

' All K- saturated clays were scanned from 2 - 22° 28 under diagnostic conditions. K-
slides were first heated to 107°C for 24 hours in order to expel interlayer water and collapse
swelling clays to their minimum d-spacing. After heating, slides wer¢ taken quickly from oven

to XRD and scanned at 0% relative humidity (RH) to avoid expansion by atmospheric °
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moisture. This test 1s necessary 1o determine: (i) whether swelling clavs are present and (1) f (
interlayer sites are propped open by inorgan‘ic hydroay-compounds (x-ray amorphous) as
revealed by a low-angle Aump or shoulder on a 10 A peak .

After heat treatment, K- slides were exposed'lo 54% RH for at least 48 hours. Shdes
were scanned at 54% RH to prevent changing interlaver thickness due 1o non - standard ambient
RH. Atmospheric equilibration with a supersaturated solution of MgNO. maintained 54% RH
in the \~r;_\ chambér.

By examining charts of K- saturated clay at 54% RH, a quaiitative evaluation of the
charge density on 2:1 laver silicates can be obtained. The extent to which a shoulder or
secondary peak develops on the low -angle side of the 10 A peak indicates whether layer charge
ts sufficient to hold the smectite s'[ruclure closed. If layer-charge density 1s sufficiently high, K-
will be held in interlayer sites prev’eming extensive rehydration under the conditions prescribed
above.

After humidity treatments, K- slides were heated to 300" 4nd 550°C for 3 and 2 hours
;espeuive]_v. These heat treatments permit reliable tdentification of : (i) chlorite. (ii) chlortic
properties associated with 2:1 layer silicates and (iii) kaolinite.

’ Ca’- slides were first scanngd at 54% RH to expand swelling clays to a standard
thickness having two molecular layers of water in interlayer sites. Ca’" saturated clavs were
then solvated with ethylene glycol and glycerin by exposure to hot vapours as described by
Jackson (1961). The 54% RH, ethylene glycol and glycerin treatments permitted detailed
identification of swelling clay types (i.e., montmorillonite versus beidellite).

Randomly oriented clay mounts were examined to determine whether 2:1 layer silicates
observed are primarily dioctahedral or trioctahedral (Reynolds, 1980). These samples were
scanned from 68 - 76" 20 ai a rate of 1/4° 28/minute. A lower scan rate was selected to boost
signal from a potential, high-angle 2:1 layer peak (060). Samples com‘aining minimal kaolinite
were examined to avoid interference from overlapping peaks. However, in samples containing

some kaolinite, broadening of a dioctahedral (660) peak toward larger d-spacings was observed.

TECHNIQUES FOR XRD DATA EVALUATION

The relative abundance of various clay phases was estimated using peak heights. As

most illite appears to be detrital, 10 A clay is likely of uniform crystallinity.

-
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Form factors used to weight calculations goéoummg for variations in crvstallinity
"
between ciay types were obtained from Scafe {pers. comm.) and are indicated as foilows:

. Hhte (10 A) =
2. Kaohnite (7A) = 7 A peak height/(2.5 x 10 A peak height)

’v Smectite (17 A) = 17 A peak height/(4 » 10 A peak height)

4. Chlorite (14 A) = 14 A peakehe®eht/(3 x 10 A peak height)

Chlorite occurrence inhibils accurate determination of kaolinite usmg'[he 7 A peak. The

presénce of kaolinite was confirmed by a peak doublet defining the kaolimite (002) and chlorite
: (004) peaks. To det‘e‘rmme the semi—quanli.tauve abundance of kaolinite, the percentage of
chlorite waS S_ublractcd from the estimated percentage of kaolinite (7 A) to account for

coniribupibn of the chiorite (002) peak io the combined 7 A peak. All estimates were then

normalized to-100 percent.

_ Coarser cla) me fxacuons f‘requemly contain significant levels é)f impurity including
'Aquarlz and calcite. The abundance of threse phases with respect to clay minerals was estimated
‘using calibration dxffraclogra'ms for oriented <2.0 um kaolinite and quzgrlz.

Es'tjmaleg of the degree of smectite/illite interstratification associated with the 10 and
17 A clay phases have been determined following standard tables of Hower (1981). All
: dete'rminalion's were vérified using techniques described by Srodon (1980, 1981 and 1981'4).
However, no attempt was made to account for variations ingp_gnd{gilily resulting from

differential expansion between montmorillonite and beideltite.

— \

s

CHEMICAL INVESTIGATION ‘

Elemental analyses were performed on certain very fine-grained clay and secondary
calcite samples. Analyses determined/: (i) tﬁe‘ relative abundance of major elements in certain
phases and (ii) their changes through the buriél sequ\érice Tx';vo independent techniques were
- used 1o estimate elemental composmons (i) mducuvely, coupled, plasma emxssnon
spectrography (ICP) and (u) energy dispersive x-ray microanalysis- (EDA) from an SEM.

To perform x-ray micro,ana.lysis on clays, NH; satu,ratgd samples were suspended in
distilled water and oriemed onto glass microprobe slides to a thickmess of 30-40 um. After
preparation, the slides were heated to 107°C for 24 hours and stored in a dessicitor to minimize

interparticulate- and interlayer- water content. -

b £
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Prior to mounting in the SEM | samples were coated with a thin vencer of carbon 10
provide suitable conductivity during exposure 1o the electron beam  After carbon coaung.
samples remained 1n a SX 10 * torr vacuum overmght to draw out remaining water

An exttation potential of 20 KeV generated charactenisuc v-ray energies [rom the
sample. Spectra were collected foT 100 seconds at scveral locations across most samples A
standard, cobait’spectrum was collected afier every third unknown spectrum to calibrate beam
drift. Data were processed using the Link ylcmse ZAF-FLS (fitted least squares)
deconvolution program. The results from all spectra for each sample were averaged and
standard deviatons for each element determined. .

As cach clay sample was an aggregate of several clay types, accurate determination of
formulae fof each mxﬁeral phase from "% Oxides” was not possible. The.final presentation
consists of a statistically averaged "Weight % Element” for each element with respect to all l
elements analvsed.

ICP analysis-was conducted independently on identical sample material. A minimum
mass of 50 mg was consumed during analysis. Samples were dissoived and diluted to obtain the
appropriate volume for analvsis and corrections made for dilution. The resuliing analvses aré
expresséd in parts per million (ppm). Data for each element were converted to "Weight %
Element” of elements analysed to facilitate comparison with SEM and U.S.G .S standard data.

Pore-filling, secondary carbonates were examined using polished thin sections.
Although shaly samples$ were difficult to polish because of their softness, uncovered thin
sections were prepared for EDA .:;,halysis. Using backscattered electron imagery, secondar,
calcite infillings from Glenelg and Shubenacadie were located. Spectra were collected and
processed to delerminet the relative proportibn of major cations in each carbonate cement as
described above. Corrections (ZAF) permitted accurate estimation of the apparent
concentration of each rpajor cation.

| Whole rock sam'bl;é from each imerv?l at Shubenacadic were examined by ICP
‘analysis.. Elemental analyses are required to determine trends in the whole rock distribution of

major elements including Si, Al, K, Ca and Fe. Results of whole rock elemental analyses were

compared with petrography and bulk XRD.



STABLE ISOTOPE ANALYSIS

Whole rock samples from throughout Glenelg, Triumph. Acadia and Shubenacadie
wc;s seiected for 1sotope analvsts of carbonate munerals (6 'C: 6:*Q) Cuttings were examined
first to remove contamination from dnilling fiuids and then hghtiy crushed in a mortar and
pestal To avoid 1sotopic contamimauon from organic materials, cutungs were bleached as
described earhier and washed thoroughly .

Samples were examined by XRD prior to and after bleaching 10 evaluate which
carbonate minerals were present and in what proportions. CO. was extracted from bleached
calcite by reaction ‘with 100% phosphoric émd for I hour at 25°C following the method of
McCrea (1950).

Once extracted, the 1dotopic character of evolved CO. gasses was compared with CO.

y

derived from a standard calcite using a mass spectroffcicr. Isotopic ratios relative to standard
calcite were adjusted to give permill deviations from international standards (i.e, PDBfor

carbon, Craig, 1957; SMOW for oxvgen. Craig, 1961). -
C. OBSERVATIONS

WHOLE ROCK XRD DATA ‘ )
Results of whole rock XRD mdxcat" that fine- gram‘lasuc rocks from the Nova
“Scotia shelf and slope are quartz-rich. Plagioclase and K -feldspar are present in apprec:able
quantities in the upper parts of each shelf and slope section (Table 3.2). However, both '
eldspar types dimirish to trace levels) in lower parts of moél sections. Most feldspar and quartz
are detrital and without signjf icant aiterau’on suggesting that depletion in these grains
downsection represents transition into deeper deposmonal envircnments, rather than mineral
dlssolutnon
Shelf sections generally contain much less clay material than the slope. Shelf clays
.consist mainly of kaolinite and 10 A pha.ses In conirast the slope contains varying amounts of
kaolinite and 10 A clay, as well as a phase mdlcated by a very diffuse peak on the low- angle
snde of 10 A. Low- -angle phases are probably smeclitic. '
) Carbonates also occur in various parts of each section. XRD suggests that calcite

abundance ‘varies E:onsiderably. Calcite-rich intervals generally correspond' with: (i) abundant
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skeictal deons, (1) secondary pore fillings and (1) minor caicite Tracture-filiings Calane
Occurs in greatest abundance assouiated with caicareous mudstones downselon (see Chapte:r 2
carcareous Wyvandoi mudstones)
Dolomite and siderite are present i upper poruons of shel! and Siope sectons Onh
siderite has been recognmised 1n SEM and FDA - Dolomute 1s not observed du.v.nxcumn ang
’ ’

present only in the uppermost interval of each weil Sidenite 1s more pervasive and i present at

low abundance throughout the sequences from Acadia and Triuméh

persists throughout the secuon Although petrographic examination ot feidspar gt Acadie was
not possible, the feldspar trend from XRID s similar to shallow sections at other wells

Halite 1s present i whole rock samples: 1t may represent minor drilling fluid
contaminauon.

PLIROGRAPHY - \

Pelrograp‘hig mvestigation has revealed the nature of the alwran;m of detrital grains
and the occurrence of authigenic minerals. Thin sections. backscattered and secondary clectron
SEM imaging were used to evaluate diagenetic petrography .

Dectrnital phases comprising shaly sections from th%lf and slope consist primarnly of
quartz, plagioclase, K -feldspar, calcareous and siliceous fossil tests and clays. Quartz usually
occurs as round 1o subangular grains of high sphgricity . However no evidence of quarts
0 J 0TI corrosion was observed. Similarly no geochemical alieration of siliceous fossil
nmld be recognised. However. as discussed in Chapter 2, physical degradation of fossil
“tests is recognised at ceftain intervals (e.g., Glenelg). .

' Coarse feldspar gfains also appear to be mechanically intact. Ho&ever, unlike quartz,
petrographic evidence suggests that detrital plagioclase and K -feldspar grains have experienced
some dissolution (Plate 3.1a, 3.1b). However, the lack of severe pitting and the occurrence of
pitting only deep in the seqyence, suggests that feldspar dissolution is at an immalture state.

Detrital carbona-te fossils are génerally intact, despite minor mechanical breakage at
some locations. Although recrysmllizatiop of ‘aragom’le 1o calcite may have occur}ed during
early burial (XRD), calcite dissolution has not been observed. Caicite, comprising fossil |

fragments, is coarse compared to recent samples, suggesting recrystallization. As well, fossil

.



PLATE 3.1

.a

o

Plate

Plate 3.1b:

v

Phate 3.1c:

Plate 3.1d

Piate 3.le

SECONDARY ELECTRON SEM MICROGRAPHS

Secondars electrorn SEM ‘micrograph of muno:r corrosion or detnta.

K -feldspar grair (confirmed by EDA) Fine clays siwated nside cavity
are probably kaohnite. Gramn 1s situeied ir a matrnix of lhitessmecuic
and kaohinite. Glenelg J-48. 1420 mbmsl, (see scale).

Secondary eleciron SEM micrograph of detnital plagioclase (confirmed
by EDA) in a matrix of illite/smectite and kaohnite. Solution cavity
afong plagioclase grain edge is not filled with authigenic clay. Glenelg

J-48. 1865 mbmsl, (see scale).

Secondary electrton SEM micrograph of euhedral p;Tit* grain situated
adjacent to secondary calcite. Material resting on pyTile is unidentified.
Shubenacadie H-100, 3900 mbmsl. (see scalcg_

Secondary electron SEM micrograrh of euhedral pynite gra:s from
Plate 3.Ic Pyrite was precipitated in a cavity nmmed by secondary,
low-iron calcite. Shubenacadie H-100, 3900 mbmsl. (see scale).

Secondary electron SEM mucrograph of secondary calcite nfilling early
microporosity. Calcite grains exhibit classical rhombic habit without
dissolution. Shubenacadie H-100, 3900 mbmsl. (see scale).



67



—

A

, detrrtal clays f rom the sWelf and slope and (ii) the drstrrbutron of these clays through the burial

68

tests are paruy infilled with secendary calcite.

- Some authigenic clays are associated with small cavities developed during early feldspar
dissolution. liowever dissolution cavities are very small and resulting cla'ys are verfﬁne-g’raincd
and scarce. As a result, their nature was difficult to.determine by energy dispersiv?f’elemental

“ahalvsis under an SEM. \ " ' . p‘\—

Pyrite occurs pervasively ithroughout all sequences examined. Most commonly it exists .
as framboidal aggregates of small, bip_vramidal'grains. Undeformed framboioal aggre%ates
generally occupf large, void spaces suggesting precipitation during an early stage of
compacyion. Ho*ever some framboidal pyrite mﬁlls compaction- related vords (Plate 2.2b).
CCrtam samples contain euhedral pyrite Wthh postdates secondary calute precrpltatron (Plates
3. lc 3.1d). \’arrauons in pyrite morphology mdlcate that multrple generations of pyTrite occur
lrn 1hese scquence$ (Coleman and Raiswell, 1981). .

' Secondary calciic is also a common constrtuem ‘of the shaly rocks examined (i'e except
Glcnelg) Typlcally it occurs: (l) mfrllmg mtraskeletal porosxty ‘6r fraot—trres and (i) as small
aggregates of rhombs infifling early porosrty (Plates 3 2a, 3. le) In all cases, secondary calcite
does not indicate: subsequem corrosron dgrmg burtal The occurrence of secondary calcite: (1) ;

infilling: large void space$ during buxral and (n) mtrmately assocrated with early pynte (Plate

3 le).suggests that calcite pretrguauon occurred early in dtag"nesr!t

0.2- ZOumXRDDATA R
’ Upon completton of whole rock XRD, <2.0 um mater@ was extracted f rom whole
Tock sample Clay-size materral was subsequently separated into <OQ umand0.2- 2.0 ym *

size-f ractrons As the coarser fraction constrtutes tbe maJorrty of clay size matenal by mass,

©0.2-2. Q um matenal will beconsrdered when drscussmg trends in clay- mmeral drstrrbutron

Table 3 3 lrs’ts esttmates ‘of mmeral abundﬁnce and expandable clay data from each well

KN - N . ) " a -
exam.med - ' ’

Y

Exammauon of thrs size-f Taction off ers msrght mbo the: (i) mi eralogrc character of

3

3 sequence ‘Each sam{ le contaﬁxs significantly more kaolinite, chlorate and 10 A clay than finer

“fractions from the ,same mte‘rval: Most phases are well crystallized and.are Rot interstratif ied.. |

. ’
q
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PLATE 3.}. THIN SECTION MICROGRAPH j

.
) ¢

Plate 3.2a*  Thin section micrograph of mudstone. Fossil tests are intact and in
early stages of secondary calciite infiling. Triumph P-50. 1515 mbmsl
(4970 fr.), 10X objgctive.
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TABLE 3.3. 0.2 - 2.0 um XRD DATA

+

SAMPLE SETTING MINERALI ABUNDANCES - S} FSm* 1n %Sm' 1in
Sm I K CI Q Ca 10 A day 17 A clay.
GLENELG .

- J-48

G460 OUTER mt M L, mM mM nd 011 Co< 1o nd
G820 SHELF m mM mM mt mM nd 026 <lu - nd
G1100 " m mMmM t mM nd 0.27 <10 nd
G1290 i m mMmM 1t mM m 033 <10 nd
G 1480 " mM mM mt mt mM m 077 10 77
G1630 ) t m t nd M mM 023 <10 nd
G1865 " 1 mM M m mM nd 0.06 <0 . nd

ACADIA
K-62
Al270 UPPER mt mM m m M t 008 <10, ., nd
A1600 SLOPE m m t mt mMM 059 <10 ~nd
A2010 " m mMmM m M t .02 <1Q nd
A2304 T mM mM m mt M mM 053 <10 nd
A2640 <" mt m mt nd mM M 0.5 <10 nd
SHUBENACADIE - S .
H-100 :

. - 82165 LOWER mM '%IM mM m mM nd 049. S . nd s,
.S2675 SLOPE M "M m mM nd nd.0.78 5 © 'nd’
S3140 " mM mM mM mt mM nd 1.02 <10 79
S3660 " mM mM mt t mMM 122 . <10 ' 7
$3910 . L. 0™ ot m m t M mM 019 - <10 nd

- 'S4165 : " . mt ' mM mM-m mMmt 015 < -10 - 'nd

%Sm'’ Apparent %Smectite from 1Q and -17A Phases Following Hower (1981)

»e

&
-
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At Glenelg. kaolinite and 10 A clay are the domin@l clay types except for a smectitic
lense from roughly 1290 to 1480 mbmsi (Table 3.3). The ratio of smectite :illite abundance
(S:1) in this size-fraciion increases downsection toward 1480 mbmsl, compatible with <0.2 um
trends (Figure 3.1°)A Variations in smectite :illite abundance toward 1480 mbmsl result from
transition into deeper waler facies. Relative to 10 A clay, kaoliniie abundance is widelv variable
downsection and reaches relativety high levels at 1100 and 1865 mbmsl.

Eslir_nalion of smectitic imerslraliﬁcanonEssogxaled with 17 A clay is difficult for this
size range. Measurements in Table 3.3, from certain 10 and 17 A phases. indicate that these
phases are highly illitic ar:d smecuiic respectively. Mixed -layer clays containing subequal
amounts of interstratified illite and smectite layers were not rccogm‘sed»in this size-fraction.

Examination of the low -angle region of 10 A peaks at 0% RH (K- saturation) reveals
that little shoulde.ring is developed down 1o 1480 mbmsl. Below this level to TD. slight
broadening at the base of 10 A peaks suggests migor’ occurrences of degraded illite (i.e.,
depotassified mica). However examination of a full suite of K- saturated, 0% RH x-ray charts
(i.e.. 107", 300" and 550°C) indicates no extensive shouldering on the 10 A peak.

. - Samples from Acadia contain less illite and dlSC‘ﬁ kaolinite than the outer shelf Table
3‘3 suggests that smectite becomnes enriched relative to illite #t shallow levels and Lhen remains
fairly constant in abundance with ‘burial. _ .

A1 Acadia, the percentage of smectitg, inlerstrniif ication associated with 17 A clay
cannol be measured. However, 10 A clay is highly illitic, having <10% ¢xpandable Ia)(ers A
lhroughoumhe section. Examindtion of a f u]l suite of 0% RH charts reveals that 10 A clay's

—From Acadia are highly crystallme and do not exhibit pronounced shouldenng on their
low -angle side. However, 10 A peaks broaden and exhibit low- angle shoulders below 2304

The lower slope' section at Shubenacadie contains signif’ icant amounts of smeagipe, 10 A
clay and kaolinile. As mentioned previously, kaolinite, 10 A clay and chlorite are considerﬁd

be detrital, with no indications of transformation. Kaolinite increases in abundance with depth

relative to_other phases. However no indication of kaolinite interétratif ioation is detected dn this
study, although kaolinite reach:s maximum abundancg at 4165 mbmsl. -
. With burial, S:I increases downsection to a maximum between 3140 and .3§60 mbmsl.

However, below this level, smectite diminishes relative to other phas‘és.‘ Variations in detrital

*
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S:1 ratio downsection may result from transition 1nto decpq water facies (Gibbs, 1970).

Where measurement is possible, 17 A clay contains in excess of 75% mlerslln“xﬁed
smectite. With burial at Shubenacadie. 17 A cla\ in this size range persists and does not become
more illitic. As well, the low-angle side of the 10 A peak exhibits only very minor shouldering
down to 2675 mbmsl. Below this depth. shouldering increases slightly toward 4165 mbmsl.

Howevcr no significant shouldering is deiected on any 0% RH heat-treatments, suggesting a

lack of degraded illite.

<0.2 um XRD DATA

Results from XRD investigations of very fine size-fractions from Lrtenelg, Triumph,
Acadia and Shubenacadie are listed in Table 3.4. The mean diameler ofﬁt/re finest size-fraction
exanlined from each sequence varies because finer separations were pe&formed in certain cases
to isolate as pure a sample of mixed-laver illite/smectite as possible.

When evaluating the character of very fine size-fracliorrs which should have been most
sensitive to diagenesis, <0.2 um material from Glenelg was considered initially. The degree of
smectite interstratification in 10 and 17 A phases was determined using Lechmques of Hower
(1981) and Sfodof (1980, 1981 1984). Both methods yielded fairly consistent results. .

Kaolinite appears 1o be"discrete because (001) and (002) peaks are invariant and do nolr, '

- exhibit shouldering. Chlorite is detectcd in low abundan’ce at the top and bottom of the section. o
However, the chlorite exhibits no .i-ndi(;ation of imerstratif icarion- as determined by XRD. ’, |

In the . <0.2 um fracuon 17 A clay is fnot abundam Large amounts of kaolinite and 10 .
A clay obscure evaluauon af the degrec of interstratifi ication m expandable, 2:1 layer phases
4-To more reliably determine the nature of mrxed -layer phases, below 1290 mbms! a finer
Asr__ze-.f raction ( <0.05 um) was ﬁse? to concentrate illite/smectite (_}T.able 3.4). This f racupn was
analyzed using standard Ca* ureatments. ’ ' n *‘

 Inthe <0.05 um fraction, smectitic and 1llruc phases were. recogmsthroughom the -
esequence assocrated with the 17 and 10 A peaks respectively. In general, 10 A clay contains a_
low proporuon of expandable layers (<25%) (Frgure 3. 2) In comparison wrth 0 2 2.0 um .
clays, the 10 A claysin the <0 05 xm fraction apparent]y contain more expandable layers with
depth except at 2080 mbmsl (Tables 3.3, 3.4). However vanauons m 10 A clay expandability

| may not be caused by f undamental changes in the crystal structure and elemental composmon

£ .
N R =

|
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of 2 1 silicate fayers. Rather, changing expandability may be due only te leaching of K- from

O

the edges of mica .

The SMEClilic phase remains randomly interstratified throughom‘ the secuon_with a
modcr.alc decrease im smectite mterstraufication from 75% 1o 57% downsection . I'v)edme in 17 A
ciay expandability appears 1o begin at temperatures as cool as 32°C. Howeveér, although smec111e~
interstrauification decreases moderately with burial, no beidellitic phases are observed: as wou}d“
have been indicated by lower expandability in response (o u -glveenn solvation (Spiers ex al |

. 1984) . Smecute-mineralogy 1s composed primarily of montmorillonite at Glenelg,_‘

To augment information concerning 11}6 mineralogical character o&ﬁne’ outer shelf
¢lays, <0.1 um size material was extracfed from Triumph. Results from Ca’ and K- \
treatments are listed 1n Table 3.4 At Triumph. fine clays consipt primarily of smecutic and
illitc phases with onlv minor kaolinite, As at Glenelg, very fine-grained kaolinite is discrete.

T/hroughout Tnu-mph, 17A phases: congaiﬁ a large proporuon of smectitic material -
which 1s randomly interstratified In contrast Glenelg. 17 A clay becomes more.smectuic. with
bunial, from <50% smecute interstratification dphole to 70% downsection. While beide‘lhle
occurs at 2158 mbmsl (7080 ft.), montmorillonite is the dommiim smectite polytype throughout
the secu’onb.,Despit'e the high degree of smectite imerslraxificalioh, K" -saturated ]’7 A clay does

. not rehydrate markedly updn equiitbration with 54% RH in any sample. lr;ierlayer-cha.rge
density may be sufficiently high to prevent rehvdration. |
. Heat treatments of K- saturated clay do-not reveal chlorite or chloritic phases. However
minor low -angle shouldering, suggesti've of degraded illite, is recognised at 2158 mbmsl (7080"
ft.) in Cenomaman age rock. The 10 A clay reveals a weaker trend toward mcreagmg .
expandability (i.e., depotassmcauon) toward 1572 mbmsl (5160 ft.) .compared to Glenelg.

], "On the upper slope at Acadla.‘ <0.2 ym size malenal Was exammed‘afte{ Na-
saturation. As on t};e shelf smectitic and iflitic clays and kaolthite constitute this size-f raction.
Snmﬂar to Triumph, the degree of smectite interstratification in 17 A clay increases wnh depth.

: HoWever smectite mterstrauf ication is higher, ranging from & 2% upsecuon to 84% at 2640
mbmsl The hlgh degree of randomness associated with smectite interstratification despne burxal
'suuests that sngmf icant aheranon of 17 A clay has not occurred.

- As at Glenelg and Acadia, ,<&2 um size material was examined initially at

‘Shubenacadie. Although 17 A clay is more abundant in this f mc;ion'than at Glenelg, a finer -

[
‘
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fracuon (<07 um) was examined 10 (1) mmmize contaminauon from detrita; kaolinite and
10 A clay and () to improve determunation of smectite/iite intersiratfication
A Jow intensity peak Iving between | 4% ] SO A indicates thay 2} laver siicates are
primanhy dioctahedral (i.¢. aluminous) Fol.i()w.mg techniques of Hower (1981) and Stodon
(1951). the degree of smectii mfrslraufncauon assouiated with 17 A day was found to
increast shightdy d()\:'nsccuon Io;vard 3140 mbms] (héurc ¥ ) Below 3140 mbmsl, smect
interstratification diminishes from 78% 1o S0% over 1000 meters of bunai. beginniny at
"approxxmatel,\ 4°C. However 17 A clay remains randomly (nterstrati fied throughout the cnure
_ bunal sequence. Unfortunately . while 17 A ciav 1s recognised at 4165 mbms!, the degree of
smectile mte‘erranﬁcann 1s dif‘hcuit(to determine because (002),. and (003).. peaks are of
low intensin. |
Ca“ -giycenin treatments indicate that smectite polvtype varies with bunal. unlike other 7
sequenges (Table 3.4) Upsection, smectite is gpmposed primarily of montmonllonite down 1o
3140 mb/msi. However. with bunal mixtures of montmornillonite and beidelhte are recognised by
- high——argle shoulders on 17 A peaks. At 4165 mbmsl. glvcenn treatment mdicates two peaks in
the range 02." 1410 18 A. This indicates, that the 17 A glycol peak altually contains both

montmorillonitic and beidellitic phases. v "y .

.

The 10 A clay 'has a low degree of smectite interstratification (i.¢.. expapdability ) with
burial. However the degrec of expanuability associated with 10 A clay s slightly greater than-in

coarser fractions from Shubenacadie. Consistent with other wells. 10 A matenial 1s probably
detrital. - . ' ‘ . ‘
rd ‘ l \ \
OBSERVATIONS FROM ELEMENTAL ANALYSIS
CLAY ELEMENTAL DATA v A .
.. iilementa[ analyses of <0.1 um clay samples fromJShubenacadie, were cond'ucted
' %écquse this sequence was suspected of exhibiting the greatest deéree of diagenetic alteration.
Tableé.S‘ indicates that ¥CP analysis'is moye accurate than x-rdy microanalysis from SEM for
-accurately reproducin‘g U.S.G.S. wet chemical analyses f or ¢lay standards. Although x-ray data

generally follows similar trends to ICP data and are indebe.ndcm verif ication of ICP trends,

.+ only ICP results will be psed for numerical determination of elemental trends. All raw data was
N ¢ - N :

o
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TABLE 3.5. ELEMENTAL ‘ANALYSES OF STANDARDS

/
. Analyses Expressed as "%Element of Total Flements Analvsed”

L4

Element’ USGS. ' ICP X-ray An%’
Standard

K-Gal, Georgia Kaolinite

Na ‘ 0.02

0.09 na
Mg 0.04 0.04 .~ na
Al . 49.17 46.85 47.01
Si 7 48.36 50.35 50 80
S nd 0.04 na
K 0.10 0.09 na
Ca nd 0.0r na
Ti - 1.95 2.17 1.82
Fe 036 ‘0,36 ©0.3%
Syn-1, Synthetic Mica-Montmorillonite
Na 0.4 0.62 1.36
M 0.02 0.24 0.96
A 46.18 44,29 41.3%
Si 53.05 54.29 50.76
S 0.23 0.29 5.37
K 0.02 0.06 0.02
Ca ‘ nd 0.06 na
Ti , " 003 0.02 0.07
Fe 0!03 0.14 0.08
- SWy-1, Wyoming Montmorillonite
Na 2.42 254 2.22
M 3.91 341 "3.34
< A 22.07 20.80 18.49
Si 62.40 63.50 ‘ ‘ 52.09
S 0.11 0.18 9.71
K 0.93- 110 - , 0.20
Ca ’ 2.55 260 . o 8.11
Ti - 0.12 0.14 . 0.44
Fe 5.50 5.68 , 542
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data are presented in Table 3.6.

-

From 2160 mbmsl, the Al/Si ratios decrease steédily from C.4]1 to a value of 0.33 at
3140 mbmsi (1.e.. Miocene - Eocene marker) (Figure 3.5). This (rena’agrees with <0.1 um
XRD data confirming a relative jncrease in smectite : illite (S:1) toward 3140‘rﬁbmsl: the Al/Si
ratio of Wyoming monumorillonite is 0.35 and OFECD standard illite is 0.45. Below 3140 mbmsl.

Al/Si ratios increase irregularly downsection toward the first significant occurrence of kaolinite

at 3910 mbmsl. Relative Al/Si highs correspond with zones of kaoligite or beidellite enrichment

indicated by XRD; Al/Si ratios suggest mixing of a montmorillonitic phase and kaolinite ( Al/Si

of Georgia kaolinite = 1.01). However, in zones of abundant kaolinite, Al/Si ratios in the 2:1

layer phases are difficult to assess. ‘ v _
A distinct trend of K/(Si/Al) ratios occurs with depth (Figure 3 5). K- becomes
depleled rclan’ve tp SiZAl down 10 3140 mbmst in agreement with: (i) mcrcascs In smectite : 1lme
rauos and (ii) ab[ndam smecule interstratification in 17 A clay as determined by XRD.
However, below 3140 mbmgy), K- content ingreases as Si/Al ratios decrease. Increases-
corresﬁond with progressive reduction in: (i) smectite :illite abundance ratios and (ity the
percemage of expandables as determined by XRD. An exception t/c; ;}Nend occurs a\4040
mbms! where K is slightly depleted and Si/Al is enriched relative to adjacent-sampies. Ak\well
the hngh smectiteillite ratio and high percentage of smectite mterstrauﬁcauon in 1lhte/smekme
is anomalous compared to samples from adjacent intervals. o ' \
Evaluation of 1otal _alkali and alkali-earth cations analysed, "Total Cations”, reveals a\\‘
trend similamto K/(Si/Al) ratios with t;urial. except at 3785 and 4040 mbmsl. At 3785 mbmsl, a
minor calcite constituent observed on XRD elevates "Total Cations" by a marked increase in
Ca?". By ivgnoﬁng Ca’, this sample lies more along a trend of increasing "Total Cation”
content with decreasing Si/Al ratio. From elementl analysis, alkali and alkali-earth cations
(gspecially K"} are more abundant in fine ciays of the lower section, As kaolinite is present
downsection, K- -enrichment in the clay mix'ture can resﬁlt.f rom the océurrcnce of 17 A clay of
higher ordering and/or highly illitic, 10 A clay. ‘
‘ The <0.1 um clays derived from calca_reousmuds‘tone's areLgenerally depleted in Ca?-.
Free Ca?®* in solution has not been ‘incorporated into these clays, However an exceplioh occurs '
at 4040 mbms! where K- Is relatively depleted yet total cation content is fairlyjhigh. Table 3.6

indicates that Ca** content in this fraction may compensate for a lack of K- Possibly
. , N .

/



oL

wre L
[l =8

TABLE 3.6. NORMALIZED <0.1 .m BLEME.‘\'TAL ANALYSES: SHUBENACADIE

Analyses Expressed as %Element of' Total Elements Analyvsed

SAMPL‘E Na Mg Al Si S K Ca
)
S2165 . . N
ICP 0.20 3.73 23.29 5671 , 0.05 4 48 0.34
X-1av not analysed
S2675 ‘ )
ICP 0.28 3.82 21.75 58.92 0.10 3.36 0.45
x-ray nd 2.82 20.15 62.28 0.43 4.73 0.17
S3140 '
ICP 0.14 361 20.28 62 30 0.05 3.1¥ 0.14
X-ray - nd 2.83 19.73 64 .01 024 - 420 0.13
$3665 .
ICP 0.24 3.4 25.05 56.38 0.06 3.79 0.12
X-ray - ot analysed
$3785
ICPy 020 3.6] 23.16 56.27 012 * 475 1713
X-ray nor analvsed
S391¢C 4
( ICP 0.26 2.85 27.37 53.28 0.04 4.82 0.21
X-ray nd 2.29 23.741 57.99 0.3, 4.91 0.04
*$4040 :
ICP 0.21 2.95 26.50 54.92 0.05 4.74 0.39
" X-Tay- not analysed ‘
(¢ .
$4160
ICP - 0.28 2.48 30.07 48.65 0.04 475 0.16
X-Tay 2.08 126.39 53.00 . 0.35 4.82 0.09

nd

Ti

ke

&4

0.34

v 10.¥5
10.70
8.93
10.35
10.42
10.%
10.36

9.92

13.27
12.98
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pore-fluids were depleted sufficiently in K- so that Ca’* was fixed into interiayer sites desp(c
the higher hydration energy of Caz'. (Eberl, 1978).

Variations in the Mg** content of <0.1 um clay compared to Al* z;re shown in Figure
3.6. In the low kaolinile zone upsection, hgg/Al increases with depth although 2:1 layer bhascs
a‘.re primarily dioctahedral. Despite kaolinite occurrence downsection. Mg’" becoines somewhat
depleted relative to Al'" suggesting that 2:1 laver phases are still didctalf/xcdral with burial.

With depth, iron remains somewhat constant in this size range. Relative 1o S Al
trends. there is no marked change in iron until an increase at 4165 mbmsl. In this case, iron
errichment may correspSnd to minor low -angle shouldering on the 10 A peakf(Sj.b”C)

corresponding to the development of Fe-bearing, amorphous interlayer material (Figure 3.6).

WHOLE ROCK ELEMENTA}, DATA .

Whole rock elemental analyses indicate that significant Ca™ occurs beiween 3660 and
4040 mbmsl (Table 3.'}). Ca’ enrichment corresponds with calcéreous mudstones observed in
whole rock XRD., in thin sections and on compaction curves/synthetic seismogrcaibhs. By
ignoring the bulk of Ca*" in calcareous samples, trends of othér major elements czfn be
examined with depth. . | ]

Unadjusted for high Ca*-, K- appears to remain fairly constant with depth. However,
the highest levels of K- occur in sediment associated with calcareous: mudstones, as obsc;ved
when Ca’* is ignored. Consideration of wholg rock XRD and petrography suggesis that K-
resides increasingly in 10 A clay with depth rather than feldspar. |

Downsection, whole rock Al/Si ratios remain f airly constant until 3660 mbmsl;, at
which point the Al/Si ratios jncrease. Relative increases in Al/Si are in agreement with .

quartz/feldspar depletion and kaolinite enrichment with depth as determined by petrography

and XRD. - ) . -

CARBONATE ELEMENTAL DATA . ‘_
To constrain the chemical composition of authigenic, po;e-f illing calcites, samples were .

chosen from the lower portions of two wells recognised as being most diagenetically active’
(Glenelg and Shubenacadie). Polished thin sections"Were prepared, pe}mifting x -Tay elemental

analysis of secondary calcite.
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TABLE 3.7. NORMALIZED - “HOIE ROCK

SHUBENACADIE

.

i

%)

“ELEMENTAL ANALYSES:

I

Analyses Expressed \;/%Elemcms of Total Flement! Analys‘ed;

Ca

T

\

&8

ke

—_———— .

4.43

27.04

36.31 -

16.47

20.81

7.34

SAMPLE Na Mg Al Si S K
S2165

ICP . 1.66 3.08 17.16 59 .01 0.53 4.00
$2675 §

ICP 199 262 155 6029 087 368
$3140 |
ICP 131 254 1620 6333 058 317
$3665 -

ICP 051 180 1068 4703 070  3.66
$3785 )

ICP 043 149 1051 4133 009 4.3
$3910 | _ . )
ICP 046/ 151 1455 5008 103  3.50
S4040 |

ICP 062\ 1.67 1511 4930 026 488
S4160 ~

ICP o 163 1905 5623 063 3.4

0.91

0.85

0.87

0.64

0.59

0.91-

0.83

9.75
9.29

7.95

T 5.02

1150 * -

6.51 0

10.10
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In each case, Figure 3.7 indicates that secondary carbenate pore-fillings contain in
excess of 96% Ca’" in cationic sites. Only minor Mg*" and Fe?- cothponents are present. These
data agree with whole rock XRD which indicates d-spacings characteristic of high purity

calcite.

STABLE lS:OTOﬁE DATA FOR CARBONATE MINERALS ‘

Carbon- and oxygen-isotope ratios were analyzed from samples containing mixtures of
pnmary and secondary calcite (Table 3. 8). 6°C value§ range between -1.8 to +1.5%%,, (PDB),
with Lhe exception of one sample with 6°C = -§.6/,, at Glenelg (820 mbmsl). At least three
carbon reservonrs can contribute to measured §°C ratios: (i) primary fossil-derived carbon
(8“C = 0%,,), (n) carbon produced by oxidation of organic material (§!3C = -25° /o) and
(m) carbgn produced by fermentation of organic material (§"°C = +16°/,,) (Irwin, 1980).
The carbon-isotope ratios obtained f or these samples (except §'°C = -8.6%,,) suggest that the
calcite mixtures contain carbon brimarily derived from a marine reservoir (Hudson and
Friedman, 1976; Irwin, 1980). Petrographic recognition of abundant skeletal debris throughout
each section is in agreement with carbon-isotope information. _

Although the §'°C values of many samples are dominated by primary marine carbon
(Keith and Weber, 1964). some values are either slightly enriched or depleted in !*C. Slightly
lower or higher values suggest a'very minor ¢ontribution of carbon derived from bacterial
reactions such as the oxidation and/or fermentation of organic matter (Rosenfeld and
Silverman, 1959; Irw}n, 1980). '

L Although primary fossil-derived calcite dominates the carbon-isotope signature of

secondary calcne limits on the §'°C of secondary calcne can be estimated assummg that

- _secondary calc:te comprises only 10 to 30% of any mixture, If the §°C of pnmary calcite is ¢+

approxxmalely 0°#6o (Keith'and Weber, 1964), the maximum §"*C of calcite, contammg a

: component of nsotoplcally heavy carbon from organic fermentation, reaches +4.8%/,,.

Ccfnversely the mlmmum 8C of caicite, contammg 1sotop1caﬂy light carbon from organic
oxidation, reahes -5.9%/,,. However given the potential varrabllxty of §**C in detrital
carbonates (Gross 1964), only very limited orgamc rcacnons may have occurred in these

sequenoes despite signifieant burial depths.
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Ral‘xos of -oxygen»ismopos (versus SMOW) fré‘rn mixtures containing greater thar 705
detrital caicite, are plotted agdinst present sample deptf\? (Figure 3.8). These ratios (§*Q =
+32 10 + 24“/00) mdi:;c that calcite mixtures éencrally become depleted in **O with burial.
Glenelg anoVTri\umph follow burial trends which are similar below 1000 meters. The only two
samp‘les analyzed from Acadia plot at slightly higher §'*O values at equivalent bural depths. In

‘,coﬁmrasAl_ 6''0O values at Shubenacadie are enriched by over 2.5, compared to other wells at
simildr burial depths. ‘

As samples‘comam pnmarvil_v detrital calcite. consideration is given (o its
oxygen-isotope properties. f’n’or o any isotopic reequilibration, most marine fossils are in
equilibrium with seawater at low temperatures (e.g., 5C) (Keith and Weber, 1964: Anderson
and Arthur, 1983). At high temperatures (i.e., >190°C). Clayton (1959) determined that
caicite reéquilibragjcs completely with ambient pore-fluids. However solid-state, isotopic
Teequilibration becomes less efficient at lower temperatures (i.e., <100°C) (H"udson and
Friedman, 1976; Millikan et al., 1981).

Although mixtures containing abundant detrital calcite are not éxpecled to exhibit
extensive reequilibration over the temperature ranges examined, some reequilibration mst have
occurred to produce observed '*O-depletion. Hudson and Friedman (1976) and Anderson and
Arthur (1983) considered that **O-depletion is due 1o equilibration at: (i) higher temperatures
and/or (ii) from isotopically light pore-fluids. Estimates of equilibration temperatures for
calcite mixtures can be obtained using measured §''O values and estimates of 610 for

pore-fluids, in the equation for the fractionation of calcne and H,0 proposed by Frxedman and
- O'Neil (1977): ’ .
\ ., 1000ina = 2.78x10%(T) - 2.89.

-When evalual}ng the implications of **Q- depleuon szlh hurial, a first approxxmauon
involves partial reequﬂbranon of calcite in the presence of pore-fluids whnch have not ' )
undergone post-depositional *O-enrichment or dg'pleuon (i.e., remaining near 0°/,,). This is a
reasonable assumpu‘on because extensive *O-depletion of pore-fluids in fine-grained
sediments, by infiltration of meteroic waters through submarine aqujf ers originating on land, is
not anticipated. These sections generally have remained in a marine sleumg along a passively
subsiding margin. As well, compaction and geochemical (i.e., XRD, !petrography) information

suggest that pore-fluids have not circulated widely and-have not evolfved significantly from a

-~
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Assuming that the §°'O of pore-fluids have remained near O°/00,'isotopic lemperatures

" can be calculated that increase with depth, but remain lower than burial lemperatures €stimated ‘

by pettophysical methods (Table 3.8).
‘ L

‘ Mi’n"or 'O -depletion of pore-fluids in fine-grained sediments. in response 10 ea

chemical reactions, has been reported during shallow burial to several hundred meters (Irwin,
1977). Assuming 'O -depletion of pore-fluid by 3%/,,. isotopic temperatures. are now very much
lower than petrophysical estimates of present burial temperatures (Table 3.8). Such low
1sotopic lemperatu;es suggesl a low degree of reequilibration of detrital calcite in agreement
with Hudson and Friedman (1976) and Millikan et al. (1981).

The prevxous two cases suggest that if minimal reequilibration has occurred in these
sequences, m,nor ”O-d%ple{n{pn of pore-fluids is possible. Although "*O-depletion is expected
for shaljowly buried pore-fluids. this constrasts with pore-fluids which have become
"*O-gnriched in response to the transformation of smectite to iliite during deep bunal (Suchecki
and Land 1983). However *O-depletion in pore-fluids may not be as great at Shubenacadie
where calcite mixtures are more deeply buried and are slightly enriched in **O compared 10
otier wells. Shubenacadie also exhibits a greater degree of illitization than other wells.

~- )In summary, J;O-depletion in detrital calcite with burial is likely due te-partial isotopic

reequilibration. §'*O values suggest that pore-fluids may have become slightly depleted in 1*O

by upto 3%,,. r

s

< At Glenelg (820 mbmsl), an isotopicaily light '*O value of +24.4°/,, was meashred,

corresponding to the affomalous 88C value of 8 6%/, cited above. Considering that this sample

is shallowlv buried at presem these low xsotOpxc ratios suggest that this calcite has equilibrated .

thh pore-fluids comammg a sxgnrﬁcam Componem of meteoric water.

»

D DISCUSSION OF CHEMICAL D‘IAGENESIS

Fine- gramed clastic rocks frorg the shelf and slope are composed primarily of detrital

or transmonal phase's wnhout abund’am aut.hngemc consmuents Secondary and altered

‘mmerals mdxcate that Upper Cretacebus and '{ertnary rocks from offshore  Nova Scotia are

dmgenetl’i‘ally immature. In this discussion, a geochemmaﬁ model is proposed to explain the

‘dlageneuc observauons from these deepLy buned fine- gramed rocks
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Understanding the nature of pore-fluid chemistry is important because it can
significantly affect subsequent di;.agenetic processes (Hurst and Irwin | 1982). As most of these
[ine-grained rocks were deposited in marine environments, early pore-fluids were dominated b\
seawaler. Throughom their burial history, pore-fluids probably have evolved only slight!y from
a marine precursor characierized by high. total dissolved solids and pH: the maximum
"*O-depletion is roughly -3°/,, An exception may have occurred at the shallowest depths of
Glenelg where meteoric influences are suggested by *O- and"’C-deplcUon_ possibly resulting
from sub-aerial erosion. ¢ A

During the earliest stages of burial, pyrite and calcite precipitated as secondary phases.
Pyrite occurs both in framboidal and euhedral forms‘, suggesting that geochemical conditions
varied during burial. Coleman and Raiswell (1981) attributed variations in pyrite habit to the
early diagenetic transition from; (i) apen ma;inc~surpha}c replenishment o (ii) a closed
sulphate reservoir during sulphate rediction, occurring after only several meters of burial. This
mechanism suggests that secondary pyrite xs formed very early (i.c.. neoformed). Early pyrile
formation is corroborated texturally; the framboids precipitated in large micropores prior (o
exlensive compaction. '

In association with early pyrite, secondary calcite precipitated as an early phasc: (i)
rimming micropore walls and (ii) infilling micropores 3s in[erlocking rhombs. From textural
relations, euhedral pyrite and seconda;y calcite appear o have formed contemporaneously
during early burial. Calcite could have prcciphéled in response to: (i) increased pH through
sulphate reduciion and (ii) diminished c_alcite. solubility as fluid temperatures increased with
burial. §"°C data support this interpretation; the §°C values are typical o?cari)onale derived
from a marine reservoir with only a minor, orgari'icallv derived component. Stabie isotope
results do noj suggest thc occurrence of secondarv carbonate mmerals derived from higher

, lemperature, orgamc reacuons such as described by Irwin et al. (1977).

A possxble rr{échamsm for secondary calcite formation, modif xed from Irwin ( 1980) I8

CH,O + 2SO, + FeOOH + 14H* + lle- » FeS, + HCO; + 8H.0 (1).
Although. mechamsm (1) is active onlv in the presence of free sulphate Mgns durmg its
operation alkalinity is increased. By [hlS mechanism. sulphate and amorphous iron compounds
are reduced tthugh bacterial oxidation of organic matter, producmg HCOy', Fe? and HS .

Pyrite precipitates in response to very low solubility over most pH ranges (pers. comm., A.
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Crowe). During pyrite formation, calcite which precipitates 1s charactenized by low iron
contents because pyrilé formation buffers available Fe'- activity 1o very low levels. As well,
bicarbonate ions, released into solution to form secondary calcite, hav-e a slightly depleted °C
signature. Secondary calcite also can incorporate **C-enriched carbonate being produced by
carly fermentation reactions { Rosenfeld and Silverman. 1959)..

Mechanism (1) suggests that the formation of early pyrite and calcite is rﬁutuall)'
dependent upon lh‘e Eh-pH conditions established by sulphate’and émorphous iron reduction.
Onée free sulphate is consumed in a closed system, furtherﬁoxidation or fermentation of organic
material (CH,0) produces CO; which dissolves into the pore - fluids of fine-grained rocks,
changing their §'°C values accordingly. Although Fe?* may be available to crystallize in
Fe-calcite because HS is buffered to low activities, increased CO,; in solution stops carbonate

» precipitation, and possibtybegins consuming existing carbonate to buffer the decline in pH
according to the following mechanism:

CaCO, + CO, 4+ H,0 » Ca* + 2HCO,(Stumm and Morgan, 1981) (2).

Mechanism (2) implies that: (i) pore-fluids Become weakly acidic in fesponse 1o
organic reactions, (ii) calcite dissolution is directly proportional 1o pore-fluid flux, (iii)

secondary Fe-carbonate is not precipitated during early oréanic activity and (iv) existin;
secondary calcite is likely an artifact of e‘;irlier neqformalion during shallow sulphate reduction.
In this way, existing detrital and neoformed calcite can be corroded during subsequent’ organic
reactions, possibly accounting for a lack of secondary calcile_ throughout much of the section at
Glenelg. The 6*°C value of residual calcite likely remains unchanged as observed.

*  The diagenesis of shelf and slope sections can be interpreted beyond early burial. The
shelf section at Glenelg exhibits posAt-depositional alteration of .detrital feldspars at present
temperatures as low as 40" C. As well, <0.05 um, 10 A clay exhlb"s a trend toward increasing
expandabuny with bunal (depotassification of mica) not observcd in coarser 1Q A clays or fine
clays f romv:)ther wells. Complementing these observations, neoformed calcite is uncommon at

Glenelg. #

Acidity is a likely cause of mineral dissolution because high, total dissolved solid
concentrations, typical of marine-derived pore-fluids, preclude solubility disequilibria as a
dominam,\ir:ﬂuence on mineral d,issglution (f—lﬁrst éhd Irwin, i9,82). Fluid acidity could have
been generated by solution of CO,, produced by organic réactions, into pore-fluids during

. -
;
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deéper buriai. Possibly, pore-fluid acidity was more effective at Glenelg because of greater
pore-fluid mobility than elsewhere on the outer shelf or slope. '

The incipient dissolufion of deéply buried, detrital feldspar observed only at Glenclg
can be described by an incongruent reaction mechanism cited by Hurst and Irwin (1952):

T 2KAISIO, + 3H' + H,O = ALSLO\OH). 4 4Si0, + K- (3).
This mechanism suggests that feldspar is dxssolved in the presence of weakly acidic pore {luids.
producmg kaolinite (aluminum conservauon) and evolving silica and K*. However Surdam ct
al. (1984) suggested that aluminosilicate dissolution by carbonic acid is not viable because Al
can be transported; unrealistically h;gh pore-fluid fluxes would be required 10 compensalce {or
low Al* solubiiizy in the presence of this acid. They suggested that aliphatic acids, which form
in response to kerogen maturation, are responsible for feldspar dissolution by increasing Al
solubility in response {0 complcxalior; with oxalate anions (C,0% ).

At Glenelg, dissolution qavx’lies in feldspar do not contain abundant aulhigen‘lc
kaolinite. This suggests that Al’* was transported by complexing agents away from sites of
pitting in contrast to reaction (3). Possibly, kerogen maturation and as_sociatcd organic acid
production were initiated in mudrocks at Glenelg at temperatures as low as 40°C (53°C if buried
more deeply). However, although early oxalate production from kerogen oxidation may have
occurred al cool burial temperatures, pitting tould have been inhibited by reaction of oxalate
ém’ons with calcite to produce Ca-oxalate salt. Preferential consumption of calcite (Glenelg) by

late anions would have reduced Al’* mobility.

In contrast to Glenelg, Triumbh and Shubenacadie are characterized by (i) intact

secondary calcite having a marine §"°C signature, (it) unaitered feldsparand (iii) 10 A clay of

. low expandability. Preservation of these phases suggests that pore fluids were not highly

. corroswe However, even if limited organic reactions were Qccurrmg pore-fluid mobility was

. probably diminished, mhnbmng ﬂushmg of constituent grains by weakly acidic fluids.

‘ The naturé _oT eXpam‘ilable clay altefatibn glso can characterize lhevslylc of diagénesis in
these ﬁne'graincd rocks. Shubenacadie is discusse:d f ifst because this section exhibits the

greatest degree of clay alteration. Results from <0.1 um XRD.data suggest that below 3140

. hbmsl, 17 A clay has undergone limited trans formation to a more highly ordered, mixed-layer

structure (i.e., illitization). Despite the presence of detrital illite and kaolinite, XRD results

suggest that randomly ordered, smectite interstratification in‘ 17 A clay has decreased from

»
®
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>75% at 3140 mbmsl i0 <55% at 4040 mbmsl. As well, the 17 A clay polvtype has changed
with burnal from essentially pure montmorilionite upsection to a mixture with some beidellite
downhole. From this evidence, illitzation appears to be at a preliminary stage on the lower
slope.

The illitization reaction may be ongwing 10 some degree via laver by laver
transform:au'on of smectite 1o illite. Part of the process may require that montrhorillonftite

transform to an intermediate, smectitic mixture containing a beidellitic component by the

following mechani$m:
Si;(AL.Mg).(OH).0,, (Montmorilionite) + xAl'* -
(Si,AI‘).(QI.Mg).(OH).O,0 (Beidellitic Smectite) 4 xSi*- (4).

This mechanism requires that layer-charge density increase via isomorphous substitution in the

tetrahedral layer with depth. However appreciable cation fixation (e.g.. K*) is not anticipated.

In comrzlsl to Boles and Franks (1979). an illitization meéhanism involving mobile A’ is

preft'erred because: (i) Al’* can apparently be complexed and (ii) illitization by tetrahedral

smfbétitution may be easier at lower temperatures.

*  Elemental data confirm that below 3140 mbms!. certain éations are held w&hin “
interlayer sites in <0.1 um clay (i.e., specifically K*). Even in regions of high kaolinite content
below 3140 mbmsl, increases in Al/Si ratiog with burial indicate that progressi\yillitization has
occurred. Yet throughout Shubenacadie, K/(Si/Al) and Al/Si ratios are most similar to
smeciitic phases having a’low degree of isomorphous substitution. This was determined by
comparison of elemental data from Shubenacadie with standard mor.nmorillonites and micas.
Prcsuming that partial illif"tzau’on has occurred at _Shubenacadie, collapse of interlayer sites may
have resulted in only minor expulsion of Ca?", Fe’- and other c%tions imo the pore-fluids of
fine-grained clastic rocks (Boies and Eranks, 1979). _

e N T Oxygen -isotope data from calcite at Shubenacadie indicate that over the temperature
range examined, calcitesamples are slightly enriched in *O compared to other wells As partial
1sotop1c reeduxlbraumely. '*O-enrichment suggests that pore-fluids at Shubcnacadxe were

- not as depleted as elsewhere\perhaps because of fluids der:ved from partial illitization
(Sucheckx and Land, 1983). \\
Examination of the slightly coarser, <0.2 ym f rac/n;in confirms that diagenetic cla)

: alteration is mast common only in a small portion of any slope sample. In this size range, 17 A
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1
clay generally contains a higher proportion of smectite interstratification, with less illitization
than in the <0.] um material. This observation implies that <0.2 um clav has remained

comparatively inert. .

trom Glenelg, <0.05 um size clay gxhibits a weafh\degree of illitization than on the
lower slope. This is anticipated as m;ximum burial temperatures of prkr Crelzfctous and
Tertiary sequences are cooler than at Shubenacadie. even When adjusted for possible erosion .

In contrast. smectite interstratification in <(.2 um, 17 A clay increases with depth at
Ac@a. Highly smectitic 17 A clay is observed throughofttt ih‘e) entire sizc.-f"racnon in all )
samples. In brief, <0.2 um clay from Acadia appears to be diageﬁéiifally inert relative 1o
similar size-fractions from the lower slope or outer shelf . Corre§pondingly. although Acadia is’i
situated physiographically between Glenelg and Shubenacadie, belo»w roughly 2304 mbms! ) : 6
present burial depth, Acadia contains 17 A clay which is more rdndomly,mléfivtkaxiﬁed than v
similar age clavs from the previous tWo wells. This trend is corrobordted by examination of ¢
<0.1 um clay data from Triumpl{. A lack of illitization in thé latter sections suggests diagenclic 1
inmaturity relative to Glenelg or Shubenacadie (i.e.. lower burial temperatures, less
compaction). ‘ )

When examining illitization trends across the outer shelf and slope, consideration must
be given 1o the source of K- and Al> required for this transformation. Coarser size - fractions .
from Glenclg, Acadia and Shubenacadie contain highly illitic, 10 A clay. However, with the
exception of <0.05 um 10 A clay from Glenelg, only minimal depotassification was 6bserved in
the lower parts of Glenclg and Shubenacadie. Recognition of unaltered 10 A clay suggests that
mica alteration has not céntributed significant K* to pore-ﬂuidc. t' rom the Nova Scotia shelf or
slope. As well these secl/xons are feldspar- poor. Petrographlc work indicates thal K -feldspar is
unaltered and shows onfy minor evidence of dxssoluuon at Glenelg. As a result, K -feldspar also
is not likely a major sqmce of K- and Al’* within this stratigraphic sequence.

Iﬂimited illil@&ation is occurring, K- and Al’* required for transformation may be
transported from mq/}e deeply buried units. At Glenelg, this is posgsible because this section is

thought to have undergone a greater degree of compaction. As well, Glenelg is underlain By

coarser clastic units which may have undergone sufficient feldspar dissolution to provide

cations required for illitization.

!
/ N .
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-Cation transport from depth iikely 15 less iénportam at Shubenac(adié where -
permeabilities are thought to be lower. Probably . fluid movement has b:en inhibited through
such a thick sequence of weakly overpressured, fine-grained rocksv. Throughout the burial
sequence, this is suggested by intact microfossils which are either open or partly filled with

secondary calcite. In specific instances. differential filling of microporosity occurs within a few
meters of burial. As well, Shubenacadie is not lhouéht to be underlain by appreciable sediment
which is K -feldspar rich.

Diagenesis of the clay fraction mayv be summarized by noting that oniy the finest
expandable constituents are diagenetically active. Although smectitic phases contained m%the
original detrital input were mixed with significant amounts of illite and kaolinite, sufficient 17
A clay is thought to have existed. to be available for illitization under suitable conditions.
Inhibition of illitization may be a response 10: (i) low burial temperatures, ¢ii) poor sources
for in-situ K- and (i11) low pore-fluid fluxes.

Ilitization has progressed further on the lo;ver slope than on the outer shelf; maximum
bunal temperatures are higher on the lower slope. However examination of temperatures
measurcd at vano?tages of illitization between each well d%?peuevea] strong lemperature
dependence. Diagenesis in these rocks appears to be most significantly in fluenced by pore-fluid
interactions controlled by undercompaction and associated bigh fluid p_rcssu.rcs.

Illitization ;eactions may expel cations and silica into the pore-fluids of f ine -grained

‘rbcks. However, extensive expulsion is not likely to have occurred even in the most
diagenetically active sections (Glenelg and Shubenacadie) because this process is at an early
stage. ’ ' '

The only mdlcallon of late ‘Stage exposure and non-burial related influences occurs in
the shallowest section at Glenclg 6*O and §"'C values for calcite suggesg\otopxc exchange
with isotopically light pore-fluids, containing some orgamcally derwed carbon. The possibility

of meteoric influence agrees with the suggesuon in Chapter 2 of erosion in the upper section at

Glenelg.
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E. SUMMARY OF MINERALOGICAL AND GEOCHEMICAL STUDY

1. Secondary pyrite and calcite were precipitated during very shall(])w burial. A possible
reaction mgchanism is the reduction of sulphate and amorphous iron through t;acterial
oxidation of organic material. During such an event:
a. Pore-fluids are characterized by low Eh and high pH (alkalinity);
b. Upon consumption of SO; , pore-fluid chemistry becomes mildly acidic as dissolved

CO. is generated by organic reactions. Subsequent **C-enrichmeni or depletion 1s not
o recorded in secondary carbonate cements because :pore - fluid ct}emnstr)' was ot
‘ for - -

conducive to carbonate precipitation.

-

2. Corrosion of detrital aluminosilicates is recognised only at Glenelg:

~

s . " .

a. Although pore-fluids likely became acidic during shallow burial. extensive feldspar;u
dissolution did not occur until the onset of kerogen maluration'; ) S o
b Alteration of detrital feldspars without prec:ipitalion of abundant kaolinite indicates /J
’ tha't complexing agents removed small amounts of Al' in solution. Fluid flux ma.y
have been sufficient in this sequence to flush away Al'* complexes.

3. After some 1000 meters burial, partial illitization fcaciions are observed at-Glenelg and
Shubenacadie, but not at Triumph anc Acadia. At Glenelg and Shubenacadie, incomplete
illitization resulted in persistance of 17 A clay toward the bottom of each sequence :

a. At Shubenacadie, smectite is less randgmly ordered with depth reaching approximately

y 50% smectite downsection. As well, montmorilionite is associated with beidellite below

3140 mbmsl. In agreement, elemental data indicate increases in Al/Si and K/(Si/A,li\ P
ratios with burial. §'*O data suggest that pore-f luid;,ﬁre less depleted in **O than other !’
K - wells, commensurate with partial illitization: . - : . /
b. At Glenelg, partial illitization is recognised in <0'.05 um clay. However the

transformation has: (i) not proceeded as far as at Shubenacadie and (ii) is not \
recognised as strongly in coarser f ra'ciidns.

4. The diagenesis of fine-grained rocks on the Nova Scotia shelf and slope is immature:

| a. Detrital constituents do not exhibit extensive depotassification. Probably, abundant K
was not derived frgm within these sections; - , -

b. Isotopic analyses ol carbonates suggests.that pore-fluids were of seawater composition
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in 'O (0°/,), or have undergone minor *Q- depleuon Significant evolution from an
mmal marine precursor has not occurrcd

¢. Inhibition of mineraglakeration during intermediate burial suggests that: (1‘)'
pore -fluids were not rich enough in req'uired cauons (i.e.. K- and Al’"), and (ii)

ambient conditions (i.e.. pH, temperature) were not favorable for mineral

transformation. /

Temperature may not be a major control on illitization of deeply buried shaly sequences.
Pore-fluid mobility may have strongly influenced authigenic mineral prccipitalion‘ detrital
grain corrosion and clay transformation. .

Recognition of isotopically light 6"*0O and 6°C values onr calcite at,the top of Glenelg

provide supporting evidence for late stage erosion of this sequence.
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IV. GENERAL DISCUSSION AND CONCLUSIONS

A. INTRODUCTION N

Considening information and concepts presented in pievious chapters, a dxqgcnelxc
model 1s proposed for fine-grained Upper Cretaceous and Teruary sequences from
offshore-Nova Scotia. This model then can be compared 10 models of Ih\e diagenesis of
fine-grained rocks developed from other passive margins. Such a comparison can reveal
whether similarities exist between the style c;f diagenesis from the Nova Scoua she}f and slope,
and styvles from other settings. As well, a critical apprl of the Nova Scotia model. may
provide new insights into physical and chemical processes active duTing burial diagenesis of
shaly sediments in such a geologic setting. | \ J
B. MODEL OF THE DIAGENESIS OF FINE-GRAINED CLASTIC ROCKS IN

OFFSHORE-NOVA SCOTIA

Tectonic information presented in Chapter | established a framework for studying the
diagenesis of fine-grained clastic rocks from offshore- Nova Scotia. In this fra'mev./ork,
continuous deep-marine deposition of very fine-grained sediments resulted in high initial
porosifics containing pore-fluids of marine character. The thickest sequences of fine-grained
Upper Cretaceous and Tertiary rocks were deposited along the outer shelf and slope. For thijs
reason, investigation of burial diagenesis in f ine-grained rocks is best suited to sequences
examined in this study. .

Throughout this region,.subsidence has diminished since the Early Cretaceous. As a
resuli,geothcrmal gradients are presemly low and stable so that current burial conditions
reflect maximum temperatures experienced throughout the histery of these rocks. In general,
uplift and exposure are not suggested from offshore-Nova Scotia sequences. Only at the
shallowest depths of the most landward well ( Glénelg) are exposure and meteoric influence
indicated. _ | _

As uplift generally has not affected these sequences, local tectonic history has resulted
in the strong influence of early compaction. Tecfonically controlled deposition of fine-grained

sediment, in a marine séuing, has resulted in sec?tions that are poorly compacted despite burial.
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Or the Nova Scotia slope . appreciabie undercompaction occurs n sections that are ,
overlain by hundreds’ of meters of unconsolldazed_ material The presence of abnormally high
porosx’!gés despite burnial suggests that shghtly higher fluid pressures occur in certain 1ntervals.
As a result. thesc fine-grained rocks are: (i) somewhat closed (o upward flud circulation and
are (1) not suitably compacted despite present burial conditions. Compaction characienstes of
these sequences are immature compared 10 sections having less porosity vanability. Weak
compaction in these deeply buried slope sequences may mhibn.porc»fluxd flux from outside the
system and suppres$ geothermal gradients resulting in cool temperatures al maximum burial

Exceptions lO\hlS trend are observed at Glenelg and the lower part of Shubenacadic
These sections exhibit 2 more mature style of compaction resulting in: (1) higher maximum
bumnal temperatures. (it) increased fluid flux in response 10 compaction and dewatening and
(i) a greatér potenudl for fluid circulation because hvdrodynamic barricrs related to
undercompaction are diminished.

Chemical alteration of fine-grained clastic rocks from the Nova SCO.l;la shelf and siope
was strongly influenced by compaction. Chemical diaéenesns'is immature because '(i) detrital
phases dominate whole rock mineralogy and (ii) carly diageneuc phases persist to great depths
in certain sequences (i.e., Shubenacadie).

Mineral phase; fcsulu'ng from early diagenesis suggest a strong marine influence,
indicative of pre'cipitation in sediments that were neither deeply buried nor significantly uplifted
(Coleman and Raiswell, 1981). During the earliest stages of diagenesis, necessary ingredients
for the forﬁation of secondary minerals were derived from ambient pore-fluids of low
mobility. No deeply derived fluid flux was required to supply Fe’", Ca‘', HS and HCO, for the
formation of neoformed pyrite and calcite. \

An exception to the trend of early phase preservation occurs at Glenelg. Aside from
éalcareous mudstone units, secondary calcite is uncommon. As well, preliminary feldspar
dissolution is recogriiscd. Sources of required acidity include: (i) CO, produced by oxidation
and/or fermentation of organic matérial and (i1) -productjon of aliphatic acids by kerogen
maturation or oxidation. Early calcite remnants suggest that the ambient pH of pore-fluid was
in a moderate to high range designated as the optimum range for aliphatic acid production.

Possibly, acid production was not far advanced.
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, lmr?laturm of chemical dxagenesxs is suggesied further by clay mmeralog\ In these N

-

@quences most clay minerals are either detrlLa' or have underzor;c limited mmeralogrc -
nsformation. For example. although montmorillonite is the dominant smectite polvnpe

9
%ﬁ{oughout mosj,of these sections, some degree of smectite transformation to a more illitic.

o ' "

m"ﬁ -layer clay is recognised. -
P -

- As discussed in Chapter 3, illiuzation of 17 A clay has not been extensive. This
transformation is most ?cadxl) observed in very fine size-fractions from Glenelg and the deeper
sectpn at Shube;{écadlle_ Ta'hle propo;uon of interstratified smectite digninishes downsection 1o
rouszhly 55% at teggnperatures ranging from 64" 10 100°C. At both sections. the onset of
xlhuzauon occurs ;z roughly 40:C. I-rom this information, ‘varxauons in the ratxos of

. smectite:illite abundance likely are due 1o deposmonal clay distributions, rather than a response _
1o diagenetic transformation of smectite. ‘ D

* Al Acadia and Triumph diagenetic immarturity is suggested by complelc absence of
. mcreasmg xﬂmzauon despite ‘burial depths of approximately 2000 metexs and maximum - ¢
downhble temperatures as high as 68°C. o
 ‘ Illitization patterns ;;ermit additional speculation about the diagenetic style of outer
shelf and slope scduences.. Considering the iflitization mechanism discussed in Chapter 3, a
source of K- and ‘Al" is required to fuel the reaction. Although these sections do not contain
abundant dem‘taa! K-feldspar, at Glenelg K -feldspar dissolution and leaching of very fine
(<0. 05 um) 10 A clay may have contributed a portion of those cations required for the K

transf Ormauon However the advanced degree of compacuon evident Fle; lg may also have
& -

¢
'

generated pore- _ﬂund flux, stimulating illitization of smectite. N

At Shubénacadie, absence of both K -feldspar dissolution and 10 A clay leaching
suggests that K* and A'l" were provided mainly by flushing with pore-fluids bearing suff; iciemA
concentrations of ‘appropriate cations. However, recognition of : (i) undercompacted lenses
capable of mhxbmng upward fluid mobility and (ii) a lack of elemental evidence supportmg
addmon of K" 1o whole rock sa,mples (from deeply buried sources), suggests that K* and Al
derived from fluid flux, in response to progressive compaction of more deeply buried,
fine-grained rocks are not abundant. . ) o

A mechamszn of illitization requmng K’ and AFP* from expelled pore-fluids, possnbly

f rom depth provndcs an explanation for mhxbmon of 17 A clay illitization at’ Acadxa and

.
"y . .
Jpc . . ’ ‘ )
x{f
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Triumph. As these sections are suspected of bcxng poorly compacted, possibly these units were
not exposed o sufficient fluid flux to permit illitization. The compaction character of these
sequencés may have exercised more influence over their diageneuc styles 1han chemical or
tcmperalure considerations. Apparently Triumph has not undergone exlensw\ clay diagenesis,
despite maxlmum burial depths in excess of 2000 meters at temperatures of approximately 67
C. DIAGENESIS OF FINE-GRAINED CLASTIC ROCKS IN OTHER BASINS
" Studies"of the diagenesis of fine-grained rocks have been conducted in diverse geologic

settings. In this section, highlights of investigations from several basins are presented and
compared with the model outlined préViously for the Nova Scotia shelf and slope. From this
comp;arison, it is possible to assess: (i) whether the Nova Scotia diagenetic model is rcasonable
given its éeological setting and (ii) whether any impojtant differ,ences exist which may provide
additional insights into diagenetic mechanisms in fine-grained rocks. '

The diagenesis of mudrocks has been investigated in detail along e U.S. Gulf Coast.
Models developed from this basin amphasize chemical diagenests, specifigdllyv the L
transi”drmalion of smectite minerals to illitic phases in response to butial .

A physical approach to burial-related collapse of expandabie cla;:was taken by Burst
(1969). Considering changes in smectite expandability as an important diagenetic reactionsin
mudrock;, sfectite collapse was attributed to loading affects resulting frdom overburden
pressure. From observations, expandable clay collapse and dewatering become morc complete
with increasin_g burial depth.

During a geochemical examination of deeply buried mudrocks (14,000 ft., 4267 m
" thickness), Perry and Hower (1970) describad the transformation of smectite to illite reaching
20% expandable layers in < 1 .0 um clay. The lowest degree of expandability was mcasurcd at
3292 meters (10,518 ft.) be10w which no further collapse was observed. Perry and Hower
(1970) atmbuted smecme collapse to fixation of K* into.smectite-interlayer sites in response (o
increasing, nt_:gauve layer charge. A concomitant decregse in the abundance of detrital 111116 o
suggested to Perry and Hower (1970) that 10 A clay mighl be a source of K-. As the degree of .- =~
illitization measured from offshore-Louisiana was less than a{ equivalent depths from on-land

wells from Texas, Pefry and Hower (1970) suggested that temperature (i-e., geo;hefmal

gradient) was the greatest control on smectite illitization. ' ° ’

L4
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A more comprehensive, geochemical model of mudrock diagenesis was proposed by
Hower et al. (1976). From examination of very fine clay - fractions. a trend of illitization was
described reaching 20% interstratified expandable layefs at a maximum temperature of 95°C.
Coupled with belief of temperature dependence of the transformation, Hower et al. (1976)
observed changes iﬂ the mx'ne.ralogical and chemical character of whole rock, deeply buried
samples. Very fine fractions are observed 1o become enriched in K.O and Al,O,. and depleted 1n
510, with progressive burial. As well, whole rock XRD indicates that K -feldspar and calcite
disappcar over the depth range at which illitization ceases.

Howcf et al. (1976) proposed that smectite illitization, resulting from isomorphous
substitution of Al’* for Si*", proceeded by increased 2: 1 layer-charge density so that K- was
" fixed into interlayer sites. Cations requnred for illitization likely were derived from K -feldspar
dissolution. Acnd’fly required to leach detrital, aluminosilicate grains resulted in calcite
dissolution. A sink for Mg?* and Fe’, thought to be released from smectite octahedral layers,
was assigned (o chlorite formation in deeper parts of the burial sequence. However a specific
mechanism of chlorite formation was not discussed.

Possibly, pore-fluid flux was an important aspect of mudrock diagenesis because SiO,.
from felddpar dissolution and isomorphous substitution, could have been emitted into mudrock
pore-fluids. Hower et al.'s (1976) model required sufficient pore-fluid mobility to supply '
necessary cations for the reaction and to remove reaction products (i.e., SiO,). Unlike p'revious
studies, this investigation proposed a comprehensive mo;jel mtegrating temperature and whole
rock influences on mudrock diagenesis to create the image of an active, but closed, geoch'emical
system operative during deep burial. /

Yeh and Savin (1977) examined light stable isotopic properties of various mudrock
constituents. Their study corroborated the model cited previously by suggesting that illitization
is a real proceis which may have been active during burial along the Gulf Coast. The §'*O
ratios of various clay size-fractions were measured and converged to unif orm and lighter values
upon deeper burial. As well, Yeh and Savin (1977) measured the isotopic signature (;f very
fine-grained quartz and quartz rims, and its enrichment in **O rellatichto detrital phases. By
determining that a quartz-smectité/illite isotopic geothemometer could estimate present burial
lemperatures above 85°C, they suggésted that very fine quartz was authigenic and had formed

near equxllbnum with illitized smectite (Yeh and Savin, 1977 Eslmger et al., 1979). This

1



suggestion supports a model of illitization through ca.on fixaton in response to K feldspar
dissolution and SiO; emission into pore-fluids (Hower et al.. 1976).

An alternative model of progessive illiization was Qroposed by Boles and Franks (1979)
for Gulf Coast diagenesis. To account for large amounts of authtgenic cement in particuiar
sanastone units, they devised a mode! which would conserve Al* in 2-1 laver phases by
consuming smectite lavers during illitization . Regardless of whether this or Hower ¢t al '«
(1976) model is correct. apparently both reactions consume K- and emit cations and Si0; into
ambient pore - fluids.

Previously cited studies considered mudrock diagenesis 1o be an ongoing process with
burial. However, Morton (1985) has offered a model of punctuated illittzation as an allernative .
té cl'assxc models of progressive illitization. From> a Gulf Coast burial sequence exhibiting any
irregular illitization trend, Rb-Sr age dating of mixed-layer clay indicated that all phases
equilibrated at roughly the same time along that trend, shortly after initial burial. Morlon.
(198%) suggested that illitization occurred at shallower depths with maximum burial of <1200
meters (1.e.. low lemperature), prior to deep burial. Possibly, illitization was initialeq at
shallow depths in response to flushing by meteoric wale(during sub-aerial exposure. Mecteoric
fluids encouraged illitization because of increased acidity and higher feldspar solubility. During
subsequent marine transgression, seawater influx inhibited further smectite transformation
resulting in preservation o-f an ancient trend of décreasix.g smectitic interstratification. Morton
(1985) considered recognition of mixed-layer clays containing 50% smectite inlefgf;z\ar{f)ca-lion
al temperatures in excess of 100°C as evidence of possible inhibition of illitization.

As well, significant variations in the styl'c of diagenesis can be recognised between
depositional basins. In a general evaluation of the effects of smectite dehydration upon
§lructural development, Bruce (1984) discussed the variability of tempceratures over which
illitization apparently was initiated. Even within certain basins, (;nsel temperatures of smectite
illitization are wi-dél_v variable. At the Louisiana Gulf Coast, the onset of illitization occurs at
temperatures ranging from 71°C to 163°C. In comrasi, temnperatures for the onset of illitization
from in Brazos River area, Texas have a narrower, but higher, range from 93 to 138°C.
Louisiana s'mectite contains dn appreciable beidellitic component, in contrast to a
predominantly montmorillonitic mineralogy at Texas ( Bruce,1984). If illitization procceds by

tetrahedral substitution, as suggested by H‘ower et al. (1976), the localized octurrence of



beidellite may assist illitization .

An extreme temperature for iniual ilhtization of 150°C was measured al the Nigér
Delia. This delta 1s characterized by : (i) an abundance of kaolinite relauve to smectite and (ii)
a brackish to marine pore-fluid composition.

The wide variability of temperatures assigned to the iniuation of illitization was
attributed by Bruce (19%4) 1o the diversity of whole rock mineralogy and the specific type of
smectite present. Close correlation was observed between the disappearence of K -feldspar with
burial and the termination of illitization Altliough Bruce (1984) recognised that
undercompacuion occurs in certain fine-grained sequences. consideration was not given o the
influence of variations of pore-fluid chemistry and pressure upon diagenesis.

Smectite diagenesis from on-land wells 1n the Rhinegraben was considered by Heling
(1974). Rhinegraben mudrocks of Tertiary age were deposited in brackish to marine
enviranments 1o present burial thicknesses reaching 2800 m. Significant amounts of evaporitic
méterial 1s associated wi;h these mudrocks. In these sequences. smectite apparently was not
observed at burial temperature$ exceeding 70" 1o 80°C in mudrocks of marine character. In
mudrocks of brackish origin, smectite only was observed at temperatures below 40°C. The
absence of smectite at higher temperatures was attributed to diagenesis. Heiing (1974)
considered the gicater degree of illitization observed at lower temperatures in brackishly derived”
mudrocks to be a rési)onse to higher permeabilities. Higher permeabilities may have permitied a
greater degree of K- influx, facilitating illitization

Although Heling (1974) did not measure significant variations in the major ion

concentrations of certain species in pore-fluids, illitization may have been enccuraged by

pore-fluid composition] when compared 1o other geologicalseltings of greater marine
character. On land sequences ﬁlay have experienced greaier congentrations of specific cations .
required for illitization through: (i) association with evaporitic facies, (ii) higher fluid >acidit;v
and lower total dissolved solids resulting in mineral dissolution and (iii) highér ambient
permeabilities than in predominantly maring mudrocks. ,

Ina 'comparison‘of diagenetic styles betwe;n various on-land sequences, van Moort
(1971) considered the diagenesis of deltaic mudrocks from Louisiana and marine, shelf -derived
mudrocks from Papua, New Guinea. From the two Papuan wells, 60% smectite

interstratification was measured in <2.0 um clay down to 3100 to 3300 meters (10,200 - 10,800



—
—
F N

. ./
f1.). Below this depth, a constant level of 10%-20% expandability was measured 10 TI)‘ i
Lowsiana, similar trcnds-' of smectite interstratification were recognised below 3061 mete
(10.045 f1.). Generally . highly smectitic phases are absent below 2740 meters (9,000 1), As
well, lower K,0 and MgO contents were measured in clays from Papua than at | ouisiana
Chemical discrepancies and the appearance of chlonte were attributed to detrital influences
However van Moort (1971) did spugeest that higher K/Mg rauos (100/1) in initial pore-Muids
(versus seawater) encouraged illiyﬁon. Yet, a specific mechanism for gencralingvery carly
variauions 1n pore-fluid composition was no: offered .

Studies cited previously have considered primarily on-land sequences of either marine
or brackish origin. Dypvik (1983) presented results of diagenetic studies of mudrocks from
offshore wells from the North Sea. Sedim;nls considered in Dypvik's (1983) study are
hemipelagic and of Cretaceous 10 Teruary age. Illitization was considered 10 be strongly
controlled by temperature. so that specific levels of interstratification arc' recognised al certain
temperatures. At 60" to 75°C. smectite interstratification was thought to have dropped to
<50%. From 80" to 100°C, mixed-layer day was characterized by <30% smectite and the
absence of a discrete 17 A phase. According to Dypvik (1983), the level of diagenesis '
recognised in the most deeply buried mudrocks corresponds to the first stage of dehydration
associated with expulsion of interlayer water (Perry and Hower, 1970).

Diagenesis of mudrocks from a present deep-sea environment was addressed by Dilli
and Rao (1982). ‘A 770 meter- lhnck section, cored off the Bengal Fan from 3759 meters waler
depth, was examined for mmeralogncal and geochemical changes with burial. Despite estimates
that maximum burial temperatures never exceeded 50°C, Dilli and Rao (1982) claimed that
<2.0 um size clay underwent an unspecified degree of illitization suggested by : (i) depletion of
smectite and enrichment i'h illite with burial and (ii) an increase in K,0 contenf downsection.
However, Dilli and Rao (1982) did not adequately demonstrate how their observations were

uniquely explained by burial diagenesis, rather than depositional influences.
. ® .
D. EVALUATION OF NOVA SCOTIA MODEL - © o
Upper Cretaceous and Tertiary sequences lying along the Nova Scotia shelf and slope.
are characterized by a low degree of compaction and cherm'ca;l diagenesis. This is apparent,

despite maximum burial depths ranging from 1860 to 2800 meters and burial temperatures {rom
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42" 10 100°C. The character of compaction and chemical diagenesis 1s markedly different from
diagen%l_jg,éwdies of fine-grained clastic sequences on land. Possibly. the environment in which
fine-grained sediments of f Nova Scotia have resided has influenced their diagenesis (Burst,
1957).

In finc-grained Nova Scotia sequences, chemical diagenesis has proceeded in
pore -fluids characterized by moderate pH and high tolal dissolved solids. However, despite the
presence of K*-bearing phases and appreciable 17 A clay, pore-fluid composition did not
eslabh’sﬁ a strong environment for detrital mineral instability . As a result.’most mineral
reactions did not proceed rapidly. Further, a low level of compaction inhibized widespread fluid
influx so that pore-fluid composition did not change appreciably from its marine precursor.

Most studies of diz;genesis in fine-grained rocks have considered chemical and
muneralogical changes in mudrocks of marine or brackish origin which are presently on land . In
general, these studies suggested that diagenesis has been so active as to have altered a large
portion of each rock sample upon deep burial. However, although Glenelg and Shubenacadie
may have undergone illitization associated with: (i) increased compaction and (ii) local
K-feldspar and 10 A clay degradation, observations do not permit a detailed deséription of an
illitization mechanism. A model of illitization through tetrahedral substitution is favoured
(Hower et al., 1976); it is nc;t possible to determine conclusively whether cations were supplied
by pore-fluid inﬂug& from outside sequences examined (Weaver and Beck, 1971). The degree of
diagcnesis observed is so minimal that XRD., isotopic and glemental analyses could not detect
whole rock trends attributable to diagenesis, regardless of %ﬂ{l pore-fluid influx.

The Nova Scotia model suggests that the diagenesis of fine-grained rocks is ongoing,
but is only at a very early stage. This is a response to weak corhpaction (i.e., poor fluid
circulation, low buri;l temperatures); the composition of pore-fluids has not changed
significantly. Accofding to Hurst and Ir‘win (1982), diagenesis is apparently controlled by
pore-fluid character. However, unlike Morton (1985) who require& termination of illitization
after marine influx, diagenesis may be ongoing in fine- grained rocks of wholly marine
character, but at a reduced level.

Examining literature from other basins, most on-land sequences are characterized
presently by a more mature state of diagenesis. In general, lower levels of smectite

expandability and greater alteration of detrital grains are recognised (Perry and Hower, 1970;

1
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Heling, 1974; Hower et al.. 1976). Advanced diagenetic maturity may be related to- (1) ininai
pore - fluid chemistry (i}: brackish) or (11) subsequent circulation of more corrosive
pore-fluids in Trespopse 10 exposure (i.e.. meteoric flud).
/ln,wnfrést to on-land studies, a preliminary examination of illiization described b
fﬁ)'pvik (1983) proposed a level of smectite xﬁlerstrauﬁcauon similar to the Nova Scotia model
Although this North Sea mcd\el“iri—dxcated a shghtly greater degree matunity for most
temperatures, the similarnty of geological conditions for both North Sea and Nova Scolia
sequences apparently has resulted in a similar stvie of diagenesis.

In conclusion, the diagenetic stvie described for offshore-Nova Scotia may be tvpical of
fine-grained sediments which have always resided in a marine environment Relative to on-land
sections of greater stratigraphic thickness (burial temperature ), compaction and chemical
diagenesis are significantly different. Classic modeis for the diagenesis of finc-grained
sediments do not satisfactoraliy describe post -depositional changes n fine-grained Upper

Cretaceous and Tertiary rocks from-offshore-Nova Scotia.

v
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